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Abstract

Oxidative stress is characterized by an altered antioxidant defense and is associated with
human pathologies. High intake of fruits and vegetables has reduced risk of degenerative
diseases due to the presence of antioxidant phytochemicals that react with reactive species
which otherwise might lead to damage in the body. The present study investigated the
potentials of anthocyanins and carotenoids derived from Syzygium cumini fruits and
Delonix regia flowers respectively, as antioxidants, evaluated through chemical methods

and animal cell models by monitoring antioxidant enzymes and the respective mRNAs.

The fruits of S. cumini contain anthocyanins (230mg/100g DW) which are identified to be
glucoglucosides of malvidin, petunidin and delphinidin. The anthocyanin extract of S.
cumini (SCA) shows strong antioxidant activities in vitro at very low concentrations up to
Sppm. The flowers of D.regia are a unique combination of hydrophilic (anthocyanins)
and lipophilic (carotenoids) compounds. Fresh petals of D. regia contain 825mg and the
oven dried petals contained 580mg/100g DW of total anthocyanins and 660mg/kg DW of
B-carotene. The major carotene in the carotenoid fraction (CF) was B-carotene (50% of
total) whereas the xanthophyll fraction (XF) was identified to have lutein, zeaxanthin, -
cryptoxanthin and astaxanthin. The carotenoids and anthocyanins from the two sources

showed varying degrees of antioxidant activities depending on the assay system used.

The purified fraction of S. cumini contains solely mixture of anthocyanins and gives
intense hue in solutions of low pH. It is highly colored at pH 2.0 with the color intensity
reducing with an increase in pH, which however is stable up to pH 5.0 with no further
color loss during the 45 days of study. The incorporation of the pigment in the
pharmaceutical syrup gives it a pinkish hue which remains so with a minimal loss at the
end of 8 weeks suggesting its potential to be a stable natural color apart from its

antioxidant activity.

The antioxidant activity of the extracts of S. cumini and D. regia were studied using a
biological model such as the isolated rat hepatocytes to further establish their usefulness
as effective oxidative stress neutralizers. Epigallocatechin gallate (EGCG) and quercetin
were used as standard antioxidants for comparison. Independent exposure of isolated rat
hepatocytes to carbon tetrachloride (CCly) and tert-butyl hydroperoxide (TBH) brought
about significant cellular injury marked by cell death, increased lipid peroxidation and
decreased glutathione (GSH) content. Cells show differential response to oxidative stress.

While antioxidant enzyme activities were radically reduced by CCl, it was increased in



TBH-exposed cells with a consequent increase in mRNA expression. In CCly model,
SCA acts chiefly via the glutathione redox system by elevating the cellular glutathione
and activity of glutathione peroxidation by 2-fold while having no significant effect on
catalase and superoxide dismutase. In TBH model SCA reversed the TBH-induced
increase in enzyme activities and their mRNA expression with little effect on glutathione
peroxidase activity at higher concentrations. Carotenoids of D. regia were protective at
low concentrations of up to 100ppm beyond which they had no significant effect. The
CCly-induced reduction in superoxide dismutase and catalase activities were further
reduced by CF while XF had no effect. EGCG and CF further reduced the CCls-induced
reduction in CAT and SOD activity while effect of XF on these two enzymes is not
significant. The carotenoids extracts and EGCG confer protection mainly by increasing
cellular GSH content and reducing lipid peroxidation. Carotenoid fractions, EGCG and
quercetin increased TBH-induced increase in enzyme activity but reduced their mRNA
expression suggesting a post transcriptional regulation of the enzymes. Lipid peroxidation
was significantly abrogated by carotenoids fractions as well as EGCG and quercetin.
These observations indicate that while SCA has a direct effect on AOESs, carotenoids and

standards appear to act via mechanisms independent of these enzymes.

The antioxidant activity of the pigment extracts were further elucidated using a
continuously growing stable cell line, Hep3B. In addition to the carotenoids extracts,
anthocyanin rich fraction of D. regia (DRA) was also assessed in this study. TBH caused
a significant increase in superoxide dismutase activity while reducing catalse and
glutathione peroxidase activity in Hep3B cells and caused cytotoxicity via apoptosis
associated with reduced Bcl-2/Bax ratio and increased caspase-3 activation. All the
extracts and standards protected from TBH-induced cell death, the order of protection
being SCA=DRA>EGCG>quercetin>XF>CF as measured by MTT assay and LDH
leakage. The extracts alleviated the TBH-induced reduction in GSH content and increase
in lipid peroxidation. /n vitro DNA damage was prevented by the anthocyanin extracts as
well as EGCG and quercetin while no significant protection was offered by carotenoids
extracts, which may be attributed to their low solubility in aqueous medium. The
anthocyanin extract of S. cumini significantly reversed the stress induced alterations in
antioxidant enzyme chiefly via modulation of the transcription of the same. Among the
two carotenoids fractions of D. regia, XF was more effective compared to the CF in
preventing the cell death in Hep3B cells exposed to TBH. The anthocyanin extract also

brought about significant protection in terms of cell viability, lipid peroxidation and GSH



content. The carotenoids extracts and the standards (EGCG) reversed the TBH-induced
increase in antioxidant enzyme activity and their expression. The activity of GPx appears
to be post transcriptionally regulated in Hep3B cells pretreated with quercetin, EGGC
(10uM) and SCA since an increase in activity was not associated with an increased
expression of its mRNA. A transcriptional regulation of CAT and SOD was obvious in
cells pretreated with extracts as well as standards except DRA (100ppm) and quercetin
(10uM). Since SCA was found to act via modulation of AOEs, its effect on the stability
of transcribed mRNA of these enzymes was studied by inhibiting the transcription
followed by measuring the steady state mRNA level in a time dependent manner. TBH
caused a radical reduction in steady state mRNA level of CAT and GPx. GPx was most
susceptible to degradation by TBH and was almost completely degraded one hour after
the addition of the transcription inhibitor, actinomycin D. SCA provided protection to
CAT mRNA by almost completely inhibiting the action of TBH on the same.
Pretreatment of SCA delayed the decay of GPx mRNA by about 3 h, as compared to 1 h
in TBH treated cells. The results of the present study suggest that SCA provides
protection to AOEs by increasing their stability and hence making them available for

translation.

In addition to being cytoprotective under oxidative stress conditions, the carotenoids and
anthocyanins were also inhibitory to cell growth on long term exposure indicating
antiproliferative or growth inhibitory activity in carcinoma cells. Antiproliferative activity
appeared to be mediated via induction of apoptosis as evidenced by microscopic

examination using propidium iodide stain.

The overall results suggest that the extracts of S. cumini and D. regia offer protection to
cells by improving cellular defense systems such as the antioxidant enzymes either
directly or by enhancing their turn over by extending their mRNA half life; and also by
directly quenching free radicals and probably reversing the damage by prooxidants and
other toxins through regulation of transcription factors and signaling cascades involved

in cell survival.
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G.1 Introduction

Diets rich in fruits and vegetables have been associated with reduced risk of diseases such as
cancer, coronary heart disease, neurodegeneration, macular degeneration, diabetes etc (Hertog
et al., 1995; Youdim et al., 2001; Ramassamy, 2006). While these diseases have been linked
to reduced antioxidant defense and increased oxidative stress, the antioxidants present in
fruits and vegetables have chiefly been considered responsible for inhibiting the free radical
mediated reactions thus protecting the body against the damaging effects of the free radicals

and other reactive species.

Every living aerobic organism is a subject of “oxygen paradox”. The super molecule- oxygen,
on which the very existence of aerobic life forms depends, is also a dangerously harmful
compound. The dangers imposed by oxygen, upon all life forms, arise from its electron
structure which predisposes it to reduction by a univalent pathway (Fridovich, 1999). The
univalent reduction of oxygen generates reactive intermediates the excessive accumulation of
which leads to oxidative stress and has been implicated in a number of degenerative processes
such as mutagenesis, cancer, atherosclerosis, congestive heart diseases, chronic inflammatory
diseases, macular degeneration, cataract, disorders of central nervous system such as

Alzheimer’s dementia, Parkinson’s disease including the ageing process (Davies, 1995).
G. 2 Free radicals/ reactive species

Free radicals are unstable compounds containing one or more unpaired electrons in their outer
valence shell. They absorb electrons from a surrounding molecule thus causing damage to
that particular molecule and in the process become chemically stable ((Halliwell and
Gutteridge, 1995). The radical nature of molecular oxygen gives way to some important
oxidation/reduction chemistry. Oxygen atom has an unpaired electron in its outer valence
shell and molecular oxygen has two unpaired electrons thus making them free radicals. The
reductive environment of the cellular milieu provides ample opportunities for oxygen to
undergo unscheduled univalent reduction thus generating reactive intermediates such as
superoxide anion radical (O,"), hydrogen peroxide (H,O,) and the highly reactive hydroxyl
radical (OH") (Davies, 1995). Other oxidants relevant to human pathology are hypochlorous
acid (HOCI), peroxynitrite (OONO), reactive aldehydes, lipid peroxides, lipid radicals and
nitrogen oxides. Most of the reactive species such as O,”, OH" and NO are radicals with an
unpaired electron in their outer valence shell while the others like H,O, and OONOQO" are not
radicals but are potentially reactive (Kojda and Harrison, 1999). The surplus reactive species

in the living cells leads to oxidative stress.
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Fig. 1. summarises the univalent reduction of molecular oxygen and the key events involved

in generation of reactive oxygen species and sites of action of antioxidant enzymes.

EXTRACELLULAR H,O ECSOD GPx3
SPACE 272 OOy~ H,0, ——2 5 H,0

Peroredoxin

GPxl/ CAT

NUCLEUS

enton reaction

Fig. 1. Events occurring in the univalent reduction of molecular oxygen and action of
antioxidant enzymes within a cell. H,O, = hydrogen peroxide; O, = oxygen; O, = superoxide
anion; ECSOD = extracellular supeoxide dismutase; H,O = water; LOOH = lipid peroxide;
LOH = lipid hydroxide; GPx = glutathione peroxidase; SOD = superoxide dismutase; CAT =
catalase; *OH = hydroxyl radical; Fe*” = ferrous ion.

G. 3 Ocxidative stress

The body has an inherent ability to overcome the ravaging effects of the free radicals
generated within the cell by generating an assortment of hydrophilic and lipophilic
antioxidant molecules and enzymes and also through other antioxidant molecules assimilated
through diet. Under normal physiological conditions, a homeostasis exists between the
reactive species and the antioxidant defense. When the levels of reactive species surpass the
antioxidant capacity of the cells, as does in a pathological state, this homeostasis is altered
and oxidative stress ensues. In recent years these reactive species have been implicated in a
wide range of degenerative processes and diseases such as mutagenesis (Kamiya, 2003), cell
transformation and cancer (Waris and Ahsan, 2006), atherosclerosis, arteriosclerosis (Kojda,
1999; Martinet et al., 2004), cardiovascular disorders (Touyz, 2004), chronic inflammatory

diseases such as rheumatoid arthritis, lupus erythematosus and psoriatic arthritis; acute
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inflammatory problems such as wound healing (Symons and King, 2003; Gelderman et al.,
2007; Novo and Parola, 2008); photo-oxidative stresses to the eye such as cataract, central
nervous system disorders such as Alzeimer’s dementia, Parkinsons disease (Knight, 1997)
and a wide variety of age-related disorders and the ageing process itself (Lee et al., 2006).
Because free radicals are implicated in all these processes, minimizing and neutralizing their
activity with antioxidants may allow us to live longer and healthier lives, look and feel better,
and reduce or eliminate the risk of certain physiological disorders and diseases. Some of these
oxidation-linked diseases and syndromes can be aggravated, perhaps even initiated, by
various proxidants, which can be either biologically/biochemically generated or derived from

the environment.

The major endogenous source of oxygen radicals under physiological conditions is the
mitochondrial electron transport chain chiefly generating superoxide anion (Chance et al.,.
1979). Other sources of oxygen radical generation are the phagocytic cells such as nutrophils,
monocytes and macrophages during phagocytosis and auto-oxidation of biological molecules
(Babior, 1992; Kappus and Dipplock, 1992; Rice-Evans and Bruckdorfer, 1992). The
exogenous sources of free radicals are radiation, tobacco smoke, environmental pollutants,

detergents, ozone etc.
G. 4 Antioxidants

Antioxidants are substances that reduce, neutralise and prevent the damage done to body by
free radicals. Several of the available definitions are based both on exact chemical
terminology or terminology based on phenomena. In more precise chemical terms, Britton
(1995) defined that, to be an effective antioxidant, a molecule such as a carotenoid would
have to remove these radicals from the system either by reacting with them to yield harmless
products or by disrupting free radical chain reactions. Tsuchihashi et al., (1995) proposed that
the antioxidant potency is determined by several factors such as intrinsic chemical reactivity
of the antioxidant toward the radical, site of generation and reactivity of the radicals, site of
antioxidant, concentration and mobility of the antioxidant at the microenvironment, stability
and fate of antioxidant-derived radical, and interaction with other antioxidants. Halliwell
(1990) defined biological antioxidants as “molecules which, when present in small
concentrations compared to the biomolecules they are supposed to protect, can prevent or

reduce the extent of oxidative destruction of biomolecules”.

There are an infinite number of antioxidants which act by different mechanisms to neutralize

the effect of free radicals. These antioxidants may be classified as

e Antioxidant enzymes- Catalyse the breakdown of free radicals
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e Chain-breaking antioxidants- donate or receive an electron to inhibit the free radicals

from generating more free radicals

e Metal binding proteins- prevent metal ions from forming free radicals.

Recent times have seen a radical shift in interest towards naturally derived antioxidants as
sources of biologically active compounds due to their health promoting and disease
preventing properties. Synthetic antioxidants had occupied the major antioxidant market for
the past few decades. The possible toxicity as well as general consumer rejection has led to
the decrease in the use of synthetic antioxidants such as butylated hydroxyl anisole (BHA)
and butylated hydroxyl toluene (BHT) (Wong et al., 2006). Therefore, it is important as well
as critical to search for radical scavengers from natural sources to enable the development of
new drugs and the prevention of several diseases (Halliwell & Gutteridge, 1999; Valko et al.,,
2004). Antioxidants scavenge and minimize the formation of oxygen-derived species and
inhibit oxidative damage induced by free radicals. They also recover the level of intracellular
antioxidants (vitamins, methionine, glutathione and glutathione-related minerals) (Ip et al.,
1991; Schrauzer, 1992). Hence, these antioxidants may be particularly important in
diminishing cumulative oxidative damage. Recently, several reports have suggested that plant
foods may play an antioxidative role in the prevention of aging and carcinogenesis and may
offer effective protection from lipid peroxidative damage in vitro and in vivo (Ruch et al.,

1989; Tsuda et al., 1994). Therefore, much attention has been focused on natural antioxidants.

G. 5 Antioxidant molecules in the diet

Essentially human body is equipped with a strong antioxidant defense both through externally
supplemented diet and in the form of endogenous antioxidant enzymes and other
biomolecules. The innate antioxidant defense of the body may not suffice for the defense
against excess free radicals generated. Supplementing the diet with antioxidants is an
important factor in shielding against oxidative insult. Therefore, antioxidants are potentially
the most important part of human nutrition. Fruits and vegetables and plant extracts are
incredibly essential as they clean up the free radicals as they circulate in blood and enter the
tissues thus curtailing the damaging effects of free radicals. A number of antioxidants form a
part of the diet viz., vitamin C, vitamin E, plant derived compounds such as polyphenols,
carotenoids, flavonoids etc. Natural coloring compounds have been gaining significance in
biology and medicine due to their potential health benefits. Since the present thesis is mainly
focused on antioxidant mechanisms of natural colors, carotenoids and anthocyanins, the
review of literature on natural antioxidants is limited to discussion on these two classes of

compounds.
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G. 6 Natural colors

One of the attributes that judge the quality and visual acceptance of any consumable
formulation mainly depends on its color characteristics. Color is an important element in
deciding the appeal of the product it is incorporated into. With increasing reports on toxicities
of synthetic colors, interest has shifted towards the use of natural colors. In India, Rule 26 of
The Prevention of Food Adulteration Act, 1954 (PFA) and The Prevention of Food
Adulteration Rules, 1955 & 1999 permit only those colors whether isolated from natural

sources or produced synthetically in food items (Table 1).

In India, the use of anthocyanin as colorant is not approved as yet. In the USA, 4 of the 26
approved colorants are anthocyanin based viz., grape skin extract, grape color extract, fruit
juice and vegetable juice. In the European Union all anthocyanin-derived colorants are
recognized as natural colorants under classification E163 (Wrolstad, 2003).

Apart from their coloring properties, most natural colors are biologically active molecules
having therapeutic and diagnostic value. For example, curcumin has been reported to be a
digestive aid and curative against stomach disorders. It is also been proved as a promising

molecule against cancer (Piper et al., 1998).

Table 1. Natural colors permitted to be used in food in India and USA (Kapoor, 2006)

Compound Country Color
Beta-carotene India/USA Yellow/Orange
Carotene USA Orange
B-apo-8' carotenal India Yellow/Orange
Methylester of B-apo-8, carotenoic acid India Yellow/Orange
Ethylester of B -apo-8' carotenoic acid India Yellow/Orange
Canthaxanthin India Yellow/Orange
Chlorophyll India/USA Green
Chlorophyllin USA Green
Riboflavin (Lactoflavin) India Yellow
Caramel India Brown
Annatto India/USA Yellow/Orange
Saffron India Orange
Curcumin (turmeric) India/USA Yellow
Capsanthin USA Red/Orange
Beetroot USA Pink/blue/red
Carmine USA Red

Lycopene USA Reddish orange
Carminic Acid USA Orange/Red
Lutein USA Yellow
Anthocyanin USA Red/Purple
Vegetable carbon USA Black
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In the recent years a tremendous interest in carotenoids and anthocyanins as food colors has
made researchers look into newer sources for these pigments. Therefore there is much scope
to introduce alternative sources of natural colors in food and pharmaceuticals; but according
to legislation, there exist a need for their extensive safety evaluation study through systematic

pharmacological and clinical trials.
G.6.1 Carotenoids

Carotenoids comprise a diverse class of natural pigments that are of interest for
pharmaceuticals, coloring food and animal feed and nutrient supplements (Schmidt-Dannert
et al., 2000) due to their high antioxidant activity (Sies et al., 1992). They form one of the
largest classes of natural pigments and are responsible for red-yellow-orange colors of most

fruits and vegetables.

Carotenoids are defined by their chemical structure. They are composed of 40-carbon polyene
chain and depending on the presence of terminal cyclic end-group and oxygen containing

functional group are classified respectively as:
e carotene hydrocarbons and
e xanthophylls (oxygenated derivatives of carotene hydrocarbons),

Naturally occurring carotenes mostly occur in all-trans form. Molecular structures of some of

the physiologically important carotenoids are depicted in Fig.2.

S™18 B-carotene
OH
S e
Zeaxanthin

HO

B-cryptoxanthin

= it e e =

Lycopene

5718 a-carotene

Fig. 2. Chemical structures of some physiologically important carotenoids
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The structure of a carotenoid ultimately determines the potential biological function that the
pigment may have. The characteristic pattern of alternating single and double bonds in the
polyene backbone of carotenoids allows them to absorb excess energy from other molecules,
while the nature of the specific end groups on carotenoids may influence their polarity. The
former may account for the antioxidant properties of biological carotenoids, while the latter
may explain the differences in the ways that individual carotenoids interact with biological
membranes (Britton, 1995). The extensive conjugated double bond system serves as the light-
absorbing chromophore thus imparting red, yellow or orange color to the compound
(Rodriguez-Amaya, 2001). The extensive conjugated double bonds system is attributed to the
singlet oxygen quenching capacity of carotenoids, the activity increasing with the increase in

number of double bonds (Foote et al., 1970).
G.6.1.1 Role in biology and medicine

While xanthophylls are predominant in green leafy vegetables, almost all carotenes are found
in yellow vegetables. Carotenoids such as P-carotene, a-carotene and cryptoxanthin act as
provitamin A compounds, being converted into vitamin A in vivo. f-carotene and lutein are
the most common carotene and xanthophyll known. The role of carotenoids in the prevention

of chronic diseases and their biological actions are depicted in Fig. 3.

I Biological actions |

Provitamin A
Gap Juction
commmunication

Carotenoids

Antioxidant

Induction of
drug
metabolising
enzyme

Induction
of
antioxidant
enzymes

Age related
macular
degeneratio

I Disease prevention l

Fig. 3. Role of carotenoids in the prevention of chronic diseases.

Carotenoids are potent antioxidants quenching singlet oxygen and acting as chain breaking
antioxidants (Burton, 1989), carotene hydrocarbons being more efficient singlet oxygen
quenchers compared to the xanthophylls (Cantrell et al., 2003). Carotenoids have been
reported to have cancer chemopreventive activities in different cell and animal models. Lutein

and zeaxanthin have been found to be independently associated with the reduced risk of age-
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related macular degeneration (SanGiovanni et al,, 2007). Carotenoids have received much
importance since the report of Peto ef al., (1981) who suggested the role of B-carotene from
fruits and vegetables as a protective agent against cancer. Apart from their provitamin-A
activity and antioxidative properties, carotenoids are responsible for a wide range of
intercellular activities such as communication, immune response, neoplastic transformation,
growth control and regulation of cellular levels of the enzymes that detoxify carcinogens
(Pryor et al., 2000). Epidemiological studies indicate an inverse relationship between
consumption of fruits and vegetables rich in carotenoids and risk of cancer and cardiovascular
diseases which is attributed to their antioxidant activity through singlet oxygen quenching and
deactivation of free radicals (Palozza and Krinsky, 1992; Burton, 1989). Low plasma
carotenoids concentration is often used as an indicator for those at risk of chronic diseases
(Foy et al., 1999). Such indices are based on the direct association between the intake of
carotenoid-rich fruit and vegetables, plasma and tissue concentration of carotenoids and the
development of chronic disease states, particularly cardiovascular diseases and cancer of
various organs (Southon et al., 2001). Plasma xanthophylls are inversely related to the indices
of oxidative DNA damage and lipd peroxidation (Haegele et al., 2000). Natural antioxidants
are more favorably accepted and recognized by higher animals than synthetic ones (Shi,
2001). The same is true with carotenoids, the natural forms of which primarily exist in the all-
trans form (Rodriguez-Amaya, 2001) along with oxygenated carotenoids that have better
efficacy over synthetic all trans forms (Heber, 2004). However, there have been contradictory
reports about the effect of carotenoids, specifically, B-carotene. B-carotene, though protective
against oxidative stress, is said to have increase the risk of lung cancer in smokers and
workers occupationally exposed to asbestos (ATBC, 1994; Omenn, 1998). Therefore, it is
essential to carry out a detailed study to assess the effectiveness and safety of carotenoids, to
define the population that can benefit from carotenoids, specify the dose and length of
treatment and also to establish whether mixtures of carotenoids rather than single carotenoids

are more effective.

G.6.2 Anthocyanins

Anthocyanins form the largest water soluble pigments in plants. These are chemically
grouped under flavonoids family forming a group of phenolic compounds responsible for the
pink-red-purple-blue colors of fruits and vegetables, some roots and tubers. Next to
chlorophyll, they are the most important group of plant pigments visible to the human eye.
Chemically anthocyanins are glycosylated polyhydroxy or polymethoxy derivatives of

flavilium (2-phenylbenzopyrilium) salts.
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The basic structure of the flavilium salt and the structures of most commonly occurring

anthocyanins are depicted in Fig. 4.
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Fig. 4. Structures of the flavilium cation and six most commonly occurring anthocyanidins

Glycosidic substitutions occur at 3 or 5™ position which may be acylated with aliphatic acids
or cinnamic acid. This leads to a considerable structural variation giving rise to about 600

anthocyains which have been reported in nature (Andersen, 2002).

The chemical structure of the anthocyanin plays an important role in deciding the color and
also the biological activity. The color of anthocyanins as well as their activity is regulated by
the position, number and type of substitution on the flavilium cation. Stintzing et al., (2002)
reported that glycosidic substitution at 5™ position of the cyanidin glycoside and acylation
with cinnamic acids shifts the color to more purplish hue. Commercial anthocyanin colorants
are mostly derived from fruits and vegetables the largest natural commercial source being the
red grape skin. Other sources include elderberry, blackberry, raspberry, red cabbage, black
carrot, purple corn, red raddish and pruple sweet potato (Kirca et al., 2006). Anthocyanins
from different sources vary from each other with respect to their color and stability. This is
attributed to the difference in glycosidic substitution and the presence and type of acylating
molecule. Due to the presence of positive charge, the flavylium cation is more susceptible for
nucleophilic attack especially at the 4™ position. Substitution at 4™ position significantly
reduces degradation by nucleophiles (Garcia-Viguera, 1999). The stability of anthocyanins is
an important factor in deciding its potential as a natural colorant. Increasing the stability of a

particular anthocyanin by chemical modification appears to be the best way to achieve this.
G.6.2.1 Stability of anthocyanins

They are relatively stable in the presence of light and heat and withstand pasteurization (65-

85°C) and short heating at 120°C. However, stability of anthocyanins has been a major
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concern pertaining to its incorporation into foods and beverages. The prime limitation of use
of anthocyanins in food is their degradation due to reaction in the food product, processing
time and temperature, exposure to light, oxygen, change in pH, presence of enzymes,
structure of anthocyanins etc (Francis, 1989). This instability limits its use as a colorant in

food products as compared to the synthetic dyes.
G.6.2.1.1 Factors affecting anthocyanin stability
G.6.2.1.1.1 Temperature, Light and Oxygen

Anthocyanins degradation is accelerated during the processing and storage of the
product in the presence of high temperature. The color of the anthocyanins is reduced with the
increase in temperature, exposure to light and this reduction is accelerated in the presence of
oxygen. Thermal degradation follows first order kinetics and chalcone formation is presumed
to be the first step in the process, eventually leading to browning especially in the presence of
oxygen (Markakis, 1982; Ahmed et al., 2007). A number of studies have been reported on the
instability of anthocyanins in the presence of these factors (Fossen et al.,. 1998; Cevallos-
Casal and Cisneros-Zevallos, 2004). However, low temperatures have been shown to increase
the anthocyanins content in fresh strawberries and raspberries during storage (Kalt et al.,
1999).

G.6.2.1.1.2 Effect of pH

Anthocyanins are sensitive to pH and their hue is determined by the same in solution. The

structural transformation of anthocyanins with the change in pH is represented in Fig. 5.
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Fig. 5. Structural transformation of anthocyanins with change in pH
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Anthocyanins are most stable at acidic pH (1-3) exhibiting red color with a reversible change
to blue/violet at higher pH values (Cabrita et al., 2000). At pH 1-3 the anthocyanin exists as a
flavylium cation. With an increase in the pH, the kinetic and thermodynamic competition
occurs between the hydration reaction of the flavylium cation and the proton transfer
reactions related to the acidic hydroxyl groups of the aglycone. The first reaction gives a
colorless carbinol pseudobase, which can undergo ring opening to a chalcone pseudobase.
The second reaction gives rise to quinoidal bases. At still higher pH values between 6 and 7,
further deprotonation of the quinoidal bases occur with the formation of purplish, resonance-

stabilised quinonoid anions (Fossen et al., 1998).
G.6.2.1.1.3 Miscellaneous factors affecting anthocyanin stability

Inter-molecular copigmentation is one of the factors deciding the color intensity and stability
of anthocyanins. Co-pigmentation with rose petal phenolics enhanced the color stability of
strawberry anthocyanins (Mollov ef al., 2007). Chemical modification of anthocyanin rich
extracts of black rice using various carboxylic acids has shown to increase the color and
stability of the anthocyanins (Yawadio et al., 2007). Black carrot anthocyanins are more
stable due to the presence of acylating groups as compared to their orange counterparts
(Cevallos-Casals and Cisneros-Zevallos, 2004). There have been contradictory reports on the
stability of anthocyanins in the presence of ascorbic acid, the latter being known to increase
degradation of anthocyanins in several model systems (Garcia-Vigeura and Bridle, 1999; de
Rosso and Marcadante, 2007). However, Sarma et al., (1997) observed that anthocyanins
protect ascorbic acid against metal induced oxidation by forming ascorbic acid-metal-
anthocyanin complexes thus conferring mutual protection against metal induced oxidation
(Grommeck and Markakis, 1964). Presence of diglucosidic substitution confers higher
stability to anthocyanins than monoglucosidic substitution (Markakis 1982; Mazza and
Miniati, 1993). Acylation of the sugar residue on the aglycone significantly enhances the
stability of anthocyanins (Giusti and Wrolstad, 1996). High sucrose content is found to
enhance the stability of anthocyanins in solutions (Pi-Jen et al., 2004) perhaps by increasing

the water activity.
G.6.2.2 Biological significance

A substantial amount of literature points to the fact that anthocyanins posess positive health
benefits owing to their antioxidant properties. They have been implicated in prevention and
alleviation of a number of pathophysiological conditions. The “French paradox” —an inverse
correlation between wine consumption in French population and cardiovascular diseases- is
largely attributed to the presence of anthocyanins in the red wine. Anthocyanins are a part of

normal diet which comes with the consumption of fruits and vegetables. Daily dietary intake
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of anthocyanins is estimated to be 12.5mg/day per person in the United States (Wu et al.,
2006). However, depending upon the nutrition habits, it may go up to 200mg/day (Kuhnau et
al., 1976).

Anthocyanins are known to possess excellent antioxidant properties (Kong et al., 2003).
Anthocyanins from different sources have been reported to inhibit lipid peroxidation, platelet
aggregation (Ghiselli et al., 1998), possess anti-tumor, antimutagenic (Yoshimoto et al.,
2001), hepatoprotective (Obi et al., 1998) and cardioprotective (Leifert and Abeywardena,
2008) properties. Anthocyanin extracts from chokeberry and bilberry at low doses have been
found to inhibit ROS and at higher concentrations induced endothelium-dependent
vasorelaxation in porcine arteries suggesting a beneficial effect in vascular disorders (Bell and
Gochenaur, 2006). Administration of black currant and bilberry anthocyanins improves visual
acquity and enhances night vision in animals and humans (Nakaishi ez a/., 2000; Muth et al.,
2000) while black currant anthocyanins have also been shown to stimulate rhodopsin
regeneration (Matsumoto et al., 2003) in the retina. Though some researchers report the
degradation of anthocyanins in vivo, anthocyanins have been found to be absorbed
unmodified from the diet (Cao et al., 2001; Nielsen et al., 2003). Anthocyanins are capable of
forming co-pigments with DNA thus offering mutual protection against hydroxyl radicals
generated by Fenton reaction (Sarma and Sharma 1999). This can be a positive attribute in
increasing cell survival under oxidative stress and may have physiological implications in

preserving cellular functions and thus preventing its damage.

Several mechanisms of actions have been proposed for anthocyanins including their free
radical scavenging activity, metal ion chelation, inhibition of lipid peroxidation, DNA
copigmentation etc. In vitro and in vivo trials have demonstrated the potential of anthocyanins
to prevent cancer cell proliferation and inhibit tumor formation (Hou, 2003; Kang et al., 2003;
Koide et al., 1997; Meiers et al., 2001). Hou et al., (2004) revealed that anthocyanins inhibit
tumorigenesis by blocking activation of a mitogen-activated protein kinase pathway. This
report provided the first indication of a molecular basis for why anthocyanins display
anticarcinogenic properties. In other research, fruit extracts with significant anthocyanin
concentrations proved to be effective against various stages of carcinogenesis (Smith et al.,
2000; Kang et al., 2003; Bomser et al., 1996; Kandil et al., 2000), but the individual role of

anthocyanins versus other components was not determined.
G.7 Endogenous antioxidants

Despite the continued onslaught of human body by the reactive oxygen and nitrogen species,

the body continues to strike a balance between the oxidative stress and the antioxidant
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defenses. All aerobic forms are equipped with an armory of endogenous and exogenous

antioxidants which fight against the oxidative insult.

Endogenous antioxidant enzymes such as catalase, superoxide dismutase and glutathione
peroxidase comprise a principal system built in all aerobic organisms to defend oxidative
stress. It is reported that increased activity of these antioxidant enzymes play a key role in
increasing the longevity in humans (Mecocci et al, 2000). The antioxidant enzymes
efficiently counteract the reactive species generated and aid in maintaining the intracellular
redox homeostasis. Apart from the antioxidant enzymes, there are other endogenous
molecules such as glutathione and selenium which are important in the normal functioning of
antioxidant enzymes (Nakane et al, 1998). Metal binding proteins such as lactoferrin,
transferrin (iron-binding proteins) and ceruloplasmin (Cu-binding protein) bind to transition
metal ions that otherwise participate in the formation of reactive species (Halliwell and
Gutteridge, 1999) thus playing an important role in the amelioration of pathological states
(Levy and Viljoen, 1995; Floris ef al., 2000; Halliwell et al., 1988) especially in conditions

associated with inflammation.
G.7.1. Antioxidant enzymes

The measurement of changes in endogenous antioxidant enzyme activity is considered a fairly
sensitive biomarker of the response to oxidative stress. Superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx) are primary antioxidant enzymes that protect cells
from damage caused by ROS.

G.7.1.1 Superoxide dismutase (SOD)

Superoxide dismutase is the primary defense against damage caused by O,” and its reactive
progeny. Superoxide radicals generated by the respiratory chain through the reduction of
molecular oxygen are highly damaging to the cells. Superoxide radical is also formed by the
univalent reduction of oxygen during various enzymatic reactions (Fee et al., 1975) and
leukocyte phagocytosis. However, within the cell, superoxide radicals produced are
physiologically inactivated by the mitochondrial superoxide dismutase to molecular oxygen
and H,0O, which is further inactivated by the H,O,—inactivating enzymes (Fridovich, 1999;
Mates, 2000).

Three forms of SODs have been identified and characterized in humans: cytosolic Cu-Zn

SOD, mitochondrial Mn SOD and extracellular EC SOD.

Cu-Zn SOD is the major intracellular SOD and is a dimeric protein (32kDa) with two
identical subunits. Each subunit contains a Zn atom and a Cu atom. Zinc atom helps stabilize

the protein while Cu is responsible for the activity of the enzyme that is, conversion of two
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superoxide molecules into H,O, and H,O (Rotilio et al., 1972) displaying a diffusion limited

s, Tt is present in the cytoplasm and

pseudo first order reaction kinetics (k= 3x10° M
nucleus where it mainly functions as a superoxide scavenger (Crapo et al., 1992). The loss or
dysfunction of either Cu-Zn SOD or Mn SOD has been associated with ROS-mediated
pathologies. For example, mutated Cu-Zn SOD proteins have been linked to instances of
amyotrophic lateral sclerosis (Cleaveland and Rothstein, 2001) while loss of Mn SOD has
been associated with neonatal death. Postnatal exposure to ambient oxygen results in
increased susceptibility to mitochondrial oxidative injury of neurons of the central nervous
system, cardiac myocytes and other metabolically active sites in Mn SOD deficient mice
(Lebovitz et al., 1996). Lack of Cu-Zn SOD in knock out mice renders them susceptible to
development of liver tumors (Elchuri et al., 2005). A recent study identified Cu-Zn SOD as
the chief regulator of growth factor signaling, especially in endothelial and tumor cells
(Jaurez et al., 2008) their growth. This makes it a potential therapeutic target for the inhibition
of angiogenesis and tumor growth. Liochev and Fridovich (1991; 1994) proposed that an
excess SOD should decrease the steady-state level of O, with no subsequent increase in the
endogenous H,0O, formation. This was supported by Teixeira et al, (1998), where cell
variants over-expressing Cu-Zn SOD were shown to exhibit low steady state levels of H,O,,
even under conditions of oxidative stress. They demonstrated that the reduction in steady state
levels of H,O, is in fact, a direct effect of reduction of O, due to the higher cytosolic activity
of the enzyme aconitase. Several natural products cause the induction of antioxidant enzymes
in higher animals. Modest induction of SOD has been found to be associated with reduction
in the age-related increase of lipid peroxidation products in human plasma (Nelson et al.,
2006). Transgenic over-expression of SOD and CAT in Drosophila melanogaster
significantly increased its life span (Repine 1991). Over-expression of SOD in mammals has
been found to be linked with increase in longevity (Ku et al, 1993). Nelson et al., (2006)
propose a fundamentally different approach of safely and modestly inducing the antioxidant
enzymes in vivo by administration of antioxidant supplements in moderate doses. This may
prove to be a powerful tool in studying oxidative stress and diseases associated therein.
G.7.1.2 Glutathione peroxidase (GPx)

Glutathione peroxidases (GPxes) are a group of selenocysteine containing proteins playing a
central role in the reduction of H,O, and a wide range of organic hydroperoxides to water and
their corresponding alcohols respectively (Mills, 1957; Flohe and Gunzler 1985) and acts as
peroxynitrite reductase (Sies et al., 1997). The catalytic reactions effected by GPx are shown

below:
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H,0,+2GSH —SP% 5 2 H,0+GSSG

ROOH +2 GSH—C2% 5 ROH +H,0+ GSSG

The glutathione is regenerated from the GSSG by the enzyme glutathione reductase. The
catalytic site in GPx is identified to be the selenocysteine moiety (Forstrom et al., 1978).
Depending on their cellular location and substrate specificities, four isozymes of GPxes are
recognized in higher organisms viz., cellular (GPx1), gastrointestinal (GPx2), extracellular or
plasma (GPx3) and phospholipid (GPx4) glutathione peroxide. Among the four, GPx1 is the
most abundant. Mills (1957), for the first time showed the presence and action of GPx in
erythrocytes, where it was found to inhibit the oxidative breakdown of hemoglobin in the
presence of H,O,. Ever since then this family of enzymes has drawn attention of many
researchers pertaining to its importance in health and diseases. Gpx activity is primarily
dependent on selenium (Se). Selenium deficiency is directly associated with decreased
enzyme activity and GPx protein (Takahashi et al., 1986) as well as its cytoplasmic mRNA
abundance (Moriarty ef al., 1998). The proof for its protective effects against oxidative stress
is innumerable. The knock-out mice which lack GPx1 are sensitive to oxidative stress by
xenobiotics such as diquat, paraquat, H,O, etc and eventually die of excess oxidative damage
(Fu et al., 1999; Cheng et al., 1998; de Haan et al., 1998). The activity of GPx1 is regulated
by a signaling pathway that is activated in response to oxidative stress. The c-Abl and Arg
SH3 domains of the respective tyrosine kinases bind to the proline-rich sites on GPx1, thus
stimulating its activity and this association is controlled by the cell’s oxidant level (Cao et al.,
2003). GPx is particularly important in those cells, whose mitochondria lack the enzyme
catalase, where it does most of the detoxification of generated H,O, (Bai and Cederbaum,
2001). The protective role of GPx1 has been unequivocally established in various models
(particularly in vivo models) such as ischemia/reperfusion injury (Yoshida ef al., 1997; Crack
et al., 2001), virus-induced myocarditis (Beck et al., 1998), endotoxemia (Jaeschke et al.,
1999), diabetes-associated atherosclerosis (Lewis et al, 2007) and pro-oxidant induced
neurotoxicity (Klivenyi et al, 2000). Sies et al, (1997) demonstrated its GSH dependent
reduction of peroxynitrite to nitrite which attenuates the peroxynitrite mediated protein
nitration in human fibroblast lysates. This might have physiological relevance in inhibiting
the peroxynitrite induced apoptosis in cells. They later demonstrated that in vivo, GPx acts
differently by actually accentuating peroxynitrite-induced apoptosis which is perhaps due to
the ineffective enzymatic reduction of peroxynitrite in culture where it encounters more
reactive peroxynitrite intermediates such as 'NO, and CO;" (Fu et al., 2001). Therefore, it

appears that the activity of the enzyme mainly depends on the type of oxidant and hence the
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judicial supplementation of antioxidant must be considered, keeping in mind the implications

of such compounds under different stress conditions.
G.7.1.3 Catalase

The whole process of free radical generation and their decomposition is a concerted action
involving a battery of detoxifying proteins named antioxidant enzymes. The superoxide that is
formed during the respiratory chain is converted to H,O, by superoxide dismutase. The H,O,,
if not removed interacts with transition metal ions such as Fe*" (Fenton reaction) producing
highly reactive hydroxyl radical. This is effectively avoided by the action of catalase which
decomposes H,O, to molecular oxygen and water in tandem with GPx. Catalase can
decompose H,0, catalysed by two different modes of enzymatic activity: the catalytic mode
of activity (reaction 1) and the peroxidative mode of activity (reaction 2) (Keilin and Hartree

1945; Oshino et al., 1973).

Catalase is a homotetrameric heme containing protein (Chance ef al., 1979). The role of CAT
in defending cells and tissues against oxidative stress has been studied extensively.
Overexpression of CAT renders cells more resistant to toxicity of H,O, and oxidant-induced
injury from exposure to hyperoxia (Erzurum et al., 1993; Yoo et al., 1994). Most cells are
lacking in their mitochondrial CAT (Bai and Cederbaum 2001). In such cells, mitochondrial
superoxide anion and hydrogen peroxide are dismutated by SOD and GPx and the significant
amount of H,O, that diffuses into the cytosol, despite the action of SOD and Gpx in
mitochondria, is detoxified by the cytosolic CAT. Since mitochondria are the main sources of
reactive oxygen species, a consequence of oxidative phosphorylation, they are highly
susceptible to oxidative damage. Mitochondrial overexpression of CAT has been found to
provide better protection than cytosolic overexpression against H,O, induced lung injury
(Arita et al., 2005). It is also shown to increase the median life span in experimental animals
associated with delayed onset of cardiac lesions and cataract development and reduction in
oxidative damage, H,O, production, H,0,-induced aconitase inactivation and mitochondrial
DNA lesions (Schriner et al., 2005). Catalase knock out mice show normal and healthy signs
of development but show varying degrees of sensitivity to oxidative damage depending on the
tissue and oxidant type (Ho et al., 2004). Aging is characterized by progressive decline in
physiological functioning of multiple organ systems and a steady increase in chronic

degenerative diseases. Overexpression of mitochondrial CAT in aging mice is associated with
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reduction in a number of age-related pathologies such as malignant non-hematopoietic tumor
burden, reduced cardiac lesions and reduced systemic inflammation. However, it had no
effect on hematopoietic neoplasia or glomerulopathy (Treuting et al., 2008). The results
support the oxidative theory of ageing and its delay by manipulation of the antioxidant
environment of the organism (Harman, 2006). Therefore, antioxidant intervention may be a

viable target for the prevention or delay of some, if not all, age-related diseases.
G. 7.2 Glutathione

Glutathione is a small molecule that plays key regulatory roles in metabolic and cell-cycle-
related functions (Poot et al, 1995; Adamson et al, 1996) and is responsible for
detoxification of ROS by acting as peroxide scavengers and regulating the redox state of cells.
This cysteine containing tripeptide (y-glutamyl cysteinyl glycine), which is found in milli
molar concentrations in animal cells, provides the principal intracellular defense against
oxidative stress (Shan et al., 1990) and participates in detoxification of xenobiotics (Thomas,
1993) aiding in the maintenance of intracellular redox status. Depletion of GSH is one of the
chief causes of cell death. For example, overdose of acetaminophen (paracetamol) results in
hepatic and renal failure and ultimately in death due to cellular GSH depletion (Thomas,
1993) indication that it is an essential component of the human immune response. Low
intracellular glutathione levels in antigen-presenting cells correlate with defective processing
of antigen with disulfide bonds, indicating that this thiol may be a critical factor in regulating
productive antigen processing (Short et al, 1996). Externally supplemented GSH has
negligible systemic bioavailability. Therefore synthesis of GSH in conditions of its deficiency
is enhanced by means of its precursors such as cystine. Natural products have been suggested
to enhance in vivo GSH synthesis in a number of cell models by increasing the level of y-
glutamyl-cyseinyl-synthetase, a rate limiting enzyme in GSH synthesis (Rimbach et al,
2001). Therefore, supplementing with antioxidant biomolecules that stimulate the synthesis of

GSH in vivo may be a rational way of overcoming GSH deficiency.
G.8 Measurement of antioxidant capacity

The study of the free radicals and antioxidants in biology is creating a medical revolution that
promises a new age of health and disease management. From prevention of the oxidative
reactions in foods, pharmaceuticals and cosmetics to the role of ROS in chronic degenerative
diseases and aging challenges continue to emerge from difficulties associated with methods
used in evaluating antioxidants in vitro and in vivo. The accurate assessment of antioxidant
action of biomolecules is far from real due to the accompanying set backs such as the
specificity and selectivity of antioxidant towards free radicals and vice versa. However,

measurement of antioxidant capacity of a particular compound is of utmost importance in
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considering its potential in antioxidant therapy. A number of methods have been designed and

developed over the past several decades to assay antioxidants.
G.8.1 In vitro antioxidant assays

Several in vitro methods have been developed to measure the antioxidant property of foods
and biological samples (Wayner et al., 1985; Cao et al., 1993; Schlesier et al., 2002; Bohm
and Schlesier, 2004; Prior et al., 2005). However, there is no single standardized method
which gives the best picture of the antioxidant property of a substance. Most of the methods
described measure the inhibition of free radical generation or neutralisation of the generated
free radicals by the antioxidant. The methods are chiefly based on technologies using
different free radical generators, target molecules and endpoints. Therefore, a particular
compound which shows high antioxidant activity in one assay does not necessarily show the
same effect in the other. This may be attributed to the complex nature of the phytochemicals,
redox potential of the compound and the assay medium, the type of free radical generated,
polarity of the antioxidant and the nature of interaction between antioxidant and the reactive
species. Therefore, a test compound is subjected to a battery of tests involving different
conditions of medium and free radicals in order to testify its efficacy against different types of

oxidative stress conditions.

The most common methods are mentioned here and the working principles of the methods

used in the present study are discussed in the respective chapters.

The quenching of the stable free radical a, a-diphenyl-B-picrylhydrazyl (DPPH’) has been the
most common and the first test used to establish a compound’s antioxidant property. Blois
(1958) for the first time demonstrated the use of DPPH’ as a stable radical to assess free
radical quenching property. However, it has the disadvantage that it cannot be correlated to
conditions of physiological pH. It was observed that the antioxidants showed different 1Cs,
values when tested in methanol and buffered methanol (Sharma and Bhat, 2009) indicating its
non-reliability under non-physiological pH. Recently a high throughput relative DPPH radical
scavenging assay was developed which can be used for both hydrophilic and lipophilic
compounds without the use of solubilising agents (Cheng et al., 2006) thus making it a useful

technique for diverse class of compounds.

Another assay that is most commonly used is based on the iron reducing capacity of the
antioxidant, called the ferric reducing/antioxidant power (FRAP) assay, originally designed to
test the ferric reducing capacity of plasma (Benzie et al, 1996). This assay measures the
ability of antioxidants to reduce Fe’" to Fe** (Prior et al., 2005). FRAP is the only assay that

directly measures the antioxidants or reductants while most of the other assays measure the
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inhibition of reactive species in the reaction mixture (Halvorsen et al., 2002) which might be

a function of type of reactive species.

Hydroxyl radical is a highly reactive free radical and is implicated in free radical mediated
pathologies damaging almost every known biomolecule. It binds to nucleotides in DNA and
causes strand breaks by abstraction of a hydrogen atom from deoxyribose molecule
(Balasubramanian et al., 1998) leading to carcinogenesis, mutagenesis and cytotoxicity. The
ability of the hydroxyl radical to cause deoxyribose degradation is studied by generating these
radicals through Fenton reaction between H,O, and the ferrous salt in the presence of ascorbic
acid (Walling et al., 1975; Halliwell et al., 1987). However, this method cannot be applied to
those compounds which can directly react with HO, or are strong iron chelators such as

tannic acid and phytic acid (Cheng et al., 2003).

Lipid peroxidation induced by oxidants and oxidative stress generates an assortment of lipid
oxidation products that may initiate a chain reaction propagating the production of more free
radicals that damage biomolecules. The most abundant byproduct of lipid peroxidation is
malondialdehyde (MDA) resulting from the peroxidation of arachidonic, eicosapentaenoic
and docosahexaenoic acid (Esterbauer et al., 1991). Level of MDA is a fairly sensitive marker
of oxidative stress and the antioxidant status. At low pH and elevated temperature, MDA
readily participates in nucleophilic addition reaction with 2-thiobarbituric acid (TBA), 1:2
MDA:TBA adduct. These facts, along with the availability of facile and sensitive methods to
quantify MDA (as the free aldehyde or its TBA derivative), have led to the routine use of
MDA determination and, particularly, the "TBA test" to detect and quantify lipid peroxidation
in a wide array of sample types (Janero, 1990). Therefore prevention of lipid peroxidation is
an essential process in all aerobic organisms since lipid peroxidation products cause damage

to DNA and other biological macromolecules.

Other more common methods are oxygen radical absorbing capacity (ORAC), trolox
equivalent antioxidant capacity (TEAC) etc. The antioxidant capacity is chiefly contributed
by the population of phenolic compounds and there is a clear correlation between the phenolic
content and antioxidant capacity as shown in other studies (Miliauskas et al., 2004) and in our

own study.

The in vitro chemical antioxidant assays, though provide significant information regarding the
antioxidant property of phytochemicals, fail to demonstrate in vivo action. Most of the
antioxidant methods used do not reflect the intracellular physiological conditions and
therefore, do not consider the bioavailability, uptake and metabolism of the antioxidants.
Since the biological systems are much more complex rather than just the mixtures of oxidant

and antioxidant (as in the case of a chemical in vitro test), the antioxidant compound may
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operate via multiple mechanisms involving a number of physiological factors such as
enzymes and other biomolecules; therefore, the relevance of chemical in vitro methods to
human body is questionable. Hence, the use of models that best mimic the cellular
environment is advised in order to get a better picture of the protective effect of a particular

compound in question.
G.8.2 Use of cell culture models in antioxidant research

In agreement with the above argument, the mechanisms of action of antioxidants extend
beyond the scavenging property in disease prevention and health promotion. Since animal
models and human studies are more expensive, time consuming and involve ethical issues
regarding their use, there is a need for cell culture models to support antioxidant research for
the initial screening of foods, dietary supplements (Liu and Finley, 2005) and other
pharmaceutically important molecules. Several short-term in vitro models have been used in
cytoprotective and cytotoxic studies. However, despite the advantages of cellular models
being rapid and inexpensive, majority of them have limitation of not bearing the enzyme
machinery required for activation and/or detoxification of oxidants. Different approaches to
overcome these problems and their advantages and limitations are summarised in Table 2.
(Mersch-Sundermann et al., 2004). In general, cells and cell lines capable of endogenously
expressing xenobiotic metabolizing enzymes seem to be better than other cells to study the

cytoprotective, antigenotoxic or cogenotoxic effect of xenobiotics.

The liver is known to be the main site of xenobiotic biotransformation due to the ability of
this organ to express a plethora of enzymes, both quantitatively and qualitatively. Therefore,
not surprisingly, cells of liver origin are widely used in biomedical research involving
xenobiotic metabolism including genotoxicity and antioxidant studies. Table 2 outlines the

advantages and disadvantages of different approaches to cell culture studies.
G.8.2.1 Primary rat hepatocytes

The liver is the major organ since it performs an astonishingly large number of tasks of
regulating several functions of the body in higher animals and humans. The main functions
are metabolism of carbohydrates, lipids, proteins, drugs and xenobiotics that are ingested by
the body. Use of primary cultured hepatic cells is an established method to study mechanisms
of hepatotoxicity and carcinogenesis, drug metabolism as well as in a number of biochemical
investigations under defined conditions in vitro (Moldeus et al., 1978; Williams et al., 1982).
The isolated rat hepatocytes have been shown to retain most of the characteristic features of
intact tissue including the permeability characteristics (Moldeus et al., 1978). However, the
cytochrome P450 system, which is the chief drug metabolizing apparatus in the liver, rapidly

declines in isolated rat hepatocytes in cultures (Wortelboer ef al., 1991; Richert et al., 2002)
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which make it unsuitable for long term studies on xenobiotics induced cytotoxicity. It was
also reported that the antioxidant defense of the isolated rat hepatocytes declined with time
(Richert et al., 2002). However, the culture conditions have been developed with the
supplementation of hormones and other nutrients which can retain the activity of cytochrome
P450 for up to 72 hrs (Grant et al., 1985). Therefore, in the present study freshly isolated rat
hepatocytes were used for the study of stress induced cytotoxicity and its amelioration by
antioxidants such as anthocyanins and carotenoids. McQueen and Williams (1987) suggested
that the ability of the hepatocytes to fight the xenobiotics stress varies from species to species
thus suggesting the use of multi-species testing which permits a more complete assessment of

genotoxicity.

Table 2. Advantages and disadvantages of different approaches used in cytotoxicity/protective

studies.
Method Advantages Limitations
Primary cells e Retains native metabolic | e Undergo only limited number of

competence with all xenobiotics
metabolizing enzymes.

Can be differentiated under
controlled culture conditions
Unmodified from the parent tissue
except for enzymatic or physical
dissociation
the

Represent variability by

polymorphism

cell divisions

Limited availability of tissue
resections

Difficult to achieve a single cell

type in culture

Genetically

engineered cells

Highly useful for mechanistic
studies

Availability of isogeni control

cells without the introduced
c¢cDNA and therefore enzyme
specific  activation can be
analysed

e Not appropriated to test unknown

compounds

The use of cell lines containing
single transgenic enzymes gives a
false picture of metabolism of a
vivo

compound under in

conditions

Cell lines with
endogenous

enzyme activity

Could be propagated for several
generations

Easy to maintain

Limited array of promutagen
activating enzymes
Enzyme expression shows strong

inter-species differences
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G.8.2.2 Use of transformed cells

Due to the instabilities of the antioxidant status and cytochrome P450 oxidase system in
primary cultured hepatocytes, it is advisable to use a system that is more stable, mimics most
of the human in vivo conditions and gives reproducible results. The present study utilizes
hepatoma cells to assess the cytoprotective and cytotoxic effects of anthocyanins and
carotenoids. Use of human liver in bioavailabity, biotransformation and toxicity studies is
limited due to issues related to ethical concerns. There are very few studies in literature that
made use of human livers (Dai and Cederbaum, 1995; Nicod et al., 1997; Holownia et al.,
1997). Under such situations cell lines offer an attractive possibility of working with cells of
human origin. Cell lines are gaining considerable impetus especially in the field of pharmaco-
toxicology for pre-validaiton and validation studies (Batt et al., 1995) of bioactive molecules.
However, these cell lines cannot be used for biotransformation and metabolic studies because
their pattern of gene expression of drug-metabolising enzymes is distinct from in vivo
conditions (Wilkening et al., 2003). Though a number of human derived cell lines have been
developed, most genotoxic and other studies mainly make use of HepG2 and Hep3B cells
because they most closely retain the activities and substrate specificities of enzymes typical
for humans and secrete most of the plasma proteins (Knasmuller et al., 2004). HepG2,
originally isolated by Aden et al., (1979) from a primary hepatoblastoma of an 11-year-old
Argentine boy, is the most versatile one. This cell line has been identified to be an ideal cell
model to study, genotoxicity, antigenotoxicity, mutagenecity and cytotoxicity of chemical
compounds (Knasmuller ef al, 1998; Mersch-Sundermann et al, 2003) because of the
increased sensitivity of enzymes in HepG2 towards genotoxicants (Knasmuller et al., 2004).
Hep3B is a hepatocarcinoma cell line derived from 8 year old juvenile Black male and
contains an integrated surface antigen for Hepatitis B virus (Knowles et al., 1980). These cell
lines retain many of the specialized functions normally lost by primary hepatocytes in culture
such as secretion of the major plasma proteins (Knowles and Aden, 1983). A study on the
relative sensitivities of HepG2 and Hep3B towards dietary and life-style related DNA
carcinogens revealed that HepG2 was more sensitive compared to the Hep3B cells (Majer et
al., 2004). A careful observation of the data obtained in their study showed that though
Hep3B cells differ substantially from HepG2 cells in terms of their sensitivity towards
genotoxicants tested, they are not completely insensitive, at least towards most of the agents
used. It was found insensitive only to As,O;. Hep3B was more sensitive towards drug
metabolizing enzymes such as CYP1A1l and NATI1 compared to HepG2; while it was less
sensitive to most of the enzymes, other cytochrome P450 enzymes such as CYP1A2, 2B1 and

2E1 and NAT2 were not detected in both (Majer et al., 2004). Apparently, the works of Majer
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et al., (2004) mainly focus on the response of cells to genotoxicity. A compound can render
toxicity to cells by mechanisms independent of DNA damage involving various other
mechanisms. In such cases their theory cannot be completely relied upon. Moreover, the
number of micronuclei in control (untreated cells) was always higher in HepG2 cells than that
in Hep3B cells (Majer et al., 2004) suggesting a more close resemblance of Hep3B to normal
human cells where the number of micronuclei in healthy cells are presumably lesser. This
assumption is supported by Manov et al, (2002) who recommend Hep3B cell line over
HepG2, owing to their preservation of ultrastructural characters during different stages of the
experiment. Therefore, it is suggested that though Hep3B does not completely resemble
HepG2 cells in cellular functions, it can still be used as a working model for testing cytotoxic
and cytoprotective phytochemicals with significant response. Apparently these two cell lines
can be used for cytoprotective as well as anticancer studies since they more closely resemble
the normal human hepatocytes in most ways while retaining the property to multiply under
the culture conditions.

A thorough survey of recent literature revealed that a Hep3B is used as a cell model in
number of studies involving phytochemicals for their cytoprotective/cytotoxic activity and
also in metabolic and gene expression studies. Table 3 summarises few of the studies carried
out using this cell line.

Table 3. Examples for use of Hep3B as cell culture model

Putative protective | End point mediator | End point(s) Reference
compound
N-acetyl cysteine Acetaminophen Apoptosis Manov et al., 2002
Anthocyanidins -- Apoptosis Yeh and Yen, 2005
Resveratrol/quercetin | Interleukins C-reactive protein | Kaur et al., 2007
(inflammatory expression
cytokines)
Lycopene -- Cell growth inhibition | Park et al., 2005
y-tocotrienol -- Apoptosis Sakai et al., 2006
Trichostatin A Nickel Cytotoxicity/DNA Kang et al., 2005
damage
None Cadmium Apoptosis Lemarie et al., 2004
Andrographolide -- Cell growth inhibition | Ji ef al., 2007
and/or apoptosis
Carboxyfullerin TGF-p Inhibition of apoptosis | Huang et al., 1998a
Ascorbic acid [ron Ferritin translation Toth et al., 1995.
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Taking these facts into consideration, the present thesis employed the use of Hep3B cells to
study the cytoprotective action of anthocyanins and carotenoids against tert-
butylhydroperoxide-induced oxidative stress. The initial study was designed with HepG2 cells
considering its advantages over Hep3B; however, the failure to obtain a monolayer of cells

under our laboratory conditions made the choice of Hep3B over HepG2 inevitable.
G.9 Induction of oxidative stress and choice of oxidative model

The body is constantly exposed to a plethora of chemicals which create a oxidative stress
environment within the cell. Though the body has its own mechanism to cope with these
harmful reactive species, an excess generation of the same can result in oxdative damage and
ensuing pathologies. Many chemicals are used in vitro to simulate an in vivo toxicity
conditions. For example doxorubicin in cardiac toxicity (Choi et al, 2007), carbon
tetrachloride and other haloalkanes (Yu et al, 2002), chloroform and azathioprine in
hepatotoxicity (Lee and Farrell, 2001), hydrogen peroxide (Alia et al., 2005) and tert-butyl
hydroperoxide in toxicities of various cells including hepatic cells (Garcia-Cohen et al., 2000;

Alia et al., 2006D).

Liver is body’s major organ where most of the drug metabolism and biotransformation
occurs. Ironically, the metabolic products of detoxification reactions that protect other tissues
from effects of the primary toxicant can be destructive to the liver when in excess or
chronically present. Due to this reason, it is highly susceptible to chronic exposure to drugs,
environmental toxicants and other xenobiotics. Therefore, the major consequence of ingestion
of xenobiotics through food, water and air is an indirect effect on virtually all other organs.
Therefore the present study utilized two well-known stress inducing agents such as carbon
tetrachloride in primary rat hepatocytes and tert-butyl hydroperoxide in primary rat
hepatocytes and hepatocarcinoma cells.

G.9.1 Carbon tetrachloride

Carbon tetrachloride, a by-product of sewage and drinking water chlorination, is one of the
major hepatotoxins which is metabolized in the liver by the CYP2E1 isozyme of cytochrome
P450 by reductive dehalogenations (Johansson and Ingelman-Sundberg, 1985; Noguchi et al.,
1982) resulting in the reactive trichloromethyl radical (CCl;") and subsequently resulting in an
even more reactive form, the trichloromethyl-peroxyl (OOCCI;) radical (Ruch et al,., 1986).

The reactions occurring during the metabolism of CCl, are shown below:
CClt+e ———>+ CCl+CF 1)

cCCl+0; — > 00CCL @
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The lipid radical reacts with molecular oxygen the products of which fuel a series of reactions
ultimately resulting in the initiation of membrane lipid peroxidation and a consequent liver
injury (Slater, 1984). Therefore, carbon tetrachloride forms an important tool in elucidating
the mechanisms of action of hepatotoxic effects such as fatty degeneration, fibrosis,
hepatocellular death and carcinogenicity (Weber et al., 2003). Similarly it is employed as an
important model to study the effect of a number of hepatoprotective agents in conditions of

toxicity (Sen et al., 2007; Parola et al., 1992; Fariss et al., 1993).

Administration of carbon tetrachloride (CCly) to rodents and cultured cells is a widely used
model to study mechanisms of hepatic injury. It causes hepatocyte injury that is characterized
by centrilobular necrosis that is followed by hepatic fibrosis in intact livers. Johnston and
Kroening (1998) suggest an early death of cultured rat hepatocytes which may be due to a
direct effect of CCl; on their intracellular membranes independent of its metabolism.
Compounds derived from natural sources have been proved to be effective against CCly
toxicity in a number of cell and animal models. Anthocyanins of Hibiscus rosasinensis
significantly protected the rat liver from CCls—induced injury as evidenced by the liver
marker enzymes (Obi et al., 1998). A protein isolate from the Phyllanthus nirurii, an
indigenous, plant with hepatoprotective properties is shown to reverse CCls-induced
alterations in liver toxicity marker enzymes as well as antioxidant enzymes catalase and
superoxide dismutase (Bhattacharjee and Sil, 2007). Carotenoids, the lipid soluble pigments
abundant in plants show excellent antioxidant activities in vitro which may be manifested in
its protective role against oxidative stress induced organ damage and other pathologies. Kang
et al., (2001) reported the protective effect of astaxanhin against CCl;-mediated liver toxicity
in rats through reduction in lipid peroxidation and reversing the alteration in antioxidant
status. It is apparent from all these studies that these natural compounds mainly act through
the antioxidant enzyme system which perhaps involves the control by the cytochrome P450
mixed function oxidases. For these reasons, CCl, is often used in experiments associated with

toxicity of the liver and its amelioration by hepatoprotective agents.
G.9.2 Tert-butyl hydroperoxide (TBH)

Measurement of antioxidant activity by phytochemicals is an important means of establishing
its therapeutic potential. It is also crucial that a particular antioxidant in question be effective
against a diverse class of free radicals and free radical inducing agents. After ascertaining
these in vitro, using chemical tests, it is imperative to use isolated cell models under
physiological conditions to check their efficacy in the presence of a number of cellular

factors. Therefore two different free radical generators were used to induce oxidative stress in
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isolated rat hepatocytes to prove that the antioxidants tested are effective against diverse

classes of free radicals.

Most short-term cell culture studies use HO, and TBH to induce pharmacological oxidative

stress status in cells (Goya et al., 2007; Baldwin and Barrett, 1998; Cuello et al., 2007).

Tert-butyl hydroperoxide is an organic hydroperoxide which decomposes to other alkoxyl and
peroxyl radicals in a reaction aided by metal ions that can generate ROS including H,O,. It is
a precursor in the formation of malondialdehyde, a lipid peroxidation product and therefore,
decomposition of TBH accelerates lipid peroxidation chain reactions, induces cell toxicity by
damage to DNA, depletes cellular GSH and protein thiols resulting in the alteration of
intracellular calcium homeostasis, cell damage and apoptosis (Lotscher et al, 1979;

Sandstrom, 1991; Ochi, 1988; Ochi, 1990).

In the present study TBH was chosen over H,0O; to induce stress due to the findings of several
researchers that HyO, per se does not evoke a significant stress response in cells (Alia et al.,
2005) as compared to organic hydroperoxides. Alia et al., (2005) propose that this differential
response might be due to the fact that the cell has a very effective mechanism to detoxify
hydrogen peroxide through the action of catalase, since this is a product naturally occuring in
the cell. In contrast, the organic hydroperoxide such as TBH does not have a specific
detoxifying element within the cell, and requires endogenous thiol molecule glutathione for
detoxification (Alia et al., 2005). Therefore, the present thesis utilizes TBH as another free
radical generator in order to study the cell’s response to oxidative stress chiefly in terms of

antioxidant enzymes and their modulation in the presence of antioxidants.
G.10 Measurement of cytotoxicity in cell culture

Determination of cell viability is an important parameter in studying the biological safety of a
compound and also to study the protective effect of the same under toxic states of cells.
Several cytotoxicity screening methods are commonly used which include MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, Cell Titre Blue (CTB) assay,
Neutral red uptake assay, methylene blue uptake assay, lactate dehydrogenase (LDH) leakage

assay etc.

MTT is a yellow water soluble tetrazolium dye that is cleaved by the mitochondrial
dehydrogenases to purple water insoluble formazan crystals which can be solubilised with
dimethyl sulfoxide (Mossman, 1983; Edmondson et al., 1988). The amount of formazan
formed is a direct measure of viable cells. This method was used in the present study due to

its reproducibility and ease with working.

49



CTB assay is based on the ability of cells to reduce the non-flrourescent resazurin in to
fluorescent resorufin, by the mitochondrial and cytosolic enzymes allowing the detection of
cell growth and viability by spectrofluorimetry (O’Brein et al., 2000). Increased fluorescence
gives an account of viable cells. The enzymes that are thought to participate in CTB or MTT
reduction include alcohol and aledhyde oxidoreductases, NADPH quinine reductase, flavin

reductase, NADH dehydrogenase and cytochromes (O’Brein ef al., 2000).

Neutral red uptake assay is a simple colorimetric assay which makes use of the ability of
viable cells to incorporate and bind the suprovital dye in the lysosomes (Zhang et al., 1990)

which is then extracted in a suitable solvent and absorbance read using a spectrophotometer.

Another method makes use of the inability of the dead cells to take up certain dyes such as
trypan blue, eosin or propidium (Strober, 199). The cells treated with the dye are observed
under the microscope and the number of cells accumulating the dye is visually scored. This is
a tedious and time consuming method compared to the other tests. All the above methods
require the cell membranes to be intact and the cells metabolically active, to be able to take up

or exclude the dye.

Cell toxicity in cell culture can also be evaluated by the leakage of intracellular enzyme
lactate dehydrogenase (LDH) into the culture medium. LDH is a cytoplasmic enzyme that is
released into the medium upon cell lysis. The LDH assay, therefore, is a measure of
membrane integrity. Recent studies suggest that LDH is a more reliable and accrate marker of
cytotoxicity since damaged cells lose their integrity resulting in the leakage of cell content
(Grivell ef al., 1996). The assay is dependent on the oxidation of NADH which is marked by
the disappearance of absorbance at 340nm, due to the conversion of pyruvate to lactate by
NADH (Howell et al, 1979). The assay also makes use of the oxidation of lactate to pyruvate
which then reacts with the tetrazolium salt INT to form the water soluble dye which is
measured by colorimetry (Decker and LohmannMatthes, 1988). However, this method was

not used in the present study.
G. 11 Measurement of apoptosis

Apoptosis is a highly regulated process involving a battery of signaling events including the
caspases, apoptotic family of proteins and other transcription factors. Oxidative stress, leading
to the formation of free radicals is often implicated in ensuing cell death, either apoptotic or
necrotic. Necrosis is caused by catastrophic toxic and traumatic events with passive cell
swelling, injury to cytoplasmic organelles, rapid collapse of internal homeostasis leading to
membrane lysis, release of cellular contents and ultimatelyresilting in inflammation (Kerr and

Harmon, 1991; Swartz et al., 1993). On the contrary, apoptosis is a programmed cell death
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which is characterized by cell shrinkage, membrane blebbing, nuclear fragmentation and
chromatin condensation (Kerr et al., 1972; Bursch et al., 1992). Events of cell death within a
cell can be monitored by microscopic fluorescence imaging using specific fluorochromes
such as propidium iodide (PI), acridine orange, ethidium bromide, 4'6-diamidino-2-
phenylindole (DAPI), bisbenzimide, annexin V etc., either alone or in combination. While the
first three dyes specifically bind to nucleic acids (Zamai et al., 2001; Collins et al., 1997,
Willingham, 1999) annexin V is specific to phosphotidyl serine, the molecules that become
exposed to the outer plasma membrane leaflet due to the loss of its asymmetry, a hall mark of
early apoptosis (van Engeland et al., 1998). The fluorescent dye PI is one of the most
commonly used ones and can be used to detect apoptosis in adherent cells (Zamai et al.,
2001).

Estimation of caspase activation is another method of detection of apoptosis. Caspases are a
family of cysteinyl proteases considered to be executive factors for apoptsis. There are two
types of caspases, the initiator caspases (caspase 8 and 9) and the effector caspases (caspase 3,
6). It has been believed that activation of caspase is induced through two pathways. In the
first pathway, binding of cytochrome c released from mitochondria to Apf-1 participates in
the activation of caspase-9. In the second pathway, binding of death ligand to death receptors
such as Fas and TNF receptor participates in the activation of caspase-8. Caspase-8 and
caspase-9 activate caspase-3 (Strasser et al, 2000; Zou et al., 1999) and the activated
caspase-3 celaves poly (ADP-ribose) polymerase (PARP) (Boulares et al, 1999) which is
used as an indicator of apoptosis. The final outcome of these proteolytic cascades is the

specific cleavage of a wide variety of substrates that are implicated in apoptosis.

On the other hand, the Bcl-2 family of proteins exerts antiapoptotic or proapoptotic activity
through altering the mitochondrial membrane permeability (Tsujimoto and Shimizu, 2000).
The proto oncogene Bcl-2, first recogni zed at the chromosomal breakpoint of (14:18)-bearing
human B-cell lymphomas, is one such gene. The product Bcl-2 protein of this gene has been
localized to mitochondria, endoplasmic reticulum, and the membranes of the nuclear envelope
(Tyurina et al.,. 1997). Bcl-2 is known to regulate mitochondrial membrane potential and be
tightly associated with the mitochondrial pore transition, pore regulation, the release of
cytochrome ¢ and other apoptosis inducing factors (Shimizu et al, 1999). Bax is a pro-
apoptotic protein of the Bcl-2 protein family that resides in the outer mitochondrial
membrane. It is controversial whether Bax promotes cell death directly through its putative
function as a channel protein or incdirectly by inhibiting cellular regulators of the the cell
death proteases-caspases. Recent reports have indicated that after exposure to certain

apoptotic stimuli Bax is translocated from the cytoplasm to the mitochondrial membrane and
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that this process is essential for cell death to occur and found the same results in post-mortem
dopaminergic neurons of Parkinson disease (Hartmann et al.,., 2001). Antiapoptotic factors
such as Bcl-2 inhibit cell death by stabilizing the mitochondrial membrane, while pro-
apoptotic ones such as Bax and Bid induce cell death by increasing the mitochondrial
membrane permeability leading to the release of cytochrome C (Shimizu et al., 1999; Saito et

al., 2000).

An estimation of activity and content of Bax and Bcl-2 gives an indication of the apoptotic
potential of the compounds. It is generally measured by estimating the ratio of Bax to Bcl-2.
A higher ratio suggests proapoptotic nature while the reverse signifies antiapoptitic property.
The oxidative stress inducing agent may cause cell death either by apoptosis or necrosis. Tert-
butyl hydroperoxide used in this study is known to cause cell death by apoptosis in cells
through mitochondrial pathway related to upregulation of Bax and Bid, downregulation of
Bcl-2, caspace activation, enhanced mitochondrial membrane potential, DNA fragmentation
and increased release of cytochrome C (Prasad ef al, 2007; Piret et al., 2004). Various
investigations have shown that a number of phytochemicals with antioxidant properties also
possess cytotoxic effect (Gopalakrishnan and Kong, 2008; Leung et al., 2007), especially in
carcinoma cells, which is effected via apoptotc pathways involving Bcl-2 family of proteins
(Cheng et al., 2007). In the present thesis, the ability of anthocyanins and carotenoids to
upregulate the Bcl-2/Bax mRNA ratio was elucidated in order to establish their antiapoptotic

property in the presence of oxidative stress.

While apoptotic cell death mediated by antioxidants is desirable in cancer chemotherapy,
necrosis is considered to lead to pathologic states. Similarly antioxidant can interfere at
different points of signaling and abrogate the oxidative stress induced cell death. Therefore,
cumulative information on the morphological changes, activation of caspases and expression
of apoptotic proteins gives a broad picture of the state of the cells under oxidative stress status

and its amelioration by antioxidants.
G. 12 Measurement of antioxidant enzymes activity and their gene expression

As discussed in the earlier sections, ROS are continuously generated in the body as a result of
metabolic reactions as well due to exposure to certain chemicals. While an optimum amount
of ROS is required to maintain a normal redox balance, an excess can be harmful to the body.
The human cell is generally well equipped to cope with the normally encountered levels of
reactive species with its antioxidant enzymes and glutathione redox system. There is growing
evidence that presence of small, continuous stimulus such as ROS actually induces the
expression of these enzymes as a defense mechanism (Vina et al., 2006). Exposure of human

endothelial cells to hyperoxia increases the mRNA levels of CAT, GPx and SOD (Jornot and
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Junod, 1992). Therefore, the measurement of changes in endogenous antioxidant enzyme
activity and gene expression is considered a fairly sensitive biomarker of the cellular

oxidative stress.

A large number of genes have evolved in eukaryotes with the rationale of providing
protection to cells from the toxic effects of xenobiotics and other toxic chemicals. In oxidative
stress conditions, certain antioxidant enzymes and their genes are regulated and the type and
extent of such response depends upon the type of toxicity. Therefore it is imperative to
understand the roles of these genes in determining the cellular responses to oxidative stress. A
number of biochemical models have been developed over a period of several decades
including the development of enzyme knock-out (or null) models (Ho 2002; de Haan et al.,
2003), which play a pivotal role in establishing the role of oxidants and antioxidants and other

drug molecules in maintenance of health and alleviation of disease states.

The changes in antioxidant enzyme activity may arise from transcriptional and/or translational
regulation of gene expression. A study on the effect of H,O, and paraquat on the antioxidant
status of rat astroglial cells revealed a transcriptional regulation of MnSOD and a post
transcriptional regulation of CAT gene expression (Rohrdanz et al., 2001). The transcription
of antioxidant enzymes is controlled by certain transcriptional regulators which are activated
in response to oxidative stress. Mouse GPx and CAT genes possess putative binding motifs
for the transcriptional regulators NF-kB and AP-1, which are involved in the up regulation of
GPx and CAT in response to oxidative stress (Zhou et al, 2001). Two characteristic
regulatory elements called, the antioxidant responsive element (ARE) and xenobiotics
responsive element (XRE), present on the promoter region of the CuZnSOD gene of human
liver cells induce up regulation of this gene under oxidative stress (Park and Rho, 2002).
Therefore it is suggested that the antioxidant enzymes can be transcriptionally induced by the
above transcription factors in combination with or independently of these two regulatory
elements to form a defense against oxidative stress (Alia et al, 2005) while a
posttranscriptional regulation cannot be ruled out. Shull et al., (1991) observed that the
antioxidant enzymes are selectively induced when exposed to different ROS generating
systems. For example, exposure of tracheobronchial epithelial cells in vitro to H,O, induced a
significant elevation in the steady state mRNA expression of CAT while that of MnSOD and
GPx remained unaltered. However, an exposure to xanthine/xanthine oxidase system induced
the expression of MnSOD with no effect on the other antioxidant enzymes (Shull et al.,
1991). Therefore, an understanding of the different regulatory elements involved in gene
expression in oxidative stress conditions and their reversal by antioxidants is important in

developing antioxidant therapy.
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Evidence is mounting on the usefulness of dietary antioxidants in alleviating the ROS-
induced pathologies. Consumption of high amounts of fruits and vegetables is reported to
increase erythrocyte GPx activity which is correlated to the non-nutritive antioxidants such as
carotenoids, anthocyanins and flavonoids (Dragsted ef al., 2004). A recent report suggests
that anthocyanins induce phase Il antioxidant enzymes through activation of antioxidant
response element (ARE) upstream of antioxidant genes (Shih et al, 2007). Dietary
supplementation with B-carotene significantly enhanced the activity of GPx and moderately
enhanced activity of SOD in rats with ischemic reperfusion injury (Codofier-Franch et al.,
2008). Difference in longevity between males and females is correlated to the lower reactive
oxygen species and higher expression of antioxidant enzymes in females which in turn is
attributed to estrogen which up regulates antioxidant expression through activation of
estrogen responsive elements (Boras et al., 2003, 2005; Pinto et al., 1968). Over expression of
antioxidant enzymes is associated with an increase in life span. Up regulation of SOD and
CAT in transgenic Drosophila melanogaster increased the lifespan by about 50% (Orr et al.,
1994; Sun and Tower, 1999) which is again higher in females (Spencer et al, 2003). The
finding by Rabinovitch’s team (Schriner et al., 2005) revealed an increase in murine life span
by targeted overexpression of mitochondrial catalase which comes with additional benefits of
delayed cardiac pathology and cataract, reduced oxidative damage and mitochondrial
deletions. Therefore, targeting such specific sites to over express antioxidant genes by dietary

antioxidant intervention may indeed help extend a healthy life span in humans.
G. 13 Stability of mRNA

The consequences of RNA damage and its repair have been gaining importance in the recent
past. Considering that there is generally more RNA in a cell than DNA, it is likely that there
will be significant damage to cellular RNA when cells are exposed to cytotoxic substances
(Bellacosa, 2003). Though RNA damage may be a positive factor in anticancer
chemotherapy, its repair by the cell signifies a much important role in genotoxic stress.
Factors that cause damage to DNA damage RNA as well due to their structural similarity. In
fact, RNA is more amenable to certain types of free radical attack than is DNA owing (i) its
widespread cytoxolic distribution (ii) its single standed structure (iii) the absence of protective
histones (iv) absence of advanced repair mechanisms and (v) the presence of free oxygen
group. This has been demonstrated both in vivo and in vitro (Hofer, 2005; 2006) and mRNA
damage may result in abnormal protein translation whereas tRNA and rRNA damage could

result in dysfunction of protein synthesis (Martinet et al., 2004).

Modulation of gene expression at the level of mRNA stability has emerged as an important

regulatory paradigm. Concentration of an mRNA is a function of its rate of synthesis and rate
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of degradation. Therefore, the half-life of mRNA in the cell is an important determinant of
gene expression and its translation into the protein product (Ross, 1995).

Transcriptional regulation of antioxidant enzymes is well known. CAT gene expression in
mouse skeletal muscles is transcriptionally regulated (Luo et al., 2003), which is associated
with NK-kB and AP-1 factors (Zhou et al., 2001). However, post transcriptional regulation is
becoming evident especially through stabilization of the mRNA transcripts. For example, rise
in CAT mRNA levels after exposure to low levels of H,O, is found to be post
transcriptionally regulated through increased stabilisation of the same (Sen et al., 2005) in
V79 fibroblasts. Similarly, enhanced expression of CAT gene in hyperoxia-exposed rat lung
is connected to the increased CAT mRNA stability (Clerch ef al., 1991). Therefore, a change
in the abundance of a particular RNA may reflect a change in the transcriptional activity of
the gene, a change in the rate of turnover of the specific RNA or both. The rate of degradation
of a specific RNA molecule can be measured by blocking the synthesis of all RNA molecules.
Stability of mRNA can be measured by blocking its synthesis with a transcription inhibitor,
isolating cytoplasmic RNA at different time intervals and monitoring the rate of loss of a
particular transcript with a gene specific probe. The most commonly used transcription
inhibitors are actinomycin D, a-amanitin, 5,6-dichloro-1-f-D-ribofuranosylbenzimidazole and
cordycepin(Ross 2004). However each inhibitor has its own disadvantages in that a-amanitin
does not enter all cells while actinomycin D also inhibits translation and affects ATP pools
(Peltz et al.,, 1991). Also, the results obtained with different methods differ considerably.
Stability of mRNA molecules along with transcription, mRNA processing, translational
efficiency and post translational modification is an important determinant of protein levels in
the cells.

Increased stability of mRNA transcripts generally means a steady state translation into the
protein product. This property is desirable in antioxidant therapy especially in cases where an
oxidative stress results in reduction in antioxidant defense. Drugs that increase the stability of
antioxidant enzyme transcripts are especially advantageous in order to increase the resistance
towards oxidative insult. While most studies on effect of dietary antioxidants on the
expression of antioxidant enzymes is limited to their up-regulation and down regulation, study
on their effect on stability of the respective mRNA transcripts is lacking. Therefore, an
attempt was made in the present work to study the effect of anthocyanin pigments on the

stability of mRNAs of CAT, SOD and GPx as altered by oxidative stress.
G. 14 Measurement of DNA damage

Active oxygen species such as O,", H,0,, OH can damage almost all cell components

including the DNA leading to single strand breaks, double strand breaks or chromosomal
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aberrations (Halliwell and Gutteridge, 1995) that is manifested in mutagenesis,
carcinogenesis, and aging. The chief sources of reactive species that account for much of the
DNA damage in biological system are the Fenton system, ionizing radiation and nuclease
activation (Aruoma and Halliwell, 1998) through the generation of OH'. A number of factors
have been identified to be damaging to DNA, all mediated through free radical generation.
The chief factors include ionizing radiation, transition metal ions, cigarette smoke and other
chemical carcinogens (Medvedev and Leschenko, 2008; Kobayashi et al., 1988; Jackson et
al., 1987). Mechanism of damage involve abstractions and addition reactions by free radicals
leading to carbon-centered sugar radicals and OH or H" adduct radicals of heterocyclic bases
(Dizdaroglu et al., 2002). The Fenton reaction is the main source of OH' radicals which react
with DNA and the sugar, deoxyribose, in multiple ways resulting in the production of a
plethora of modified bases (Aruoma et al., 1989; Dizdaroglu et al., 1991). Fe**-citric acid, a
physiological iron ion complex has been evidenced to produce small amounts of OH" in the
presence of H,O, vitro, the rate of which is greatly increased in the presence of ascorbic acid
(Hu and Shih, 1997). In vitro, OH" can be generated by a Fe (III)-EDTA-Ascorbate-H,0,
system, which causes significant base modifications in DNA (Aruoma et al., 1989). However,
this method cannot be used for ascorbic acid and other phytochemicals that act as prooxidants
which would otherwise promote oxidative DNA damage in this system (Aruoma, 2003).
Elevated levels of DNA damage have been witnessed in various disease states and it has been
hypothesized that such an elevation may be a causative factor in the etiology of such diseases.
An active DNA repair system is critical for preventing the occurrence of mutations leading to
carcinogenesis and other pathologies. Natural products play a pivotal role in conferring
protection to DNA thus preventing their base modification or single/double strand breaks.
Flavonoids such as naringenin from grape fruit, EGCG from green tea (Sartippour et al.,
2006), quercetin, an almost ubiquitous flavonoid and carotenoids have received much interest
in this area due to their proven DNA protecting activity and consequent cancer chemo

preventive property.

G. 15 Dietary antioxidants and cancer chemoprevention

Carcinogenesis is a multistage process consisting of apparently three major steps: initiation,
promotion and progression and in human it takes many years for a normal cell to turn in to
complete malignancy (Moolgavkar 1978; Sporn 1991). Reports emerge with the proof that
this process can be delayed or completely prevented by dietary intervention. It is interesting to
note that the phytochemicals which show cytoprotective activity in normal cells can also be
potent inhibitors of cancer or tumor development. What really sets apart their differential

effects in abnormal cancer cells vs normal cells is their ability to induce apoptotic pathways to
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delay cancer in abnormal cancer cells and at the same time manipulate levels of metabolizing
enzymes and induce detoxifying enzymes rendering them non-toxic to normal cells
(Gopalakrishnan and Kong, 2008). The dietary polyphenols and carotenoids and other
phytoconstituents have demonstrated reduction in risk of cancers of breast, prostate, colon,
stomach, skin, liver etc. (Craig et al., 1999; Hercberg et al., 1998; Kelloff et al., 1999; Knekt
et al., 1997). EGCG and quercetin, the most important flavonoids in medicine possess both
cytoprotective and cytotoxic properties and have been found to confer protection in various
cancer cell and animal models (Sartippour er al,, 2007). Table 4 summarises the selected

reports on the anticancer properties of phytochemicals used in this study.

Inhibition of free radical generation or scavenging the free radicals generated by other
biochemical reactions is an important factor in the prevention of cellular damage. While the
body is designed to detoxify and allay itself of harmful effects of exotoxins, it may not be
sufficiently prepared to handle the onslaught of pollutants and toxic substances predominant
in the environment. In addition, refining of foods generally leads to deficiency in essential
nutrients involved in detoxification process. Therefore, supplementing the diet with such
compounds which enhance antioxidant defense is essential in order to prepare the body
against oxidative insult. Several natural products have been proven to be effective against
cellular damage either by acting as antioxidants or as positive modulators of other cellular
machineries (Semiz and Sen 2007; Sakr 2007). Anthocyanins and carotenoids have especially
occupied a place in the antioxidant market due to their innumerable health benefits as already
discussed earlier. Therefore, addition of newer and more economical sources of these
compounds to the existing list is desirable. In this direction we chose two plant species which
are less exploited and are abundant sources of these two classes of compounds. They are:

«  Syzygium cumini fruits for anthocyanins

7

% Delonix regia flowers for carotenoids.
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Table 4. Summary of anticancer properties of flavonoids and carotenoids

Class

Compound

Anticancer activity

Flavonoids

Anthocyanins

Delphinidin, cyanidin, and petunidin have been shown to inhibit chemical carcinogen-induced AP-1 transcriptional
activity and cell transformation in JB6 cells (Hou et al,, 2004). Anthocyanins inhibit tumerigenesis by blocking the
activation of mitogen-activated protein kinase (MAPK) pathway and c-jun NH, terminal kinase (JNK) which is ROS
dependent (Hou ef al., 2004; Feng et al., 2007). Anthocyanins from black raspberries prevent oesophageal tumors in rats
probably by downregulating carcinogen-induced nuclear factor-kB (NF-xB) and activator protein-1 expression (Wang et
al., 2009). While being non toxic to normal cells, anthocyanins induce peroxide accumulation and apoptosis in HL-60

cells (Feng et al., 2007).

EGCG

In tumor cells EGCG induces production of H,O, creating an oxidative stress environment (Long et al., 1999; Yang et
al., 2000) which triggers an apoptotic pathway that is distinct from chemical or Fas-mediated pathways and acts through
activation of mitogen-activated protein kinases, c-Jun N-terminal kinase and p38, and the caspase cascade (Kong et al.,

1998; Yang et al., 2000; Balasubramanian et al., 2002; Saeki et al., 2002; Chen ef al., 2003).

Quercetin

At low doses (0.1-5uM) shows cytoprotection while at higher doses (50-100 uM) it is clearly cytotoxic (Alia et al.,
2006a). Inhibits cell proliferation by downregulating the cell cycle genes such as CDC6, CDK4 and cyclin D, inducing
cell cycle arrest and by upregulating tumor suppressor genes (van Erk et al., 2005). It stimulated proliferation of colon

carcinoma cells at lower concentrations while at higher concentrations inhibits the same (Dihal et al., 2006; Uwe et al.,

2004)
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Carotenoids

B-carotene

B-carotene induces ROS production and activation of NF-kB, by a redox mechanism which is accompanied by inhibition
in cell growth and induction of apoptosis through over expression of c-myc, an apoptosis inducing protein, in leukemia
and colon cancer cell lines (Palozza et al., 2003). It has also been found to exhibit anticancer activity in breast cancer
cells by downregulation of cycloxygenase-2 (COX2) mediated by the upregulation of peroxisome-proliferator activated
receptor-y (PPAR-y) and modulating the expression of its downstream components ultimately leading to apoptosis
through ROS production (Cui et al., 2007). However, -carotene consumption in high doses is presumed to increase risk

of ling cancer in smokers and asbestos workers (ATBC 1994; Omenn et al., 1996).

Lycopene

A significant inverse correlation has been found between consumption of tomatoes, a rich source of lycopene, and
cancers such as that of prostate, breast, cervical, ovarian, liver and other organs (Giovannocci et al., 1995; La Vecchia
1997; Giovannocci 1999). In prostate cancer, it acts by substantially reducing the levels of prostate specific antigen and

also oxidative DNA damage (Giovannocci et al., 1995).

Xanthophylls

Lutein

Selectively induces apoptosis in transformed mammary cells by increasing the BC12/Bax ratio (Sumantran et al., 2000),

expression of p53 and reducing angiogenesis in the tumors (Chew et al., 2003).

Zeaxanthin

There are not many studies proving its role in anticancer studies; however, it has been reprted that zeaxanthin and luetien
protect the retina of the eye from the damaging effects of light reducing the risk of age-related macular degeneration and

cataract (Trumbo and Ellwood, 2006).

B-cryptoxanthin

High levels of B-cryptoxanthin are associated with a reduced risk of lung cancer according to a Chinese cohort study

(Yuan et al., 2003).
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G. 16 Syzygium cumini Skeels (Fam: Myrtaceae)

Syzygium cumini is a tropical fruit bearing tree native to Inida, Burma, Ceylon and Andaman
Islands (Morton, 1987). The tree yields berries (Fig. 6) which are also known as black java plum,
Indian black plum, jambolan or jamun. The edible berries are round or oblong (upto 2 inches
long) and turn from green to light-magenta and then dark purple or nearly black when ripe. The
pulp is purple or white, very juicy, and normally encloses a single, oblong, green or brown seed,
up to The fruit is usually astringent and the flavor varies from acid to fairly sweet. The skin is

thin, smooth, glossy, and adherent.

Fig. 6. Photograph depicting part of S. cumini plant with fruits, flowers and leaves. Inset shows

the fully ripe berries.

Food Uses

Jambolans of good size and quality, having a sweet or subacid flavor and a minimum of
astringency, are eaten raw and may be made into tarts, sauces and jam. The white-fleshed
jambolan has adequate pectin and makes a very stiff jelly unless cooking is brief. The more
common purple-fleshed fruits yield richly colored jelly but are deficient in pectin and require the
addition of a commercial jelling agent or must be combined with pectin rich fruits. The fruits are

also used to make syrup.
History in medicine

The fruits of S. cumini possess various medicinal properties and are used in Ayurveda as a
stomachic, astringent, antiscorbutic, diuretic antidiabetic, in chronic diarrhea and enlargement of
spleen (Morton, 1987; Nadkarni, 1954; Achrekar et al., 1991). The fruit concentrate of S. cumini has

a very long history of use for various medicinal purposes and currently has a large market for the treatment
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of chronic diarrhea and other enteric disorders, including its use as an antimicrobial (Migliato, 2005).
The leaves are found to reduce radiation induced DNA damage in cultured human peripheral
blood lymphocytes (Jagetia & Baliga, 2002). Different parts of the tree such as the leaves, seeds
and bark are shown to posess antidiabetic properties (Sridhar er al, 2005) while some reports
contradict the same (Teixeira et al, 1997). The fruit pulp has been reported to be
antihyperglycemic (Achrekar et al.,, 1991). A recent study by Li et al, (2009a) suggests an
anticancer effect of jamun fruit extract in breast cancer cells. In Ayurveda, the juice of the ripe
fruit, or a decoction of the fruit, or jambolan vinegar, is administered in cases of enlargement of
the spleen, chronic diarrhea and urine retention. Water-diluted juice is used as a gargle for sore
throat and as a lotion for ringworm of the scalp. Extracts of bark and seeds, in liquid or powdered
form, are given orally to patients with diabetes mellitus or glycosuria. During the past decade a
number of research papers have published on the antihyperglycemic action of the seeds of this
fruit. The hypoglycemic activity of jambolan extracts is contradictory. While most studies report
the hypoglycemic effect of the seeds (Sridhar et al., 2005; Sharma et al., 2006) there are other
reports refuting them (Teixeira et al., 1997). Though different parts of this species are used in
herbal formulations, a very few reports are available on the systematic characterization of

chemical components of the fruit.
G. 16.1 Chemistry of fruits

While the fruit has gained immense use in Ayurveda a detailed study on the chemistry of the
same is lacking. The fruit peel owes its deep purple color to the presence of anthocyanins. There
have been different reports regarding the anthocyanin composition of the fruits. A recent study
reported a total phenolic and total anthocyanin content of 3.9g/kg and 1.3g/kg of fruit respectively
(Benherlal and Arumughan, 2007). According to one of the earliest reports the deep purple color
of the fruit is due to anthocyanins namely delphinidin-3-gentiobioside and malvidin-3-
laminaribioside along with petunidin-3-gentiobioside (Venkateswarulu, 1952). Sharma and
Seshadri (1955) reported the presence of cyanidin diglycoside and glycosides of petunidin and
malvidin. Another recent report on S. cumini Lamarck revealed the presence of malvidin-3-
glucoside and petunidin-3-glucoside in the Brazilian variety (Lago et al., 2004). The fruit is also
rich in other nutritive elements such as proteins, carbohydrates, vitamins, calcium, iron,
phosphorous etc. along with antioxidants such as ascorbic acid and other phenolics (Morton,

1987).

The present thesis partly deals with the study of characterisaiton of anthocyanins from fruit peel

of S. cumini and the antioxidant potential of the anthocyanin rich extract of the same, elucidated
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through chemical methods and cultured cell models. This study was carried out due to the limited

literature available on this plant source with reference to these two subjects.

G. 17 Delonix regia Rafin. (Fam: Leguminosae)

Delonix regia Rafin. Bojer ex Hook (Syn. Poinciana regia) commonly known as ‘Gul Mohr’ or
the falmbouyant flame tree (Fig. 7), is a striking ornamental tree producing abundant clusters of

orange-red flowers during early summer.

Fig. 7. Avenue of D. regia trees in full bloom (A); Single tree (B); a close shot of the flowers

showing the abundance of flowers.

Flowers are eaten fresh due to their sweet-sour-astringent taste and are reported to be used as an
anthelmintic (Anonymous, 1952; 1956). They are also used in culinary preparations by rural
people of Asia, far-East and Australia. Though the chemical composition (Gupta et al., 2005) and
medicinal properties (Sethuraman et al., 1986) have been well established for the other species of
Delonix (D. elata), only a very few preliminary reports are available on the chemistry and
biological potential of D. regia (Seetharam et al., 2002). The methanolic extract of D. regia
Gamble was reported to have antioxidant properties (Aqil et al., 2006). The most recent report on
anthocyanin composition of the flowers describe the presence of cyanidin-3-O-glucoside and 3-
O-rutinosides of cyanidin and pelargonidin (Adje et al., 2008). Four flavanoids isolated from the
flowers of D. regia have been reported to show strong antioxidant activity against various free
radicals (Su and Fan, 1997). Saleh et al., (1976) reported the presence of two anthocyanins —
cyanidin-3-glucoside and cyanidin-3-gentiobioside — in the flowers whereas the carotenoids of

different floral parts of D. regia were first reported by Jungalwala and Cama (1962). They studied
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the carotenoids of different floral parts in detail using the chromatographic and
spectrophotometric techniques and reported the presence of an array of carotenoids. That was the
first, most comprehensive and the only study on the carotenoids of D. regia floral parts. f-
carotene was identified as the major carotenoid among the 29 carotenoids identified in the flower
petals. Others included y-carotene, rubiaxanthin, phytoene, lycopene isomers, lutein, zeaxanthin,

phytofluene with several epoxy carotenoids (Jungalwala and Cama, 1962).

Apart from the above literature, no significant amount of literature is availale on the biological
significance of the flowers of D. regia. Since the fowers are an affluent source of carotenoids
with high concentrations of B-carotene, it can be considered a source of natural color and a
provitamin A supplement. A unique feature of these flowers is the presence of carotenoids as well
as anthocyanins in high amounts. Therefore, this flower was chosen in order to explore its
potential as a natural color and to establish its antioxidant potential in cell free and cell based
assays. With the available literature and background information, it is obvious now that formation
of reactive oxygen species is balanced out by antioxidant defenses and augmenting this defense
by antioxidant therapy could therefore provide a potential means to treat conditions in which the

formation of reactive oxygen species exceeds the capability of natural protective mechanisms.

Therefore the present study was focused on elucidating the antioxidant mechanisms exerted by
the phytochemicals from the above two sources, for which the following objectives were

considered:

G. 18 Objectives

1. Identifying effective antioxidant components in fruits of S. cumini and flowers of D. regia,
using in vitro assays and cell models.

2. Developing experimental model to elucidate the damage/changes caused to antioxidant
enzymes- catalase (CAT), glutathione peroxidase (GPx) and superoxide dismutase (SOD) - in

cell preparations of rat liver.

3. Using the experimental model developed, reassessment of the selected antioxidative
compounds for their mechanism of action in modulating the changes caused to mRNA of the

antioxidant enzymes.

4. Development of a pharmaceutical formulation by incorporation of a natural pigment and

study its stability in the formulation.
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The work done is presented in the following chapters
e Charcterisation and in vitro antioxidant activity
e Stability of anthocyanins pigment of S. cumini
e Bioefficacy studies in primary animal cell culture

e Studies on expression of antioxidant enzymes and antiproliferative activity
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Chapter 1

Characterisation of biomolecules and in vitro
antioxidant activity
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Summary

Natural colors from fruits of Syzygium cumini (anthocyanins) and flower petals of Delonix regia
(carotenoids and anthocyanins) were identified, characterized and sequentially isolated extracts
were evaluated for their biological effects. The antioxidant capacity of the extracts were tested
using in vitro models like DPPH’ scavenging, reducing power assay, scavenging of hydroxyl
radical and nitric oxide and lipid peroxidation in different tissue homogenates and human plasma.
Total content of anthocyanins being high (230mg/100g DW) the three anthocyanins of S. cumini
fruit peel were identified as glucoglucosides of delphinidin (1), petunidin (2) and malvidin (3) by
HPLC-ESI-MS. The anthocyanin extract showed 78.2% DPPH’ scavenging at 2.5ppm, while
BHA exhibited only 41.6% activity at the same concentration, thus proving to be an efficient free
radical scavenger than the widely used BHA. One ppm of the extract was equivalent to 3.5 uM
ascorbic acid as estimated by reducing power assay and inhibition of rat brain lipid peroxidation
was 94.4% at 5.0ppm concentration. It was almost equally active in all the biological models
except human erythrocyte ghost cells where it showed only 48% inhibition at 5.0ppm. Fresh
petals of D. regia were found to contain 825mg and the oven dried petals contained 580mg/100g
DW of anthocyanins and 660mg/kg DW of B-carotene. The major carotene in the carotene
fraction was B-carotene which amounts to 76% of total carotenoids and 50% of carotene fraction.
Xanthophyll fraction was tentatively identified to have lutein, zeaxanthin, B-cryptoxanthin and
astaxanthin. The flower petals were successively extracted with different solvents and assayed for
antioxidant activity. All the extracts, except for the hexane extract, showed over 90% quenching
of DPPH" at 250 ppm. Hydroxyl radicals were effectively scavenged (>90%) at 25-100 ppm by
all the extracts with the exception of crude pigment extract and the xanthophyll fraction. Most of
the extracts of D. regia were effective in countering the actions of free radicals and lipid
peroxidation in the experimental models. The various antioxidant activities were compared with
standard antioxidants such as BHA, BHT, gallic acid and ascorbic acid depending on the
experimental model. The results of the present study have established that floral petals of D. regia
are rich in pigments and potential antioxidants holding a great promise for food and
pharmaceutical applications.
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1.1 Introduction

The role of antioxidants ingested through diet in protecting the body against oxidative stress has
been a topic of continuing interest in the field of biology and medicine. Innumerable reports point
at the antioxidant potentials of natural compounds. It has been estimated that 80% of the world’s
population rely primarily on natural food supplements or drugs (Zhu et al, 2004). Fruits and
vegetables have been the chief source of antioxidant biomolecules. Diverse classes of compounds
possess different degrees of antioxidant activity depending on the surrounding oxidative milieu.
Flavonoids are a class of compounds of varied biological properties such as antioxidative,
antimicrobial and possibly anticarcinogenic and cardioprotective effects. Flavonoids comprise
flavonols, flavones, flavanones, isoflavones, catechins, anthocyanidins and chalcones.
Carotenoids are another important and diverse class of natural pigments that are of interest for
pharmaceuticals, coloring food and animal feed and nutrient supplements (Schmidt-Dannert et
al., 2000) due to their high antioxidant activity (Sies et al., 1992; Serrano et al., 2005).
Identifying newer, more economical sources of natural pigments with strong antioxidative
bioefficacies are currently needed for application in food and pharmaceutical industry. Therefore,
the present study was aimed at analyzing the two less exploited sources viz., fruits of Syzygium
cumini and flowers of Delonix regia rich in anthocyanins and carotenoids respectively, for their

potential health benefits.

Syzygium cumini is a tropical tree bearing large amounts of deep purple berries (Fig. G. 6). The
fruits, also called as Indian black plum or Java plum are edible having various medicinal
properties and are used in Ayurveda as a stomachic, astringent, antiscorbutic, diuretic,
antidiabetic, in chronic diarrhea and enlargement of spleen (Achrekar et al., 1991; Morton, 1987,
Nadkarni, 1954). The fruit concentrate of S. cumini has a long history of use for various
medicinal purposes and currently has a large market for the treatment of chronic diarrhea and
other enteric disorders, including its use as an antimicrobial (Migliato, 2005). The seeds have
been the subject of intense research as they show anti-diabetic property. Though different parts of
this species are used in herbal formulations, reports on systematic characterization of
anthocyanins and bio-efficacy of the fruit is lacking. Therefore, the present study focuses on the
characterization of anthocyanins using a more powerful and accurate tool such as the HPLC,

coupled to ESI-MS which involves minimal sample preparation.

Delonix regia is a tropical flowering tree (Fig. 7) bearing abundant flowers during summer. The
flamboyant nature of the flowers is mainly attributed to the presence of mainly carotenoids
followed by anthocyanins. In fact, this co-existence of carotenoids and anthocyanins is quite rate

among plants. Though the chemical composition (Gupta et al., 2005) and medicinal properties
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(Sethuraman et al., 1986) have been well established for the other species of Delonix (D. elata),
only a very few preliminary reports are available on the chemistry and biological potential of D.
regia (Seetharam et al., 2002). The carotenoids were studied in detail for the first time by
Jungalwala and Cama (1962) in different floral parts while the anthocyanins were reported to be
glycosides of cyanidin by Saleh et al, (1976). The present study aims at the partial

characterization of some of the major carotenoids present in the flower petals.

Furthermore, in addition to their colorful characteristics, anthocyanins and carotenoids are known
to possess excellent antioxidant properties (Kong et al., 2003; Pryor et al., 2000) due to their
capacity to quench free radicals. The reactive species generated vary in their chemical nature. A
number of methods have been developed to measure the antioxidant activity of natural
compounds and for comparing antioxidant activity of various classes of compounds. These
include, oxygen radical absorbance capacity (ORAC), ferric reducing antioxidant power (FRAP),
total oxidant scavenging capacity, trolox equivalent antioxidant capacity (TEAC), DPPH radical
scavenging activity, lipid peroxidation assay, hydroxyl radical scavenging assay and NO
scavenging assay (Chen et al., 1999; Sanchez-Moreno et al., 1999). A single antioxidant assay is
not representative of the ability of an antioxidant in question. This is because effectiveness of a
particular method depends on the type of free radical involved and the chemical nature of
antioxidant compound. Therefore it is necessary to carry out a series of tests engaging different
free radicals or reactive species to determine the efficiency of antioxidant against different

oxidative stress conditions.

There is considerable anecdotal and epidemiological evidence that dietary anthocyanins and
polyphenols confer preventive and therapeutic roles in a number of human diseases. For similar
reasons the consumption of red wine, rich in anthocyanins, is believed to lower cardiovascular
diseases and related mortality (de Lorgeril et al., 2006). A growing body of literature points to the
importance of natural antioxidants from many plants that may be used to reduce oxidative
damage in the human body (Tsuda et al, 2004; Dominguez et al., 2005). In addition to their
individual effects, the antioxidants interact in synergy imparting “sparing effects” in which one
antioxidant protects another against oxidative destruction (Langseth, 1995). For these reasons,
there is an upsurge of research in finding newer sources of effective natural antioxidants. The
present study focuses on the antioxidant capacity of pigments extracted from fruits of S. cumin

and dried flowers of D. regia through chemical and biological models.
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1.2 Materials and Methods
1.2.1 Collection of plant material
1.2.1.1 Syzygium cumini fruits

Fully ripe berries were obtained from the local market; the peel was manually separated and
immediately transferred to solvent for pigment extraction.

1.2.1.2 Delonix regia flowers

The flowers of D. regia in full bloom were collected from the trees grown in campus during May-
June and the flowers were separated, dried at 45°C £ 1°C until they reached constant weight and
either used immediately or stored in an airtight container for 2-3 months at -20°C, during which

time all the extractions were completed.
1.2.2 Preparation of extracts
1.2.2.1 Preparation of anthocyanin extracts

Anthocyanins were extracted with 0.1% HCI in ethanol (Francis, 1986) by way of soaking the
plant material in a 10-fold volume of the solvent for 3 h on an orbital shaker set at 100 rpm (25°C
+ 1). After filtration, the residue was repeatedly extracted until the filtrate obtained was nearly
colorless. The extracts were combined and concentrated in a Buchi Rotavapor (Flawil,
Switzerland) under vacuum at 30°C (£1°C), and partitioned against ethyl acetate before
application onto an Amberlite XAD-7 column (Andersen ef al, 1995). The column eluate was
concentrated to dryness, lyophilized, stored in aliquots and is used for quantification,

characterization and bioactivity studies.
1.2.2.2 Preparation of the successive extracts of D. regia flowers

The oven-dried petals were powdered using a kitchen blender and 20 g (dry weight) were
subjected to successive extraction in a Soxhlet extractor using solvents in increasing order of their
polarity starting from hexane followed by ethyl acetate (EtOAc), acetone, methanol (MeOH) and
water (H,0). The individual extracts were concentrated at 40°C = 1°C under reduced pressure (as
per manufacturer’s instruction for the respective solvent) using Buchi rotavapour (Flawil,

Switzerland), dried in a vacuum oven and stored at -20°C until further use.
1.2.2.3 Preparation of carotenoids rich fractions of D. regia flowers

A flow chart for the preparation of pigment extracts is outlined in Fig. 1.1.
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Dried flowers (powdered)

l Extraction (acetone: hexane, 4:6)

Extract {Crude extract 1)
Concentration (<40°C)

Saponified with 12% KOH at 4°C
Extractedin ether
Washed free of alkali

Concentrated to dryness

Re-dissolved in light petrol
l Stored at -80°C under M,
Filtrat10n {(Whatman no. 1)

!

Organic layer Sterols ppt
|Phase partitioned with 90% ag. MeOH

Organiclayer Ag. methanol layer
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Dry extract Dry extract

1) Carotene hydrocarbons and mono-

1) Di- and poly-hydroxy xanthophylls
hydroxy xanthophylls

. L 2) Epoxy derivatives of 1.
2) Mono-and di-epoxy derivatives of 1.

. (Xanthophylls fraction 111)
(Carotene hydrocarbon fraction 11) (XF)

(CF)

Fig. 1.1. Flow chart outlining the steps involved in preparation of carotene hydrocarbon fraction
(CF) and xanthophylls fraction (XF).

1.2.3 Estimation of phytoconstituents

1.2.3.1 Quantification of total anthocyanin content

Total anthocyanins (T,y) content was determined by a pH differential method (Lee et al., 2005).
One gram of the plant material was extracted in methanol acidified with 1% HCI at room
temperature on an orbital shaker set at 100rpm for 6 hrs. The mixture was centrifuged at 7000
rpm (9300%g) for 10 min and the supernatant decanted into a 50.0 mL volumetric flask. The
pellet was re-extracted thrice, the supernatants combined and the volume was made up with
methanol. One mL each of the solution was diluted with pH 1.0 buffer (1.86 g KCl dissolved in
distilled water and adjusted to pH 1.0 + 0.05 with HCI and diluted to 1.0 L with distilled water in
a volumetric flask) and pH 4.5 buffer (0.4 M sodium acetate adjusted to pH 4.5 £ 0.05 with HCI)
respectively and the OD of the two solutions was measured at 520 and 700 nm against a distilled

water blank. A similar measurement was made using suitably diluted lyophilized anthocyanin
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extracts. The concentration of T,., was expressed as cyanidin-3-glucoside equivalents using the

following formula:

Tacy (Yo W/w) =(Ax MW x DF x V x 100) /e x 1 x W

where: A = (Assonm — A700om) PH 1.0 — (Aszonm — Azoonm) PH 4.5; MW = 4492 ¢ mol™” for
cyanidin-3-glucoside; DF = dilution factor; V = total volume of the extract; ¢ = 26900 molar
extinction coefficient, in L x mol™ x cm™, for cyanidin-3-glucoside; 1 = path length in cm; W=
sample weight (mg).

1.2.3.2 Estimation of total phenolics

Total phenolics were determined as per the method described by Velioglu et al., (1998) with a
slight modification. Briefly, 1 g of the sample was extracted with 80% methanol containing 1%
HCI at room temperature on an orbital shaker set at 100 rpm for 6 hrs. The mixture was
centrifuged at 7000 rpm (9000g) for 10 min and the supernatant decanted into a 50.0 mL
volumetric flask. The pellet was re-extracted thrice, the supernatants were pooled and the volume
was made up with methanol. An aliquot of the extract (25 puL) was mixed with 225 uLL methanol
and 1.0 mL Folin-Ciocalteu reagent (0.2 M) and allowed to stand at room temperature (25°C +
0.5°C) for 5 min. One mL of 6% w/v sodium carbonate solution was added to the mixture
followed by incubation for 90 min at room temperature and the absorbance was measured at 725
nm. A calibration curve of gallic acid was prepared (ranging from 0.001-0.01 mg/mL). Results
were determined from regression equation of the calibration curve and expressed as mg gallic
acid equivalents per gram (mg GAE g") of the sample. The method was also applied to the
successive extracts of D. regia, to select the solvent that was most suitable for the extraction of
polyphenols.

1.2.3.3 Determination of total carotenoids in flowers of D. regia

An accurately weighed powder of dried D. regia flower petals was extracted thrice with acetone.
The extracts were pooled and made up to 100.0mL with acetone in a volumetric flask. Optical
density (OD) of the suitably diluted solution was measured at 450nm using UV-visible
spectrophotometer (Shimadzu 160A, Japan). Total carotenoids content was measured using the

following formula (Rodriguez-Amaya, 2001):
Carotenoid content (mg/sample) = (OD at 450nm x V x DF x 10)/2500.
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1.2.3.4 Determination of B-carotene in flowers of D. regia

Carotenoids content was determined by the method described in AOAC International (1993).
Briefly, 2.5 g of the dried sample was blended for 5 min with acetone:hexane (4:6) containing 0.1
g of magnesium carbonate and centrifuged at 8000 rpm for 10 min. The residue was washed with
two 25 mL portions of acetone followed by one 25 mL portion of n-hexane. The extracts were
combined and washed with water to remove acetone. The upper layer was placed in a 100.0 mL
volumetric flask containing 9 mL acetone and the volume was adjusted with hexane. The optical
density of the suitably diluted solution was measured at 436 nm using UV-visible

spectrophotometer (Shimadzu 160A, Japan).
Concentration of B-carotene was calculated from the formula:

C = (OD at 436nm x 454) / (196 x L x W)

Where, C represents concentration of B-carotene (mg 1b™"), L represents the path length (cm) and
W represents the weight of the sample in g mL™" of final dilution. (C x 2.2 gives the concentration
in mg kg™).

1.2.3.5 HPLC quantification of p-carotene in D. regia flowers

The extract obtained in section 1.3.4 was analysed by HPLC using an isocratic mobile phase
consisting of acetonitrile:methanol:dichloromethane (7:2:1v/v/v). The flow rate was set at 1.0 mL

min”'. Chromatogram was acquired at 450nm.

Synthetic all-trans-f-carotene was used as the standard and a calibration curve was prepared

ranging from 0.125ug to 0.5ug B-carotene under the conditions mentioned above.

Concentration of B-carotene in the extract was calculated using the regression equation of the
calibration curve (y=3.746x + 0.805; R’=0.99) and expressed as g/kg B-carotene on dry weight

basis.
1.2.4 Identification of biomolecules and characterisation
1.2.4.1 Paper chromatography of anthocyanins

Partially purified anthocyanins were separated on Whatman No. 3 chromatographic paper.
Known volumes of the extract were applied directly on paper and descending chromatography

was carried out in butanol: acetic acid: water (4:1:5v/v/v).
1.2.4.2 HPLC-MS Analysis of anthocyanins

The partially purified samples as well as anthocyanins separated on paper, were diluted suitably

with methanol, filtered through a 2pm membrane filter (Millipore, USA) and analysed by HPLC,
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using a Waters Alliance 2695 HPLC equipped with an auto sampler and coupled with a Waters
2696 photodiode array detector and a Q-TOF Ultima™ mass spectrometer, utilizing the electro
spray ionization (ESI-MS) interface (Waters Corporation, Manchester, UK). The
chromatographic separation was performed on a Wakosil II Cig reverse phase stainless steel
column, 250 x 4.6 mm i.d., 5 um (SGE, Australia) with a guard column of the same material. The
mobile phase (0.6 ml min") consisted of (A) water/acetonitrile (95:05, v/v) and (B)
water/acetonitrile (50:50, v/v) adjusted to pH 2.5 (with TFA). The gradient was: 0 min, 15%B; 0—
20 min, 15-30%B; 20-25 min, 30-35%B; 25-35 min, 35-40%B; 35-42 min, 40%B; 42—43 min,
40-100%B; 43— 48 min, 100B; and 48—49 min, 100-15%B, followed by 5 min for equilibrium at
15%B. Chromatograms were acquired at 520 nm. Samples (20 pl) were analysed in duplicate.
Positive ion spectra of the column eluate were recorded in the range of m/z 20-2000 at a scan rate
of 2 s/cycle under the following conditions: collision energy 10.0; capillary voltage 35 V; cone
voltage 100 kV; source temperature 80°C; desolvation temperature 150°C; cone gas flow 0.4
1/min; desolvation gas flow (8.3 I/min). Argon was used as the collision gas. Data acquisition and

processing was performed using MassLynx"" 4.0 SP4 software (Micromass).
1.2.4.3 HPLC-MS analysis of phenolic compounds

In order to find out if the anthocyanin extract of S. cumini used for the study contains any other
phenolics which might be responsible for the biological activity of the same, HPLC analysis of
the extract as well as the ethyl acetate fraction (used for removing phenolics and flavonoids prior
to elution on XAD column) of the extract was carried out. HPLC-MS analysis was carried out in
negative ion mode. Chromatographic separation was performed on a Phenomenex Gemini 5
umC;3110 A reverse phase column, 250 x 4.6 mm i.d. Mobile phase consisted of (A) 3% aqueous
acetic acid and (B) methanol with a gradient of 100% A for 1 min, 56%B for 24 min and 100% A

for the next 2 min at a flow rate of 1.0 ml/min. Chromatograms were acquired at 280 nm.
1.2.4.4 Thin layer chromatography of carotenoids fractions of D. regia flowers

The pigment fractions (CF and XF) obtained after systematic fractionation were dissolved in
hexane. The extract was applied in a line on pre-coated Silica gel G plates (Merck). The plate was
developed in a TLC chamber containing the solvent system hexane: acetone (7:3v/v) and flushed
with N, gas. A few crystals of BHA were added to the solvent system to prevent auto-oxidation

of carotenoids.

The individual bands were scraped off, dissolved in petroleum ether and applied on Silica gel G

plates as spots and developed under conditions mentioned above.
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1.2.4.5 HPLC-MS analysis of carotenoids of D. regia

The carotenoids in the two fractions were resolved on a Phenomenex Gemini 5 um Cig110 A
reverse phase column, 250 x 4.6 mm i.d. Carotene fraction was separated using the mobile phase
acetone (A) and 9:1 v/v methanol: H,O (B) with a gradient of 20% A for 0.01 min increasing to
80% A in 25 min to 35 min and returning to 20% A in the next 5 min. The column was

equilibrated at 20% A for 5 min.

Xanthophyll fraction was separated using an isocratic mobile phase consisting of
acetonitrile:methanol:dichloromethane (71:22:7v/v/v). The flow rate in both the analyses was set
at 0.6ml/min. Chromatograms were acquired at 450nm.

For LC-MS, positive ion mode ESI was used. Samples were analysed in duplicate.

1.2.5 In vitro antioxidant activities

1.2.5.1 Free radical (DPPH’) scavenging activity

The antioxidant activities of extracts were measured on the basis of their ability to scavenge the
stable DPPH'. Different concentrations of the extracts in methanol (2.0 mL) were treated with 0.5
mL of 0.5 mM methanolic solution of DPPH". Absorbance at 517 nm was determined after 20
min and the percentage scavenging activity was calculated against a reagent blank (Blois, 1958).
1.2.5.2 Total reduction capacity

The reduction of ferric to ferrous ion by the extracts is an indication of the potential antioxidant
property. The reducing power of the extracts was determined by the method of Gulcin (2006).
Different concentrations of the extracts in methanol (1.0 mL) were diluted with 2.5 mL of 0.2 M
phosphate buffer (pH 6.6) and mixed with 2.5 mL 1% potassium ferricyanide. After incubation at
50°C for 20 minutes, 2.5 mL of 10% TCA were added to the mixture. 2.5 mL of the reaction
mixture was diluted with an equal amount of distilled water and absorbance was measured at 700
nm after treatment with 0.5 mL of 0.1% FeCls;. Increased absorbance of the reaction mixture
indicates an increase in reduction capability.

1.2.5.3 Assay of hydroxyl radical scavenging activity

This test is based on the oxidation of 2-deoxyribose by OH" (formed by the Fenton reaction) and
its degradation to malondialdehyde (MDA) (Chung et al., 1997). Different concentrations of the
extracts were made up to 1.2 mL with 0.1 M phosphate buffer (pH 7.4) in test tubes and treated
with 0.2 mL each of Fe-EDTA solution (10 mM each of FeSO,4.7H,0 and EDTA), 2-deoxyribose
(10 mM), H,0, (10 mM) and ascorbic acid (10 mM). The reaction mixture was incubated at 37°C
for 1 hr and the reaction was stopped by adding 1 mL of ice cold 2% TCA. One mL of 1% TBA
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solution was added to the reaction mixture and placed in a boiling water bath for 15 min, cooled

on ice, centrifuged and absorbance of the supernatant was measured at 535 nm.
1.2.5.4 Nitric oxide scavenging activity

Aqueous sodium nitroprusside (SNP) at physiological pH spontaneously generates nitric oxide, a
very unstable species that reacts with oxygen to produce nitrite ions. The extent of nitrite ions
formed is measured using Griess reagent. In the present study, 0.5 mL of 10 mM SNP in
phosphate buffered saline (PBS, pH 7.4) was incubated with different concentrations of extract in
PBS (2.0 mL) for 180 min. After the incubation period, 0.5 mL of the reaction mixture was
removed and diluted with 0.5 mL of Griess reagent (1:1 mixture of 1% sulphanilamide in 2%
phosphoric acid and 0.1% of n-naphthyl ethylenediamine dihydrochloride) (Marcocci et al.,
1994). The absorbance of the chromophore formed during the diazotization of nitrite with
sulfanilamide and subsequent coupling with n-naphthyl ethylenediamide (Ilavarasan et al., 2005)

was checked by measuring OD at 546 nm after 10 min incubation.
1.2.5.5 Anti-lipid peroxidation assays

Lipid peroxidation was assessed (Halliwell & Gutteridge, 1989) in rat brain, liver, liver

mitochondria, testes and human erythrocyte ghost cells.
1.2.5.6 Preparation of tissue homogenate and liver mitochondria

For the preparation of substrate, brain, liver and testes were obtained from normal Wistar strain
rats and washed in ice-cold saline. The liver was perfused with ice-cold saline before
homogenization. A 10% w/v homogenate of the tissues was prepared separately in ice-cold
1.15% KCIl using a Teflon Potter—Elvehjem glass homogeniser. The homogenate was used for
determination of lipid peroxidation. Rat liver mitochondria were prepared according to the
method of Hogeboom (1955). Mitochondrial fraction was suspended in 1.15% KCl, so as to

contain approximately 1 mg of protein per ml of suspension.
1.2.5.7 Preparation of human erythrocyte ghost

Small amounts of human erythrocytes were prepared from 10 ml of freshly drawn blood by
sedimentation, at unit gravity, through 4 volumes of 0.75% (w/v) dextran T-500 at room
temperature in Tris-buffered saline (TBS), pH 7.5 (10 mM Tris-HCI and 150 mM NacCl). The
cells were then washed three times in 10 volumes of TBS supplemented with 10 mM glucose,
before being resuspended to a 20% (v/v) suspension, with respect to the packed-cell volume

(Kuhlman, 2000 ).

Protein estimation in all these preparations was done by Lowry’s method (1951).
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1.2.5.8 Measurement of lipid peroxidation by thiobarbituric acid (TBA) assay

An aliquot containing 500 pg protein equivalent was used for lipid peroxidation assay, as
described by Halliwell and Gutteridge (1989). Briefly, aliquots of the tissue homogenates were
treated with different concentrations of the extract in methanol (0.5 ml) followed by 1.0 ml each
of 10 uM FeSO, and 0.1 M ascorbic acid and incubated at 37°C for 60 min. One ml each of 28%
trichloroacetic acid (TCA) and 1% TBA were added to the reaction mixture and heated for 15
min at 95°C. After cooling on ice and centrifuging the samples, the absorbance of the supernatant

was read at 532 nm. The reaction mixture without the extract served as a control.
1.2.5.9 AAPH induced plasma oxidation

AAPH induced plasma oxidation and its inhibition by the extracts was monitored by the method
described by Ljubuncic et al., (2005) with minor modification. Human plasma from healthy
donors (obtained from a local hospital/health center) was diluted (1:2) with PBS, pH 7.4. Aliquots
(1.0 mL) of diluted plasma were treated with different concentrations (1-25 ppm) of the extracts
in PBS and incubated with 0.25 mL of freshly prepared 200 mM AAPH at 37°C for 2 h. At the
end of the incubation period, plasma oxidation was stopped by the addition of 0.5 mL of ice-cold
20% TCA and 0.5 mL 1% TBA was added to each tube followed by heating at 100°C for 20 min.
After cooling on ice, the samples were centrifuged at 10,000 rpm (13000 % g) for 5 min and
absorbance of the supernatant was read at 532 nm. Blanks of each sample were prepared and
assessed in the same way to exclude any contribution due to background. Results were expressed

in terms of spectrophotometric readings of the samples at 532 nm against a reagent blank.
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1.3 Results and Discussion

1.3.1 Quantification of phytoconstituents

1.3.1.1 Total anthocyanins and total phenolics

The results of spectrophotometric analyses of the S. cumini extract revealed a total phenolic
content of 596 mg GAE/100 g and an anthocyanin content of 230 mg/100 g fruit on a dry weight
basis (Table 1.1). The total anthocyanins in S. cumini are equivalent to that of blue berries and
black currants that contain 230 and 229 mg/100 g, on a dry weight basis, respectively and are 1.6-
times higher than that of black berries (141 mg/100 g) (Moyer et al.,, 2002). The blue and black
berries have recently been regarded as premier nutraceutical commodities of great commercial
value. Since S. cumini trees are perennial, with enormous yields of berries, the information found
through the present study appears to partly complement its application in various nutraceutical

products.

Table 1.1. The total anthocyanins (T,.y) and total phenolics (TP) in the whole plant material and

in the anthocyanin extracts of S. cumini fruits and D. regia flowers.

Extract Tacy TP (GAE)
S. cumini fruits 230mg/100g DW  596mg/100g DW
S. cumini peel extract 100% --

D. regia flowers (freshly harvested)  825mg/100g DW
D. regia flowers (Fresh, oven dried) 580 mg/100g DW  1.9g/100g GAE DW
D. regia extract 50.33% --

Total phenolics as high as 1.9 g GAE/100g and anthocyanin content of 580 mg/100g (dw) were
found where the anthocyanins contributed to 4™ of the total phenolics of flowers (Table 1.1).
The yield and respective total phenolics of the extracts of D. regia is summarized in Table 1.2.
The yield in methanol was highest (31.8 g % DW) having a total phenolic content of 24.6 mg
GAE/g which is probably because of the exhaustive nature of Soxhlet extraction, resulting in
maximum removal of the phenolic compounds from the flowers. It was also noted that when the
phenolic contents of all the successive extracts were summed up, the value rose to 33.5 mg
GAE/g (DW), which is equivalent to % of that reported in tea (131.9 mg/g) (Turkmen et al.,
2006). In this context, it is worth recalling that tea polyphenols have recently gained enormous
commercial importance in various anti-oxidant formulations. It was also interesting to note that
the fresh flowers yield high anthocyanin content (825mg/100g DW) whereas the flowers that
gradually fall off the tree yield 580mg/100g DW. The latter is equivalent to the total anthocyanin
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content of freshly plucked flowers which were subsequently dried before analysis. Therefore,
anthocyanin can be extracted from those flowers and petals that are dropped from the trees
without harvesting the inflorescence and thus avoiding the damage to the trees. Another
interesting point to note was that anthocyanin content was not altered subsequent to carotenoids
extraction thus pointing to the fact that the two classes of compounds can be extracted

successively, without altering the composition of each other.

Table 1.2. The extract yield in different solvents and the total phenolic content in each of the
extracts of D. regia.

Extract Yield (2% dw) TP (mg GAE g extract)
Hexane 33 0.5+0.01
EtOAc 3.1 1.3+0.01
Acetone 3.9 2.3+0.02
MeOH 31.8 24.6+0.03
Water 52 4.8+0.03

Crude pigment 6.3 nd

CF 4.6 nd

XF 1.2 nd

Total phenolics are determined in triplicates for each extract. Data are expressed as mean +£SD.
TP = total phenolics; nd = not detected: CF=carotene hydrocarbon fraction, XF=xanthophylls
fraction.

1.3.1.2 Carotenoid content in flowers of D. regia

Petals were found to contain 940mg//kg of total carotenoids and 660 mg/kg of B-carotene (70% of
total carotenoids) by spectrophotometric method. This was further confirmed by HPLC
comparing with the synthetic all-trans- B-carotene. B-carotene was found to be the major peak in
the extract. The identity of f-carotene was confirmed by spiking with standard B-carotene. The
HPLC chromatograms of the standard -carotene and that of the extract are represented in Fig.
1.2. Results of HPLC analysis showed [-carotene content of 667 mg/kg of the dried flower petals
which is strikingly similar to that obtained by spectrophotometry. Spiking of the sample with
standard pB-carotene showed a single peak suggesting that the major peak identified in the extract
is indeed B-carotene. HPLC analysis of total carotenoids reveal that -carotene amounts to 76%
of total carotenoids while lutein is 4% suggesting the reliability of the mehods used for

carotenoids estimations. The need for B-carotene for alleviating the vision disorder and improve
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immunity in children of developing countries is well recognized. Since there is a high demand for
carotenoids in food, pharmaceutical and cosmetic industries, the petals of D. regia appear to be a

potential source, provided the safety issues are sorted out.
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Fig. 1.2. HPLC chromatograms of (A) synthetic all-trans- B-carotene and (B) extract of D. regia
flower petals. B-carotene was extracted according to the method described in AOAC International
(1993) and analysed by HPLC as explained in section 1.3.5.

1.3.2 Characterisation of biomolecules

1.3.2.1 Paper chromatography of anthocyanins

Paper chromatography of the lyophilized anthocyanin extract of S. cumini revealed the presence
of three distinct mauve colored bands (Fig. 1.3a), well separated from each other while D. regia

extract showed a single band (Fig 1.3b).

a b=~

Fig. 1.3. Descending paper chromatograms of anthocyanin rich extracts of (a) S. cumini and (b)
D. regia.
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1.3.2.2 HPLC-MS analysis of anthocyanins

HPLC, coupled to MS, has been a powerful tool for the characterization of anthocyanins from
various sources. A clear separation was achieved by direct injection of the partially purified

extract in HPLC (Fig. 1.4).
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Figure 1.4. HPLC/MS separation of anthocyanins of S. cumini. 1) delphinidin-diglucoside; 2)
petunidin-diglucoside; 3) malvidin-diglucoside. Detection was done at 520nm

Three major compounds were identified as glucoglucosides of delphinidin (1), petunidin (2) and
malvidin (3), based on previous work (Venkateswarlu, 1952) and also supported by their
respective MS. The major anthocyanins, corresponding to peak 1, 2 and 3, represented about
23%, 35% and 38%, respectively of the total peak area revealed at 520 nm. ESI-MS of each peak

resulted in clear and characteristic fragmentation patterns (Table 1.3).

A typical ESI positive MS shows two ions: the protonated molecular ion [M + H]" and a fragment
ion [M + H - X]" arising from loss of the sugar moiety. However, since the anthocyanins have a
natural residual positive charge, one observes a true molecular ion [M]" and a fragment ion [M-
X]" which is of the underivatised aglycone. The value of X, based on the difference between the
molecular ion and fragment, gives a clue to the nature of the sugar molecule (Abdel-Aal ef al,

2006).

The compound 1 produced ions at m/z 627, m/z 465 and m/z 303. Similarly, compound 2 showed
ions at m/z 641, m/z 479 and m/z 317 and compound 3 produced ions at m/z 627, m/z 493 and
m/z 331 (Table 1.3 and Fig. 1.5A-C). This suggests that the aglycones are delphinidin (m/z 303),
petunidin (m/z 317) and malvidin (m/z 331) for compounds 1, 2 and 3, respectively and the
differences of m/z 162 and m/z 321 from the aglycone in the two fragments (in all three
compounds) suggest the presence of 2 hexoses. The mass spectrum of these compounds revealed
fragments resulting from the sequential loss of two glucose [M'-162 Da] molecules. However,
since both the sugar units are glucose (confirmed by paper chromatography of the acid

hydrolysate in comparison with the authentic standards), it is not possible to determine the
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sequence of their elimination (Oliveira ef al., 2001). It should be noted that in the absence of

authentic anthocyanin standards whose structures are identified by proton or carbon-13 nuclear

magnetic resonance spectrometry, the utilization of HPLC-MS cannot determine the points of

attachment of the disaccharide units to the aglycone.

Table 1.3. Assignment of M ions for the anthocyanins of S. cumini fruit peel and their

fragments.
Compound Retention ESI(+)-MS/MS m/z
time (min) [M'-Glu]'  [M'-Glu-Glu]'
Delphinidin-diglucoside 11.2 627 (100) 465 (40) 303 (100)
Petunidin-diglucoside 15.6 641 (90) 479 (50) 317 (100)
Malvidin-diglucoside 19.8 655 (90) 493 (50) 331 (100)
Values in parenthesis represent the relative abundance of the ions.
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Fig. 1.5. ESI-MS spectra of A) delphinidin-diglucoside; B) petunidin-diglucoside; C) malvidin-

diglucoside from S. cumini fruit peel extract.
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Upon paper chromatography of the anthocyanin extract, only three anthocyanin pigments of
intense mauve colour were observed. When the methanolic solutions of individual spots were
analysed by ESI-MS, only the same three anthocyanins were observed as were identified in the
partially purified total extract. Though cyanidin was detected through single ion monitoring, it
could not be assigned to a specific peak in the chomatogram and a corresponding anthocyanin
was not identified. However, a research paper published later than this work revealed the
presence of two additional anthocyanins, 3, 5-diglucosides of peonidin and cyanidin (de Brito et
al., 2007) along with the ones identified in the present study. The anthocyanins identified were
not acylated as confirmed by alkaline hydrolysis followed by HPLC-MS. This finding was further
supported by the work of de Brito et al., (2007).

1.3.2.3 Presence of phenolics in the anthocyanin extract

Anthocyanin extract obtained through column chromatography was a highly concentrated one
and contained solely anthocyanins (Table 1.1). The anthocyanin extract was partitioned with
ethyl acetate before its application on XAD-7 column. This was done in order to ensure a highly
concentrated anthocyanin extract devoid of interfering phenolics and other compounds. The ethyl
acetate fraction obtained was further concentrated and subjected to HPLC since most phenolics
and flavonoids like quercetin are soluble in this solvent. In order to rule out the possibility of
other phenolics being present in the anthocyanin extract, it was also subjected to HPLC. The
HPLC pattern of the phenolic components of the anthocyanin extract and the ethyl acetate

fraction are shown in Fig. 1.6a and b.
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Fig. 1.6. LC/MS chromatograms of (a) anthocyanin extract (b) ethyl acetate fraction of
anthocyanin extract. Chromatograms were recorded at 280nm.

82



The ethyl acetate fraction of the anthocyanin extract exhibited more peaks with higher intensity
than did the anthocyanin extract. This suggests that most of the other phenolics were extracted
into ethyl acetate fraction during the partial purification of anthocyanin extract before its
application onto the Amberlite XAD-7 column. A comparison of the X-axes of the
chromatograms of anthocyanin extract and the ethyl acetate fraction, analysed under identical
conditions, shows that the height of the highest peak (1.5¢”" on x-axis) corresponding to the
phenolics in the anthocyanin extract was less than the most minimum value exhibited by the ethyl
acetate fraction (2¢” on x-axis). This shows that most of the other phenolics and phenolic acids
have been extracted into ethyl acetate during the partitioning prior to passage through XAD
indicating that the anthocyanin extract of S. cumini contains negligible amounts of other

phenolics and that the activity of the extract might be essentially due to the anthocyanins alone.
1.3.2.4 Thin layer chromatography of carotenoids fractions of D. regia flowers

Thin layer chromatography of XF and CF on silica gel G plates showed several distinct bands.
Carotene fraction showed 3 visibly intense bands (Fig 1.7a & 1.7b) while the XF showed 6 major
and 2 minor bands (Fig 1.7¢ & 1.76d).

TLC of CF TLC of XF

Fig. 1.7. Thin layer chromatography of CF (a & b) and XF (c & d) on silica gel G plates. The
individual bands from respective plates were scraped off, dissolved in petroleum ether and
spotted on TLC plates (b & d).

1.3.2.5 HPLC-MS analysis of carotenoids of D. regia

The carotenoids of different floral parts of D. regia were extensively studied by Jungalwala and
Cama (1962). They identified the presence of B-carotene as the major carotenoids in the floral

petals comprising of 34% of total carotenoids. Nine well characterized epoxycarotenoids were
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identified in the petals along with a few unidentified epoxycarotenoids and other carotenoids.
Anthers and pollen mainly contained xanthophylls, the chief xanthophylls being zeaxanthin (90%
of total carotenoids in anthers). There has not been a more extensive study on the carotenoids of
flower parts of D. regia elsewhere. The aim of characterizing carotenoids in the present study was
mainly restricted to the two fractions (CF and XF) used for the activity studies. This was in order
to establish a connection between the antioxidant activity and the specific carotenoids present in
the particular fraction. However, no quantitative estimation was carried out for individual
carotenoids identified. In the absence of standard carotenoids, only the major carotenoids are
tentatively identified using fragmentation pattern of the compounds and comparing the same with
available literature data. However, B-carotene was confirmed by comparing with the standard.
The characteristic visible absorption spectra of most peaks were compared with the available

literature (Azevedo-Meleiro and Rodriguez-Amaya, 2004) to substantiate the identity.

HPLC coupled to mass spectrometry has been an elegant solution for fast and unambiguous
identification of carotenoids and is employed in analysis of various plant extracts and biological
samples (Kurz et al., 2008). Owing to their non-polar nature, carotenoids are resistant to
ionization thus making their detection by mass spectrometry difficult. Several LC-MS techniques
have been used for carotenoids analysis including continuous flow-fast atom bombardment (CF-
FAB), electro-spray ionization (ESI) and atmospheric pressure chemical ionization (APCI). The
present study utilized the ESI mode of detection to identify the carotenoids present in the two
fractions. ESI has an advantage of being both an ionization technique and a solvent removal
interface. During electrospray, a fine mist of charged droplets is formed from the HPLC eluate at
atmospheric pressure by spraying solution through a capillary electrode at high potential. As the
charged droplets are electrostatically attracted towards the opening of the mass spectrometer, they
encounter a cross-flow of heated nitrogen curtain gas that increases solvent evaporation and
prevents most of the solvent molecules from entering the mass spectrometer. When the droplets
shrink in size until the electrostatic repulsion between ions in each droplet exceeds the combined
energy of salvation and surface tension, ions are ejected from the droplets into the gas phase or
else the droplet disintegrates and releases analyte ions (van Breeman 1997). The HPLC-MS
chromatogram of CF is shown in Fig. 1.8. This fraction consists of carotene hydrocarbons and
mono hydroxyl xanthophylls along with their mono- and di-epoxy derivatives (Fig. 1.1). Three
prominent peaks were observed in the HPLC chromatogram of CF. The major peak (3) was
identified to be all-trans-p-carotene based on its molecular ion (m/z 536.94). This makes up 50%
of the total area in the chromatogram. Due to the unusual ionisation process, electrospray of

carotenoids produces abundant molecular cations (Me") with little fragmentation and no
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molecular anions (van Breeman 1997). The identity of peak 3 was confirmed by using the

synthetic all-trans-p-carotene and also by spiking the extract with standard. It also showed the

characteristic visible absorption spectrum at 450nm with Amax at 428, 455 and 480nm. Therefore,
it appears that all-trans-B-carotene is the major carotenoid present in the CF of D. regia.
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Figure 1.8. HPLC chromatogram of CF. The peaks are tentatively identified as (1) a-carotene (2)
y-carotene (3) B-carotene.

Recent years have seen an upsurge in interest towards trams-B-carotene. It is found to be
preferentially absorbed over 9-cis-p-carotene in humans (Ben-Amotz and Levy, 1996) and ferrets
(Erdman et al., 1998). Beneficial effects of B-carotene have been extensively studied by various
researchers and are discussed elsewhere in the thesis. Considering the high concentrations of -
carotene in the extract it can be an excellent source of provitamin A and hence can be used in
nutraceutical and antioxidant formulations. Interestingly all the three peaks showed the same
molecular ion at m/z 356 suggesting the presence of isomers. The peak 1 was tentatively assigned
the structure of a-carotene chiefly based on its visible absorption spectrum with Amax at 425, 448
and 476nm which was in agreement with that of Azevedo-Meleiro and Rodriguez-Amaya (2004).
Similarly a tentative identification of peak 2 was made as y-carotene which showed a clear visible
spectrum with Amax at 438, 462 and 494nm. Peak 1 and 2 constitute 20% and 22% respectively
of the total area of the chromatogram (Fig. 1.8). However, the structures of peak 1 & 2 are not
absolute. In the absence of authentic standards whose structure has been confirmed, it is not
possible to assign an identity to a particular peak since ESI affords very little fragmentation and

the isomers of B-carotene possess the same molecular mass as that of B-carotene.

The xanthophylls rich fraction is mainly composed of di- and poly-hydroxyl xanthophylls and
their epoxy derivatives (Fig. 1.1). The HPLC-MS chromatogram of XF is shown in Fig. 1.9.
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Figure 1.9. HPLC chromatogram of XF. The peaks are tentatively identified as (1) astaxanthin (2)
lutein (3) zeaxanthin (4) B-cryptoxanthin

Several well resolved peaks were obtained when XF was analysed by HPLC. However, only a
few of them are tentatively identified due to the ambiguity in the identification of the others. Four
major peaks were tentatively identified based on their molecular mass and the retention time by
comparing with the available data in the literature. Compound 1 was resolved at RT 6.7 min and
showed a molecular mass of the potassium adduct of astaxanthin at 635 (M + K) and its
molecular ion at m/z 596.17. Compound 2 had a retention time of 9.45 min showing a molecular
ion at m/z 569.21 suggesting the presence of lutein followed by zeaxanthin (3) at 11.33 min
which showed a molecular ion at m/z 569.20. Compound 4 eluted at 17.87min and was identified
to be B-cryptoxanthin which showed a molecular ion at m/z 553.19. Based on the data available
on the elution pattern of xanthophylls and comparing their corresponding molecular mass, the
four major peaks were tentatively identified as astaxanthin, lutein, zeaxanthin and J-

cryptoxanthin.

The first report on the carotenoids analysis of different flower parts of D. regia was made by
Jungalwala and Cama (1962) who extensively studied the presence of an array of carotenoids and
xanthophylls in the flower petals as well as other floral parts. They reported B-carotene as the
major carotene hydrocarbon followed by y-carotene which was nearly half that of B-carotene.
However, they did not identify the presence of a-carotene. The major xanthophylls identified by
Jungalwala and Cama (1962) were lutein and zeaxanthin and relatively small amounts of B-
cryptoxanthin. This is in agreement with the present study where lutein and zeaanthin were found
to be the major compounds. Astaxanthin was also tentatively identified in the present study,

however was not reported earlier. The study however suggests that D. regia is a rich source of
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mixture of pharmacologically important carotene hydrocarbons and xanthophylls and thus
making it a potential source of carotenoids.

1.4 In vitro antioxidant activities

A detailed study on the antioxidant activities of different standard antioxidants was carried out
before screening the extracts. Four well-known antioxidants were chosen viz., ascorbic acid
(AA), gallic acid (GA), butylated hydroxyl anisole (BHA) and butylated hydroxyl toluene (BHT).
The standard antioxidants were tested using three antioxidant assay systems viz., DPPH radical
scavenging assay, AAPH induced plasma oxidation assay and hydroxyl radical scavenging assay

and the results are summarized in Table 1.4.

Table 1.4. Antioxidant properties of standard antioxidants as tested by different model systems.

Assay Conc. % antioxidant activity
system (ppm) AA GA BHA BHT
DPPH- 1 17.440.9  41.5+0.1 22.5+0.6 13.2+2.9
model 5 68.2£32 93.8+0.2 68.4+1.1 45.7+2.1
10 96.1+0.4  94.1+0.1 88.5+0.7  71.4+0.7
25 96.5+0.2 94.3+0.1 91.6+0.4  88.7+0.5
50 96.5+0.1 94.840.2 91.3+0.2 91.3+0.5
100 96.5+0.1  95.2+.1  91.3+0.6 91.740.1
AAPH - 5 39.9+1.0 51.7+1.0 34.6£1.5 66.8+3.5
induced 10 50£0.5  63.6£1.0 59.8+0.5 71.7+0.5
plasma 25 61.243.5 741420 76.9+2.4  76.6+0.5

oxidation 50 63.9+0.5 71.4+02 83.1x1.6 79.7+1.0

100 67.8£1.0 71.7£1.5 86.5£0.0 83.2+1.0

OH- 5 * 69.9+4.1 77.6+0.7  69.1+0.3

scavenging 10 * 81.6+0.5 84.1+0.2  85.9+0.1

assay 25 * 92.1+0.3  94.840.7  95.2+0.7

The 50 * 97.241.0  98.7+0.3  99.4+0.1
100 * 101.5+¢1.0  103.240  106.4+0.2

antioxidant activities of the extracts of S. cumini and D. regia against various free radicals were
analysed using different in vitro cell-free and cell based antioxidant model systems.

1.4.1 Free radical (DPPH’) scavenging activity

DPPH’ scavenging assay has been found useful for rapid analysis of free radical quenching
efficacies of various plant extracts. DPPH’, a stable free radical with an unpaired electron, shows
a strong absorption band at 517nm, its solution appearing deep violet color. As the electron

becomes paired off, which happens in the presence of an antioxidant (electron/hydrogen donor),
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the absorption vanishes (Blois, 1958). Thus, faster the reaction, more potent is the free radical
scavenging ability.
In the present study, the anthocyanin extract of S. cumini extract quenched the DPPHe in a dose

dependent manner (Fig 1.10).
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Fig. 1.10. DPPH’ scavenging activity of anthocyanin-rich extract of S. cumini fruit peel. Three
independent experiments were performed in triplicate at each concentration. Data are expressed
as mean + SD at p<0.05.

The in vitro activity was compared with the standard synthetic antioxidant butylated hydroxyl
anisole (BHA). At 1.0 ppm the activity of S. cumini extract was 46.75% while BHA exhibited
only 22.5% activity (50% lesser than that of the extract) at the same concentration (Fig 1.10). At
2 ppm, the activity of the anthocyanin extract was equivalent to that of 5 ppm BHA in scavenging
DPPH’ radical. This shows that S. cumini extract is a potent free radical scavenger compared to
the widely used BHA. A recent study has reported a 50% DPPH’ scavenging with 168ug/mL of
the hot aqueous infusion prepared from fruit peels of S. cumini dried for 7 days (Banerjee et al.,
2005). However, our study establishes that the fresh fruit peel extract offers the same effect at as
low as 1.39ug/mL suggesting that the drying and heating process applied in the preparation of
infusion might lead to the loss of thermo-labile bioactives like anthocyanins and other
polyphenols. Similarly, the antioxidant activity cannot be solely attributed to the anthocyanins
since during the extraction of the skin other phenolics and flavonoids also come into solution.
However, the extract used in the present study is a highly concentrated anthocyanin-rich one,
without the interference of other class of compounds as evidenced by HPLC analysis (Veigas et
al., 2007). Therefore, the activity at extremely low concentrations can be endorsed to the

anthocyanins.

88



The DPPH’" scavenging assay was carried out first to check the antioxidant property of the
different extracts of D. regia. These flowers were found to be rich source of polyphenols,
methanol extract yielding the highest polyphenol content (Table 1.2). Therefore, a comparison
was made of the total phenolic content and DPPH scavenging property of methanol extracts of
few well known plant extracts and are presented in Table 1.5, in order to provide information
about D. regia in scavenging free radicals and the effect of polyphenols thereof.

Table 1.5. A comparison of the total phenolics (TP) and DPPH radical scavenging activity
among different plant materials of known radical scavenging properties.

Plant species Part used  TP(mg Conc. DPPH Reference
GAE/g) (ppm) scavenging
Delonix regia Flowers 169.67 100 71.93% (Aqil et al.,.,2006)
Petals 33.5 100 84.17% (Present study)
Camellia Leaves 130.6 4.14 50% (Turkmen et al., 2006)
Sinesnsis
Punica Fruit peel 44.0 100 95% (Singh et al.,.2002)
granatum
Vitis vinifera Pomace 35.7 100 90% (Murthy et al.,.,2002)
Ginkgo biloba  Extract -- 45.1 50% (Silva et al.,.,2005)
(EGb761)
Panax Root -- 3000 50% (Zhao et al.,.,2006)
notoginseng

Though the methanol extract (100ppm) of the flowers of D. regia showed about 72% DPPH
scavenging activity in an earlier study (Aqil ef al., 2006), analysis in the present study showed
that the acetone, methanol and water extracts exhibit more than 80% DPPH scavenging.
However, the carotenoids pigment extracts were active only at concentrations above 250 ppm
(Fig.1.11). This may be attributed to the non-polar nature of the carotenoids which perhaps fail to

exert an antioxidant effect in a polar environment.

Comparison of the activity with the standard antioxidants such as ascorbic acid, gallic acid, BHA
and BHT (Table 1.4) revealed that the water extract of D. regia at 100 ppm was equivalent to 50
ppm of almost all the standards. The ICsy of the hexane, EtOAc, acetone, MeOH, H,0, crude
extract, carotene hydrocarbon fraction and xanthophyll fraction were respectively 213.6, 53.0,
72.9, 55.9, 29.5, 103.4, 228.7 and 366.3, all in ppm, when compared with BHA (ICsy 3.6 ppm).
All the samples inhibited radical formation in a concentration dependent manner with the water

extract being the most active followed by EtOAc, MeOH and acetone extract (Fig. 1.11).
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Fig. 1.11. DPPHe scavenging activity of extracts of D. regia flowers. Three independent
experiments were performed in triplicate at each concentration. Data are expressed as mean + SD
at p<0.05. TC = total carotenoids; CF = carotene fraction; XF= xanthophyll fraction

The high antioxidant activity of water extract may be attributed to the presence of water-soluble
antioxidants like phenolic acids. The relationship between the antioxidant activity of methanol

extract and total phenolics of D. regia is represented in Fig. 1.12.
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Fig. 1.12. Relationship between the polyphenol content and antioxidant activity of D. regia.
Three independent experiments were performed in triplicate at each concentration. Data are
expressed as mean = SD at p<0.05. The polyphenol content is expressed as pM GAE/g of
flowers.

There is a strong correlation between the antioxidant activities as measured by DPPH’ radical
scavenging and total polyphenol content (R = 0.9998) suggesting that polyphenols are likely to

contribute to the antiradical activity. This was especially so in methanol and water extracts, as
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both are highly polar. In another similar study on black tea there was a strong correlation between

antioxidant activity and polyphenol content (R* = 0.989) (Miliauskas et al., 2004).
1.4.2 Reducing power assay

In this assay, the yellow color of the test solution changes to various shades of blue and green
depending upon the reducing capacity of the test compound. The reduction capacity of the
extracts is directly proportional to the green/blue color produced due to the reduction of
Fe*'/ferricyanide complex to the ferrous (Fe*") form. The Fe*” was monitored by measuring the

formation of Perl’s Prussian blue at 700nm (Gulcin et al., 2005).

The reducing activity of S. cumini anthocyanins was compared with and expressed as ascorbic
acid equivalents. Some investigators report a parallel association of the antioxidant activity with
the development of reducing power (Duh, 1998). Reducing power of T, of Perilla pankinensis
has been found to increase with an increase in the anthocyanin concentration (Gulcin et al.,
2005). The Fe’'- Fe*" transformation in the presence of the anthocyanin-rich extract of S. cumini

increased with the increase in concentration of the extracts (Fig 1.13).
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Fig. 1.13. Reducing power of anthocyanin rich extract of S. cumini fruit peel. Three independent
experiments were performed in triplicates at each concentration. Data are expressed as mean +
SD at p<0.05.

It was observed that 1 ppm of the extract was equivalent to 3.5uM of ascorbic acid in bringing
about Fe’'- Fe’" transformation. The reducing potential of anthocyanins can also be ascribed to
their metal chelating action. They are capable of forming anthocyanin-metal complexes with
copigments such as ascorbic acid thus protecting ascorbic acid against metal-induced oxidation
(Sarma et al., 1997). Similarly, Chen and Ahn (1998) maintained that natural phenolics such as

quercetin, rutin, catechin and caffeic acid acted as iron chelators. Therefore, it can be suggested
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that anthocyanin extract of S. cumini acts mainly via iron chelation in imparting effective

antioxidative potential.

A linear relationship between the DPPH radical scavenging capacity as well as the ferric reducing
capacity and the anthocyanin concentration of the extract of S. cumini was observed with a
regression of R?=0.954 and R*=0.993 respectively for the two assay methods. This shows that the
activity is a factor of concentration of the anthocyanins. However, the activity may cease to
increase after a concentration threshold is reached as happens in most cases. The present study
has demonstrated that DPPH scavenging activity by standard antioxidant such as ascorbic acid,
gallic acid, BHA and BHT reach a maximum at a concentration of 10, 5, 25 and 50 ppm
respectively. An increase in concentration beyond this point does not increase the antioxidant
capacity in vitro.

Figure 1.14 represents the reducing power of the successive extracts and carotenoid extracts of
D. regia. The Fe*'-Fe** transformation in the presence of the extracts increased in a concentration
dependent manner. The reducing power of the standard/extracts is in the following order: EtOAc
~ XF> ascorbic acid > MeOH > hexane > acetone > H,O > CF> crude extract. The reducing

power of the extracts may be due to their hydrogen donating ability (Shimada et al., 1992).

Fig. 1.14. Reducing power of extracts of D. regia flowers.Three independent experiments were
performed in ftriplicate at each concentration and data presented as the average where the
deviation was within 5%. TC = total carotenoids; CF = carotene fraction; XF= xanthophyll
fraction.
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1.4.3 In vitro lipid peroxidation

The introduction of phenolic compounds into the lipid-rich biomembranes effectively inhibits the
lipid oxidation caused by the chain-propagating lipid peroxyl radicals and ferrous generating
enzymatic systems present on them (Pazos et al., 2006). Anthocyanins from various sources,
being polyphenolic in nature, are known to cause similar effects against oxidative reactions
(Cooke et al., 2005) arising from endogenous and exogenous sources. Consumption of
anthocyanins is known to increase serum antioxidant potential in experimental animals as well as
in human subjects (Cao ef al.,, 1998; Mazza et al., 2002). Furthermore, Ramirez-Tortosa et al.,
(2001) reported that an anthocyanin-rich extract decreased hepatic lipid peroxidation in vitamin
E-depleted rats. The use of homogenized liver/brain tissue works as a rapid and convenient
bench top bio-assay method for preliminary analysis of the activity of the compounds of interest
which can be further confirmed using in vitro cell culture and in vivo models. In the present
study, the S. cumini extract was tested for its ability to inhibit the iron-induced lipid peroxidation
in rat brain, liver, liver mitochondria, testes and human erythrocyte ghost cells. Table 1.6
summarises the effect of S. cumini anthocyanins on iron induced lipid peroxidation in different
tissue systems. The data indicated that the pigment extract was most effective (94%) against brain
lipid peroxidation at 5.0 ppm compared with rat liver (83%), mitochondria (86%) and testes
(72%) with erythrocyte ghost cells (48%) being least responsive to anthocyanin treatment. This
could possibly be due to the involvement of a different mechanism in erythrocyte membranes,

which may act as barriers to large molecules.

Table 1.6. Anti lipid peroxidation activity of anthocyanins rich extract of S. cumini fruit peel

Conc.(ppm) % Protection against lipid peroxidation
Brain Liver Testes LM EG

0.5 68.3240.22 26.05+1.55 25.78+1.65 25.46+1.57 5.86+0.02

1 71.21£2.31 57.36£1.08 43.24+0.33 44.06+0.85 32.44+0.65
1.5 73.56+£1.25 62.64+1.23 50.06£0.98 67.11+1.23 35.15+1.68
2.0 74.72+£1.54 67.22+0.98 56.68+£1.65 70.54+1.66 38.81+2.03
25 86.65+1.80 70.03+£1.55 63.44+2.02 72.77+2.56 40.75+1.65
5.0 94.45+0.11 83.33+1.33 72.25+2.65 86.33+2.05 48.55+1.23

Three independent experiments were performed in triplicate at each concentration. Data are
expressed as mean + SD. LM=liver mitochondria; EG=Erythrocyte ghost cells.
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From the data it can also be observed that the ECs, of the extract was less than 0.5 ppm for brain
homogenate while it was more than 5.0ppm for erythrocytes. This was intriguing given the fact
that brain tissue is highly lipid rich while anthocyanins are not lipophilic. This may be explained
by the direct interaction of the lipid radicals with the anthocyanins thus eliminating the
peroxidative effect, which perhaps does not happen within a living system where the antioxidant
molecules have to cross several lipid rich biological membranes. The homogenates of liver and
liver mitochondria were almost equally protected against peroxidation by the anthocyanins
extract indicating a possible similarity in the mechanism involved (Table 1.6). BHA showed
approximately 80% activity against all the systems (data not shown), which is very close to but
lower than that of the anthocyanins. The extent of protective effect exerted by the anthocyanins
in different tissues is in the following order: rat brain>liver mitochondria> liver> testes> human
erythrocyte ghost cells. Banerjee et al., (2005) reported the requirement of a 400 times higher
concentration (222ug/ml) of the hot water extract of dried peel of black plum to cause similar
effect, with a further reduction of activity when the dried fruit peel was stored for 6 months at
40°C (Banerjee et al., 2005). The lower efficacy in the latter study may be attributed to the loss
of anthocyanins during storage at high temperature as well as during the heat processing involved
in the preparation of the extract. This is affirmed by the fact that anthocyanins content in the dried
fruit peel of S. cumini was drastically reduced during the 6-monts storage period (Banerjee et al.,
2005). The present study utilizes a partially purified, highly concentrated, freeze dried extract of
S. cumini fruit peel which chiefly contains anthocyanins. This is one reason why the S. cumini
extract shows high activity at substantially low concentrations when tested in vitro compared to
the other reports (Banerjee ef al., 2005). Through the present study it has been clearly established
that the fresh peel extract of S. cumini is a powerful antioxidant due to its high anthocyanin
content. Being a natural color, it can be considered one of the healthy alternatives to synthetic

dyes for applications in food, pharmaceutical and nutraceutical formulations.

In the past few decades, several epidemiological studies have revealed an inverse correlation
between consumption of carotenoid rich foods and risk of several chronic diseases including
cardiovascular and photosensitivity diseases, cataracts, age-related macular degeneration and
some cancers (Palozza, 1998; Johnson, 2001). There are no evidences of toxic symptoms of [3-
carotene in normal subjects even under long-term administration at pharmacological doses.
Conversely, B-carotene is known to act as a tumor promoter in subjects with pre-existing cancer
lesions induced by chronic tobacco smoking (Diplock, 1997). According to Langseth (1995),
carotenoids and vitamin C are the major contributors to the apparent cancer-protective effects of

the foods. In the present study, the MDA formation, an index of lipid peroxidation, significantly
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reduced when successive extracts were incubated with the tissue homogenates prepared from
brain and kidney, in a concentration dependent manner with all the extracts except for hexane
extract. n-hexane extract showed an inverse relation to the activity against brain lipid
peroxidation (Table 1.7). The activity markedly reduced from 83.1% (at 1 ppm) to 42.9% (at 25
ppm) in brain homogenates. This trend was also noticed with kidney tissue where absolutely no
activity was observed beyond 1 ppm (5.1%), which was marked by the very intense color owing
to high concentration of MDA diadduct formation. This behavior can probably be correlated to
the pro-oxidant activity of the extract which in turn may be due to its lipid rich nature especially

when the response is non-linear with the concentration.

Table 1.7. Inhibition of rat brain lipid peroxidation by extracts of D. regia.

Conc % inhibition of brain lipid peroxidation
(ppm) BHA Hexane  EtOAc  Acetone MeOH Water TC CF XF
1 85.2+0.2 83.1+1.7 583+2.3 59.6+£1.7 57.6t£1.1 43.3+£2.8 20.4+1.6 33.7+4.2 25.4+0.7
5 87.3£0.1 76.8t1.9 69.8+2.2 68.9+0.7 69.8t1.9 51.4+2.1 33.7£0.8 66.0£0.9 40.1£3.9
10 87.7£0.1 67.3t1.1 73.6£0.6 71.7€1.0 73.7#2.4 64.8£3.5 454425 75.5+0.7 45.6+0.1
25 88.8£0.3 42.9+2.7 79.4+3.2 80.8+0.8 81.9+2.8 77.8+2.1 53.0+2.3 77.242.2 70.8£2.9

Three independent experiments were performed in triplicate at each concentration. Data are
expressed as mean = SD. TC = total carotenoids; CF= carotene hydrocarbon fraction; XF =
xanthophylls fraction.

However, it was observed that below 1 ppm the hexane extract exerted a significant effect against
kidney lipid peroxidation. Maximum protection (81.9%) towards brain lipid peroxidation was
offered by the methanol extract (81.9%) at 25 ppm, which was similar in effect to that of BHA at
1 ppm. This was followed by acetone (80.8%), ethyl acetate (79.4%) and water (77.8%). The
carotene hydrocarbons fraction showed 83.3% protection against kidney lipid peroxidation
followed by xanthophyll fraction (78.3%) and crude pigment extract (60.2%). Similarly, 77.3%,
70.8% and 53.0% respectively were registered for the three pigment extracts in the case of brain
lipid peroxidation (Tables 1.7 & 1.8). While the successive extracts showed higher activity
against brain lipid peroxidation, the pigment extracts exerted a greater protection against kidney
lipid peroxidation. This is possibly due to the involvement of different mechanisms in the two
tissue systems. Similarly, the water extract did not offer a promising protection against kidney
lipid peroxidation unlike in other models. However, the exact reason for this behavior of the

extracts in different systems needs further studies.
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Table 1.8. Inhibition of rat kidney lipid peroxidation by extracts of D. regia.

Conc. % inhibition of kidney lipid peroxidation
(ppm) BHA Hexane EtOAc  Acetone MeOH = Water TC CF XF
1 85.840.1 5.1£0.4 26.5+¢1.1 19.3£0.1 24.9+1.1 11.4+0.1 26.4+2.9 46.3+1.1 39.7+0.7
5 86.2+0.4 - 40.840.1 24.2+0.2 33.4+1.3 13.1+0.4 38.848.5 67.6£2.2 59.7+0.8
10 86.5+0.2 - 57.3+£1.1 32.842.4 53.442.8 183+0.7 53.2+1.7 80.9+0.1 71.1£3.5
25 86.6+0.0 - 71.9£0.0 58.1+0.1 74.140.6 27.4+0.1 60.242.1 83.2+0.0 78.3+0.8

Three independent experiments were performed in triplicate at each concentration. Data are
expressed as mean = SD. TC = total carotenoids; CF= carotene hydrocarbon fraction; XF =
xanthophylls fraction.

In addition to the above assay models, three other antioxidant assay models were employed to
elucidate the in vitro antioxidant mechanisms of D. regia flower extracts.

1.4.4 AAPH-induced lipid peroxidation

AAPH, a water-soluble azo-compound, thermally decomposes generating peroxyl radicals in the
presence of oxygen at a constant rate thereby oxidizing plasma lipids (Abajo et al., 2004). The
extent of plasma oxidation was measured by thiobarbituric acid reactive substance assay.
Increasing concentrations of EtOAc, acetone, MeOH and H,O extracts caused a significant
concentration-dependent inhibition of AAPH-induced plasma oxidation reaching above 90% in
case of EtOAc, acetone and H,O at the highest concentration tested (Table 1.9). Minimum
inhibition of plasma oxidation was observed with hexane extract. The activity increased from
32.0% (25 ppm) to 42.1% (100 ppm) and reduced to 32.0% at 250 ppm. Similar behavior was
noticed in crude pigment extract where the activity slightly increased from 25 ppm (26.2%) to 50
ppm (34.9%) and plunged to 2.9% at 250 ppm. This behavior of crude pigment extract was also
observed in the OH’ scavenging assay. Unlike in the kidney and brain models, the methanol
extract was less effective compared to the others. That is to say that there is no correlation
between the total phenols and the activity in this system, indicating the possible involvement of

compounds other than phenolics in bringing about inhibition of plasma oxidation.

The carotene hydrocarbon fraction showed nearly 66% activity at 250 ppm and the xanthophyll
fractions did not significantly inhibit AAPH-induced plasma oxidation as compared to BHA.
Summarized, the activity of hexane, EtOAc, acetone, crude pigment extract and xanthophyll
fraction was nearly 45" of that of BHA at 25ppm while that of MeOH, H,O and carotene
hydrocarbon fraction was % ™ of that of BHA.
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Table 1.9. Inhibition of AAPH induced plasma oxidation by extracts of D. regia.

Conc. % Inhibition of AAPH-induced plasma oxidation

(ppm) BHA Hexane  EtOAc  Acetone MeOH Water TC CF XF
25 76.9+2.4 32.0+0.8 28.1+1.6 34.3+£0.8 50.5+£1.6 50.1+0.8 26.2+2.46 44.7+4.1 26.2+2.5
50 83.1+1.6 37.6+0.8 74.7+4.0 55.6+0.8 70.2+0.8 73.0+1.6 34.8+1.64 55.8+0.0 29.6+0.8
100 86.5+0.0 42.1+0.8 92.6+0.8 81.5+0.8 73.0+1.6 93.3+0.0 27.3+2.46 62.8+1.6 34.3+0.8
250  87.6+0.0 32.0+0.8 95.5+£1.5 93.2+1.6 74.7£0.8 96.6+1.6 2.9+0.82 65.7+0.8 38.4+1.6

Three independent experiments were performed in triplicate at each concentration. Data are

expressed as mean = SD. TC = total carotenoids; CF= carotene hydrocarbon fraction; XF
xanthophylls fraction.

1.4.5 Hydroxyl radical scavenging

Living tissues are constantly subjected to oxidative insults by various means resulting in the
formation of oxygen radicals. In biochemical systems, 0,  and H,0, react together to form the
hydroxyl radical, OH'". This is the most reactive of all the free radicals and can attack and
destroy almost all known biomolecules (Halliwell and Gutteridge, 1989; Chung et al., 1997).
The 2-deoxyribose oxidation method was used for the determination of hydroxyl radical
scavenging ability of the extracts of D. regia. The addition of low concentrations of Fe (II) salts
to deoxyribose causes rapid degradation of the sugar into a malondialdehyde like compound,
which forms a chromogen with TBA. 2-deoxyribose is oxidized by OH" that is formed by the
Fenton reaction and degraded to malondialdehyde (Halliwell and Gutteridge, 1981). The extent
of malondialdehyde formed and its inhibition by the extracts is measured at 520 nm. The OH’
scavenging efficacy of D. regia extracts were studied at different concentrations (5-100 ppm).
The successive extracts were nearly as effective as BHA at 5 ppm against OH -mediated
damage while carotene hydrocarbon and xanthophyll fractions were needed at a higher

concentration (above 25 ppm) to bring about the same effect (Fig. 1.15).
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Fig. 1.15. Hydroxyl radical scavenging activity of extracts of D. regia flowers. Three
independent experiments were performed in triplicate at each concentration. Data are expressed
as mean + SD at p<0.05. CF= carotene hydrocarbon fraction; XF = xanthophylls fraction

The crude pigment extract showed negative results at the concentrations tested. However, at 1.0
ppm it showed 94.5% activity (data not shown). The effective quenching of hydroxyl radicals
by D. regia extracts may be attributed to the prevention of propagation of lipid peroxidation
thereby reducing the rate of chain reaction, almost as efficiently as the vastly used antioxidants

such as gallic acid, BHA and BHT (Table 1.4).
1.4.6 Nitric oxide scavenging

Nitric oxide (NO) or some related reactive nitrogen species accounts for the activity of
endothelium derived relaxing factor (EDRF) responsible for vascular smooth muscle relaxation,
acts as a neurotransmitter, prevents platelet aggregation and is a defense molecule of immune
system against tumor cell, parasites and bacteria (Gulcin, 2006). Despite these positive effects,
it is also a potentially toxic gas with free radical properties. NO has been reported to cause
mutagenesis and deamination of DNA bases to form carcinogenic n-nitroso compounds. NO
reacts rapidly and spontaneously with a superoxide anion (O, ) to form a peroxynitrite anion
(ONOO ), which is more toxic than O," or NO to biological systems and causes modification of
proteins or nucleic acids causing deleterious health effects (Yen et al, 2006). In the present
study NO scavenging effect of the different extracts of D. regia (1-50 ppm) was investigated.
Of the eight extracts tested, hexane extract and crude pigment extract showed similar results
(Table 1.10) exhibiting 93.9% and 93.1% NO scavenging respectively at 50 ppm. At this
concentration, the inhibitory activity of BHA, EtOAc, acetone, MeOH, H,O, carotene
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hydrocarbon fractions and the xanthophyll fraction were 56.7, 67.9, 71.2, 77.4, 73.6, 75.9 and
73.1%, respectively. The activity profile of the extracts almost matched at all the concentrations

(Table 1.10).

Table 1.10. Nitric oxide scavenging activity of extracts of D. regia.

Conc % NO scavenging activity

(PPm)  BHA  Hexane EtOAc Acetone MeOH  Water TC CF XF
1 39.140.2  16.8+1.07 52.9+1.6 18.0+2.1 42.8£1.3 60.9+2.1 22.6£0.6 29.80.9 31.7£1.6
5 49942.6  54.1+0.5 70.0£0.0 63.5t1.1 70.5£1.3 71.742.4 48.1+1.9 58.3+0.6 52.1+0.3
10 52.2+0.0 76.5+0.5 70.0+£0.0 72.1+0.8 759+1.3 73.840.0 70.8£3.2 78.7+0.6 74.1+1.9
25 54.1£0.0 80.4+1.8  70.5+0.8 74.7+0.2 77.2+0.0 74.3+0.2 83.742.6  81.0+0.6 83.3x1.3
50 56.7£1.6  93.9+0.5 67.9+42.4 71.2+1.3 77.4+0.2 73.6+£0.3 93.1+0.65 75.9+1.3 73.1+0.6

Three independent experiments were performed in triplicate at each concentration. Data are

expressed as mean = SD. TC = total carotenoids; CF= carotene hydrocarbon fraction; XF =
xanthophylls fraction.

Thus the present study shows that all the extracts effectively suppress NO production under the
prevailing conditions. The activity of the extracts against NO production was significantly
better than that of BHA. The effect of the extracts on the accumulation of nitrite can also be a
consequence of the reaction of the extract with other oxides of nitrogen, i.e. NO,, N,Os3, N,O,
and OONO’, which are the possible intermediates in the oxidation of nitric oxide to nitrite
(Marcocci et al., 1994). Non-polar extracts such as that from EtOAc, acetone and carotene
hydrocarbon fraction as well as the xanthophylls fraction showed a retarded free radical
scavenging activity at the highest levels (50 ppm) tested. This behavior is probably because of
the dual nature of diazotization and coupling reactions that fluctuate based on the availability of
phenolic groups. NO scavenging properties of the extracts suggest that they can be potential

therapeutic agents for the control of oxidative and non-oxidative damage caused by nitric oxide.
1.5 Conclusions

In conclusion, the present work provides a comprehensive picture of the chemical nature and
antioxidant activity of anthocyanins present in the berries of S. cumini and carotenoids in D. regia

flowers. Flowers of D. regia were found to contain high amounts of anthocyanins and

carotenoids. The high antioxidant activities at low concentrations render them potential sources of

antioxidants as well as natural colorants. Though the flowers of D. regia are successively
extracted under high temperature conditions, persistence of high anti-oxidative activity indicates

the presence of heat stable antioxidant phyto-constituents apart from the heat labile carotenoids
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and anthocyanins. Unlike tea plants (one of the most sought-after polyphenol reserves) that
require specific agro-climatic conditions to grow, D. regia is naturally abundant in tropics and
consists of a variety of radical scavenging phyto-constituents. The unique combination of high
amounts of both anthocyanins and carotenoids makes it an even more interesting source of
antioxidants and natural colors. S. cumini extract is a rich source of anthocyanins whose content
is equivalent to that of blue berries and black currants and higher than that of black berries, the
widely acclaimed anthocyanin rich edible fruits that are extensively marketed in the nutraceutical
arena. The S. cumini anthocyanins, like all the other anthocyanins, have the advantage of high
solubility in aqueous mixtures, imparting an attractive color that makes their incorporation into

numerous aqueous food and non-food formulations, including pharmaceuticals, easy.
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Chapter 2

Stability studies on anthocyanins of S. cumini
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Summary

The fruit peel of S. cumini is a rich source of anthocyanins and the freeze dried, purified extract
was found to contain purely anthocyanins. The present chapter was designed to study the
stability of the anthocyanin pigment in aqueous solutions under different pH conditions as well
as under conditions of dark and light. The anthocyanin pigment was also incorporated into a
pharmaceutical formulation containing salbutamol as the active ingredient and the stability of
the color studied at different temperatures for 8 weeks. The study revealed that the pigment was
stable up to pH 5 despite a reduction in its hue at pH above 2 when stored at 10°C. Though there
was a reduction in color in anthocyanin solution at pH 3-5, it was found to be stable during the
tested period of 45 days, where no further color loss was observed. Storage of the anthocyanin
pigment in aqueous solution of pH 3 at temperatures ranging from 0°C to 45°C for 4 weeks in
dark resulted in loss of up to 20% (at 10°C). The extract was quite stable at 0°C with 11% loss
in 4 weeks, while the pigment loss in the antitussive formulation was only 13% at 30°C at the
end of 8 weeks. The high antioxidant activity and relatively high stability of the pigments make
S. cumini a potential source of natural colorant as well as antioxidants.
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2.1 Introduction

One of the attributes that judge the quality and visual acceptance of food mainly depends on its
color characteristics. Color is an important element in deciding the appeal of the product it is
incorporated into. With an increase in understanding of the toxic consequences of synthetic dyes
and colors, consumer attention has greatly shifted towards the use of natural colors in foods and
beverages. The demand is on the rise for naturally derived red colors as an alternative to the most

commonly used synthetic FD&C Red #40 (Giusti and Wrolstad, 2003).

Anthocyanins are the best-known natural red colorants used in foods (Bridle and Timberlake,
1997) and are approved as food colorants in some countries. In the USA, the grape skin extract,
grape color extract, fruit juice and vegetable juice are exempt from certification (Wrolstad, 2004)
and are used to color foods. Other approved natural colors include betanin, cochineal and
carotenoids (Francis, 1986). High sensitivity of anthocyanins towards heat, light and pH has been
the primary concern with regard to its application as a colorant in foods and beverages (Cevallos-
Casal and Cisneros-Zevallos, 2004). The color stability of anthocyanin pigments are dependent
on several factors including structure and concentration of pigments, pH, temperature, light
intensity and quality, presence of copigments, metallic ions, enzymes, oxygen, ascorbic acid,
sugars and their degradation products and sulfur dioxide (Mazza and Miniati, 1993; Francis,

1986).

Their stability is generally compromised at elevated temperatures and pH. The anthocyanin color
is most stable at low pH values of 1-3 where the anthocyanin exists in the form of a flavylium
cation exhibiting a bright red color (Cabrita et al. 2000). An increase in pH almost always results
in the loss of color and stability (Cevallos-Casal and Cisneros-Zevallos, 2004; Fossen et al.,
1998) except in one study where an increase in stability of petanin, an acylated anthocyanin, was
witnessed at alkaline pH (Fossen et al., 1998). This strengthens the existing reports that acylated
anthocyanins are more stable compared to the non-acylated or simple glycosilated anthocyanins
and hence can be used to color foods at higher pH. Presence of organic acid such as ascorbic acid
and its degradation products in anthocyanin solutions speeds up the anthocyanin degradation
(Poei-Langston and Wrolstad, 1981; Kirca et al, 2006) while citric acid greatly increases
anthocyanin stability (Lee ef al., 1996). Addition of sugars plays an important role in the stability
of anthocyanins. A study by Wrolstad et al., (1990) revealed that addition of sucrose (up to 40%)
offered significant protection to anthocyanin pigment content and also against browning and
polymeric color formation in frozen strawberries. However, some researchers report a
degradative effect of sugar, especially sucrose at low concentrations, on anthocyanins (de Rosso

and Mercadante, 2007).
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This study was designed to understand the color changes occurring with the change in pH and the
stability of the same during cold storage. Similarly, the stability of the color was studied at low
pH at different temperatures under conditions of light and dark. Attempt was made to incorporate
the anthocyanin extract into a pharmaceutical formulation and assess the color over a period of

time.

2.2 Materials and methods

2.2.1 Stability of anthocyanin color in solutions
2.2.1.1 Stability of color at different pH

Effect of pH on the stability of the anthocyanin was studied at 7 different pHs (pH 2.0, 3.0, 4.0,
5.0, 6.0, 7.0 and 8.0). Citrate-phosphate buffers at these pHs were prepared and anthocyanin
extract of S. cumini was added to a final concentration of 10mg/ml. Each colored solution was
stored in two screw capped tubes in volumes of 10.0ml and stored at 10°C. The color intensities
were measured as absorbance values of solutions at their respective absorption maxima recorded

on a UV-160A spectrophotometer (Shimadzu Corp. Japan).
2.2.1.2 Stability of color in aqueous solution

A 1% solution of the lyophilized anthocyanins extract was prepared in water whose pH
was adjusted to 3.0. The solution was distributed in screw capped tubes in volumes of ten ml and
stored under dark condition at 0, 10, 20, 30 and 45°C. Color stability was monitored by
measuring the absorbance of the solution at an absorption maximum of 520nm. Each tube was

used for one spectral measurement only, so as to minimize the contact with air.
2.2.2 Incorporation of anthocyanins extract in syrup and determination of color stability

Salbutamol syrup (antitussive) was prepared according to Kohli and Shah (1990). Anthocaynin
extract in its lyophilized form was incorporated into the syrup at a final concentration of 0.1%.
The stability of the color in the syrup was studied for 8 weeks under light (2000 Lux) and dark
conditions at different temperatures (20, 30 and 45°C).
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2.3 Results and Discussion
2.3.1 Stability of anthocyanin color in solutions

Stability of a colored compound is very important in retaining the appearance of the product in
which it is incorporated and hence the customer acceptance, as well as the biological efficacy.
Naturally occurring colorants, such as anthocyanins from black carrot, grape, red cabbage, are
now frequently used in foodstuffs and pharmaceuticals due to their additional health benefits
(Markakis, 1982). However, anthocyanins are relatively unstable, especially when non-acylated
(Kirca et al., 2007) and are prone to degradation in the presence of light, high temperature and
varying pH (Fossen et al., 1998). The fruit peel of S. cumini was found to be a rich source of
anthocyanins and the lyophilized extract contained solely anthocyanins as evidenced by
spectrophotometric and HPLC studies described in the earlier chapter. This chapter deals with the
study of the stability of anthocyanin rich extract of S. cumini in aqueous solutions under different
pH conditions. A pharmaceutical formulation at low pH was prepared with the extract as the
coloring agent and the stability of the same was also studied under different light and temperature

conditions.
2.3.1.1 Effect of pH on color in aqueous solutions

There has been an upsurge of interest in the development of natural colors for application in food
and pharmaceutical preparation due to the negative effects of synthetic dyes (Francis, 1989).
Anthocyanins are one of the most promising natural colorants and are responsible for the reds,
blues and violets of flowers, fruits and vegetables. The instability of anthocyanins caused by
light, temperature and pH limits its use. The color of anthocyanins and its intensity is largely
regulated by a change in pH of the matrix in which it is present. In the present study, anthocyanin
extract of S. cumini was dissolved in aqueous solutions of different pH ranging from 2-8. One
hour after the preparation of the solutions, the absorption maxima for each solution was
determined. The subsequent measurements were made at their respective absorption maxima for

30 days. The change in color at different pH is depicted in Fig. 2.1.

The color of the solution changed from red to pink to purple to blue from pH 2 to pH 8. A steady
decrease in color intensity was observed with an increase in pH up to 5 with a pinkish coloration.
At pH 2, the solution exhibited an intense red color indicating the predominant existence of
flavylium cationic form of the anthocyanin. As the pH of the solution was increased to 5, the

color intensity reduced due to the hydration of the flavylium cation to yield a colorless carbinol
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pseudo-base (Mazza and Miniati 1993). Complete discoloration was not observed at this pH

indicating that most of the anthocyanin still exists in its flavylium cation form.

Fig. 2.1. Change in color of S. cumini anthocyanins in aqueous solutions at different pHs after 1h
(A) and after 30 days (B) at 10°C, protected from light.

Fig. 2.2. Visible spectra of the S. cumini anthocyanin solution at different pH, measured 1 h after
preparation of solutions.
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The visible absorption maxima for the anthocyanin extract suffered a bathochromic shift on
increase of pH from 2 to 8 (Fig. 2.2). The absorption maximum at pH 2 was 518nm. An increase
in pH significantly induced a bathochromic shift in the A, with a hyperchromic effect in color
intensity. At pH 5 the A, shifted to 535nm with a further increase to 607nm at pH 7. At pH 6,
the solution exhibited a purple color and the color changed to blue at pH 7. A slight
hypsochromic shift in A,x (599nm) was observed when the pH was raised from pH 7 to pH &
with the color changing from greenish blue to intense blue shade. The proton transfer reactions
related to the acidic hydroxyl groups of the aglycones gives rise to quinoidal bases, further
deprotonation of which occurs above pH 6 with the formation of resonance stabilized quinonoid
anions, which are purplish in color (Brouillard, 1988). The color of the anthocyanin solutions was

retained to its original hue even after 30 days of storage at 10°C in dark at pH up to 5.0.

Figure 2.3 depicts loss of color in solution at different pH over a period of 45 days. The
absorption of the solutions (pH 2 to 5) on day 30 remained very close to the original absorption

measured 1h after preparation of the solutions.

Fig. 2.3. Effect of pH on percentage color retention of S. cumini anthocyanin extract at different
pH over a period of 45 days.

However, the color of the solution at pH 6 and above completely disappeared on day 2 (Fig. 2.1)
perhaps due to the formation of unstable quinonoidal bases, responsible for the instability of color
at high pH. Red cabbage anthocyanins have been shown to be stable at a wide pH range being
pink at pH 3, violet at pH 5 and blue at pH 7. At pH 3, it was very stable up to a temperature of
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60°C which was attributed to the presence of acyl groups which hinder the hydrolysis of the

flavyliym cation to form the colorless carbinol base (Bridle and Timberlake, 1997).

The instability of anthocyanins of S. cumini extract at higher pH may be ascribed to the lack of
acyl groups and complex sugars as evidenced by HPLC-MS studies. However, being stable at
acidic pH, the anthocyanin pigments of this source may be effectively used to color foods and
other formulations with pH values up to 5 where a rosy tinge is desired. The extract cannot be

used in alkaline foods due to its high instability under these conditions.
2.3.1.2 Stability in aqueous solution

Anthocyanin stability is affected by temperature. The previous experiment revealed that the
anthocyanin pigment is stable at pH 1-5 when stored at 10°C. Therefore this study was carried
out to check its stability in a low pH solution at different temperatures. pH 3.0 was taken as the
representative value and aqueous solution of the anthocyanin was stored in the dark at 0, 10, 20,
30 and 45°C for 4 weeks. The thermal degradation was studied during this period by measuring
its absorbance at 520nm. Anthocyanins tend to lose color during storage at higher temperatures
(Cisneros-Zevallos and Cevallos-Casal, 2004). Formation of chalcone is presumed to be the first
step in thermal degradation of anthocyanins eventually leading to formation of brown products
(Markakis et al., 1957). Figure 2.4 shows the loss of color in S. cumini anthocyanin solution
stored at different temperatures over time. The color loss in the extract increased with an increase
in temperature with time. At the end of 4 weeks color loss in the aqueous extract was 11.8% and
19.6% at 0°C and 10°C, respectively. This shows that the extract is more stable at low

temperatures and best stored in frozen conditions.
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Fig. 2.4. Stability of anthocyanins rich extract of S. cumini fruit peel under different temperatures.
Aqueous solution (1%) of the extract (pH 3.0) was stored in screw-capped vials. Samples from
two of the vials were taken afresh every week and absorbance measured at 520nm.
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Interestingly at 10°C the anthocyanin pigment loss was sudden and drastic amounting to 17% on
day 7. Further storage for 4 weeks did not have significant effect on color loss (Fig. 2.4). The loss
of color at 4™ week was found to be 20%, a 3% rise from day 7which is negligible. Color loss in
anthocyanin solution stored at 30°C was not significantly different from that stored at 10°C or
20°C at 21 days (3 weeks); however, further storage at 30°C gradually lead to 30% loss of color.
A substantial loss in color intensity was noticed only when the solution was stored at 45°C
showing a 35% loss in the second week and reaching 40% at the end of the study (4 weeks). The
results suggest that the anthocyanin pigment of S. cumini is relatively stable at temperatures up to

30°C when stored in dark, though storage at lower temperatures is more beneficial.
2.3.2 Stability of anthocyanin color in syrup

The stability of the color in the syrup containing anthocyanin extract was studied at 20, 30 and
45°C in the dark and in the presence of a continuous illumination of 2000 Lux for 8 weeks.
Figure 9 explains the effect of temperature and light on the stability of anthocyanin color when
incorporated into syrup. Like in the case of extract, the color loss in the syrup was also
temperature dependent. However, the color retention was relatively higher than that in the extract.
Because, the color loss was only 13% at the end of 8 weeks at 20°C and 30°C (Fig 2.5a-c) when
stored in dark whereas a 19.6% loss was witnessed with the aqueous extract when stored at 10°C.
However, the exposure to light had negative effect on the retention of color in the syrup (Fig
2.5a& b) which was further accentuated at high temperature (Fig 2.5¢). However, there was no

observable difference in the color of the extract/ formulation to the naked eye.

The relatively high stability of the color in syrup may be attributed to its possible interaction with
the syrup components. One such is the presence of sucrose at high concentrations. Presence of
sucrose at concentrations above 40% has been found to increase the ability of anthocyanin to bind
to water molecules thus favouring the stability of the same in sucrose solutions (Tsai ef al., 2004).
The effect of other ingredients present in the syrup is not very clear. However in the present
formulation the effect did not appear to be significant. Since, the syrups are generally stored in
amber-colored containers; the pigment from S. cumini appears to be useful for similar
formulations that are stored on the shelf at room temperature. However, the extract is more stable
when stored at 0°C. Till date, no reports exist on the incorporation of anthocyanins as a coloring
agent in pharmaceutical formulations except for one where red cabbage anthocyanin was tested to

be a pH indicator in chlorbutol solution (Chigurupati et al., 2002), a pharmaceutical preservative.

Since anthocyanins are hydrophilic compounds, they can be easily incorporated into syrups,

which is one of the most accepted forms of pharmaceutical formulations. The high antioxidant
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property of the pigments may confer additional prophylactic advantage, along with the
therapeutic property of the active ingredient in the syrup. However, their interaction with other
ingredients in the formulations needs further studies. Recent studies have suggested that
copigmentation of anthocyanin with other compounds significantly augments the stability of the
color. The copigment as such is colorless, but greatly enhances the color of the anthocyanin when

added in a solotuin (Mazza and Brouillard, 1987, 1990).
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Figure 2.5. Loss of color in the salbutamol formulation when stored at (a) 20°C (b) 30°C (c) 45°C
under light (2000 Lux) and dark conditions. The formulation was stored in screw-capped vials.
Samples from two of the vials were taken afresh every week and absorbance measured at 520nm.

Anthocyanins may form copigmentation with compounds like flavonoids, organic acids, amino
acids, alkaloids, nucleotides, polysaccharides, metal ions or anthocyanins themselves (Mazza and
Brouillard, 1990). Copigmentation with naturally derived flavones has shown hyperchromic
effect and a bathochromic shift in the absorbance of the anthocyanins (Bakowska et al., 2003)
indicating that copigmentation not only stabilizes the anthocyanin color but also enhances its hue.
Since the extract prepared in our study is a highly concentrated anthocyanin extract, without
significant amounts of other interfering molecules, it is possible to increase the stability of its
color by copigmentation. This may open avenues which will lead to its incorporation into various

food and beverages and possibly in pharmaceutical formulations.

2.4 Conclusions

It is apparent from the results obtained in this study that anthocyanins of S. cumini are an
excellent source of natural colors with relatively high stability. This attribute can be made use of

especially in formulations with low pH values since the stability was found to be high at pH range
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of below 5. The fruit pulp blend has been reported to be used in ice cream preparation at 10%
concentration by Anjum et al., (2000) and was found to retain physico-chemical and sensory
properties. Similarly, the anthocyanin extract of S. cumini can be a great source of value added

products due to its coloring properties and health benefits.
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Chapter 3

Bioefficacy studies in primary animal cell
culture
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Summary

Antioxidant activities of extracts of S. cumini and D. regia were further established using isolated
rat hepatocytes in vitro under controlled culture conditions. In the present study anthocyanin
extract (SCA) as well as the fruit pulp extract (SPE) of S. cumini were used along with the two
carotenoids fractions (CF and XF) of D. regia. SCA suppressed CCly-induced LDH leakage by
54% at 50 ppm, thereby improving the cell viability by 39%. The SCA significantly reversed the
CCl, induced changes in cellular GSH level, lipid peroxidation and activity of the antioxidant
enzyme (AOE) glutathione peroxidase. Exposure of hepatocytes to SCA after CCly treatment was
found to elevate GSH and GPx activities by 2-folds, whereas the activities of catalase and
superoxide dismutase were not significantly affected. SPE, though was protective against CCly-
induced cell death, greatly depleted cellular GSH and increased GPx activity nearly 3-fold.
Carotenoid fractions of D. regia were protective against CCly-induced cell death at low doses (up
to 100ppm) beyond which they showed no effect. EGCG and CF further reduced the CCly-
induced reduction in CAT and SOD activity while effect of XF on these two enzymes is not
significant. However GSH content was significantly elevated in cells treated with the extracts and
EGCG excepting SPE. Glutathione content was elevated in the presence of carotenoids extracts
and was comparable to 0.1uM EGCG. XF showed greater protection against lipid peroxidation
compared to CF. It appears that the extracts offer protection to rat hepatocytes against CCly-
induced toxicity by mechanisms not solely dependent on AOEs.

Toxicity of TBH was characterized by 45% cell death with an increase in LDH leakage, reduction
in GSH content, increased lipid peroxidation and increased activity and expression of AOEs. In
addition to EGCG, quercetin was also used as a standard to compare the activity. SCA brought
about a significant reduction in TBH-induced increase in lipid peroxidation and improved AOE
activities and their mRNA expression with an increase in GSH content. Carotenoid fractions and
standards further increased TBH-induced increase in enzyme activity but reduced their mRNA
expression suggesting a posttranscriptional regulation of the enzymes. Lipid peroxidation was
significantly abrogated by carotenoids fractions as well as EGCG and quercetin. These
observations indicate that while SCA has a direct effect on AOEs, carotenoids and standards
appear to act via mechanisms independent of these enzymes.
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3.1 Introduction

Liver is the major organ in the body since it performs an astonishingly large number of tasks of
regulating several functions in higher animals and humans. The major functions are metabolism
of carbohydrates, lipids, proteins, drugs and xenobiotics that are consumed. Thus the liver is
prone to injury due to the chronic exposure to drugs, environmental toxicants and other
xenobiotics. Major consequence of this is an indirect effect on virtually all other organs.
Therefore, dissecting the mechanisms of damage by ingested chemicals and its alleviation by
antioxidant phytochemicals helps developing strategies for new drug formulations. Carbon
tetrachloride (CCl,) and tert-butyl hydroperoxide (TBH) are the most commonly used models of
xenobiotics-induced liver toxicity (Yu et al., 2002; Ruch et al., 1986) and were employed in the
present study to demonstrate the protective effect of antioxidants under chemically different

oxidative stress conditions.

Due to the diverse chemical nature of prooxidants, all antioxidants may not protect cells against
all kinds of free radicals and antioxidants may well be selective towards the type of free radicals
they attack. The ability to act against different types of free radicals and toxins is a desirable
property of any antioxidant. This is the basis for the choice of two chemically diverse oxidative
agents in order to establish the activity of the said compounds against two different classes of free
radical generators viz., CCl; and TBH. Carbon tetrachloride (Johansson and Ingelmann
Sunderberg, 1985; Wolf et al., 1980) and TBH (Thomson et al., 1995) are metabolized in the
liver by the CYP450 mixed function oxidase system (MFOS). Since longer incubation of isolated
rat hepatocytes diminishes the CYP450 MFOS (Adzet et al., 1987; Binda et al., 2003), freshly

isolated cells were used for the study.

Carbon tetrachloride, a by-product of sewage and drinking water chlorination, is a major
hepatotoxin metabolized in the liver by the cytochrome P450 resulting in the reactive
trichloromethyl radical (CCl;") and subsequently an even more reactive form, the trichloromethyl-
peroxyl (OOCCI,) radical (Ruch ef al., 1986). In addition, CCl, generates free radicals which fuel
a series of reactions ultimately resulting in the initiation of membrane lipid peroxidation and a
consequent liver injury (Slater, 1984). Cytochrome P450 enzymes (CYP450) (Phase I mono-
oxygenase enzymes) are widely known for their role in metabolism of drugs and xenobiotics
(Moon et al., 2006). Modulation of this enzyme system can influence the metabolism of
xenobiotics producing effects that are pharmacologically and toxicologically significant. A
number of plant constituents have been shown to modulate CYP450 enzyme system (Rodeiro et

al., 2008; Trudeau et al., 2007). Dietary flavonoids and carotenoids especially play an important
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role in alleviating xenobiotic-induced cell injury (Moon et al., 2006; Vijayaraghavan et al., 2008).
The reactive metabolites formed via the involvement of CYP450 enzyme system trigger an

antioxidant response in rat hepatocytes (Reinke ef al., 1988; Sipes et al., 1977).

Tert-butyl hydroperoxide, a membrane permeant oxidant, has been extensively used to induce
oxidative stress in different systems. It is known to be a precursor in the formation of
malondialdehyde, the lipid peroxidation product. It is metabolized by two distinctive pathways.
One pathway involves the cytochrome P450 leading to the toxic peroxyl and alkoxyl radicals
(Rush et al.,, 1985) and the other is a detoxification reaction involving glutathione peroxidase
giving rise to fert-butyl alcohol and oxidized glutathione resulting in severe depletion of reduced
glutathione and ultimately to death (Thor et al, 1984; Sies et al,, 1972). Antioxidants such as
quercetin and rutin have been demonstrated to protect the hepatocytes against TBH-induced
lethality especially through the modulation of AOEs (Alia et al., 2005; 2006b). Therefore, the
present study was aimed at elucidating the regulation of AOEs in alleviating the TBH-induced
cytotoxicity.

Inhibition of free radical generation or scavenging the free radicals generated by other
biochemical reactions is an important factor in the prevention of cellular damage. While the body
is designed to detoxify and allay itself of harmful effects of exotoxins, it may not be sufficiently
prepared to handle the onslaught of pollutants and toxic substances predominant in the
environment. In addition, refining of foods generally leads to deficiency in essential nutrients
involved in detoxification process. Therefore, supplementing the diet with such compounds
which enhance antioxidant defense is essential in order to prepare the body against oxidative
insult. Several natural products have been proven to be effective against cellular damage either by
acting as antioxidants or as positive modulators of other cellular machineries (Semiz and Sen,

2007; Sakr, 2007).

The literature on amelioration of xenobiotic-induced oxidative toxicity by nutritional antioxidants
is not scarce. Carbon tetrachloride induced hepatic injury has been found to be effectively
ameliorated by plant derived products (Rajesh and Latha, 2004; Martin-Aragon et al., 2001).
Anthocyanins (Lila 2004; Kong et al., 2003) and carotenoids (Palozza and Krinsky, 1992; Paiva
and Russell, 1999) from other sources have proven to be excellent antioxidants against various
oxidative insults. Since carotenoids and anthocyanins are credited with high efficiency against
oxidative stress in cell and animal models (Bestwick and Milne, 1999; Ben-Dor et al., 2005), the
current chapter was aimed at understanding the molecular mechanisms involved in the action of
these two classes of compounds from D. regia flowers and S. cumini fruits respectively against

free radical generators.
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The study was systematically carried out in the following order:

« Ameliorative effects of the extracts on isolated rat hepatocytes against CCly-induced
oxidative cytotoxicity
% Ameliorative effects of the extracts on isolated rat hepatocytes against TBH-induced

oxidative cytotoxicity.

The study was mainly focused on dissecting the mechanisms involved in the modulation of AOEs
and other oxidative markers in the presence of stress. In the second part, attempt has been made
to study the transcriptional changes of AOEs in the presence of oxidative stress induced by TBH

and its modulation by the antioxidants.

Among an array of extracts screened in the previous chapter, four were chosen for the present

study: two each from D. regia and S. cumini and are designated in the following manner:

Extract Sample ID
Anthocyanin rich peel extract of S. cumini SCA

Pulp extract of S. cumini SPE
Carotene hydrocarbon fraction of D. regia CF
Xanthophylls fraction of D. regia XF

The well known flavonoid antioxidants EGCG and quercetin were used as reference compounds
for comparison of activity since their status as antioxidants is well documented (Shi et al., 2000;
Alia et al., 2006a,b). Concentrations of flavonoids in general do not exceed 1-5uM/L plasma
even when consumed in excess (Alia et al., 2006a; Sugisawa and Umegaki, 2002). Preliminary
studies indicated the protective effects of these two flavonoids at concentrations 0.1uM to 10uM
against TBH-induced cell death. Though all the concentrations tested completely protected the
cells form TBH-induced cell death, the lowest concentration (1uM) which prevented the cell
death was used for further studies.

116



3.2 Materials and Methods

3.2.1 Preparation of rat primary hepatocytes

Rat primary hepatocytes were isolated from male Wistar rat (150-250 g) by two-step collagenase
perfusion of the liver (Ying-Jie et al., 1998). Cell viability, determined by trypan blue exclusion,
was over 85%. The isolated rat hepatocytes were cultured in DMEM supplemented with 10%
FBS, 1% antibiotic-antimycotic solution, 0.1 U/ml insulin and 0.01 uM dexamethasone for 3

hours at 37°C in a humidified atmosphere of 95% O, and 5% CO,,
3.2.2 Treatment of isolated rat hepatocytes for evaluation of toxicity of extracts

Cells (2 x 10°) were plated in 96 well plates for cell viability assessment and in 12 well plates for
other assays. The cells were treated with different concentrations of extracts for 4 h at 37°C in a

humidified atmosphere of 95% relative humidity with 95% O, and 5% CO..
3.2.3 Treatment of isolated rat hepatocytes for CCly-toxicity studies

Cells (2 x 10°) were plated in 96 well plates for cell viability assessment and in 12 well plates for
other assays. The cells were treated with 7 mM of CCl, for 1 h at the end of which the medium
was replaced with fresh medium containing different concentrations (0-500ppm for cytotoxicity
assessment; 0-300ppm for other biochemical assays) of the extracts. The cultures were
subsequently incubated for further 3 hours at 37°C in a humidified atmosphere of 95% relative

humidity with 95% O, and 5% CO,.
3.2.4 Treatment of isolated rat hepatocytes for TBH-toxicity studies

The cells were treated with different concentrations (0-500 ppm for cell viability; 0, 50 and 100
ppm for the other assays) of the extracts for 4 hours at the end of which the medium was replaced
with fresh medium containing 2mM TBH. The cultures were subsequently incubated for further

2 hours at 37°C in a humidified atmosphere of 95% relative humidity with 95% O, and 5% CO,.

Treatments were performed with different concentrations of S. cumini anthocyanin extract (SCA),
S. cumini pulp extract (SPE), carotene fraction (CF) and xanthophylls fraction (XF) of D. regia
flowers and EGCG (standard antioxidant). The extracts and standard were dissolved in DMSO.
The final concentration of the solvent did not exceed 0.5% in the treatments. DMSO at this

concentration was found to be non-toxic to cells under the experimental conditions followed.

At the end of the treatment period, the cells were assessed for cell viability and other biochemical
indices mentioned above such as membrane damage (LDH leakage), GSH content, level of lipid
peroxidation and activities of AOEs such as catalase, superoxide dismutase and glutathione

peroxidase.

117



3.2.5 Assessment of cell viability and integrity

Cell viability was assessed by MTT assay and lactate dehydrogenase (LDH) activity. LDH
activity in the culture medium was measured as an index of plasma membrane integrity. The
assay was carried out in 96 well plates. At the end of the treatment period, 50 pl of the medium
from each treatment was removed for LDH leakage determination and treated with freshly
prepared B-NADH solution (4.58 mg pyruvate, 5.32 mg NADH, and 7.49 NaHCO; in 10 ml 0.05
M potassium phosphate buffer, pH 7.4). The plates were incubated in dark for 20 minutes, after
which the absorbance of the reaction mixture was measured at 340nm using an ELISA microtitre
plate reader. Hepatocyte viability was expressed as the quantum fraction of LDH released into
the culture medium relative to the total cellular activity observed after cell lysis with 0.1% v/v
Triton-X 100 (Haidara et al., 1999). To the remaining medium, MTT (15 ul of a Img/ml
solution) was added and incubated for 4 hours at 37°C. The medium was removed and the
formazan crystals formed were dissolved in 200 pl of DMSO and the absorbance was measured
at 570 nm using an ELISA microtitre plate reader (Neuman et al., 1993). The data are expressed
as percentage of control.

3.2.6 Preparation of cell lysate

After the treatment period, the cells were centrifuged at 5000x g for 5 min and the pellet was
washed with ice-cold PBS, pH 7.4. The cell pellet was resuspended in PBS and sonicated with an
ultrasonicator (Bandelin Sonopuls HD 2200, Berlin) for 3 cycles at 30sec/cycle. The cell extract
was centrifuged at 12000x g for 20 min at 4°C and the supernatant was used for enzyme assays
and GSH content determination. Total protein was estimated using Lowry’s method (Lowry et

al., 1951).
3.2.7 Glutathione assay

Reduction in glutathione level was determined in the cell lysate by the method of Popat et al.,
(2002) with slight modification. A 50 pl of the cell lysate was treated with 150 uL of DTNB (5,5-
dithiobis-2-nitrobenzoic acid) reagent (12mM NADPH, 0.1mM DTNB, 50U/ml GSH reductase
in 0.1 mM sodium phosphate buffer with 1 mM EDTA, pH 7.5) and absorbance was read at
415nm using an ELISA microtitre plate reader. The GSH content was expressed as nM/mg
protein using a calibration curve prepared using known concentrations of reduced glutathione.
3.2.8 Lipid peroxidation

The cell lysate (0.5 ml) obtained after sonication was incubated with 1.0 ml of KCI (0.15 M) and

250 pl of 0.2 mM ferric chloride solution at 37°C for 30 min. The reaction was stopped by adding
2.0 ml ice-cold mixture of 0.25 N HCI containing 15% trichloroacetic acid (TCA), 0.3%
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thiobarbituric acid (TBA) and 0.05% butylated hydroxyl toluene (BHT) and was heated at 90°C
for 60 min. The samples were cooled and centrifuged at 7000xg for 5 min. The absorbance of the
supernatant was measured spectrophotometrically at 535 nm and the results were expressed as
percentage lipid peroxidation (Buege and Aust, 1978).

3.2.9 Antioxidant enzyme assays

Superoxide dismutase (SOD) activity in the cell lysate was measured by the inhibition of
pyrogallol auto-oxidation (Kamendulis et al., 1999). Briefly, 50 pul of the cell lysate was mixed
with 100 pl of assay buffer (50 mM Tris HCl, 1 mM EDTA pH 8.2) and 50 pl of 0.2 mM
pyrogallol. The absorbance was monitored at 420 nm for 3 min. One unit of SOD activity is
defined as the amount of enzyme required to produce a 50% inhibition of pyrogallol auto-
oxidation. Catalase activity was determined by spectrophotometry by measuring reduction in
H,0, absorbance at 240 nm (Aebi, 1984). The reaction mixture contained 500 pl of 30 mM H,0,,
400 ul of phosphate buffered saline (pH 7.4) and 100pl of cell lysate. One unit of catalase activity
is defined as the amount of enzyme that decomposeslmM H,0, per minute. Glutathione
peroxidase activity of the cell lysate was determined spectrophotmetrically at 340 nm. Assay
mixture was composed of 0.05 M phosphate buffer (pH 7.0), ImM EDTA, 3U glutathione
reductase, ImM GSH, 0.2mM NADPH, 12 mM tertiary butyl hydroperoxide and cell lysate.
Oxidation of NADPH was recorded at 340 nm at 15s intervals for 3 min. Oxidation of NADPH at
37°C was determined spectrophotometrically at 340 nm. One unit of activity was defined as the

amount of GPx required to oxidize 1 mM of NADPH per min (Flohe and Gunzler, 1984).

3.2.10 Transcript analysis of genes of AOEs
Total RNA from hepatocytes was extracted using TRI REAGENT™ (Sigma-Aldrich, USA)

according to the manufacturer’s protocol which is shown in Fig. 3.1.

The resulting RNA pellet was dissolved in RNAse free water and total RNA was quantified by
measuring the absorbance of a suitably diluted solution at 260nm. Total RNA was calculated

using the following formula:

Trya (ng/nL) = ODygonm X Dilution
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Isolated rat hepatoctves

Treatment
W
Washed twice with PBS

W
Lysed with 1.0ml TRI Reagent ™™

W
Treated with 200uL of Chloroform

Centrifuged at 12000xg; 15 min; 4°C
W
Upper aqueous laver + 300uL of Isopropanol

Centrifuged at 12000xg; 10 min; 4°C
W
ENA pellet

Washed twice with 7% alcohol

W
Dissolved in RN Ase free water

W
Absorbance measured at 260nm

Fig. 3.1. Flow chart for isolation of total RNA from cells.

3.2.11 Reverse transcription of total RNA to obtain cDNA

First strand cDNA synthesis was carried out as shown in Fig. 3.2.

ENA template (1pg) + dNTP mix (500pM) + Oligo (dT),5 (51M) + Water for PCR to 10uL.

Incubate at 70°C for 10 minutes

10X Buffer for AMV RT (2uL.) + 20U enhanced AMV-RT (1uL) + 20U Rnase inhibitor ((1uL)
Water for PCR 6ul

Incubate at 47°C for 60 minutes

cDNA

Fig. 3.2. Flow chart for reverse transcription of total RNA for cDNA synthesis.

120



3.2.12 PCR amplification of genes coding AOEs
The first strand cDNA obtained was used for PCR amplification of AOEs using gene-specific

primers. To ascertain expression levels, Cu-Zn SOD, B-actin, GPx were amplified using the
primer sequences reported by Bhor et al., (2006). Primers were designed for CAT based on the
available sequences from NCBI data base. The primer sequences and the product size of the gene

amplified are shown in Table 3.1.

Table 3.1. Primer sequences and product sizes of the genes amplified from isolated rat
hepatocytes

Gene Accessio Primer (57-3") Product size
n number (bp)

B-actin V01217 | Forward | CCTGCTTGCTGATCCACA 505
Reverse CTGACCGAGCGTGGCTAC

CAT M25669 | Forward | GATTGGCAGAGCCTGAAGTC 219
Reverse AGGCTCTGAGGAACACTGGA

CuZnSOD | X05634 | Forward | GCAGAAGGCAAGCGGTGAAC 383
Reverse TCACACCACAAGCCAAGCGG

GPx M21210 | Forward | CTCTCCGCGGTGGCACAGT 290
Reverse CCACCACCGGGTCGGACATAC

CAT: catalase; SOD: Superoxide dismutase; GPx: Glutathione peroxidase

PCR reaction mixtures contained cDNA equivalent to 0.1 pg total RNA, 0.5 uM each forward
and reverse gene specific primers, 250 uM each dNTP, 1x Taq reaction buffer, 1U of Taq
polymerase. PCR was performed for 35 cycles. The reaction conditions for CAT, SOD and -
actin were: initial activation at 94°C for 2 min; three-step cycling involving (a) denaturation at
94°C for 1min (b) annealing at 58°C for 30s, (c) extension at 72°C for 30s. Final extension was at
72°C for 10 min; and for GPx initial denaturation at 94°C for 30s and final extension for 7 min
keeping the other conditions similar to the other genes. B-actin was used as the house keeping
gene. The PCR product was loaded on to a 1.2% agarose gel and horizontal electrophoresis was
performed in 10x TAE buffer for 2 h at 50V/cm. DNA in the gel was visualized under UV light
after staining with 5pg/mL ethidium bromide solution in water and the images were documented
using BioRad Chemidoc XRS gel documentation system (Hercules, CA, USA). Quantification of
the bands was done using the E.A.S.Y Win32 imaging software provided by Herolab (GmbH
Wiesloch). The amplified genes were cloned into pTZ57-R/T T-tail cloning vector (MBI
Fermentas, GmbH) and sequenced (Bioserve Biotechnologies Pvt. Ltd., Hyderabad, India). The
sequences of genes amplified from isolated rat hepatocytes are presented in Appendix A.

3.2.13 Data analysis

All experiments were done in triplicates and the data presented are the averages of mean of three

independent experiments with standard deviation. The data were analyzed by one-way analysis
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of variance (ANOV A) using Microsoft Excel XP (Microsoft Corp., Redmond, WA), and post-hoc

mean separations were performed by Duncan’s Multiple-Range Test at p < 0.05 (Harter, 1960).

3.3 Results and Discussion

Recent years have witnessed an outburst of interest in understanding the involvement of free

radicals in the initiation and progression of pathologies, including carcinogenesis.

3.3.1 Effect of extracts on the viability of isolated rat hepatocytes

Before proceeding with the experiments, it was imperative to test the toxicity of the extracts on
isolated rat hepatocytes in order to choose the non-toxic dose. Therefore, the cells were exposed
to different doses (10-500ppm) of extracts for 4 h followed by MTT assay. The results of MTT
assay showed that the extracts of S. cumini as well as that of D. regia were non-toxic to rat

hepatocytes at the tested concentrations (Fig. 3.3).

Fig. 3.3. Effect of the extracts on the viability of rat hepatocytes. Rat hepatocytes were isolated
and incubated for 4 h with DMEM containing different concentrations of extracts; viability
determined by MTT assay and expressed as percentage of control. Data are expressed as average
+ SD of three independent experiments.

It was noticed that the extracts retained the viability of the isolated rat hepatocytes under the
culture conditions and that the viability in rat hepatocytes treated with most of the extracts was
more than that of the control, untreated cells (100%). This indicates that these extracts, especially
XF and SCA (Fig. 3.3) provide protection against natural stress the cells might be experiencing
during the mechanical isolation procedure and culture conditions, which might cause some of the
cells to die. Based on the results, those concentrations at which the cell viability was retained to

above 90% were selected for further studies.
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3.3.2 AMELIORATION OF CCL4&INDUCED TOXICITY

3.3.2.1 Cell Viability and Integrity

In order to examine the cytoprotective effects of anthocyanins and carotenoids against CCly-
induced cytotoxicity, cytotoxic effect of CCl, was first evaluated in freshly isolated rat
hepatocytes. Preliminary examination revealed that 7mM of CCl, inhibited the cell growth by 40-
50% upon incubation for 1 h followed by incubation with fresh medium for 3 h. This
concentration of CCl, was used to induce cytotoxicity in further experiments. Carbon
tetrachloride is a potent hepatotoxic agent and according to the literature, it is the first compound
ever to be tested as a liver toxicant (Cheeseman, 1995). It chiefly acts by forming reactive
metabolites through the cytochrome P450 mixed function oxidase system (Ruch et al., 1986).
Although production and use of CCly has reduced over the years due to increased awareness of its
toxicity, certain population still remains at risk due to exposure water contamination, mainly
chlorination, air pollution and occupational settings. Chronic exposure to CCly has shown to
induce liver damage, fatty degeneration and cirrhosis including fetal growth retardation in rats,
guinea pigs and monkeys (Adams et al., 1952; Prendergast ef al., 1967). Humans occupationally
exposed to 45-100ppm of CCly demonstrated symptoms including nausea, anorexia, vomiting,
flatulence, epigastric discomfort or distention, depressive symptoms, headache or giddiness
(Kazantzis et al., 1960). Therefore, it is desirable that antioxidants which neutralize the harmful

effects of such compounds be evaluated.

The viability of cells after treatment with and extracts was analysed by MTT assay. MTT assay is
a test for metabolic competence of the cells and is based upon the assessment of mitochondrial
performance. The conversion of yellow colored MTT to a purple formazan derivative by
mitochondrial succinate dehydrogenase (Fry and Hammond, 1993) is a direct measure of cell
viability.

Figure 3.4 shows that EGCG and the extracts exert a differential effect against CCly-induced
cytotoxicity. Carbon tetrachloride induced a 40% reduction in cell viability as compared to the
untreated control cells. The viability was considerably alleviated to 85-99% in the presence of the
extracts after CCly treatment (Fig. 3.4). Similar effects were found with EGCG when used at
levels 0.1, 1.0, 5.0 and 10.0 uM.

It was apparent from the results (Fig 3.4) that among the four extracts, SCA showed the highest
cytoprotective activity. At 50ppm, it showed an activity equivalent to that of 0.1uM of EGCG.

The carotenoid extracts, CF and XF showed a similar pattern where they were cytoprotective up

to 100ppm, beyond which the viability of cells reduced dose dependently.
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Fig. 3.4. Effect of extracts and EGCG on the CCl,-induced cell death in isolated rat hepatocytes.
The cells were treated with 7 mM of CCly for 1 h followed by treatment with different
concentrations of extracts and EGCG* for 3 h. Cell viability was assessed by MTT assay. The
concentrations of EGCG were in the order of 0.05, 0.075, 0.1, 1.0, 5.0 and 10.0 uM. Data
correspond to the representative values from three independent experiments done in triplicate and
are expressed as average + SD.

The SCA at concentrations above 100ppm increased the cell viability beyond the control levels
indicating that the anthocyanins render excellent protection against oxidative stress.
Anthocyanins have a long history of use as antioxidants. Anthocyanins from different sources
have consistently shown to be protective against in oxidative stress models. Anthocyanins from
various sources were found to be protective against oxidant-mediated cell death in transformed
and untransformed cells (Elisia and Kitts 2008; Chang et al., 2006). The action may be attributed

to their distribution in various cellular compartments (Youdim et al., 2000) which perhaps extend

an antioxidant effect within and around the cell.

Further, in order to confirm the results of MTT assay, intracellular LDH leakage was evaluated as
a marker of cell membrane integrity and viability. While the control cells (untreated) showed less
than 5% leakage of LDH, the CCls-exposed cells showed a substantially high value of 45%
leakage of LDH (Fig. 3.5). Exposure of the CCl,-treated cells to extracts and EGCG significantly
brought down the levels of LDH leakage indicating the reversal of the damage induced by CCly
toxicity in primary rat hepatocytes (Fig. 3.5). This was in agreement with the results of MTT
assay where treatment of the rat hepatocytes with extracts and EGCG post- CCl, exposure showed
an increase in the viability. EGCG was most effective at the lowest concentration (0.1uM) and

SCA at 250ppm was equivalent to the action of 1uM EGCG in terms of inhibition of LDH
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leakage. Treatment of the rat hepatocytes with S. cumini extracts post- CCl, exposure showed an
increase in the viability of the same. This was further substantiated by a consequent suppression
of LDH leakage by SCA and SPE at concentrations ranging from 50-500 ppm suggesting
protection against CCly toxicity. The higher concentrations of EGCG and SPE increase LDH
leakage although to an extent significantly lower than that of CCl, (p<0.001).

Fig. 3.5. Effect of extracts and EGCG on the CCly-induced leakage of LDH from isolated rat
hepatocytes. The cells were treated with 7 mM of CCl, for 1 h followed by treatment with
different concentrations of extracts and EGCG* for 3 h. The concentrations of EGCG were in the
order of 0.05, 0.075, 0.1 & 1.0uM. Data correspond to the representative values from three
independent experiments done in triplicates and are expressed as average = SD.

The cells treated with carotenoids extracts showed similar results as with MTT assay. That is, the
LDH leakage reduced in a dose dependent manner up to 100ppm, beyond which there was a
steady increase. Burton and Ingold (1984) postulated that carotenoids, particularly f-carotene,
exert a prooxidant effect at conditions of high concentration and high oxygen tension. However,
Krinsky and Johnson (2005) suggest that apparently the activity observed by Burton and Ingold
(1984) is not prooxidant but that, the carotenoids show reduced activity at such conditions. It is
also demonstrated that carotenoids show an antioxidant or pro-oxidant behavior depending upon
the redox potential of the individual molecule and the inorganic chemistry of the cell (Schwartz
1996). Therefore, it may be presumed that carotenoids of D. regia show a reduced cellular
protection at higher concentrations. A similar observation was made with the total carotenoids of
D. regia against AAPH-induced plasma oxidation in vitro, where the inhibitory activity reduced
with an increase in concentration of the carotenoids (Table 1.9). Similarly, a dose-dependent
increase in LDH leakage by EGCG appears to be due to the cytotoxicity of the same at higher

concentrations which is also observed by other reserachres. For instance, Chung et al., (2007)
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observed that EGCG had no cytotoxic effect up to a dose of 10uM in human neuroblastoma cells
while a cytotoxic effect was observed above this dose which was evident by the increase in LDH
leakage and a consequent decrease in MTT reduction. Similarly, the increased LDH leakage in
EGCQG treated cells at higher dose post-CCl, treatment was in agreement with the results of
Chung et al., (2007), where EGCG was shown to enhance the toxicity of rotenone, a pesticide, in
human neuroblastoma cells. This further suggests that EGCG at still higher doses may actually
exacerbate the xenobiotic-induced cell toxicity. Thus, the suppression of the LDH leakage as well
as the mitigation of CCly-induced cell toxicity by the selected levels of extracts clearly establishes
their role as cytoprotective agents against xenobiotics injury, the most potent being those from

Jambolana fruit since these extracts did not impart any negative effects.

Based on the results of LDH and MTT assay, 50 and 100 ppm of the extracts and 0.1 and 1.0
umol/l EGCG were chosen for further study since these concentrations provided sufficient

protection (>85%) against CCl, induced cell death.
3.3.2.2 Glutathione content

Glutathione (GSH) is an important tripeptide that plays a vital role in the detoxification of
exogenous and endogenous compounds, either by conjugating with an electrophilic drug or its
toxic metabolites or by acting as a reducing agent in the metabolism of peroxides and free
radicals (Popat et al., 2002). It plays a central role in preventing lipid peroxidation since it
stimulates GPx to scavenge organic and inorganic peroxides (Reed, 1990; Smith et al., 1996). It
is now established that oxidative injury generally leads to GSH depletion and a consequent, lipid
peroxidation and ultimately cell death (Casey et al., 1995; Mytilineou et al., 2002). GSH
depletion caused by overdose of toxins has been associated with renal and hepatic failure
ultimately causing death (Herzenberg et al., 1997; Thomas, 1993; Zimmerman and Maddrey,
1995).

Carbon tetrachloride induced death of cultured rat hepatocytes has been linked to a depletion of
GSH content with an ensuing increase in lipid peroxidation or direct injury to proteins and
nucleic acids (Bellomo and Orrenius, 1985; Miccadei et al., 1988). Figure 3.6 summarises the
effect of extracts and EGCG on intracellular GSH content. A slight but significant (p<0.05) fall
(13%) in the intracellular GSH levels was achieved by exposing the isolated rat hepatocytes with
CCly. Treatment of CCly-treated cells with SCA substantially increased the GSH content which
was higher at 50 ppm than 100 ppm. The increase was nearly 2-fold (6.46 nM/mg protein) at 50
ppm as compared to the GSH levels in cells treated with CCly (3.67 nM/mg protein). The
recovery response of the cells was highest with SCA followed by EGCG, CF and XF (Fig. 3.6).
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However SPE caused a depletion of intracellular GSH levels. Since this fraction displays good
antioxidant activity in various other tests and also since there was no reduction in the viability of
cells treated with SPE, it can be assumed that the SPE offers protection through pathways other
than that involving GSH. Since SPE treated cells show high GPx activity (Fig. 3.10), it is
possible that cellular GSH is utilized as a substrate for GPx. Another practical and more
meaningful explanation that can be offered here is the conjugation of the GSH by the phenolic
acids (Galati et al., 2006) present in the pulp extract (Anonymous, 1976), thus making the free
GSH unavailable for the assay.

Fig. 3.6. Effect of extracts and EGCG on the GSH content of rat hepatocytes treated with CCly.
The cells were treated with 7 mM of CCl, for 1 h followed by treatment with 50ppm and 100ppm
of extracts and 0.1 and 1.0 uM EGCG for 3 h. Data correspond to the representative values from
three independent experiments done in triplicate and are represented as average + SD.

A similar observation was made with buthionine sulfoximine, which reduced GSH level in
cultured rat hepatocyte without reducing the cell viability (Lee and Farrell, 2001). The SCA, CF,
XF and EGCG apparently increased the GSH content as compared to the control levels (Fig. 3.6).
The maintenance of GSH levels in the presence of oxidative stress may be due to the stimulation
of the enzyme y-glutamylcysteine synthetase and GSH synthetase by the antioxidant (Wu et al.,
2004). It has been postulated that certain phenolics are capable of stimulating GSH synthesis in
vivo (Myhrstad et al., 2002; Moskaug et al., 2005). Rimbach et al., (2001) reported the ability of
Gingko biloba extract (EGb761) to induce GSH in mammalian cell lines. They observed a strong
correlation between the increased expression of catalytic subunit of y-glutamylcysteinyl
synthetase, the rate-limiting enzyme in GSH synthesis. A similar mechanism may be expected

here since EGb761 chiefly contains flavonoids along with gingkolides. Anthocyanins being
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flavonoids in nature may cause analogous effects. Anthocyanins have been reported to increase
and also prevent the depletion of GSH content under conditions of oxidative stress (Valcheva-
Kuzmanova et al, 2004; Weisel et al, 2006). Recent reports also point to the ability of
carotenoids to stimulate GSH synthesis in vivo. Carotenoids of saffron and B-carotene have
shown to increase GSH synthesis by overexpressing y-glutamyl cysteine synthase (the rate
limiting enzyme in GSH synthesis) in different cell models and animal models (Ochiai et al.,
2007; Takeda et al., 2008). EGCG is also known to reduce hepatic fibrosis via induction of de
novo GSH synthesis in hepatic stellate cells in a time and dose dependent manner. The hepatic
stellate cells were shown to exhibit a delayed response towards EGCG, with a very slight increase
in GSH content during the first 5 h of incubation (Yumei et al., 2006). A 10% increase in GSH
content was observed at 1.0 uM on incubation for 3h with hepatic cells which perhaps increases
with an increase in incubation time. This theory can also be extended to the cells’ response to the
extracts under the study and can be exploited in such cases of liver disorders, which however
need further investigation. Alternatively, Chen ef al., (2004) have reported the protective effect of
EGCG against CCly induced hepatotoxicity in mice by down-regulating the nitric oxide synthase
mRNA expression and inducible nitric oxide-derived prooxidants. This suggests that in CCl,
toxicity, EGCG exerts protection via other pathways in addition to that involving GSH synthesis.
The high GSH content may also be responsible for a direct scavenging of free radicals generated
in vivo in addition to acting as a substrate to the enzyme GPx. The results of carotenoids of D.
regia are indicative that they may also act by increasing the cellular GSH synthesis. However,
this hypothesis needs a thorough investigation where an assessment at transcriptional levels of
these enzymes under the influence of free radical generator and scavengers will throw light on the

mode of action of the extracts.

3.3.2.3 Lipid peroxidation

Lipid peroxidation is characteristically a free radical chain reaction initiated by the abstraction of
a hydrogen atom from PUFA side chains. The initiation of lipid peroxidation is carried out in
most cases by free radicals, which cause cellular injury by inactivating membrane enzymes and
receptors, depolymerizing polysaccharides, cross-linking and fragmenting protein. As a result, the
structure and fluidity of the membrane are damaged and normal cell function is lost.
Malondialdehyde (MDA) is one of the main lipid peroxidation product, its elevated levels
reflecting the degree of lipid peroxidation induced injury in hepatocytes (Ng et al., 2005). The
extent of MDA formation is a direct measure of oxidation and decomposition of polyunsaturated

fatty acids and the percentage protection offered by the extracts against MDA formation has been
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calculated in the present study. Carbon tetrachloride induced about 20% increase in cellular lipid
peroxidation in isolated hepatocytes (46.25 £ 2.31%) as compared with the untreated cells (28.96
+ 1.44%). SCA (50 and 100ppm) and EGCG (1 uM) significantly reduced the CCly-induced lipid
peroxidation in rat hepatocytes to near-normal levels (Fig. 3.7). However, SPE did not
significantly alter the level of lipid peroxidation initiated by CCly,. Earlier studies have established
that the depletion of GSH by CCl, is followed by peroxidation of cellular lipids resulting in death
of the hepatocytes (Miccadei et al., 1988). This was further supported in our study where the
CCl,-exposed hepatocytes clearly exhibited a depletion of GSH content and a substantial increase
in lipid peroxidation (Fig. 3.6 & 3.7). This suggests that the anthocyanins present in the extract
may play an important role in preventing initiation and propagation of the lipid peroxidation

process by scavenging the free radicals via the GSH (Martin-Aragon et al., 2001).
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Fig. 3.7. Effect of extracts and EGCG on the inhibition of CC,-induced lipid peroxidation in
isolated rat hepatocytes. The cells were treated with 7 mM of CCl, for 1 h followed by treatment
with 50ppm and 100ppm of extracts and 0.1 and 1.0 uM EGCG for 3 h. Data correspond to the
representative values from three independent experiments done in triplicate and are represented as

average £ SD.
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A considerable reduction in lipid peroxidation was observed in cells treated with SCA, the extract
being more effective at lower concentration. Probably this being an ideal situation, higher level of
extract containing un-reacted anthocyanins having an absorption maximum of 535 may contribute
for erroneous results. This has been indicated as one of the reasons for high lipid peroxidation
value obtained at high concentrations of SCA and SPE, although this argument needs to be
confirmed by detailed analytical studies. Contrarily, SPE showed a reduction in GSH content, not

offering any protection against lipid peroxidation despite the high viability of cells (GSH content
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is generally regarded as an index of cell death). However, a closer observation of earlier results of
LDH leakage and viability shows that SPE does protect the cells against cell death. The
ineffectiveness of the SPE againstCCly-induced lipid peroxidation may be linked to the low
cellular GSH content, while the reduction in cell death may be due to mechanisms independent of
these two parameters. It is reported elsewhere that increase in lipid peroxidation is not always

associated with an increase in cell death.

Carotenoids from various sources have demonstrated strong antioxidant activities in vitro. The
antioxidant action of carotenoids is chiefly attributed to their singlet oxygen quenching and their
ability to trap peroxyl radicals. The prevention of lipid peroxidation by carotenoids is credited to
its singlet oxygen quenching ability (Stahl and Sies 1996). From Fig. 3.7 it is obvious that CF and
XF significantly reversed the effect of CCl,. Carotenoids, the major exogenous antioxidants, are
responsible for preventing lipid peroxidation induced by singlet oxygen or free radical initiators
and an inverse relationship has been found between the -carotene content and malondialdehyde
formation in humans (Lepage et al., 1996). It is suggested that the carotenoids, particularly p-
carotene binds to the cell surface and confers protection against the singlet oxygen generated at
its proximity (Bohm et al, 1993). A similar action may be expected with other carotenoids
species and this could possibly explain the inhibition of lipid peroxidation in hepatocytes treated
with CF and XF by a related mechanism. The CF being rich in B-carotene (Fig. 1.8) may speak
for the higher response as compared to the XF. However, xanthophylls are demonstrated to have
antioxidant activities comparable to B-carotene (Di Mascio et al., 1989). Remarkably consistent
inverse relationships between plasma xanthophyll carotenoids and indices of oxidative damage
have been reported earlier (Haegele et al., 2000). Therefore, it is evident that both carotene
hydrocarbons and their oxygenated counterparts are effective antioxidants thus playing a crucial
role in thwarting the free radical mediated initiation and even progression of different pathologic
events. It is suggested that complex mixtures of carotenoids alone or in combination with other
antioxidants are more effective in their ability to inhibit lipid peroxidation and hence against
oxidative stress-induced pathologies (Vitaglione et al., 2004; Paiva and Russell, 1999). The two
extracts are a mixture of several types of carotenoids and hence exert a positive effect on the
overall physiological status of the cells. Under conditions of oxidative stress they perhaps act
synergistically with each other thus ameliorating the degenerative effects induced by the
xenobiotic or the prooxidant. From the results obtained in the present study it can be concluded
that carotenoids of D. regia flowers exert protective effect against oxidative stress induced injury
of hepatocytes and can be an economic source of carotenoids to be used both as natural colorant

and antioxidant supplement.
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3.3.2.4 Antioxidant enzyme assays

Cellular metabolism of molecular oxygen generates reactive species such as superoxide, H,O,
and hydroxyl radicals (Chance et al., 1979). The AOEs play an important role in counteracting
the reactive species generated within the body and aid in maintaining the intracellular redox
homeostasis. It is also reported that increased activity of these AOEs play a key role in increasing
the longevity in humans (Mecocci ef al., 2000). When the levels of reactive species surpass the
antioxidant capacity of the cells, oxidative stress ensues (Halliwell, 1999). A number of factors
contribute to the generation of free radicals in the body with a consequential advancement in
pathology. They include exposure to environmental toxicants and pesticides, radiation, smoke,
particulate matter and also cellular metabolic reactions. Carbon tetrachloride is one such agent
and is known to cause a reduction in tissue’s glutathione (GSH) content, suppress activities of
catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx) and increase lipid
peroxidation with subsequent liver damage (Castro et al., 1974; Ohta et al., 1995).

Superoxide dismutase is an important enzyme and catalyses the first step in the antioxidant
reaction. While overproduction of SOD has been reported to be beneficial in increasing the
longevity of organisms, it is also found responsible for the deleterious effects perhaps as a result
of increased H,O, production (de Haan et al., 1996; Amstad et al., 1991; 1994). Compounds of
natural origin have been reported to act against oxidizing agents chiefly via induction of
detoxifying enzymes (Giudice and Montella 2006). Anthocyanins have demonstrated
hepatoprotective effects against various tumor promoting agents such as H,O,, TBH, CCl,, etc in
cell and animal models (Obi ef al., 1998; Liu et al., 2006; Shih et al., 2007). The discussions on
hepatoprotective effects generally are limited to the activities of hepatic marker enzymes, lipid
peroxidation and cellular GSH status (Tsuda et al., 2000; Valcheva-Kuzmanova 2004; Valentova
et al., 2007) while information on the action of these compounds on the AOEs is scarce (Igarashi
et al., 2000); however, this subject has been addressed in other tissues. Therefore, this study
evaluated the effect of anthocyanin rich extract of S. cumini and carotenoids fractions of D. regia
on the AOEs in isolated rat hepatocytes. Fig. 3.8 depicts the effect of extracts on the activity of
SOD post-CCl, treatment.
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Fig. 3.8. Effect of extracts and EGCG on the activity of superoxide dismutase in isolated rat
hepatocytes exposed to CCly. The cells were treated with 7 mM of CCl, for 1 h followed by
treatment with 50ppm and 100ppm of extracts and 0.1 and 1.0 uM EGCG for 3 h. Data
correspond to the representative values from three independent experiments done in triplicate and
are represented as average = SD.

Carbon tetrachloride significantly reduced the activity of SOD, a 22% reduction compared to
control cells. None of the extracts showed significant protective effects except for XF at S50ppm
which reversed the CCls-induced reduction in SOD to near normal levels. However, the extracts
SCA and SPE as well as EGCG brought about a negligible 1-6% increase in the SOD activity
brought down by CCl, but were inefficient in restoring the enzyme activity to the normal level.

The CF completely failed to evoke any effect but further reduced the activity of the enzyme.
Figure 3.9 depicts the alteration of enzyme CAT in the presence of CCl, and the extracts.
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Fig. 3.9. Effect of extracts and EGCG on the activity of catalase in isolated rat hepatocytes
exposed to CCl,. The cells were treated with 7 mM of CCl, for 1 h followed by treatment with
50ppm and 100ppm of extracts and 0.1 and 1.0 uM EGCG for 3 h. Data correspond to the
representative values from three independent experiments done in triplicate and are represented as
average + SD.
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Catalase plays a major role as AOE in the mammalian system, by detoxifying hydrogen peroxide
generated by SOD, various oxidases and other enzymatic and non-enzymatic auto oxidation of
compounds (Eaton, 1989). Carbon tetrachloride brought about a 20% reduction in activity of
CAT (23.30 £ 0.19 U/mg protein) as compared to the vehicle treated cells (29.60 £ 0.32 U/mg
protein). It was observed that the CAT activity increased in a dose dependent manner when
treated with the SCA while it was the reverse with CF and XF. This shows that the low
concentrations of carotenoids are more protective towards xenobiotic injury to cells. Similar
observations were also made with EGCG and SPE which showed higher activity at lower
concentrations. However the CAT activity was well below that of CCly-treated cells at the tested
concentrations further exacerbating the effect of CCl,. Xanthophylls fraction and SCA were more
effective in countering the action of CCly on the activity of CAT, though the elevation in activity
was only negligible. Carotenoids such as B-carotene mainly act by direct scavenging of free
radicals generated. Since the CF, which has B-carotene as the chief carotenoid, shows very low
CAT activity it presumably acts by a direct action on the metabolites of CCl, not involving CAT.
EGCG, CF and SPE further reduced the CAT activity to 15.3, 18.51 and 18.9 U/mg protein
respectively at 50 ppm (Fig. 3.9).

Another peroxide neutralising enzyme, GPx counteracts the free radicals using GSH as a
substrate. As a result, GSH is oxidized to GSSG (oxidized glutathione), which in turn is reduced
to GSH by glutathione reductase at the expense of NADPH, forming a redox cycle. Figure 3.10
shows the effect of different extracts on AOEs activities in CCl, intoxicated rat hepatocytes.
Carbon tetrachloride showed about 28% reduction in GPx activity (5.22 U/mg protein) as
compared to the untreated cells (7.32 U/mg protein).
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Fig. 3.10. Effect of extracts and EGCG on the activity of glutathione peroxidase in isolated rat
hepatocytes exposed to CCly. The cells were treated with 7 mM of CCly for 1 h followed by
treatment with 50ppm and 100ppm of extracts and 0.1 and 1.0 uM EGCG for 3 h. Data
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correspond to the representative values from three independent experiments done in triplicate and
are represented as average = SD.

Supplementing the cells with extracts significantly enhanced the GPx activity in a dose dependent
manner. At 100 ppm, SCA and SPE showed an activity of 13.59 and 17.77 U/mg protein
respectively. EGCG evoked a significant 4-fold increase in GPx activity in the isolated rat
hepatocytes. It appears from the results that unlike the other two AOEs, GPx was highly regulated
by CF than XF in isolated rat hepatocytes. A significant rise in the activity was noted at 100ppm
of CF (8.36 Units) rising above the normal levels.

Carbon tetrachloride is commonly used to induce acute and chronic liver toxicity and to study
mechanisms of the same in cell and animal models (Ruch ef al., 1986; Brattin et al., 1985). In the
present study the overall effects of CCly on isolated rat hepatocytes show that it significantly
reduces the cellular antioxidant defense by reducing the activities of CAT, SOD and GPx and
decreasing the cellular GSH content and by increasing lipid peroxidation. This is in agreement
with the earlier literature (Ruch et al., 1986). Effect of plant derived flavonoids, anthocyanins,
carotenoids and other non-nutritional elements on CCl-induced toxicity has been an object of
intense research. Anthocyanins of different sources have been extensively studied for their
protective action against CCls-induced toxicity in different tissues of rodents (Liu et al., 2006;
Obi et al., 1998; Valcheva-Kuzmanova, 2004). However, most of these reports emphasise the
importance of hepatic marker enzymes rather than the AOEs and there are very few reports
concerning the effect of these anthocyanins on the AOEs in stress-induced cells. Similarly
carotenoids have been shown to be cytoprotective in various oxidative stress models. Carotenoids
of Dunaliella salina show strong protection against CCly-induced hepatotoxicity in experimental
models by increasing the activities of CAT, SOD and GPx in addition to decreasing the activities
of hepatic marker enzymes (Hsu et al., 2008). Carotenoids such as [J-carotene, -carotene, lutein
and lycopene showed protection against CCly-induced toxicity to hepatocytes in in vitro cultures
by reducing the lipid peroxidation while they also increased the cell survival (Kim, 1995).
Lycopene supplementation in congestive heart disease patients showed increased serum AOE
activities as compared to those patients who were not supplemented (Bose and Agrawal, 2007).
All these reports support the protective effects of carotenoids against oxidative injury. Therefore,
the present study was aimed at elucidating the antioxidant mechanisms of anthocyanins of S.
cumini fruits and carotenoids of D. regia flowers with EGCG being used as a reference
compound. AOEs play an important role in maintaining the cellular redox homeostasis.
Epidemiological and experimental studies indicate a direct relationship between the dietary

antioxidants and enzymatic antioxidant defense and inverse relationship with coronary heart
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disease, inflammation, oxidative stress and cancer (Hozawa et al, 2007; Evans et al, 1998).
Women on a carotene depleted diet seemed to possess depressed erythrocyte SOD activity and
increased lipid peroxidation (Dixon et al., 1994) suggesting the need of dietary carotenoids not
just as a provitamin A but also to enhance the resistance towards oxidation susceptibility.
Superoxide dismutase is an important enzyme converting the superoxide ions to less reactive
H,0, and oxygen. Its activity was significantly inhibited by CCly; while most extracts did not
offer significant protection to SOD except the xanthophylls rich fraction, XF, which resumed the
activity to near normal level (Fig. 3.8). It appears that the results are in accordance with the well-
known hypothesis that carotenoids particularly, B-carotene, are more effective at lower
concentrations under conditions of preexisting cellular stress such as cigarette smoke (ATBC,
1994; Russell, 2004). This can be substantiated here because of the fact that the cells were
pretreated with CCly which induces a stress condition and the reactive intermediates of CCly
metabolism might initiate alteration in metabolism of carotenoids which are either less active or
pro-oxidative. The enzyme CAT, which catalyses the peroxidation of H,O, formed due to the
reaction of SOD on superoxide anion, is an important defense mechanism of aerobes since H,O,
is constantly produced in the body as a result of metabolic reactions. The carotenoids and SCA
evoked a CAT response similar to that of SOD. However, the response of CAT and SOD to SPE
and EGCG was opposite where the SOD activity increased dose dependently, that of CAT
reduced. That is to say that higher SOD activity was associated with a lower CAT activity.
Glutathione peroxidase activity radically increased in cells treated with SCA, SPE and EGCG
while it was marginal in CF and nil in XF (Fig. 3.10). A significant correlation can be made
between the different biochemical parameters here. It is observed that a high SOD activity is
associated either with an increased CAT activity or GPx activity but never both (Fig. 3.8, 3.9 &
3.10) except in the case of SCA. A high SOD is generally associated with an increased production
of superoxide ion. However, the low SOD activity in CCly treated cells may not be due to low
superoxide ion concentration, but may be due to impairment in the activity of SOD due to the
effect of CCly on the protein. The high SOD activity in cells treated with extracts, especially XF
and other phenolic extracts at 100ppm is a cellular adaptation to overcome or neutralize the
superoxide anion in the cells, which in turn result in the production of H,0,. The H,0, so
produced is further detoxified both by CAT or GPx and perhaps by both in case of SCA.
However, XF fails to elevate the GPx response to normal in rat hepatocytes pretreated with CCl,.
The EGCG mainly acts via stimulation of GSH synthesis and by increasing the GPx level to 4-
fold (Fig. 3.10). In the present study, the protective effects of the XF and SCA may extend

beyond inducing AOEs. The antioxidants form a mutual protection where an overproduction of
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superoxide ion inactivates CAT and GPx while the H,O, may inhibit SOD (Kono and Fridovich,
1982; Blum and Fridovich, 1985; Bray et al., 1974). Therefore, under conditions of cellular
oxidative stress the entire enzyme system may get inactivated at least in part due to the presence
of unscavenged superoxide ion and H,O,. Under such circumstances, if SOD is induced, the
concentrations of superoxide would decrease allowing partial recovery of CAT and GPx (Nelson
et al., 2006). Another factor to consider is the measurement of lipid peroxidation. 4-
hydroxynonenal, a product of lipid peroxidation induces GPx synthesis. So, if high SOD activity
imparts reduction of lipid peroxidation, it would result in low GPx synthesis as a consequence of
decreased 4-hydroxynonenal production (Larini et al., 2004). This perhaps explains the behavior
of cells towards XF, where an increase in SOD activity with a consequent reduction in lipid
peroxidation and GPx activity was observed. However, this hypothesis could not be applied to
cellular response to SCA post CCl, treatment where an increased SOD and decreased lipid

peroxidation did not yield high GPx activity.

From the literature it appears that carotenoids, particularly B-carotene, fail to exert a protective
effect under pre-existing oxidative stress conditions especially in smokers. Evidences suggest a
prooxidant action of carotenoids, especially when present at high concentrations, in smokers
which is attributed to the altered metabolism of carotenoids to reactive intermediates (Wang et
al,, 1999; Liu et al., 2004). At the same time another study indicated that a high dose of f-
carotene increased the lung pathology irrespective of smoking or non-smoking subjects,
worsening in smoke exposed models, while a low dose B-carotene in smoke exposed ferrets
provided protection against squamous metaplasia linking the paradoxical effects of B-carotene in
incidence of lung cancer to its dose (Russell, 2004). A close scrutiny of the results obtained with
the biochemical analyses in the present study suggests that at higher concentrations carotenoids,
particularly the carotene fraction rich in B-carotene, indeed fail to provide protection against
CCly-induced oxidative stress. This can also be attributed to the high oxygen partial pressure
under the culture conditions (95% O, and 5% CO,) which does not happen in vivo, thus in itself
may be causing an oxidative environment (Halliwell, 2003). Therefore, a thorough in vivo

investigation is necessary before arriving at a conclusion.

The pulp extract of S. cumini (SPE) did not show significant protection against AOEs and lipid
peroxidation. Since MTT and LDH assays clearly show cytoprotection by SPE, there may be
other mechanisms involved in cell protection rather than the involvement of GSH alone. The
involvement of other enzymes such as glutathione reductase and respective transferase (not
followed in this study) cannot be ignored since the glutathione redox system functions in tandem

with each other to counterbalance the reactive species. The overall results show that the extracts,
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especially SCA, mainly act via the glutathione redox system rather than through CAT and SOD
enzyme system. A direct scavenging effect may not be ruled out. The failure of the extracts CF
and SPE in completely restoring the SOD and CAT activities suggest that the two extracts reverse
cell damage through biological pathways independent of these AOEs in CCly-induced toxicity. It
is possible that they act via the glutathione redox system. The differential effects of extracts and

EGCQG indicate that they exert protective effect via different mechanisms.
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3.3.3 AMELIORATION OF tert-BUTYL HYDROPEROXIDE-
INDUCED TOXICITY

The previous section discussed the protective role of anthocyanins of S. cumini fruits and
carotenoids of D. regia flowers against damaging effect of CCl, in isolated rat hepatocytes
emphasizing on the AOEs. This section will elaborate on the mechanism of damage induced by
yet another oxidant, fert-butyl hydroperoxide (TBH) and its amelioration by anthocyanins and
carotenoids from selected sources. Due to the diverse chemical nature of prooxidants, all types of
antioxidants may not protect cells against all kinds of free radicals and antioxidants may well be
selective towards the type of free radicals they attack. The selectivity perhaps depends on the
solubility of the oxidant and the pro-oxidant, their affinity to each other and also the cellular
milieu in which they are present. Ability to act against different types of free radicals and toxins
is a desirable property of any antioxidant. 7ert-butyl hydroperoxide is one of the best described
models for induction of oxidative stress status and investigation of mechanism of oxidative cell
injury (Lazze et al., 2003; Alia et al., 2005). Therefore, the objective of the present study was to
determine whether the anthocyanins of S. cumini and carotenoids of D. regia which possess
strong antioxidant activity in vitro as described in the previous sections, can also protect the

isolated rat hepatocytes against TBH induced oxidative stress.

Tert-butyl hydroperoxide is an organic hydroperoxide that is widely used to induce oxidative
stress in various cell models (Lazzé et al., 2003; Alia et al., 2005). It is metabolised to free radical
intermediates by cytochrome P-450 in hepatocytes, causes glutathione depletion and is one of the
precursor molecules in the formation of malondialdehyde, a major lipid peroxidation product
(Rush et al., 1985; Garcia-Cohen, 2000). The toxicity of TBH is attributed to the butoxyl radicals
generated due to Fenton reaction (Baker and He, 1991). Tert-butyl hydroperoxide (TBH) causes
cytotoxicity through generation of reactive species, particularly superoxide ion, GSH depletion,
lipid peroxidation, induction of DNA strand breaks and influx of calcium ions (Bellomo ef al.,

1982; Ochi and Miyaura, 1989; Awe and Adeagbo, 2002; Gitika et al., 2006).
3.3.3.1 Cell viability and integrity

Assessment of functional integrity of cells as a means to establish the absence of cytotoxicity
involves a battery of well validated assays having considerable amount of historical control data.
The 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT) and lactose

dehydrogenase (LDH) assays are well established and are widely used to assess the mitochondrial
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competence and cell membrane integrity respectively (Ljubuncic et al., 2005). In the previous
section it was demonstrated that the extracts at the tested concentrations were non-toxic to
isolated rat hepatocytes and based on other biochemical parameters, 50 and 100ppm of the

extracts were chosen to elucidate their protective effect against TBH-induced oxidative toxicity.
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Fig. 3.11 Effect of extracts and standards on viability of rat hepatocytes in the presence (lower
panel) and absence (upper panel) of TBH. The cells were treated with extracts for 4 h followed by
treatment with 2mM TBH for 2 h. Data correspond to the representative values from three
independent experiments done in triplicate and are represented as average = SD.

A 2 h incubation of the cells with 2mM TBH in serum free culture medium resulted in 45%
reduction in viability (Fig. 3.11) whereas pretreatment of the rat hepatocytes with different

extracts for 4 h provided significant protection against TBH induced cytotoxicity.

The extracts provided protection in a dose dependent manner. The SCA at 50 and 100 ppm
restored the cell viability to 73% and 98% respectively. The standard antioxidants EGCG and
quercetin as well as the carotenoids extracts of D. regia, the CF and XF retained the viability
above that of control cells. It may be noted from the Fig. 3.11 that the EGCG, quercetin, SCA and
XF when fed to cells in the absence of stress maintained the cell survival above the control levels.
The elevation of cell viability by these compounds is possible due to their protection against the
natural stress the cells are subjected to during the isolation and culture conditions of 95% oxygen.
This is a positive attribute of the extracts suggesting that they may actually increase the survival

time of cells or delay their death under normal conditions.
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Lactate dehydrogenase (LDH) is an enzyme that exists in many tissues and organs, such as heart,
muscle, kidney, liver etc. Intracellular LDH leakage, as a result of the plasma membrane
breakdown and a concomitant alteration in its permeability, was evaluated as a marker of cell
membrane integrity and viability. LDH leakage was used as an indicator of cytotoxicity induced
by TBH in rat hepatocytes in culture. A 2 h exposure of isolated rat hepatocytes to 2mM TBH
evoked a significant increase in LDH activity (60% compared to 34% in control) in cell culture

medium indicating cell damage (Fig 3.12).
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Fig. 3.12. Effect of extracts and standards on LDH leakage in rat hepatocytes in the presence
(lower panel) and absence (upper panel) of TBH. The cells were treated with extracts for 4 h
followed by treatment with 2mM TBH for 2 h. Data correspond to the representative values from
three independent experiments done in triplicate and are represented as average + SD.

The extracts as such did not cause significant LDH leakage and its concentration was maintained
at the basal level in all treatments. However, pretreatment of the hepatocytes with extracts and
standards caused a substantial reduction in LDH leakage which was dose dependent (Fig. 3.12).
Tert-butyl hydroperoxide is an extensively used oxidative model to study the mechanism of
hepatotoxicity and to screen hepatoprotective antioxidants (Hwang et al., 2005; Lee et al., 2005a;
Lin et al., 2000b) where LDH leakage, glutathione content and lipid peroxidation were the
primary end points studied. Treatment of rat hepatocytes with different classes of antioxidants has
proven to reduce TBH-induced cytotoxicity. Pretreatment of SCA caused a 30-35% reduction in
TBH-induced LDH leakage at the tested concentrations of 50 and 100ppm. The results are in

agreement with other reports on cytoprotective effects of anthocyanins. Pretreatment of primary
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rat hepatocytes with anthocyanins of dried Hibiscus sabdariffa flowers significantly inhibited the
LDH leakage induced by TBH (Wang et al., 2000). EGCG and quercetin at 1uM concentration
were non-cytotoxic and provide complete protection to cells against TBH induced cell death.
EGCG (Hou et al., 2007; Yao et al., 2008) and quercetin (Muthukumaran et al., 2008; Alia et al.,
2006b) have been shown to be cytoprotective in different cell and animal models against various
chemical insults. The LDH level in EGCG and quercetin pretreated cells was below that of
untreated cells thus further supporting its protective effect. The extracts at 100 ppm compared
well with 1uM of EGCG and quercetin in terms of cell viability and LDH leakage in TBH-
challenged cells.

3.3.3.2 Glutathione content

Glutathione, a low molecular thiol present in millimolar concentrations in animal cells is an
important member of the body’s primary line of defense and plays key regulatory roles in
metabolic reactions and progression of cell-cycle (Shan et al., 1990; Poot et al., 1995; Huang et
al., 2001). Depletion of GSH has been implicated in hepatic and renal injury caused by overdose
of drugs like paracetamol (Thomas 1993). Tert-butyl hydroperoxide is a substrate for glutathione
peroxidase and results in rapid depletion of glutathione in hepatocytes (Bellomo et al., 1982)
chiefly via metabolism by GPx and therefore is a suitable model to study glutathione depletion

and consequent cytotoxicity in cells.

The present study showed a significant reduction (35% compared to control) in GSH content in
TBH treated rat hepatocytes. The cells treated with 50 ppm of anthocyanin extract in the absence
of TBH showed GSH content comparable to the control, untreated cells. The SCA replenished the
GSH content in a dose dependent manner. A 37% increase in GSH content was observed at
50ppm as compared to the TBH treated cells whereas at 100ppm it raised above that of untreated
cells indicating its high antioxidant activity (Fig. 3.13).

When the isolated rat hepatocytes were exposed to the extracts and standards, no significant
difference was observed in GSH content between the control and EGCG/quercetin treated cells.
However the extracts showed an induction of GSH in rat hepatocytes to an extent of 25-33%,
highest induction being observed at 50ppm of XF. Pretreatment with the extracts and standards
showed varied effects on the thiol status of the cells. All the three extracts elevated the TBH-
induced reduction in GSH content close to the control levels. At 100ppm, the SCA, CF and XF
elevated the GSH above normal levels. It is not clear if there is induction of GSH in the presence
of oxidative stress since the GSH concentration in cells was not above that when treated with the

extract alone. It appears that the induction of GSH synthesis in cells in the presence of
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anthocyanins and carotenoids is an adaptation of cells to cope up with the upcoming oxidative

stress conditions.
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Fig. 3.13. Effect of extracts and standards on GSH content in rat hepatocytes in the presence
(lower panel) and absence (upper panel) of TBH. The cells were treated with extracts for 4 h
followed by treatment with 2mM TBH for 2 h. Data correspond to the representative values from
three independent experiments done in triplicate and are represented as average + SD.

Earlier in this chapter it was discussed in detail the reports suggesting the ability of carotenoids
and anthocyanins from different sources to enhance GSH biosynthesis in vivo by stimulating
over-expression of y-glutamyl cysteine synthase. A comparison of cells response to extracts with
that to EGCG and quercetin suggest that the EGCG may show cytoprotection via mechanisms
independent of GSH. It significantly reduced the GSH pool to a level 60% below that of TBH
treated cells. Similar observations were made where EGCG was found to have no effect on GSH
induction (Steele ef al., 2000) and pre-treatment of PC12 cells with EGCG caused a significant
reduction in GSH content post exposure to lead acetate while other tea catechins did not share this
behavior (Chen et al., 2004). This suggests that the effect of different polyphenols on the thiol
status of the cell perhaps varies with their chemical structures and/or is related to the regulation of
certain gene expression properties. On the contrary, Yumei ef al., (2006) reported EGCG exerts
its antioxidant effect through induction of GSH in rat hepatic stellate cells thus exhibiting
antifibrogenic property. However, the study utilised much higher concentrations of EGCG (10-

80uM) than it was used in our study (1pM). Moreover, in our own study described earlier in this
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chapter, EGCG had a protective effect on CCly-induced reduction in cellular GSH content (Fig.
3.6) by replenishing it to above control levels. Therefore, one may presume that effect of EGCG
on GSH content perhaps depends on the type of cell/tissue, presence and absence of oxidative
stress, the chemical nature of the oxidant and the concentration of EGCG itself. Contrary to the
effect of EGCG on GSH content, quercetin caused a 2-fold increase in GSH content in cells
exposed to TBH (Fig. 3.13). One of the mechanisms of protection against oxidative stress by
quercetin is suggested to be through increase in GSH content (Ishige et al, 2001). Most
flavonoids have been reported to increase GSH content in vivo by transactivation of the heavy
subunit of y-glutamylcystein synthetase (GCS;), a rate limiting enzyme in GSH synthesis.
Myhrstad et al., (2002) observed quercetin-induced GSH synthesis via induction of antioxidant
response elements (ARE) and electrophile response elements (EpRE) located on the GCS,
promoter regions. Therefore, a rise in GSH content in hepatocytes pretreated with quercetin and
also SCA, CF and XF may also be due to the increased synthesis of GSH as a defense response to
increased oxidative stress induced by TBH. Reduced cellular glutathione is associated with a
variety of pathological processes. For example, apoptosis in neural cells preceded rapid increase
in ceramide production as a consequence of depletion in GSH pool (Beaver and Waring, 1995;
Yoshimura et al., 1999). Therefore, phytochemical antioxidants which can stimulate de novo
GSH synthesis can play a central role in protecting against various oxidative stress related

pathologies.
3.3.3.3 Lipid peroxidation

Lipid peroxidation is one of the major causes of cell injury which is mediated by the inactivation
of membrane enzymes and receptors, depolarisation of polysaccharides and protein cross-linking
ligand fragmentation (Lugman and Rizvi, 2006). Though TBH causes severe lipid peroxidation, it
does not seem to be the main mechanism by which it causes cell injury or death (Rush et al,
1985). However, most studies targeted at understanding the protective mechanisms of
phytochemicals against TBH-induced toxicity use lipid peroxidation as one of the primary end
points. In the present study, the cells exhibited 2-fold increase (34.15%) in lipid peroxidation
when exposed to TBH as compared to that of untreated cells (15.11%). While the extracts and
standards did not cause significant lipid peroxidation when applied alone to isolated rat
hepatocytes, they substantially reduced the extent of lipid peroxidation brought about by TBH to
near control level. Anthocyanins from different sources and also pure anthocyanins have been
reported to inhibit lipid peroxidation induced by various oxidants. Tert-butyl hydroperoxide
induced increase in lipid peroxidation has been found to be effectively abrogated by anthocyanins

of hibiscus in rat livers and isolated rat hepatocytes (Wang et al., 2000). Anthocyanidins isolated
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from pomegranate fruits were shown to inhibit lipid peroxidation induced by H,O, in rat brain
homogenates (Noda et al., 2002). Youdim ef al., (2000) reported the incorporation of elderberry
anthocyanins in to the endothelial cells inhibiting the oxidative stress induced by various
stressors. They demonstrated that incorporation of anthocynins is considerably higher in plasma
membrane compared to the cytosol. The surface action of the anthocyanins with the oxidative
free radicals perhaps protects the cells against membrane lipid peroxidation. Therefore the
absorption of anthocyanins by the cells appears to be an important factor in conferring protection.
Figure 3.14 gives an account of the effect of extracts and standards on cellular lipid peroxidation
in the absence and presence of TBH-induced oxidative stress. The SCA at 100 ppm reduced the
lipid peroxidation to 13.26% as against a 34.15% in TBH-treated cells. The anthocyanin extract at
50 and 100ppm was equivalent to 1uM of EGCG and quercetin in their activity (Fig. 3.14).
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Fig. 3.14. Effect of extracts and standards on lipid peroxidation in rat hepatocytes in the presence
(lower panel) and absence (upper panel) of TBH. The cells were treated with extracts for 4 h
followed by treatment with 2mM TBH for 2 h. Data correspond to the representative values from
three independent experiments done in triplicate and are represented as average + SD.

Pretreatment with carotenes and xanthophylls exert a substantial protection to hepatocytes against
ensuing oxidative stress. It is evident from Fig. 3.14 that both CF and XF protect the cells against
TBH-induced lipid peroxidation. Apparently the xanthophyll fraction provides more protection as
compared to the carotene fraction. This difference may be attributed to the differntial absorption
of these compounds in biological systems. Carotenes and xanthophylls show differential abilities

to scavenge free radicals in vitro, xanthophylls being more effective than carotenes (Miller et al.,
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1996). In vivo, certain xanthophylls have been shown to be preferentially absorbed and
distributed in cells compared to the carotenes and other xanthophylls. For example, astaxanthin,
lutein and zeaxanthin were found to be absorbed more effeciently than o and B-carotene from the
intestinal lumen suggesting a greater bioavailability of xanthophylls (Gartner et al., 1996;
O’Sullivan et al., 2007). Lutein uptake was greater than that of zeaxanthin in human epthelial lens
cells and protected against UV-B induced lipid peroxidation (Chitchumroonchokchai et al.,
2004). Therefore, the activity of carotenoids in biological systems appears to be a factor of the
polarity of the compounds and hence its absorption and bioavailability. The XF contains
compounds such as lutein and zeaxanthin, which perhaps is the reason for its higher efficiency in

inhibiting lipid peroxidation.
3.3.3.4 Antioxidant enzyme activity and expression

The cellular AOEs play an important role in the defense against oxidative insult. Alterations in
the activity of these enzymes are considered an important biomarker of oxidative stress response
(Sies, 1993). It is a general consensus that oxidative stress results in an increased activity of
AOEs such as catalase, glutathione peroxidase and superoxide dismutase. Shull et al., (1991)
reported a selective AOE inductive response of tracheobronchial epithelial cells to different
oxidative insults. The AOE response depends on the toxin either upregulating or downregulating
the same. For instance, while toxins like CCly, alcohol, paraquat and microcystine, a microbial
toxin lower the cells” AOE activities (Martin-Aragon et al, 2001; Igarashi et al., 2000;
Pushpakiran et al., 2004), others like TBH and rotenone increase the activity of the enzyme in
response to the stress (Sanchez-Reus, 2007; Alia et al., 2005). However, stress response of a
particular cell or tissue type may vary with the ensuing pathology or the type of oxidative stress.
For example, activity of the AOEs varied with tissue type in streptozotocin induced diabetic rats.
While the activities of specific AOEs were up regulated in certain tissues, they were down
regulated in others (Kakkar et al.,, 1995) suggesting that the degree of stress response is perhaps
tissue specific. The activity of AOEs were found to decrease in CCl-exposed isolated rat
hepatocytes as described earlier in this chapter. Further studies were carried out to elucidate the
cellular response to yet another oxidant, TBH in terms of AOE activity and their gene expression

and the same is discussed in the following sections.

3.3.3.4.1 Superoxide dismutase
Superoxide dismutase is a component of the primary line of defense against oxidative stress and
comprises of Cu/ZnSOD, MnSOD and ECSOD. They catalyse the dismutation of superoxide

anion into oxygen and the reactive H,O,. The peroxide is further inactivated by CAT and/or GPx
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and therefore, SOD acts upstream of GPx and CAT. Biological importance of SODs has been
implicated in health and disease conditions that are extensively reviewed by several researchers
(Mates, 2000; Johnson, 2002). Cu-Zn SOD is the major intracellular SOD and is an important
factor in determining the antioxidant status of a cell. Lack of or the presence of mutated Cu-Zn
SOD has been implicated in pathologies such as familial amyotropic lateral sclerosis (Rosen et
al.,, 1993). TBH, in the present study, evoked a significant increase (1.5-fold) in SOD response
when isolated rat hepatocytes were subjected to oxidative stress by exposing them to 2mM TBH
for 2 h (Table 3.2). Studies have shown that anthocyanins are capable of inducing SOD and CAT
enzymes in vivo (Chiang et al., 2006). However the cells, when treated with the SCA alone, did
not show a significant difference in SOD activity as compared to the untreated cells. In fact

higher concentration of SCA reduced the activity of the enzyme by about 14% at 100 ppm.

Table 3.2. Effect of the extracts, EGCG and quercetin on the activity of the enzyme SOD in the

presence and absence of TBH in isolated rat hepatocytes™.

Control TBH
Sample 50 ppm 100 ppm 50 ppm 100 ppm

Control 894.65 +42.35

TBH (2mM) 1295.12 £40.42

SCA 819.61 £24.82 776.93 £39.58 | 932.18 £32.77 1031.45 £53.28
CF 3557.87£53.91  2305.99 £42.48 3969.93 £ 48.02 1991.11 £40.12
XF 1032.52£19.84  1124.49 +£27.33 1271.99 £34.71 1476.68 £ 38.35

1pM

EGCG 1334.96 £33.28 1200.58 £ 45.34
Quercetin 1414.97 £ 52.45 1433.82 +£48.34

* The cells were treated with extracts for 4 h followed by with 2mM TBH for 2 h. Data
correspond to the representative values from three independent experiments done in triplicates
and expressed as average + SD.

Pretreatment of isolated rat hepatocytes with anthocyanin extract brought about a significant
reversal (30% and 20% at 50 and 100 ppm respectively) in TBH-induced increase in SOD
activity (Table 3.2). Interestingly tremendous increase in activity of SOD was observed when the
isolated rat hepatocytes were treated with carotenoids of D. regia in the absence of TBH. A
similar observation was made with EGCG and quercetin. Pretreatment with CF at 50ppm further
increased the SOD activity at both the concentrations, the activity being more intense at 50 ppm.
In the previous section we noticed a similar behavior where the CCl4-induced reduction in SOD
activity was further reduced by CF. While quercetin had no effect on TBH induced SOD, EGCG

brought about a 9% reduction in the enzyme activity which was not very significant (Table 3.2).
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Products of natural origin have been shown to induce AOEs in various cell and animal models. It
was noted that EGCG and quercetin significantly increased the activities of all the three AOEs,
quercetin being a more powerful AOE inducer. Quercetin has shown to induce a powerful SOD
response in hepatoma cells in vitro (Alia et al., 2005). However, in the presence of TBH stress
the activity was brought back to near normal despite a high activity exerted when present alone
(Alia et al., 2005, 2006b). The SOD response of cells in the presence of TBH stress was not
different from that in the absence of it as evidenced in the present study. The activities were on
par with that in the TBH exposed cells. This behavior was seen with all the AOEs where the
standard flavonoids as well as carotenoids stimulated significant increase in the activity. The
increased antioxidant response by the carotenoids and the flavonoids employed in the present
study may be an adaptive mechanism by the cell to cope up with the ensuing stress. Several
reports point to the ability of natural compounds to induce AOEs. It appears from our results that
pretreatment of the flavonoids and carotenoids offers better protection against an ensuing

oxidative stress than against a pre-existing oxidative stress.

The relative mRNA level of SOD in isolated rat hepatocytes and a representative gene expression
profile of the anthocyanins and standards assayed by semiquantitative RT-PCR is represented in

Fig. 3.15

Fig. 3.15. Effect of SCA and standards on the expression of SOD mRNA in isolated rat
hepatocytes exposed to TBH stress. Expression of enzyme mRNA was determined by
semiquantitative RT-PCR in isolated rat hepatocytes treated for 4 h with noted concentrations of
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sample and standards followed by 2 h exposure to 2mM TBH. PCR amplified B-actin was used
for loading normalisation. Densitometric quantitation of the bands are expressed as percentage of
control.

The activity of the SOD increased with a concomitant increase in the mRNA expression in TBH
treated cells and cells pretreated with SCA indicating a transcriptional regulation of the enzyme.
Oxidative stress is associated with increased or decreased gene expression depending on the type
of oxidative stress. Rotenone, a neurotoxin, induced transcription of SOD, CAT and GPx in rat
brains (Sanchez-Reus et al., 2007). Anthocyanins of red potato flakes were found to upregulate
rat hepatic SOD mRNA (Han et al., 2006) enhancing hepatic antioxidant system. It was observed
that TBH induced a dramatic increase in mRNA of SOD in rat hepatocytes which was parallel to
the increase in the activity (Fig. 3.15). In cells treated with 50 ppm SCA, the mRNA expression
was significantly reduced to a near normal level but at 100 ppm, the change was not significant.
Similarly, the transcript levels of cells treated with quercetin also remained high without
substantial attenuation in TBH induced increase in the same. This was in contrast to a recent
study which revealed that quercetin liposomes administered to rotenone intoxicated rats reduced
the rotenone induced increase in mRNA transcript levels (Sanchez-Reus, 2007). However their
results of activity were in agreement with the present study where quercetin induced SOD activity
which was not significantly different from that by TBH. Therefore it appears that in both the
studies quercetin activity is post-transcriptionally regulated irrespective of the amount of mRNA

that is transcribed.

The influence of carotenoids of D. regia flowers on the gene expression of SOD is represented in
Fig. 3.16. The CF showed a dose dependent reduction in mRNA abundance in hepatocytes
exposed to TBH. A substantial reduction in the transcript levels of SOD was also observed with
XF with no obvious difference between the two doses. Discrepancies were observed between the
activity and mRNA expression of SOD. There was a 3-fold increase (compared to TBH treated
cells) in the activity when cells were pretreated with 50 ppm of CF while the mRNA expression

remained below TBH control levels (Table 3.2 and Fig. 3.16).

The increased SOD transcript level with a consequent increase in the activity in TBH exposed
cells might be a cell’s way of responding to an external oxidative stimulus in an effort to
neutralize the damaging effects of same. However, the increased activity of SOD although
appears beneficial for protecting against oxidative stress, it may actually speed up the H,O,
formation and thus intensifying the oxidative stress (Scott et al., 1987). Therefore, an effective
defense requires balanced increments in AOEs involved in detoxification of reactive species

generated by each of them. It is discussed in the later sections with respect to consequent
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increases in activities of CAT and GPx which detoxify H,O, to non-toxic molecules thus helping

maintain cellular redox homeostasis.

Figure 3.16. Effect of carotenoids fractions of D. regia on the expression of SOD mRNA in
isolated rat hepatocytes exposed to TBH stress. mRNA expression of the enzyme was determined
by semiquantitative RT-PCR in isolated rat hepatocytes treated for 4 h with noted concentrations
of sample and standards followed by 2 h exposure to 2mM TBH. PCR amplified -actin was used
for loading normalisation. Densitometric quantitation of the bands are expressed as percentage of
control.

3.3.3.4.2 Catalase

Catalase plays a pivotal role in antioxidant defense. Studies on end-stage failing heart has
revealed an up regulation of catalase as a compensatory means for increased oxidative stress
(Dieterich et al., 2000). Treatment with TBH significantly stimulated the activity of the AOEs in
isolated rat hepatocytes. A 2-fold increase in CAT activity was induced by TBH (Table 3.3). The
activity in control, untreated cells was relatively low compared to the cells treated with the
anthocyanins either in presence or absence of TBH. This may be due to the reduction in catalase
activity and its mRNA expression with time in cultured rat hepatocytes (Rohrdanz and Kahl
1998). The SCA at both the concentration elevated the CAT activity which was insignificant,
maintaining the activity close to the basal level. However, pretreatment with SCA significantly

inhibited the TBH-induced increase in CAT activity. There was no considerable difference in the
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action of the extract at the two concentrations applied. The extract inhibited the action of TBH by

about 50% (Table 3.3) at both the concentrations with no significant difference between the two.

Table 3.3. Effect of the extracts, EGCG and quercetin on the activity of the enzyme CAT in the

presence and absence of TBH in isolated rat hepatocytes.

Control TBH
Sample 50 ppm 100 ppm 50 ppm 100 ppm
Control 6.08 £0.23
TBH 15.75 £ 1.48
SCA 6.78 £0.37 6.91£0.15 |8.23%£0.35 8.94 £ 0.66
CF 16.89 £2.14 14.53 £2.45 1651 £1.84 14.44+2.01
XF 13.76 £ 0.99 18.11 £1.92 17.12 £ 1.88 26.84 £2.96
1pM
EGCG 18.13 £ 1.05 13.43£0.94
Quercetin 16.84 £2.45 14.18 £ 0.94

The cells were treated with extracts for 4 h followed by with 2mM TBH for 2 h. Data correspond
to the representative values from three independent experiments done in triplicates and expressed
as average £ SD.

It was interesting to note that EGCG, quercetin and the carotenoids fractions radically increased
the CAT activity a response equivalent to or higher than that to TBH (Table 3.3). However,
pretreatment with EGCG, quercetin and CF (100ppm) brought down the elevated CAT activity
only slightly while XF brought about a four-fold increase in activity compared to control. In vitro
antioxidant studies have shown that EGCG is a potent antioxidant compared to other catechins
(Hara 1994; Igarashi et al, 1999). At low, physiological concentrations (<10uM), EGCG has
been shown to be cytoprotective (Sugisawa and Umegaki 2002). EGCG induces the production of
H,0, in vivo. The increase in CAT activity in cells treated with EGCG is perhaps a cell’s means
of defending itself from the harmful effects of H,O,. However, at doses above 100 uM, EGCG
induces chromosomal damage due to the production of H,O, (Sugisawa and Umegaki 2002).
From the present study it appears that the anthocyanins and EGCG offer protection against

oxidative stress through unrelated mechanisms.

The mRNA transcript levels of CAT gene in cells treated with SCA and their relative abundance
with respect to the control cells and a comparison with EGCG and quercetin is depicted in Fig.

3.17.
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Fig. 3.17. Effect of SCA and standards the expression of CAT mRNA mRNA in isolated rat
hepatocytes exposed to TBH stress. Expression of enzyme mRNA was determined by
semiquantitative RT-PCR in isolated rat hepatocytes treated for 4 h with noted concentrations of
sample and standards followed by 2 h exposure to 2mM TBH. PCR amplified B-actin was used
for loading normalisation. Densitometric quantitation of the bands are expressed as percentage of
control.

TBH significantly induced (2-fold) the CAT activity (Table 3.3) as well as the expression of
enzyme (Fig 3.17). A 53% increase in CAT mRNA transcript was achieved post TBH exposure
of cells for 2 h compared to untreated cells. Oxidative stress is associated with an increased
expression of AOE mRNA transcripts in rat hepatocytes (Rohrdanz et al., 2000) and in other cell
lines (Tate et al., 1990; Shull et al., 1991). Rohrdanz et al., (2001) demonstrated an increase in
mRNA transcript level when rat brain astrocytes were exposed to H,O, and paraquat. However,
Alia et al., (2006b) demonstrated a no difference in mRNA expression of CAT in HepG2 cells
treated with TBH from control cells despite an increase in the activity under oxidative stress.
They also observed a further attenuation of CAT expression in cells treated with quercetin prior
to TBH exposure. However, the results of present study differed significantly in that, quercetin
reduced the TBH-induced CAT expression significantly (despite its stimulatory action on enzyme
activity) but it did not reduce the expression level below that of control (Table 3.3 and Fig.
3.17). The effect of the treatment of isolated rat hepatocytes with carotenoids fractions of D. regia
flowers on the mRNA transcript level of CAT gene prior to TBH exposure is summarized in Fig.

3.18.
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Fig 3.18. Effect of carotenoids of D. regia on the expression of CAT mRNA in isolated rat
hepatocytes exposed to TBH stress. Expression of enzyme mRNA was determined by
semiquantitative RT-PCR in isolated rat hepatocytes treated for 4 h with noted concentrations of
sample and standards followed by 2 h exposure to 2mM TBH. PCR amplified B-actin was used
for loading normalisation. Densitometric quantitation of the bands are expressed as percentage of
control.

The elevated expression of the CAT was considerably attenuated by CF followed by XF. CAT is
known to be post-transcriptionally regulated after oxidative stress. While TBH had no effect on
CAT activity in Chinese hamster V79 cells (Ochi, 1990), it significantly induced CAT activity in
HepG2 cells without affecting the mRNA expression (Alia et al., 2006b). In the present study,
though CF and XF increased the activity of the enzyme drastically, a parallel increase in mRNA
transcript was not observed. Apparently, the activity and expression of AOEs are not inter-
related. Conceivably there are transcriptional and/or post transcriptional regulatory mechanisms
operating at different levels depending upon the tissue type and/or the oxidant molecule.
However, in the present study, a dose dependent antagonism was observed in cells pre-treated
with anthocyanin extract of S. cumini both in terms of activity and transcription. The transcript
levels of CAT were significantly reduced compared to that in TBH treated cells. EGCG, quercetin

and the carotenoids extracts at the tested concentration reduced the mRNA expression of CAT

compared to TBH though they did not have any effect on the TBH-induced activity of the same.
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From the results obtained above it appears that the carotenoids fractions act via similar

mechanisms adopted by EGCG and quercetin with respect to their action on CAT enzyme.
3.3.3.4.3 Glutathione peroxidase (GPx)

Glutathione peroxidase is an important seleno-enzyme participating in detoxification of H,O,
downstream of SOD. A 4.3-fold increase in GPx activity was observed when cells were
challenged with TBH as compared with the untreated cells. There have been contradictory reports
on the effect of TBH on activity of GPx in cells. While Ochi et al., (1990) report the inhibitory
effect on GPx, there are others who claim an opposite effect (Alia et al., 2005; 2006a; Garcia-
Alonso et al., 2006). It is possible that this difference is due to the difference in the type of cell
line they used in their individual experiments. This enzyme was found to be inhibited by 5S0uM of
TBH in vitro (Pigeolet ef al., 1990). However, this inhibition is perhaps due to the direct effect of
the organic hydroperoxide on the purified enzyme in vitro. A direct contact of the protein with
TBH may not occur in vivo, due to the presence of biological barriers and other cellular factors
which might protect the protein against the inhibitory activities of the oxidant. Another theory
suggests that the induction of molecular homolysis of hydroperoxides by unsaturated fatty acids
of membrane lipids leads to lipid auto-oxidaiton producing lipid hydroperoxides resulting in more
free radicals. Therefore, the free radicals derived from such processes or some consequent mon-
radical products may serve as inducers of the glutathione enzyme system rather than the
hydroperoxide substrates (Munkres and Colvin, 1976). Therefore, what exactly is the reason for
the difference in GPx activity in different cell types under TBH stress is still unknown. In the
present study, the anthocyanin extract of S. cumini itself had a stimulating effect on GPx activity.
The activity increased 2.6 and 3.6-fold when cells were treated with 50 and 100ppm extract
respectively. Though the extract, at 50ppm increased the activity, it significantly reduced the
TBH-induced activity by about 70% (Table 3.4). However, 100 ppm of the anthocyanins was
ineffective against GPx activity enhanced by TBH but instead it further increased the activity of

the enzyme.

The phospholipid hydroperoxide GPx is considered to be involved in protection of lipid
biomembranes against oxidative peroxidation (Masella et al., 2005). The increased reduction in
lipid peroxidation by the extracts and standards appears to be the result of increased action of
GPx thus conferring enhanced protection against TBH induced lipid peroxidation. When the cells
were exposed to anthocyanin extracts alone, the lipid peroxidation levels were much lower than
the control levels with a consequent increase in GPx activity. This suggests that activity of GPx

and extent of lipid peroxidation are inversely proportional.
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Table 3.4. Effect of the extracts, EGCG and quercetin on the activity of the enzyme GPx in the

presence and absence of TBH

Control TBH

Sample 50 ppm 100 ppm 50 ppm 100 ppm
Control 54.92+2.43
TBH (2mM) 239.81 £ 21.56
SCA 143.37+11.45 201.31 £ 18.44 | 81.23 £6.49 246.42 £ 5.38
CF 533.23£18.92  592.65+21.71 626.51 £ 13.67 640.57 £ 11.48
XF 506.57£15.24  784.37+30.84 | 465.31+21.22 424.53 £ 16.73

1pM

EGCG 175.98 £ 14.34 267.95+22.19
Quercetin 246. 05+ 19.38 270.21 £ 28.34

* The cells were treated with extracts for 4 h followed by treatment with with 2mM TBH for 2 h.
Data correspond to the representative values from three independent experiments done in
triplicates and expressed as average = SD.

EGCG and quercetin had a similar effect on GPx as they had on CAT activity. That is, when the
cells were exposed to EGCG/quercetin in the absence of TBH a tremendous increase in GPx
activity was observed which was not attenuated in the presence of TBH. A like behavior was
observed when isolated rat hepatocytes were treated with CF and XF either alone or treated prior
to TBH exposure. A 10-fold increase in GPx activity compared to control was observed with CF
while it was 14-fold when cells were treated with XF at 10ppm. The activity was further
increased post-TBH treatment in cells treated with these extracts. It was particularly high in CF
treated cells. Natural products have known to induce AOEs in vivo. Green tea is reported to
increase GPx activity in livers of alcohol intoxicated aged rats. It significantly increased the GPx
activity in rat liver as compared to vehicle treated, control rats (Augustyniak, 2005). EGCG being
the chief constituent of green tea may be partly responsible for increased GPx activity and this
can be correlated to the protective action of EGCG on isolated rat hepatocytes in the present
study. Flavonoids and other polyphenols have been credited with the ability to enhance
antioxidant capacity of living cells (Ishige er al, 2001; Rodrigo et al., 2002). Despite the
contradictory reports on the regulation of AOE activities, the polyphenols appear to confer
protection against oxidative stress perhaps via mechanisms independent of or in combination with

other pathways.

Figure 3.19 shows the effect of pretreatment of SCA and standards on TBH-induced alterations
in GPx mRNA transcripts. The transcript analysis of GPx gene in hepatocytes treated with TBH

revealed an up-regulation of the same by about 44%.
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Fig. 3.19. Effect of SCA and standards on the expression of GPx mRNA in isolated rat
hepatocytes exposed to TBH stress. Expression of enzyme mRNA was determined by
semiquantitative RT-PCR in isolated rat hepatocytes treated for 4 h with noted concentrations of
sample and standards followed by 2 h exposure to 2mM TBH. PCR amplified B-actin was used
for loading normalisation. Densitometric quantitation of the bands are expressed as percentage of
control.

It was observed that pretreatment with SCA significantly reduced the mRNA abundance of GPx
gene despite an increase in activity at 100 ppm. The expression of GPx is under complex
regulation that includes transcriptional (Merante et al., 2002), post-transcriptional (Baker et al.,
1993) and translational mechanisms (Driscoll and Copeland, 2003). Though there was an increase
in the activity of the enzyme, no increase in the steady state mRNA level was observed with SCA

nor with EGCG and quercetin suggesting the activity is pos-transcriptionally regulated.

The carotenoid extracts of D. regia flowers did not alter the transcription of GPx mRNA, though
the activity was significantly increased (Fig. 3.20). There was a many fold increase in the GPx
activity in rat hepatocytes pretreated with CF and XF. When the cells were exposed to CF and XF
alone, they evoked a 10- and 14-fold increase in activity respectively at 100ppm. The activity,
however, was not normalized in the presence of oxidative stress where TBH further enhanced the
CF-induced increase in GPx activity, but that of XF was slightly attenuated but was still 2-fold
higher than TBH-treated cells. The transcript abundance in cells treated either with CF or XF
remained close to basal levels. EGCG and quercetin, though increased the activity several folds

compared to control as well as TBH treated cells, had no apparent effect on mRNA expression of
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the enzyme. Quercetin at 1uM had an effect similar to that of EGCG, increasing the GPx activity
by about 5-fold (compared to control) in the presence and absence of TBH while the mRNA

expression was not altered.

Fig. 3.20. Effect of D. regia carotenoids on the expression of GPx mRNA in isolated rat
hepatocytes exposed to TBH stress. Expression of enzyme mRNA was determined by
semiquantitative RT-PCR in isolated rat hepatocytes treated for 4 h with noted concentrations of
sample and standards followed by 2 h exposure to 2mM TBH. PCR amplified B-actin was used
for loading normalisation. Densitometric quantitation of the bands are expressed as percentage of
control.

This result is in contrast to the results of Alia et al., (2006a) where quercetin alone did not induce
a significant change in the activity of GPx but increased the mRNA expression significantly in
hepatoma cells at similar concentration tested in our study. Similarly, a reduction of TBH-
induced increase in GPx activity was reported by quercetin (Alia ef al., 2006b) which is again in
contrast to the current study. Nevertheless, the results of the present study is in agreement with

Rohrdanz ef al., (2003), who demonstrated a decrease in mRNA expression of GPx by quercetin

but lacked data on activity.

Anthocyanins from the other sources have been shown to increase the mRNA expression of
AOQE:s in different cell and animal models (Han ef al., 2006; Chiang ef al., 2006). Apparently, the
anthocyanin extract of S. cumini fruits provide protection to the cells by increasing the activity of

GPx when treated alone which is also proven by the present study. Interestingly in the presence of
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oxidative stress, the activity of this enzyme was significantly reduced at 50 ppm. Though these
AOQOEs are an important factor in counterbalancing the oxidative stress, increased SOD has been
shown to accelerate H,O, formation in living cells (Scott et al, 1987). The present study
demonstrates an induction of AOEs when the cells were treated with the standards such as EGCG
and quercetin and induction of GPx by the anthocyanin extract. Despite an increased enzyme
activity, the lipid peroxidation levels remained low with a concomitant increased GSH content,
thus conferring protection to the cells. Several other studies report such phenomena by various
other naturally derived phytochemicals (Nelson et al, 2006; Wang and Ballington, 2007). A
likely explanation that can be given here is that, these substances act primarily by direct induction
of these enzymes. However, the effect of EGCG is debatable here since it showed high AOE
activities and a low cellular GSH content. It is reported elsewhere that EGCG even at uM
concentrations showed and oxidative stress enhancing effects as evidenced by the generation of
H,O, (Elbling et al., 2005). They observed that the toxic effect of EGCG was significantly higher
than that of the generated H,O, amounts added exogenously suggesting that the toxic effects of
EGCG cannot be fully ascribed to H,O, generation but may be due to the formation of
superoxide. A very high activity of SOD and its expression may be correlated with the toxicity.
However, in light of several other reports which demonstrate the antioxidant effects of EGCG
(Augustyniak et al., 2005; Reddy et al., 2008), particularly at low concentrations, such a claim

has to be viewed with care and much deliberation.

TBH is known to act chiefly via production of free radicals and reactive oxygen species thus
leading to an increased lipid peroxidation and other consequences. The increased activity of the
AOEs may be considered secondary in this case and may be attributed to an adaptive response of
the cell to cope with the TBH-induced increase in oxidative stress. The overall results suggest that
keeping the cells’ antioxidant defense active without inflicting an oxidative stress status is
beneficial in fighting against the possible onslaught from the reactive species for which judicious

levels of natural extracts appear helpful.

3.3.3.5 Conclusions

Isolated rat hepatocytes show extensive damage when exposed to 2mM TBH as evidenced by
increased cell death, LDH leakage and lipid peroxidation and reduction in cellular GSH content
due to the overwhelming oxidative stress. The antioxidants tested in the present study particularly
the anthocyanins of S. cumini effectively reverse the effect of TBH in terms of enhancing the
viability and normalizing GSH, lipid peroxidation and antioxidant activity both in CCly- and
TBH-induced toxicity models. The effects of SCA were comparable with that of EGCG and

quercetin in terms cell viability and lipid peroxidation but not with respect to their response to
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AOEs. EGCG and quercetin significantly enhanced the AOE activities whether in the presence of
oxidative stress or not. However, this was not the case with SCA which effectively reversed the

toxin-induced alterations in enzyme activities in both models.

The carotenoids, particularly the CF, behaved in a manner similar to EGCG and quercetin in most
ways by enhancing the AOE activities. But unlike EGCG, CF and XF did not cause depletion of
cellular GSH. Quercetin was different from EGCG in a way that though it enhanced the TBH-
induced enzyme activity, it significantly enhanced the GSH pool which perhaps is the reason for
the protection of cells against oxidative stress. And as discussed earlier, the increased AOE
activity in case of quercetin and carotenoids may be an adaptive mechanism to combat the

oxidative reactive species generated in case of an oxidative stress condition.
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Chapter 4

Effects of extracts on human hepatoma cell
line: Studies on expression of antioxidant

enzymes and cell proliferation
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Summary

The antioxidant potentials of the extracts of S. cumini and D. regia were further elucidated using
Hep3B cell line. In addition to the extracts and standards used in the previous chapter,
anthocyanin rich extract of D. regia was also tested for its cytoprotective activity. All the extracts
and standards protected from TBH-induced cell death, the order of protection being
SCA=DRA>EGCG>quercetin>XF>CF as measured by MTT assay and LDH leakage. The
extracts elevated the GSH content above the control level indicating an ability to stimulate
cellular GSH synthesis. TBH induced a 2-fold increase in lipid peroxidation which was prevented
by the extracts as well as EGCG and quercetin, SCA being the most powerful inhibitor of lipid
peroxidation. Anthocyanins from both the sources and standards conferred protection against
Fenton mediated oxidative damage to isolated DNA, whereas carotenoids provided only a
negligible protection, perhaps due to their low solubility in aqueous medium. Morphological
analysis of the cells revealed apoptotic characters in TBH exposed cells which was significantly
prevented by the extracts. This was further confirmed by the reduced Bcl2-Bax ratio in TBH
treated cells and the increase in the ratio in cells pretreated with the extracts and standards. TBH
also induced a 2-fold induction of caspase-3 activation, a hallmark of apoptosis. All the extracts
and standards inhibited the caspase-3 activation almost completely and the inhibition was nearly
equivalent to that by the pancaspase inhibitor zZVAD-fmk. Study on the activities and mRNA
expression of antioxidant enzymes (AOE) showed a significant induction of SOD activity and
reduction of CAT and GPx by TBH. SOD activity appeared to be transcriptionally regulated since
an increased mRNA expression was also noticed. However, the reduction in CAT and GPx
mRNA expression was not proportional to their activity in TBH treated cells. Contrary to their
response in isolated rat hepatocytes, carotenoid fractions of D. regia, EGCG and quercetin
reversed the TBH-induced changes in the AOE activities to a considerable extent. The activity of
GPx appears to be posttranscriptionally regulated in Hep3B cells pretreated with quercetin,
EGGC (10uM) and SCA since an increase in activity was not associated with an increased
expression of its mRNA. A transcriptional regulation of CAT and SOD was obvious in cells
pretreated with extracts as well as standards except DRA (100ppm) and quercetin (10uM). Since
SCA was found to act via modulation of AOEs, its effect on the stability of transcribed mRNA of
these enzymes was studied by inhibiting the transcription followed by measuring the steady state
mRNA level in a time dependent manner. TBH caused a radical reduction in steady state mRNA
level of CAT and GPx. GPx was most susceptible to degradation by TBH and was almost
completely degraded one hour after the addition of the transcription inhibitor, actinomycin D.
SCA provided protection to CAT mRNA by almost completely inhibiting the action of TBH on
the same. Pretreatment of SCA delayed the decay of GPx mRNA by about 3 h, as compared to 1
h in TBH treated cells. The results of the present study suggest that SCA provides protection to
AOE:s by increasing their stability and hence making them available for translation.

The extracts were found to be toxic to cells when exposed for an extended period of time,
indicating antiproliferative or growth inhibitory activity in carcinoma cells in addition to their
protective effect against oxidative stress. Incubation of the Hep3B cells for 24 to 72 h suggested
their antiproliferative activity mainly by induction of apoptosis as evidenced by microscopic
examination using propidium iodide stain.

The overall results suggest an antioxidant activity mediated protection by extracts of S. cumini
and D. regia against oxidative stress which is also mediated by regulation of apoptotic machinery
and an antiproliferative activity in carcinoma cells, especially on long term exposure.
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4.1 Introduction

The information regarding the role of natural products in deactivating the harmful effects of
reactive species is not new. Nature has been an abundant source of unique and complex
biologically active organic compounds among which, flavonoids and carotenoids have been
reported to be key elements in preventing free radical mediated reactions (Popatovich and
Kostyuk, 2003; Krinsky and Johnson, 2005). Some of the phenolic acids and related compounds
have proven to induce a cascade of antioxidative processes involved in cellular functions both in
cytoplasm and in the nucleus. Aerobic life forms are constantly exposed to a variety of oxidizing
agents. While some amounts of oxidant are essential for life, overproduction of the same may be
fatal leading to intractable pathological conditions such as cancer and CVD (Block ef al., 1992;
Willet, 1994; 2002). Such oxidative insults can be prevented to a certain extent by bioactive

molecules such as flavonoids and carotenoids present in fruits and vegetables.

Earlier part of this report describes the antioxidant roles of anthocyanins of S. cumini and
carotenoids of D. regia using in vitro chemical assays as well as using primary cultured rat
hepatocytes. In vitro chemical assays do not give a complete picture of the antioxidant potentials
of a compound since it lacks the intricacies of cellular milieu. Primary cultures of isolated rat
hepatocytes have been extensively used in antioxidant and toxicity studies (Lewerenz ef al., 2003;
Rubiolo et al., 2008). Though primary cultures mimic in vivo conditions to the closest extent such
cells are hard to maintain and are short lived. Therefore, continuously growing hepatic cell lines
are the best alternatives for such studies. Such cell lines are preferable in view of their unlimited
life span in culture and the stability of the drug-metabolising enzymes in comparison with
primary cultures of hepatocytes (Nicod ef al., 1997). Consequently, the hepatocellular carcinima
cell line Hep3B was chosen because it most closely retains the activities and substrate
specificities of enzymes typical for humans and secrete most of the plasma proteins (Knasmuller

etal, 2004).

The endogenous AOEs such as catalase (CAT), superoxide dismutase (SOD) and glutathione
peroxidase (GPx) form the first line of defense in mammalian system against oxidative insults.
Several studies have proved that the levels of mRNAs coding for these enzymes as well as their
activity are altered in conditions of diseases. It has been observed that exposure to agents that
lead to oxidative stress also lead to an increase in the mRNA content of certain AOEs. Thus,
studying the status/quantum of relevant mRNA can reveal damage/protection conferred by
antioxidative food molecules at genetic level and hence study of mRNA can be used to develop

specific model systems. Therefore, the effect of antioxidants studied in the earlier chapters
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against TBH induced oxidative stress in Hep3B cells was further elucidated in terms of AOE
activities, their expression and mRNA stability.

4.1.1 Measurement of mRNA stability

Oxidative stress increases the levels of ROS within the cell which triggers an oxidative stress
response through the redox-sensitive regulatory molecules to inhibit the cellular injury (Cambhi et
al.,, 1995). Oxidative stress generally results in an increased AOE activity to prepare the cell
against oxidative injury; however, the increased activity is not always associated with an
increased gene expression and vice versa (Shull et al., 1991; Clerch et al., 1998; Rohrdanz and
Kahl, 1998; Franco et al., 1999; Cyrne et al., 2003). While mRNAs for various proteins are
transcribed and continuously released into the cytoplasm, they are available for translation for a
specific period. Therefore, their stability is a very important index of the turnover of these
enzymes. Extension of half-life invariably is an indication of ensuring mRNA availability for
translation. Thus, delay of mRNA decay via different mechanisms offered by exogenous
antioxidant pigments would unravel the latter’s efficacy in conferring protection for mRNA.
Since there are no reports available on the effect of natural antioxidants on the mRNA stability of
AOQEs this study focused on the mRNA stability in the presence of TBH stress and its modulation
by anthocyanins of S. cumini fruits. Measuring the extent of mRNA degradation rates has usually
been accomplished by inhibiting the synthesis of all cell mRNAs with actinomycin D, 5,6-
dichloro-1-B-D-ribofuranosylbenzimidazole, cordycepin or a-amanitin and measuring the rate at
which the mRNA of interest disappears (Ross, 1995). Although it is well known that actinomycin
D and other global inhibitors of mRNA synthesis interfere with diverse cell processes and often
produce artifacts in measuring mRNA degradation rates, the absence of alternative methods has

led to their continued and widespread use.
4.1.2 Antioxidants as chemopreventive agents

It is important to note that the phytochemicals which show cytoprotective activity in the presence
of oxidative stress in normal cells may also possess chemopreventive properties in proliferating/
tumor cells. The characteristic differential effect is chiefly due to their ability to induce apoptotic
machineries to encumber cancer in abnormal cells and simultaneously modulating the detoxifying
and antioxidant genes, thus making them non-toxic to normal cells. There have been reports of
such dual effects of natural compounds in the literature (Garcia-Alonso et al., 2006; Alia et al.,
2005; 2006a, 2006b). Taking this into consideration, the present study was focused on elucidating
the antiproliferative potentials of the selected antioxidant fractions along with their cytoprotective

effects against oxidative stress.
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With the results obtained in the previous chapters, this study was designed to further establish the
antioxidant and antiproliferative potential of the extracts of S. cumini and D. regia in a human
derived hepatocarcinoma cell line. In the present study, in addition to the carotenoids extracts of

D. regia, anthocyanin rich extract was also tested for its activity.

4.2 Materials and methods

4.2.1 Cell culture and cell treatments

Human hepatocarcinoma cell line (Hep3B) was obtained from National Centre for Cell Sciences,
Pune, India. Cells were grown on monolayers in DMEM medium supplemented with 10% heat
inactivated fetal bovine serum and 1x antibiotic antimycotic solution (Sigma-Aldrich) at 37°C in a
humidified atmosphere of 95% relative humidity with 95% O, and 5% CO,. Cells were cultured
in 96-well plates for viability assays and in 12-well plates for biochemical analyses. For DNA and

RNA isolation, cells were grown in 25¢m” culture flasks.

Cells at 80% confluence were treated with different concentrations of SCA, DRA, CF, XF,
EGCG and quercetin in serum free DMEM and incubated at 37°C in a humidified atmosphere of
5% CO, for 4 h. The medium was replaced with fresh serum free medium with or without 0.5mM

TBH and further incubated for 3 h.

The following parameters were carried out as explained in Chapter 3.
4.2.2 Viability measurement by MTT assay and LDH leakage measurement
4.2.3 Measurement of cellular GSH

4.2.4 Measurement of lipid peroxidation

4.2.5 Activity of AOEs (CAT, SOD and GPx)

4.2.6 Isolation of total RNA and reverse transcription
Other analyses were carried out as described below:
4.2.7 Isolation of DNA for DNA protection assay

2x10° cells were seeded in 25cm? culture flasks in DMEM supplemented with 10% FBS and 1x
antibiotic antimycotic solution. Cells at 80% confluence were used for isolation of DNA. The
cells were detached by trypsinisation and centrifuged at 6000xg at 4°C for 5 min. The pellet was
washed twice with PBS and resuspended in 250uL of lysis buffer (0.5%, w/v, SDS, 10mm
EDTA, 50mM Tris—HCI, pH 8) containing 0.2M sucrose. Lysis was carried out at 55°C for 30
min by addition of 25uL of 10% SDS. To the cooled mixture 200uL of 3M sodium acetate was
added and incubated on ice for 60 min. Centrifuged at 15000xg for 10 min; the supernatant was
transferred to a fresh tube containing 200uL TE buffer and 2uL of DNAse free RNAse solution

and incubated at room temperature for 30min followed by an incubation with 20U of proteinase
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K for 10 min. To the resulting mixture, 500 puL of chloroform: isoamyl alcohol (24:1) was added,
vortexed and centrifuged at 12000xg. The upper layer was carefully separated and mixed with
500 uL ice-cold absolute alcohol and 80 uL 3M sodium acetate followed by incubation at 4°C
overnight. Centrifuged at 15000xg for 15 min and the supernatant was discarded. The pellet was
washed with 70% ethanol twice to remove traces of salts. The pellet was dried under air-current

till alcohol odor ceases. The DNA was dissolved in TE buffer and used for DNA damage assay.
4.2.7.1 Treatment of isolated DNA and agarose gel electrophoresis

In the present study isolated DNA was subjected to oxidative damage by Fenton reaction and its
protection by the antioxidants was established in vitro. Briefly, the reaction mixture contained
10uL DNA in TE buffer (pH 8.0), 6uL of Fenton reagent (mixture of 1mM each of
FeSO,.7H,0:Acsorbic acid:H,0, in TE buffer) with or without 1puL of the antioxidant of different
concentrations. The samples were dissolved in DMSO and control contained 1uL DMSO instead
of the antioxidant. The reaction mixture was incubated in dark at 37°C for 2.5 hrs. The
experiment was also carried out by incubating the isolated DNA with the same concentrations of
antioxidant compounds in the absence of Fenton reagent in order to check their effect on DNA.
The entire contents were loaded on 0.8% agarose gel and horizontal electrophoresis was
performed in 10x TAE buffer for 2 h at S0V/cm. DNA in the gel was visualized under UV light
after staining with Sug/mL ethidium bromide solution in water and the images were documented

using BioRad Chemidoc XRS gel documentation system (Hercules, CA, USA)
4.2.8 Morphological analysis of Hep3B cells

Hep3B cells were seeded at a density 2 x 10* in 6-well plates and incubated at 37°C in a
humidified atmosphere with 5% CO,. At 80% confluence, the cells were treated with different
concentrations of aforementioned extracts and incubated for 4 h in serum free DMEM. The
medium was then replaced by a fresh serum free medium containing 0.2mM TBH and further
incubated for 3 h. The morphological changes of cells were observed under an inverted

microscope (Olympus) and documented.

The fluorescence microscopic observations were made using the standard protocol. Hep3B cells
were seeded at a density 2 x 10* in 6-well plates containing sterile microscopic glass cover slips
and incubated at 37°C in a humidified atmosphere with 5% CO,. At 80% confluence, the cells
were treated with the different concentrations of aforementioned extracts and incubated for 4 h in
serum free DMEM. The medium was then replaced by a fresh serum free medium containing

0.5mM TBH and further incubated for 3 h. At the end of the treatment the cover slips were
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carefully removed, washed with PBS (pH 7.4), stained with propidium iodide (1mg/mL in PBS)

and observed under a fluorescence microscope and documented.
4.2.9 Measurement of Caspase-3 activity

Caspase-3 activity was measured using CaspACE™ Assay System, Colorimetric (Promega Corp.,
USA) following manufacturer’s protocol. Accordingly, Hep3B cells were treated with different
concentrations of the extracts for 4 h followed by 0.5mM TBH for 3 h. For inhibited apoptosis
sample, Caspase-3 inhibitor, Z-VAD-FMK (50ng/mL) was added to cells along with TBH. At the
end of the treatment period cells were washed with ice-cold PBS (pH7.4) and harvested by
trypsinisation and washed again with ice-cold PBS. The cells were lysed by freeze-thawing after
suspension in lysis buffer. Cell lysates were clarified by centrifugation at 12000xg for 15min at
4°C and Caspase-3 activity in the supernatant was assayed by colorimetric assay. An aliquot of
the cell lysate (equivalent to 50ug protein as assayed by Lowry’s method) was mixed with 32uL
Caspase assay buffer, 2uL DMSO, 10uL. DTT (100mM) and volume was made up to 100uL with
deionised water. The mixture was incubated with 2ul. of 10mM DEVD-pNA (Caspase-3

substrate) for 4 h at 37°C and the color developed was measured at 405nm.
4.2.10 PCR amplification of Bcl-2 and Bax by semiquantitative RT-PCR

Total RNA was isolated and first strand cDNA for PCR amplification was synthesized by the
method explained in Chapter III (Fig.3.1 & 3.2). Primers were designed based on the available
sequences from NCBI data base. The primer sequences and the product size of the gene amplified

are shown in Table 4.1.

Table 4.1. Primer sequences and product sizes of Bcl-2 and Bax genes amplified from Hep3B
cells

Gene Accession Primer (5°-3") Product size
number (bp)
B-actin NM 001101 | Forward | TGGACATCCGCAAAGACCTG 166
Reverse | CCGATCCACACGGAGTACTT
BAX NM 138765 | Forward | CCCTTTTGCTTCAGGGTTTC 471
Reverse | CTCAGCCCATCTTCTTCCAG
BCI2 NM 000657 | Forward | ATGTGTGTGGAGAGCGTCAA 151
Reverse | CTCAGCCCAGACTCACATCA

PCR reaction mixtures contained cDNA equivalent to 0.1 pg total RNA, 0.5 uM each forward
and reverse gene specific primers, 250 uM each dNTP, 1x Taq reaction buffer, 1U of Taq
polymerase. PCR was performed for 35 cycles. The reaction conditions for amplification were:

initial activation at 94°C for 2 min; three-step cycling involving (a) denaturation at 94°C for 30s
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(b) annealing at 57.7°C for 1 min, (c) extension at 72°C for 30s. Final extension was at 72°C for

10 min; B-actin was used as the house keeping gene.

4.2.11 Analysis of stability of mRNA of antioxidant enzymes in Hep3B cells treated
with S. cumini anthocyanins.

The Hep3B cells (2 x 10°) were seeded in sterile 25cm® flasks and incubated in a humidified
atmosphere of 95% relative humidity with 95% O, and 5% CO,. The cells at 80% confluence
were treated with anthocyanin extracts (50 an 100 ppm) for 4 h. The medium was replaced by
fresh medium containing 0.5mM TBH and incubated under standard culture conditions for further
3 h. To determine the mRNA decay, the medium was replaced with fresh medium containing
actinomycin D (5pg/mL) at the end of the treatment period and RNA was isolated using TRI
reagent (explained in Chapter 3) at different time points of 0, 1, 2, 3, 4 and 6 hrs. Ideally decay
curves should have time points that extend beyond the half-life of mRNA in question. However,
durations beyond 6 h were not possible in the present study since Hep3B cells showed signs of
deterioration due to toxicity of actinomycin D, particularly in those cells exposed to TBHP in the

absence of anthocyanins.

4.2.11.1 PCR amplification of AOE genes by semiquantitative RT-PCR
The first strand ¢cDNA obtained by reverse transcription of total RNA was used for PCR

amplification of AOEs using gene specific primers. Primers were designed based on the available
sequences from NCBI data base. The primer sequences and the product size of the gene amplified

are shown in Table 4.2.

Table 4.2. Primer sequences and product sizes of CAT, SOD and GPx genes amplified from
Hep3B cells

Gene Accession Primer (5-3") Product size
number (bp)
B-actin NM 001101 Forward | TGGACATCCGCAAAGACCTG 166
Reverse | CCGATCCACACGGAGTACTT
CAT NM_001752 Forward | TGGAAAGAAGACTCCCATCG 633
Reverse | CCAACTGGGATGAGAGGGTA
CuZnSOD | NM_000454 Forward | GAAGGTGTGGGGAAGCATTA 404
Reverse | GGGCCTCAGACTACATCCAA
GPx NM_002084 Forward | ATGCTGGCAAATACGTCCTC 577
Reverse | TGGAGACACGGATTTCTTCC
Reverse | CTCAGCCCAGACTCACATCA

CAT: catalase; SOD: Superoxide dismutase; GPx: Glutathione peroxidase

PCR amplification of genes for AOEs was carried out under conditions explained in (4.2.10). The

entire PCR product was loaded into wells of 1.2% agarose gel and electrophoressed in 1X TAE
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buffer (pH 8.0) at 100V/cm for 1 h. The band in the gel was visualized under UV light after
staining with Spug/mL ethidium bromide solution in water and images were digitised and
documented using BioRad Chemidoc XRS gel documentation system (Hercules, CA, USA) and
quantification was done using the E.A.S.Y Win32 imaging software provided by Herolab (GmbH
Wiesloch). The amplified genes were cloned into pTZ57-R/T T-tail cloning vector (MBI
Fermentas, GmbH) and sequenced (Bioserve Biotechnologies Pvt. Ltd., Hyderabad, India). The

sequences of genes amplified from Hep3B cell line are presented in Appendix B.
4.2.12 Antiproliferative activity of extracts of S. cumini and D. regia

Antiproliferative activity of the extracts and standards was determined by incubating the Hep3B
cells with different concentrations of extracts and standards for 24, 48 and 72 h in serum free
medium followed by MTT assay. Further confirmation was done by means of fluorescence
microscopy of Hep3B cells (explained in section 4.2.8) treated with extracts and standards for 24

h.
4.3 Results and discussions

The previous chapter discussed the effect of CCly and TBH-induced oxidative stress on
antioxidant system in isolated rat hepatocytes and their counterbalance with anthocyanin extract
of S. cumini and carotenoids of D. regia. The present chapter discusses in detail the effect of TBH
on a continuously growing human cell line, Hep3B. Hep3B is a hepatocellular carcinoma cell line
derived from 8 year old juvenile Black male and contains an integrated surface antigen for
Hepatitis B virus (Knowles et al., 1980). These cell lines retain many of the specialized functions
normally lost by primary hepatocytes in culture such as secretion of the major plasma proteins
(Knowles and Aden, 1983) and is sensitive towards many genotoxicants (Majer et al., 2004).
Therefore, this study was designed to have a better understanding of the molecular mechanisms
involved in TBH-induced cytotoxicity and its reversal or amelioration by the anthocyanins and

carotenoids.
4.3.1 Cell viability and integrity

Cell viability was measured by the ability of viable cells to convert MTT, the yellow tetrazolium
dye in to purple formazan by mitochondrial dehydrogenases. None of the extracts from S. cumini
and D. regia were found to be cytotoxic at the tested concentrations on short treatment period of 4
h. The cells treated with the anthocyanin and carotenoids extracts showed slight growth
enhancing properties where the cell viability was higher compared to that in control untreated
cells (Fig. 4.1). The standard antioxidants EGCG and quercetin appear non-toxic up to

concentrations of 10uM where they show stimulatory action on cells beyond which they are
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cytotoxic. The concentration of TBH required to kill 50% of Hep3B cells when incubated for 3 h
was found to be 0.5mM and the same was used for further assays. Treatment of Hep3B cells with
TBH caused significant reduction (50%) in viable cells with a consequent increase in LDH
leakage (Fig 4.1 & 4.2). Pretreatment of the Hep3B cells with antioxidants substantially reduced
the TBH-induced cytotoxicity in a dose dependent manner. The SCA did not afford significant
protection up to 50 ppm; however, at 100 and 250 ppm, the viability was restored to near control
levels. Pretreatment with anthocyanin rich extract of D. regia (DRA), showed a steady dose
dependent increase in viability in cells exposed to TBH with an 80% viability restored at 50 ppm.
The concentration which rendered highest protection was 250 ppm for both SCA and DRA where
viability was restored to 97%. Quercetin and EGCG showed similar activities at 10pM exhibiting
approximately 90% viability in cells treated with TBH. However, both the standards showed
reduced protection above 20 pM indicating that they may actually enhance the toxicity of

oxidant.

Fig. 4.1. Effect of the SCA (A), DRA (B), EGCG (C), quercetin (D), CF (E) and XF (F) on
viability of Hep3B cells in the presence and absence of TBH stress. Hep3B cells were treated
with the extracts for 4 h followed by with 0.5mM TBH for 3 h. Viability was measured by MTT
assay. Data are expressed as average = SD of three independent experiments.
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The CF showed a dose dependent increase in cell viability at doses up to 50 ppm (maximum 80%
viability) beyond which there was no significant difference in protection against stress-induced
cell death. The XF also showed a dose dependent increase in viability reaching a maximum of
90% at 125 ppm. Figure 4.2 shows the effect of antioxidant extracts on membrane integrity as
assessed by LDH leakage in Hep3B cells in the presence and absence of TBH. The results of
LDH assay are in agreement with that of MTT assay where the viability was inversely associated
with LDH leakage. A dose dependent reduction of TBH-induced increase in LDH leakage was
observed when cells were pretreated with SCA, DRA and XF. The release of LDH in EGCG
treated cells reduced with dose up to 10uM and a steady increase was observed beyond this, may
be due to the cytotoxic effects at higher concentrations. However, though quercetin showed
cytotoxicity at concentrations of 20uM and above, there was no significant increase in LDH
release. Tert-butyl hydroperoxide is known to cause cell death by apoptosis through induction of
oxidative stress (Kim et al., 1998; Langley et al., 1993). The increased LDH leakage in a cell
culture system is generally a sign of membrane disintegration as a result of necrosis in vitro,
given the fact that it lacks the phagocytic machinery which would otherwise engulf the apoptotic

cells preventing the cell contents to be leaked in to surrounding medium (Rao ef al., 2005).
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Fig. 4.2. Effect of the SCA (A), DRA (B), EGCG (C), quercetin (D), CF (E) and XF (F) on
leakage of lactate dehydrogenase enzyme from Hep3B cells in the presence and absence of TBH
stress. Hep3B cells were treated with the extracts for 4 h followed by with 0.5mM TBH for 3 h.

Data are expressed as average + SD of three independent experiments.
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It was observed that in the absence of oxidative stress, the antioxidant extracts from S. cumini and
D. regia were non-toxic to cells at the tested concentrations. All the extracts, to an extent, had a
stimulatory effect on the growth where the cell viability was higher than that in control cells. The
highest stimulatory activity was observed when Hep3B cells were treated with SCA alone which
showed a 20% increase in viability of cells compared to control. The CF at higher concentrations
failed to provide protection against TBH-induced cytotoxicity and further aggravated the toxicity
by increasing cell death in Hep3B cells. This fraction of D. regia is predominantly composed of
B-carotene. The toxic behavior of this extract is justified by other reports where p-carotene has
been shown to act as prooxidant or show no antioxidant activity. Reports suggest the oxidative
effects of B-carotene in the presence of an existing oxidative stress condition such as high oxygen
tension (Palozza et al., 1997). The loss of antioxidant activity by CF in the presence of oxidative
stress may be due to the formation of f-carotene peroxyl radical (B-COQe¢) as hypothesized by
Burton and Ingold (1984) or due to the autooxidation of B-carotene by which it loses its
antioxidant property (Kennedy and Lieber, 1992). Excess intracellular oxidative stress causes [3-
carotene to undergo oxidative degradation leading to the formation of carotenoids cleavage
products which are more pro-oxidative than antioxidative (Siems et al., 2002; Alija et al., 2006).
A similar observation was made in the previous chapter where B-carotene rich CF failed to
protect the isolated rat hepatocytes from CCls-induced toxicity further substantiating the
ineffectiveness of the same. Therefore it is conceivable that in conditions of oxidative
environment created by TBH or for that matter any other oxidant, the reactive species might be so
overwhelming that CF may lose its scavenging property and either becomes inactive or
prooxidant owing to its high B-carotene content.

The increased LDH leakage and reduced viability of Hep3B cells treated with EGCG and
quercetin either alone or treated before TBH exposure may be attributed to the cytotoxic effects
of these two compounds at higher concentrations. There are reports suggesting the dual effects of
EGCG and quercetin and several other plant products including carotenoids (Schwartz, 1996).
Quercetin, at cellular level, was shown to be cytoprotective at low concentrations while at high
concentrations, cytotoxic (Negre-Salvayre and Salvayre, 1992). The cytotoxicity of quercetin at
higher concentration is due to the formation of metabolites such as semiquinone radical
ultimately resulting in the formation of toxic H,O, (Jovanovic, 1994). There is evidence that
quercetin can act as pro-oxidant upon oxidative activation to free radical intermediate
semiquinone which can further react with O, to generate superoxide (Metodiewa et al.,, 1999).
Similarly, EGCG, the most abundant catechin from green tea shows an analogous dose dependent

behavior as reported in many a findings. While it is non-toxic to rat hepatocytes at low
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concentrations, at concentrations above 10uM it was found to be cytotoxic (Collins et al., 2007).
There have been contradictory reports on the activity of EGCG. It has been reported to be a
potent antioxidant protecting cells against various oxidative injuries due to its iron chelation and
scavenging properties (Higuchi et al, 2003; Ramirez-Mares and de Mejia, 2003). On the
contrary, Elbling et al., (2005) suggest that EGCG does not act as antioxidant even at the lowest
concentrations tested, but instead acts as prooxidant. However, the concentrations used in their
study were much too high to be physiologically relevant. And it is reported from other studies
that EGCG at concentrations above 10uM is cytotoxic (Collins et al., 2007). This was evident in
the present study where EGCG above 10uM was clearly cytotoxic irrespective of the presence or
absence of oxidative stress (Fig. 4.1 & 4.2).

Keeping the above results in view, further studies were carried out with lowest concentrations of
samples and standards which retain the cell viability above 80% in TBH exposed cells according
to MTT assay.

4.3.2 GSH content

Cytototoxicity of TBH has been chiefly attributed to depletion of GSH and increase in
phosphorylase a activity with an associated increase in lipid peroxidation and membrane damage
(Ochi, 1988; Buc-Calderon et al, 1991). Glutathione is crucial in protecting the cells against
ravaging effects of reactive species which are reduced by GSH in the presence of GPx resulting in
oxidation of GSH to GSSG which in turn is reduced back to GSH by glutathione reductase at the
expense of NADPH, thus maintaining an adequate cellular GSH pool. In the present study, TBH
reduced the GSH content by 32% as compared to the control cells (Fig. 4.3) and this reduction
was directly associated with death of Hep3B cells (Fig. 4.1). Hep3B cells exposed to the tested
concentrations of extracts of S. cumini and D. regia showed an increase in GSH content in the
absence of oxidative stress (Fig. 4.3). A similar pattern was observed in isolated rat hepatocytes
treated with the extracts at the same concentrations without TBH (Fig. 3.13.).

A significant rise in GSH content was observed when Hep3B cells were exposed to SCA and
DRA, the rise being 32% and 40% respectively, as compared to control cells. The significance of
GSH in maintaining cellular homeostasis has been discussed in the earlier chapter. It is once
again evident from this result that the extracts and standards perhaps stimulate de novo GSH
synthesis in vivo by acting on the enzyme y-glutamyl cystiene synthetase, the rate limiting

enzyme in GSH biosynthesis.
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Fig. 4.3. Effect of the SCA, DRA, EGCG, quercetin, CF and XF on cellular GSH content in
Hep3B cells in the absence (A) and presence (B) of TBH stress. Hep3B cells were treated with
the extracts for 4 h followed by with 0.5mM TBH for 3 h. Data are expressed as average = SD of
three independent experiments.

Pretreatment of the Hep3B cells with the extracts of S. cumini and D. regia retained the GSH pool
even after exposure to TBH. The effect of anthocyanins and carotenoids was more pronounced
compared to the standard antioxidants EGCG and quercetin. Quercetin, though showed a dose
dependent increase in GSH content in TBH-exposed cells, failed to replenish the GSH
completely. It was observed that EGCG at 10uM failed to revive the GSH pool to control levels
suggesting that higher concentrations of the same may be fatal to cells. Interestingly, XF, though
caused a slight reduction in GSH content when applied at 100 ppm in the absence of oxidative
stress, showed a remarkable response in the presence of TBH, enhancing the cellular GSH to
30nM/mg protein compared to the 18nM/mg protein in control cells (Fig. 4.3). As indicated
earlier, carotenoid cleavage products have been found to induce depletion in mitochondrial GSH
content with a consequent increase in malondialdehyde formation (Siems et al., 2002). This is
possibly the case with XF where higher concentrations of the same perhaps leads to increased
depletion of GSH and hence cell death. However, the reason for increased GSH content by XF in
the presence of oxidative stress is not known and is intriguing. There is ample evidence of some
antioxidants acting as prooxidants at high concentrations. However, they may act as antioxidants

at the same concentrations when present along with an externally applied prooxidant or free
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radical generating agent. The elevation of GSH content in cells pretreated with extracts suggests

the possibility of stimulation of in vivo GSH synthesis.

Glutathione deficiency is implicated in ageing and pathogenesis of many diseases such as
Alzheimer’s disease, Parkison’s disease, liver disease, cystic fibrosis, sickle cell anemia, HIV,
AIDS, cancer, stroke and diabetes (Wu et al., 2004). Brain membrane damage associated with
hydroxyl radical, peroxynitrite and reactive aldehydic products of lipid peroxidation was
prevented by elevated GSH levels in vivo (Pocernich et al., 2001; Subramaniam et al., 1997).
Similarly, a shift in the GSH/GSSG redox towards the oxidizing state activates various signaling
pathways including protein kinase B, protein phosphatases 1 and 2A, calcineurin, NF-xB, c-Jun
N-terminal kinase, apoptosis signal-regulated kinase-1, and mitogen-activated protein kinase,
thereby reducing cell proliferation and inducing apoptosis (Sen, 2000). Flavonoids from Gingko
have been associated with reversing of age related reduction in mitochondrial GSH (Sastre et al.,
1998). It is apparent from the results (Fig. 4.3) that the anthocyanins as well as carotenoids
increase the GSH content irrespective of the presence of oxidative stress. The enhanced GSH
content in Hep3B cells during the pretreatment with extracts and standards prepare the cell
against the oxidative onslaught that is to ensue. It is evident from previous studies that several
natural products induce in vivo GSH synthesis. For example, the extracts of Gingko biloba
inhibited apoptosis, induced a significant induction of GSH and y-glutamyl cystiene synthetase
mRNA in mice exposed to ROS and various cell lines (Schindowski ef al., 2001; Rimbach et al.,
2001). Ingestion of compounds that enhance the cellular GSH pool may confer protection against
oxidative stress induced neuronal disorders and other age related disorders. Therefore, knowledge
of nutritional regulation of GSH synthesis and metabolism is critical for development of effective

strategies to improve health and treat diseases.
4.3.3 Lipid peroxidation

The earliest studies on the effect of organic hydroperoxides such as TBH or cumene
hydroperoxide on isolated rat hepatocytes suggested a rapid oxidation of GSH accompanied with
peroxidation of membrane lipids and loss of cell viability (Rush et al., 1985; Bellomo et al.,
1982; Hill and Burk, 1984). TBH forms alkoxyl and peroxyl radicals both of which react with
unsaturated lipids to form lipid peroxides (Buc-Calderon et al., 1991). Exposure of Hep3B cells
to 0.5mM TBH induced a significant rise in lipid peroxidation (2-fold compared to control). The
extracts and standards completely abolished the lipid peroxidation induced by TBH. The SCA
was highly effective and reduced the lipid peroxidation level even below that of control level by

three fold (Fig. 4.4).
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There is accumulating evidence about the inhibitory effects of non-nutritive phytochemicals on
the lipid peroxidation in vivo. Supplementation of P-carotene led to the reduction in
malondialdehyde level in children with cystic fibrosis (Lepage et al., 1996). f-carotene binding
proteins have been identified on the cell surface which specifically bind to B-carotene and thus

confer protection against singlet oxygen generated in its proximity (Bohm et al., 1993).

Fig. 4.4. Effect of the SCA (A), DRA (B), EGCG (C), quercetin (D), CF (E) and XF (F) TBH-
induced cellular lipid peroxidation in Hep3B cells. Hep3B cells were treated with the extracts for
4 h followed by with 0.5mM TBH for 3 h. Data are expressed as average + SD of three
independent experiments.

Catechins and quercetin have the ability to localize near the surface of phospholipid bilayer thus
making it effective against aqueous free radical (Terao et al, 1994). The structure of the
flavonoid also makes an impact on the free radical scavenging property of the same. The presence
of phenolic hydroxyl groups on the aromatic ring of anthocyanins and other flavonoids is an
important factor determining their antioxidant activity. The rapid donation of hydrogen atom to
lipid peroxyl radical results in the formation of the polyphenol phenoxyl radical which is
stabilized by further donation of another hydrogen or by reacting with another radical (van Acker
et al., 1996). The SCA contains three anthocyanins of delphinidin, petunidin and malvidin where
delphinidin contains the highest number of hydroxyl groups, helping scavenge the peroxyl

radicals generated.
4.3.4 DNA damage

Oxidative DNA damage is an inevitable phenomenon under physiological conditions which is
initiated by the ROS generated through metabolic reactions. However, the body has developed
several well established mechanisms to overcome the DNA damage under normal conditions.

However, when the ROS is generated in excess due to exposure to chemical and physical insults,
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DNA damage may overwhelm the repair capacity. The *OH is the primary free radical that causes
extensive DNA damage. It is produced as a result of interaction between reactive species such as
H,0, and O, with transitional metal ions (iron and copper, in particular) in metal-catalysed
Haber-Weiss reaction which makes use of Fenton chemistry (Kehrer, 2000). Ferrous sulfate is the
typical iron compound used in Fenton reagent (FR). In the present study, damage to DNA was
evaluated in isolated DNA from Hep3B cells using Fenton reaction. Ascorbic acid causes DNA
single strand breaks in the presence of H,O, in ferritin rich human neuroblastoma cells thus
causing cell death (Bruchelt er al.,, 1991). This property was used to induce damage in isolated
DNA from Hep3B cells and the protective effect of anthocyanins and carotenoids from S. cumini

and D. regia respectively was studied in vitro.

The effect of the anthocyanin extracts of S. cumini and D. regia as well as carotenoids fractions
of D. regia on DNA integrity was studied in the presence and absence of Fenton reagent and the
results are summarized in Fig. 4.5. It is apparent that none of the extracts as well as EGCG and
quercetin caused damage to isolated DNA when treated alone. The mixture of H,O, and ferrous
sulfate causes DNA damage (Alamaas et al., 1997) and the Fe(II) induced DNA damage is
enhanced by ascorbic acid (Hu and Shih,1997). The *OH causes DNA strand breaks and addition
of *OH scavenger such as mannitol significantly reduces the increased DNA damage (Rieth ef al.,
1992). If left unchecked, the *OH-mediated DNA damage may lead to activation of poly(ADP-

ribose) polymerase a key enzyme in the initiation of apoptosis (Heller et al., 1995).

While it is prevalent that the DNA lesions are removed by specific cellular mechanisms such as
the base excision repair (Cooke et al., 2006), whether natural products are capable of repairing
the already damaged DNA is not very well known. However, a study by Chakraborty et al.,
(2004) suggests a DNA repair efficiency of certain natural products in cultured cells. The
incubation of isolated DNA with FR caused a significant DNA damage evidenced by streaks and
increased electrophoretic mobility, though laddering was not observed (Fig. 4.5). H,O, is known
to cause single strand breaks in DNA, a toxicity mediated in the presence of iron. The SCA and
DRA both significantly prevented the *OH induced DNA damage at all tested concentrations (1-
60ppm). There is ample evidence for the DNA protective effects of anthocyanins both in vivo and
in vitro. Consumption of anthocyanin-phenolic rich juice was found to be associated with a
significant reduction in oxidative DNA damage in the peripheral blood mononuclear cells of
healthy probands (Weisel et al., 2006) and in patients on hemodialysis (Spormann et al., 2008).

Anthocyanins have been shown to exert antiproliferative effects in cell cultures and exhibit anti-
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inflammatory and vasoprotective activities in animal models. Lazze et al., (2003) demonstrated

effective inhibition of DNA base oxidation by anthocyanins in rat smooth muscle cells in vitro.
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Although most of the experimental evidence attributes the antioxidant activity of anthocyanins
and flavonoids to their radical scavenging (van Acker et al., 1996), metal chelating (Sarma et al.,
1997; Somaatmadja et al., 1964) and hydrogen donating (Rice-Evans et al., 1997) ability, a more
complex mechanism may not be ruled out. They are also able to form copigmentation with other
compounds conferring mutual protection against oxidative degradation (Sarma et al., 1997; Del
Pozo-Insfran, 2007). Treatment of calf thymus DNA with cyanidin formed a cyanidin-DNA
copigmentation complex conferring a mutual protection against oxidative damage by *OH
generated via Fenton reaction (Sarma and Sharma, 1999). This suggests that anthocyanin-DNA
copigmentations might have physiological functions as a possible defense against oxidative DNA
damage. Anthocyanins are known to be absorbed intact (Youdim et al., 2000) and distributed in
various organs such as liver, eye and brain (Kalt ef al., 2008) though the anthocyanins differ in
their metabolic fate in vivo (Wu et al., 2006). Therefore, the anthocyanins may afford protection
to cell by forming DNA complexes by a direct interaction with the phosphate back bone of DNA
as hypothesized by Sarma and Sharma (1999) which stabilizes the adduct by strong hydrogen
bonding. However, it is likely that the anthocyanins confer protection to DNA via complex
formation rather than free radical scavenging action given the fact that plants containing
anthocyanins and flavonoids show reduced UV-induced photo damage (Stapleton and Walbot,
1994) compared to those which do not. Since it is reported that anthocyanins are found in the
cytosol in cultured endothelial cells (Youdin ef al, 2000), it is likely that they form complexes
with the DNA thus protecting it against possible oxidative damage.

The standard antioxidants used in the present study, EGCG and quercetin, protected DNA against
oxidative damage only at concentrations above 1uM. Both the standards did not show any
significant DNA damage when applied alone (Fig. 4.5). EGCG and quercetin have been
considered excellent chemopreventive agents by several researchers. Quercetin and delphinidin
were shown to intercalate DNA and RNA duplexes with minor external binding to the major or
minor groove and the backbone phosphate group, stability of adduct being higher for quercetin
than delphinidin. However antioxidant potential was found to be higher for delphinidin (Kanakis
et al., 2007). EGCG and quercetin at lower concentrations up to 10uM prevent oxidative
chromosomal damage induced by H,O,, TBH and superoxide; but cause substantial DNA damage
at higher concentrations above 100uM (Sugisawa and Umegaki 2002; Johnson and Loo 2000). In
the present study EGCG and quercetin at concentrations up to 50uM showed significant
inhibition in DNA damage. The effects of anthocyanin fractions of S. cumini fruits and D. regia
flowers were comparable to the tested concentrations of EGCG and quercetin in terms of DNA

protective ability. Studies on DNA protective effects of flavonoids such as EGCG and quercetin
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suggest that they chiefly act via mechanisms involving iron chelation. It is proposed that
compounds with a catechol group on the aromatic rings display strong cytoprotective effects
suggesting that the presence of two hydroxyl groups o-position is essential for chelating action
(Sestili et al., 1998; 2002). They noted that the replacement of the catechol group of quercetin
with two hydroxyl groups in the m-position abolished the chelating effect of quercetin thus

further confirming the structure activity relationship.

The anthocyanin extract of S. cumini (SCA) is a combination of glucosides of malvidin, petunidin
and delphinidin (Veigas et al,, 2007) whereas the anthocyanins of D. regia (DRA) are mainly
composed of glycosides of cyanidin and pelargonidin (Adje et al., 2008). It is apparent from their
structures that all of the anthocyanin moieties possess a catechol group in the aromatic ring which
can be attributed to the protection against Fenton mediated DNA damage owing to their strong

iron chelating abilities.

The carotenoids fractions of D. regia flowers showed no significant protection against oxidative
DNA damage (Fig. 4.5). The extracts CF and XF, at the tested concentrations (10-60ppm) did not
completely reverse the DNA damage induced by Fenton reagent. However, it was observed that
the electrophoretic mobility of the DNA treated with Fenton reagent was much higher than that
treated with CF and XF suggesting that some amount of protection was conferred. Both the
extracts caused no damage to DNA when treated in the absence of oxidative stress suggesting that
CF and XF are not genotoxic at the tested concentrations. However, the failure of the two extracts
to visibly protect the DNA from oxidative damage is perhaps due to their inability to react with
the free radicals in the aqueous medium in vitro owing to their hydrophobic nature. Interestingly,
the CF, despite being more hydrophobic than XF, was more protective against DNA damage.
Experimental evidence shows that carotenoids play a key role in preventing oxidative DNA
damage in vitro and in vivo. A randomized, double-blind, placebo controlled intervention study
involving healthy post-menopausal women showed a significant reduction in endogenous DNA
damage in subjects supplemented with carotenoids mixture containing B-carotene, lutein and
lycopene (Zhao et al., 2006). An inverse relationship between plasma xanthophylls levels and
oxidative damage indices has been drawn where lymphocyte DNA damage product 8-OHdG was
significantly reduced at high levels of B-cryptoxanthin and/or lutein (Haegele et al., 2000).
Therefore, though the carotenoids do not provide significant protection under in vitro conditions,
their protective effects cannot be completely ruled out given the fact that the two fractions (CF

and XF) have been consistently showing cytoprotective effects as evidenced by other assays.
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4.3.5 Morphological analysis of Hep3B cells

In a cellular system two distinct forms of cell death exist: apoptosis and necrosis. For several
years cell death due to chemical injury was believed to be chiefly a necrotic event. However, with
the recognition of another cell death pathway, called the apoptosis, a better understanding of the
mechanisms involved cytotoxicity is made possible. It is believed that apoptosis, perhaps is the
major pathway involved in chemically induced cell death and necrosis might occur only in
conditions of gross cell injury (Alison and Sarraf, 1995; Gill and Dive, 2000; Raffray and Cohen,
1997). Apoptosis appears to be a more realistic way of cell death in vivo since it provides a
mechanism for disposal of damaged cells by means of phagocytosis, without perturbing the tissue

environment.

Tert-butyl hydroperoxide is an organic hydroperoxide which causes cell death by oxidative stress
induced apoptosis (Prasad et al., 2007) which however was evident only at concentrations
causing concomitant necrosis (Gomez-Lechon, 2002). Apoptosis is characterized by cell
shrinkage, membrane blebbing, nuclear fragmentation and chromatin condensation, and is
mediated by a series of signal transduction pathways (Vaux and Strasser, 1996). In contrast,
necrosis is a result of a direct or physical damage to cells typified by cell swelling, injury to
cytoplasmic organelles and rapid collapse of internal homeostasis leading to membrane lysis and
release of cellular contents to the surrounding medium (Majno and Joris, 1995). While apoptotic
cells are eliminated by the process of phagocytosis, necrotic cells are not, thus ultimately leading

to inflammatory responses.

Figures 4.6-4.11 represent the effect of natural color extracts as well as EGCG and quercetin on
morphological changes induced by 0.5mM TBH in Hep3B cells. The panels A and G represent
the morphology of control cells as observed under inverted microscope and florescent
microscope, after staining with PI, respectively in all the figures while B and H represent the

respective Hep3B cells treated with TBH.

The destruction of monolayer was observed clearly in Hep3B cells treated with 0.5mM TBH
(Fig. 4.6B) which was not seen in untreated cells. The PI is a nuclear stain and cellular dye
exclusion is a characteristic of cellular integrity. The nuclei appear bright red (white arrow in
panel H) in Hep3B cells treated with TBH suggesting apoptotic mode of cell death induced by
TBH. The cell population was also reduced to a great extent in TBH treated cells (Fig. 4.6B & H)
as compared to the untreated ones (Fig. 4.6A & G). The overall distribution of the dye is larger in
TBH treated cells suggesting loss of cellular integrity (Fig. 4.6H) which is substantiated earlier
by the increased LDH leakage from cells (Fig. 4.2).
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Fig. 4.6. Morphology of Hep3B cells treated with SCA and visualized under inverted microscope
in control (A),TBH (B), 25ppm (C), 50ppm (D), 100ppm (E) and 250ppm (E). Cells were stained
with propidium iodide and observed under fluorescent microscope in control (G), TBH (H),
25ppm (I), 50ppm (J), 100ppm (K) and 250ppm (L).

Hep3B cells pretreated with SCA extracts significantly inhibited the toxic effects of TBH by
normalizing the morphological characters which is evident in microscopy (Fig. 4.6 C-F). The
uptake of PI stain was significantly reduced and number of apoptotic cells were diminished (Fig.
4.6 I-L). It was observed that chromatin condensation and nuclear fragmentation was inhibited by

pretreating the cells with SCA. The morphology of SCA pretreated cells was similar to that of

control cells.

The anthocyanin fraction of D. regia flowers showed typical morphological features of control
cells. However at concentration of 250ppm the cellular morphology changed, showing toxic
symptoms such as reduction in cell volume, cell shrinkage etc. with nuclei stained bright red and
cells taking up more stain (Fig. 4.7 F). It appears that DRA is more effective at lower

concentrations and at higher doses might aggravate the oxidative stress induced by xenobiotics.

The SCA is a mixture of 3-glucosides of delphinidin, petunidin and malvidin the latter being the
major anthocyanin present (Fig. 1.3). The extract is assessed to have no major impurities and is
found to contain solely anthocyanin (total cyanidin-equivalent anthocyanin content is found to be
100% of the freeze dried extract). The DRA is a mixture of anthocyanins (total cyanidin-
equivalent anthocyanin content is found to be 50% of total freeze dried extract) along with other
unidentified phenolic compounds. The anthocyanins of D. regia flowers were identified to be

chiefly glycosides of cyanindin and pelargonidin (Adje et al., 2008).
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Fig. 4.7. Morphology of Hep3B cells treated with DRA and visualized under inverted microscope
in control (A),TBH (B), 25ppm (C), 50ppm (D), 100ppm (E) and 250ppm (E). Cells were stained
with propidium iodide and observed under fluorescent microscope in control (G), TBH (H),
25ppm (1), 50ppm (J), 100ppm (K) and 250ppm (L).

Antioxidant activity of anthocyanins and most phenolics is well characterized in vitro and in vivo.
The protective effect of anthocyanins against oxidative stress induced cytotoxicity is established
in several cell lines and animal models. The purified anthocyanin extract from blackberry
significantly inhibits the peroxyl radical induced apoptosis in Caco-2 cells (Elisia and Kitts,
2008). This is also supported in the present study where Hep3B cells treated with anthocyanins of
S. cumini and D. regia offer protection to cells by diminishing the Fenton-mediated DNA damage

more effectively than the carotenoids, EGCG and quercetin at as low as Sppm (Fig. 4.5) as well

as by upregulating the Bcl-2/Bax ratio which is discussed later in the following sections (Fig.

4.13).
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Fig. 4.8. Morphology of Hep3B cells treated with EGCG and visualized under inverted
microscope in control (A),TBH (B), 1uM (C), 5uM (D), 10uM (E) and 20uM (E). Cells were
stained with propidium iodide and observed under fluorescent microscope in control (G), TBH
(H), 1uM (D), 5uM (J), 10uM (K) and 20uM (L).
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Hep3B cells pretreated with EGCG and quercetin showed a dose dependent revival in
morphology (Fig. 4.8 and 4.9). The results are in accordance with the MTT assay (Fig. 4.3)
where the maximum efficacy was observed up to 10uM beyond which both the compounds were

toxic to cells either when present alone or in the presence of TBH stress (Fig. 4.8 L & 4.9 L).

Fig. 4.9. Morphology of Hep3B cells treated with quercetin and visualized under inverted
microscope in control (A),TBH (B), 1uM (C), 5uM (D), 10uM (E) and 20uM (E). Cells were
stained with propidium iodide and observed under fluorescent microscope in control (G), TBH
(H), 1pM (1), 5uM (J), 10uM (K) and 20uM (L).

Both CF and XF maintained the normal morphology of the Hep3B cells in TBH exposed cells
with cells exposed to XF showing a few bright nuclei (Fig. 4.10 & 4.11).

/
/

Fig. 4.10. Morphology of Hep3B cells treated with CF and visualized under inverted microscope
in control (A),TBH (B), 25ppm (C), 50ppm (D), 100ppm (E) and 250ppm (E). Cells were stained
with propidium iodide and observed under fluorescent microscope in control (G), TBH (H),
25ppm (1), 50ppm (J), 100ppm (K) and 250ppm (L).

Though TBH caused significant cell death as assessed by MTT assay and LDH leakage, the
population of apoptotic cells (cells showing condensed chromatin and fragmented nuclei) was not

significant. However, the TBH treated Hep3B cells show a larger distribution of the propidium
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iodide dye and show bright red color as compared to the control cells and cells treated with the

extracts an standards prior to TBH exposure suggesting cytotoxicity.

Fig. 4.11. Morphology of Hep3B cells treated with XF and visualized under inverted microscope
in control (A),TBH (B), 25ppm (C), 50ppm (D), 125ppm (E) and 250ppm (E). Cells were stained
with propidium iodide and observed under fluorescent microscope in control (G), TBH (H),
25ppm (1), 50ppm (J), 125ppm (K) and 250ppm (L).

The results of morphological analysis show that the TBH generated free radicals that cause cell
death by apoptosis. The protection offered by the test compounds can be correlated to the ability
of the cells to replenish the TBH-induced reduction in GSH (Fig. 4.3) and amelioration of lipid
peroxidation. It is noted that all the compounds tested significantly reduced lipid peroxidation,
SCA being the most effective (Fig. 4.4). Further experiments on the Caspase activity and gene
expression of apoptotic and antiapoptotic proteins support cytotoxic effects of TBH and its

reversal by the anthocyanins and carotenoids.
4.3.6. Measurement of Caspase-3 activity

Exposure of Hep3B cells to TBH caused a substantial loss of cell viability and the fluorescence
microscopic analysis showed the occurrence of characteristic apoptosis process in such cells. The
TBH-induced cytotoxicity was inhibited to a significant extent (p<0.5) by the extracts and
standards. The next question that arose was whether caspases were involved in the cell death
response induced by TBH. Caspases are a family of cysteinyl proteases with central functions in
apoptotic and inflammatory pathways (Lamkanfi et al., 2002). They are called caspases due to
their absolute requirement for cleavage after aspartic acid (Thornberry and Lazebnik, 1998).
Caspases are of two types upstream initiator caspases (caspase-8 & -9 which cleave and activate
other caspases) and downstream effector caspases (caspase-3 and -6 which cleave cellular
substrates thereby disassembling cellular structures or inactivating enzymes) (Cryns and Yuan,

1998). Caspase-3 specifically cleaves at the C-terminal side of the aspartate residue of the amino
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acid sequence DEVD (Asp-Glu-Val-Asp) and is a key apoptotic protein involved in the execution
phase of multiple apoptotic pathways. Its deletion has been found to inhibit c-myc induced

apoptosis and diabetes development without tumerigenesis (Radziszewska, 2009).

Caspase-3 activation is a key component of TBH-induced apoptosis. A three hour incubation of
HepG2 cells with 0.5mM TBH has been found to show maximum caspase-3 activation which was
effectively inhibited by zVAD-fmk (Piret et al., 2004). TBH-induced apoptotic cell death is
triggered by upregulation of intracellular signaling pathways involving caspase activation,
increased mitochondrial membrane hyperpolarisation, cytochrome C release from mitochondria,
increase in Ca"™" influx, cleavage of poly-(ADP-ribose) polymerase (PARP), DNA fragmentation,
upregulation of Bax and downrgulation of Bcl-2 chiefly mediated through increased ROS (Piret
et al., 2004; Prasad et al., 2007; Kim ef al., 1998).

In the present study a 2-fold induction of apoptosis was observed in Hep3B cells incubated with
0.5mM TBH for 3 h. zZVAD-fmk is a predominant inhibitor of caspase-1 and caspase-3 activation
and has been found to inhibit the cisplatin induced 25-fold increase in caspase-3 activation and
apoptosis in rat proximal tubular cells (Yang et al., 2004). TBH-induced caspase-3 activation was
almost completely abolished by co-incubating the cells with Sng/mL of the pancaspase inhibitor
zVAD-fmk (Fig. 4.12) suggesting that TBH-induced apoptosis involves caspase-3 mediated
mechanisms. All the extracts and EGCG and quercetin showed an activity similar to that of
zVAD-fmk and there was no significant difference between different extracts in the amount of

protection conferred against TBH-induced caspase-3 activation.

Activation of caspase-3 is an early regulatory event in apoptosis. It acts on a number of biological
substrates such as PARP, DNA-dependent protein kinase, lamins, topoisomerases etc. (Tewari et
al., 1995; Okinaga et al., 2007). Caspase-3 mediated PARP cleavage leads to DNA fragmentation
which is a late event of apoptosis. However, the present study did not show the characteristic
DNA laddering after TBH treatment (data not shown) which may be due to the short incubation
time which perhaps is insufficient to initiate DNA fragmentation. This explanation seems credible
in view of reports suggesting appearance of DNA fragmentation after several hours of caspase-3
activation. One such report demonstrates activation of caspase-3 at 8 h followed by DNA
fragmentation at 16 h in the presence of cadmium in murine macrophages (Kim and Sharma,
2006). However, reduced Bax/Bcl-2 ratio and morphological analysis by inverted microscopy and
fluorescence microscopy suggest clearly an apoptotic mode of cell death in TBH-exposed Hep3B

cells.
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Quercetin at 5uM and SCA at 25ppm completely inhibited the TBH-induced caspase-3 activation
and the activity was comparable to each other and to control cells (Fig.4.12 A & D). A reduction
in inhibition of caspase-3 activation was observed with an increase in dose of SCA. This suggests
that the higher concentration of SCA may not be protective against caspase-3 activation or it may
become toxic at higher concentrations. There was no difference of caspase-3 inactivation in
Hep3B cells treated with different doses of DRA suggesting the inhibition is not dose-dependent
(Fig. 4.12 B).

25

25
A B
2 2
£ £
£15 f1s
& &
M M
g 1 £
a
o o
05 05 1
0 0
Control TBH+Z-  25ppm 50ppm 100 ppm Control TBH+Z-  25ppm 100 ppm
VAD-FMK VAD-FMK
25 25
C D
2 2
£ 8
HE 15
& &
o
E 1 EE 1
8 8
05 05
0 0 - T T T
Control TBH+ Z- 10pM 20pM Control TBH+ Z- SpM 10pM 20pM
VAD-FMK VAD-FMK
25 25
E F
2 ]
£ £
HE g15
£ )
) W
E ]
a 1 a 1
&) o
0.5 1 05
0 - 0 T

Control TBH+Z-  25ppm S0ppm  100ppm Control TBH+Z-  25ppm 50 ppm 100 ppm
VAD-FMK VAD-FMK

Fig. 4.12. Effect of extracts and standards on TBH-induced caspase activation in Hep3B cells.
Hep3B cells were incubated with different concentrations of (A) SCA, (B) DRA, (C) EGCG, (D)
quercetin, (E) CF and (F) XF for 3 h followed by exposure to 0.5mM TBH for 4 h. Caspase
activity was assayed as described in section 4.2.9 and expressed as absorbance at 405nm/mg
protein.
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Several studies have indicated the benefits of natural compounds against chemical induced
oxidative cytotoxicity. Cyanidin-3-O-glucopyranoside, an anthocyanin, has been shown to protect
HCC cell line HepG2 and intestinal carcinoma cell line, Caco2 against aflatoxin B1 and
ochratoxin A-induced cytotoxicity by inhibiting the caspase-3 activation and DNA damage
(Guerra et al., 2005). Anthocyanin rich extract of Aronia melanocarpa protects human umbilical
cord epithelial cells against cholesterol induced apoptosis by reversing the upregulation of
caspase-3 activation and downregulation of Bcl-2 expression (Zapolska-Downar et al., 2008). In
light of the available literature and the data obtained in this study it is obvious that anthocyanin
rich extracts SCA and DRA protect Hep3B cell line against TBH-induced cytotoxicity by various

mechanisms.

Among the carotenoids fractions of D. regia, XF showed a greater inhibition of caspase-3
activation where the activity at 25 and 50ppm (Fig. 4.12 F) was comparable to SuM and 10uM of
EGCG (Fig.4.12 C) once again substantiating the fact that the xanthophylls are more active than
carotenoids. The chief constituents of XF are lutein, zeaxanthin and B-crypotxanthin. These three
compounds have gained significant place in biology and medicine due to their diverse
pharmacological actions. Lutein, a macular pigment, was found to alleviate stress-induced retinal
ischemia-reperfusion injury by reducing the cell loss, number of apoptotic cells and poly (ADP-
ribose) immunoreactivity, inhibition of caspase-3 activation, reducing the MDA levels and
increasing cellular GSH (Dilsiz et al., 2006; Li et al., 2009). Xanthophylls, particularly lutein,
zeaxanthin and B-cryptoxanthin have been studied extensively for their antioxidant and disease
preventing properties (Ribaya-Mercado and Blumberg 2004). Inverse correlations between these
xanthophylls and oxidative DNA damage, age related macular degeneration, incidence of cancer
and cardiovascular disease have been reported (Dorgan et al, 1998; Collins et al, 1998). pB-
cryptoxanthin has been found to be preferentially accumulated in the human plasma compared to
other carotenoids and acts as a ligand for the mammalian carotenoids binding protein (Rao ef al.,
1997). A 100uM B-carotene protected rat hepatocytes against bile acid-induced cellular necrosis
and apoptosis via signaling pathways involving reduction in caspase-3 activation, inhibition of
mitochondrial cytochrome C release and prevention of mitochondrial pore transition. However, a
lower concentration of PB-carotene was associated with low inhibition against cell necrosis
(Gumpricht et al., 2004) suggesting that it is required at higher concentrations to confer adequate
protection against oxidative stress. In the present study CF showed a dose dependent increase in
inhibition of caspase-3 activation suggesting that f-carotene (the major compound present in CF)
protects Hep3B cells against TBH-toxicity. The involvement of other two carotenes present in the

extract may not be ruled out and hence the effect is mainly a concerted action of all the
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carotenoids present. Results from intervention studies on B-carotene supplementation have not
been very encouraging. There are reports claiming association of B-carotene with increased
cancer risk (Cooper et al., 1999), reduced cancer risk (Greenberg et al., 1994) and no effect
(Hennekens et al., 1996) suggesting that it is not beneficial in the absence of the chemical
spectrum provided by fruits and vegetables and that it serves mainly as a biomarker of fruit and
vegetable consumption rather than being beneficial (Haegele et al., 2000). The beneficial effects
observed in the present study is probably due to the concerted effects of all the carotenoids since
it is accepted that mixture of carotenoids may be more beneficial than single pure compounds

because of their synergistic effects.

Among the tea catechins EGCG is known to be the strongest caspase inhibitor and was found to
inhibit caspase-3 activation in D-galactosamine induced apoptosis in rat hepatocytes in addition
to inhibiting the activation of caspase-7 and caspase-2 (Katunuma et al., 2006). It was shown to
protect the PC12 cells against H,O, induced cytotoxicity through inhibition of caspase-3
activation and PARP cleavage along with upregulation of upstream signaling including P13K/Akt
and GSK-3 pathways (Koh et al, 2003). Quercetin is one of the most widely distributed
flavonoids almost ubiquitous in its existence in the plant kingdom. It has been found to facilitate
apoptosis in tumor cells and not in normal cells via suppression of an endogenous cytoprotective
heat shock protein 70 (Hosokawa et al., 1990) while others attribute the cytoprotective effect to
signaling pathways involving inhibition of AP-1 (Yokoo and Kitamura, 1997). The antioxidant
extracts of S. cumini and D. regia most closely resemble EGCG and quercetin in preventing
TBH-induced apoptosis. It appears that these extracts exert their activity not just via the
antioxidant action but also by regulating the signaling events involved in apoptotic cell death.
This was further confirmed by their regulation of Bax/Bcl-2 ratio in the presence of oxidative

stress.
4.3.7 Analysis of Bcl-2 and Bax gene expression

Apoptosis is a programmed mechanism of cell death involving a cascade of genes which are
either up regulated or down regulated during the process (Steller, 1995; Williams, 1991). Various
experiments indicate that apoptosis can be induced by oxidative stress induced by externally
applied xenobiotics such as H,0,, organic hydroperoxides-TBH, cumene hydropeorixide etc

(Cregan et al., 1999; Mazlan et al., 2006; Prasad et al., 2007).

A number of genes belonging to the Bcl-2 family have been identified which play a pivotal role
in apoptotic process. While few members such as Bcl-2, Bel-xL, Mcl-1 and BAG-1 act as

inhibitors of apoptosis, Bad, Bid, Bax, Bak, and Bik act as promoters of apoptosis. The present
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study emphasized on the two genes of Bcl-2 family namely, the antiapoptotic Bcl-2 and the
proapoptotic Bax. Both are localized in the outer mitochondrial membranes, nuclear envelope and
edoplasmic reticulum where ROS are generated and are activated in response to external stimuli

through signal transduction process involving several proteins.

The expression of Bcl-2 and Bax were studied in Hep3B cells treated with TBH and their
modulation by pretreatment with the antioxidant extracts and standards. The organic
hydroperoxide TBH is reported to cause apoptosis in immune cells by up regulation of
proapoptotic proteins Bax and Bid and down regulation of the antiapoptotic Bcl-2 accompanied
by release of cytochrome C (Prasad et al.,2007) suggesting a mitochondrial pathway. Low doses
of oxidants like hydrogen peroxide are capable of inducing apoptosis. The expression profile and
relative mRNA abundance of Bcl-2 and Bax with respect to f-actin along with the ratio of Bcl-
2/Bax is depicted in Fig. 4.13a. Hep3B cells treated with TBH for 3 h showed radical increase in
the Bax mRNA expression compared to the control. The increase was 45% compared to that in
control, untreated cells. It was interesting to note that there was no considerable difference in the

expression of either Bcl-2 or Bax between the control and TBH treated cells.

Over expression of anti-apoptotic proteins Bel-2 and Bel-xL is found to be of frequent occurrence
in the development and progression of hepatocellular and other carcinomas (Robert and Gores,
2005). The high Bcl-2 expression perhaps is a mechanism developed by carcinoma cells in order
to keep them proliferating. Although there was no significant change in the Bcl-2 mRNA
expression in Hep3B cells treated with TBH, a significant increase in Bax was noticed, which
perhaps is the major effector of apoptosis. Kim et al, (1999) observed a no-change in Bcl-2
expression in human neuroblastoma cells exposed to TBH. However, they observed an increased
expression of p53, a direct transcriptional activator of Bax genes (Miyashita et al., 1994). The
Bax mRNA expression in the present study may have been effected by an increased p53
expression as suggested by Kim et al., (1999). The expression of Bcl-2 mRNA was significantly
lower in Hep3B cells pretreated with the antioxidant extracts (except SCA at 50 ppm) as
compared to either control or TBH treated cells. However, the mRNA expression of Bax was
down regulated in Hep3B cells pretreated with extracts and standards compared to control and

TBH treated cells (Fig. 4.13).
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Fig.4.13. Effect of extracts and standards on the expression of Bax and Bcl-2 mRNA in Hep3B
cells exposed to TBH stress. mRNA expression of the enzyme was determined by
semiquantitative RT-PCR in Hep3B cells treated for 4 h with noted concentrations of extracts and
standards followed by 3 h exposure to 05mM TBH. PCR amplified B-actin was used for loading
normalization. Densitometric quantitations of the bands are expressed as ratio of the respective
mRNA to B-actin mRNA. M indicates for 1000 bp molecular marker.

In a study concerning cytoprotection against oxidative stress induced cell death and toxicity, it is
not unusual to expect a reduced expression of Bax and a concomitant increase in expression of
Bcl-2; because in a perfect scenario where an antioxidant prevents the cell death caused by the
oxidant, Bcl-2, an antiapoptotic gene is expected to increase in order to cope with the cytotoxic
effect of the said oxidant. On the contrary, the present study showed a reduction in expression of
Bcl-2 and Bax genes under all treatment conditions except in the case of SCA (50ppm) and

quercetin (5uM), where an increase Bcl-2 expression was associated with a concomitant
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reduction in expression of Bax (Fig. 4.13 B&C). In all the other treatments Bcl-2 expression
remained below that of control and TBH treated levels while all the extracts and standards

reduced the Bax expression to a large extent (Fig. 4.13 B).

Though Bcl-2 is considered antiapoptotic, its role has been met with controversies. Clinical
studies have shown that there is no correlation between the level of Bcl-2 expression and the
acute lymphoblastic leukemia (Coustan-Smith et al., 1996). Over expression of Bcl-2 protein has
shown to increase the half life of Bax protein (Miyashita ef al., 1995) and promote death of
photoreceptor cells (Chen et al., 1996) suggesting a proapoptotic gene-like function under certain
circumstances. Shinoura et al., (1999) suggest that while low level Bcl-2 expression was
antiapoptotic, high level expression is proapoptotic, particularly to Fas-mediated apoptosis in
glioma cells. Therefore, under such circumstances, the ratio of Bcl-2 to Bax mRNA expression
may give a more accurate measure of pro- or antiapoptotic status of the cell. Resistance to
radiotherapy of rectal adenocarcinoma tumors and prostate cancer was associated with an
increased Bcl-2/Bax ratio (Scopa et al., 2001) suggesting that Bcl-2/Bax ratio may serve as a
potential molecular marker in prediction of tumor prognosis. Hep3B cells treated with TBH
showed a 36% reduction the Bcl-2/Bax ratio shifting the balance towards proapoptotic status,
which was effectively reverted back to normal levels by the extracts. The effect of EGCG and
quercetin was dose dependent elevating the Bcl-2/Bax ratio to 57% at 10uM and 5uM
respectively, compared to the control cells. The highest upregulation of the ratio was induced
10uM quercetin showing an elevation of 89% compared to untreated cells. It is intriguing to learn
that mRNA expression of both Bcl-2 and Bax were downregulated in Hep3B cells treated with
the extracts as compared to either TBH treatment or control (Fig. 4.13 A-C). While down
regulation of Bax is a desirable property in conferring cytoprotection, reduction in Bcl-2
expression here is questionable. It is also noted that the Bcl-2 expression is high in TBH-treated
cells, despite a high cytotoxicity as observed by MTT assay and microscopic analysis explained
in earlier sections. According to Shinoura et al., (1999), Bcl-2 at low expression levels acts as
antiapoptotic and proapoptotic at high expression levels in Fas mediated apoptosis. However,
since Hep3B cells are Fas negative, such a mechanism does not seem feasible in the present
study. Therefore, it is possible that the Bcl-2 is either post transcriptionally or translationally
regulated in cells treated with TBH implying that the cells may not able to express Bcl-2 protein
to the control levels due to apoptosis, despite a high expression of the same. The high B¢l-2 in
control cells was expected since overexpression of Bcl-2 is a characteristic many tumors and
hepatocarcinoma cells possess (Oltersdorf et al., 2005; Roberts and Gores, 2005; Yildiz et al.,
2008). The flavoinds EGCG ad quercetin have been known to inhibit H202 induced apoptosis in
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human umbilical vein endothelia cells by upregulating Bel2 and down regulating Bax expression
(Choi et al., 2003). The results of the study indicate that the anthocyanins, carotenoids, EGCG
and quercetin chiefly act via the upregulation of Bcl-2/Bax mRNA ratio thus conferring

protection to Hep3B cells against oxidative stress induced apoptosis.

4.3.8 Antioxidant enzyme activity and expression

Reactive oxygen species are implicated in various disorders including cardiovascular disorders,
rheumatoid arthritis, cystic fibrosis, neurodegenerative diseases and cancer. A shift in the balance
of antioxidant and the pro-oxidant towards an oxidative state has been proven to be a major root
cause of these pathologies. These reactive species are kept in check by body’s natural defense
system by converting them to less toxic or non-toxic compounds. The body’s first line of defense
include the AOEs SOD, CAT, GPx along with other enzymes such as hemeoxygenase,
glutathione reductase and glutathione transferase (Halliwell and Gutteridge, 1999) and the
endogenous small molecules such as glutathione. AOEs play an important role in defense against
free radical production as well as in repair of free radical mediated molecular damage (Matés,
2000). The AOEs are most effective when the reactive species generated are well within the
limits at which they can neutralize them. However, in the presence of excess oxidative stress
which happens under conditions of disease states, exposure to chemicals and xenobiotics,
emotional and physical stress etc., the AOEs fail to exert a desired effect. Under such conditions,
the AOE defense system can be reinforced by externally supplementing compounds with

antioxidant properties.

Carotenoids, anthocyanins and other flavonoids such as EGCG and quercetin, the natural
antioxidants found in abundance in fruits, vegetables and other plant sources, comprise the best
known compounds capable of abrogating the free radical mediated biological reactions. The
hepatocellular carcinoma cell line Hep3B is shown to express high levels of AOEs (Chern, 2002),
thus making it an ideal model to study the stress and anti-stress parameters. The present study
describes the effects of anthocyanins and carotenoids isolated from fruits of S. cumini and flowers
of D.regia respectively on the AOEs SOD, CAT and GPx with reference to their activity and
mRNA transcription in Hep3B cells and their comparison with the standard antioxidants EGCG
and quercetin. The antioxidants were also tested in the absence of TBH to know if the extracts

themselves have any effect on the enzyme activities.
4.3.8.1 Superoxide dismutase

Superoxide dismutases are a family of metallo-proteins that convert the superoxide radical to

molecular oxygen and hydrogen peroxide in an attempt to remove the cellular free radicals. While
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a low level of O," is beneficial, particularly in converting the chain-propagating lipid peroxyl
radical (OOL) to relatively unreactive hydroperoxide in the presence of a proton (Liochev and
Fridovich 1994), it can be toxic when present at higher levels. Table 4.3 summarises the effect of
TBH on the SOD status in Hep3B cells after a 3 h exposure and its modulation by pretreating the

cells with antioxidants used in the study.

Table 4.3. Effect of SCA, EGCG and quercetin on the activity of the enzyme SOD (U/mg

protein) in Hep3B cells in the presence and absence of TBH.

Control TBH
Sample | 50 ppm 100 ppm 50 ppm 100 ppm
Control 2197.473 +£107.12
TBH 4447.82 +192.84
SCA 2615.43 £ 83.94 2583.94+97.38 | 3504.71 £122.48 3926+ 163. 84
S5puM 10pM S5uM 10pM
EGCG 1905.17 + 87.62 2076.93 £93.56 | 334539+94.92  2933.81+138.93
Quercetin | 2183.933 £98.41  2345316+93.42 | 2632.34+41.72 2823.542+121.31

The activity of SOD was determined in Hep3B cells treated for 4 h with noted concentrations of
sample and standards followed by 3 h exposure to 0.5mM TBH. Data correspond to the
representative values from three independent experiments done in triplicates and expressed as
average + SD.

Exposure of Hep3B cells to 0.5mM TBH for 3 h caused a significant, 2-fold increase in SOD
activity as compared to the control, untreated cells. None of the extracts or standards showed a
significant difference in SOD activity compared to the control cells when applied in the absence
of TBH. However, pretreatment of cells with these extracts showed a substantial reduction in
TBH-induced increase in SOD activity. The tremendous increase in SOD activity in TBH treated
cells appears to be a defense mechanism to cope with the ensuing stress. It is hypothesized that
O, " reduces ferric to ferrous iron which in turn reacts with TBH to yield tert-butyl alkoxyl radical.
These radicals are highly reactive and can initiate lipid peroxidation ultimately causing cell death.
The result was in agreement with that obtained by Alia et al., (2006b) who observed a significant
increase in the activity of SOD in HepG2 cells treated with TBH. However, they observed no
significant difference in the expression of the enzyme CuZnSOD in TBH treated cells. There
have been contradictory reports on the effect of TBH on expression of CuZnSOD. While Alia et
al., (2006b) observed no difference in its expression in HepG2 cells, another study showed a
significant reduction in the expression of CuZnSOD in vascular beds of deoxycorticosterone
acetate salt-induced hypertensive rats (Awe et al., 2003). The activity and expression of SOD

were found to be increased in testis of rats administered with TBH (Kaur et al., 2006). This was
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in agreement with the present study where an increase in SOD activity in Hep3B cells treated

with TBH was associated with a slight increase in the mRNA expression of the same (Fig. 4.14).
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Fig. 4.14. Effect of SCA and standards on the expression of SOD mRNA in Hep3B cells exposed
to TBH stress. mRNA expression of the enzyme was determined by semiquantitative RT-PCR in
Hep3B cells treated for 4 h with noted concentrations of sample and standards followed by 3 h
exposure to 0.5mM TBH. PCR amplified B-actin was used for loading normalisation.
Densitometric quantitation of the bands are expressed as ratio of SOD mRNA to B-actin mRNA.

However, the increase was not parallel to the activity in the sense that, the activity was increased
2-fold while there was a slight but significant increase (20%) in the transcript level suggesting
that a transcriptional regulation of the enzyme might be operating in the cells in response to

oxidative stress. A similar observation was made by Teixeira et al., (1998) who observed a 0.8-
fold increase in the SOD expression with 2.3-fold increase in activity.

Though SOD is an efficient antioxidant, excess production of the same has been documented to
induce toxic effects in vivo (Amstad et al., 1991; Elroy-Stein et al., 1986). The overexpression of
CuZnSOD is also associated with pathologies such as Down’s syndrome and Alzheimer’s disease

(Lohr, 1991; Kedziora and Bartosz, 1988). Similarly, stable or transient over expression of
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CuZnSOD was found to worsen the TBH-induced apoptois in PC12 cells (Pias et al, 2003).
Formation of OHe from the decomposition of H,O, was observed in the presence of high
concentration of CuZnSOD exacerbating the oxidative stress induced damage while catalase

abolished the toxicity (Gergel ef al., 1995).

In the present study, the 20% increase in SOD expression post TBH exposure appears to be lethal
to the cells. The toxic effect of excess SOD is attributed to the over production of H,O, resulting
in increased oxidative damage by hydroxyl radicals (Ceballos-Picot et al., 1992). However, there
have been contradictions on whether SOD increases (de Haan et al., 1996) or decreases (Teixeira
et al., 1998) H,0, levels in vivo. Gardner et al., (2002) developed a minimal mathematical model
to explain this difference. Through this model they suggest that at normal SOD levels, the
outcome depends on the ratio between the rate of processes that consume O,” without forming
H,0, and those that consume O,” with high (> 1) H,O, yield. When this ratio is exceptionally low
(£ 1), the overexpression of SOD is expected to show a modest decrease in H,O, production
while a ratio higher than unity increases H,O, production with an increase in SOD activity
(Gardner et al., 2002). The present study showed a 2-fold increase in SOD activity with a 1.2-fold
increase in expression suggesting an involvement of high H,0O,. This study leads to the
presumption that there might be an increased formation of H,O, in cells exposed to TBH
considering its cytotoxic effects evidenced by morphological analysis and viability assays. A
negative feed back mechanism may not be ruled out where increased O, production leads to the
inactivation of the enzyme aconitase, thus reducing the flow of reducing equivalents into the
respiratory chain and proton leakage by O,” which decreases the reduction of respiratory chain
components (Liu, 1997). Therefore, in the presence of a feed back inhibition, O, concentration is
reduced with SOD overexpression. As a consequence, the inhibition is lifted and rate of O,”
generation is increased (Gardner et al., 2002) thus increasing the activity of the enzyme.
Additionally, Offer et al., (2000) observed a bell shaped dose response curve with CuZnSOD
suggesting a prooxidant effect of the enzyme at higher concentrations. They suggest that the
outcome of high SOD is a low steady state O, rather than a significantly high H,O, resulting in
an oxidation of the target molecule by the CuZnSOD rather than protecting it. Therefore, the
toxicity of TBH may partly be attributed to a high H,O, with an additional prooxidant effect of
the enzyme SOD.

Further, it is observed that pretreatment of Hep3B cells with SCA at 50ppm and 100ppm reduced
the TBH-induced increase in SOD activity by 22% and 12% respectively. However, the extract
had no effect on the activity when applied in the absence of TBH but showed activity that
remained close to the basal level (Table 4.2). Pretreatment of Hep3B cells with SCA did not
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significantly affect the expression of CuZnSOD mRNA. At 50ppm and 100ppm of SCA, the
CuZnSOD expression was reduced by 2% and 9% respectively. Han et al., (2006) report an
increase in the expression of hepatic CuZnSOD in rats treated with red potato flake extract
conferring higher antioxidant potential as measured by reduction in serum lipid peroxidation.
However, in the absence of data on the expression of CuZnSOD in cells treated with SCA alone,
it is not possible to derive a conclusion if the high expression is due to its own ability to enhance
mRNA expression or due to its inability to negate the TBH-induced effects. However,

presumably SCA acts via mechanisms independent of SOD enzyme.

The effect of D. regia extracts on TBH-induced alterations in SOD activity is summarized in
Table 4.4. The treatments did not evoke a direct SOD response in terms of activity when the
Hep3B cells were exposed to extracts in the absence of TBH. The DRA, extract being rich in
anthocyanins along with other phenolics, significantly reduced the TBH-induced increase in SOD
activity.

Table 4.4. Effect of the D. regia extracts, EGCG and quercetin on the activity of the enzyme
SOD (U/mg protein) in Hep3B cells in the presence and absence of TBH

Control TBH

Sample | 50 ppm 100 ppm 50 ppm 100 ppm
Control 2197.473 +£107.12
TBH 4447.82 £192.84
DRA 1148.34 +£42.59 1274.45 £ 36.43 1025.51 £ 32.51 934.34 £ 56.32
CF 2031.91 £94.31 1983.27 £ 64.55 | 3573.92+132.01 3202.54 +145.63
XF 1948.83 + 73.87 1703.44 £ 83.84 | 3160.32+109.23 2793.33 +£113.31

SuM 10uM SuM 10uM

EGCG 1905.17 £ 87.62 2076.93 £ 93.56 3345.39+94.92  2933.81 +138.93
Quercetin | 2183.933 £98.41 2345.316+93.42 | 2632.34+41.72 2823.542 +121.31

The activity of SOD was determined in Hep3B cells treated for 4 h with noted concentrations of
sample and standards followed by 3 h exposure to 0.5mM TBH. Data correspond to the
representative values from three independent experiments done in triplicates and expressed as
average + SD.

The SOD activity in DRA treated cells reduced 2-fold compared to control cells and 4-fold
compared to TBH-treated cells. No significant difference in activity was observed irrespective of
the presence or absence of oxidative stress post-DRA exposure (Table 4.4). The CuZnSOD
mRNA expression profile of cells treated with DRA indicates a 27% reduction in expression at
50ppm, with no effect at 100ppm compared to TBH-treated cells. However, the activity reduced
significantly with no significant difference between the two concentrations tested. No correlation

could be drawn between the activity of the enzyme and the CuZnSOD mRNA expression.
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Carotenoids of D. regia significantly attenuated the TBH-induced increase in CuZnSOD. The
xanthophylls fraction brought about a 35% reduction in TBH-induced increase in the mRNA
expression of the enzyme (Fig 4.15) while reducing the activity by about 20% compared to TBH
treatment and no significant difference between the two tested doses (Table 4.4). The CF
reversed the elevated mRNA expression to control level at 50ppm which further reduced at
100ppm by 50% compared to TBH treatment. Consequently, the SOD activity reduced by 40% of
TBH treated cells at both the doses. These results indicate effective amelioration of defense
mechanisms of Hep3B cells by phenyl propanoids of D. regia to an extent much better than the

well-established molecules such as EGCG and quercetin.
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Fig. 4.15. Effect of D. regia extracts and standards on the expression of SOD mRNA in Hep3B
cells exposed to TBH stress. mRNA expression of the enzyme was determined by
semiquantitative RT-PCR in Hep3B cells treated for 4 h with noted concentrations of sample and
standards followed by 3 h exposure to 0.5mM TBH. PCR amplified pB-actin was used for loading
normalisation. Densitometric quantitations of the bands are expressed as ratio of SOD mRNA to
B-actin mRNA.

The standard antioxidants EGCG and quercetin alone did not significantly increase or decrease
the activity of SOD. The TBH-induced activity was reduced by 25% and 35% respectively at
S5uM and 10uM EGCG while quercetin showed a 40% reduction (Table 4.4). Both the flavonoids
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have been extensively studied for their antioxidant properties and there is plethora of relevant
data available in the literature. A comparison of the effect of extracts on SOD activity in TBH
stressed cells shows that activity of cells pretreated with SCA (50ppm) CF (at both the doses) and
XF (50ppm) more closely resembled that with EGCG. XF at 100ppm showed an activity
comparable with 10pM quercetin (40% reduction in TBH-induced SOD activity). The reduction
in TBH-induced increase in SOD activity was associated with a consequent reduction of its
transcript levels. All the extracts except DRA at 100ppm and quercetin at SuM significantly
reduced the increased mRNA transcript level of CuZnSOD. The theory of prooxidant effect of
CuZnSOD (Offer et al., 2000) may not hold good in the case of Hep3B cells pretreated with
100ppm DRA and 5uM quercetin. This is because the high CuZnSOD mRNA is not associated
with a high enzyme activity suggesting that there does not exist a low steady state O,” thus
perhaps preventing the enzyme becoming prooxidant. The lack of relationship between the
transcript level and activity also suggests that the enzyme is not transcriptionally regulated. It
appears from the results that the extracts act at transcriptional level and perhaps also at post-
transcriptional level, by reducing the enzyme available for activity. Most recent report on EGCG
suggests its longevity effects in Caenorhabitis elegans under heat stress, which is mediated by an
up regulation of SOD enzyme, which however was associated with an increase in heat shock
proteins. (Zhang et al., 2009). Therefore, in lieu of the contradictory data available on SOD
expression and its effects under oxidative stress, it is important to consider related parameters,

particularly the effects on other AOEs.
4.3.8.2 Catalase

Catalase is a heme containing homotetrameric protein with a function of H,O, detoxification. It is
ubiquitously distributed in all aerobic organisms and is chiefly located in the cytosol, though
evidence for its presence in mitochondria, the major source of ROS, is made available recently
(Salvi et al, 2007). Hydrogen peroxide produced through rapid conversion of O,” by
mitochondrial SOD produces the highly reactive OHe by interacting with transition metal ions of
the respiratory complexes through Fenton reaction which plays an important role in pathologies,
particularly those involving inflammatory conditions (Puppo and Halliwell, 1988). The H,O,,
unless removed by the concerted action of CAT an GPx can create havoc by damaging the
membrane integrity through peroxidation of phospholipid bilayer, induce permeablilty pore
transition with the release of cytochrome C release and activation of pro-apoptotic cascade
(Kowaltowski and Vercesi, 1999; Salvi et al., 2003). Therefore, CAT is believed to play a role in
cellular antioxidant defense mechanisms by limiting the accumulation of H,O, (Ho et al., 2004).

The role of CAT in protecting the cells and tissues against oxidative stress has been studied
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extensively. Mitochondrial CAT (MCAT) over expression is associated with effective defense
against O,” generators while cytosolic CAT over expression provides protection against H,O,
generators (Gurgul et al., 2004). Over expression of MCAT in mice was reported to reduce the
severity of age-related arteriosclerosis and increase genomic stability as indicated by a decrease
in oxidative stress and mitochondrial deletions in heart and muscle tissues in association with an
increase in median and maximum life span (Cutler, 2005). CAT has been reported as the
predominant H,O, removing enzyme in human erythrocytes. However, there have been
conflicting reports on the decreased (Goth et al, 2005; Abraham et al, 2005), increased
(Rukmini et al, 2004) and no change (Cao et al, 2004) in activity of CAT under different
oxidative stress states. A high level of CAT activity is protective against oxidative damage.
Natural antioxidants are credited with their ability to detoxify free radicals chiefly due to their
reducing potentials. In the present study, it was observed that TBH significantly inhibited CAT
activity in Hep3B cells by 30% compared to the control cells (Table 4.5).

Table 4.5. Effect of SCA, EGCG and quercetin on the activity of the enzyme CAT (U/mg prtein)
in Hep3B cells in the presence and absence of TBH.

Control TBH
Sample | 50 ppm 100 ppm 50 ppm 100 ppm

Control 7.85+£0.23

TBH 5.72+£0.18

SCA 7.29 £0.09 8.19+0.15 6.95 +£0.06 7.38+0.12

S5puM 10pM S5puM 10pM

EGCG 7.53+0.11 8.34+0.13 7.96 £ 0.08 7.29+0.16
Quercetin 7.34+£0.31 8.32+0.25 8.21 £0.08 7.89 +0.09

The activity of CAT was determined in Hep3B cells treated for 4 h with noted concentrations of
sample and standards followed by 3 h exposure to 0.5mM TBH. Data correspond to the
representative values from three independent experiments done in triplicates and expressed as
average £ SD.

This observation was intriguing given the fact that TBH evoked a radical increase in SOD activity
(200% compared to control). Theoretically, an increase in SOD activity results in an increased
production of H,O,. In conditions of normal enzyme functioning, there should be an increased
CAT activity in order to detoxify the H,O, formed by SOD. However, this was not the case in the
present study. A similar observation was made by Farombi et al., (2004) where exposure of rats
to TBH caused a significant reduction in erythrocyte CAT and GPx activity; however data on
SOD was lacking. Though it is said that catalase is inhibited by O, (Kono and Fridovich, 1982),
the theory does not seem to fit here due to the fact that the high activity of SOD in fact reduces

the steady state level of O,”. However, if the inhibition is due to the low O," , reversal of
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inhibition of CAT activity by the extracts would suggest that they do so by scavenging the O,".
Therefore, under the given circumstances, the inhibition of CAT activity appears to be due to
damage to the proteins caused by the substrate hydroperoxide thus making them less active or
inactive. The anthocyanin extract of S. cumini (SCA) when applied alone to Hep3B cells evoked
a CAT response comparable to control cells, maintaining the activity close to the basal level.
However, prior exposure of the cells to SCA restored the TBH-induced reduction in CAT activity
by about 88% and 94% (at 50 and 100ppm respectively) of that of control cells (Table 4.5). The
SCA compared well with EGCG and quercetin in terms of CAT activity.

Fig. 4.16 represents the mRNA profile of CAT and its relative expression in Hep3B cells treated
with SCA, EGCG and quercetin prior to exposure to TBH.
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Fig. 4.16. Effect of SCA and standards on the expression of CAT mRNA in Hep3B cells exposed
to TBH stress. mRNA expression of the enzyme was determined by semiquantitative RT-PCR in
Hep3B cells treated for 4 h with noted concentrations of sample and standards followed by 3 h
exposure to 0.5mM TBH. PCR amplified B-actin was used for loading normalisation.
Densitometric quantitations of the bands are expressed as ratio of CAT mRNA to B-actin mRNA.

Though TBH induced a significant reduction in the activity of the enzyme, no change in the
mRNA transcript level of the same was observed suggesting that the activity was not
transcriptionally regulated. The reduction in activity appears to be an outcome of direct inhibition

of the enzyme by the free radical substrates of the enzyme. The SCA had no effect on the
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transcription of at 100ppm, but increased it by 15% at 50ppm. The highest stimulation of mRNA
transcription was observed with SuM of EGCG and quercetin which showed 30% increase
compared to TBH treated cells (Fig. 4.16). This increase in mRNA transcript was associated with

an increase in the activity of the enzyme.

The extracts of D. regia had differential effects on CAT activity. The anthocyanin rich fraction
DRA, was slightly inhibitory when applied alone to Hep3B cells for 4 h. The inhibition was 25%
and 15% at 50 and 100ppm respectively. The inhibition reduced with the increase in the dose.
Pretreatment with DRA at 50ppm failed to ameliorate TBH-induced reduction in the enzyme
activity, but at 100 ppm the activity was replenished to a significant extent (91% of that of control
cells). The carotenoids extracts did not significantly alter the CAT activity in the absence of TBH
stress, but elevated the TBH-induced reduction in CAT activity in the order of XF>CF. The effect
of XF was comparable to that of EGCG. The highest activity was observed with quercetin
followed by EGCG, XF, CF and DRA.

Table 4.6. Effect of the D. regia extracts, EGCG and quercetin on the activity of the enzyme
CAT (U/mg protein) in Hep3B cells in the presence and absence of TBH

Control TBH
Sample | 50 ppm 100 ppm 50 ppm 100 ppm

Control 7.85+£0.23

TBH 5.72+0.18

DRA 6.04 + 0.06 6.69 £0.11 5.58+0.11 7.19+0.21
CF 6.93+0.01 7.29 + 6.53+0.07 7.21 £0.07
XF 7.84 £ 0.03 791 + 7.17+0.15 7.36 £0.09

SuM 10uM S5uM 10uM

EGCG 7.53+0.11 8.34+0.13 7.96 £ 0.08 7.29+0.16
Quercetin 7.34+0.31 8.32+£0.25 8.21+£0.08 7.89 £ 0.09

The activity of CAT was determined in Hep3B cells treated for 4 h with noted concentrations of
sample and standards followed by 3 h exposure to 0.5mM TBH. Data correspond to the
representative values from three independent experiments done in triplicates and expressed as
average + SD.

The CAT mRNA profile and their relative expression are depicted in Fig. 4.17. It can be derived
that all the extracts elevated the mRNA transcript levels in a dose dependent manner and was
parallel to the activities. This suggests that the extracts modulate the CAT activity by

transcriptional regulation.
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Fig. 4.17. Effect of D. regia extracts and standards on the expression of CAT mRNA in Hep3B
cells exposed to TBH stress. mRNA expression of the enzyme was determined by
semiquantitative RT-PCR in Hep3B cells treated for 4 h with noted concentrations of sample and
standards followed by 3 h exposure to 0.5mM TBH. PCR amplified B-actin was used for loading
normalisation. Densitometric quantitations of the bands are expressed as ratio of CAT mRNA to
B-actin mRNA.

However, Hep3B cells treated with EGCG and quercetin showed a reduction in the mRNA with
increase in dose. Overexpression of CAT was found to protect cells against H,O, induced cell
death (Mann et al., 1997). Therefore, the overexpression of the enzyme in Hep3B cells pretreated
with TBH may be considered a defense mechanism so as to counter the reactive species
generated. It was noted that all the extracts caused a significant stimulation of mRNA transcripts.
There are reports of phytochemicals of various sources stimulating the activity of AOEs such as
CAT and SOD. Nelson et al., (2006) have demonstrated the ability of a nutraceutical supplement

to induce these two enzymes in human erythrocytes despite an absence of nuclei and lack of their

ability to induce new synthesis of AOEs once they enter circulation. In the present study it was
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observed that the extracts as well as the standards caused a significant induction of CAT either at

one or both the doses tested (Fig. 4.16 and 4.17).

Considering the results of Nelson et al.,(2006), this observation is not surprising given the fact
that liver cells possess nuclei and there is continuous synthesis of new protein and hence an
induction of CAT. However, contrary to the results of Nelson ef al., (2006) the present study did
not witness an induction of SOD after pretreatment of extracts to TBH exposed cells (with the
exception of quercetin). This may be a defense mechanism adopted by the cell to over come

SOD-inducing effect of TBH in order to minimize the cellular load of O," and/or H,0,.

Additionally several lines of evidence suggest that the expression of mRNAs are controlled by
regulatory elements. CAT gene expression has been found to be transcriptionally regulated in
mouse skeletal muscles through the involvement of NFkB and AP-1 (Luo and Rando, 2003).
Other studies have described the importance of CCAAT binding factors to have influence on the
transcriptional regulation of the catalase gene in mouse muscle and H,0,-adapted human
leukemia HL60 cells (Nenoi et al, 2001). It has been reported that upregulation of CAT is
associated with activation of p38 mitogen activated protein kinase (Sen et al., 2005). Therefore,
the upregulation of CAT mRNA in Hep3B cells pretreated with the extracts and standards may be
associated with a stimulation of these regulatory elements rather than a direct effect on

transcription.

4.3.8.3 Glutathione peroxidase

Glutathione peroxidase is a seleno-enzyme which converts the H,O, produced by the action of
SOD on O, to form water in a reaction that oxidizes GSH to the disulfide form, GSSG. Among
the four types of GPxes that are identified, cellular Gpx is the most abundant in most cells. The
results of the present study showed a marked decrease in the activity of the enzyme Gpx in
Hep3B cells treated with 0.5mM TBH. The activity was reduced by 50% of that of control cells
(Tabel 4.7).

GPx has been described as the most important enzyme for stabilizing oxidative reactions in cells
and low GPx activity is particularly lethal under conditions of oxidative stress such as treatment
with antineoplastic drugs (Remacle er al, 1992). In cells with high susceptibility to lipid
peroxidation, as is the case with TBH treatment, adequate GPx activity is required to neutralize
the lipid hydroperxoides, breaking chain reaction of peroxidative damage and thus reduce the

generation of free radicals.
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Table 4.7. Effect of SCA, EGCG and quercetin on the activity of the enzyme GPx (U/mg protein)
in Hep3B cells in the presence and absence of TBH.

Control TBH
Sample | 50 ppm 100 ppm 50 ppm 100 ppm

Control 1052 +48.56

TBH 516.12 £22.41

SCA 742.83 +£28.33 704.78 £ 23.84 576.49 +18.93 569.99 + 13.83

S5uM 10uM S5uM 10uM

EGCG 950.02+ 33.11 972.27 £ 36.94 923.74 + 38.38 850.38 £23.84
Quercetin | 974.62 +30.15 991.33 £29.02 748.52 +£19.84 829.08 +20.02

The activity of GPx was determined in Hep3B cells treated for 4 h with noted concentrations of
sample and standards followed by 3 h exposure to 0.5mM TBH. Data correspond to the
representative values from three independent experiments done in triplicates and expressed as
average + SD.

The reduced GPx activity in TBH-treated cells is associated with a 2-fold increase in lipid
peroxidation (Fig. 4.4) suggesting the increased accumulation of lipid hydroperoxides in the
absence of a mechanism to counteract the same. Similarly, an inverse relationship has been
drawn between the GPx activity, GSH content and cellular lipid peroxidation. Inhibition of GSH
synthesis in macrophages was associated with a significant reduction in cellular GSH content and
GPx activity accompanied by a substantial elevation of LDL oxidation and peroxide levels
(Rosenblat and Aviram 1998). In agreement with the results of Rosenblat and Aviram (1998), the
present study witnessed a marked reduction in GPx activity (Table 4.7) and GSH (Fig 4.3)
content with a sizeable amount of lipid peroxidation (Fig. 4.3) in Hep3B cells treated with 0.5mM
TBH. Interestingly, treatment with SCA alone showed a 30% reduction in the activity of the GPx
compared to the control cells and pretreatment of the same failed to evoke a significant GPx
response in TBH-treated cells. Only a marginal 4% increase in GPx activity was observed in
TBH-exposed cells pretreated with SCA (Table 4.7). A 22% reduction in mRNA expression was
observed in TBH treated cells along with a 50% reduction in its activity compared to control (Fig.
4.18). The expression of GPx mRNA was found to be parallel with its activity, an indication of

transcriptional regulation.
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Fig. 4.18. Effect of SCA and standards on the expression of GPx mRNA in Hep3B cells exposed
to TBH stress. mRNA expression of the enzyme was determined by semiquantitative RT-PCR in
Hep3B cells treated for 4 h with noted concentrations of sample and standards followed by 3 h
exposure to 0.5mM TBH. PCR amplified p-actin was used for loading normalisation.
Densitometric quantitations of the bands are expressed as ratio of GPx mRNA to B-actin mRNA.

The extracts of D. regia and the standards showed no significant difference in GPx activity as
compared to the control (Table 4.8). The activity was slightly reduced in Hep3B cells treated
with these extracts and standards alone. The anthocyanin rich fraction, though failed to
completely revive the GPx activity to normal levels, inhibited the TBH-induced reduction in GPx
activity to a large extent in a dose dependent manner. The activity in DRA pretreated cells was
found to be 62% and 77% at 50ppm and 100ppm respectively as compared to the 50% activity in
TBH-treated cells. The carotenoids fractions moderately reversed the effect of TBH on GPx
activity, CF being more efficient than XF in this case (XF was more effective in CAT activity).
Among the two carotenoids fractions, CF at 100 ppm offered maximum protection by increasing

the activity 66% as opposed to TBH-treatment.
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Table 4.8. Effect of the D. regia extracts, EGCG and quercetin on the activity of the enzyme GPx
(U/mg protein) in Hep3B cells in the presence and absence of TBH

Control TBH
Sample 50 ppm 100 ppm 50 ppm 100 ppm

Control 1052 +43.56

TBH 516.12+£22.41

DRA 786.77 £ 24.11 853.84 £31.82 661.32 + 19.01 811.84 +£27.84
CF 957.87 £41.71 983.34 £ 32.77 645.42 £ 23.88 693.29 +18.93
XF 896.95 + 37.35 801.79 £24.38 603.55+20.91 894.94 +27.09

S5uM 10pM S5pM 10pM

EGCG 950.02+ 33.11 972.27 £ 36.94 023.74 + 38.38 850.38 =23.84
Quercetin | 974.62 +30.15 991.33 £29.02 748.52 +£19.84 829.08 =20.02

The activity of GPx was determined in Hep3B cells treated for 4 h with noted concentrations of
sample and standards followed by 3 h exposure to 0.5mM TBH. Data correspond to the
representative values from three independent experiments done in triplicates and expressed as
average £ SD.

Figure 4.19 represents the mRNA profile and expression of the GPx enzyme with respect to -
actin. The reduction in GPx activity in TBH-treated cells is associated with a concomitant
decrease in the expression of the same. The DRA, CF, XF and quercetin showed a dose
dependent increment in the GPx activity (Table 4.8) and mRNA expression in TBH exposed cells
with the exception of EGCG which showed a reduction in GPx mRNA with dose. Maximum
transcription was achieved with 100ppm XF and 5uM EGCG. Both EGCG and quercetin caused
a dose-dependent reduction in GPx mRNA expression (Fig. 4.19).

GPx is known to be regulated by signaling pathways involving c-Abl and Arg tyrosine kinases
which directly bind to the proline-rich sites on GPx during oxidative stress thus stimulating its
activity. It is reported that c-Abl and Arg tyrosine kinases are activated during oxidative stress
and form complexes with GPx depending on the oxidative stress levels. Activation of c-Abl and
Arg at non-lethal concentrations of H,O, appears to play an antiapoptotic function in protecting
cells against increased oxidative stress (Cao ef al., 2003). However, the constitutive association of
GPx with c-Abl and Arg is disrupted at lethal concentrations of H,O, causing a down regulation
of GPx activity leading to cellular damage and apoptosis (Sun et al., 2000). It was observed in the
present study that the GPx activity was significantly reduced in the presence of TBH. The
reduction in activity may be attributed to an increased SOD activity which results in an excess
H,0, load causing a disruption of GPx complexes with c-Abl and Arg tyrosine kinases and hence

apoptotic cell death.
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GPx/p-actin mRNA

Fig. 4.19. Effect of D. regia extracts and standards on the expression of GPx mRNA in Hep3B
cells exposed to TBH stress. mRNA expression of the enzyme was determined by
semiquantitative RT-PCR in Hep3B cells treated for 4 h with noted concentrations of sample and
standards followed by 3 h exposure to 0.5mM TBH. PCR amplified B-actin was used for loading
normalisation. Densitometric quantitations of the bands are expressed as ratio of GPx mRNA to
B-actin mRNA.

Similarly, the reversal of death in cells treated with the extract is associated with an increase in
GPx activity in all the cases except with SCA, suggesting that such a mechanism may be involved
in conferring protection to the cells against oxidative stress. The SOD activity in Hep3B cells
treated with these extracts was also associated with a reduction in TBH-induced increase. There
are reports of CAT being activated by c-Abl and Arg mediated phosphorylation (Bharti et al.,
1998). Therefore, the activity of antioxidant phytochemicals may depend on a number of
signaling pathways in order to bring about a reduction in free radical load or to protect the cells

against free radical induced oxidative stress.
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The overall results of consequence of oxidative stress and antioxidants on the AOE suggest that
each compound acts differently with respect to activity and expression of the enzyme. TBH has

been shown to evoke significant cellular stress in other cell lines (Alia et al., 2005, 2006b).

Dietary phytochemicals have been known to induce cellular defense enzymes in response to
oxidative stress. This induction is believed to be mediated by the antioxidant response elements
within the promoter regions of these genes. Two characteristic regulatory elements, the
antioxidant responsive element (ARE) and xenobiotic responsive element (XRE) have been
identified to be located in the promoter region of the CuZnSOD in human liver cells (Park and
Rho 2002). In addition, putative binding motifs for NF-«xB and AP-1, the transcriptional
regulators activated in response to oxidative stress, are found on mouse GPx and CAT gene
(Zhou et al., 2001). Therefore, it appears that the antioxidants can be transcriptionally induced by
the above factors in combination with or independently of the two regulatory elements as an

oxidative stress response.

Effect of quercetin on oxidative stress-induced alterations in AOEs activity and expression is well
documented. Rohrdanz et al, (2003) showed that quercetin brings about a reduction in
CuZnSOD, CAT and GPx mRNA expression at the concentrations tested in the present study (5
and 10uM). They also observed that pretreatment of H4IIE cells with quercetin protected against
H,0, induced oxidative stress without altering the enzyme expression concluding that quercetin
acts via mechanisms independent of AOE. However, the present study clearly showed an
amelioration of oxidative stress by quercetin via activity of AOE irrespective of whether the
mRNA expression was altered or not. This suggests that the activity of AOE, in quercetin treated
cells prior to TBH exposure, is regulated transcriptionally as well as post-transcriptionally. The
study conducted by Rohrdanz et al., (2003) lacked data on activity and the expression of mRNA
is not a direct measure of the activity of its respective protein. Therefore, such data have to be
measured with careful considerations while studying the antioxidant potential of the said
compound. Similarly, Alia et al., (2006b) reported no change in expression of AOE mRNA in the
presence of TBH which was true only for CAT mRNA (Fig. 4.16) in the present study while the
CuZnSOD was upregulated (Fig. 4.14) and GPx mRNA was downregulated (Fig. 4.18) in the
presence of 0.5mM TBH incubated for 3 h. They report an upregulation of these enzymes by
quercetin in TBH treated HepG2 cells (Alia ef al., 2006a) which is in agreement with the present
study. Additionally, quercetin has been reported to be a potent inhibitor of lipoxygenase and
cycloxygenase activities, Na-K-ATPAase, protein kinase C and various tyrosine kinases (Lipkin

et al., 1999). Quercetin, in addition to its well-known ability against cellular oxidative stress, it
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has been reported to suppress both chemically induced and spontaneous formation of tumors in

animals, through one or more of the above mentioned mechanisms (Lipkin ef al., 1999).

Frequent consumption of green tea, one of the most popular and widely consumed beverages, has
been known to protect against development of various cancers according to numerous
experimental and several population-based studies. Molecular mechanisms underlying
chemopreventive effects exerted by green tea and its components have been extensively
investigated which has resulted in the identification of EGCG as the functional ingredient.
EGCG, the chief catechin of green tea is gaining significance as a cytoprotective as well as an
anticancer agent. In the present study, it reversed the effect of TBH on AOEs by elevating the
mRNA transcription of CAT and GPx. There is accumulating evidence to show that the redox
sensitive transcription factor, nuclear factor erythroid 2 p45 (NF-E2)-related factor (Nrf2) is a key
component that activates antioxidant response element (ARE)-mediated expression of many
antioxidant and phase II detoxifying enzymes (Na and Surh, 2008). Treatment of human breast
epithelial cells with EGCG was found to increase the ARE binding and transcriptional activity of
Nrf2 and activate Akt and extracellular signal-regulated protein kinase1/2 (ERK1/2). Therefore, it
is suggested that Nrf2 mediates EGCG-induced expression of AOEs possibly via Akt and
ERK1/2 signaling, which may provide cells with acquired antioxidant defense capacity to survive

the oxidative stress (Na and Surh, 2008; Sriram et al., 2009).

When the two carotenoids fractions CF and XF were compared for their activities, XF was found
to be more effective against TBH-induced alterations in AOE activities. Carotenoids have long
been associated with reduced incidence of chronic degenerative diseases including cardiovascular
disease and cancer owing to their antioxidant activity. Differential activities of carotenes and
xanthophylls are well documented. From the chemical investigation it was observed that CF
chiefly contained p-carotene along with its isomers. B-carotene is associated with an induction of
CAT, SOD and GPx. This was noticed in the present study, though it was not as effective as the
other extracts in elevating the reduced levels of GPx and CAT. Carotenoid treatment has been
demonstrated to have been activating the translocation of cytosolic Nrf2 to nucleus resulting in
the induction of phase II detoxifying enzyme through transactivation of ARE (Ben-Dor ef al.,
2005). Differential effects of carotenes and xanthophylls may primarily be attributed to their
bioavailability and their metabolism within cells. Xanthophylls are more bioavailable than (-
carotene which could be the reason behind the better efficacy of xanthophylls in the present
study. The main carotenoids present in XF were identified to be lutein, zeaxanthin and -
cryptoxanthin. All these carotenoids have been extensively studied and their beneficial effects

have been proved by in vitro, in vivo and epidemiological studies as explained in the previous
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chapter. Though CF provides protection to the Hep3B cells against TBH-induced toxicity, its
action on AOE is not substantial compared to the other extracts and standards. This observation
was in accordance with that of Bestwick and Milne (1999) who stated that f-carotene does not
significantly enhance the AOEs in Caco-2 monolayer. In contrast, f-carotene enhanced the
production of H,O, suggesting its failure to protect high risk individuals against degenerative
diseases. However, the chemoprotection offered by B -carotene may be linked to conversion to
retinoids, but may also be independent of, though not necessarily exclusive from, retinoid

formation and may involve direct antioxidant activity (Krinsky, 1996; Handelman, 1996).

Anthocyanins from berry fruits have been gaining immense importance due to their wide
pharmacological benefits. They possess antioxidant, anti-inflammatory, anticancer, antidiaetic
and antiobesity properties (Dai et al., 2007; Mulbagal et al., 2009). Anthcyanins were found
intact and as metabolites in human plasma and urine after ingestion of low concentrations of
anthocyanins from red wine with an associated increase in antioxidant capacity (Garcia-Alonso et
al., 2009). Consumption of pigmented (red) rice was found to ameliorate the iron induced lipid
peroxidation in rats which was associated with an increase in CAT activity (Toyokuni et al.,
2002). Intra-oral application of muco-adhesive freeze dried black raspberry gel showed high
levels of anthocyanins in saliva and oral tissues with a distribution in blood suggesting the
potential for anthocyanins as local drug delivery targets in chemoprevention (Mallery et al., 2007;
Ugalde et al., 2009). Based on the available experimental data it is evident that anthocyanins
possess potent chemopreventive actions. No significant amount of data is available on the effect
of anthocyanin extract of S. cumini on the AOEs. The extract showed protection to Hep3B cells
chiefly by modulating CAT and SOD while it did not increase the GPx activity to a significant
level. In order to further characterize its effect on AOEs, the stability of the mRNA transcripts of
AOEs was studied.

4.4 Effect of SCA on antioxidant enzyme mRNA stability

It has been proven time and again that oxidative stress evokes a variety of cellular responses. One
such response is the attack on cellular defense system through alteration in activity of the major
AOEs CAT, SOD and GPx right from transcription to post-transcriptional modifications.
Considering transcription, the genes coding for CAT, SOD and GPx can either be upregulated or
downreguated depending on the kind of oxidant the cell is exposed to. Hyperoxia has been
associated with an increased activity of these enzymes while exposure to xenobiotics such as
CCly inhibits their activity. Such changes in antioxidant defense systems have been ascribed to

change in the rate of gene transcription and mRNA translation as well as in the stabilities of
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mRNA and protein. Oxidant-induced conformational changes of regulatory proteins may

influence a spectrum of genes by initiating transcription and/or stabilizing specific mRNAs.

In the present thesis it was earlier documented that SCA exerts its protective effects against
oxidative stress induced alterations in AOE activity and transcription. A recent study
demonstrated an elevation of hepatic AOE activities in streptozotocin-induced diabetic rats by the
aqueous extract of S. cumini pulp (Namasivayam et al., 2008). Though several reports exist on
the effect on anthocyanins on the activity of AOEs and their transcription, data on their effect on

the stability of mRNA transcripts in the presence of oxidative stress is lacking.

The stability of mRNA molecules all along the process of transcription, mRNA processing,
translational efficiency and post-translational modifications is an important determinant of protein
levels in the cell. Unlike transcriptional control, the molecular mechanisms that govern post-
transcriptional RNA processing are poorly understood (Sampath and Perez-Polo, 1997). The
enhanced stability of AOE transcripts may play a significant function in cells during conditions of
oxidative stress by enhancing the turn over of end proteins available for accomplishing defense
functions and protect the other metabolic pathways from oxidative stress. Since S. cumini confers
protection against TBH-induced oxidative stress mainly by maintaining the levels of CAT and
SOD, this study was designed to know if the extract has any effect on the stability of the mRNA
of these enzymes. Half lives of mRNA are measured by blocking the mRNA synthesis with
transcription inhibitors such as actinomycin D, a DNA intercalating agent which preferentially
intercalates into transcriptionally active nucleosomes, isolating the total RNA at different time

intervals and monitoring the loss of a particular transcript with a message specific probe.

Anthocaynins from other berry sources have known to abrogate oxidative stress induced elevation
in AOE levels and to even induce AOEs. It has been recently reported that flavonoids can form
stable complexes with RNA. Flavonoids such as quercetin, kaempferol, apigenin and delphinidin
were proved to intercalate RNA duplex resulting in stable adducts, delphinidin being the most
stable among others (Nafisi et al., 2009). There are reports on substances increasing the stability
of AOE transcripts in cell models. For example, nerve growth factor enhances the stability of
CAT and GPx in rat pheochroma cytoma (PC12) cells (Sampth and Perez-polo, 1997). However,
no such reports exist on the ability of anthocyanins from natural source to increase the AOE
mRNA stability. This study is an initial approach to know if anthocyanins of SCA do exert their
action partly by increasing the mRNA stability of AOEs.
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4.4.1 Effect of actinomycin D on antioxidant enzymes

Effect of transcription inhibitor actinomycin D on the mRNA abundance of CAT, SOD, GPx and
B-actin, in control, untreated cells was evaluated. Stability measurements are generally carried out
for a period which exceeds the half life of mRNA. However, in the present study actinomycin D
was found to be cytotoxic and to reduce the cell number especially in cells treated with TBH
leading to reduced RNA yield. Actinomycin D has been found to be cytotoxic in different cell
models (Lafuse et al., 2000) limiting its use for short durations of time. Therefore, to maintain
uniformity in sampling, treatment was done for a period of 6 h to measure the stability of mRNA
transcripts of AOE. Transcript levels of mRNAs of CAT, SOD and B-actin were not significantly
affected up to 6 h after treatment with actinomycin D in control cells (Fig. 4.20, 4.21). However,
significant and visibly obvious reduction in GPx mRNA abundance was observed in control cells
(Fig. 4.22). A similar observation was made by Maitre ef al., (1993) where they observed no
substantial difference in the mRNA transcripts of AOE after 9 h of actinomycin D treatment in

human umbilical cord vein epithelial cells.
4.4.2 Effect of SCA on mRNA stability of antioxidant enzymes

Reactive species are now known to activate gene expression through modulation of intracellular
redox state of nuclear proteins. It was observed that SOD activity as well as its mRNA level was
enhanced when Hep3B cells were exposed to TBH while anthocyanin rich extract of S. cumini
(SCA) abrogated this effect, particularly at 100ppm. Therefore, in the present study two
concentrations were selected based on various other tests presented in previous chapters. 100ppm
and 250ppm were used to evaluate if SCA offers protection via mechanisms involving
stabilization of the mRNA transcripts or enhancing transcriptional turn-over of genes coding
AOEs. No changes in mRNA transcripts level were observed in control cells after addition of
actinomycin D for a period up to 6 h suggesting that SOD mRNA is stable during this period
(Fig. 4.20).

Fig. 4.20. Decay of SOD mRNA in Hep3B cells as a function of time in response to TBH in the
presence of SCA. Hep3B cells were treated with 100ppm and 250ppm of SCA followed by
incubation with 0.5mM TBH. Untreated cells served as negative control and cells treated with
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TBH alone served as positive control. Gels showing decay patterns of SOD. B-actin amplification
from the respective cDNA was used for loading normalization and denistometric quanification
expressed as the ratio of SOD mRNA to that of B-actin.

The SOD mRNA level was higher in TBH treated cells compared to control, untreated cells
which is in accordance with the earlier observation (Fig. 4.14). Oxidative stress inducing agents
are known to cause induction of AOEs in cells and tissues. However, Hep3B cells treated with
TBH also showed high steady state SOD mRNA up to 5 h after actinomycin D suggesting that
TBH may not only increase the rate of transcription in response to oxidative stress but also
enhance the stability of the mRNA so as to ensure a constant supply of the transcript for
translation into its protein. At 5™ hour a 15% reduction compared to zero hour was observed after

which there was a drastic reduction in the same (87.23%) (Table 4.9).

Table 4.9. Percent changes in mRNA levels of CAT, CuZnSOD, GPx and B-actin in Hep3B cells
6 h after addition of actinomycin D.

CAT CuZnSOD GPx B-actin
Control +23.89 +1.91 -21.26 -24.38
SCA 100ppm -38.17* -0.61*% -100.00* 21.77
SCA 250ppm +6.61° -70.91% -90.81% -28.92
TBH -79.77* -87.23% -100.00* -2.33%

Percent changes were calculated with respect to the zero hour samples of respective treatments.
*significantly different from control cells. I Significantly different from TBH treated cells.

In treated cells whether with TBH alone or pretreated with SCA, there was a slight increase in
steady state SOD mRNA level. Strong expression signals were visualized in the gels at 100ppm
SCA with intense early signals at 250ppm. Higher level of SCA produced strong early expression
indication abundant trun-over rates of SOD mRNA (Fig. 4.20). Pretreatment of Hep3B cells with
SCA did not significantly alter the SOD mRNA level, except that at 100ppm the stability was
extended up to 6 h while at 250ppm it failed to do so. It was found that SCA abrogates the TBH-
induced increase in SOD activity as well as mRNA level. Contrarily, though it reduces the
mRNA level enhanced by TBH, it retains its abundance perhaps by enhancing its stability

through certain mechanisms which are not understood at this point.

There was a slight increase in the mRNA transcript level of CAT with time which may be due to
the insufficient inhibition of transcription in control cells. A similar pattern was observed with
SOD mRNA in Hep3B cells treated with TBH and also in those treated with SCA prior to TBH
(Fig. 4.20). At 6 h after actinomycin D treatment, a 23% increase in CAT mRNA was observed
as compared to the zero hour which was in accordance with the results of Maitre ef al., (1993)

who observed a 8% increase in CAT transcript and 34% CuZnSOD mRNA 9 h after actinomycin
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D treatment. As observed earlier, there was no significant difference in the CAT mRNA levels of
control and TBH treated cells at the zero hour. Exposure of Hep3B cells to TBH-stress caused a
time dependent decay of CAT mRNA with a 79.77% reduction in its abundance at 6™ h (Table
4.9). Pretreatment of Hep3B cells with SCA inhibited the CAT mRNA decay in a dose
dependent manner, completely abolishing the TBH-induced mRNA decay at 250ppm (Fig. 4.21).
Catalase mRNA transcript level in control cells was constant even after 6 h of actinomycin D
treatment. This is attributed to the higher stability and longer half life (about 42 h) of CAT
mRNA transcripts with a gradual decay in mRNA levels (Sampath and Perez-Polo, 1997).

Fig. 4.21. Decay of CAT mRNA in Hep3B as a function of time in response to TBH in the
presence of SCA. Hep3B cells were treated with 100ppm and 250ppm of SCA followed by
incubation with 0.5mM TBH. Untreated cells served as negative control and cells treated with
TBH alone served as positive control. Gels showing decay patterns of CAT. B-actin amplification
from the respective cDNA was used for loading normalization and denistometric quanification
expressed as the ratio of CAT mRNA to that of f-actin.

The time dependent reduction in CAT mRNA was observed in cells treated with TBH. Catalase
gene is relatively stable and has a 3’ flanking region with T-rich clusters and CA repeats known to
be susceptible for regulation by destabilization or ubiquination (Sampath and Perez-Polo, 1997).
TBH perhaps causes oxidative damage, breaking the bonds between the nucleosides causing
destabilization thus causing rapid mRNA decay. Pretreatment of the cells with SCA was found to
stabilize the CAT mRNA thus almost completely abolishing the TBH-induced mRNA decay
during the period of testing. The mRNA decay is perhaps delayed in the presence of SCA
indicating a higher mRNA stability conferred by the anthocyanin extract (Fig. 4.21). A number of
antioxidant response element binding factors have been associated with the regulation of AOEs in
response to ROS (Favreau and Picket, 1993). The elevation of catalase activity in neonatal
hyperoxia was found to be post-transcriptionally regulated by enhanced stability of CAT mRNA
(Clerch et al., 1991) and this enhanced stability is conferred through the formation of a specific
rat lung protein-catalase mRNA complex in a redox sensitive manner (Clerch ef al., 1998). Nerve
growth factor has been found to stimulate CAT activity associated with an increase in the

respective protein and mRNA in PC12 cells (Jackson et al., 1994; Sampath et al., 1994) which
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was reported to be due to an increased mRNA stability (Sampath and Perez-Polo, 1997). The
present study clearly demonstrates the stabilizing effects of SCA on TBH-induced CAT mRNA
decay.

Glutathione peroxidase is another H,O, detoxifying enzyme known to have a long half life of =
45 h (Sampath and Perez-Polo, 1997). In the present study GPx mRNA was found to decay in a
time dependent manner in control cells with a reduction of 21.26% at the end of 6 h (Fig. 4.22).
Exposure of Hep3B cells to 0.5mM TBH was found to show a marked degradative effect on GPx
mRNA stability. GPx mRNA was not detected after the first hour suggesting complete decay of
the same in the presence of oxidative stress which perhaps is the reason for the reduced GPx
activity in TBH treated cells as described earlier in this chapter. Pretreatment of SCA
substantially increased the stability of the GPx mRNA at both the concentrations. At 250ppm the
mRNA abundance was found to be more than that in control cells at zero hour. mRNA transcript
level was maintained to that of control level up to 4 h in SCA pretreated cells. SCA at 100ppm
was more effective in stabilizing the GPx mRNA with retention of 65% of transcripts as
compared to 13% at 250ppm at the end of 4 h. The mRNA abundance in Hep3B cells treated with
SCA at 100ppm and 250ppm matched at 4 h and 3 h respectively suggesting that mRNA

transcripts were more stable at 100ppm.

Though SCA had no significant reversal of TBH-induced reduction in GPx activity (Table 4.7), it
does play an important role in maintaining the GPx transcript pool. At 250ppm the GPx mRNA
level was found to be higher than that of control or TBH-treated cells. This implies that if this
concentration (instead of the lower level) was used in the activity study earlier, it would perhaps
show a protective effect against TBH-induced reduction in GPx activity and mRNA level.

However, in the absence of concrete data such an assumption cannot be completely justified.

Fig. 4.22. Decay of GPx mRNA in Hep3B as a function of time in response to TBH in the
presence of SCA. Hep3B cells were treated with 100ppm and 250ppm of SCA followed by
incubation with 0.5mM TBH. Untreated cells served as negative control and cells treated with
TBH alone served as positive control. Gels showing decay patterns of GPx. B-actin amplification
from the respective cDNA was used for loading normalization and denistometric quanification
expressed as the ratio of GPx mRNA to that of p-actin.
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Experimental evidence is mounting regarding the involvement of transcription factors in
induction of AOEs in response to oxidative stress or by protective phytochemicals. Nrf-2 has
been found to be a critical transcription factor that binds to the antioxidant response elements in
the promoter region of genes encoding antioxidant and detoxifying enzymes (Kwak et al., 2004;
Kobayashi and Yamamoto, 2005). Incubation of Nrf-2"* cardiac fibroblasts with the natural
antioxidant 3H-1,2-dithiole-3-thione (D3T) was found to cause significant induction of AOEs and
phase II detoxifying enzymes which was completely abolished in Nrf2-/- cells. This suggests the
positive involvement of Nrf-2 in the regulation of basal expression and chemical induction of
AOE which in turn confers resistance to reactive species induced cytotoxicity. The transcriptional
induction of AOEs in the presence of SCA in Hep3B cells may also be a result of activation of
Nrf-2 thus reducing the TBH-induced cytotoxicity although this hypothesis needs to be confirmed

through further investigation.

A look at the results of this study suggests that SCA plays a major role in enhancing the stability
of AOE mRNAs. It appears that SCA also causes an induction of AOEs in Hep3B cells. Natural
antioxidants are credited with their ability to induce AOEs under conditions of oxidative stress as
well as in normal cells. Flavonoids found in fruits and vegetables are associated with better health
and reduced risk of cancer owing to their ROS scavenging effect and activation of transcription
factors causing induction of AOEs and phase II detoxifying enzymes (Mandel et al., 2005).
Extensive work has been done on tea polyphenols where they are reported to prevent or attenuate
decreases in AOEs activities mediated via oxidative stress induced by UV-B radiation (Agarwal
et al, 1993), Mycobacterium tuberculosis infection (Guleria et al., 2002), exposure to
carcinogens (Das et al., 2002), consumption of alcohol (Skrzydlewska et al, 2002) etc.
Anthocyanins being a member of flavonoids family are also efficient antioxidants and stimulate
induction of antioxidants. Black rice extract, rich in anthocyanins, inhibited LDL oxidation via
induction of AOEs CAT and SOD (Cheng et al., 2006). The overall results suggest that SCA acts
via post-transcriptional stabilization of mRNA transcripts of AOEs and perhaps also helps

increase the rate of transcription, thereby protecting the cells from oxidative damage.

In the absence of data on effect of anthocyanins alone on the stability of mRNA transcripts of
AOEs, this study may be further extended to unravel the intimate mechanisms involved in the
enhanced stability and the involvement of transcription factors and antioxidant response elements

in conferring stability in the presence of externally supplemented anthocyanins.

Actinomycin D was toxic to Hep3B cells over time. Cells treated with TBH showed marked
exacerbation in cell toxicity which was evident by severe morphologic changes followed by

detachment of the cells. It was interesting to note that pretreatment of Hep3B cells with SCA
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showed no morphologic changes and cells appeared normal with no detached cells in the
medium. This suggests that SCA protects the cells against actinomycin D toxicity which perhaps

is the reason for high stability of mRNA transcripts of AOEs in SCA pretreated cells.
4.5 Antiproliferative activity

There is mounting evidence regarding the anticarcinogenic effects of phytochemicals and the
search for novel anticancer drugs from natural sources has continued through the collaboration of
scientists worldwide. During the course of this study it was observed that incubation of cells with
the extracts for longer than 16 h showed characteristics of cytotoxicity evidenced by
morphological changes. There are reports suggesting the biphasic effects of natural antioxidants
which can act both as cytoprotective and cytotoxic agents. Therefore, a short experiment was
carried out to develop information about the cytotoxic effects of the extracts, particularly in

proliferating cells.
4.5.1 Cell viability assay

It was interesting to note that anthocyanins of both S. cumini and D. regia were particularly toxic
to Hep3B cells, SCA being more toxic than DRA. Incubation of the Hep3B cells with SCA for 24
h caused a dose dependent increase in cytotoxicity reducing the cell viability by 23%, 34%, 70%
and 92% at 50ppm, 100ppm, 250ppm and 500ppm respectively (Fig. 4.23 A). Incubation at
50ppm of SCA for 48 h and 72 h revived the cells slightly increasing the cell viability compared
to 24 h. However this was not the case with higher concentrations of SCA. The increased viability
or reduced cytotoxic effect of low concentrations of SCA may be due to the cells ability to adapt
to the effects of anthocyanins over time. Significant reduction in cell viability was observed
above 100ppm nearly killing all the cells at 500ppm. The effect of 250ppm SCA was comparable
to that of 50uM EGCG at 24 h incubation. Incubation of Hep3B cells with DRA for 24 h had
slight stimulatory effects on the cell growth at 50ppm and 100ppm. However, higher
concentrations were clearly cytotoxic even at 24 h. The reduction in cell viability was dose
dependent showing 35% and 58% decline at 250ppm and 500ppm of DRA respectively (Fig. 4.23
B). At 250ppm DRA was more effective in reducing the cell viability compared to 50uM
quercetin and was equivalent to 100uM quercetin and this also brought about a 35% reduction in
cell viability. After 24 h incubation, quercetin at 10uM significantly increased the viability of
Hep3B cells by 20% compared to untreated cells (Fig. 4.23 D) while it had no effect at 20uM
suggesting a stimulatory effect of the same at lower concentrations. However, higher
concentrations of 50uM and 100uM reduced the viability by 20% and 40% respectively. Longer

incubation period had no significant difference between either the time of incubation or the doses.
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Cells lost 60% viability at 100uM of quercetin when incubated above 48 h (Fig. 4.23 D). EGCG
too showed a slight stimulatory effect at 10uM when incubated for 24 h which further increased
the viability at 48 h. However, the viability was drastically reduced after 72 h (34% loss). Doses
higher than 10uM were toxic to cells exhibiting 50% toxicity at 20uM after 24 h incubation.
EGCG was found to be highly toxic among the compounds tested with a comparable effect with
SCA at 250 ppm and above.
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Fig. 4.23. Antiproliferative activity of extracts and standards on Hep3B cells. Cells were
incubated with different concentrations of (A) SCA, (B) DRA, (C) EGCG, (D) quercetin, (E) CF
and (F) XF for 24 h, 48 h and 72 h in serum free medium. Cell viability was assessed by MTT
assay calculated as percentage reduction in MTT with respect to untreated cells.

The carotenoinds of D. regia were not found to be as effective as the anthocyanins or the
standards. A 24 h incubation of Hep3B cells with CF had no effect on the viability of cells at the

tested concentrations. However longer incubation of cells with CF caused a significant reduction
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in viability compared to untreated cells with no significant difference between the incubation time
(Fig. 4.23 E). Viability of cells treated with XF was not altered at lower concentrations (25ppm
and 50ppm) however, was drastically reduced at 125ppm (55% loss) which further reduced at
250ppm (70% loss). Effect of 125ppm XF was comparable to 20uM EGCG (Fig. 4.23 F).
Incubation of cells with XF for 48 h and 72 h caused a drastic reduction in viable cells nearly

killing all the cells at 250ppm.
4.5.2 Effect of extracts on morphology of cells

In order to further confirm the antiproliferative effect of extracts on cancer cell line, Hep3B cells
were incubated with the extracts for 24 h and visualized under fluorescence microscope following
staining with propidium idode (PI). PI is a fluorochrome which specifically binds to the DNA
showing bright red fluorescence. Hep3B cells treated with SCA, DRA, EGCG and quercetin
showed clear apoptotic characteristics such as cell shrinkage, membrane blebbing, condensed
chromatin, fragmented nuclei and apoptotic bodies as described in an earlier similar study
(Chodon et al 2007). The morphological features varied with different extracts suggesting
different modes of action. Control cells showed uniform fluorescence. The apoptotic features
were most obvious in cells treated with DRA, EGCG and quercetin. DRA showed features similar
to that of EGCG suggesting an involvement of a similar apoptotic mechanism by the two.
However, SCA showed characteristic vacuole formation which was not evident in any other
treatment (Fig. 4.24 A). SCA treated cells showed very few cells with condensed chromatin and
fragmented nuclei at 250 ppm while at 500ppm the cells lost structure suggesting a necrotic mode
of cell death. Treatment with 100ppm DRA had no effect on morphology of cells and this result is
in agreement with the viability assay where no cell death was observed (Fig. 4.23 B). At 250
ppm, DRA showed typical apoptotic features. Similar features were observed with EGCG where
number of apoptotic cells increased with dose. Fragmentation of nuclei was highest in cells

treated with 20uM EGCG followed by 50uM quercetin.

Quercetin was not toxic at 20uM and the cells exhibited normal morphology except for a few
showing signs early apoptosis (Fig. 4.24 F). The cytotoxicity increased in a dose dependent
manner increasing the number of apoptotic cells and reducing the cell number. The carotenoids of
D. regia were not as effective as the anthocyanins or the standards under the testing conditions.
As was obvious in the MTT assay, CF showed no significant cytotoxicity up to 5S00ppm with only
a few cells showing bright fluorescence (Fig. 4.24 C). XF showed cytotoxicity with an increase in
the dose, the increase however was not significant with doses (Fig. 4.24 D). Increase in the dose

of SCA, DRA and the standards resulted in decline in the number of apoptotic cells and most
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cells appeared to have lost cellular structure with a single bright spot in the centre with no cell
membrane. It appears that the cell death is mainly effected via apoptotic machinery followed by
necrosis. Necrosis may also be the consequence of a lack of phagocytic machinery in in vitro cell

culture conditions.

Fig. 4.24. Morphological changes in Hep3B cells incubated with different concentrations of (A)
SCA, (B) DRA, (C), CF (D), XF (E) EGCG and (F) quercetin for 24 h in serum free medium. The
figures shown are representative of three independent experiments.

The loss of plasma membrane at the highest concentrations of SCA, DRA and standards is

obvious while the carotenoids treated cells still retained plasma membrane integrity suggesting
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early apoptotic stage and that the carotenoids may be needed at still higher concentrations to
cause complete apoptosis. It is interesting to observe the dual effect of a single extract/compound
here. Short term exposure to extracts is cytoprotect ive against an ensuing oxidative stress while
long term exposure actually causes inhibition of cell proliferation and stimulates cell death in fast
growing cells. Another interesting point noted here is the extracts can be growth stimulatory at
low concentrations. Such observations are not new in literature. For example anthocyanins protect
against CD-40 induced inflammation in atherosclerosis (Xia et al., 2009) while anthocyanins
from red potato induce apoptotic cell death in prostate cancer cells (Reddivari et al., 2007).
Quercetin whose antioxidant effect has been extensively studied, also has a putative role in
numerous prooxidant consequences. Significant amount of literature is available on the biphasic
effect of quercetin in different cell models (van der Woude ef al., 2003; Dihal et al., 2006). The
mechanisms underlying the shift in activity is chiefly attributed to the oxidative degradation of
quercetin to o-semiquinone and o-quinone leading to the formation of superoxide and depletion
of GSH (Metodiewa et al., 1999). Similarly, EGCG has been found to exert cytotoxic effects by
spontaneous generation of H,O, and consequent DNA damage which may be an important
mechanism of its anticancer property (Azam et al., 2004; Elbling et al., 2005). Overwhelming
evidence exists on the beneficial effects of berry fruits which extend beyond antioxidation. They
are known to regulate carcinogen and xenobiotic metabolizing enzymes, various transcription and
growth factors, inflammatory cytokines and subcellular signaling pathways of cancer cell
proliferation, apoptosis and tumor angiogenesis. Berry phytochemicals may also potentially
sensitise tumor cells to chemotherapeutic agents by inhibiting pathways that lead to treatment
resistance and consumption of fruits rich in anthocyanins and polyphenols may provide protection
from therapy-associated toxicities (Seeram 2008). Epidemiological studies indicate an inverse
relationship between carotenoids consumption and risk of cancer. However, controversy
surrounds the role of B-carotene in relation to health and disease. While many a study suggest the
protective role of carotenoids rich diet in the prevention of cancer, cardiovascular diseases and
other degenerative diseases (Mayne 1996), B-carotene is associated with an increased incidence
of lung cancer especially in high risk populations such as smokers and asbestos workers (ATBC

1994).

From the results it was obvious that the anthocyanins derived from S. cumini and D. regia possess
strong cell inhibitory properties in vitro. While the effect of SCA is solely due to the
anthocyanins, the effect of DRA may be a concerted effect of other unidentified phenolic
compounds present in the extract in addition to the anthocyanins. It appears that cytotoxicity of

these compounds is not necessarily an out come of direct prooxidant effect but may be mediated
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via signaling pathways involving transcription factors, activator proteins, caspases etc., that are
probably more relevant to cancer associated pathways. However, an elaboration of the cytotoxic
effects/anticancer potentials of the extracts and their mechanisms is beyond the scope of this

thesis and needs further investigation.
4.6 Conclusions

The results presented in this chapter reveal a large body of information regarding the antioxidant
activity of natural colors derived from S. cumini and D. regia. Apart from the direct antioxidant
effects demonstrated in the previous chapters, this study indicates that the carotenoids and
anthocyanins confer protection against oxidative stress mediated cellular injury via mechanisms
not only dependent on pathways involving antioxidant enzymes, but also other cell survival
mechanisms including caspases and apoptotic and antiapoptotic family of proteins. Anthocyanins
of S. cumini were also found to offer protection through increased stability of transcripts of
antioxidant enzymes. Among the extracts tested anthocyanins were most effective and the effect
was on par with the standard and a powerful antioxidant EGCG. Xanthophylls of D.regia offered
more protection against TBH-stress compared to the carotenes. Apart from a powerful antioxidant
activity against oxidative stress induced cell damage, the extracts, particularly anthocyanins and
xanthophylls, also exhibited antiproliferative activity in Hep3B cells on long term exposure

suggesting a cancer chemopreventive property.

221



Summary and Conclusions
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Summary

The beneficial effects of consumption of fruits and vegetables and decrease in the incidence of
degenerative diseases mediated by ROS is well known. Consequences of oxidative stress are
serious and in many cases are manifested by alterations in activities of enzymes involved in
detoxification. The beneficial effects of fruits and vegetables are ascribed to their high content of
antioxidant biomolecules such as flavonoids, carotenoids, polyphenols etc. The present study
dealt with the identification of two rich sources of anthocyanins and carotenoids, fruits of S.
cumini and flowers of D. regia respectively, and the elucidation of their antioxidant activity in

vitro using chemical and cell models.

S. cumini fruit peel was found to be a rich source of anthocyanins. The anthocyanins were
identified to be diglucosides of malvidin, petunidin and delphinidin. The purified anthocyanin
rich extract at low concentrations demonstrated high antioxidant activity in chemical based in
vitro tests. Flower petals of D. regia, a source with unique combination of hydrophilic
(anthocyanins) and lipophilic (carotenoids) pigments were chosen where major carotenoids were
identified as P-carotene and its isomers as well as astaxanthin, lutein, zeazanthin and [3-
cryptoxanthin. B-carotene was found to comprise 76% of the total carotenoids. J-carotene content
in freshly harvested flowers after oven drying was found to be approximately 660 mg/kg of dry
weight. However, it was noticed that the B-carotene content nearly doubled (1.3 g/kg) in flowers
which fall naturally. Therefore it is suggested that the flowers that fall from the tree may be
collected for extraction of pigments. This bypasses the laborious process of plucking the flowers
while avoiding any damage to the trees as well. The anthocyanins of S. cumini were found to be
stable when stored at low pH and low temperatures protected from light. Incorporation in a
formulation retains most of the pigment when stored at temperatures up to 20°C protected from
light. This suggests that it can be a very good source of natural color in food as well as

pharmaceutical formulations with short shelf lives.

Further study was carried out to extrapolate the antioxidant potentials of the pigment rich extracts
of S. cumini and D. regia in the presence of oxidative stress in a biological system involving
isolated rat primary hepatocytes which retains most of the in vivo characteristics. Carbon
tetrachloride and tert-butyl hydroperoxide were chosen as the oxidative models. Isolated rat
hepatocytes showed extensive cellular damage in the presence of these two agents as evidenced
by alterations in cell survival, cellular GSH pool, lipid peroxidation and antioxidant enzyme
status. Anthocyanins of S. cumini effectively reverse the CCly- and TBH-induced toxicity in

terms of enhancing the viability and increasing cellular GSH, lipid peroxidation and antioxidant
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activity both in models. The effects of SCA were comparable with that of EGCG and quercetin in
terms cell viability and lipid peroxidation but not with respect to their response to antioxidant
enzymes. SCA effectively reversed the TBH-induced alterations in enzyme activities in while its
activity was chiefly mediated by the glutathione redox system in CCly-induced toxicity. The
carotenoids of D. regia did not alleviate the toxin-induced alterations in enzyme activities but
reversed the TBH-induced increase in mRNA expression suggesting a posttranscriptional
regulation. Overall results using isolated rat hepatocytes reveal that the extracts and standards
offer protection against oxidative stress mechanisms involving or independent of antioxidant

enzymes.

Numerous studies in the past have shown that beyond their well established antioxidant activities,
flavonoids and carotenoids appear to regulate various signaling pathways involved in cellular
survival, growth and differentiation. Therefore, apart from studying the antioxidative effects, the
role of anthocyanins and carotenoids in modulating the apoptotic pathways were partly studied. A
well established, continuously growing hepatocellular carcinoma cell line of human origin
(Hep3B) was chosen for the study where the extracts from S. cumini and D. regia were evaluated
for their protective effects in the presence oxidative stress and also for antiproliferative activity.
The anthocyanin extracts of S. cumini and D. regia offered maximum protection against TBH-
induced toxicity by enhancing the cell viability, cellular GSH pool, reducing lipid peroxidation,
inhibiting Fenton-mediated oxidative DNA damage and transcriptional regulation of CAT and
SOD and increasing the stability of CAT and GPx mRNA making it available for transcription.
Among the carotenoids of D. regia, xanthophylls fraction was found to be more effective in
offering protection against cytotoxicity. All the extracts significantly enhanced cellular GSH
content suggesting a possible involvement of the stimulation of its synthesis in vivo by these
extracts. It was also noted that the extracts prevented TBH-induced apoptotic cell death by
inhibiting caspase-3 activation and increasing the Bcl-2/Bax ratio. This finding was supported by
morphological analysis of cells pretreated with the extracts. Here again, xanthophylls fraction was
more effective compared to the carotenoids fraction. The effect is mainly attributed to the higher
bioavailability of xanthophylls such as lutein and zeaxanthin which are known to be
pharmacologically active. Further findings revealed that the anthocyanin extracts and
xanthophylls fraction had growth inhibitory activity in Hep3B cells comparable to that of EGCG
and the inhibition of growth was found to be mediated by apoptosis, which however needs further
investigation. A pictorial representation of the mechanism of action of anthocyanins and

carotenoids is summarized in Fig. S.1.
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Conclusions
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The fruits of S. cumini are a rich source of anthocyanins the chief anthocyanins being

diglucosides of malvidin, petunidin and delphinidin having antioxidant properties.

Flowers of D. regia are rich in both carotenoids and anthocyanins and possess excellent
antioxidant activities. D. regia is a rich source of B-carotene (0.6%) which goes up to
1.3% when the extraction is done from flower petals that fall off naturally from the trees.
It is also a rich source of lutein, zeaxanthin and B-cryptoxanthin, the pharmacologically

important xanthophylls.

The anthocyanin pigment of S. cumini is a relatively stable pigment particularly when
present in solutions of low pH up to 5.0 and stored at low temperatures protected from
light. It can be an excellent source of natural color for incorporation in food and

pharmaceutical formulations due to its additional antioxidant properties.

The protective activity of S. cumini anthocyanins is mediated by GPx redox regulation in
CCly- and TBH-induced toxicity in rat hepatocytes where as in Hep3B cells it acts by
modulating CAT and SOD suggesting different modes of action depending on the tissue
of origin. Antioxidant action was attributed to the increased stability of CAT and GPx

mRNA by SCA.

Carotenoids of D. regia offer protection against oxidative stress mainly via mechanisms

independent of antioxidant enzymes and via pathways involving GSH synthesis.
Additionally the protection by anthocyanins and carotenoids against TBH-induced
toxicity in Hep3B cells was mediated by regulation of antiapoptotic and proapoptotic
genes (up regulation of Bcl-2/bax ratio) and inhibition of caspase-3 activation by TBH.
Anthocyanins of S. cumini and D. regia and xanthophylls of D. regia also possess growth

inhibitory properties mediated by apoptosis.

The overall results suggest that the extracts of S. cumini and D. regia offer protection to

cells by improving cellular defense systems such as the antioxidant enzymes either

directly or by enhancing their turn over by extending their mRNA half life; and also by

directly quenching free radicals and probably reversing the damage by prooxidants and

other toxins through regulation of transcription factors and signaling cascades involved

in cell survival.
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Fig. S.1. Schematic representation of the work carried out and regulation of endogenous antioxidants and apoptosis is representative of Hep3B cells.
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APPENDIX A

List of amplicons, accession numbers and sequences of antioxidant enzyme genes
from isolated rat hepatocytes

Gene

Acc. No.

Sequence (5°-3”)

B-actin

V01217

CTGACCGAGCGTGGCTACAGCTTCACCACCACAGCTGAGAGGGAAATC
GTGCGTGACATTAAAGAGAAGCTGTGCTATGTTGCCCTAGACTTCGAG
CAAGAGATGGCCACTGCCGCATCCTCTTCCTCCCTGGAGAAGAGCTAT
GAGCTGCCTGACGGTCAGGTCATCACTATCGGCAATGAGCGGTTCCGA
TGCCCCGAGGCTCTCTTCCAGCCTTCCTTCCTGGGTATGGAATCCTGT
GGCATCCATGAAACTACATTCAATTCCATCATGAAGTGTGACGTTGAC
ATCCGTAAAGACCTCTATGCCAACACAGTGCTGTCTGGTGGCACCACC
ATGTACCCAGGCATTGCTGACAGGATGCAGAAGGAGATTACTGCCCTG
GCTCCTAGCACCATGAAGATCAAGATCATTGCTCCTCCTGAGCGCAAG
TACTCTGTGTGGATTGGTGGCTCTATCCTGGCCTCACTGTCCACCTTC
CAGCAGATGTGGATCAGCAAGCAGGA

CAT

M25669

ACTCAGCGGGCCTGACTGACGCGATTGCCTACCCCGGGTGGAGACCGT
GCTCGTCCGGCCCTCTTGCCTCACGTTCTGCAGCTCTGCAGCTCCGCA
ATCCTACACCATGGCGGACAGCCGGGACCCAGCCAGCGACCAGATGAA
GCAGTGGAAGGAGCAGCGGGCCCCTCAGGTATCCAGTGTCCCTCAGAG
CCTAAACTAAATGCATTCGCGAGGTACCGAGCTCT

CuZnSOD

X05634

CACCTGTCTGTAGGTGAGTGACGGACTGACTGTCGGCCAGGGATATGT
TCCATGTCCATAAGTGTGCCGTCCCTCTACGACGTGTGTACGTCAGCA
GGACCTCATTTTAATCCTCACTCTAAGTAACATGGTCGGTCCAGCGGA
TGAAGAGAGGCATGTTGCAGACCTGGGCAATGAGGCTGCTGGAAAGGA
CGGTGTGGCCAATGTGTCCATTGAAGATCGTGTGATCTCACTCTCAGG
AGAGCATTCCATCATTGGCCGTACTATGGTGGTCCACGAGAAACAAGA
TGACTTGGGCAAAGGTGGAAATGAAGAAAGTACAAAGACTGGAAATGC
TGGAAGCCGCTGTTTGGTGTGGGGTGA

GPx

M21210

CTCTCCGCGGTGGCACAGTCCACCGTGTATGCCTTCTCCGCGCGCCCG
CTGGCGGGCGGGGAGCCCGTGAGCCTGGGCTCCCTGCGGGGCAAGGTG
CTGCTCATTGAGAATGTCGCGTCCCTCTGAGGCACCACGACCCGGGAC
TACACCGAAATGAATGATCTGCAGAAGCGTCTGGGGCCTCGTGGCCTG
GTGGTGCTCGGTTTCCCGTGCAATCAGTTCGGACATCAGGAGAATGGC
AAGAATGAAGAGATTCCGAATCCCCTCAAGTATGTCCGACCCGGTGGT
GGA
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APPENDIX B

List of amplicons, accession numbers and sequences of genes from Hep3B cell

line

Gene

Acc. No.

Sequence (5’-3%)

B-actin

NMO001101

GCCGATCCACACGGAGTACTTGCGCTCAGGAGGAGCAATGATCTTG
ATCTTCATTGTGCTGGGTGCCAGGGCAGTGATCTCCTTCTGCATCC
TGTCGGCAATGCCAGGGTACATGGTGGTGCCGCCAGACAGCACTGT
GTTGGCGTACAGGTCTTTGCGGATGTCC

CAT

NMO001752

GATACGAGGATTCATCCGACTTGGCTTGGGCTTGGGCGACAAATCT
GTGGGCTATCAGCCTTGCAACACAGCTGTTCGTGCGCACCCATCAC
CTGGAGCTTCTGTCACGTTGGAAATTTTCTTCTACAGGAAAGTAAT
GCGATAGAACTCGATGTGATCTTCAGTTGTGTGCAGATACACGCAC
CAGCACCTTTTCCTCTCTAGCCAAGTGCATCCCATATTGTTTCGAT
CTTTTATCCACAGCCAAAAGAGAAATCCTCAGACACATCTGAAAGA
TCCGGACATGGTCTGGGACTTCTGGAGCCTACGTCCTGAGTCTCTG
CATCAGGTTTCTTTCTTGTTCAGTATCGGGGGATTCCAGATGGACA
TCGCCACATGAATGGATATGGATCACATACTTTCAAGCTGGTTAAT
GCAAATGGGGAGGCAGTTTATTGCAAATTCCATTATAAGACTGACC
AGGGCATCAAAAACCTTTCTGTTGAAGATGCGGCGAGACTTTCCCA
GGAAGATCCTGACTATGGCATCCGGGATCTTTTTAACGCCGTTGCC
ACAGGAAAGTACCCCTCCCGGACTTTTTACATCCCGGTCATGACAT
TTAATCAGGCAGAAACTTTTCCATTTAATCCATTCGATCTCACC

CuZnSOD

NMO000454

GAAGGTGTGGGGAAGCATTAAAGGACTGACTGAAGGCCTGCATGGA
TTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACCAGTG
CAGGTCCTCACTTTAATCCTCTATCCAGAGAACACGGTGGGCCAAA
GGATGAAGAGAGGCATATTGGAGACTTGGGCAATGTGACTGCTGAC
AAAGATGGTGTGGCCGATGTGTCTATTGAAGATTCTGTGATCTCAC
TCTCAGGAGACCATTGCATCATTGGCCGCACACTGGTGGTCCATGA
AAAAGCAGATGACTTGGGCAAAGGTGGAAATGAAGAAAGTACAAAG
ACAGGAAACGCTGGAAGTCGTTTGGCTTGTGGTGTAATTGGGATCG
CCCAATAAACATTCCCTTGGATGTAGTCTGAGGCCC

GPx

NM002084

TTGGAGACACGGATTTCTTCCTGAACAAAGTCCCTCCCCTACATGG
TGGACATGGGATGAGACGGCCTTCAGTTACTTCCTCTTGACCCCCA
GGGCTGCCTGCCGCCTCATGTAGGACAGGATGTCCATCTTGACGTT
GCTGACCGTGGTCCGGTGGTGCCAGCGCATGATGGGTATACCATCT
GGCCCCACCAGGAACTTCTCAAAGTTCCAGCGGATGTCGTGAACCT
TCATGGGTTCCCAGAAGAGGCGGTCAGATGTACCCAGGAGCTCCGA
GGTGGGAGGACAGGAGTTCTTTAGGAAAGTGTAGAATTTCTGCTCT
TTCTCTCCATTGACATCCCCTTTCTCAAAGAGCTGGAAATTAGGGA
CAAAGCCTCCACCTGGTCGGACATACTTGAGGGTAGGAAGGATCTC
TGAGTTCTCTCCTGGTTCCTGTTTTCCAAATTGGTTGCAGGGAAAG
CCCAGAATGACCAGACCGAATGGTGCAAGCTCTTCCTGTAGTGCAT
TCAGTTCAATGTACTGGCCCGTCAGGCCTCAGTAGCTGGCCACGTT
GACAAAGAGGACGTATTTGCCAGCATA

Bel-2

NMO000657

CTCTCTCGCGTATTACTACGCGACTATCCCCCAGATGGAATGACTG
CAGTACCTGTACCGGCACCTGCACACCTGGATCCAGGTATAACGGA
GGCTGGGTAGGTGCACTTGGTGATGTGAGGTCTGGGCTGAGAGTAT
CTGGCTGAGAA
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Bax

NM138765

TGGGATATGCATGCGAATGGGGGGGGAGGCACCCGAGCTGGCCCTG
GACCCGGTGCCTCAGGATGCGTCCACCAAGAAGCTGAGCGAGTGTC
TCAAGCGCATCGGGGACGAACTGGACAGTAACATGGAGCTGCAGAG
GATGATTGCCGCCGTGGACACAGACTCCCCCCGAGAGGTCTTTTTC
CGAGTGGCAGCTGACATGTTTTCTGACGGCAACTTCAACTGGGGCC
GGGTTGTCGCCCTTTTCTACTTTGCCAGCAAACTGGTGCTCAAGGC
CCTGTGCACCAAGGTGCCGGAACTGATCAGAACCATCATGGGCTGG
ACATTGGACTTCCTCCGGGAGCGGCTGTTGGGCTGGATCCAAGACC
AGGGTGGTTGGGACGGCCTCCTCTCCTACTTTGGGACGCCCACGTG
GCAGACCGTGACCATCTTTGTGGCGGGAGTGCTCACCGCCTCACTC
ACCATCTGGAA
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