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PREFACE

Dietary antioxidants play a major role in prevention and management of oxidative stress
induced chronic diseases. Oxidative stress is generated in cells due to the oxidants and
antioxidants imbalance in the body. When free radicals are generated beyond the limit of
inherent antioxidant system to take care off, the free radicals can damage fatty tissue,
DNA, and proteins in the body leading to vast number of diseases over a period of time.
Consumption of diets rich in antioxidants is known to protect from free radical exposure and
oxidative stress and growing evidence has suggested that functional food components
could minimise the oxidative damage. Lycopene (LYC) is a major carotenoid present in
red fruits and tomatoes are the largest contributor to the dietary LYC consumption of in
humans. As one of the most promising antioxidants, high intake of LYC rich fruit and
vegetables is reported to reduce the risk of chronic pathologies, such as diabetes, cancer
and cardiovascular disease.
LYC is reported to exhibit both antioxidant as well as pro-oxidant activity in cells
depending on the conditions. Reactive oxygen species (ROS) build up in the cells are the
basic cause of most of the chronic diseases development. The present study is designed,
to elucidate the effect of LYC as antioxidant and pro-oxidant role in cells for the
management of stress mediated disease conditions.
Chapter 1 gives a general introduction and review of literature about oxidative stress,
antioxidants, Lycopene, colorectal cancer and bioactive carrier system of targeted delivery
The antioxidants play a crucial role in scavenging the active free radicals before they attack
vital biomolecules. Interestingly, low physiological levels of reactive oxygen species are
required for normal functioning of skeletal muscle but high ROS levels promote contractile
dysfunction resulting in muscle weakness and fatigue. Skeletal muscle cells with higher

ROS can cause pathogenesis and lead to different muscular degeneration and other related



diseased conditions including muscular dystrophy, diabetes mellitus, aging etc. Chapter 2
deals with the extraction of LYC from tomato peel by using enzymes cellulase and
pectinase, and the antioxidant activity of this LY C rich extract (ETE) against H,0, (100 pM)
induced oxidative stress in LI6 muscle cells. It was observed that pre-treatment of cells with
ETE (15 pg/mL) before exposure to H,O, significantly enhanced cell viability, reduced
ROS production, DNA fragmentation, chromatin condensation & 8-0x0-dG, an increased
mitochondrial membrane potential and ATP levels. Results showed that ETE could protect
cells from H,O, induced oxidative damage significantly, as compared to control. These
results depicted the antioxidant potential of tomato peel extract which can counteract the
redox imbalance in cells induced by oxidative stress condition.

Acrylamide (ACR) is a heat induced toxicant found in high temperature processed foods
such as deep fat fried, baked, extruded and coffee bean-based products, that are rich in
Asparagine and reducing sugar. Long term exposure to acrylamide is reported to cause
genotoxicity and mutagenicity. Acrylamide is metabolized to glycidamide (GLY) in the
body which is reported to be much more toxic than ACR. Chapter 3 demonstrates the
cytoprotective potential of LYC against ACR and GLY -induced cytotoxicity in HepG2
cells. The protective effect of LYC is mediated by inhibiting intracellular ROS generation,
enhance antioxidants enzymes SOD, CAT and restoring the GSH level. LYC pretreatment
(10 uM) exhibited a reduction in lipid (MDA) and DNA (8-oxo-Dg) oxidation biomarker
level in the cells representing LYC inhibit free radicals before attacking the biomolecules.
The study also revealed that ACR and GLY induced cell death was due to apoptosis and
LYC effectively suppress apoptosis induction in HepG2 cells. The apoptosis was activated
in HepG2 cells via ROS mediated intrinsic pathway by increased release of Cytochrome C
and there activation in caspase 9 and 3. This was confirmed with analysis of protein

expression by western blotting. Together, present study suggest that the LYC from natural



products can protect HepG2 cells against ACR and GLY -induced oxidative damage through
antioxidant activity and also prevent ACR and GLY induced apoptosis by modulating ROS
linked mitochondrial function. Reasonable supplement of LYC which are natural antagonists
of ACR and GLY, can avoid the side effects caused by improper diet like fried food which
leads to unavoidable acrylamide exposure.

Chapter 4 deals with the investigation of anticancer potential of LYC in colon cancer cell
(HCT 116) by focussing PISBK/AKT/mTOR pathway. The above studies explored the
antioxidant activity of LYC against stress induced conditions. Here, LYC act as a pro-
oxidant, help in increased ROS level in HCT 116 cells. The different concentration of LYC
(5 pM, 10 uM and 15 pM) showed a dose dependent cell death and the morphology
indicated the features of apoptotic cell death. LYC also exert a decrease in innate antioxidant
enzymes CAT and GSH leads to enhanced ROS level and mitochondrial dysfunction. The
ROS mediated mitochondrial dysfunction was analysed by MMP level and it was also
visualised with higher number of distrupted mitochondrial membrane by using a mitotracker
staining. The current study revealed that LYC can inhibit proliferation and successively
induce apoptosis through the suppression of the PISBK/AKT/mTOR pathway in HCT 116
cells. The phosphorylated forms of PISBK/AKT/mTOR activate cell proliferation and cell
survival. From the blotting results, LYC suppressed the activation of PI3K pathway and is
verified by analysing changes in the expression levels of PI3K, p-PI3K, AKT, p-AKT,
mTOR, p-mTOR, Bax and Bcl-2. A decrease in the level of p-PI3K p-AKT p-mTOR Bcl-2
and increased Bax level, indicated apoptotic induction in HCT 116 cells. Collectively
protein expression studies revealed that LYC inhibited HCT 116 cell proliferation and
apoptosis activation via activating mitochondrial mediated pathway and suppressing
PIBK/AKT/mTOR cascade. Therefore, LYC may be a promising agent for the prophylactic

management of CRC.



In continuation to the beneficial effect of LYC in CRC management, fabrication of
nanoliposmes for colon targeted delivery was dealt which forms the subject matter under
chapter 5. Preliminary studies were also carried out on its effect in colon cancer cell (HCT
116). The fabricated liposomes with LYC and inulin (INU) were coated with chitosan to
improve its functionality. The results showed that the developed liposomes possess size
ranges in nanoscale, better PDI and increased zeta potential. The final liposomal
formulations (CS-C-LP, CS-I-LP, CS-LYC-LP, and CS-LYC-I-LP) had a marked positive
charge, which can attach to the negative charge on tumour cells and then inhibit cellular
growth. The encapsulation efficacy showed better incorporation of lycopene in liposomal
system with 81% for CS-LYC-I-LP. The in vitro release of lycopene under stimulated
gastric conditions shows very low LYC release kinetics in three stimulated gastro-intestinal
fluids with different pH. The results suggest a synergetic effect of LYC and INU in
encapsulated liposomes (CS-LYC-I-LP sample) in demonstrating higher antiproliferation
and apoptotic effect in HCT116 cells. The chitosan coating of the liposomes led to further
controlled LYC release and, higher mucoadhesiveness. The chitosan coated Liposomes
would be promising delivery system and LYC release for long-circulating treatment and
colon targeted therapeutic strategies.

Thus the present study demonstrated the LYC exhibited promising antioxidant and pro-
oxidant activity against ROS mediated cellular damages focussing on chronic disease
depending on cellular conditions. As a natural antioxidant, LYC can be used as an excellent
nutraceutical against various stress related health conditions. Pharmaceuticals cannot be
completely replaced by nutraceuticals but it can be a strong high-value implement for

prevention and treatment of some pathological conditions.



Chapter 1

Introduction and Review of Literature



Modern lifestyle is linked with a higher intake of processed food, lack of exercise, and
exposure to environmental pollution that lead to the onset of lifestyle-associated diseases.
Food habits with excess energy consumption from high fat and sugar have been reported to
induce the production of reactive oxygen species (ROS), which lead to chronic pathological
responses like diabetes, neurodegenerative diseases, cardiovascular diseases, cancer, and
aging (Salehi et al., 2020a; Aminjan et al., 2019; Mishra et al., 2018). Under normal cellular
processes, the innate antioxidant defence system and dietary antioxidant intake helps to
control the ROS level in physiological range. The balance between antioxidants and ROS
levels helps to maintain cellular homeostasis. However, the imbalance in the formation of
free radicals and antioxidant defence system results in oxidative stress induction and
progression of cellular damage (Fig 1.1). Dietary antioxidants are the key factor in a healthy
lifestyle to reduce the risk of chronic diseases by minimizing the detrimental effects of ROS
and thereby help in stress-mediated disease management (Tan et al 2018; Liang et al., 2020).
Scientific evidence suggests that the higher level of ROS accumulation in the body is the

major cause of most chronic disease progression (Sharifi Rad et al., 2018).

A variety of bioactives such as dietary polyphenols, carotenoids, and vitamins (C, D, E)
possess promising antioxidant property and have been investigated for their capability to
prevent several oxidative stress-induced human pathological conditions (Salehi et al., 2020b;
Da Pozzo et al., 2018; Salehi et al., 2019). Out of all dietary antioxidants, carotenoids
consist of natural fat-soluble components present in various vegetables and fruits. Humans
cannot synthesize carotenoids in their body and must get it from their diet. Out of all
carotenoids, LYC exhibit a superior antioxidant property with most potent singlet oxygen
scavenging activity (Khan et al., 2019, Dos et al., 2018). Due to its outstanding antioxidant
property, LYC offers a potential functional foods and nutraceutical with a therapeutic ability

against stress-mediated disease conditions.
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1.1 Oxidative stress

Many normal cellular processes in our bodies, such as respiration, digestion, detoxification
of drugs, and fat metabolism produce harmful components called free radicals. For
maintaining body homeostasis, ROS (Reactive Oxygen Species) plays a vital role as a
regulatory mediator for signalling pathways (Tan et al., 2018). Under normal cellular
conditions, innate antioxidant enzymes (catalase (CAT), superoxide dismutase (SOD), and
glutathione (GSH)) converted these harmful intracellular ROS into less toxic compounds
(Tsatsakis et al., 2019; Aminjan et al., 2019; Padureanu et al., 2019) by (Amir et al., 2016).
Under pathological conditions, the overproduction of intracellular ROS overcomes the
antioxidant defence mechanism leading to the formation of stress conditions known as
oxidative stress (OS). If the free radical production exceeds beyond the efficiency of the
innate defence systems or if the body’s natural antioxidant defence system is not working
properly, these free radicals can activate an adverse chain reaction in the body that results in
plasma membrane damage, inhibition of the activity of enzymes, prevent cellular processes,
inhibit cell division, induce deoxyribonucleic acid (DNA) damage and block ATP
production (Sharifi-Rad et al., 2018; Tsatsakis et al., 2019; Kurutas, 2015). The imbalance in
inherent antioxidant defence system in the body and free radicals leads to major cellular and
tissue damage commonly by inducing DNA damage, lipid peroxidation, and protein
denaturation (Fig.1.2). The impact of free radicals on health has been recognized for over 50
years, and potential of antioxidants on prevention and management of health have been
documented (Liu, 2019). Under stress conditions or higher free radical build-up in the cells,
ROS interrupts the antioxidant defence system to form irreversible changes in cellular
biomolecules (DNA, Carbohydrates, protein, and fat) leads to disruption in normal cell
signalling mechanism (Sharifi-Rad et al, 2018). The natural immune response in the body

can also activate oxidative stress temporarily, which causes a minor inflammation that fades
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once the body is out of infection. Numerous factors such as diet, lifestyle, and certain
environmental factors like pollution, radiation, etc are reported to give rise to the oxidative

stress development in the body.

Superoxide and hydroxyl radicals are primary oxygen free radicals. They are the derivatives
of molecular oxygen formed under reduction conditions. Elevated ROS production in the
cells leads to cellular mutations by interacting with DNA, potentially contributing the onset
of tumour (Aminjan et al., 2019; Liang et al., 2020). Clinical research shows that antioxidant
supplementation ameliorates endogenous antioxidant depletion and thereby minimizes

stress-induced oxidative damage (Liu et al., 2019).
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Fig 1.2: Oxidative stress resulting from an imbalance between ROS generation and
antioxidant system and its consequences on cellular macromolecules (Roland et al., 2021;

Lipid in health and disease).



Higher ROS level in cells regulate the protein configuration by modulating its structure and
thereby induce functional changes results in the dysfunction of cellular system and
disturbance in dynamic cellular processes (Sharifi-Rad et al, 2018). ROS-induced protein
damage includes a site-specific amino acid alteration, crosslinked reaction product
formation, peptide chain disintegration, electric charge variation, and enzymatic inactivation
(Ayala et al., 2014). Free radicals can highly promote DNA damage via deoxyribose
oxidation, DNA strand breakage, nucleotides deletion, bases modification, and DNA-protein
cross-linkage (Liang et al., 2020; Cadet et al., 2017). In healthy organisms, the free radicals
production are nullified by the innate antioxidant defense system of the body by keeping a
delicate balance between free radicals (oxidants) and antioxidants in cells (Fig.1.3).
Antioxidants in cells include enzymatic or non-enzymatic which prevent or neutralize the

free radicals production (Sharifi-Rad et al, 2018).
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1.2 Antioxidants

Antioxidants are the constituent that help in neutralizing free radicals by electron donation
and thereby protects the body from oxidative stress. The oxidative stress in human body can
be neutralized by innate antioxidants (endogenous) or externally provided through foods or
supplements (exogenous) (Costa-Rodrigues et al., 2018). Both the antioxidants act as radical
scavengers by inhibiting and restoring the damages caused by ROS; consequently enhances
the defence system and lowers the risk of disease conditions (Sharifi Rad et al, 2020). The
antioxidant mechanism can be both free radical quenching as well as chain-breaking. In the
chain-breaking process, the chain breaking antioxidants e.g., vitamin C, E, carotenoids, etc,
stabilizes free radicals thus resulting in a harmless product (Kurutas et al., 2015). One of the
classic examples of chain reaction is lipid peroxidation in cells. The non-enzymatic
antioxidant mechanism constitutes the second line of defence against ROS, characterized by
the fast inactivation of oxidants and free radicals (Lazzarino et al., 2019). Exogenous
antioxidants from the diet such as carotenoids, vitamin E, vitamin C, minerals (Zn, Se, Cu,
Mn), and polyphenols (phenolic acids, flavonoids, lignans, stilbenes, etc) can improve the
antioxidant activity.

1.2.1 Endogenous antioxidants

One of the major enzymatic endogenous antioxidants that play the first line defence in cells
is superoxide dismutase (SOD), which catalyzes the superoxide anion radical into hydrogen
peroxide (H,O,) by reduction. Some of the other antioxidants enzymes in first-line defence
involved in the ROS neutralization are catalase (CAT), glutathione reductase (GRx), and
glutathione peroxidase (GPx), (Curi et al., 2016; Hu and Ren, 2016). These enzymes
neutralize H,O, into water and oxygen (O,) by GPx or CAT. The GPx enzyme helps in
H,0, removal by oxidizing reduced glutathione (GSH) into oxidized glutathione (GSSG).
The endogenous antioxidants (non-enzymatic) in the body are produced by normal cellular
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metabolism, such as glutathione, lipoic acid, L-arginine, coenzyme Q10, melatonin, uric
acid, bilirubin, transferrin, etc (Kucukgoncu et al., 2017; Tafazoli, 2017).GSH (y-glutamyl-
cysteinyl-glycine) is a tripeptide, commonly found in the cytoplasm, and also present in
mitochondria, peroxisomes, and nuclei (Banafsheh and Sirous, 2018). a-Lipoic acid is a
organosulfur compound that regulates the oxidoreduction cycle similar to GSH.
Subsequently, a-Lipoic acid restores the active form of GSH, Vitamin C and Vitamin E by
scavenging ROS (Kucukgoncu et al., 2017). Coenzyme Q10 is an isoprenoid antioxidant
found in plasma membranes of the cell, it is crucial for Electron Transport Chain (ETC) and
one of the rare fat soluble antioxidants, guaranteeing aginst lipid peroxidation and stress
induced damage (Lee et al., 2017).

1.2.2 Exogenous Antioxidants

Antioxidants present in fruits, vegetables, nuts, and cereal products contain higher amounts
of exogenous antioxidants. These dietary antioxidants are reported to alleviate ROS-
mediated cardiovascular disease (Costa-Rodrigues et al., 2018; Rowles et al., 2018),
muscular dystrophy (Sitzia et al., 2019, Mensch and Zierz, 2020), diabetes (Imran et al.,
2020), etc. Fruits and vegetable consumption deliver different vitamins, minerals, and
phytochemicals as essential antioxidants, which cannot be synthesized inside the body.
Phytochemical antioxidants comprises of vitamins E, C, and K; carotenoids like B-carotene,
xanthophylls, lycopene, anthocyanins, and pheophytins; and secondary plant metabolites,
like polyphenols (Lazzarino et al., 2019; Saheli et al., 2020). Phenolic compounds appear to
be in variety of different structures, ranging from simple molecules (gallic acid, ferulic acid,
vanillin, and caffeic acid) to complex polyphenols (flavonoids and tannins) (Fierascu et al.,
2018). Vitamins C and E are the key vitamins exhibit highest antioxidant properties.
Vitamin C is present in most vegetables and fruits and Vitamin E is a commonly present in

cereals and legumes. Carotenoids are found in red colored vegetables and fruits. In
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carotenoids, a-carotene, lycopene, B-carotene, and lutein are the most important component
with promising free radical scavenging (antioxidant) activity. These dietary antioxidants,
particularly carotenoids and polyphenols, display a broad range of health benefits (Gulcin,
2020). Therefore to compensate for the increased oxidative stress, dietary antioxidant
supplementation is suggested. Hence both endogenous and exogenous antioxidant defence
system act synergistically to maintain redox homeostasis in the body. Nowadays, exogenous
antioxidants present in foods and supplements are getting more attention in disease
management and therapy.

1.3 Carotenoids

Carotenoids are widely distributed pigments in nature, which imparts yellow to red and
purple colors in fruits and vegetables. These carotenoids cannot be produced in the human
body, so it depends entirely on dietary sources (Rosas-Saavedra et al., 2016). Based on
conformation, carotenoids have been grouped into two category such as carotenes, (B-
carotene, lycopene, and a-carotene,), and xanthophylls (B-cryptoxanthin, lutein, astaxanthin,
zeaxanthin, and fucoxanthin) (Maoka, 2020). Carotenoids comprise of basic eight isoprene
units with a 40-carbon skeleton. Their common structures usually comprise of a polyene
chain with nine conjugated double bonds and an end group (Kiokias et al., 2016). The
chemical structure of carotenoid is responsible for its functional property. Carotenoids are
responsible for the antioxidant activity by quenching singlet oxygen and protecting the cells
against radical-induced damage (Black et al., 2020; Guilcin, 2020). Carotenoids exhibit a
potent antioxidant effect by neutralizing oxidants that cause stress-mediated diseases
including cancer (Fig 1.4) (Meena et al., 2019). The carotenoids benefits in human diets
increased their scientific interest as a functional food and nutraceutical ingredient and had
led to the development of different strategies to enhance their role in food products (Liu et

al., 2015). Carotenoids intake from the diet is absorbed by the small intestine. These
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carotenoids are combined with chylomicrons and then transported through the blood to the
liver and various other organs (Von Lintig et al., 2019). Oxidative metabolites of lycopene,
lutein, and zeaxanthin are also found in human plasma (Bohn, 2019).

Carotenoids
(Antioxidant Activities)

|
| | | | | |

Lycopene | p-Carotene l ’ Astaxanthin ‘ ’ p-Cryptoxanthin ‘ Phytoene Lutein
and and
Phytofluene Zeaxanthin
Inhibit risk of Inhibit Prevent age-related Inhibit lung cancers Protective effect on Inhibit
prostate cancer Optical/visual diseases the skin because of retinal impairment
Diabetes disease Inflammatory and its anti-oxidative,
Osteoporosis Skin from the tumorigenic UV-absorber and
Cardiovascular destructive UV- activity on lung anti-inflammatory
disease light cancer properties
Prostate and mouth Multiple sclerosis
cancer Arthrosclerosis
Cancers

Fig 1.4: Role of carotenoids in disease suppression (Swapnil et al., 2021, Current plant
biology).

Several studies showed that higher intake of dietary carotenoids are connected with reduced
risks of serious disease conditions (Bhatt et al., 2020, Black et al., 2020). Lycopene is the
rich carotenoid commonly found in the human diet (Kelkel et al., 2011). It is commonly
present in red-colored vegetables and fruits and abundantly found in tomatoes. Among all
carotenoids, lycopene is an emerging molecule, as a significant bioactive component with
different biological properties.

1.3.1 Lycopene (LYC)

Among all carotenoids, LYC is a significant bioactive component with different biological
properties. The activity of LYC in the body depends on several factors, like physical
structure, dose, source, or specific site of action in the cells (Kong et al., 2010). It is also
documented that, the LY C demonstrates a potential effect in the prevention and management
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of most cancers (Vila et al., 2019) like prostate, bladder, cervical, leukemia, oral, pancreatic,
colorectal, lung, and breast (Vila et al.,2019) by the reduction in tumor growth and
inhibiting carcinogenesis (Sahin et al., 2019). LYC has a direct effect on redox imbalance
and inflammation in which it activates antioxidant gene expression and regulates
inflammatory mediators (Campos et al., 2017).

Epidemiological studies showed that LYC consumption and LYC level in blood plasma is
correlated with a decreased risk for diabetes, cancer, neurodegenerative diseases, and
cardiovascular disease (Rowles et al., 2020; Grabowska et al., 2019). Foods processing by
thermal or mechanical methods contribute to the dissociation of LYC to become more
bioavailable during intestinal absorption (Saini et al., 2020). A study showed that the LYC
intake with fat content meals improves LYC absorption in the intestine. In contrast to other
organs, higher LYC content was found in the cells of the gastrointestinal system after the
consumption of LYC with a fat content meal (White et al., 2017).

The biological effects of LYC are associated with its native configurations in the form
of trans or cis isomers and are mostly found in all-trans form which is converted to cis on
cooking (Grabowska et al., 2019). LYC is a straight-chain unsaturated hydrocarbon
comprising eleven conjugated and two non-conjugated double bonds (Fig 1.5), to form a
chromatophore (Pennathur et al., 2010). It is a red carotenoid, with a molecular mass of
536.89 g/mol, and its stability is exhibited at optimal pH of 3.5 to 4.5. It is an acyclic open-
chain structure, an isomer of B-carotene, with the molecular formula of C4oHse. This acyclic
structure of LYC is a key factor for its chemical reactivity, physical properties, and
biological functions (Meléndez et al., 2019). The conjugated double bonds in LYC undergo
isomerization to different cis forms (5-cis, 9-cis, 13-cis, or 15-cis) upon exposure to light,
temperature, and chemical reactions (Grabowska et al., 2019). LYC is synthesized through

phytoene and phytofluene precursors from mevalonate during the carotenoid biosynthesis
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pathway (Meléndez et al., 2019; Yin et al., 2019). Because of this characteristic structure, it
exhibits bright red color and powerful antioxidant property (Caseiro et al., 2020). Each
double bond in LYC helps to decrease the energy required for the electrons transition, thus
letting the molecule absorb light of longer wavelengths. It does not possess pro-vitamin A
activity, due to its acyclic structure and the absence of a B-ionone ring (Pennathur et al.,
2010). The most common LYC configuration found in foods are in trans form and it is
present as cis in breastmilk, blood, and tissues (Saini et al., 2020). All trans-LYC isomers
possess red color, whereas cis-configuration of LYC exhibit an orange hue color (Yin et al.,

2019).

Fig 1.5: Chemical structure of LYC ( Zuorro et al., 2020, Molecules).

The Partition coefficient of LYC is 17.64, making it nearly insoluble in ethanol, methanol,
and water (Kong et al., 2010), and it is soluble in chloroform, tetrahydrofuran, benzene,
hexane, petroleum ether, carbon disulfide, oil and acetone.. Because of its high
hydrophobicity, LYC absorption from fruits and vegetables inside the body is very low.
Because of its polyene structure, and a huge range of double bonds, it possesses many
unique characteristics in mammalian systems. LYC shows a great quenching rate of singlet
oxygen, which is directly associated to its free radical scavenging activity. The quenching
efficacy of LYC is connected to the opening of the B-ionone ring to an open chain form. The

antioxidant property of LYC is mainly due to the result of electron transfer from LYC to the
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radical, the addition of the radical to the polyene chain, or the removal of a hydrogen atom
from LYC (Pennathur et al., 2010). LYC is well studied to neutralize ROS effectively as
twice as [-carotene and ten times as a-tocopherol (Przybylska, 2020). It shows
predominantly strong effects on superoxide radical, hydroxyl radical, and nitrogen dioxide.
1.3.1.2 Dietary LYC: Sources and bioavailability

Carotenoids are not biosynthesized in the body and are therefore completely obtained
through the human diet. LYC is a major carotenoid found in red fruits, mostly in tomatoes,
which are the largest dietary source of LYC in humans (Sokoloski et al., 2015). It is
commonly found in red fruits and vegetables, generally tomato, carrot, papaya, cherry,
watermelon, guava, and also in some vegetables that are not red, such as asparagus and
parsley. LYC is present in tomato and tomato-related products, which contributes to more
than 85% of dietary LYC (Przybylska, 2019). Tomatoes are an essential vegetable in the
human diet and are usually consumed in fresh, cooked, or in processed forms like tomato
paste, juice, ketchup, sauce, and soup. Epidemiologic evidence indicates that LYC-rich
fruits and vegetable intake can reduce chronic disease conditions, such as cancer, diabetes,
and cardiovascular disease (Dos Santos et al., 2018; Zhou et al., 2016; Bas et al., 2016;
Sandikci et al., 2017). In recent years, LYC has been investigated for its possible health
benefits, particularly in cancer prevention and treatment. The approximate LYC content of
different food products is presented in Table 1.1(Shi et al., 2000). LYC also appears in
higher amounts in the seeds and peel of residues after the processing of watermelon
(Okonkwo et al., 2018), tomato (Madia et al., 2021), Gac fruit (Saadedin et al., 2017),
papaya (Desai et al., 2018), pomegranate (Sharmin et al., 2016) and carrot (Umair et al.,

2021).
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Table 1.1: LYC Content in different food sources (Imran et al., 2020, Antioxidants)

Food Sources LYC content (mg/100g)
Tomatoes 0.7-4.2
Boiled Tomatoes 3.7
Sun dried Tomatoes 45.9
Tomato paste 54-15
Tomato juice 8.2
Watermelon, fresh 4.5
Tomato, ketchup 99-134
Papaya, fresh 1.8
Pink guava 5.2-55
Rosehip 13
Pumpkin 0.3-0.4
Watermelon 2.3-7.2
Carrot 0.6-0.7

The bioavailability of LYC is high in processed products than in raw tomatoes. During food
processing, certain factors like acid treatment, heat, and mechanical processing help tomato
matrix disruption and LYC cis isomerization. LYC configuration influences the factors such
as flavor, color, consistency and increase in biological activity by the formation of cis-
isomers (Przybylska, 2020). Therefore, the bioavailability of LYC is low in fresh tomatoes
compared to processed products like soup, sauce, juice, ketchup, etc. By passive diffusion,
the LYC is entered into the intestinal cells through the brush border membrane. The

gastrointestinal tract influences the bioavailability of dietary LYC. So, carotenoid release

14



from the food intake and its distribution in the digestive system was highly affected by
several factors like food processing.

Dietary fat plays a major part in solubility and absorption of lipophilic carotenoids like
LYC. It has the same absorption mechanism compared to dietary fat absorption (Srivastava
et al., 2019). In Gastric phase, the food matrix is digested and LYC is released into the lipid
medium. It is solubilized in the lipid medium and forms multilamellar lipid vesicles by the
action of bile salts (Przybylska, 2020; Srivastava, 2019). In the small intestine, the LYC
micelle is transferred into the mucosal cells through passive diffusion. Several factors
influence micelle formation and mucosal transfer such as LYC structure, amount of fat

intake, fatty acid composition, fiber content, etc (Asaduzzaman, 2022).

Dietary intake of Lycopene
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Fig 1.6: Transport and absorption of dietary LYC.

LYC leaves the intestinal mucosal cell and fused with chylomicrons, which are then
transported through the lymphatic system to the liver (Durairajanayagam et al., 2014). In the
liver, lipoprotein lipase acts on chylomicrons and releases LYC into the bloodstream and
then transported with low-density lipoproteins (LDL) into other organs such as kidney,

adrenal, adipose, reproductive organs, lung, and spleen (Arballo et al., 2021). The transport
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and absorption process of dietary LYC is illustrated in Fig 1.6. LYC content is higher in
adrenal gland, liver and reproductive tissues. In human serum, total carotenoids are found to
be in the range 1-2 pM, in which LYC constitute the major carotenoid present in serum.
(Arballo et al., 2021; Su et al., 2002). The LYC accumulation may be found because of the
higher lipoprotein receptors in the cells which enhance the lipoproteins uptake and higher
oxidation rates in tissues. The studies suggest that dietary fiber consumption can reduce
LYC adsorption by hindering its cellular uptake and thereby reducing the LYC level in
blood plasma. And also the LYC absorption can be improved when it is consumed with
other higher fat content food (White et al., 2017).

1.3.1.3 Extraction of lycopene

The productive extraction and accurate evaluation of antioxidants from medicinal plants and
food are essential for their application in pharmaceuticals and functional foods. Various
extraction techniques, such as conventional and non-conventional extraction methods, can
be selected to extract antioxidants from fruits or vegetables (Xu et al., 2017). The
conventional extraction methods generally by using Soxhlet extraction and hot water bath
are very time-consuming and need comparatively huge amounts of organic solvents with
low extraction yields (Zhang et al., 2018; Saini et al., 2018). To obtain antioxidants in an
economically acceptable approach, different techniques by using ultrasound, enzyme
hydrolysis, microwave, high hydrostatic pressure, supercritical fluids, and pulsed electric
field, have been studied as non-conventional methods (Zhang et al., 2018; Abdullah et al.,
2019; Nour et al., 2018; Asaduzzaman, 2022). Enzyme-mediated extraction is a capable
extraction method with mild extraction conditions. In this method, enzymes could hydrolyze
the structural integrity of the cell wall, which aid to increase the release of bioactive
(Popescu et al., 2022). The main enzymes used in enzyme-assisted extraction include

cellulase, hemicellulose, pectinase, and B-glucosidase. Enzymatic methods have been
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revealed to enhance the yield of antioxidants including carotenoids, flavonoids, phenolics,
and anthocyanins, (Abdullah et al., 2019; Nguyen et al., 2022).

Currently, the utilization of by-products after different food processing is used as a source of
healthy food components. Different studies were reported for the extraction of LYC from
various fruits and vegetable sources. However, LYC can degrade rapidly and become
isomerized when it is under strong and extreme processing methods (Asaduzzaman, 2022).
Various methods that are used for LYC extraction include solvent extraction, hydrostatic
pressure processing, enzymatic hydrolysis, ultrasonic extraction, supercritical fluid
extraction (SFE), etc (Zhang et al., 2018; Asaduzzaman, 2022: Popescu et al., 2022:
Romano et al., 2020). Recently an enzymatic extraction technique was used for the LYC
extraction from tomato peels using rice bran oil (RBO) (Nguyen et al., 2022)

1.3.1.4 LYC as a free radical scavenger

The antioxidant efficacy of carotenoids is important to human health. Of all carotenoids,
LYC is the most effective singlet oxygen scavenger in vitro. By ROS neutralization, LYC
protects the cells from the oxidation of biomolecules such as DNA, proteins, and lipids (Fig
1.7). Epidemiological studies strongly support that adequate carotenoid supplementation
may significantly reduce the risk of ROS-associated chronic conditions (Joshi et al., 2020).
Because of its distinctive structure comprising of electron-rich system, the LYC displays an
extreme reactivity towards free radicals (Caseiro et al., 2020). Molecular level studies have
shown that the LYC is one of the most powerful antioxidants inhibiting the development of
carcinogenesis and atherogenesis by protecting key biomolecules like proteins, DNA, and
lipids (Bohn et al., 2019, Lim and Wang, 2020; Casiero et al., 2020.) In an animal study, the
orally administrated LYC (10 or 100 mg/kg) alleviated hepatotoxicity by significantly
reducing ROS production and regulating the antioxidant enzymes (CAT and GSH) in SK-

Hep-1 cells (Bandeira et al., 2017). The antioxidative role of LYC exhibit a protective effect
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against nephrotoxicity by increasing SOD activity , GPx, GSH, and antiapoptotic protein

(Bcl-2) expression (Bayomy et al., 2017)

Fig 1.7: Lycopene, protects the cellular biomolecules from oxidation by quenching reactive

oxygen species (ROS) (Grabowska et al., 2019, Food and function)

LYC exhibited an alteration on the protein expression of Bcl-2 family in diabetic rats
(Soleymaninejad et al., 2017). LYC significantly controlled glucose elevation, insulin
intolerance, and lower glycogen level in the livers of HFD mice (Zeng et al., 2017). LYC is
considered as a powerful nutraceutical, against cardiovascular diseases (CVD) and
atherosclerosis (Costa-Rodrigues et al., 2018). LYC can scavenge some of the powerful
oxidants associated with atherosclerosis by reducing cholesterol oxidation, which is
considered as the initial step in atherosclerosis (Sen, 2019). In a study, tomato powder has
been reported to have a protective effect against alcohol influenced hepatic toxicity by
activating cytochrome p450 enzyme complex (Nedamani et al.,, 2019) Several studies
exposed the antioxidant role of LYC against hepatotoxicity induced by mercuric chloride,
carbon tetrachloride, methotrexate and acetaminophen in liver cells (Yucel et al., 2017;

Nedamani et al., 2019; Imran et al., 2020).
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1.3.1.5 LYC: mechanisms of action in cancer

High carotenoid content foods have been connected with decreased risk of different types of
tumours by various mechanisms (Dos Santos et al., 2017; Ghadagee et al., 2019). LYC has
been verified to activate programmed cell death (apoptosis) in different cancer cell lines
(Arathi et al., 2016). Different modes of action have been projected to describe the
antitumorigenic actiivty of LYC in cancer cells (Casiero et al., 2020). It is one of the
promising antioxidants, which has been lately stated to exhibit a dynamic role in
antiproliferative activity at different stages of cancer (Ghadage et al., 2019). These include
modulation of redox signalling, Antiproliferation, apoptosis induction, inhibition of cellular
differentiation, cell cycle regulation, immune system modulation, cellular stress reduction
by modifying ROS, detoxifying phase Il enzymes, deactivation of growth factors such as
IGF, VEGF, PDGF, triggered PI3K/AKT and MAPK signalling pathways (Fig 1.8)
(Ghadage et al., 2019; Chen et al., 2018).

Cell proliferation
inhibition &
n

Apoptosis inducto

Induction of Phase Metastasis inhibition
EI enzymes E J

i

Regulationof gene |  ~“Apticancer mechanisms
expression

of Lycopene Redox Activity j
Interference with Blockade of cell
growth hormones @munomodulati:ﬂ cycle progression

Fig 1.8: Mechanisms of cancer chemoprevention by LYC

1.3.1.6 Potential role of LYC in Colorectal cancer (CRC) prevention and therapy
Several studies have stated a positive relationship between LYC and tomato or tomato

product intake in gastric and colorectal cancers (CRC) (Wang et al., 2021; Li et al., 2021;
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Wang et al., 2018). Studies are reported on the connection between the LYC or LYC-rich
food relationship in blood plasma levels and CRC risk (Langner et al., 2019; Li et al., 2021).
Teodoro et al. have documented a substantial reduction in viable cell count when treated
with LYC for 48 h in human colon adenocarcinoma (HT-29) cells and human colon
carcinoma (T-84) cells (Teodoro et al., 2012). After 96 h LYC treatment triggered the cell
cycle arrest in most of the common cancer cells as compared to control cells. Also, the LYC
treatment in four cell lines such as HT-29, T-84, DU145, and MCF-7 exhibited a significant
rise in apoptosis was detected. It also been demonstrated to prevent the cellular progression
in HT-29 cells with an 1Csp of 10 uM. The LYC treatment also obstructed the Akt activation
and PB-catenin protein levels in non-phosphorylated form when studied in human colon
cancer cells (Li et al., 2021). It was exposed in a different study that the tomato digestate
inhibits HT-29 cell growth in a dose dependent mode and also triggers the cell cycle arrest
and helps in apoptosis induction by down-regulating Bcl-2, Bcl-x1 and Cyclin D1, protein
expression (Arbello et al., 2021).

A mouse model study, described that LYC blocked the nuclear expression of Proliferating
cell nuclear antigen (PCNA) and B-catenin in cancer cells. LYC intake also enhances the E-
cadherin expression and the cell cycle inhibitor p21 protein at nuclear levels (Wang et al.,
2021). The inhibitory properties of LYC were also linked with the phosphorylated ERK1/2
proteins. In a randomized study, placebo-controlled men and women with high risk for
CRC, administered with Lyc-o-Mato®, 30 mg/day LYC (tomato-based LYC
supplementation) for eight weeks has been revealed the a surge in insulin-like growth factor
binding protein-1 (IGFBP-1). The study also stated that the serum concentration of IGFPB-2
in both groups improved by 8.2 and 7.8%, respectively. The same placebo-controlled test
conducted in patients plasma waiting for colectomy surgery, was reported a significant

decrease of 25% IGF-1 concentration on Lyc-o-Mato® administration (Walfisch et al.,
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2017). The administration of LYC of different concentrations in gastric carcinoma in rats,
upregulates the immune system, and thereby reduced the risk of gastric cancer.

Colon targeted delivery is a dynamic research area in for colon related diseases including
colorectal cancer (CRC), as it delivers an improving therapeutic efficacy and reduces
systemic toxicity. The oral administration is the most common route of drug delivery.
Nanoformulations help to increase the therapeutics efficacy by site specific targeting and
uptake into inflamed colon cells. Liposomes (LPs) can be a good delivery system for Gl
tract targeting, in which they can be modified by the addition of polymer coatings on the
liposomal surface. These polymer coatings allow oral liposomal formulations to resist the
deterioration of LPs in the gastric atmosphere of the gastrointestinal tract (GIT), which
would normally dissolve the lipid bilayer.

1.4 Carrier for bioactive delivery

Most of the phytochemicals such as phenolic acids, flavonoids, carotenoids, and alkaloids
possess extreme bioactivity such as antioxidant, antidiabetic, anti-inflammatory, anticancer,
antimicrobial, etc. Though, some of them show poor solubility, low stability, and
bioavailability limit in pharmaceutical applications (Rezaei et al., 2019). With this aspect,
wide arrays of delivery systems have been formulated against gastrointestinal conditions to
increase the component stability, enhance their solubility as well as targeted delivery.
Nanotechnology offers multiple benefits in therapeutics by site-specific delivery. It has
made a great influence on food, biotechnology, cosmetics, and pharmaceutical. It plays a
vital role in the lipophilic drugs to the targeted site delivery. Nano delivery systems can be
categorized as emulsion-based delivery systems, solid lipid nanoparticulate systems, and
vesicular delivery systems (Pandey et al., 2015; Singh et al., 2016). Nanotechnology
represents an innovative area in research and development to overcome the limitations of

conventional drug delivery systems. The limitations of the conventional delivery system can
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be overcome by target-specific nanocarriers such as solid lipid nanoparticles (SLNSs),
liposomes, niosomes, colloidosomes, sphingosomes, and polymeric nanoparticles
(Subramanian, 2021). Nanometer-sized (10-1,000 nm) particles are called nanoparticles,
entrapped in the therapeutic molecules within the matrix, or conjugated onto the surface via
functional modifications (Maurya et al., 2019; Awasthi et al., 2018). These nanocarriers
protect the drug molecules against enzymatic degradation, and enhance its therapeutic
benefits (Awasthi et al., 2020).

1.4.1 Liposomes

Liposomes are lipid vesicles with size ranges from nanometers to micrometers. They are
highly effective in the targeted delivery of both hydrophilic and lipophilic molecules. The
main constituents of a liposomal fabrication include phospholipids, sterols, and polymers.
Liposomal vesicles are usually categorized depending on the diameter and number of layers
in the vesicles, like multiple bilayers as multilamellar vesicles (MLVs), and with a single
bilayer termed unilamellar vesicles. These unilamellar can again classify as small
unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs) (Verma et al., 2019). An
aqueous core was enclosed by the lipid bilayer of lamellar vesicles. Liposomes are likely to
fuse and aggregate together leads to premature release of encapsulated components. Lipids
on the surface of liposomes are vulnerable to oxidation. The main advantages of liposomal
formulations are low toxicity, biocompatibility, and biodegradability (Khorasani et al.,
2019). The liposomal surface can be easily manipulated by the addition of polymer coatings
on the surface allow oral liposomal formulations to resist different pH in the GI tract
(Xiuping et al., 2019)

In most cases, polyphenols were demonstrated in liposomal encapsulation due to their
instability and low bioavailability (Gopi et al., 2018). A flavonol, quercetin, commonly

found in grapes, onions, cherries, broccoli, citrus fruits, and berries, is one of the most
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studied polyphenols for liposomal incorporation because of its varied bioactivity (Hadickle
et al., 2014). Quercetin-loaded liposomes show a protective effect against stress in cells (Li
et al., 2018). A study reported in tumor-bearing mice treated with quercetin-loaded
liposomes show a reduction in tumor growth compared to its free form (Ezzat et al., 2019).
Curcumin also exhibits significant bioactive properties while its usage is limited because of
low solubility, stability, and bioavailability. Compared to free curcumin, liposomal
curcumin systems have demonstrated an enhanced anti-inflammatory and antioxidant
activity (Fornasier et al., 2021; Caddeo et al., 2021).

1.5 Future prospects and conclusion

The role of LYC as a powerful antioxidant against different disease conditions is well
established and there is an increasing interest in developing LY C-containing supplements,
nutraceuticals, and functional foods. Tomato is one of the major sources of industrial
production of LYC. In industries, after tomato processing generates huge quantities of by-
products, comprising of tomato peel, seeds, and pulp which could be exploited as a source of
LYC with a circular economy point of view. Improvement in the efficiency of traditional
extraction method is identified as a gap. With an eco-sustainable technique using cell wall
degrading enzymes can help to recover LYC from tomato peel with high extraction yield.
One of the major causes for the onset of lifestyle associated diseases (including cancer) is
exposure to process-induced toxicants in food products such as Heretocylic aromatic
amines, Acrylamide, Furan, nitrosamines, etc. Though LYC is affirmed as a potent
antioxidant, its role in the mitigation of food toxicants-induced oxidative stress is not
addressed. Acrylamide (ACR) is a process induced toxicant found in high temperature
processed foods such as fried potatoes, cornflakes, potato chips or bread, etc. Toxic effects
of acrylamide are reported to lead to carcinogenicity, neurotoxicity, and genotoxicity, which
are facilitated by the formation of OS in cells and tissues. Glycidamide (GLY) is the primary
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epoxide metabolite of ACR, and GLY is reported to be a more potent mutagen than ACR.
Since LYC is a dietary antioxidant, its role in mitigating OS induced by acrylamide is worth
exploring. With these backgrounds, the objectives of the proposed work are to
e Optimize the enzyme-assisted extraction of LYC from tomato peel using cell wall
degrading enzymes and investigate the antioxidant potential of LY C-rich tomato peel
extract against stress-induced L6 myoblast cells
o Evaluate the role of LYC in mitigation of acrylamide (ACR) and glycidamide (GLY)
induced toxicity in HepG2 and elucidate the role of LYC in ACR/GLY induced cell
death via ROS-regulated mitochondrial dysfunction.
e To study the antitumorigenic effect of LYC in colon cancer cell line ( HCT 116
cells) via suppressing P13/AKT/mTOR signalling
e To Develop LYC incorporated nanoliposomes for colon targeted delivery and to

investigate its antitumorigenic effect in colon cancer cells (HCT 116)
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Chapter 2

Enzyme mediated lycopene extraction from tomato peel
and evaluation of antioxidant potency against oxidative

stress in L6 myoblast
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2.1 Introduction

Epidemiological studies suggests that lycopene (LYC) provide protection against free
radical induced chronic diseased conditions including cancer and supplementation of diets
rich in LYC is reported to reduce the risk of many chronic disease conditions (Joshi et al.,
2020; Bandeira et al., 2017). LYC is a major carotenoid found in tomatoes and tomato
products. The industrial waste after tomato processing leads to the formation of
waste/tomato by-products such as seeds, skin, and pulp residues, consist of high level of
LYC. Tomato processing industries generate a huge amount of residue in the form of peel,
seeds, pomace, etc (Ravindran et al., 2016; Torres-Valenzuela et al., 2020). Studies have
reported that tomato peel contains high levels of LYC, about five times more than that of
pulp and seeds, which denotes more than 85% of the entire carotenoids. Despite of these
advantages, carotenoids recovery from this material is not simple, as revealed by the low
yields achievable with conventional solvent extraction procedures (Nayak et al., 2019)
mainly due to the interference of matrix, which hinders solvent penetration and the possible
degradation of the carotenoids during recovery. Enzymes that catalyze the cleavage of cell-
wall polysaccharides have been effectively utilized to help the release of vegetable oils
(Jablonsky et al., 2018), non-volatile aroma precursors (Sowbhagya et al., 2010), phenols
(Heemann et al., 2019) and carotenoids (Popescu et al., 2022) from the plant materials. The
food-grade enzymes with, pectinolytic, cellulolytic, and hemi cellulolytic activities were
capable of considerably enhancing LY C recovery from tomato skins (Abdullah et al., 2019).
Based on the previous reports that enzyme pretreatment improves the extraction of active
ingredients (mainly carotenoids) from tomato peel, CSIR-NIIST has optimized a process for
the enzyme assisted extraction of LYC rich oleoresin (types of enzyme, incubation time,
temperature, etc) from tomato peel, as a part of network project entitled ‘Bioprocessing of

botanicals for active ingredient isolation-enzymatic route’ (CSC 133), Cellulase (20 U/g),
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and pectinase (30 U/g), at 50 °C for 60 min under dark was found to yield an oleoresin
enriched with maximum LYC (ETE) compared to that of the extract without enzyme
treatment (CTE). Further, to understand the beneficial role of ETE as an antioxidant in
protecting DNA damage and mitochondrial membrane potential from ROS induced by H,0,
in L6 muscle cells, preliminary studies were carried out which forms the subject matter
under chapter 2.

2.2 Objective

To determine the LYC content in the tomato peel extract obtained by enzyme assisted
extraction and to investigate the antioxidant potential of LYC-rich tomato peel extract

against stress-induced L6 myoblast cells.

Tomato [ Cellulase Pectinase

2, AN
7 l,' ": —
RS 4% o S f; < LYC estimation s -
Enzyme treatment
‘ . Specn ophotometry

Tomato peel

Enzyme assisted Cell studies on
tomato peel extract muscle cells

(ETE)

L6 Myoblast

Fig 2.1: Outline of Chapter 2
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2.3 Materials and methods

2.3.1. Chemicals and Reagents

Cellulase (EC 3.2.1.4) and pectinase (EC 3.2.1.15) enzymes were procured from Sigma-
Aldrich (Banglore, India), both derived from a selected strain of Aspergillus niger. The
claimed activity of cellulase is 1.08 U/mg where, one unit will liberate 1.0 uM of glucose
from cellulose in 1 h at pH 5.0 at 37 °C. The claimed activity of pectinase is 1.02 U/mg
where, one unit will liberate 1.0 uM of galacturonic acid from poly- galacturonic acid per h
at pH 4.0 at 25 °C.

Folin—Ciocalteu reagent, Sodium carbonate, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
Ethylene diamine tetraacetic acid (EDTA), Hydrogen peroxide (H2O2), Triton X, Sodium
chloride (NaCl), Tris- HCI, perchloric acid, potassium hydroxide (KOH) were obtained from
MERCK. Gallic acid, Dulbecco's Modified Eagle's Medium(DMEM), Dimethyl sulfoxide
(DMSO), 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA), Fetal Bovine Serum
(FBS), Ethidium bromide, 1Kb DNA ladder, Glycerol, Hoechst33342, Adenosine
Triphosphate (ATP), 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT),
Bromophenol Blue, Rhodaminel23 dye, Agarose for electrophoresis and Mammalian
genomic DNA isolation kit were procured from Sigma- Aldrich Chemicals (St Louis, MO,
USA). DNA/RNA Oxidative damage ELISA kit was purchased from Cayman chemicals
(MI-USA). Trypsin-EDTA and Antibiotic-antimycotic mix were purchased from Gibco
Invitrogen (Carlsbad, CA, USA). All the chemicals used were of high quality analytical

grade chemicals.
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2.3.2 Experimental Design

The experimental protocol for the study is given in Fig 2.2

Lycopene rich

tomato peel
In vitro Assays extract Cell studies
(ETE)
LYC estimation 1 MTT Assay |—

Total Phenolic content

Intracellular ROS
Production

Nuclear Staining

DNA fragmentation
assay

8-ox0-dG level

DPPH Radical scavenging
activity

P ~

DNA protection studies |—

Mitochondrial
protection studies

= = I
Mitochondrial ] ATP Production
membrane potential

Fig 2.2 Experimental methods used for the study.
2.3.3 Sample preparation
2.3.3.1. Enzymatically assisted LY C extraction
Tomatoes (Solanum lycopersicum L.) were purchased from local market of Trivandrum
district in Kerala, India. After removal of damaged parts and washing, whole tomato fruits
were immersed in warm water (80 °C) for 2 min. Then they were cooled under tap water,
hand peeled and the peel was freeze dried (VirTis genesis 25EL, USA). It was then extracted
using the following pre-optimized conditions
Enzymes pretreatment — Cellulase (20 U/g), pectinase (30 U/g), at 50 °C for 60 min under
dark.
Extraction of LYC — After the pretreatment with enzymes, the LYC was extracted with
petroleum ether, thrice, in a separating funnel for 20-25 min each time and allowed to stand

for 10 min. Upper nonpolar phase which contains LYC were pooled together and filtered. It
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is made up to known volume and analysed for LYC content spectrophotometrically (Fig

2.3).

Tomatoes immersed in warm water

(Solanum Lycopersicum L.) ‘

Cooled & peel off, then freeze dried

 Tonrato el Enzyme pretreatment at 50°C for 60min
b under dark

<Y
Cellulase ’-//;’:' = l

Pectinasez_:

- Extract with petroleum ether & nonpolar
phase pooled off
Lycopene rich tomato peel
extract (ETE)l
ko =S ' LYC estimated using Spectrophotometry

Fig 2.3: Schematic representation of enzyme assisted LY C extraction from tomato peel
A control without enzyme was also carried out simultaneously (CTE). The amount of LYC
was calculated using the specific extinction coefficient (E = 3450 in petroleum ether)
(Ranganna, 1997).

(A x dil. factor x mL X 10)
E1%1 cm

Lycopene (mg) =

where A - absorbance of the solution in 1 cm cuvette, dil - dilution factor, mL - total mL of
the sample and E***1 cm, specific extinction coefficient for LYC in petroleum ether.

The solvent was then evaporated off to get the oleoresin (CTE and ETE respectively for
control and enzyme assisted extracts) which is used for further biological studies.

2.3.4 Determination of total phenol content

Total phenol content (TPC) in tomato peel extracts CTE and ETE (Enzyme assisted tomato

peel extract) were measured by the Folin—Ciocalteu method (Singleton& Rossi, 1965; Hudz
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et al., 2019). Briefly, 20 puL of samples were mixed with Folin—Ciocalteu reagent followed
by the addition of sodium carbonate (7.5%, w/v) and mixed, allowed to stand for 90 min at
room temperature (RT) and absorbance was measured against the blank at 750 nm using
multimode reader (Synergy Biotek). Total phenol content of the extract was expressed in
terms of milligrams of gallic acid equivalents per gram sample (mg GAE/qQ).

2.3.5. DPPH Radical scavenging assay

The antioxidant effect of tomato peel extract CTE and ETE was measured by the DPPH
radical scavenging assay as reported earlier (Yen & Duh, 1994) with slight modifications.
DPPH assay constitutes a rapid and low cost method, which has commonly been used for
the estimation of the antioxidative potential of diverse natural products. The extracts of
different concentrations in methanol were mixed with 0.2 mM methanolic solution of
DPPH. The mixture was shaken vigorously and kept in dark at RT for 30 min, and the
absorbance was then measured by spectrophotometer at 517 nm against the corresponding
control.

% Inhibition = AbsorbanceofControl — AbsorbanceofSample % 100
o fnalbition = Absorbanceof Control

2.3.6. Cell culture and treatment conditions

Skeletal muscle cell has been reported as in vitro model to study the effect of ROS
production on the biomolecular system and the cellular machinery (Maurya et al., 2015,
Dhanya et al., 2015). Therefore rat skeletal muscle cells, L6 myoblast, were used in the
present study. L6 myoblast cells were acquired from NCCS, Pune and the cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with (10%) fetal
bovine serum and (0.5%) Antibiotic-antimycotic in a humidified atmosphere containing 5%

CO; at 37 °C. Petroleum ether used for extraction procedure was removed by vacuum and

47



reconstituted in 50% DMSO. Prior to the cell based assays, it was further diluted in such a
way that the absolute concentration of DMSO was less than 0.1%. The cells were grown at
density of 1x10” cells/well on 96-well black plate (Becton Dickinson Bioscience) and 12-
well plates for staining and Fluoresce Activated Cell Sorter (FACS) analysis.

2.3.7. Cell viability assay

Cellular toxicity of the extract and H,O, were standardized based on the concentration using
MTT assay (Mosmann, 1983). L6 myoblast cells were treated with various concentrations of
ETE (30- 150 pg/mL) and H,0; (10- 500 uM) for 24 h and 20 min respectively. After
treatment, cells were incubated with MTT reagent (0.5 g/L) for 4 h. The principle behind the
study depicts MTT, yellow dye converted to a purple colored formazan crystal by
mitochondrial dehydrogenase enzyme, which is active only in live cells. The developed
formazan crystals were dissolved in DMSO and the absorbance was read at 570 nm using
multimode reader (Synergy 4 Biotek multiplate reader, USA).

For evaluating how ETE protect L6 cells against H,O, induced OS, the cells were first
treated with different concentrations of tomato peel extract, ETE (20 -100 pg/mL) and
incubated at 37 °C for 24 h followed by treatment with 100 uM H,O, for 20 min. Cells
without treatment were used as negative control and 100 uM H,O, alone treated cell were
used as positive control. After treatment, cell viability was determined as above. Each assay
was carried out three times, and the results were expressed as the mean + SD. The
percentage viability was calculated as

% cell viability = The absorbance of test < 100
0 Cen VIAPIY = The absorbance of control
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2.3.8 Intracellular reactive oxygen species (ROS) levels

The influence of ETE on ROS levels was analysed by using DCFH-DA staining (Cathcart,
1983). Different subtoxic concentrations of ETE were pre incubated in L6 cells, followed by
H,0,. Cells were washed and incubated with DCFH-DA for 20 min and imaged with
Fluorescent microscope (Pathway 855, BD Bioscience, USA) equipped with filters in the
range, excitation, 490 nm; and emission, 525 nm. The fluorescent intensity was analyzed by
BD Image Data Explorer software. ROS production in cells was also quantified by
measuring the intracellular DCF fluorescent intensity by flow cytometry (BD FACS Aria ll,
BD Bioscience, USA).

2.3.9 DNA Protection studies

2.3.9.1 Nuclear Staining with Hoechst 33342

The nuclear morphology of the cells was observed using the cell-permeable DNA dye,
Hoechst 33342 for checking the presence of chromatin condensation in nucleus (Hickman,
1992). After incubation with ETE and H,0O,, L6 cells were stained with Hoechst 33342 (10
pg/mL) for 10 min at 37 °C followed by washing with PBS for 3 times and the nuclei were
observed under a confocal fluorescence microscope (Pathway 855, BD Bioscience, USA) to
examine the degree of nuclear condensation.

2.3.9.2 DNA Fragmentation assay

DNA fragmentation assay was carried out by gel electrophoresis (Chandna, 2004) for
determining the genomic DNA protection ability of ETE against H,O; induced oxidative
stress. After the treatment with ETE followed by H,O, as described earlier, the cells were
pelleted. It was then lysed in 0.5 mL lysis buffer (10 mM Tris-HCI, pH 8.0, 20 mM EDTA,
and 0.2% Triton X-100) and incubated at 37 °C for 60 min. After centrifugation,
chromosomal DNA in the supernatant was extracted with ethanol and 4M NaCl at -20 °C for

overnight. DNA was pelleted by centrifugation and re-suspended in Tris-EDTA buffer. It
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was then subjected to electrophoresis in 1.8% agarose gel (60V), stained with ethidium
bromide, and visualized under UV light.

2.3.9.3 Estimation of 8-oxo0-2’-deoxyguanosine (8-oxo-dG)

The effect of ETE on oxidative DNA damage induced by 100 uM H,0, was measured using
8-0x0-dG assay. The cells were pre incubated with different subtoxic concentrations of ETE
followed by exposure to H,O,. Cells were trypsinized and DNA was isolated by using
mammalian genomic DNA isolation kit. The level of 8-oxo-dG, marker of oxidative damage
of DNA in the cell, was determined by DNA/RNA Oxidative damage ELISA kit (Gan et al.,
2012). The estimation of 8-0xo0-dG generated in the samples was carried out
spectrophotometrically at 410 nm.

2.3.10. Mitochondrial protection studies

2.3.10.1. Mitochondrial membrane potential (A%¥Ym)

A major response to oxidative stress is loss of mitochondrial membrane potential (MMP)
and dysfunction. MMP was investigated using Rhodaminel23, a fluorescent dye that
accumulates within the mitochondria in a membrane potential depending way (Zhang &
Wang, 2008). Protection of mitochondrial membrane potential requires a proton motive
force which is generated through respiration by ATP hydrolysis via ATP synthase.
Following ETE treatment and stress induction, the cells were directly incubated with 2 uM
Rhodamine 123 for 25 min in the dark, followed by washed with PBS, then fluorescence
was detected by FACS Aria Il (BD Bioscience, USA). A reduction in green rhodamine 123
fluorescence indicates reduced mitochondrial membrane potential.

2.3.10.2. Adenosine Triphosphate (ATP) production by HPLC analysis

Levels of ATP, an indicator of the energy state in living cells, are dependent mainly on
mitochondrial function. In L6 cells, mitochondrial protection activity of ETE against

oxidative stress was determined by measuring ATP levels using HPLC method (Liu et
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al.,2006). After treatment, the cells were trypsinized and centrifuged at 800xg for 3 min and
the pellets were suspended in 4% perchloric acid on ice for 30 min. The pH of the lysates
was adjusted between 6 and 8 with 2 M KOH. Precipitated salt was separated from the
liquid phase by centrifugation at 13,000xg for 10 min at 4°C. ATP was quantified on a
Prominence HPLC system (Shimadzu, Japan) containing LC-20 AD system controller,
Phenomenex Gemini C18 column (250 x 4.6 mm, 5 um), a column oven (CTO-20A), a
Rheodyne injector (USA) with a loop of 20 pL volume and a diode array detector (SPD-
M20A). A buffer 20 mM KH,PO,4 and 3.5 mM K;HPO, 3H,O (pH 6.1) was used as the
mobile phase. The flow rate was 1.0 mL/min, the injection volume was 20 pL and column
was at RT. The fractions were monitored at 259 nm. Sample peaks were identified by
comparing with retention times of standard peaks. LC Lab Solutions software was used for
data acquisition and analysis.

2.3.11. Statistical analysis.

All the tests were repeated three times and results were expressed as means * standard
deviations of the control and treated cells. The obtained results were subjected to one-way
ANOVA and the significance P < 0.05 was calculated by Duncan’s multiple range test,
using SPSS.

2.4 Results and Discussion

Increased level of ROS leads to stress induced celllular damage of the biomolecules like
proteins, DNA, and lipids, which causes many complications such as cancers, cardiovascular
diseases (CVD), and neurological diseases. Epidemiological studies showed that people
consuming more of antioxidant-rich fruits and vegetables are in better health thanks to
increased mitigation of ROS. Studies have shown that antioxidants like flavonoids,
polyphenolics, and vitamins from plant sources play vital role in evading cells and
biomolecules from oxidative stress (Costa-Rodrigues et al., 2018; Mensch and Zierz, 2020;
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Imran et al., 2020). Current study investigated free radical scavenging activity of tomato
peel extract and its ability to protect cells from oxidative damage induced by H,0,, in L6

cells.

2.4.1 Estimation of LYC content in the ETE

The LYC content of CTE and ETE (tomato oleoresin) were 86.99 + 0.404 and 677.298 £
0.418 mg /kg dry weight of tomato peel respectively. From the data, it can be seen that the
enzyme assisted extraction improved the extraction of LYC from tomato peel significantly.
This may be due to the fact that on pretreatment of tomato peel with enzymes, cell wall
components were degraded and which may assist in the release of intracellular contents. Pre-
treatment of tomato peel with cellulase and pectinase under optimized conditions has been
reported to increase the LYC vyield in extraction (Choudhari & Ananthanarayan, 2007).
Enzymatic pre-treatment has also reported to improve the recovery of total LYC from
tomato paste (Popescu et al., 2022; Zuorro et al., 2011).

2.4.2. The total phenolic content

Total phenolic content (TPC) was as measured by the Folin-Ciocalteu method. TPC of the
ETE was found to be 235+ 0.9221 and that of CTE was found to be 208 £0.9871 mg GAE/g.
A compound has been attributed to its antioxidant activity by various mechanisms such as
prevention of binding of transition metal ion catalysts, decomposition of peroxides,
reductive capacity and radical scavenging ability. Phenols are very important plant
constituents due to their free radicals scavenging ability by virtue of its hydroxyl groups
(Saheli et al., 2020). Several studies showed good correlation between the phenols and
antioxidant activity (Gulcin, 2020). Tomato peel contains bioactives with useful effects for
human health such as rutin, naringenin, lycopene and quercetin (Gonzalez et al., 2011).

Major favourable actions accepted to LYC are that it quenches singlet oxygen, traps
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peroxyl radicals, inhibits oxidative DNA damage, inhibits peroxidation and stimulates gap

junction communication (Caseiro et al., 2020).

2.4.3 Scavenging effect on DPPH radicals

DPPH radical scavenging model is a generally used method to assess free radical scavenging
activity. The degree of discoloration indicates the scavenging potential of the antioxidant
extract, which is due to the hydrogen donating ability (Jing et al., 2012). ETE showed a
good scavenging activity of ICsg value 72.2 £+ 0.9931 pg/mL and for control it was 88.58 +
0.8765 pg/mL, whereas the ICso of standard gallic acid was 3.2 + 1.09 pg/mL. DPPH
antioxidant activity of tomato peel extracts increased with the increase in concentration of
extracts. These results point out that tomato peel has a noticeable effect on free radicals
scavenging activity. ETE is found to be a rich source LYC as well as phenolic compounds
which are good natural antioxidants (Pirayesh & Habib, 2015). Therefore the obtained
activity of the extract may be attributed to the LYC as well as the phenolic content. The
results indicated that the enzyme assisted tomato peel extract has a noticeable effect on
scavenging free radicals.

Based on the above assays, it was found that ETE contain significantly higher content of
LYC, phenolic compounds and free radical scavenging capacity, ETE was chosen for further
studies.

2.4.4 Cell viability by MTT assay

The cytotoxicity of ETE was examined in L6 myoblasts by MTT assay. In order to find out
the working concentrations of ETE, cells were treated with different concentrations of ETE
and cell viability was determined. It can be seen that (Fig 2.4a) the viability decreased
significantly in a dose dependant manner (P < 0.05). A concentration of 100ug/mL of ETE
caused cell viability to decrease by about 18.3 %. Therefore, for the further studies, the cells

were exposed to the subtoxic concentration of 100 pg/mL of ETE and below. The
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preliminary study on the toxic effect of extract ETE demonstrated by MTT assay did not
show harmful effects on L6 cells upto a concentration of 100 pg/mL.

For inducing oxidative stress, H,O, has often been reported as a model in different cell types
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Fig 2.4: The Effect of ETE, H,0, and pretreatment of cells with ETE before exposure with
H,0,, on viability of L6 cells by MTT assay. (a) Cytotoxicity in L6 cells at different
concentration of ETE (b) Cytotoxicity of L6 cells following different concentrations of H,O,
exposure (c) The effect of ETE on L6 cell viability against 100uM H,0, The results are
expressed as percentage of control, and each value represents the mean + SD. The

annotation * indicates a P <0.05 versus control group. The annotation # indicates a P < 0.05

versus H,O, group
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In order to determine the sub toxic concentrations of H,O,, L6 cells were treated with H,O;
(10 to 500 puM), for 20 min and assayed by MTT. As shown in the Fig 2.4b, it was found
that different concentrations of H,O; significantly reduced cell viability after treatment (P <
0.05) and 100 pM H,0; caused cell viability decrease by about 30%. Therefore the cells
were exposed to a concentration of 100 uM H,O, for inducing oxidative stress for further
assays. In order to find out the protective effect of ETE against H,O; induced toxicity, the
cells (L6) were initially treated with subtoxic levels of ETE (20 to100 ug/ml) for 24 h
followed by H,0, at a concentration of 100 uM for 20 min. Subsequently we found that the
extract protected cells from oxidative stress effectively in a dose-dependent manner (P <
0.05) (Fig 2.4c). The data indicated that pre-treatment with ETE efficiently protected cells
from H,0, induced toxicity. The study revealed that the ETE pre-treatment enhanced cell
viability as compared to H,O, treated cells. These results suggest that treatment with H,O,
results in cell death, which was prevented when the cells were pre-treated with ETE before
H,0, treatment.

2.4.5 ETE Inhibits H,0,-Induced Reactive Oxygen Species Production in L6 Cells.

It is reported that OS induced by ROS plays an important role in cellular damage which
leads to secondary injury to the cells (Sharifi-Rad et al., 2020; Tsatsakis et al., 2019). The
production of ROS in the cells leads to depletion in the antioxidant mechanism in the body.
Dietary supplementation of antioxidants can improve the antioxidant status of the body
(Rowles et al., 2018; Liu et al., 2015). The free radical scavenging activity of the extracts
and their potential against intracellular ROS was evaluated using H,DCFDA by fluroscent
imaging and flow cytometric analysis. The fluorescence intensity of the images was
visualized by BD Image Data Explorer software and has been illustrated in Fig 2.5a. The

data indicated that untreated cells had little basal intracellular ROS. However, incubation of
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cells with 100 puM H,0, caused a significant increase in ROS level as compared to the

control.
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Fig 2.5: Measurement of ROS production in L6 cells. After treatment, the cells were stained
with H2-DCFDA dye and then analyzed by fluorescence imaging. Fig (a) fluorescent
intensity measurement indicate % ROS production; Fig (b) represent A-control, B-100 uM
H,0,, C- 50 pug/mL ETE +100 uM H,0,, D-100 pug/mL ETE+100 uM H,0,. Fig(c)
Represent flow cytometric analysis of ROS production in L6 cells by plotting cell count
against FITC. Each value represents mean = SD from triplicate measurements of three
different experiments. Significance levels between different groups were determined by

using one way ANOVA, *P < 0.05 versus Control; #P < 0.05 versus Hy0,.

The ROS concentration was found to decrease significantly on preincubation with ETE (100

pg/mL) (P < 0.05) as shown in Fig 2.5b. The intracellular ROS production was also
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quantified by measuring the fluorescence of DCF by flow cytometry. The intensity of
untreated and H,O, treated cells were 0.30+ 0.081% and 39.1+ 0.043% respectively. The
fluorescence intensity of ETE treated group was 24.7 £ 0.121% and 15.4 + 0.387%
respectively for 50 ug/mL and 100 ug/mL of ETE, which was significantly lower than H,0,

treated cells (Fig 2.5c¢).

The fluorescence intensity of the L6 control cells was significantly lower than that of cells
with induced oxidative stress using 100 uM H,O,. Pre-treatment with ETE, could
considerably reduce the ROS level when exposed to 100 uM H,0O, exposure as indicated by
reduction in fluorescence intensities than the positive cells. These results were further
confirmed by quantifying the fluorescence intensity using flow cytometric analysis. The
fluorescent intensity was reduced significantly on ETE treatment prior to H,O,. Overall, the
cells treated with the extracts showed a decrease in the fluorescence intensity as compared
with the 100uM H,0, group. It was also observed that cells treated with 100 pg/mL of ETE
could reduce the ROS levels significantly as compared to 50 pg/mL, indicating that the
extracts acted in a dose dependent manner. The concentration of ROS is directly
proportionate to the fluorescence intensity. This activity of ETE may be correlated to the
presence of various antioxidant molecules present in the extracts which can scavenge

hydrogen peroxide.

2.4.6 ETE protects L6 cells from nuclear damage

ROS can damage nucleic acids by altering purine and pyrimidine bases and causing DNA
fragmentation (Upadhyayula et al., 2019). DNA damage can lead to mutations, which are
responsible for related diseases such as cancer, coronary heart disease, arteriosclerosis and
inflammatory disorders. Dietary antioxidants have been reported to possess potential

inhibitory effects against H,O,-mediated DNA damage and harmful free radicals. In this
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respect we carried out further studies to find out the DNA protective potential of ETE
against oxidative stress. Chromatin condensation and morphological changes in the cells
(control, H,O, treated and ETE pre-treated) were examined with Hoechst staining under a
confocal fluorescence microscope.

It can be seen that the control cells without treatment have intact nucleus whereas H,0,
treatment resulted in increased number of cells with fragmented nucleus (Fig 2.6a). On pre-
treatment with ETE at different concentrations, 50 pg/mL and 100 pg/mL, shows a reduction
in nuclear fragmentaion, in a dose dependent manner confirming that ETE protect cells from
nuclear fragmentation. As can be seen from the Fig 2.6a, the control cells show intact nuclei
whereas the cells induced with oxidative stress on treatment with H,O; exhibited significant
chromatin condensation in the cells. DNA protection activity was exhibited by ETE against
100 pM H,0, induced DNA damage in L6 cells. The severity of H,O, treatment could be
reduced on exposure of cells to ETE at a concentration of 100 pg/mL. However, ETE at 50
pg/mL concentration did not show much protective effect on the cells.

2.4.7 ETE protected H,0; induced DNA fragmentation in L6 cells

The protective effect of ETE on DNA was further confirmed using ladder assay where DNA
from the cells were isolated and subjected to electrophoresis to check for DNA
fragmentation. As shown in the Fig 2.6b, DNA from the untreated control cells were
compact suggesting an intact DNA, whereas the treatment with H,O, causes a significant
fragmentation as seen from laddering nature of DNA band. On treatment with ETE, the
smearing nature of DNA gets diminished in a dose dependent manner suggesting that pre-
incubating L6 cells with ETE effectively protected cells from DNA damage. This result
shows that, antioxidants present in extract has the capacity to quench the free radicals

generated in the reaction, thereby protecting the DNA from H,0, induced oxidative damage.
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From the Fig 2.6b suggests that ETE at concentration of 100 pg/mL could protect the DNA

from the oxidative damage.

(a)

Fig 2.6: (@) Chromatin condensation observed using Hoechst 33342 staining: Figure
represents A) control, B) 100 uM H,0;, C) 50 ug/mL ETE +100 uM H,0,, D) 100 ug/mL
ETE +100 uM H,O, Arrows represent cells with chromatin condensation inside the
nucleus.(b) DNA damage was analyzed by DNA Fragmentation assay Lane 1: 1kb DNA
ladder, Lane 2 : control, Lane 3: 50 pg/mL ETE +100 uM H,0,, Lane 4: 100 ug/mL ETE +100

M H,0, Lane :5 100 uM H,0,,

The data from Hoechst 33342 staining and ladder assay indicated that incubating cells in the
presence of 100 uM H,0O, causes a significant chromatin condensation/ DNA fragmentation,
as compared to the control (without any treatment). At the same time, ETE promote
genomic stability by preventing double-strand DNA breaks, which is associated with
increased ROS production mediated by 100 uM H,0,. lon radicals generated during

oxidative stress lead to a chain reaction which form DNA adducts and lipid hydroperoxides
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results in single and double strand breaks. The obtained results from Hoechst 33342 staining
and ladder assay also support the antioxidant property of ETE which protects the nuclear
DNA from oxidative stress induced by H,O,.

2.4.8 ETE protects DNA from oxidative damage

The protective effect of ETE against oxidative damage of DNA was further confirmed by
quantifying the oxidative damage indicator, 8-0x0-dG in the DNA. 8-Oxo0-dG is the most
abundant product of DNA oxidation (Nakabeppu et al., 2007; Bogdanov et al., 2001).
Oxidative attack to DNA is of particular interest since DNA modifications can lead to
mutations. DNA molecules have unique double helix structure, which undergo oxidation in
presence of H,O, Therefore the 8-Oxo0-dG level in the cells was estimated to assess the

DNA protecting effect of ETE against H,O, treatment.
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Fig 2.7: The level of 8-o0xo-dG in cells. Each value represents the mean + SD of triplicate
measurements. Significance levels between different groups were determined by using one
way ANOVA, *P < 0.05 versus Control; #P < 0.05 versus H,O;,

As shown in Fig 2.7, 8-oxo-dG level significantly increased on exposure to 100 uM H,0; as
compared to the control. However, on pretreatment with ETE prior to treatment with H,0O,

the level of 8-oxo-dG decreased significantly. The oxidation of dsDNA was found to
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decrease in a dose dependent manner on ETE pretreatment. Results from the present study
indicate that ETE can prevent oxidation of DNA from ROS by scavenging free radicals in a
dose dependent manner.

2.4.9 ETE prevented H,O,-induced reduction of Mitochondrial membrane potential
(MMP) in L6 Cells

Mitochondrial membrane potential, A¥m, is an essential factor of mitochondrial function
used as sign of cell health (Pal et al., 2016). A rapid reduction in the MMP was found when
L6 cells were exposed to 100 uM H,0,, as detected by a reduced fluorescence intensity of
Rhodaminel123. As compared to control cells, H,O, treatment decreased the fluorescence
intensity in cells from 79.6 = 0.772% to 37.4 = 0.875% represents an increase in MMP
loss. Pretreatment with 50 pg/mL and 100 pg/mL of ETE protected the cells against H,0,
by retaining the mitochondrial membrane potential to 47.1 £ 0.567% and 72.6 + 0.765%
respectively. Fig 2.8a and 2.8b indicating that ETE could prevent H,O, induced loss of
mitochondrial membrane potential significantly (p < 0.05) in dose dependent way. A¥Ym
is a sensitive indicator of mitochondrial function. Increasing evidence proposes that the
AW¥m assay can be used as a specific test for detecting early mitochondrial damage. Results
indicated that 100 uM H,0, group displayed a substantial decrease in mitochondrial
membrane potential as compared to control. Interestingly, tomato peel extract ETE at 100
pHg/mL treatment preserved mitochondrial membrane potential, suggesting the inhibition of
H,0; induced mitochondrial damage.

2.4.10 ATP level by HPLC analysis

ATP production in mitochondria is the main energy source for various metabolic pathways
(Campanella et al., 2009). In normally functioning mitochondria, Ay, is high favoring ATP
synthesis by ATP synthase (Jonckheere et al., 2011). When mitochondrial functioning is

compromised and A¥m decreases below a threshold which leads to depletion of ATP
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production. ATP production was estimated using HPLC method. From the Fig 2.8c, ATP
productions by L6 cells at normal conditions were 4.4 + 1.63 uM. On subjecting the cells to
100 uM H,0O it was came down to 1.5 £ 0.229 uM, showing the inhibition of mitochondrial
ATP synthesis. On pretreatment with ETE at 50 pg/mL and 100 ug/mL, ATP level was
found to be 2.32 £ 0.031 uM and 3.60 = 0.05 uM. Fig 2.8c suggests that 100uM H,0,
treated cells showed a decrease in ATP production, whereas ETE pretreated cells results in
increase in ATP Production. Results indicate that mitochondrial capacity to produce ATP in

oxidative stress conditions is low and it is reversed in the presence of ETE.
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Fig 2.8: Quantification of Mitochondrial membrane potential by Rhodamine 123 staining
and ATP level by HPLC method. Rhodamine 123 stained the cells after incubation and
quantified by flow cytometer. In Image (a) indicate A- Control, B-100 uM H,0,, C-50
pug/mL ETE+ 100 uM Hy0,, D-100 pg/mL ETE +100 uM Hy0,. The fluorescence of
Rhodamine 123 reduction was attributed to loss in mitochondrial membrane potential. (b)
Represents the restoration of mitochondrial membrane potential in percentage on ETE
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treatment. (c) ETE treatment increases mitochondrial capacity to produce ATP. Results were
expressed as mean = SD. Significance levels between different groups were determined by
using one way ANOVA, *P < 0.05 versus Control; #P < 0.05 versus H,0,,

It is reported that the electron-rich conjugated system of the polyene are responsible for the
antioxidant activities of the carotenoids, by quenching singlet oxygen, and scavenging
radicals to terminate chain reactions. Thus, the present study confirms that, tomato peel
extract which is a rich source of carotenoids, especially LYC, acts as a potent antioxidant
source which protects the L6 cells from hydrogen peroxide induced oxidative damage.

2.5 Conclusion

In conclusion, enzyme assisted tomato peel extract (ETE) enriched with LYC helps in
normalization of ROS, DNA protection and restoring mitochondrial membrane potential.
ETE possess significantly higher content of LYC and radical scavenging activity as
compared to the extract without enzyme. Tomato peel extracts demonstrated promising
antioxidant potential and protected DNA and mitochondria against induced oxidative stress.
This study demonstrated the effectiveness of extract, ETE, by counteracting redox
imbalance under condition encountered in most of the disease by modulating the
components involved in cellular antioxidant status. The results provide significant evidence
for antioxidant rich tomato peel extracts to be considered as a dietary supplement with
potential activity for the prevention of mitochondrial and DNA damage induced by
oxidative stress-mediated pathophysiology. Supplementation of these would also address the
free radicals induced complications arising from oxidative stress. At present, considerable
amounts of tomato peel are produced in the world and disposed off as waste. As a result, the
exploitation of this material as a source of natural antioxidants and LYC, not only provides

economic-health benefits but also contribute to environmental protection.

63



The key findings are summarized below:

» Extraction of LYC from tomato peels significantly enhanced by enzyme assisted
extraction.

» LYC enriched ETE helps in normalization of ROS, DNA protection, and restoration
of mitochondrial membrane potential.

» ETE could counteract redox imbalance under stress induced conditions encountered

in most of the diseases.
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2.6 Graphical Abstract
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Fig 2.9: Enzyme assisted LYC rich tomato peel extract (ETE) exhibit a promising

antioxidant potential by protecting stress induced L6 myoblast cells by inhibiting ROS

production and cellular damage.
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Chapter 3

Role of Lycopene in Mitigation of Acrylamide/
Glycidamide induced Hepatotoxicity (HepG2 cells)
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3.1 Introduction

Acrylamide (ACR) is a well-known food toxin, which can induce oxidative stress and
related disease conditions including cancer. ACR is a recognized toxicant present in various
carbohydrate rich foods exposed to higher temperature during food processing (Pedreschi,
Mariotti, & Granby, 2014). Based on the studies conducted on lab animal models, Agency
for Toxic Substances and Disease Registry (ATSDR), reported that the ACR is mostly
carcinogenic to humans. ACR metabolised inside the body to form glycidamide, another
genotoxic compound. Both ACR and GLY induce higher cellular toxicity by enhancing
oxidative stress. Glycidamide (GLY), is the primary epoxide metabolite of ACR, which is
catalysed by an enzyme complex Cytochrome P450 2E1 (CYP2E1). The ACR to GLY
metabolic conversion via epoxidation is critical for the ACR toxicity, and GLY is reported
to be a more potent mutagen than ACR as it causes genetic damage by binding to DNA
(Manjanatha, Aidoo, Shelton, Bishop, Daniel, Lyn-Cook, 2006; Ghanayem, Witt, Kissling,
Tice, & Recio, 2005). According to chemical activity, GLY is 70% more reactive than ACR,
showing a high level of interaction with DNA and haemoglobin. According to Erdemli et al.,
2021, ACR administration caused biochemical and histopathological disruption in pregnant
rats and the consumption of vitamin E protected against neurotoxicity in rats (Erdemli et al.,
2021).

Studies showed that ACR exposure gives rise to higher oxidative stress in cells and tissues
(Zhao et al., 2015). Under oxidative stress conditions, the intracellular reactive oxygen
species can oxidize biomolecules, which lead to protein oxidation, lipid peroxidation, DNA
fragmentation, and most of the diseased conditions (Kunnel, Subramanya, Satapathy, Sahoo,
& Zameer, 2019). Antioxidants are the scavengers in human body that confer protection
against intracellular oxidative stress by providing electrons to ROS. Antioxidant enzymes

like CAT, SOD, GPx, and GSH are integral parts of the innate antioxidant enzyme defense
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system. It contributes the repair of damaged cellular components (Ren et al., 2017). Some
non-enzymatic antioxidants such as ascorbic acid, flavonoids, tocopherol, and beta- carotene
help in mitigating the oxidative stress in cells (Rahal et al., 2014). There are evidences
suggesting that the animals exposed to acrylamide produced increased levels of ROS
(Prasad, & Muralidhara, 2012). Studies on ACR discovered that the oxidative stress
induction and mitochondrial dysfunction are the underlying mechanisms responsible for its
cytotoxicity and genotoxicity (Liu et al., 2015). Accumulation of ROS or a compromised
antioxidant defence leads to the disruption of redox balance in cells, causing cellular
damage. Hence, the viable strategies to mitigate ACR induced toxicity are the need-of-the-
hour.

Antioxidant activity is one of the possible mechanisms, to reduce the acrylamide toxicity by
alleviating its free radical production. Recently, natural antioxidants are gaining more
attention against ACR induced toxicity (Li et al., 2017, Sabah, Nikhat et al., 2016; Zhang, et
al., 2013). Another study established that, due to the powerful antioxidant activity of crocin
protects ACR induced liver damage in HepG2 cells (Soha, et al., 2020; Sema et al., 2017).
Phytochemical treatments have been opted as a promising solution to overcome ACR
induced toxicity and their protection induced by free radical regulation mechanisms (Mehri,
Meshki, & Hosseinzadeh, 2015; Motamedshariaty, Farzad, Nassiri-Asl, & Hosseinzadeh,
2014).

From Chapter 2, it was understood that LYC rich ETE possess potential antioxidant and a
strong free radical scavenging activity, which can be explored for mitigation of ACR and
GLY induced cellular toxicity. It has a positive effect on redox imbalance, by which it
activates antioxidant gene expression and regulates inflammatory mediators (Campos et al.,
2017). Due to the presence of ACR in foods and its threat of massive intoxication,

mechanisms to decrease the cytotoxicity and genotoxicity of ACR are of great importance.
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Natural antioxidants as mitigating agents against ACR induced toxicity have attracted
attention owing to their importance in food, nutraceutical and pharmaceutical sectors (Chu et
al., 2017). Though, the cytoprotective role of LYC against GLY toxicity has not been
reported so far, to the best of our knowledge. Identification of unfavourable health
consequences due to ACR exposure is an important aspect of acrylamide  risk
management to avoid or mitigate its health risk. At the same time, it is also important to
understand how the dietary antioxidant influence the ACR toxicity on stress induced chronic
disease conditions and its molecular mechanisms of action. Liver is the major detoxification
organ in human body. Hence, the use of HepG2 cells for the in vitro chemical toxicity assay
is justified. Moreover, HepG2 cells are reproducible in human system and easy to maintain.
Therefore, this current study, we explored the possible protective role of LYC against ACR

and GLY induced cellular toxicity by modulating oxidative stress in HepG2 cells.
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3.2 Objectives
To evaluate the role of LYC in mitigation of acrylamide (ACR) and glycidamide (GLY)
induced cytotoxicity in HepG2 cells and elucidate the role of LYC in ACR and GLY

induced cell death via ROS-regulated mitochondrial dysfunction (Fig 3.1).
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Fig 3.1: Outline of Chapter 3

3.3 Materials and methods

3.3.1 Chemicals and Reagents

Ethylene diamine tetra acetic acid (EDTA), sodium chloride (NaCl), hydrogen peroxide
(H202), Triton X, Tris-HCI, perchloric acid, potassium hydroxide (KOH) from MERCK,
India. acrylamide , glycidamide lycopene , 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide , fetal bovine serum , Dulbecco's
Modified Eagle's Medium , 2,7-Dichlorodihydrofluorescin diacetate, and Mammalian
genomic DNA isolation Kits , were procured from Sigma-Aldrich Chemicals (St Louis, MO,

USA). Antibiotic-antimycotic solution and Trypsin-EDTA were purchased from Gibco
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Invitrogen (Carlsbad, CA, USA). Kits for determining the activities of Superoxide
Dismutase (SOD), Glutathione (GSH), Catalase, and Lipid Peroxidation (LPO) assay kit
were purchased from Biovision Inc. (San francisco, USA). DNA/RNA Oxidative damage
Enzyme linked Immunosorbent Assay (ELISA) kit was procured from Cayman chemicals
(MI-USA).

3.3.2 Experimental design

The experimental protocol for the study is given in Fig 3.2
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Fig 3.2: Experimental methods used for the study.

3.3.3 Cell culture and treatment conditions

HepG2 cells collected from National Centre for Cell Science, India were grown in DMEM
containing 10% FBS and antibiotic-antimycotic solution (0.5%). Cells were kept in
incubator with 37°C and 5% CO, humidified atmosphere. The cells were cultured on 96 or
12-well plates (1x10” cells/well) for staining and Flow cytometric analysis.

3.3.4 Cytotoxicity by MTT assay

The cytotoxicity of the Acrylamide (ACR), Glycidamide (GLY) and Lycopene (LYC) in

HepG2 cells was estimated using MTT assay (Mosmann, 1983). Briefly, 96-well plates were
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seeded with 1x10” cells per well and were grown overnight. Then the cells were exposed to
different concentrations of the ACR (0.1- 2 mM), GLY (0.1- 2 mM) and LYC (1- 50 pM),
for 24 h . After exposure, cells were treated with MTT (0.5 g/L) for 4 h. After exposure,
cells were exposed to MTT reagent (0.5 g/L) for 4 h. Following the incubation, the reaction
mixture was removed and added DMSO (200 pL) to each well with gentle mixing (Orbit
plate shaker, Labnet international, USA) and the absorbance was read at 570 nm (Synergy 4
Biotek multiplate reader, USA).

The cytoprotective role of LYC against ACR and GLY induced toxicity was assessed by
pre-treating cells with LYC for 2 h prior to ACR and GLY treatment. Untreated cells were
kept as negative control and cells exposed to 500 uM ACR and GLY independently, were
assigned as positive control. Each experiment was done in triplicate, and the results are
represented as the mean £ SD, using the following calculation

% cell viability = The absorbance of test 100
0 Cer VIABEIY = The absorbance of control

Morphological evaluation of cells after treatment conditions was observed using phase

contrast microscope.

3.3.5 Lactate dehydrogenase leakage

Upon cellular damage, cell membrane deterioration leads to the release of enzyme lactate
dehydrogenase (LDH). It is recognised as cell damage marker under apoptosis, necrosis or
other cellular damage conditions (Kaja, Payne, Naumchuk, & Koulen, 2017). LDH leakage
in cells after incubation was estimated using an LDH assay kit (Sigma, India). A final
coloured formazan derivative was read at 490 nm by spectrophotometer (Synergy 4 Biotek,

USA).
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3.3.6 Intracellular reactive oxygen species (ROS) levels.

ROS productions in cells were estimated by DCFH-DA staining method (Cathcart,
Schwiers, & Ames, 1983). The cells were exposed to various concentrations (sub toxic)of
LYC followed by 500 uM ACR and 500 uM GLY. After the treatment, DCFH-DA stain
were added to the cells and incubated for 20 min and then washed with PBS. The
fluorescence intensity of produced DCF was read by using fluorescence spectrophotometer
(Shimadzu RF5000U) with wavelength of excitation 480 nm and emission 520 nm (Synergy
4 Biotek multiplate reader, USA).

3.3.7 Antioxidant enzyme analysis

3.3.7.1. Superoxide Dismutase and catalase activity.

The cells pre-treated with LYC, followed by incubation with ACR and GLY for 24 h, were
rinsed with 1X PBS. Cells were lysed using specific enzyme buffer solution to estimate the
antioxidant activity. A negative control (cells without treatment) and positive controls (ACR
and GLY) were also kept. SOD and catalase activities were measured as per the directions
provided by the manufacturers in the respective assay kits (K33-100 and K773-100).

3.3.7.2 Measurement of glutathione (GSH) concentration.

The lysate of the cells was prepared as mentioned under the above experiment and the clear
supernatant was analysed for GSH level. The reduced GSH level of the treated lysates was
found out based on the reaction of dithionitro benzoic acid with sulfhydryl groups that lead
to the formation of yellow color. Glutathione assay kit was used for the estimation of
glutathione level following the manufacturer instructions provided along with the kit (K261-

100).
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3.3.8 Oxidative marker analysis

3.3.8.1 Measurement of lipid peroxidation.

Lipid peroxidation was quantified by lipid peroxidation (LPO) assay kit (K739-100). HepG2
cells were pre-treated with LYC (2 h) followed by incubation with ACR and GLY (24 h).
Negative control and positive control were kept as described earlier. Malondialdehyde
(MDA) level was tested using LPO Colorimetric/Fluorometric Assay Kit as per the
directions given by the manufacturer. Absorbance measured at 532 nm (Synergy 4 Biotek
multiplate reader, USA) was used to quantify the MDA content in the samples.

3.3.8.2 Estimation of 8-0x0-2’-deoxyguanosine (8-0xo-dG) level

The cytoprotective role of LYC against oxidative stress induced DNA damage by ACR and
GLY was measured using 8-o0xo-dG ELISA technique. Cells pre-incubated with LYC (10
p1M) followed by treatment with ACR and GLY (500 pM)) were trypsinized to extract the
genomic DNA. 8-ox0-dG, the most abundant DNA oxidative marker, produced in the cells
was quantified using Oxidative damage ELISA kit spectrophotometrically at 410nm.

3.3.9 Mitochondrial membrane potential (A¥m).

Oxidative stress inactivates mitochondrial membrane potential and loss its function.
Rhodaminel23, a fluorescent indicator, accumulate in the mitochondria based on the
membrane potential was used to assess A¥m (Zhang & Wang, 2008). The mitochondrial
membrane potential is maintained by the proton motive force generated by ATP synthase
present on the mitochondrial membrane. The cells were pre-incubated with LYC before it
was exposed to ACR and GLY for stress induction. Then the cells were treated with 2 uM
Rhodamine 123 directly and rinsed with PBS many times and the fluorescence was read
(FACS Aria II, BD Bioscience, USA). Suppression of AYm is denoted by decreased level of

green rhodamine 123 fluorescence.
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3.3.10 Mitotracker staining

The mitochondrial permeability (integrity) of HepG2 cells was observed by mitotracker-red
fluorescent dye by using fluorescent imaging (Kholmukhamedov, Schwartz, & Lemasters,
2013). In brief, after exposure to the treatment conditions cells were dual stained with
mitotracker (100 mM) for 15 min and then rinsed twice using 1x PBS, and the developed
images were acquired by using a fluorescence microscope (Nikon Eclipse 80i with Nikon
DS-Ri1).

3.3.11 Apoptosis by Flow Cytometry Analysis

Annexin-V- /propidium iodide staining were used to quantify cellular apoptosis in HepG2
cells. Briefly, the cells were seeded at a density of 1x10° cells in six well plates. After the
treatment conditions described above, the cells were by harvested and centrifuged at 2300
rom for 5 min. Then the cells were washed and resuspended in binding buffer and
centrifuged at 400xg for 5min. Then the cell suspensions were stained with Annexin V-
FITC and Pl and kept at RT for 10 min. After incubation, the samples were again
resuspended in binding buffer and analysed using FACS (BD FACS Aria Il, BD
Biosciences, United States). As per manufacturer instructions apoptotic cell ratio was
quantified using flow cytometric methods with 10000 cells in each group. The data analysis
was done using BD FACS Diva TM Software v6.1.2

3.3.12 Caspase 9 Assay

Caspase 9 activity was analysed using caspase 9 Assay Kit (Abcam, USA) (Fluorometric)
and the assay offers a simple and convenient method for evaluating caspase activity. The
assay recognizes the LEHD (Leu-Glu-His-Asp) sequence and the detection of caspase
activity was quantified using fluorimeter. After the cell treatments, the fluorescence emits a
yellow-green fluorescence, which was quantified using fluorescence multimode reader
(Synergy 4 Biotek multiplate reader, USA).
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3.3.13 Caspase-3 Assay

Caspase-3 activity was analysed by Assay Kit which recognize the sequence DEVD
(Abcam, USA). Briefly after cell culture treatment, the sample lysate was added to the wells
and incubated with reaction buffer and DEVD-p-NA substrate for 60 min at 37°C. Then the
reaction absorbance was analysed by spectrophotometer at 400nm (Synergy 4 Biotek, USA).
3.3.14 Immunoblot analysis

Briefly, after treatment conditions mentioned above, the cells were harvested and
disintegrated by using lysis buffer (with protease inhibitor cocktail). The specific antibodies
against - B-actin, Bax, Bcl-2, Cytochrome C, cleaved caspase 9, and cleaved caspase 3 were
used in blotting. BCA protein assay kit was used to estimate the protein concentration in
lysate. The extracted protein samples in reducing buffer was boiled at 75°C for 10 min. Then
the lysate containing protein was subjected to SDS-PAGE (10% SDS polyacrylamide gel)
and then transferred to a PVDF transfer membrane (Immobilon P™, Millipore154 R, USA)
using Trans-Blot transfer system (Bio-Rad Laboratories, Germany). % skim milk in PBST
blocking buffer were used to block the membranes by incubating at RT for 1 h and washed
thrice with PBST and kept overnight at 4°C with primary antibodies (B actin, cleaved
caspase 3, cleaved caspase 9, Bcl 2, Bax and Cytochrome) in the ratio 1:1000. After rinsing,
IgG-HRP secondary antibody (1:2000) was incubated with the membrane. The blots bound
antibodies were identified using DAB-Peroxidase substrate by chemiluminescence (Bio-rad,
United States) and measured by densitometry using a ChemiDoc XRS digital imaging
system and the Multi-Analyst software from Bio-Rad Laboratories (United States The

density of particular protein bands were compared to that of housekeeping gene - B actin.
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3.3.15 Statistical analysis.

The Data are stated as means * standard deviations of minimum of triplicates. One-way
ANOVA was used for analysing the results and the Duncan’s multiple range tests was
employed for assessing the significance P < 0.05using SPSS 16.0.

3.4 Results and Discussion

3.3.1 Cytotoxicity assessment of ACR, GLY and LYC

The toxicity level of ACR, GLY and LYC in HepG2 cells were evaluated using MTT assay.
The results depicted that LYC did not alter cellular viability up to 10 uM concentration (Fig
3.3A). Further, LYC at a concentration of 10 uM and below was chosen for studying the
hepatoprotective effect against ACR and GLY induced toxicity.

A dose-response assay was carried out with different concentrations of ACR and GLY (100
MM to 2 mM) to identify the appropriate working concentrations of ACR and GLY to induce
cytotoxicity. From the data shown in Fig 3.3B, ACR and GLY instigated cell death in a
dose-dependent way. A concentration of 500 uM, ACR and GLY caused about 30%
decrease in cell viability (Fig 3.3B). Therefore, this concentration was chosen for inducing
the cellular toxicity in further experiments. The concentration was consistent with the
previous reports, as acrylamide at concentration above 250 UM showed cytotoxicity in
HepG2 cells (Sahinturk, Kacar, Vejselova, & Kutlu, 2018). Similar results were reported for
Caco-2 cells (0.2-50 mM), NIH/3T3 fibroblasts, alveolar-basal epithelial cells (A549) and
epithelial cells BEAS-2B (normal human lung) (Adriana, Szyda, Dorota, Agnieszka, llona,
2020; Kacar, Sahinturk, & Kutlu, 2019).

3.4.2 Cytoprotective potential of LYC against ACR and GLY-Induced toxicity

To investigate the protective effects of LYC on HepG2 cells against ACR and GLY induced
toxicity, the cells were pre-treated with two different concentrations (5uM and 10 uM) of

LYC followed by the addition of ACR and GLY at their cytotoxic concentration (500 pM).
83



It was found that the pre-exposure of cells to LYC (Fig.3.3C) improved the cell viability in a
concentration-dependent way compared to the cells that are treated only with ACR and
GLY. Treatment of cells with 10 pM concentration of LYC prior to ACR (500 pM)
treatment increased the cell viability by 10%, compared to ACR treated cells. Likewise, the
pre-exposure of LYC (10 pM) prior to GLY exposure (500 pM) also proved a similar trend
where increased cell viability by 16.3% was observed (Fig. 3.3C). The results suggested that
LYC could exert a hepatoprotective effects against toxicity induced by toxicants such as
ACR and GLY in HepG2 cells. Earlier, a study by Chen et al. 2013, demonstrated that the

flavonoid, myricitrin inhibit ACR cytotoxicity on Caco-2 cells (Chen et al, 2013).
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Fig 3.3: Determination of cytotoxic effect on HepG2 cells by MTT Assay. (A) Cell viability
of various concentrations of LYC (B) Cell viability of ACR and GLY treated cells. (C) The
LYC on viability of L6 cell against 500uM ACR and GLY induced toxicity. The data are
expressed as the means = SD of triplicates. Annotation * denotes a P <0.05 against control.

# demotes P < 0.05 against GLY and $ P <0.05 against ACR.
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3.4.3 LYC protects HepG2 cells morphology from ACR and GLY induced alterations

Phase contrast microscopy was used to observe the morphological changes in HepG2 cells.
As displayed in Fig 3.4, ACR and GLY at 500 uM induced morphological changes in
HepG2 cells. The image depicts a noticeable loss of the original cell shape, adhesion
capacity, and cells became severely distorted, and rounded. A decline in cell number was
also witnessed, indicating cell death progression. However, the restoration of cell
morphology was prominent on LYC (10 puM) pretreatment of HepG2 cells and exhibited

normal shaped cells with intact cell membrane, representing healthy cells.

Fig 3.4: Morphological analysis by Phase contrast microscopy: Representative images
shows morphological changes of HepG2 cells, indicate 1-Control, 2-500 uM ACR, 3-500
uM GLY, 4- 10 pM LYC + 500 uM ACR, 5- 10 uM LYC + 500 uM GLY were visualised
using phase-contrast microscopy with magnification, 40X.

Li et al. showed similar findings on the morphological damage caused by ACR in HepG2
cells (Li et al., 2018). The phase contrast microscopic cell images indicate that LYC protects

HepG2 cells from ACR and GLY induced cellular changes by minimizing its toxicity level.
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3.4.4 Protective effect of LYC against ACR and GLY-induced LDH Leakage

When the cell membrane is compromised or damaged, lactate dehydrogenase releases into
the extracellular space, which is used to analyse membrane integrity and cellular activity.
Cell membrane permeability was evaluated in terms of LDH release from ACR and GLY
exposed cells. LDH release from the cell into cytoplasm is considered as a marker for the
disruption of plasma membrane during any type of cellular damage. Here LDH release assay
was performed to explore the effects of pre-treatment 10 uM LYC on cellular integrity
before ACR and GLY (500 uM) exposure to HepG2 cells. ACR and GLY (500 uM)
treatment exhibited a significant increase in LDH leakage; whereas the LYC (10 pM)
pretreatment helped in the reduction of LDH release (Fig 3.5). The control cells exhibited no
effect on LDH release. Pretreatment of cells with LYC treatment protected cells against
ACR and GLY induced cellular damage, may be by protecting the cells from free radicals
before it attack membrane proteins.
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Fig 3.5: LDH release in HepG2 cells. In the figure numbers indicate, 1-Control, 2-500 uM
ACR, 3-500 uM GLY, 4- 10 uM LYC + 500 uM ACR, 5- 10 uM LYC + 500 uM GLY

significance levels between various cell groups were evaluated by one way ANOVA, and
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Duncan’s multiple range test. Annotation * denotes a P <0.05 against Control group, $
represent P <0.05 versus the ACR group and # represent P < 0.05 against GLY group.

3.4.5 Protective potential of LYC against ACR and GLY-induced generation of ROS
The toxicity of the external toxicants is manifested in cells when there is a biological oxidant
to antioxidant imbalance induces oxidative stress. The overproduction of ROS causes the
imbalance in the redox status of cells, and it is experimentally demonstrated that
augmentation of antioxidants can modulate the cellular homeostasis by scavenging the ROS
(Rodriguez, et al., 2011). Therefore, inhibition of ACR and GLY induced ROS formation by
natural antioxidants from vegetables and fruits are a hopeful approach. To establish this
concept, we analysed ROS using a fluorescence probe (DCFH-DA), to evaluate whether
LYC could suppress ACR and GLY induced intracellular ROS generation in HepG2 cells.
The cells were pre-exposed to 5 and 10 uM of LYC and then treatment with 500 uM ACR
and GLY for 24 h incubation. The intensity of DCF fluorescence in HepG2 cells treated
with ACR and GLY was significantly increased to 55.6 and 61.2%, respectively compared
to the control group (15.0%) (Fig 3.6a). Interestingly, pre-treatment of 5 and 10 uM LYC
reduced ACR induced ROS production significantly to 34.0 and 23% whereas the same for
GLY treated group was 41.6 and 34.0%, respectively. This result was further confirmed with
guantitative analysis of ROS production by FACS method. In Fig 3.6b, the FACS data
showed an increased ROS level in cells on ACR and GLY exposed cells by 37.9 and 36.7%
respectively, compared to control cells which were reduced to 23% and 21.5% on
pretreating the cells with 10 uM LYC prior to ACR and GLY exposure. Results showed that
LYC significantly scavenged the ROS generated by ACR and GLY in HepG2 cells in
concentration dependent manner. Reduction in the generation of intracellular ROS in LYC
pre-exposed HepG2 cells demonstrated the protective effect of LYC against ACR and GLY

induced ROS generation in the cells.
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Fig 3.6: Estimation of ROS formation by HDCFDA Staining by Fluorescence
spectrophotometer. (a) The numbers depict 1-Blank, 2-Control, 3-500 uM ACR, 4-500 uM
GLY, 5- 10 uM LYC + 500 uM ACR, 6-10 uM LYC + 500 uM GLY. Results express the
mean + SD of triplicates. The annotation * denotes a P < 0.05 against group Control, $

represent P < 0.05 versus the ACR group and # represent P < 0.05 against GLY group.

Carotenoids in the foods possess excellent antioxidant activity, which have been studied for
their ability to prevent chronic disease conditions. Beta-carotene, LYC and others
carotenoids exhibit higher antioxidant properties in in vitro and in vivo models (Mueller, &
Boehm, 2011; Bohm, Puspitasari, Ferruzzi, & Schwartz, 2002). It is reported that the ROS
generation exerts a vital role in inducing hepatocellular damage. Previous studies confirmed
that the ACR toxicity was connected with excessive intracellular ROS build-up in cells.
Adriana et al., 2020, showed that after 24 h exposures of ACR (0.2 to 12.5 mM) exhibited a
dose-dependent rise in ROS level in Caco2 cells. ACR and GLY induced ROS generation
have been reported earlier and is known to be linked with oxidative stress (Prasad &

Muralidhara, 2012; Mehri, Karami, Hassani, & Hosseinzadeh; 2014). Therefore, the
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importance of LYC in cellular protection against ACR and GLY induced ROS generation is
established in the present study.

3.4.6. Estimation of cellular antioxidant enzyme activity

3.4.6.1 LYC improved Superoxide Dismutase and catalase activity

The two major antioxidant enzymes (SOD and CAT) play an important role in cellular redox
homeostasis (Heikkila, Cabbat, & Cohen, 1976; Winterbourn & Stern, 1987) and protects
cellular components from free radicals. Therefore, SOD and CAT activities are measured
usually to evaluate the cellular oxidative stress level (Liu, Ma, & Sun, 2010; Duranti, et al.,
2017). Hence, we evaluated the effect of LYC on SOD and CAT activity levels. As
demonstrated in Fig 3.7A and 3.7B, exposure of HepG2 cells to ACR and GLY resulted in a
significant decrease in both SOD (0.31 £ 0.09 & 0.28 £ 0.12U/mg, respectively) and CAT
activity (3.4 = 0.03 and 3.10 = 0.05U/mg respectively), as compared to the untreated cells
(0.5 £ 0.06 and 5.4 £ 0.09 U/mg respectively for SOD & CAT). When cells were pre-
incubated with LYC (10 uM concentration), prior to ACR and GLY exposure, a striking and
(p<0.05) significant rise in the activity of enzymes were noticed. The SOD activity was
increased to 0.42 U/mg on pre-exposing the cells to LYC, (Fig. 3A) before ACR treatment.
Similarly, SOD activity was increased to 0.41 U/mg when HepG2 cells were treated with
LYC before GLY exposure.

Catalase (CAT) is very important in sustaining the cellular redox homeostasis (Autréaux, &
Toledano, 2007). CAT activity is one of the commonly employed assays that can provide
information about the cell antioxidant defence system. Fig. 3.7B illustrates the CAT activity
in the untreated cells to be 5.4 + 0.09 U/mg, which on treatment with ACR and GLY
decreased to 3.4 + 0.03 and 3.1 + 0.05U/mg respectively. When cells were pre-incubated
with LYC prior to ACR and GLY treatment, a significant (p<0.05) elevation in the enzyme

activity (4.2 U/mg) was observed (Fig 3.7B). Similarly, for GLY exposure, the CAT activity
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was observed in the order of 4.1U/mg on LYC pretreatment. From the assay, it was
observed that the LYC exposure protected the cells from ACR and GLY induced oxidative
damage by maintaining physiological antioxidant enzyme level. Recent studies report with a
focus on the biological antioxidant and oxidant balancing. A study on the attenuation of
crocin against ACR induced damage in male Wistar rats intestines revealed attenuation of
ACR induced toxicity by inhibiting oxidative stress, specifically antioxidant enzyme defence
system and stress markers (Gedik et al., 2018). A report by Gedik et al suggested that the
crocin treatment removed ACR induced liver damage in male wistar rats due to its high

antioxidant properties (Gedik et al., 2017)

3.4.6.2 LYC improved ACR and GLY induced Glutathione (GSH) depletion

Glutathione performs an important part in the free radicals (ROS) neutralization (Shan, Aw,
& Jones, 1990). Previous studies reported that ACR exposure can lead to GSH depletion
(Autréaux, & Toledano, 2007). Reports suggest that ACR can block the activity of
gluthathione S-transferase and thereby deplete the GSH level (Cuzzocrea, & Reiter, 2001;
Hsu, Tsai, & Chen, 2009). Hence, we postulate that LYC could also attenuate ACR and
GLY induced GSH depletion in cells. The results showed that GSH level in HepG2 cells
treated with ACR and GLY was significantly depleted (8.3 + 0.12 nmol/mg and 7.9 + 0.18
nmol/mg respectively), compared to the control (15.8 + 0.09 nmol/mg) (Fig 3.7C). Exposing
the cells to LYC before treating with ACR and GLY restored the GSH activity effectively
by increasing it to 11.7 nmol/mg. A similar increase was also found in LYC pre-treatment

before GLY exposure, which was 10.7nmol/mg.
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LYC on SOD activity in presence of ACR and GLY (500 uM) (B) Protective effect of LYC
on CAT activity in presence of ACR and GLY (500 uM) (C) Protective potential of LYC on
reduction in the level of glutathione when exposed to ACR and GLY (500 uM). The
numbers depict 1-Control, 2- 500 uM ACR, 3- 500 uM GLY, 4- LYC+ 500uM ACR, 5-
LYC+ 500uM GLY. Data are represented as the mean + S.D. of three experiments carried
out independently. The annotation * represents P < 0.05 against Control, # represents P <

0.05 against ACR and $ represents P < 0.05 against GLY group.

It was observed in the study that exogenous exposure of ACR and GLY leads to rise in the
generation of intracellular ROS and induce oxidative damage in hepatic cells, which can be
counteracted by hepatocyte antioxidant defence mechanisms. Therefore, it may be inferred
that on exposure of the HepG2 cells to LYC leads to the quenching of intracellular free
radical production and elevate the level of glutathione. This enhances the antioxidant status
of the cells, guarding against ACR and GLY -induced cellular impairment via controlling

GSH antioxidant systems to subsist oxidative stress. These findings implied that LYC might
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offer protection against ACR and GLY exerted stress induced oxidative damage in HepG2
cells by maintaining antioxidant defense systems to manage with oxidative stress.

Chronic dietary exposure of ACR induces oxidative stress by increasing ROS generation
and thereby GSH oxidation was reported. After intestinal absorption, ACR combined with
GSH and leads to a decline in intracellular GSH level. These low GSH, subsequently leads
to an increase the ROS level in the cells. Experiment conducted by Seydi et al., 2015, which
ACR treatment on male rats ensued a rapid GSH reduction, which is another stress marker
of the cellular damage. The higher concentrations of polyphenols can prevent oxidative
stress exerted by ACR in intestinal epithelium. A study in N-acetylcysteine administration
shows, its antioxidant activity protect the cells aginst the ACR causes oxidative liver and
intestinal damages (Altinoz, Turkoz, & Vardi, 2015).

3.4.7 Estimation of oxidative markers formation

3.4.7.1 Effect of LYC on lipid peroxidation induced by ACR and GLY

Higher liver Malondialdehyde (MDA) levels indicate the enhanced lipid peroxidation that
give rises to tissue impairment and leads to the failure of antioxidant defence mechanisms
(Mohideen et al., 2021). Lipid peroxidation (MDA level) is broadly considered an oxidative
stress marker (Mohideen et al., 2021). In this study, lipid peroxidation in the cells on
exposure to 500 uM ACR and GLY was analysed in terms of MDA level, in HepG2 cells. A
significant increase in MDA level (3.9 £ 0.72 nmol/mg and 4.7 + 0.91 nmol/mg respectively
for ACR and GLY respectively), compared to the control group (0.49 nmol/mg) was noted.
Interestingly, pre-treatment with LYC significantly prevented the formation of MDA
induced cellular damage caused by ACR and GLY in HepG2 cells (Fig 3.8A). Pre-treatment
with LYC resultant in substantial decrease in the MDA levels to 2.7 £ 0.61 nmol/mg,
compared to ACR treated group (3.9 = 0.72 nmol/mg) (Fig 3.8A). GLY treated cells with

LYC preincubation also exhibited a reduction in MDA level to 3.7 + 0.84 nmol/mg,
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compared to the GLY alone treated group (4.7 £ 0.91 nmol/mg). The results suggest that
natural antioxidant LYC can protect against ACR and GLY induced lipid peroxidation in
HepG2 cells.

3.4.7.2 LYC protects DNA from ACR and GLY induced oxidative damage

8-Ox0-dG is the major product of DNA oxidation due to increased oxidative stress
(Nakabeppu et al., 2007). The cytoprotective role of LYC against ACR and GLY exerted
oxidative DNA damage was quantified by analyzing the oxidative marker, 8-oxo-dG in
DNA, which is a highly studied DNA oxidation product. In the presence of higher free
radical accumulation, dsSDNA molecules undergo oxidation to form an oxidized product
(Bogdanov et al., 2001). Therefore, here 8-Ox0-dG level in the cells was assessed for

investigating the DNA protective effect of LYC against ACR and GLY exposure.
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Fig 3.8: Estimation of oxidative stress markers. (A) Figure represent Lipid peroxidation
determined by MDA level (B) Figure represent the 8-oxo-dG level in cells. The numbers
depict 1-Control, 2- 500 uM ACR, 3- 500 uM GLY, 4- LYC+ 500uM ACR, 5- LYC+
500uM GLY. Each value denotes the mean * SD of triplicates. And significance
determined by using one-way ANOVA, *P < 0.05 versus Control; #P <0.05 versus ACR and

$ P <0.05 versus GLY.
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As shown in Fig 3.8B, 8-OH-dG level was significantly increased on exposure to 500 uM
ACR and GLY in cells, 10.2 £ 0.45 and 11.1 + 0.83 ng/mL, to the control 1.4 + 0.03 ng/mL.
However, on LYC pre-treatment prior to ACR and GLY exposure, the 8-OH-dG level was
significantly decreased to 6.8 + 0.03 and 3.2 £ 0.04 ng/mL. The dsDNA oxidation was found
to increase in ACR and GLY exposure which was reduced upon LYC pre-treatment in a
concentration dependent manner.

3.4.8 Protective effect of LYC against ACR and GLY induced mitochondrial
transmembrane potential (Aym) loss

It is reported that ROS accumulation results in the disruption of mitochondrial membrane
potential (MMP) and ACR exposure to cells leads to mitochondrial dysfunction (Chen, et
al., 2013). Based on these reports, the impact of LYC, being a potent antioxidant, against
ACR and GLY induced mitochondrial transmembrane potential loss was investigated. To
estimate the level of MMP, Rhodamine-123, a fluorescent cationic probe was used in this
study. The higher the uptake of the Rhodamine-123, higher will be the loss of MMP. Fig 3.9
depicts ACR and GLY (500 uM) treatment, which shows a remarkable decline of MMP
level of 62 and 70.6 % respectively, as compared to the untreated cells (6.9%) (Fig 3.9).
According to Zamani et al., 2017, ACR toxicity depends on mitochondrial dysfunction
induced by oxidative damage, which activates cellular death. ACR exposure to hepatocytes
also reported to result in mitochondrial injury by the decline of MMP (Seydi et al., 2015).
Pre-treatment of cells with LYC was found to exert a protective effect in cells against the
loss of mitochondrial transmembrane potential induced by ACR and GLY with 35.2 and
55.4%, respectively, when compared to cells exposed to ACR and GLY without pre-
treatment. The results suggest that all the LY C-treated cells could significantly attenuate the
ACR and GLY induced ROS associated mitochondrial dysfunction by retaining

mitochondrial membrane integrity.
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Fig 3.9: Estimation of Mitochondrial membrane potential by Rhodamine 123 staining which
depicts restoration of MMP on LYC pre-treatment. After incubation, the cells were stained
with Rhodamine 123 and read by flow cytometer. In data indicate A- Control, B-500 uM
ACR C-500 uM GLY, D- 10 uM LYC+ 500 uM ACR, E- 10 uM LYC+ 500 uM GLY.
3.4.9 LYC protect mitochondrial membrane integrity against ACR and GLY
induced cells

Under normal cellular metabolism, a physiological level of ROS in cells function an
important role in different signaling processes. An overproduction of cellular ROS lead to
mitochondrial membrane disruption and permeability loss leads to mitochondrial
dysfunction. To further analyse and confirm the cellular MMP from the above results,
HepG2 cells were stained with mitotracker-red staining. From fig 3.10, it is visible that the
mitochondrial membrane seems to be intact in the control cells, whereas ACR and GLY
(500 uM) exposed cells showed a reduction in mitochondrial membrane integrity. This
disturbance in mitochondria leads to MMP loss, which is considered an initial sign of

mitochondrial dysfunction. The MMP (Aym) stability is highly dependent on mitochondrial
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membrane integrity and MMP is considered as an essential indicator for mitochondrial
function. Higher ROS in cells activates the opening of the mitochondrial transition pore
which leads to an MMP loss (Wang et al., 2012). From the fig 3.10, shows a higher degree
of compromised or ruptured mitochondria in ACR and GLY treated cells and a successive
reduction can be seen in LYC pretreated cells. The enhanced ROS level in ACR and GLY
exposed cells are directly linked with the increased mitochondrial-mediated cell death. Here,
LYC pretreatment reasonably restored mitochondrial membrane integrity. Ginkgolic acids, a
natural component found in nuts demonstrated a reduction in mitochondrial integrity leading
to apoptosis and autophagy in HepG2 cells (Qi et al., 2018). Several studies exhibited
restoration of mitochondrial membrane permeability by natural products in HepG2 cells (Al-

Oqail, Farshori, & Al-sheddi, 2020; Li, et al., 2017).

D E

Fig 3.10: Staining of HepG2 cells with mitotracker Red. (A) Control cells. (B) 500 uM ACR
exposed cells. (C) 500 uM GLY exposed cells. (D) 10 uM LYC + 500 uM ACR exposed
cells. (E) 10 uM LYC + 500 uM GLY exposed cells. The ACR and GLY alone treated
display the highest number of disrupted (ruptured) mitochondria, which is linked with

increased cell death.
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3.4.10 LYC protects ARC and GLY induced apoptosis in HepG2 cells

The Annexin-V and propidium iodide were used for detecting cellular apoptosis by flow
cytometric quantification. This method is used to detect necrotic as well as apoptotic cells,
based on plasma membrane integrity. ROS shows a major role in stress induction in cells
and leads to mitochondrial dysfunction. During ROS-induced cellular damage, mitochondria
exhibit a significant part in apoptosis by triggering Cytochrome C release and caspase
activation (Abd-Elsalam et al., 2021). The flow cytometry analysis (FACS) data confirmed
that ARC and GLY (500 uM) induced apoptosis in cells and was significantly higher in
ACR and GLY exposed cells (48.1 and 45% respectively), compared to control (1.8%) (Fig
3.11). With LYC pretreatment, cells showed a reduction in apoptotic cells (27.1 and 25.6%
for ACR and GLY respectively) when compared to ACR and GLY alone exposed cells.
These results illustrated that LYC helps in the inhibition of ACR and GLY induced

apoptosis in HepG2 cells.

PI

Annexin V-FITC

Fig 3.11 Flow cytometric analysis of cells undergoing apoptosis by Annexin V-

FITC/propidium iodide staining; The numbers depict 1-Control, 2- 500 uM ACR, 3- 500
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uM GLY, 4- 10 uM LYC+ 500uM ACR, 5- 10 uM LYC+ 500uM GLY. The percentage
rate represents in the image shows early apoptotic cells.

A study revealed that rosmarinic acid reduced the oxidative stress exerted by ACR in BRL-
3A cells, and thus inhibiting cellular apoptosis (Hong et al., 2021). Wang et al., 2022,
reported that epigallocatechin gallate and epicatechin were effective in protecting ACR and
GLY induced hepatotoxicity via rescuing cellular apoptosis in HepG2 cells. The current
study confirmed that ACR/GLY induces hepatic dysfunction, characterized by increased
ROS level, depleted mitochondrial integrity, and apoptotic induction

3.4.11 LYC down regulates ACR and GLY induced Caspase 9 activity

The caspase 9 works on activating executioner caspase (death caspase) and thereby initiating
apoptotic events. The caspase 9 activity was significantly increased (P < 0.05) in 500 uM
ACR and GLY exposed cells (18 + 0.91 and 16 + 0.50%) when compared to control cells
(3.9 £ 0.04 %) (Fig 3.12). However, on LYC pre-treatment prior to ACR and GLY
exposure, the caspase 9 activity was significantly decreased to 12.2 + 0.8 and 10.3 + 0.4%.
The initiation of the apoptotic cascade was accompanied by the activation of caspases 9 and
3, which are considered as main targets for anticancer agents. These caspase activation
mainly involved in the mitochondrial-mediated intrinsic pathway. It was found that the
pretreatment of cells with LYC prior to ACR and GLY treatment leads to the inactivation of
caspases, which leads to the inhibition of apoptosis accompanied by intrinsic pathways. The
inhibition of LYC against caspase-9 permits a controlled cytochrome c release in cells, was
established by protein expression analysis using the blotting method.

A study in HepG2 cells reported that epigallocatechin gallate (EGCG) and epicatechin (EC)
triggered caspase 9 activation and proceed to initiate apoptotic signaling (Wang et al., 2022).
According to Hong et al, 2021 rosmarinic acid reduced the rate of apoptosis by down-

regulating the expression of Caspase 9 in HepG2 cells. Here, the caspase 9 activity indicated
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that the cell death was triggered via ROS-mediated mitochondrial apoptosis and it was then

further confirmed with the analysis of the caspase 3 activity level.
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Fig 3.12: Bar diagram represent the caspase 9 activity in percentage with respect to control.
The numbers depict 1-Control, 2- 500 uM ACR, 3- 500 uM GLY, 4- 10 uM LYC+ 500uM
ACR, 5- 10 uM LYC+ 500uM GLY. Each value denotes the mean + SD of triplicates and
significance between groups were analysed by one-way ANOVA, *P < 0.05 versus Control,
#P < 0.05 versus ACR and $ P < 0.05 versus GLY

3.4.12 LYC down regulates ACR and GLY induced Caspase 3 activity

Caspase-3 employs vital roles in various cellular damages by initiating the apoptotic process
(programmed cell death). It has been recognized as a major protein involved in the final
stages of the apoptotic cascade known as executioner caspase (Soliman, et al., 2022). To
analyze the role of LYC in mitigation of 500 uM ACR and GLY induced cellular damage by
apoptosis, caspase-3 activity was evaluated. The data revealed that the caspase 3 activity is
relatively higher in ACR and GLY (24 £ 0.44 and 23 + 0.31% respectively) exposed cells

compared to the control group (6%). LYC (10 uM) pretreated cells prior to exposure to 500

99



uM ACR and GLY were found to possess noticeably decreased caspase-3 activity (14.0 £
0.83 and 11 + 0.91% respectively) (Fig 3.13). Initially, ACR and GLY activated caspase 9
and thereby caspase 3 to trigger an apoptotic pathway. LYC pretreatment showed a
remarkable decrease in caspase-3 activity offers an ameliorating characteristic of LYC in
protecting ACR and GLY induced cellular damage and also it provides a shred of evidence
for its anti-apoptotic role in cells. A study by epigallocatechin gallate (EGCG) and
epicatechin (EC) intervention down-regulated Caspase 3 activity on ACR and GLY exposed
HepG2 cells (Wang et al., 2022). The major caspases included in the intrinsic apoptotic
pathway such as caspase 3 and 9 exhibited a higher activity in 500 uM ACR and 500 uM
GLY exposed cells and 10 uM LYC pretreatment regulated its level by depleting caspase
activity.

The proteins expressed in ACR and GLY induced hepatic apoptosis via mitochondrial
intrinsic pathway were further confirmed by immunaoblotting.
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Fig 3.13: Bar diagram represent the caspase 3 activity in percentage with respect to control
The numbers depict 1-Control, 2- 500 uM ACR, 3- 500 uM GLY, 4- 10 uM LYC+ 500uM

ACR, 5- 10 uM LYC+ 500uM GLY. Each value denotes the mean = SD of triplicates and
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significance analysed by one-way ANOVA, *P < 0.05 versus Control; #P < 0.05 versus
ACR and $ P <0.05 versus GLY

3.4.13 Protein expression studies by western blotting

The biomolecular mechanism of LYC on ACR and GLY-induced apoptosis in HepG2 cells
were investigated by an immunoblotting method. Using Immunoblotting, the protein
expressions of Bax, Bcl-2, cleaved caspase 9, cleaved caspase 3, and Cytochrome C, were
determined. Anti- and proapoptotic proteins such as Bcl-2/Bax play a significant role in
regulating caspase-mediated apoptosis by the mitochondrial pathway (Mahmoud, Hussein,
El-Twab, & Hozayen 2019). The Bax (pro-apoptotic protein) level increases during chronic

liver diseases, inflammation to stimulate apoptosis (Temel et al., 2020).
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Fig 3.14: Effects of LYC against ACR and GLY induced toxicity on the proteins expression
related to apoptosis. Western blot analysis for the expression of, Bcl2, Bax, cleaved caspase

3, cleaved caspase 9 and Cyto —C was carried out.
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From the western blotting analysis, the Bax protein expression was significantly increased in
ACR and GLY exposed cells which decreased upon LYC pretreated HepG2 cells (Fig 3.14).
The Cytochrome ¢ (Cyt-c) level was also increased in the ACR and GLY treated groups and
extensive reduction was visible on LYC pretreated cells. The Cyt-c release from
mitochondria activates caspase 9, finally resulting in programmed cell death. Activation of
caspase directed to cleaved caspase 3 and cleaved caspase 9 levels were profoundly
increased in ACR and GLY treated groups and decreased in LYC pretreated cell groups. The
ACR and GLY exposure increased Cyt-C expression, cleaved caspase 3 and 9, confirming
increased apoptosis via mitochondrial intrinsic pathway regulated by ROS. The blotting
results revealed that 500 pM ACR and GLY treated cells were upregulated the proapoptotic
markers and the LYC pretreatment downregulated ROS-induced mitochondrial mediated
apoptosis.

3.5 Conclusions

The present study demonstrated the cytoprotective potential of LYC as a bioactive agent to
attenuate ACR and GLY prompted cytotoxicity in HepG2 cells. ROS to antioxidant ratio
imbalance leads to induce oxidative stress which is a key step for onset of different types of
disease conditions. From the present study, the results indicate that the cytoprotective role of
LYC is proposed to be facilitated by the inhibition of intracellular ROS production,
restoration of mitochondrial membrane potential, enhanced antioxidant defense system of
the body (SOD and CAT), restoration of the GSH level, and decreased oxidative product
level (MDA and 8-0x0-dG). Collectively, the results of this study demonstrate that LYC can
protect HepG2 cells against ACR and GLY induced oxidative damage through its

antioxidant activity.
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The ACR and GLY induced cell death was confirmed with apoptotic markers and LYC
pretreatment exhibit a cytoprotection against cellular damage by alleviating ROS in cells.
The apoptotic protein expression studies reveal that the ACR and GLY induced cell damage
is activated by ROS dependent mitochondrial mediated intrinsic apoptotic pathway by
triggering caspase 3 and 9. LYC pretreatment inhibit ACR and GLY induced cellular
apoptosis by modulating ROS mediated apoptotic pathway. Therefore, reasonable
supplements of the LYC or LYC enriched products can alleviate the harmful effects caused

by dietary exposure to acrylamide.

The key findings were summarized below:

» LYC was found to attenuate ACR and GLY induced cytotoxicity in HepG2 cells by

modulating cellular antioxidant status.

» The cell death induced by ACR and GLY is ascribed to mitochondrial-mediated cell

apoptosis induced by ROS

» LYC alleviates ACR and GLY induced apoptosis via modulating ROS-mediated

mitochondrial dysfunction in HepG2 cells

Supplement of LYC, a natural antagonist of ACR and GLY, could mitigate the side effects

caused by the consumption of high-temperature processed foods.
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3.6 Graphical Abstract
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Fig 3.15: Schematic representation of LYC ameliorate ACR and GLY induced ROS

mediated apoptosis in HepG2 cells
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Chapter: 4

Lycopene regulates colon tumorigenesis via suppressing
ROS mediated P13/Akt/mTOR signalling in HCT 116

cells
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4.1 Introduction

Colorectal cancer (CRC), third most common cancer and one of the most prevalent leading
causes of morbidity worldwide (Keum & Giovannucci, 2019). It is a major public health
problem and its incidence has been increasing year by year (Siegal et al., 2016). Modifiable
risk factors include bad dietary habits, smoking, a sedentary lifestyle; which significantly
rise the chance of CRC progression (Vasen et al., 2014). Various studies indicated that low
fruit and vegetable consumption in diets also displays a high risk for colon cancer (McGuire,
2015). The toxic side effects of chemotherapy drugs used in cancer treatment show
increased toxicity in normal cells and also the failure of chemotherapy due to drug resistance
are some of the drawbacks of clinical treatment (Tsuda et al., 2016; Tatsi et al., 2016).
Recently, the researchers have concentrated on the alternative and complementary medicine
approach, particularly as nutraceuticals or functional foods for the prevention, and
management of various long-lasting diseased conditions, due to their ability to induce
several important signalling pathways, and also enhance nutritional values without cellular

toxicity (Saxena et al, 2016; Rouhi et a., 2017).

The elevation of apoptosis (programmed cell death) in tumor cells has been the key
therapeutic target for several cancer treatments (Delbridge et al., 2012; Hassan et al., 2014).
Cellular apoptosis can be initiated by two main signalling cascades such as the extrinsic
(death receptor-mediated) way and the intrinsic (mitochondrial-mediated) way (Vyas et al.,
2016). Both pathways finally lead to caspase activation which is responsible for the
initiation of apoptosis via proteolytic cleavage (Ouyang et al., 2012). Six hallmarks that
contribute to tumorigenesis and differentiate cancer cells from normal healthy ones are
growth suppression, resistance to cell death, angiogenesis, replicative immortality, increased

proliferative signalling, and metastasis (Fig 4.1). Some major target focused on
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antitumorigenic activity is apoptotic induction and antiproliferation in cancer cells. The
PI3K/Akt/mTOR cascade encompasses numerous normal functions like cellular growth,
survival, proliferation, and angiogenesis (Morgensztern et al., 2005). The regulation of the
PIBK/Akt/mTOR cascade in cancers has been recognized as a therapeutic target to treat
cancer (Tang et al., 2009). PI3K/Akt/mTOR pathway normally acts to prevent proapoptotic
factors and triggers anti-apoptotic factors via phosphorylation by activating a range of
downstream factors, and then regulates cellular metabolism in colon cancer (Park et al.,
2018). It has been confirmed that the PI3K/Akt/mTOR signalling mechanisms were highly
stimulated in glandular in colorectal carcinoma and colorectal adenomas with intraepithelial
neoplasia (Sui et al., 2017), indicating that blockers of PI3K/Akt/mTOR signalling may help
as a possible anti-CRC agent. Inhibition of PI3K/Akt signalling can stimulate pro-apoptotic
proteins such as Bax and Bad, leading to alteration in mitochondrial membrane potential
(Aym), which contributes to mitochondrial dysfunction and apoptosis (Yao et al., 2019;
Franke, 2008). Hence, the importance of mitochondria-mediated apoptosis has been

increasing attention in cellular death signalling.
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Fig 4.1: Hllustration of cancer cell hallmarks (Abotaleb et al., 2018, Cancers)
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Lycopene (LYC), a major pigment found in tomatoes, showed a potential anti-carcinogenic
activity in different types of cancer [Schwartz et al., 2000]. LYC is commonly applicable for
various chronic diseased conditions because of anti-diabetes, anti-inflammatory, anti-cancer,
and antioxidant activities (Karas et al., 2000). Studies on tomato consumption in animals
linked with a decreased malignancy in rodents. Epidemiologic studies also showed
significant data that link tomato consumption and colon cancer development in humans.
Lycopene (LYC) possesses powerful free radical scavenging property in the cells. In the
previous chapters the antioxidant efficacy of LYC against stress-induced muscle cell, and
food toxin mitigation against hepatotoxicity were investigated. LYC is mostly documented
for its superior antioxidant property and cytoprotective abilities, though, under unbalanced
and high intracellular stress conditions, LYC can also function as pro-oxidants. LYC is
documented with potential antioxidant and cytoprotective properties, though, under
unbalanced cellular stress mainly in cancer cells, in high oxygen tension, and low levels of
antioxidants, LYC can function as pro-oxidants (Ribeiro et al., 2018; Arathi et al., 2016).
Studies suggested that B-carotene (BCT) and LYC are strong antioxidants at low oxygen
partial pressure (pO, < 150) (Eghbaliferiz et al., 2016; Beutner et al. 2001). LYC can easily
be autoxidized into a potent pro-oxidant at high pO2 (Eghbaliferiz et al., 2016; Beutner et al.
2001). LYC may act as pro-oxidants in relatively high intracellular ROS levels in cancer
cells by triggering ROS-mediated apoptosis. The present study aimed to explore the efficacy
of LYC on cell growth inhibition in the human colon cancer cell line (HCT-116) by
focussing ROS dependent apoptosis. This chapter focused on the potential mechanisms of
LYC, as a pro-oxidant by activating ROS generation in HCT 116 cells and the cells were
investigated for their pro-apoptotic signalling induction and alterations on

P13K/AKT/mTOR signalling.

118



4.2 Objective
o To investigate the antitumorigenic effect of LYC in HCT 116 (colon cancer cell line)

(cells) via suppressing P13/AKT/mTOR signalling
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Fig 4.2: Schematic representation of methodology used for the objective
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4.3 Materials and methods
4.3.1. Chemicals and Reagents

Lycopene, Dulbecco’s modified eagle’s media (DMEM), Dimethyl sulfoxide (DMSO),
MTT  (3-(4, 5-dimethylthiazol-2-yl)-2,  5-diphenyl tetrazolium bromide), 2,7-
Dichlorodihydrofluorescin diacetate (DCFH-DA), Hoechst 33342, Rhodamine 123 (Rh123),
Acridine orange, Propidium iodide, ethidium bromide and glutaraldehyde were obtained
from Sigma-Aldrich Chemicals (St Louis, MO, USA) Fetal bovine serum (FBS), Trypsin-
EDTA, Antibiotic-antimycotic was purchased from Gibco Invitrogen (Carlsbad, CA,
USA).). Ethylene diamine tetra acetic acid (EDTA), sodium chloride (NaCl), hydrogen
peroxide (H2Oy, Triton X, Tris- HCI, perchloric acid, potassium hydroxide (KOH) from
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MERK, India. Catalase Activity Colorimetric/Fluorometric Assay Kit, Glutathione (GSH)
Colorimetric Assay Kit, Caspase 3 assay kit were purchased from Biovision Inc (San
francisco, USA). Mitotracker-Red, DAPI were procured from Invitrogen. Annexin V — FITC
was obtained from Cayman chemicals (MI-USA). BCA protein estimation Kit, Primary
antibodies (B actin, Bcl 2, Bax, P13K,p-P13K, Akt, p-Akt, m-TOR, p-mTOR) and secondary
antibodies for immunoblotting were procured from Origin Diagnostics and Research, India.
All other chemicals used were of the standard analytical grade.

4.3.2 Experimental Design

The experimental protocol for the study is given in Fig 4.3

Cell studies in Colon cancer cell line (HCT 116

cells)
MTT Assay
l Live/Dead Assay
Morphological evaluation [—
Intracellular ROS level
Catalase
Antioxidant Enzyme analysis Clntathione
Nuclear Staining by Hoechst stain
—[Oxidative stress marker evaluation Mitochondrial 'membrane
potential
Mitochondrial function (RRodaminc Siaining)
Cell Cycle Analysis Mitotracker/DAPI staining
Apoptosis by Annexin V
—{Caspase3 activity
Immunoblotting

Fig 4.3: Experimental methods used for the study.
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4.3.3 Cell culture and treatment conditions

HCT 116 (human colon cell line) cells were purchased from NCCS, Pune, India. Cells were
cultivated in DMEM with Fetal bovine serum (10%) and antibiotic-antimycotic (1%)
solution at 37°C under 5% CO,. Cells were treated with different concentrations of LYC (5
MM, 10 uM, 15 uM) for 24 h and after treatment, the cells were trypsinized by using 0.25%

Trypsin EDTA solution and resuspended in PBS for further studies.

4.3.4 Cytotoxicity by MTT assay

The cytotoxicity of Lycopene (LYC) in HCT 116 cells was estimated using MTT assay
(Mosmann, 1983). Briefly, after cellular treatment with LYC of different concentrations (5
MM, 10 uM, 15uM) for 24 h, cells were then exposed to MTT reagent (0.5 g/L) for 4 h,
Media alone treated cells were taken as negative control, and H,0, (300 uM) treated cells as
positive control. After incubation, reagent was removed and washed with 1X PBS and added
DMSO (200 uL) to each well under gentle shaking (Orbit plate shaker, Labnet International,
USA), and absorbance was read at 570 nm (Synergy 4 Biotek multiplate reader, USA). Each
assay was done in three experiments, and the data are denoted as the mean + SD, using the

following calculation

4.3.5 Morphological analysis

Cellular morphology of HCT 116 cells after sample treatment was observed by using phase-
contrast microscopy. Different concentrations of LYC were incubated in cells under the
above-mentioned conditions. The media were discarded after 24 h incubation with samples

and washed thrice with PBS and visualized under phase contrast microscope
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4.3.6 Live/Dead Assay by AO/EtBr dual Staining

Briefly, after treatment as per above mentiond treatmnet conditions, cells were stained with
Acridine orange and Ethidium bromide for the detection of dead cells by analyzing the effect
of LYC in cells (Pitchai et al., 2014). Based on apoptotic mediated cell death, changes in
cell membranes indicate a clear distinction between normal cells, and apoptotic cells by
AO/EtBr staining method. AO stained both live and dead cells, while EtBr stained only dead
cells with compromised membrane integrity. The cell morphology after treatment was

observed under a fluorescent microscope.

4.3.7 Intracellular ROS levels.

ROS levels in the cells were determined by DCFH-DA staining method (Cathcart,
Schwiers, & Ames, 1983). After treatment, the cells were incubated with DCFH-DA for 20
min. For imaging, the cell medium with stain was removed and washed by using 1XPBS
before fluorescent imaging. Quantitative analysis of ROS-generated in cells was measured
by using FACS method. After 24 h cellular treatment and DCFH-DA staining, cells were
harvested and evaluated by flow cytometric analysis (BD FACS Aria Il, BD Biosciences,

United States)

4.3.8 Antioxidant enzyme analysis

4.3.8.1 Catalase (CAT) activity.

Catalase activity in LYC treated cells was investigated by using Catalase colorimetric assay
kit. As per the manufacturers protocol, a Specific enzyme buffer solution was used for
lysing the cells which were used for estimating the antioxidant activity. The negative control
is cells without treatment and positive control with H,0, (300 uM) was also employed. The

CAT activity in cells was quantified according to the Colorimetric Assay Kit (K773-100).
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The absorbance was recorded by using spectrophotometry (Synergy 4 Biotek multiplate

reader, USA).)

4.3.8.2 Measurement of glutathione (GSH) level

The cell lysate was prepared by lysis buffer as mentioned in the above experiment and the
clear supernatant was analyzed for GSH level. The reduced GSH level of the treated lysates
was found out based on the reaction of dithionitro benzoic acid (DTNB) with sulfhydryl
groups that lead to the formation of yellow color. Glutathione assay kit was used for the
estimation of glutathione levels following the manufacturer instructions provided along with
the kit (K261-100). The absorbance was recorded by using spectrophotometry (Synergy 4

Biotek multiplate reader, USA).

4.3.9 Nuclear Staining with Hoechst 33342

The chromatin condensation ( nuclear morphology) of the treated cells was assessed by
nuclear staining with a DNA dye, Hoechst 33342. DNA fragmentation (chromatin
condensation) is considered as an apoptotic indicator. After the LYC treatment for 24 h, the
cells were then washed off and add Hoechst 33342, a DNA-specific fluorescent dye( 10
pMg/mL) and incubate in at 37°C for 10 m. The stained cells were then visualised under a

fluorescence microscope to observe the degree of nuclear condensation.

4.3.10 Mitochondrial membrane potential (A¥m).

LYC effect in the mitochondrial membrane was analyzed by using Rhodamine 123 staining.
Increased cellular ROS production induces a loss in mitochondrial membrane potential,
which leads to mitochondrial dysfunction. Rhodaminel23, a fluorescent indicator used to
monitor mitochondria based on the membrane potential was used for assessing the

mitochondrial membrane potential (Zhang & Wang, 2008). One of the earliest changes that
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occur in apoptosis is a change in mitochondrial transmembrane potential. Different
cocncentration of LYC was added and incubated for 24 h. After treatment, the media was
washed off and added 2 uM Rhodamine 123 stain kept for Smin. After incubation, the
fluorescence was quantitatively estimated by using Flow cytometric method (FACS Aria I,
BD Bioscience, USA). Loss in mitochondrial membrane potential (A¥m) is represented by

decreased level of green rhodamine 123 fluorescence in cells.

4.3.11 Mitotracker/DAPI staining

The mitochondria permeability (integrity) of HCT 116 cells was observed by a mitotracker-
red dye, using Fluorescent imaging (Pal et al., 2016). In brief, after LYC treatment for 24h,
cells were dual stained with mitotracker (100 mM) for 15 min and washed twice with 1X
PBS, and then incubated with DAPI (0.1 pg/mL) at RT for 5 min. DAPI stains cellular DNA

and the images were acquired by using a fluorescence microscope.

4.3.12 Apoptosis by Flow Cytometry Analysis

To quantify cellular apoptosis in HCT 116 cells, Annexin-V/PI staining wascarried out.
Briefly, after the treatment conditions described above, the cells were trypsinized and
centrifuged for 5 min at 2300 rpm. Then the cells were washed with 1X PBS, suspended in
binding buffer, and centrifuged at 400xg for 5min. Then the cell suspensions were stained
with Annexin V-FITC and Pl and incubated on ice for 10 min at RT in the dark. After
incubation, the samples were resuspended in binding buffer and quantified using FACS (BD
FACS Aria Il, BD Biosciences, United States). As per manufacturer instructions, the
apoptotic cell ratio was quantified using flow cytometric methods with 10000 cells in each

group. The data analysis was done using BD FACS DivaTM Software 6.1.2
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4.3.13 Caspase-3 Assay

Caspase-3 activity was analyzed by Assay Kit which recognizes the sequence DEVD
(Abcam, USA). Briefly, after cell culture treatment, the sample lysate was added to the wells
and incubated with reaction buffer and DEVD-p-NA substrate for 60 min at 37°C. Then the

reaction absorbance was analyzed by spectrophotometer at 400nm (Synergy 4 Biotek, USA).

4.3.14 Immunoblot analysis

Briefly, after LYC treatment conditions, the cells were harvested and lysed with lysis buffer
(protease inhibitor cocktail). The specific antibodies against - B-actin, BCL2, Bax, P13K, p-
P13K, Akt, p-Akt, m-TOR, and p-mTOR were used as primary antibodies. BCA protein
assay kit awsa used to quantify the protein concentration in lysate. The extracted protein in
reducing buffer was boiled at 75°C for 10 min. Then the protein was subjected to SDS—
PAGE,( 10% SDS polyacrylamide gel), and then transferred to a PVDF transfer membrane
(Immobilon P™, Millipore154 R, the USA by transfer system (Bio-Rad Laboratories,
Germany). 5% skim milk in PBST blocking buffer containing 0.1% Tween was used to
block the membrane by incubating for 1 h at RT. After that washed with PBST and kept
overnight at 4°C with primary antibodies (B-actin, BCL2, BAX, P13K,p-P13K, Akt, p-Akt,
m-TOR, p-mTOR) in the ratio 1:1000. After washing, the membrane was incubated with
IlgG-HRP secondary antibody (1:2000). The blots bound antibodies were detected using
DAB-Peroxidase substrate solution by chemiluminescence (Bio-Rad, United States) and
measured by densitometry using a ChemiDoc XRS digital imaging system and the Multi-
Analyst software from Bio-Rad Laboratories (United States). The density of specific protein

bands was compared to that of the housekeeping gene -  actin
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4.3.15 Cell cycle analysis

Cell cycle arrest was analysed by propidium iodide (PI) staining. HCT 116 cells were treated
with different concentrations of LYC for 24 h. After incubation, the cells were washed and
then collected and fixed using 70% ethanol, mix gently and kept under the ice for 30 min.
Thenthe samples were centrifuged for 5 min at 2000 rpm. Further, resuspended the cells in
PBS and added 5 pL RNase A. Again incubate the samples for 30 min at 37 °C, then add
10ul PI and kept for 30 min in dark at 4°C. Then again the cells were washed and then
centrifuged for 5 min at 1500 rpm. The cell pellet was further resuspended in PBS and

quantified in FACS (BD FACS Aria |1, BD Biosciences, United States).

4.3.16 Statistical analysis

Data represented as mean + standard deviations of experiments in triplicates. One-way
ANOVA was used for analyzing the results and Duncan’s multiple range tests was
employed for assessing the significance using SPSS 16.0. The significance was accepted at

P <0.05.

4.4 Results & Discussion
4.4.1 LYC reduces cell viability in HCT 116 Cells

To investigate the antitumorigenic effect of LYC in HCT 116 cells (colon cancer cell line),
LYC was initially verified for its cellular toxicity by using MTT assay. The cytotoxic effect
of LYC at different concentrations (5 uM, 10 uM, 15 uM) on HCT 116 cell was analysed.
Untreated cells taken as negative control and H,O, (300 uM) treated cells were taken as the
positive control. Because of the wide cytotoxic effect in all cell types, H,O, was taken as the
positive control, and it was reported as a good apoptotic inducer (Liu et al., 2013). The OD
value of negative control cells was taken as 100% and then calculated the percentage

reduction of OD in treated cells. MTT assay suggested that LYC exhibits a gradual increase
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in cytotoxic effect in HCT 116 cells when exposed to lower to higher LYC concentrations of
5 uM, 10 pM, and 15 pM in which the cell viability seems to be decreased as 91%, 68%,
and 44%, respectively (Fig 4.4). It was observed that LYC inhibited HCT 116 cell viability
in a concentration-dependent manner and its 50% inhibition rate of LYC on HCT 116 cells

was at 12.5 M concentration after 24 h treatment.
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Fig 4.4: The Effect of LYC on HCT 116 cell viability by MTT assay. Bar diagram represent

% Cell Viability

A- negative control, B- H,0, (300 uM), C- 5 uM LYC, D- 10 uM LYC, E-15 pM LYC.
Data represents the mean = SD and significance between groups were analysed by one way
ANOVA, followed by Duncan’s multiple range test *p < 0.05 versus control; #p<0.05 versus

control H,O,

As shown in Fig 4.4, the 5 uM LYC exposure in the culture moderately inhibited cell
growth, while a more intense inhibition was visible in 15 pM LYC exposed cells. Studies
reported the cytotoxic effect of LYC in various cancer cell lines promoting antitumorigenic
property (Magne et al., 2022; Khan et al., 2022; Langner et al., 2019). The anticancer effect

of LYC was reported as dose and time dependent activity in cells with considerable
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decrease in viable cells on different tumour cells (T84, HT-29,and MCF-7) (Wang et al.,
2021). The data showed that the effect of LYC on the viability of cells is significant (p <
0.05). The results indicated that LYC had a significant inhibitory effect on the HCT 116

proliferation, suggesting that LYC could efficiently inhibit cellular proliferation (Fig 4.4).

4.4.2 Cell morphology by phase contrast microscope

After LYC exposure cell morphology of HCT 116 cell lines was observed by using a phase
contrast microscope. As shown in Fig 4.5, LYC reduced the cell number and the cellular
morphology seemed to be distorted and became round in shape. Morphology shows a minor
change at the lower concentration of 5 uM LYC treatment but at 15 uM treated cells,
morphology became a round shape and detached from the plate by losing its adherence and

cell- cell connectivity.

C D E

Fig 4.5: Morphological analysis of HCT 116 cells by phase-contrast microscopy: Images
depict A- negative control, B- H,O, (300 uM), C- 5 uM LYC, D- 10 uM LYC, E-15 uM

LYC. Original magnification, 40X.
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A declined cell number and higher degree of cell shrinkage indicates an increasing
progression toward cell death. Meanwhile, in the untreated cell group, the cells displayed a
cellular morphology of intact nucleus, cytoplasm, and cell membrane displayed active cells.
Major characteristic features reported for an apoptotic cell include cell shrinkage, apoptotic
body formation, alteration in cell shape, disconnection between neighbouring cells; etc
(Zhang et al., 2022) According to the morphological observations in this study, the

cytotoxicity of LYC is compatible with the morphological changes in dose-dependent way.

4.4.3 Live/Dead assay by AO/EtBr dual staining

The identification of live and dead cells using fluorescence microscopy was performed with
AO/EtBr double staining method. In this method, AO stained both live and dead cells while
EtBr stained only dead cells with depleted membrane integrity. Under fluorescent emission,
AO-stained live cells exhibit green fluorescence, whereas EtBr-stained non-viable cells emit
red fluorescence. Hence, the active cells are with green coloured nucleus and the green-
yellow dots can be seen in early apoptotic nuclei and orange in late apoptotic cells indicating
fragmented or condensed nuclei. After treatment, the morphological observation of HCT
116 cells was visualised using fluorescent microscope for control and 15uM LYC treated
cells are represented in Fig 4.6. The cells with 15uM LYC exhibited variations in stained
cellular nuclei when compared to the control cells. From the Fig 4.6, the control cells
seemed to be stained by AO, and emit green fluorescence with an intact nucleus. The LYC
(15 uM) exposed cells displayed an early and late apoptotic nuclei stained in yellow and
orange dots exhibited nuclear condensation, a remarkable apoptotic feature. The cell death
mechanism (apoptosis or necrosis) of HCT 116 cells induced by LYC was further

established by apoptotic evaluation using Annexin V/Propidium lodide staining
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Control 1S p M LYC

Fig 4.6: Live and dead cell analysis by AO/EtBr double staining visualised using fluorescent
microscopy in HCT 116 cells treated with 15 pM LYC. Control cells are visible in intact
green colour indicated by white arrow; early apoptotic cells appear in greenish yellow
indicated by yellow arrow; late apoptotic cells appear in orange or red colour indicated by
red arrow. Original magnification 40x.

4. 4.4 Measurement of intracellular ROS level in HCT 116 cells

The amount of oxidative stress after LYC treatment was analysed by intracellular ROS level
on HCT 116 cells using flow cytometric method. Tumour cells are sensitive to ROS
compared to normal cells and the rapid increase in the ROS level mediate proapoptotic
effects in cancer cells (Engel and Evens, 2006; Gallego et al., 2008). ROS accumulation
inside the cells was identified by using redox sensitive fluorescent labelled DCF-DA
staining. HCT 116 cells were treated with different concentrations of LYC and as positive
control, H,O, (300 uM) measured for its fluorescent intensity. Cells treated with 5, 10, and
15 uM LYC give rise to increase in intracellular ROS level by 13.1, 24.1 and 32.6%,
respectively (Fig 4.7). LYC displayed a significant increase in the ROS level to 32% in LYC
(15 uM)-treated group after 24 h exposure compared to untreated cells with ROS 5.4%.
Elevated intracellular ROS level damages cellular biomolecules via activation of a series of
signalling cascades including mitochondrial mediated apoptosis and PI3K/Akt pathways

(Dasari et al., 2014). Extensive scientific interest is shown recently on ROS and
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mitochondria, their fundamental role in apoptosis in many chronic disease conditions.
Cellular ROS is an intrinsic stimulus that rapidly activates the mitochondrial pathway in
direct or indirect approach. As seen from the data, increased ROS level in cells expected to
exhibit the anticancer effects of LYC linked to ROS mediated cell death. The results
supported that LYC increases ROS level in cells in dose dependent way and which seems to

be a critical factor for HCT 116 cell death
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Fig 4.7: Estimation of ROS level by DCFH-DA staining. HCT 116 cells were exposed with
different LYC concentrations (5, 10, and 15 uM) and H,O, (300 puM). After incubation, cells
were stained with DCFH-DA and quantified using flow cytometer. A- Blank, B-negative

control, C- H,0O; (300 uM), D- 5 uM LYC, E- 10 uM LYC, F-15 uM LYC.
4.4.5 LYC reduced Antioxidant enzyme activity in HCT 116

The role LYC in the alterations of antioxidant enzyme was investigated in HCT 116 cells,
CAT and GSH content were estimated. It is well studied that a decreased cellular GSH
levels is linked with ROS-mediated apoptosis by ROS-induced GSH oxidation in cells (Lu
and Armstrong, 2007). The efficacy of ROS mediated apoptosis in cells exhibit an

inactivation of intracellular catalase activity (Lu and Armstrong, 2007). After LYC
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treatment, the results indicated a significant reduction in both CAT and GSH levels in HCT
116 cells, in a concentration dependent mode when compared to untreated cells (p <0.05).
From the Fig 4.8, it may be noted that the cells treated with 15 pM LYC showed a
maximum decline in CAT and GSH activity level, compared to that of positive control used
(p < 0.05).Cancer cells with elevated antioxidant enzyme systems have been believed to
intiates chemoresistance in cells (Derdak et al., 2008). Therefore, the oxidative stress
modulation has been suggested as a remarkable approach for anticancer drugs. Intracellular
ROS level and innate antioxidant enzyme system play a significant role in maintaining

cellular redox system.
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Fig 4.8: The levels of catalase activity and reduced glutathione were examined after
treatment with LYC (5, 10, and 15 pM) and H,O, (300 uM). Figure (a) represent CAT
activity, (b) represent GSH level. A- Negative control, B- H,O; (300 uM), C- 5 uM LYC,
D- 10 uM LYC, E-15 pM LYC. Data represents mean + SD from triplicate and significance
were determined by one way ANOVA, followed by Duncan’s multiple range test. *p < 0.05

versus control, #p <0.05 versus H,O,.

Under OS conditions, this ROS- antioxidant balance is disturbed and it can be seen in most
of the cancer cells which make them more susceptible to further stress. Thus, any

compounds that enhance intracellular ROS level in cancer cells leads to an increase in toxic
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level result in cell death (Pramanik et al., 2011). The estimation of antioxidant enzyme
showed that both CAT activity and GSH level decreased on treatment with 15 pM LYC,
similar to the of positive control (H,O, 300 uM) (Fig 4.8). In the present study, an
augmented ROS level along with reduced antioxidant enzyme status in LYC treated cells

lead to the induction of ROS-mediated cell death in HCT 116 colon cancer cells.

4.4.6 LYC promotes nuclear fragmentation in HCT 116 cells
Hoechst 33342 specifically binds on the minor groove of AT-rich region of DNA. The

major hallmark of apoptosis include nuclear changes like DNA fragmentation and chromatin
condensation, were determined by Hoechst 33342 staining. From the Fig 4.9 it can be noted
that the control cells persisted an evenly stained intact nucleus and emitted a blue
fluorescence demonstrating that the nuclei contain equally distributed chromatin.
Meanwhile, LYC treated with different concentrations (5, 10, and 15 uM) exhibit highly

condensed nucleus or fragmented chromatin indicated apoptosis induction in HCT 116 cells.

Fig 4.9: Chromatin condensation detected by Hoechst 33342 staining, arrows represent the
cells with chromatin condensation inside the nucleus. A- Negative control, B- H,0O, (300

HM), C- 5 UM LYC, D- 10 pM LYC, E-15 uM LYC.
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The LYC demonstrated a remarkable nuclear change of apoptosis with the increase in
formation of apoptotic bodies and nuclear fragmentations. As visible in the Fig 4.9, the
number of apoptotic cells or chromatin condensed cells was increased with the increase in
LYC concentration. The apoptosis was further confirmation in the cells by Annexin V/PI
staining.

4.4.7 LYC Induced MMP Loss in HCT 116 cells

Mitochondria play a significant role in bioenergetics and homeostasis in cells, during cell
proliferation. In recent times, it is recognised as a innovative target for drug-induced
apoptosis in cells. It plays an important role in apoptotic pathway by act as a centre of
apoptotic signals for both (intrinsic and extrinsic)apoptotic cascade. Mitochondrial
membrane potential is a vital indicator of mitochondrial function. Loss in mitochondrial
membrane potential is mainly due to distracted mitochondrial membrane permeability,
which is considered as an indicative of apoptosis. So, to evaluate the role of LYC treatment
in mitochondrial induced apoptosis, the cells were treated with different concentration of
LYC in HCT 116 cells. Mitochondrial membrane potential level was measured using
rhodamine 123 stain. In active cell with intact mitochondrial membrane, Rh123 dye enters
and retained in the mitochondria. The percentage loss of mitochondrial membrane potential
is represented in the flow cytometric graph (Fig 4.10). From the Fig 4.10 the results showed
that the loss of MMP in HCT 116 colon cancer cells was increased on treatment with LYC.
The fluorescence increased in a dose dependent manner to 24.5, 37.9, and 55.4%, on
treatment with 5, 10, and 15 uM respectively. In the present study, a substantial reduction in
mitochondrial membrane potential was detected in HCT 116 cells on LYC treatment. As
showed in cytometric graph, LYC treatment at 15 pM exhibited an increase in the loss of
mitochondrial membrane potential similar to that of positive control H,O,. The decreased

MMP in HCT 116 cells can lead to LYC-induced mitochondrial dysfunction and then
134



apoptosis induction. Mitochondrial apoptotic pathway is mostly triggered by a decrease in
MMP and enhanced ROS production. To confirm this further mitotracker/DAPI staining

dual staining was carried out.
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Fig 4.10: Mitochondrial membrane potential loss was quantified by Rhodamine 123
staining. HCT 116 cells were treated with LYC (5, 10, and 15 pM) and H,0, (300 uM).

After LYC treatment, cells were stained with Rhodamine 123 and evaluated using flow

cytometer.

4.4.8 Mitotracker/DAPI Staining

The excess production of ROS leads to mitochondrial membrane disruption and loss in
membrane permeability leading to mitochondrial dysfunction. To further confirm MMP
loss, the HCT 1116 cells were stained with mitotracker/DAPI dual staining. Mitotracker is a
red fluorescent dye, which binds to the mitochondrial membrane depends on mitochondrial
integrity and DAPI is a DNA binding stain used to visualize DNA damages. The
mitochondrial membranes of the control cells were intact, while in LYC exposure (5, 10,

and 15 uM) displayed loss of membrane integrity in a concentration dependent manner.
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From the Fig 4.11, LYC at concentration of 15 pM showed a higher degree of ruptured
mitochondria in cells. The mitochondrial-mediated cell death in LYC treated cells are
closely linked with increased levels of ROS. Several natural components found to be
reported reduction in mitochondrial integrity leading to apoptosis (Qui et al., 2018). The
MMP disturbance is an early indication of mitochondrial changes. The MMP (Aym)
stability is highly dependent on mitochondrial membrane integrity and elevated ROS in cells
trigger the opening of the mitochondrial transition pore which leads to an MMP loss (Wang

etal., 2012).

Fig 4.11: Staining of HCT 116 cells with mitotracker Red and DAPI dual staining. A-
Negative control, B- H202 (300 uM), C- 5 uM LYC, D- 10 uM LYC, E-15 uM LYC. The
H,0, and 15 uM LYC treated shows the high number of damaged mitochondria that related

to higher cell death.

136



4.4.9 LYC promotes apoptosis in HCT 116 cells

Previous studies explored the LYC effect in HCT 116 by a noted decrease in mitochondrial
membrane potential, which point out a reduction in mitochondrial membrane integrity, is
regarded as the prime centre for apoptosis activation. Annexin V—FITC/PI staining was
conducted to explore the role of LYC on mitochondrial mediated cellular apoptosis in HCT
116 cells. Apoptosis is one of is a promising target in anticancer therapy, which is
considered as one of the hallmarks of cancer drug, Briefly, the cells were treated with
different concentrations of LYC (5, 10, and 15 pM) for 24 h and subjected to flow
cytometric analysis. As shown in Fig 4.12, the percentage of total apoptotic cells (early and
late apoptosis) was increased in a concentration dependent manner after LYC treatment. It
was demonstrated that LYC promoted the apoptosis of HCT 116 cells (Fig 4.12). Flow
cytometric data represent the percentages of both early and late apoptotic cells in 15 pM
LYC treated cells were 36 and 14.8%. As can be seen, the apoptotic cells in the late
apoptotic stage increased from 4.4% in the control cells to 14.8% in LYC treated cells (15
UM LYC). Studies reported that lycopene inhibits cell growth through multiple mechanisms
such as growth factor regulation, cell cycle arrest, and/or apoptosis induction in the colon
cancer cell (HT29) (Wang et al., 2021; Ono et al., 2015). Reports suggest that
phytochemicals including carotenoids can induce the activation of intrinsic or extrinsic
apoptosis in cancer cells (Pfeffer et al., 2018; Koklesova et al., 2020). The results obtained
from MMP positively correlated with increase in apoptosis and MMP loss.
Chemopreventive role of LYC induces apoptosis in chemically induced colon
carcinogenesis in rat via alteration in nitric oxide synthase pathways (Magne et al., 2022).
To determine the mechanisms of apoptosis induced by LYC, the activity level of caspases-3

was further analysed.
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Fig 4.12: Effect of LYC on HCT 116 cell apoptosis. (A) Representative flow cytometry
graphs of HCT 116 cells show the Q2 quadrant indicates late apoptosis and the Q4 quadrant
indicate early apoptosis, Images represent A- negative control, B- H,O, ( 300 uM), C- 5 uM
LYC, D- 10 uM LYC, E-15 uM LYC and (B) the apoptosis rate was expressed in %. Data

are presented as the mean £ SD. *P<0.05 versus control group and #P<0.05 H,0, treated

group
4.4.10 LYC initiates caspase 3 activity

Caspase-3 (Executioner caspase) is a key protein expressed in various cellular damages by
initiating the apoptotic process (programmed cell death). It has been identified as key
protein involved in the final stages of the apoptotic cascade known as executioner caspase
(Porter et al., 2000). In the present study, the data revealed that the caspase 3 activity is
slightly higher in 15 uM LY C exposed cells (26.2 = 0.71%) than positive control H,O, (300
MM) (25 + 0.96%). The LYC (5, 10, and 15 puM) treated cells noticeably increases the
caspase-3 activity in a dose dependent manner with 10.8, 18.1 and 26.2% respectively (Fig
4.13). The remarkable increase in caspase-3 activity offers cell death by apoptosis and also it
provides a shred of evidence for its mitochondrial mediated (intrinsic) apoptosis induction in
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cells. The proteins expressed in apoptotic cells were further confirmed by immunoblotting

focusing on P13K/AKT/mTOR signalling.
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Fig 4.13: Bar diagram represent the caspase 3 activity in percentage with respect to control
The bar depict A- negative control, B- H202 ( 300 uM), C- 5 uM LYC, D- 10 uM LYC, E-
15 uM LYC. Each value denotes the mean + SD of triplicate. Significance levels

determined by using one-way ANOVA, *P < 0.05 versus Control; #P < 0.05 versus H,0,

4.4.11 LYC inhibit PIBK/AKT/mTOR signalling pathway

The P13K (Phosphoinositide 3-kinase), AKT (Protein Kinase B) and mTOR (mammalian
target of rapamycin) signalling pathway shows a vital role in cell growth, proliferation,
migration, and even in invasion (Murugan, 2019). These key proteins including their
phosphorylation status were expressed by western blot assay, which are presented in the Fig
4.14. PISK/AKT/mTOR promotes cell survival or cell proliferation via direct
phosphorylation of the Bcl-2 family proteins (primary regulators) of the apoptosis pathway.
Activated phosphorylated forms of these proteins (PIBK/AKT/mTOR) are linked with the
dissociation of antiapoptotic protein (Bcl-2) protein, which effectively blocks apoptosis.

After LYC treatment (5uM, 10uM, and 15uM), the protein expression levels of PI3K,
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(phosphorylated) p-PI13K, AKT, (phosphorylated) p-AKT, mTOR and (phosphorylated) p-
MTOR were identified using western blot assay. The downregulation of the
PISK/AKT/mTOR pathway is crucial in human oncogenesis, and as a chief effector of this
signalling pathway, mTOR is broadly associated with cell transformation, proliferation, and
survival. However, with increasing LYC concentrations the expression levels of p-PI3K, p-
AKT and p-mTOR were significantly downregulated in HCT 116 cells (Fig 4.14a). This
finding indicated that inhibition of the PI3K pathway by LYC is the underlying mechanism
involved in HCT 116 apoptosis. After calculating the ratios of p-PISK/PI3K, p-
AKT/AKTand p-mTOR/mTOR, it was found that these three phosphorylated proteins were
downregulated with increasing LYC concentrations in HCT 116 cells (Fig 4.14b). These
results indicated that LYC has a dose-dependent inhibitory effect on the PI3K/AKT/mTOR
signalling pathway in HCT 116 cells. Phosporylated proteins help in cell proliferation and
survival by activating Bcl-2 proteins and inhibiting Bax proteins. Therefore higher
phosphorylated form of proteins (PIBK/AKT/mTOR)depicts an increased cell survival and
apoptosis inhibition. From the blotting results showed the LYC inhibit the activation of
PI3K/AKT/mTOR to its phosphorylated form in HCT 116 cells in a dose dependent manner.
The PISK/AKT/mTOR cascade is an important pathway for supressing cellular functions
(Pandurangan, 2021; Chen et al., 2018). The pro and anti-apoptotic proteins such as Bax and
Bcl-2 are involved with the PISBK/AKT/mTOR signalling. Therefore, in this study the
expression levels of Bax, and Bcl-2 were also investigated. The Data indicated that LYC
successfully stimulated the expression of the pro apoptotic Bax, but inhibited the expression
of anti-apoptotic Bcl-2 in a concentration-dependent mode (Fig 4.14). Higher Bax
expression represents induction of apoptosis, while decreased Bcl-2 expression demonstrates
a reduced capability to inhibit apoptosis. Bax is a pro-apoptotic member of the Bcl-2 family

and it is closely related to PI3K pathway. From the blotting results, LYC suppressed the
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activation of PI3K pathway and is verified by analysing changes in the expression levels of
PI3K, p-PI3K, AKT, p-AKT, mTOR, p-mTOR, Bax and Bcl-2. Similar study by Cheng et al
reported that Naringin promoted HT29 cell apoptosis by inhibiting PISK/AKT/mTOR
pathway (Chen et al., 2020). Also a study on CC139 fibroblast cells, found that PI3K
inhibitors treated cells showed a downregulation of Bcl-2 and promote apoptosis (Wang et
al., 2020). Another study by Liu et al reported that the pretreatment with the N-acetyl-L-
cysteine (ROS scavenger) alleviate apoptosis and restored the level of phosphorylated AKT,
indicating that ROS is an upstream regulator of the PI3BK/AKT pathway (Liu et al., 2021).
From the results, LYC induces apoptosis via intrinsic pathway and also suppressed the
proteins involved in PIBK/AKT/mTOR pathway leading to the activation of apoptosis in

HCT 116 cells.
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Fig 4.14: Effect of LYC on the protein expression level in PI3K/AKT/mTOR pathway in
HCT 116 cells. Western blot analysis for the expression of, Bcl-2, Bax, PI3K, p-PI3K, Akt,
p-Akt, mTOR, p-mTOR was carried out. The alphabet denotes A- negative control, B- H,0,
(300 pMm), C- 5 uM LYC, D- 10 uM LYC, E-15 pM LYC. (a) Represent the protein

expression level (b) represents the quantification of expressed proteins Bcl-2, Bax, the ratio
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of PI3K/p-PI3K, the ratio of Akt/p-Akt, the ratio of mTOR/p-mTOR. Data were expressed

as meanz SD, *P < 0.05 versus Control; #P < 0.05 versus H,0O,

4.4.12 LYC initiates G2 phase arrest

From the immunoblotting assay, confirmed that the LYC induce apoptosis in HCT 116 cells
by inhibiting PISBK/AKT/mTOR pathway. Like apoptosis induction, cell cycle arrest is
another important target for cancer treatment. Therefore, to analyse the cell cycle upon LYC
treatment in HCT 116 cells, Propidium lodide (PI) dye was used to stain the DNA
distribution. The HCT 116 cells were treated with different concentrations of LYC (5uM,
10uM, and 15uM) and measured cells distribution in cell cycle phases (G1, S and G2/M) by
flow cytometric method. The analysis of nuclear DNA distribution showed the G2
proportions of cells were increased after LYC treatment at different concentrations
compared to the control groups (Fig 4.15), indicating that LY C could induce cell cycle arrest
at the G2 phase in HCT 116 cells in a dose dependent manner. As shown in the Fig 4.15,
LYC treatment significantly changed the distribution of cells in all phases of HCT 116
cellcycle. It showed that number of cells in G2/M phase is significantly increase and same
way it is drecreased in GO/G1 Phase. Though, when compared to H,O, (300 uM) treated
cells, the activity of LYC is less. LYC was revealed to initiate G2/M phase arrest in cancer
cells (A549, DU145, HepG2, and HT-29) (Wang et al., 2021). Several studies proposed
LYC reduced cell cycle linked proteins and increased proapototic expressions in various
cancer cell lines (Mekuria et al., 2020; Wang et al., 2021). From the results the LYC arrest
the HCT 116 cell cycle at G2/M Phase in a concentration dependent way. As a basic assay,
the role of LYC in HCT 116 cell cycle arrest was investigated and in future, role of LYC on

cell cycle regulation needs to be explored.
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Fig 4.15: Cell cycle arrest of HCT 116 cells treated with LYC was analysed by detecting Pl
stained cells using a flow cytometer and the distribution of cells in each phase of cell cycle
was determined. The Figure depicts A- negative control, B- H,O; (300 uM), C- 5 uM LYC,
D- 10 uM LYC, E-15 uM LYC. Data are expressed as mean = SD. p<0.05 considered as
significantly different. *Each phase of various groups is significantly different from control
group.

4.5 Conclusion

In conclusion, LYC inhibited the CRC cells proliferation and apoptosis induction by
suppressing the PIBK/AKT/mTOR signalling pathway, an important event in colorectal
carcinogenesis. In addition, it plays a significant role in acquiring drug resistance as well as
metastatic events of CRCs. LYC act as a pro-oxidant by inducing ROS level in cells and
leads to mitochondrial dysfunction and triggering apoptosis in cells. Apoptosis activated by
LYC was associated with a higher level of caspase-3 activity and increased BAX/Bcl-2 ratio
in HCT 116 cells. Collectively protein expression studies revealed that LYC inhibited HCT
116 cell proliferation and apoptosis activation via suppressing PI3BK/AKT/mTOR cascade.

Therefore, LYC may be a promising therapeutic agent for the treatment and management of
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CRC, by targeting PI3BK/AKT/mTOR signalling pathway, is a possible way for future

research.

The key findings were summarized below:

» LYC increases the ROS level in cells and decreases antioxidant enzyme activity as a

pro-oxidant

» LYC promote mitochondrial dysfunction and DNA damage

» LYC triggered mitochondrial mediated apoptosis in HCT 116 cells by suppressing

PIBK/AKT/mTOR signalling pathway

LYC may be a potential therapeutic agent for the treatment of CRC, which can inhibit the
proliferation of CRC cells and induce apoptosis by inhibiting the PISK/AKT/mTOR

signalling pathway
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4.6 Graphical Abstract
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Fig 4.16 Schematic representation of possible mechanism by LYC regulate signalling events

to induce cell death by apoptosis in HCT 116 colon cancer cells.
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Chapter 5

Development and characterization of chitosan coated

lycopene nanoliposomes with inulin for colon delivery
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5.1 Introduction

Bioactives in foods have been gaining interest in therapeutic applications for their potential
role in preventive health and disease management, especially in the case of lifestyle
associated diseases. Lycopene, one of the strong antioxidant pigments present in red fruits
and vegetables (Nguyen, Schwartz, In Lauro, & Francis, 2000), has found applications in the
prevention and management of various chronic diseased conditions because of its anti-
diabetes, anti-inflammatory, anti-amyloid, and antioxidant activities (Souza et al., 2018).
Although, it has several advantages, its therapeutic application is limited due to low
bioavailability, poor water solubility, low stability against different pH conditions, fast
metabolism and quick systemic removal (Perezmasia, Lagaron, & Lopezrubio, 2015).

The dietary intake of lycopene was suggested for promoting health through its powerful
antioxidant property. In recent years, lycopene has increased attention for its promising anti-
carcinogenic activity, especially in CRC treatment. CRC is the third most detected
malignancy and the second top source of cancer death (Keum & Giovannucci, 2019).
Clinical and epidemiological research has constantly highlighted the significant relationships
between gut microbiota (GM), inflammation and colon carcinogenesis. Lycopene acts by
various mechanisms in cancer cells including cell cycle arrest, growth factor signal
regulation, apoptosis induction, inhibition metastasis, as well as by modifying phase Il
detoxification enzymes system, and the anti-inflammatory activity (Wang et al., 2018;
Aktepe et al., 2021). Therapeutic applications of bioactives in cancer have increasingly been
studied over the past two decades in particular with regards to CRC. Unhealthy food
consumption is closely related to obesity, and increases the risk of CRC development.
Noticeably, bioactives showed both chemopreventive and anti-tumor properties in CRC
(Malki et al. 2020) contributing to the general concept that a healthy way of life, including a

balanced diet, is protective of CRC.
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Colon targeted delivery is a dynamic research area for the diseases affecting colon, as it
shows an improved therapeutic efficacy and minimize systemic toxicity. Recently numerous
studies have been showed on the development of various types of delivery systems for
bioactive focus on increase in bioavailability, stability and maintaining the biological
activity (Akhavan, Assadpour, Katouzian, & Jafari, 2018). Therefore, a designed carrier
system could suggestively enable lycopene delivery, and which can lead to develop
conceivable therapeutic applications in extensive area. Another important factor in colon
cancer cell progression is the imbalance in gut health. Recent study found that inulin
nanoparticle has therapeutic potential in colon cancer cells by promoting apoptosis (Yan et

al., 2022).

Liposomes are highly structured delivery system of self-assembling vesicles with
amphiphilic lipids (phospholipid such as lecithin or phosphatidylcholine, and cholesterol),
which can incorporate both hydrophilic and lipophilic components, which possess promising
area in food, functional food, nutraceutical applications as well as in medical research (He et
al., 2019, Rasti, Erfanian, & Selamat, 2017). Phospholipid molecules that are arranged in
such a way that they form a protective fat globule, where active ingredients were entrapped
(Verma & Utreja, 2022). An important feature of liposomes is that they can incorporate both
hydrophilic (core region) and hydrophobic (bilayer region) compounds and that they can be
easily fused with the cell membrane because their composition is similar to that of the cell
membrane (Olusanya et al., 2018).

Liposomes are totally biodegradable structures which makes them a perfect delivery system
in functional food and pharmaceutical applications (Roy et al., 2016). Due to their potential
role in transportation, controlled release, protection, entrapment efficacy for bioactive
compounds, and targeted release applications, liposomes have been used to deliver different

bioactive molecules especially antioxidants, peptides, flavors, and vitamins (Liu et al., 2020;
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Sebaaly et al., 2015). Nanoliposomes have the ability to improve time-controlled drug
release, and reduce the adverse effects of drugs on in vitro and in vivo (Li et al., 2022). One
of the major drawbacks of liposomes as a carrier system is their fast removal from blood
circulation and they are physically unstable, which depends on several factors which lead
liposomal fusion, hydrolysis, degradation, and oxidation of phospholipids (He et al., 2019;
Almaieda et al., 2020). Surface coating is hopeful way to improve liposome applicability by
changes the surface characteristics of liposomes. Different studies have described on
polymer coated (chitosan-CS) liposomes can increase their structural functionalities and
applicability (Tan et al., 2016). Polymer coated liposome have shown an enhanced stability
in in vitro simulated gastrointestinal fluids (Liu et al., 2020), as well as better drug uptake in

ex vivo colon tissue in comparison to uncoated liposomes.

Studies in chapter 4 suggested the antitumor efficacy of LYC against CRC in HCT 116 cells
and with this background the current study was designed to develop chitosan coated
LYCl/inulin incorporated nano liposomes with improved stability against gastrointestinal
conditions for colon targeted delivery. The physicochemical stability of nano liposomes and

its preliminary anticancer potential in colon cancer cell line were undertaken.
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5.2 Objective

To develop LYC incorporated nanoliposomes for colon targeted delivery and to investigate

its antitumorigenic effect in colon cancer cells (HCT 116).
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Fig 2.1: Outline of Chapter 5

5.3 Materials and Methods
5.3.1 Chemicals and Reagents

Chemicals such as chitosan, lycopene, inulin, lecithin, cholesterol, squalene, a-amylase,
CaCl,, porcine pepsin, lipase, bile salts, pancreatin, potassium dihydrogen phosphate,
sodium hydroxide, Dulbecco’s Modified Eagle’s Medium (DMEM), sodium bicarbonate,
Dimethyl sulfoxide (DMSO), porcine mucin, Fetal Bovine Serum (FBS), 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) and Crystal violet were

bought from Sigma (Sigma-Aldrich, St. Louis, MO, USA). Chloroform, HCI, and Acetic
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acid were purchased from MERCK, India. Trypsin-EDTA, Antibiotic-antimycotic solution
mixture was procured from Gibco Invitrogen (Carlsbad, CA, USA). Annexin V — apoptosis
kit was obtained from Cayman chemicals (MI, USA). BrdU cell proliferation assay kit from

BioVision (San francisco, USA). All reagents used were of analytical grade.
5.3.2 Experimental Design

The experimental protocol for the study is given in the Fig 5.2.

Development and Liposomal Cell culture studies
Characterization Studies ' .

<l Liposomal preparation = MTT Assay
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Fig 5.2: Experimental methods used for the study.

5.3.3 Liposomal (LP) preparation

LPs were developed by thin film hydration method combined with homogenization, to
decrease the vesicle size and to create homogeneity (Hadian et.al., 2014). Briefly, soybean
lecithin, cholesterol, and squalene were dissolved in chloroform (300: 50: 10 w/w/w), and
LYC and INU of (30: 30 w/w) were added into the solvent mixture. A rotary evaporator at
37 °C, the prepared solvent mixture was evaporated to get a thin lipid film above the inner
surface of a round-bottom flask. This process took 30 min to remove all the remaining

chloroform. Then the developed thin lipid film was hydrated with PBS (0.05M) and exposed
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to sonication (Equitron ultrasonic bath, Mumbeai, India) for eluting the film easier at 25°C

for 15 min. The formed uneven liposomal suspension was homogenized using homogenizer

(T25 D S22 Digital Ultra Turrax, IKA Private Limited, Bengaluru, India) for 20 min (9000)

for decreasing the vesicle sizes of LPs (Tsumoto et al., 2009). The developed uncoated

liposomes were named as Control liposomes (C-LP), Inulin incorporated liposomes (I-LP),

Lycopene incorporated liposomes (LYC-LP), and Lycopene and inulin incorporated

liposomes (LYC-I-LP). The table 5.1 represents the composition used for the preparation of

the liposomes in the study.

Table 5.1: The Composition of developed uncoated and CS coated nanoliposomes

Liposomes LEC SQE CS LYC INU
(mg)  (mg) (mg) (%) (mg)  (mg)

Uncoated Liposomes

Control liposome (C- LP) 300 50 10 _ _ _

Inulin Liposome (I-LP) 300 50 10 _ _ 10

LYC incorporated 300 50 10 _ 10 _

liposome(LYC —-LP)

LYC and INU incorporated 300 50 10 _ 10 10

liposome (LYC-I-LP)

CS coated Liposomes

CS coated control liposomes 300 50 10 0.5 _ _

(CS-C-LP)

CS coated Inulin liposome (CS- 300 50 10 0.5 _ 10

I-LP)

CS coated LYC incorporated 300 50 10 0.5 10 _

liposome (CS-LYC-LP)

CS coated LYC and INU 300 50 10 0.5 10 10

incorporated liposome (CS-
LYC-I-LP)

Lecithin- LEC; Cholesterol- CL; Squalene- SQE; Chitosan-CS; Lycopene-LYC; Inulin-INU
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5.3.4 CS coating of Liposomes

Dropwise addition of Chitosan (CS) solution (0.5%, w/v) into the prepared liposome
suspension under stirring for 60 min of 500 rpm to yield CS coated liposomes. The prepared
liposomal dispersion was kept under RT with continuous stirring for 2 h. The developed
chitosan-coated nanoliposomes were named as Chitosan coated control liposomes (CS-C-
LP), chitosan coated inulin incorporated liposomes (CS-1-LP), chitosan coated lycopene
incorporated liposomes (CS-LYC-LP), and chitosan coated lycopene and inulin incorporated
liposomes CS-LYC-I-LP All developed liposomal formulations were stored in the
refrigerator at 4 °C until use. Both uncoated and coated liposome samples were used for
characterization studies such as particle size, Polydispersity Index (PDI), zeta potential,
entrapment efficacy and mucoadhesive ability. Based on the characterization and in vitro
digestion assays, the liposomes that demonstrate potential activity was taken for cell culture
studies to evaluate the anti-cancer activities in terms of antiproliferation and apoptotic
induction in HCT 116 cells. The protocols followed for the development of uncoated and CS

coated liposomes are represented in the fig.5.3.
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Fig 5.3: Graphical illustration of CS coated LYC and INU incorporated liposome

preparation by using thin film hydration method

5.3.5 Physicochemical characterization of CS coated liposomes

5.3.5.1 Particle size, PDI and Zeta potential

The particle size, PDI and zeta potential of uncoated (C-LP, I-LP, LYC-LP, and LYC-I-LP)
and coated liposomes, (CS-C-LP, CS-I-LP, CS-LYC-LP, and CS-LYC-I-LP) were analysed
using dynamic light scattering technique (DLS) by a Zetasizer (Malvern Instruments Ltd.,
UK). Developed liposomes were diluted in water and added to polystyrene latex cells, for
mean particle size analysis and added to folded capillary cell for zeta potential, read at 25 °C
with a detector angle of 90°. The liposomal suspensions were effectively diluted in
deionized water to avoid the multiscattering phenomena. The average values from at least
three measurements were reported, with the polydispersity index (PDI).

5.3.5.2 Entrapment efficacy (EE)

The entrapment efficiency (EE) of LYC in developed liposomes was estimated by indirect
method using centrifugation technique (Karim, Shishir, and Chen, 2020). The amount of
LYC in the supernatant attained after centrifugation at 30,000 rpm for 15 min by refrigerated
centrifuge (Beckman Coulter, Pasadena, CA, USA). LYC content in the LPs was evaluated
by UV spectrophotometry (Shimadzu, Japan) at the wavelength of 470 nm. All samples
were analysed in triplicate. The EE% was calculated based on following equations:

EEY — LYC total — LYC free % 100
0T LYC total

Where LYC added was taken as LYC total and the amount of LYC in the supernatant was

LYC free.
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5.3.5.3 ATR-Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectroscopy of LYC, CS-LP, CS-I-LP, CS-LYC-LP and
CS-LYC-I-LP were recorded using an FTIR-ATR (Attenuated Total Reflection)
spectrometer (Perkin Elmer, USA), equipped with an ATR accessory with a diamond crystal
at an incidence angle of 45°. Transmittances were recorded at wave numbers between 4000
and 500 cm—1.

5.3.6 Color Analysis

The visual appearance of developed nanoliposomes were examined by L*a*b* value. The
color characteristics (L*, a*, and b* values) of developed liposomes were measured by using
color spectrophotometer (Hunder Lab, ColorFlex, Virginia). Hunter L,a,b color, represents L
(lightness) axis, a (red-green) axis and b (blue-yellow) based on Opponent Colors theory.

5. 3.7 In vitro digestion

The in vitro release kinetics of LYC from CS coated and uncoated liposomes were
investigated using stimulated gastric fluids mimicking gastrointestinal phase (Li et al., 2020;
Zhang et al., 2019). All the prepared solutions were pre-incubated at 37 °C using shaker to
maintain this temperature during the digestion process.

Oral phase: Based on reported studies, the in vitro digestion starts in the oral cavity; we
prepared simulated salivary fluid (SSF) using the salivary enzyme, a-amylase and CacCl,
salts to achieve 0.75 mM concentration as described in the method. In the initial phase, 3ml
of LYC liposomal suspensions (LYC-LP, LYC-I-LP, CS-LYC-LP AND CS-LYC-I-LP)
mixed with 3ml of SSF solution, and then the pH of the mixture was adjusted to 6.8 and
incubated for 2 min in a shaker at 37°C.

Gastric phase: 5mL of salivary sample after incubation was mixed with 5 mL of

Stimulatory gastric Fluid (SGF) electrolyte stock solution, (containing 3g/L porcine pepsin
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in saline, 5 mM KClI, adjusted with 0.1M HCI to reach pH 3.0). The suggested time of

digestion is 2 h at 37 °C in a shaking incubator

Intestinal Phase: The 5mL gastric samples after incubation mixed with 5mL Stimulatory
intestinal fluid (SIF) electrolyte stock solution containing bile salts, intestinal solution
(0.68g/L KH,PO,4, 0.2M NaOH, 0.22g/L CaCl, and 1.3g/L NaHCO3), Lipase and pancreatin
solution (1g/L, pancreatin from porcine pancreas). 1 M NaOH was used for pH adjustment
in SIF to 7.0. The sample mixture was kept at shaking water bath for 2h at 37 °C. After
incubation, the final digesta are used for the quantitative analysis of LYC release by using

UV Spectrophotometric analysis (Shimadzu, Japan).

5.3.8 Mucin adsorption study

To investigate the mucoadhesive properties of developed liposomes, mucin adsorption
(porcine stomach) by uncoated and CS coated liposomes was measured using Bradford
method (Bradford, 1976). Briefly, equal quantity (1 mg/mL) of mucin solution and uncoated
and chitosan-coated liposomes was agitated for 2 h at 37 °C. The mix was then centrifuged
at 25,000 g (for 1 h) using refrigerated centrifuge. Free mucin content was estimated by
using colorimetric method, and the variation between total and free mucin represents the
quantity of mucin adsorbed on the liposomal surface. Briefly, all the samples were incubated
with Bradford reagent for 10 min at 37 °C. After incubation, the absorbance was detected at
595 nm by using multimode reader (Synergy Biotek). Adsorption % was assessed for both
uncoated liposomes and chitosan coated liposomes.

) Total amount of mucin used — free mucin
Adsorption% = - x 100
Total amount of mucin used
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5.3.9 Cell culture and Treatment

HCT 116 cells were purchased from NCCS, Pune, India and were cultured in DMEM with
FBS (10%) (GibcoBRL) and 2% Antibiotic-antimycotic (GibcoBRL) at 37°C in a
humidified atmosphere containing 5% CO..

5.3.9.1 Determination of cell viability

The cellular viability of the developed liposomes was estimated in colon adenocarcinoma
cells, HCT 116 cells using MTT assay (Mosmann, 1983). Briefly, 96-well plates were
seeded with cells and were grown overnight. To analyse the cytotoxicity of samples, cells
were incubated with nanoliposomes CS-LP, CS-1-LP, CS-LYC-LP and CS-LYC-I-LP for 24
h followed by MTT reagent (0.5 g/L) for 4 h. After incubation, the reaction mixture was
washed and DMSO (200 uL) was added to each well with gentle mixing (Orbit plate shaker,
Labnet international, USA) and the absorbance was read at 570 nm (Synergy 4 Biotek
multiplate reader, USA). Liposomes treated cells were compared to that of the cells exposed
to 500uM H,0, taken as positive control. Each test was done in triplicate, and the results are
represented as the mean £ SD, using the following calculation

% cell viability = The absorbance of test % 100
oceltviability = o e . of control

5.3.9.2 Morphological analysis

Cell morphology was visualized by phase- contrast microscopy. Cells were exposed with
developed nanoliposomes CS-LP, CS-I-LP, CS-LYC-LP and CS-LYC-I-LP by above
mentioned conditions. The media were discarded after 24 h incubation with samples and

washed thrice with PBS and visualised under phase contrast microscope.
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5.3.9.3 BrdU cell proliferation assay

BrdU incorporation is a method used to analyse proliferating cells by incorporating into
DNA of proliferating cells. After CS-LP, CS-I-LP, CS-LYC-LP and CS-LYC-I-LP
treatment, cellular proliferation was measured using the BrdU Cell Proliferation ELISA kit
(BioVision). As per manufacture instruction, absorbance was read within 5 min at 450 nm
using an ELISA plate reader. Culture medium without BrdU was used as blank and the

control were media without treatment.

5.3.9.4 Colony formation assay

Evaluating the anchorage-dependent growth of colon cancer cells was done by using colony
formation assays (Ayoub et al., 2021). Colony formation assay serve as a beneficial tool to
analyse whether a compound can decrease the clonogenic survival of tumor cells. After CS-
LP, CS-I-LP, CS-LYC-LP and CS-LYC-I-LP treatment, the cells were stained with 0.5%
crystal violet solution and kept at RT for 30 min. The stained cells were visualised using

phase contrast microscope (4x magnification).

5.3.9.5 Apoptosis by Annexin V

Annexin V-fluorescein /Pl staining was used to examine the effect of developed CS coated
nanoliposomes on HCT 116 cells apoptosis. Briefly, the cells were exposed with developed
nanoliposomes such as CS-LP, CS-I-LP, CS-LYC-LP and CS-LYC-I-LP incubated for 24 h.
Untreated cells, as cells with media and positive control as H,0, (500 uM), LYC (10 uM)
and INU (2 pg/ml) were also used to compare the samples . After incubation, cells were
washed with PBS and suspended in binding buffer and then added Annexin V-FITC and
incubated at RT for 15 min in the dark condition. Then the cells were stained with PI (5
ug/mL) and the ratio of apoptotic cells was measured by using FACS Aria Il (BD

Bioscience, USA).
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5.3.10 Statistical analysis.

All the experiments were repeated thrice and data were expressed as means £ SD. The
obtained results were subjected to one-way ANOVA and the significance was calculated by
Duncan’s multiple range tests, using SPSS 16.0 and significance was accepted at P < 0.05.
5.4 Results & Discussion

5.4.1 Formation of Uncoated and CS coated LP

Four uncoated liposomes (LPs) and four CS coated LPs were fabricated as per the details
given in Table 5.1 and figure 5.2. The representative figures of uncoated and CS coated
LYC and INU incorporated liposomes (LYC-LP, LYC-I-LP, CS-LYC-LP, CS-LYC-I-LP)
are given in fig 5.5. As discussed earlier, the gastrointestinal stability of the liposomes can
be modified by the addition of polymer coatings on their surface. In the present study,
nanoliposome formulations were provided with CS coating to resist gastro intestinal
digestion for colon targeted delivery. Coatings allow oral liposomal formulations to resist

enzymatic degradation in the GI tract, which would normally dissolve the lipid bilayer.
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Fig 5.4: Schematic representation of CS coated liposome preparation
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Fig 5.5: Developed uncoated (LYC-LP and LYC-I-LP) and CS coated nanoliposomes (CS-

LYC-LP and CS-LYC-I-LP)

5.4.2 Particle size distribution, PDI and zeta potential

The physical stability of the LPs was evaluated by analysing its PDI and zeta potential
(Table 5.2). Dynamic light scattering was performed to obtain the hydrodynamic sizes of the
liposomes in solution at 25 °C. The average size of prepared liposomes without CS coating
showed a lower particle size compared to CS coated samples. Mean particle size of
developed uncoated liposomes such as C-LP, I-LP, LYC-LP, and LYC-I-LP were 228, 238,
262and 258 nm, with PDI values of 0.29, 0.29, 0.28, and 0.26 respectively, and CS coated
liposomes CS-C-LP, CS-I-LP, CS-LYC-LP, and CS-LYC-I-LP were 350, 365, 351and 365
nm, with PDI values of 0.48, 0.54, 0.49 and 0.54. From the table 5.2, there is a substantial
change in the z-average particle diameter (p<0.05) which varied from 258 nm to 365 nm in
CS-LYC-I-LP, and an increase in particle size of the CS-coated liposomes was compared to
that of the corresponding uncoated liposomes. The enlargement in particle size in CS coated
LPs can be attributed to the outer surface coating with CS layer (Zhao et al., 2015). All the
samples yielded a size distribution curve suggesting relatively uniform size distribution. The
polydispersity index (PDI) is generally used for assessing the stability of emulsion systems

and a stable emulsion with uniform particle size distribution is denoted by a PDI value of 0.3
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and below (Lee et al., 2018). PDI indicates homogeneous particle dispersion in all the
liposomal dispersions, where the uncoated liposomes were more homogenous than the CS
coated ones. In this study, values of PDI were within the range of 0.29 to 0.54 for both
uncoated and CS coated systems, indicating an acceptable degree of polydispersity

(Alshraim et al., 2019; Caddeo et al., 2016).

Table 5.2: The physicochemical characterization of uncoated and CS coated different

liposomal system by using DLS analysis. Data represented as mean + SD, n = 3, p < 0.05.

DLS Analysis

Samples Particle Size (nm) Polydispersity Zeta Potential (mV
index (PDI)

C-LP 228 + 50 0.29 -28 +3.74
I-LP 238 +12 0.29 -29 + 3.68
LYC-LP 262 + 80 0.28 -29 + 3.62
LYC-I-LP 258 + 18 0.26 -29 + 3.07
CS-C-LP 351 +89 0.48 23.6 £ 3.06
CS-I-LP 365+ 38 0.54 23.9+7.45
CS-LYC-LP 351+ 99 0.49 25.1+ 5.64
CS-LYC-I-LP 365 + 46 0.54 246 £ 490

The surface charge and suspended particle stabilities are expressed by the Zeta potential. As
can be noted, the uncoated liposomes showed negative charges in samples which depicted
the surface charge of the outer lipid bilayer. The surface charge of the uncoated liposome
suspensions changed from negative to positive charge in CS-coated samples. The chitosan
possesses a positive charge, which can form a polyelectrostatic layer onto negatively

charged liposomes, which was due to the interaction between the positive charge of CS and
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the negative charge of the phospholipid head group (Zhou et al., 2018). Because of no
significant differences in zeta potential among different chitosan-coated LPs, the surfaces of
liposomes can be thought of as completely covered by chitosan and becomes positively
charged. The formation of hydrogen bonding between phospholipids and CS results in the
coating of liposomes with CS (Chen et al., 2016).

5.4.3 Encapsulation efficiency (EE)

Of the total eight coated and CS coated liposomal systems, four LPs such as LYC-LP, LYC-
I-LP, CS-LYC-LP, and CS-LYC-I-LP were loaded with LYC. EE was evaluated to analyze
the LYC incorporation in these four developed coated and CS coated liposomal systems. EE
is key factor that defines the nanocarriers performance of in terms of stability and protection
of pharmaceutical, nutritional and bioactive components for target delivery. EE is an
expression of the quantity of the active ingredient incorporated into the liposomes and is a

major factor in developing food, nutraceutical, and pharma products (Ong et al., 2020).
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Fig 5.6: Encapsulation efficiency (%) of developed LYC incorporated uncoated and CS
coated samples, represented as bars, Values are means + standard deviations (n=3). The

annotation * indicates a p < 0.05 versus LYC-I-LP group.
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As shown in Fig 5.6, the EE% for LYC-LP, LYC-I-LP, CS-LYC-LP, and CS-LYC-I-LP
were 79.3 £ 1.4%, 78.5 + 1.3%, 79 £ 1.1%, and 81+ 0.9%, respectively. As can be seen, the
CS coated liposomal system CS-LYC-I-LP exhibited a higher LYC encapsulation efficacy
of 81% though there was no notable change in EE% between uncoated and CS coated LYC
LPs. In CS coated liposomes, CS also acts as a barrier on the phospholipid bilayer surface
which prevents the leakage of LYC from the liposome. Previous reports confirmed that
chitosan coating in liposomes holds the drug inside the system due to CS adsorption on the
surface of liposomes (Alomrani et al., 2019; Jiao et al., 2018).

5.4.4 Fourier Transform Infrared Spectroscopy (FTIR)

The IR spectra of LYC, CS-C-LP, CS-I-LP, CS-LYC-LP, and CS-LYC-I-LP were shown in
Fig 5.7. Strong and broad absorption bands in the 3700-3000 cm™ and 1600-1700 cm™ range
denote the presence of water. The presence of lipid groups from LYC is evidenced by the
absorption at 3000-2800 cm™ and 1730- 1765 cm™. The bands range between 1400 and
1477 cm™ originate from C-H bending; the region 1100-1400 cm™ shows the C-C and C-C-
H stretching. The region 900 - 1200 cm™ contains strips resulting from C-O stretching and
C-O-C vibrations. The spectral signal at 963 cm™ can be attributed to trans C-H deformation
vibrations and all types of deformations of the LYC molecule are found below 1000 cm™.
As it is evident from the figure, the characteristics peak of the LYC is visible in the FTIR
spectrum of the control liposomes system which is another evidence of the perfect
encapsulation of LYC. Results showed characteristic peaks of LYC in prepared liposomes
are preserved between 2800 to 2900 cm™. CS-LYC-LP and CS-LYC-I-LP show similar

peaks with respect to control LYC, confirming that LYC is encapsulated in the system.
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Fig 5.7: FTIR Spectra of LYC and developed CS Coated nanolipoosmes (CS-C-LP, CS-I-LP,

CS-LYC-LP and CS-LYC-I-LP)
5.4.5 In vitro LYC release studies

To explore the release of developed liposome for LYC release in Gl tract, in vitro digestion
method was conducted. The in vitro release studies of the active ingredient are used to
assess its incorporation, liposomal reliability, and the affinity of the bioactive to the carrier
systems (Wang et al., 2017). In the present study, the in vitro LYC release from four
uncoated and CS coated LYC incorporated liposomes, such as LYC-LP, LYC-I-LP, CS-
LYC-LP, and CS-LYC-I-LP were examined by using in vitro digestion method using
simulated salivary fluid (SSF), simulated gastric fluid (SGF), and simulated intestinal fluids
(SIFs). SSF electrolyte stock solution creates oral phase with pH of about 6.8 and under this
conditions, all the four liposomes LYC-LP, LYC-I-LP, CS-LYC-LP, and CS-LYC-I-LP
exhibited very low percentage release of LYC of 1.2 £ 1.1, 1.1+ 0.07, 1.1 £ 0.09, 0.2

1.01% respectively. From the data, under all the tested conditions, CS coated LPs (CS-LYC-
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LP and CS-LYC-I-LP) show very low LYC release compared to uncoated liposomes. From
the oral area the mixture is entered into gastric phase, and the system is exposed to SGF
mimicking the gastric region of pH 2.6. Under SGF conditions, uncoated liposomes LY C-
LP, LYC-I-LP shows a significant increase in LYC release of 14 + 0.09 and 17 + 1.0 %
respectively, compared to CS coated samples CS-LYC-LP, and CS-LYC-I-LP of 1.1% +

0.76, 0.3 £ 0.06% respectively.
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Fig 5.8: Percentage LYC releases from uncoated and CS coated nanoliposomes after in vitro
digestion. Data expressed as mean + SD, The annotation * denotes P < 0.05 against LYC-
LP group, # represent P < 0.05 versus the LYC-I-LP group, $ represent P < 0.05 against

CS-LYC-LP group and @ represent P < 0.05 against CS-LYC-I-LP group, n = 3, p < 0.05.

As can be seen, chitosan coated liposomes demonstrated least LYC release indicating CS
offers protection to the active ingredient (Fig 5.8). From gastric phase the mixture is entered
into intestinal phase where SIF mimics the intestinal area of pH 6.7. In SIF condition, as
expected the uncoated LPs (LYC-LP and LYC-I-LP) showed a maximum LYC release of
47 £ 1.3 and 49 + 0.08%, meanwhile CS-LYC-LP, and CS-LYC-I-LP exhibited very low
LYC release of 1.2% + 0.22 and 0.9% + 0.10, (Fig 5.8) of LYC. Under SIF conditions,

uncoated LPs exhibited a fast LYC release within the intestinal phase and interestingly, CS
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coated liposomal system shows a low amount of LYC release. This may be due to the CS
coating in liposomes protects the liposomal system against pH degradation in Gl tract
conditions. The positively charged chitosan protected the liposomal surfaces from bile salts
or lipase to reach the lipid bilayer. Chitosan coating helps to resist degradation in Gl tract
pH that would normally dissolve the lipid bilayer. Very low percent of LYC release was
observed from CS-LYC-LP and CS-LYC-I-LP of lower than 2% in all stimulated
gastrointestinal conditions, leading the intact liposomal system to the colonic region for

targeted delivery.

5.4.6 Mucoadhesive property

Interaction between nanocarriers and mucins shows a vital role in the effective delivery of
entrapped components to target area and their controlled release (Petrou, & Crouzier, 2018).
Positively charged CS has an interaction with negatively charged mucin found in the
intestinal epithelial cells. The mucoadhesive properties of uncoated LPs (C-LP, I-LP, LYC-
LP, and LYC-I-LP) and CS coated LPs (CS-C-LP, CS-I-LP, CS-LYC-LP, CS-LYC-I-LP)
were analysed by measuring their mucin adsorption capability. As illustrated in Fig 5.9,
mucin adsorption by uncoated LPs exhibits less than 10% adsorption and which is
significantly increased (p < 0.05) to > 60% in CS coated LPs. This result proposes that CS
coated LPs might retain for a longer time in the GIT compared to uncoated liposomes. CS
coating on the nano-carriers surface could be more effective in delaying the release of core
materials by improving the interaction with the intestinal mucus. Mucins are hydro soluble
coating present on many epithelial surfaces of cells, which are responsible for the gel
properties of mucus (Sebaaly et al.,, 2021). The mucoadhesive property of CS coated
liposomes are generally due to the electrostatic interaction between the chitosan (amine

group-NH3+) and mucin (carboxylate (COO-) or sulfonate (SO3—) group) and also by other
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non-covalent bonds (Imam et al., 2021; Sebaaly et al., 2021). Hence, the cationic charge of
CS coated LPs (CS-C-LP, CS-I-LP, CS-LYC-LP, CS-LYC-I-LP) can facilitate the
negatively charged cell membranes interaction and permeation across the cells. These LPs
can easily interact with negatively charged mucin secreted from intestinal epithelial cells.
Thus, the enhanced mucoadhesive capability of developed CS coated LPs possibly leads to a
longer residence in gastric region and helps in the targeted release of LYC in the cell by

interacting with the cell membrane.
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Fig 5.9: Bar diagram representing mucoadhesiveness of developed CS coated
nanoliposomes (mean + SD, n = 4). *p < 0.05, compared to uncoated LPs.

5.4.7 Cell viability
After initial characterization of both uncoated and CS coated nanoliposomes in terms of

particle size, zeta potential, encapsulation efficacy, in vitro digestion, and mucoadhesive
property, the CS coated liposome samples (CS-C-LP, CS-I-LP, CS-LYC-LP, and CS-LYC-
I-LP) were used for further cell culture studies. Nanoliposomes can be entered into cells by
different routes such as non-specific endocytosis, receptor mediated endocytosis,

phagocytosis etc. Here the surface charge of developed CS coated oral nanoliposomes are
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identified as positive charge and is one of the possible ways to interact with the negative
charge lipid layer of epithelial cells (presence of mucin), which promoted non-specific
endocytosis. It has been recognised that liposome enter into the cells via endocytosis, that
was directed by cell membrane and liposomal binding (Alshehri et al., 2018). The
concentration of LYC in CS-LYC-LP, and CS-LYC-I-LP was estimated as 13.2 + 0.92 and
149 + 1.1uM, used for further studies. Primarily, the antiproliferative effect of
nanoliposomes was analyzed by MTT assay. At the same time, free LYC (15 pM) and free
INU (2 pg/mL) were also evaluated for inhibition against HCT 116 cells. From the report,
ICso value of INU was reported as 2.5 pg/mL. So in this study 2ug/mL concentration was

selected for the effect of free INU in cells (Yan et al., 2022).
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Fig 5.10: Cell viability was assessed by MTT Assay. Each data signifies the mean + SD of
triplicate and the significance were analysed by one way ANOVA, *p < 0.05 versus Control;
#p < 0.05 versus H,O; (positive).

The results (Fig 5.10) indicated that CS-LYC-I-LP exhibited an effective increase in cell
death, similar to a positive control (500 uM H,0,). Both free LYC and free INU also
showed a cell viability of 60 and 75% respectively whereas the CS-C-LP liposome showed
low toxicity with 90 % cell viability. Treatment with CS-LYC-LP and CS-LYC-I-LP

considerably decreased the cell viability compared to the control cells and showed
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significantly (p < 0.05) enhanced cytotoxicity level compared to other LPs. These higher cell
death demonstrated by CS-LYC-I-LP indicating a synergetic effect of both incorporated

LYC and INU in liposome system.
5.4.8 Cell Morphology

The HCT 116 cells were exposed to LYC (15 uM), INU (2 pG/mL), and developed
liposomes (CS-C-LP, CS-1-LP, CS-LYC-LP, and CS-LYC-I-LP) for 24 h and washed thrice
with PBS. The cell morphology was observed at 200x magnification using a phase contrast
microscope. Sample free media was taken as the negative control and H,O, was taken as the
positive control. As shown in Fig 5.11, the numbers of cells were decreased and morphology
of the cells became shrunken, cell membrane lysed suggesting that the samples exert cell

death in HCT cells.

Fig 5.11: Morphological analysis of HCT 116 cells by Phase contrast microscopy:
morphological changes of HCT 116 cells exposed to developed CS coated nanoliposomes,
H,0, treated cells and untreated control cells were observed using phase-contrast

microscopy. Original magnification, 40X. The figure depicts the images indicates, A=
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Control cells, B= Positive control cells, C=LYC (15uM), D= INU (2ug/ml), E= CS-C-LP,

F=CS-I-LP, G= CS-LYC-LP and H= CS-LYC-I-LP treated cells.

The CS-C-LP treated cells show a similar appearance to the control cells. This result
indicated that the cells treated with CS-LYC-LP, and CS-LYC-I-LP show similar
morphology to the positive control, where cells began to shrink and became irregularly
shaped in culture. In CS-LYC-LP, and CS-LYC-I-LP treated cells, there was a loss in cell-
to-cell contact; even different morphological distributions could be seen in HCT 116 cells.
In HCT 116, filopodia and lamellipodial structures were seen in Fig 5.11A and these seemed
to be shattered on CS- LYC-I-LP administered cells suggesting cell cytoskeleton modulation
and cell death. Microscopic studies indicated that the cells exposed to developed CS coated
nanoliposomes CS-LYC-LP and CS-LYC-I-LP show maximal growth inhibition by cellular

shrinkage and induce cell death in HCT 116 cells.

5.4.9 BrdU cell proliferation

To elucidate the role of developed nanoliposomes (CS-C-LP, CS-I-LP, CS-LYC-LP, and
CS-LYC-I-LP) in cellular proliferation was analyzed by BrdU cell proliferation kit. BrdU is
a thymidine analogue used for the identification of proliferating cells by quantifying the
BrdU incorporation in newly synthesized DNA. As shown in the Fig 5.12, the liposomal
exposure, CS-LYC-LP, and CS-LYC-I-LP exerted a potential anti-proliferative effect on
HCT 116 cell line by exhibiting a lower BrdU incorporation of 56.2 + 0.083 and 54.4 +
0.78%. Significant inhibition of cancer cell proliferation can be observed in CS coated
samples, indicating a reduction in newly synthesized DNA in cells. From the MTT assay,
the cell division rate diminished in nanoliposomes treated cells. Thus, we decided to confirm

the anti-proliferative activity of the developed nanoliposomes. As expected, the percentage
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of BrdU incorporation in cells diminished significantly in CS-LYC-LP, and CS-LYC-I-LP

shows a reduced cellular DNA synthesis.
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Fig 5.12: Cell proliferation was assessed by BrdU staining. Each data signifies the mean +

SD of triplicate and the significance were analysed by one way ANOVA, *p < 0.05 versus

Control; #p < 0.05 versus H,O; (positive)

5.4.10 Colony formation assay

To investigate the anti-proliferative effect of developed coated LPs (CS-C-LP, CS-I-LP,
CS-LYC-LP, and CS-LYC-I-LP, colony formation assay was performed by using crystal
violet staining method. From the data, the colony formation ability of HCT 116 cells was
inhibited by the developed LPs especially, CS-LYC-LP, and CS-LYC-I-LP exposed cells,
which is comparable to positive control (H,0,). From the Fig 5.13, it can be noted that CS-
LYC-LP and CS-LYC-I-LP exhibit promising inhibitory effect on HCT 116 cells in
colony formation. The result showed that CS-C-LP, CS-I-LP shows higher colony
formation in HCT 116 cells, while CS-LYC-I-LP shows a significant decrease in colony

formation of cells, which indicates a combined effect of LYC and INU in CS-LYC-I-LP
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actively suppress the cologenic property of cells. Colonies of cells were photographed

using phase-contrast microscope (Fig 5.13)

Fig 5.13: Colony formation assay by crystal violet staining: HCT 116 cells treated with
developed CS coated nanoliposomes, H,0, treated as positive control and untreated taken as
negative control and were observed using phase-contrast microscopy. Original
magnification, 40X. The figure depicts the images indicates, A= Control cells, B= H,0,,
C=LYC (15uM), D= INU (2pg/ml), E= CS-C-LP, F=CS-I-LP, G= CS-LYC-LP and H= CS-

LYC-I-LP treated cells.

5.4.11 Cell death by apoptosis

To investigate whether the reduction in cell viability by CS-C-LP, CS-I-LP, CS-LYC-LP,
and CS-LYC-I-LP was connected with apoptotic cell death, Annexin V/PI staining method
was studied. H,0, treated cells as positive control and untreated cells as negative control. In
the Fig 5.14a, total apoptotic (early and late) population of cells treated with free LYC, free
INU, H,0O, were 42 + 0.56, 38 £ 0.99 and 55+ 0.68% respectively. However, after treatment
with nanoliposomes, CS-LYC-I-LP shows a promising apoptotic induction similar to
positive control as total apoptotic rate (early and late apoptosis) shows 51 + 0.87%. For

comparison, LYC and INU as such taken for the cell treatment. Both LYC and INU induce
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cellular death by inducing apoptosis. The nanoliposomes, CS-LYC-I-LP possess a
synergetic effect of LYC and INU on cells to promote higher programmed cell death. All the
developed samples were demonstrating that nanoliposomes induced HCT 116 cell apoptosis,

but not necrosis.

(a) Annexin V-FITC

= Necrotic cells
= Living cells

= Early apoptosis
= Late apoptosis

Fig 5.14: Nanoliposomes activates apoptosis in HCT 116 cells was analysed by flow
cytometric method. A-Control cells, B- Positive control cells, C-LYC (15uM), D-INU
(2pug/ml), E- CS-C-LP, F-CS-I-LP, G- CS-LYC-LP and H- CS-LYC-I-LP treated cells. In
the figure (a), represent the cell sorted graph based on Annexin V-FITC staining. In bar
diagram (b) represent the percentage evaluation of necrotic cells, live cells early and late

apoptotic cells.
5.5 Conclusion

Fabrications of chitosan coated liposomes were successfully carried out for the delivery of

LYC to the colon region. The results showed that the developed liposomes possess size
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ranges in nano scale, better PDI and increased zeta potential. The encapsulation efficacy
shows better incorporation of LYC in liposomal system. The in vitro release of LYC under
stimulated gastric conditions shows very low LYC release kinetics for the chitosan coated
liposomes in three stimulated gastro-intestinal fluids with different pH. The CS coating of
those liposomes led to further controlled LYC release and, higher mucoadhesiveness.
Subsequently, chitosan-coated liposomes appeared to exert antiproliferative effect on colon
cancer cells. The results suggest a synergetic effect of LYC and INU in encapsulated
liposomes (CS-LYC-I-LP sample) in demonstrating higher antiproliferation and apoptotic
effect in HCT116 cells. The CS coated Liposomes would be a promising delivery system aid
the controlled release of LYC for colon targeted therapeutic strategies. However, more
studies are warranted to understand the mode of action by which the LYC is released in
colon region. The prebiotic effect of INU in the liposomes needs to be studied further by in
vitro prebiotic studies and in vivo studies. In vivo studies are warranted to conclusively
elaborate the actual benefit of the developed system, which definitely is much more

promising as indicted in the present study.
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The key findings were summarized below:

>

>

LYC was successfully incorporated in CS coated liposomal system

Chitosan coating increased mucoadhesive property of liposomes

The in vitro release of LYC, under stimulated gastric conditions, showed excellent
retention of LYC

The chitosan coated liposomes induced apoptosis in colon cancer cell (HCT 116)
These oral liposomal formulations could be used for colon targeted therapeutic
strategies

Further studies (in vitro and in vivo) are necessary to understand exact mechanism by
which the LYC is released in colon region and to understand the combined benefits

of LYC and INU
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LYC is one of the most important members of the carotenoid family with a tetraterpene
structure. The unique structure of LYC is responsible for the bright red in many fruits and
vegetables. It is associated with high antioxidant activity with wide variety of beneficial
effects in the prevention and treatment of various diseases like diabetes mellitus,
cardiovascular diseases, cancers, skin and bone ailments, neurological disorders, etc. LYC
exhibits highest singlet oxygen quenching ability among all other carotenoids. LYC interacts
with reactive oxygen species in mitigating their damaging effects on cellular biomolecules
and play a significant role in preventing these diseases, thus presenting a potential candidate

for nutraceutical and functional food applications.

During normal metabolic processes, cells produce free radicals in physiological level and
cells also produce innate antioxidants that neutralize these free radicals. There are numerous
factors that mainly include diet and lifestyle, which leads to oxidative stress formation by
excess free radical production in the cells. These Oxidative stress is a resultant of the
imbalance between oxidative and antioxidative mechanism in cells, which plays a vital role
in the pathogenesis of numerous chronic disorders. ROS accumulation in the cells is the
basic factor responsible for most of the chronic diseases development. Dietary antioxidants
are known to play a significant role in curtailing the detrimental effects of ROS. The present
study is designed to elucidate the role of LYC as an antioxidant and prooxidant for the
management of stress mediated disease conditions using in vitro studies.

With this back ground the present investigation entitled “Nutraceutical potential of
lycopene in management of oxidative stress mediated disease conditions' focussed on
(1) investigating the antioxidant potential of LYC-rich tomato peel extract (ETE) against
stress-induced L6 myoblast cells (2) Evaluate the role of LYC in mitigation of acrylamide
(ACR) and glycidamide (GLY) induced toxicity in HepG2 and elucidate the role of LYC in

ACR/GLY induced cell death via ROS-regulated mitochondrial dysfunction (3) To study the
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antitumorigenic effect of LYC in colon cancer cell line ( HCT 116 cells) via suppressing
P13/AKT/mTOR signalling (4)To Develop LYC incorporated nanoliposomes for colon
targeted delivery and to conduct preliminary study on its antitumorigenic effect in colon
cancer cells (HCT 116).

Chapter 1 gives a general introduction and review of literature about Lycopene, stress
related diseased conditions and colon targeted delivery system

Enzyme assisted extraction of lycopene from tomato peel extract and evaluation of

antioxidant potency against oxidative stress in L6 myoblast

The role of LYC as a powerful antioxidant against different disease conditions is well
established and there is an increasing interest in developing LY C-containing supplements,
nutraceuticals, and functional foods. Tomato is one of the major sources of industrial
production of LYC. The tomato processing industry generates significant amounts of by-
products, consisting of tomato peel and seeds which could be exploited as a source of LYC
with a circular economy point of view. Based on the previous reports that enzyme
pretreatment improves the extraction of active ingredients (mainly carotenoids) from tomato
peel, CSIR-NIIST has optimized a process for the enzyme assisted extraction of LYC rich
oleoresin (ETE) from tomato peel. Chapter 2 summarizes antioxidant potential of this LYC
rich tomato peel extract (ETE) against stress induced skeletal muscle cell (L6 myoblast).
ETE was found to help in normalization of ROS, DNA protection and restoring
mitochondrial membrane potential of L6 cells which was pre-treated with H,O, for
induction of stress. The potential of ETE to protect cells from oxidative damage was
investigated in terms of cytotoxicity (MTT assay), reactive oxygen species (ROS) by 20, 70-
dichlorofluorescindiacetate (H2DCFDA), DNA damage (ladder assay, 8-0x0-dG), Hoechst
33342 nuclear staining, mitochondrial stability by ATP production and mitochondrial

membrane potential by Rhodamine 123 staining. It was observed that treatment of cells with
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ETE significantly increased cell viability, decreased ROS production, reduced DNA
fragmentation, chromatin condensation & 8-0x0-dG, increased ATP levels and
mitochondrial membrane potential. This study demonstrated the effectiveness of extract,
ETE, in counteracting redox imbalance under condition encountered in most of the disease
conditions by modulating the cellular antioxidant status. The results provide significant
evidence for the potential of antioxidant rich tomato peel extracts against mitochondrial and

DNA damage induced by oxidative stress-mediated pathophysiology .

Role of Lycopene in Mitigation of Acrylamide/ Glycidamide induced Hepatotoxicity

(HepG2 cells)

Oxidative stress induced in the cells on exposure to food toxicants such as acrylamide
(ACR) creates an imbalance between physiological reactive oxygen species (ROS) level and
detoxification by antioxidant enzyme system leading to cytotoxicity and genotoxicity.
Acrylamide is a heat induced food toxicant found high temperature processed foods such as
deep fat fried, baked, extruded and coffee bean-based products. Long term exposure to ACR
is reported to induce genotoxicity and mutagenicity. Chapter 3 deals with the role of LYC
in mitigating the oxidative stress developed in cells on exposure to Acrylamide (ACR) and
its metabolite Glycidamide (GLY). The study demonstrated the cytoprotective potential of
LYC (10 pM) in attenuating ACR and GLY (500 uM, each) induced cytotoxicity in HepG2
cells. HepG2 cells on pre-treatment with LYC could protect the cells from oxidative stress
induced by exposure to ACR and GLY. The protective effect of LYC seems to be mediated
by inhibiting intracellular ROS generation, enhance the activity of antioxidants enzymes
superoxide dismutase (SOD), catalase (CAT) and glutathione (GSH) level, with reduction in
malondialdehyde (MDA) and 8-0xo-dG level. Together, the results from the study suggested

that the LYC from natural products can protect HepG2 cells against ACR and GLY -induced
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oxidative damage by ameliorating the oxidative stress through enhancement of cellular

antioxidant defence mechanism.

Lycopene regulates colon tumorigenesis via suppressing ROS mediated P13/Akt/mTOR

signalling in HCT 116 cells

LYC is reported to exhibit both antioxidant and prooxidant property depending on the
cellular conditions. The use of pro-oxidant agents is emerging as an exciting strategy for the
selective target of tumor cells. This study investigated the multi-target mechanisms of LYC
against colon cancer cells HCT 116 by evaluating the mitochondrial mediated apoptosis and
abnormal regulation of the phosphoinositide 3-kinase/ Akt/ mTOR survival signalling
pathway. Chapter 4 summarizes the role of LYC as a prooxidant in inducing colon cancer
cell death by apoptosis via inhibiting P13K/AKT/mTOR signalling cascade. The LYC
(15uM) treated cells were evaluated for intracellular reactive oxygen species (ROS) level,
antioxidant enzymes such as CAT and GSH activity, mitochondrial membrane potential,
caspase 3 and 9 expression, and flow cytometric analysis of apoptosis by Annexin V-
FITC/PI. The anti and pro apoptotic proteins and PISK/AKT/mTOR cascade protein
expression was investigated by Western blot analysis. Data showed that LYC significantly
inhibited the cells viability in dose dependent manner at which 15uM exhibited 56 + 0.91%
cell death, elevated intracellular ROS level of 32.6 + 0.20 %, which leads to a decrease in
CAT and GSH levels. ROS mediated mitochondrial membrane potential (Aym,) loss was
higher at 15uM, of 55.4 + 0.34%. LYC resulted in externalization of phoshpotidylserine in
HCT116 cells suggesting that LYC induced mitochondrial- mediated apoptosis via
augmentation of intracellular ROS with apoptotic rate of 54 + 0.5%. Western blot assays
results further confirmed LYC induced ROS mediated, caspase-dependent apoptosis by

increased Bax and decreased Bcl-2 expression and a suppression in PIBK/AKT/mTOR
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signalling proteins. The downregulation of the PISK/AKT/mTOR pathway is crucial in
human oncogenesis, and as a chief effector of this signalling pathway, mTOR is broadly
associated with cell transformation, proliferation, and survival. With increasing LYC
concentrations the expression levels of p-PI3K, p-AKT and p-mTOR were significantly
downregulated in HCT 116 cells in dose dependent way. Data suggest that LYC induced
ROS-mediated cell cycle arrest and apoptosis through mitochondrial pathway accompanying
with caspase-dependent cell death by inhibiting PISBK/AKT/mTOR cascade in human
colorectal cancer HCT116 cells. Cell cycle analysis was also investigated and the results
showed a G2/M phase arrest in HCT 116 cells. The Results suggested that, in addition to its
antioxidant activity, lycopene also exhibit prooxidant activity by inducing ROS production
in cells and thereby inhibit cell proliferation, cell cycle progression, and apoptosis induction,

via regulating of PI3K/Akt/mTOR signal transduction pathways.

Development and characterization of chitosan coated lycopene nanoliposomes with inulin

for colon delivery

.Nanoliposomes are reported to improve time-controlled drug releasing, and reduce the
adverse effects of drugs in vitro and in vivo. One of the major drawbacks of liposomes as a
carrier system is their fast removal from blood circulation and they are physically unstable,
which depends on several factors which lead liposomal fusion, hydrolysis, degradation, and
oxidation of phospholipids. Polymer coating is promising way to improve liposome
applicability by change the surface characteristics of liposomes. Here we attempted to
fabricate encapsulated liposomal formulations, Lycopene liposomes (LYC- LP) for colon
delivery with improved stability for prevention and management of colorectal cancer.
Chapter 5 summarizes the development of chitosan coated LYC/INU (inulin) incorporated

nanoliposomes, its gastro intestinal release and preliminary studies on its effect in colon
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cancer cells (HCT 116). Chitosan-coated nanoliposomes were prepared using thin-film
hydration method, as a practical oral delivery system for the encapsulation of LYC. The
chitosan coated liposomal formulations (CS-C-LP, CS-I-LP, CS-LYC-LP, CS-LYC-I-LP)
had a marked positive charges, which makes it possible to attach to the negative charged
tumour cells leading to the inhibition of cellular growth as confirmed by mucin adsorption
study. The average size of LYC and INU nanoliposomes (CS-LYC-I-LP) was 365 nm, with
PDI value 0.54, and that was more easily entrapped into tumour cells. CS-LYC-I-LP showed
much slower in vitro LYC release at all the stimulated phases (SSF, SGF, and SIF) in in
vitro digestion method (0.2 = 1.01, 0.3 £ 0.06, and 0.9 £ 0.02%), which ensured colon
targeted delivery. The developed liposome CS-LYC-I-LP exhibit a higher apoptotic rate in
colon cancer cells (HCT 116) of 51 + 0.87 %. The preliminary studies on developed
liposomes indicates that the proper coating of liposomes with CS can not only improve
gastrointestinal stability and colon target delivery of LYC, but also improved the antitumor
efficacy in cancer cells, hence it is a most promising carrier system for lipophilic compounds
like LYC for colon targeted delivery.

Nutraceuticals in numerous forms, including tablets, syrups, gums, and capsules, have fast
become a staple in the healthcare market. It provides benefits in the prevention and
treatment of various diseases. Results from the studies indicated that LYC is a promising
antioxidant and prooxidant activity against ROS mediated cellular damages that leads to the
development of chronic disease conditions. As a natural antioxidant, LYC can be used as an
excellent nutraceutical against various stress related disease conditions. Nutraceuticals
cannot replace pharmaceuticals but can be a strong high-value tool for prevention and aid in

therapy of some pathological conditions.
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Conclusions

» Enzyme assisted tomato peel extract (ETE) enriched with LYC helps acts as a potent
antioxidant source which protects the L6 cells from hydrogen peroxide induced
oxidative damage.

» ETE (100 pg/mL) could counteract redox imbalance under stress induced conditions

encountered in most of the diseases.

» LYC (10 uM) was found to attenuate ACR and GLY (500 pM.) induced cytotoxicity

in HepG2 cells by modulating cellular antioxidant status.

» LYC (10 pM.) alleviates ACR and GLY induced apoptosis via modulating ROS-

mediated mitochondrial dysfunction in HepG2 cells

» LYC (15 pM) increases the ROS level in cells and decreases antioxidant enzyme

activity as a pro-oxidant in HCT 116

» LYC (15uM) triggered mitochondrial mediated apoptosis in HCT 116 cells by

inhibiting PIBK/AKT/mTOR signalling pathway

» CS coated nanoliposomes with successfully incorporation of LYC in liposomal
system was fabricated for colon delivery. The CS coated nanoliposomes exhibit
excellent LYC retention (0.9 = 0.02% LYC release),) under stimulated gastric
conditions.

» Chitosan coating on liposomal surface increased mucoadhesive property of
liposomes, which helps in cell mediated liposomal entry

» The chitosan coated liposomes induced cell death by apoptosis in colon cancer cell
line (HCT 116), therefore these oral liposomal formulations could be used for colon

targeted therapeutic strategies
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Future aspects

» The exploitation of Tomato peel as a source of natural antioxidants for developing
functional foods/nutraceutical products based on waste to wealth concept needs to
explored further

» Supplementation of LYC, a natural antagonist of ACR and GLY, through diet could
mitigate the side effects caused by the consumption of high-temperature processed
foods. Further in vivo studies are warranted to substantiate these findings.

» The study propose LYC as a potential candidate for the prevention and management
of CRC, which can inhibit the proliferation of CRC cells and induce apoptosis by
inhibiting the PI3BK/AKT/mTOR signalling pathway. Further in vivo studies are
warranted to substantiate these findings.

» The combined the benefits of LYC and INU needs to be further established using in
vitro and in vivo models. The exact mechanism by which the LYC is released in
colon region needs to be established further. The impact of prebiotic potential of
INU on the activity of LYC needs to be investigated using in vitro and in vivo

models.

[ Enzyme assisted LYC LYC against ACR/GLY | | LYC activate apoptosis |[ LYC and INU loaded
extraction from Tomato peel induced stress in HepG2 in HCT 116 cells nanoliposome
= cells
= ¥ 4
w ROS
ETE ' LYC against ACR/GLY
induced apoptosis in P13K/AKT/mTOR Apoptosis induction
l HepG2 cells protein expression by in HCT 116 cells
Antioxidant activity of ETE Imminoblotting @
against stress induced L6 l/ TR 1
cells =z o | )
Apoptosis D=t -8
\ sl i ) N 2%

Fig 8.1 Graphical representation of chapters which brief demonstration of the work flow.
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APPENDIX

List of Instruments

Instruments Manufacturer

Homogenizer T25 D S22 Digital ultra turrax, 1KA

private limited, Bengaluru, India

Micro-plate reader Synergy 4 Biotek, USA

UV Spectrophotometr Shimadzu, Japan

Gel electrophoresis system Bio-Rad Laboratories, Germany

Zetasizer Malvern Instruments Ltd., UK

FTIR spectrophotometer Perkin Elmer, USA

HPLC Shimadzu, Japan

FACS BD FACS Aria Il, BD Bioscience, USA

Fluroscent Microscopy Olympus fuorescence microscope 1X83,
USA

Confocal Microscopy Pathway 855, BD Bioscience, USA

Gel Doc Bio-Rad Laboratories, Germany

Color Spectrophotometer Hunder Lab, ColorFlex, Virginia

Refrigerated Centrifuge Beckman Coulter, Pasadena, CA, USA
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Disease management with the application of natural dietary products has been an
opportunity for prophylactic and therapeutic use for different disease conditions. When free
radicals are generated beyond the limit of inherent antioxidant system to tackle, free radicals
can damage cellular biomolecules leading to onset of chronic disease conditions.
Consumption of diets rich in antioxidants such as lycopene (LYC), which is a major
carotenoid found in red fruits, is known to protect from free radical exposure and oxidative
stress, and growing evidences suggest that dietary bioactive components could mitigate the
oxidative damage. In the present study, we attempted to shed light on the protective effect
LYC in cells on tackling oxidative stress induced by different conditions, using in vitro
model. Chapter 1 gives a general introduction and review of literature about LYC, stress
related diseased conditions and colon targeted delivery system. In the first experimental
chapter (chapter 2), LYC enriched fraction (ETE) obtained by cell wall degrading enzymes
from tomato peel was used to screen its antioxidant potential against stress induced L6
myoblast cells. ETE demonstrated promising antioxidant activity by normalization of ROS,
reduced DNA fragmentation, chromatin condensation & 8-0x0-dG, increased ATP levels
and mitochondrial membrane potential. In chapter 3, the role of LYC in mitigation of
oxidative stress induced by exposure to food toxins (acrylamide and glycidamide) was
investigated in HepG2 cells. In this study, LYC was found to attenuate ACR and GLY
induced cytotoxicity by modulating cellular antioxidant status and also alleviates ACR and
GLY induced apoptosis via modulating ROS-mediated mitochondrial dysfunction in HepG2
cells. LYC is also reported to possess pro-oxidant property in cells, according to the cellular
conditions. Therefore, the chapter 4 focused on anticancer ability of LYC as a pro-oxidant in
HCT 116. Study showed that LYC increased the ROS level with a reduction in antioxidant
enzyme activity that triggered mitochondrial mediated apoptosis in HCT 116 cells by
inhibiting PI3K/AKT/mTOR signalling pathway. Further to this, LYC was incorporated in a
liposomal system coated with chitosan for the colon delivery which forms the content for
chapter 5. The key point of this study is that, supplementation of LYC, a natural antagonist

could mitigate the development and progression of stress mediated disease conditions.
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Lycopene rich extracts (ETE) were prepared by enzyme assisted extraction of tomato peel. Oxidative
damage was induced in L6 myoblasts by exposing cells to H,0, in presence and absence (control) of
ETE. The potential of ETE to protect cells from oxidative damage was investigated in terms of cytotoxicity
(MTT assay), Reactive oxygen species (ROS) by 2, 7'-dichlorofluorescindiacetate (H,DCFDA), DNA damage
(ladder assay, 8-oxo-dG), Hoechst 33342 nuclear staining, mitochondrial stability by ATP production and
mitochondrial membrane potential by Rhodamine 123 staining. It was observed that treatment of cells
with ETE significantly increased cell viability, decreased ROS production, reduced DNA fragmentation,

fzmz;d:eel chromatin condensation & 8-oxo-dG, increased ATP levels and mitochondrial membrane potential.
Enzyme assisted extraction Results indicated that ETE could protect cells from H,0, induced oxidative damage significantly as com-
Lycopene pared to control. These results depicted the antioxidant potential of tomato peel extract which can coun-
Free radicals teract the redox imbalance in cells induced by oxidative stress condition.

Oxidative damage

1. Introduction

Oxidative stress develops due to rise in free radical production
and can exceed the antioxidant capacity of the normal biological
system. The majority of free radicals that damage cellular system
are oxygen-free radicals, generally known as ‘reactive oxygen spe-
cies’ (ROS). Aerobic organisms have their own well-organized
enzymatic and non-enzymatic self-defensive system against
oxidative stress to maintain cellular homeostasis (Datta, Sinha, &
Chathopathay, 2000). Excess ROS production, broadly damage the
cellular biomolecules (Neeley & Essigmann, 2006) and finally con-
tribute to the pathogenesis of several oxidative stress related dis-
eases including cancer, heart failure, lung disease, diabetes,
neurodegenerative disorders, aging and rheumatoid arthritis
(Devasagayam et al, 2004). The antioxidants play a crucial role
in scavenging the active free radicals before they attack vital bio-
molecules by donating hydrogen atom. H,0,, being a chief contrib-
utor to oxidative damage, is transformed from superoxide that
leaks from the mitochondria. Interestingly, low physiological levels
of reactive oxygen species are required for normal functioning of
skeletal muscle (Droge, 2002), but high ROS levels promote con-
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tractile dysfunction resulting in muscle weakness and fatigue
(Powers & Jackson, 2008). Skeletal muscle cells with higher ROS
can cause pathogenesis and lead to different muscular degenera-
tion and other related diseased conditions including diabetics mel-
litus, aging etc (Dhanya et al., 2015)

Polyphenols are the most abundant antioxidants in the diet.
Various biological effects of polyphenols in fruits and vegetables
have been reported in the past two decades (Martinez-Valvercle,
Periage, & Provan, 2002). Tomato (Lycopersicon esculentum) is one
of the most important vegetables with a global production of 126
million tons in 2012 (FAOSTAT, 2012). It is a good source of various
nutrients and secondary metabolites that are necessary for human
health such as mineral matter, vitamins E, vitamin C, lycopene, -
carotene, flavonoids, phenolics and organic acids (Al-Wandawi,
Abdul Rehman, & Al Shaikhly, 1985). Food by-products usually
characterize an environmental problem for the industry. Various
studies have been carried out on the possible consumption of sev-
eral vegetable origin by-products for their inclusion in the human
diet, which could reduce industrial costs providing a correct solu-
tion for the pollution problem connected with food processing
(Singh & Goyal, 2008). Tomato processing industries generate a
huge amount of residue in the form of peel, seeds, pomace etc
(Shalini, Jyoti, Neetu, & Charanjit, 2015). Studies have reported that
tomato peel contains high levels of lycopene, about five times more
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than that of pulp and seeds (Sharma & Le Maguer, 1996), which
represents more than 85% of the total carotenoids. Recent epidemi-
ological studies have shown that supplementation of diets rich in
lycopene is related to reduce risk of many chronic diseases
(Prakash, Gupta, & Sharma, 2012).

Despite of these advantages, carotenoids recovery from this
material is not simple, as revealed by the low yields achievable
with conventional solvent extraction procedures (Bushra, Anwar,
& Ahraf, 2009). The reasons are to be found in the compactness
of the material, which hinders solvent penetration and the possible
degradation of the carotenoids during recovery. Enzymes catalyz-
ing the cleavage of cell-wall polysaccharides have been effectively
utilized to help the release of vegetable oils (Hanmoungjai, Pyle, &
Niranjan, 2002), non-volatile aroma precursors (Bautista Ortin,
Martinez Cutillas, Ros Garcia, Lopez Roca, & Gomez Plaza, 2005),
phenols (Pinelo, Zornoza, & Meyer, 2008) and carotenoids
(Barzana et al, 2002) from plant materials. The food-grade
enzymes with pectinolytic, cellulolytic and hemi cellulolytic activ-
ities were capable of considerably enhancing lycopene recovery
from tomato skins (Choudhari & Ananthanarayan, 2007). With
respect to above considerations, we have explored the feasibility
of using cell-wall degrading enzymes as a way for improving caro-
tenoid extraction from tomato peel.

Based on the previous reports that enzyme pretreatment
improves the extraction of active ingredients (mainly carotenoids)
from tomato peel, we carried out preliminary experiments to opti-
mize the conditions (types of enzyme, incubation time, tempera-
ture etc) for enzyme assisted extraction of carotenoids from
tomato peel (data not published). On evaluation using various bio-
chemical assays it was found that the extract prepared by enzyme
pretreatment exhibited better activity than that of the control
without enzyme pretreatment (data not published). Therefore, in
this work we aimed to evaluate the beneficial role of enzyme
assisted tomato peel extracts in protecting DNA damage and mito-
chondrial membrane potential from ROS induced by H,0, in L6
muscle cells.

2. Materials and methods
2.1. Chemicals and reagents

Cellulase (EC 3.2.1.4) and pectinase (EC 3.2.1.15) enzymes were
purchased from Sigma-Aldrich (St Louis, MO, USA), both derived
from a selected strain of Aspergillus niger. The claimed activity of
cellulase is 1.08 U/mg where, one unit will liberate 1.0 pmol of glu-
cose from cellulose in one hour at pH 5.0 at 37 °C. The claimed
activity of pectinase is 1.02 U/mg where, one unit will liberate
1.0 pmol of galacturonic acid from poly- galacturonic acid per hour
at pH 4.0 at 25°C. Folin-Ciocalteu reagent, sodium carbonate,
2,2-diphenyl-1-picrylhydrazyl (DPPH), Hydrogen peroxide (H,0,),
Triton X, Ethylenediaminetetraacetic acid (EDTA), Sodium chloride
(NaCl), Tris-HCl, perchloric acid, potassium hydroxide (KOH) were
obtained from MERK. Gallic acid, Dulbecco’'s Modified Eagle’s
Medium (DMEM), Dimethyl sulfoxide (DMSO), 2,7-
Dichlorodihydrofluorescin diacetate (DCFH-DA), Fetal Bovine
Serum (FBS), Ethidium bromide, 1Kb DNA ladder, Glycerol,
Hoechst 33342, Adenosine Triphosphate (ATP), 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT),
Bromophenol Blue, Rhodamine123 dye, Agarose for electrophore-
sis and Mammalian genomic DNA isolation kit were purchased
from Sigma-Aldrich Chemicals (St Louis, MO, USA). DNA/RNA
Oxidative damage ELISA kit was purchased from Cayman
chemicals (MI-USA). Trypsin-EDTA, Antibiotic-antimycotic were
purchased from Gibco Invitrogen (Carlsbad, CA, USA). All the
chemicals used were of high quality analytical grade chemicals.

2.2. Sample preparation

2.2.1. Enzymatically assisted lycopene extraction

Tomatoes (Solanum lycopersicum L.) were purchased from local
market of Trivandrum district of Kerala, Inda. After removal of
damaged parts and washing, whole tomato fruits were immersed
in warm water (80 °C) for 2 min. Then they were cooled under
tap water, hand peeled and the peel was freeze dried (VirTis gene-
sis 25EL, USA). It was then extracted using the following pre-
optimized conditions

Enzymes pretreatment - Cellulase at 20 U/g, pectinase at 30 U/g,
50 °C for 60 min under dark.

Extraction of lycopene - After the pretreatment with enzymes,
the lycopene was extracted with petroleum ether, thrice in a sep-
arating funnel for 20-25 min each time and allowed to stand for
10 min. Upper nonpolar phase which contains lycopene were
pooled together and filtered. It is made up to known volume and
analyzed for lycopene content spectrophotometrically.

A control without enzyme was also carried out simultaneously
(CTE). The amount of lycopene was calculated using the specific
extinction coefficient (E=3450 in petroleum ether) (Ranganna,
1997).

L (A x dil.factor x mL x 10)
ycopene(mg) = ~————————————*
E"1cm

where A - absorbance of the solution in 1 cm cuvette, dil - dilution
factor, mL - total mL of the sample and E1%1 cm, specific extinction
coefficient for lycopene in petroleum ether.

The solvent was then evaporated off to get the oleoresin (CTE
and ETE respectively for control and enzyme assisted extracts)
which is used for further biological efficacy studies.

2.3. Determination of total phenol content

Total phenol content in tomato peel extracts CTE and ETE
(Enzyme assisted tomato peel extract) were measured by the
Folin-Ciocalteu method (Singleton & Rossi, 1965). Briefly, 20 uL
of samples were mixed with Folin-Ciocalteu reagent followed by
the addition of sodium carbonate (7.5%, w/v) and mixed, allowed
to stand for 90 min at room temperature and absorbance was mea-
sured against the blank at 750 nm using multimode reader (Syn-
ergy Biotek). Total phenol content of the extract was expressed
in terms of milligrams of gallic acid equivalents per gram sample
(mg GAE/g).

2.4. DPPH radical scavenging assay

The antioxidant activity of tomato peel extract ETE was mea-
sured by the DPPH radical scavenging assay as reported earlier
(Yen & Duh, 1994) with slight modifications. DPPH assay consti-
tutes a rapid and low cost method, which has commonly been used
for the evaluation of the anti-oxidative potential of diverse natural
products. The extracts of different concentrations in methanol
were mixed with 0.2 mM methanolic solution of DPPH. The mix-
ture was shaken vigorously and left to stand for 30 min in dark
at room temperature, and the absorbance was then measured at
517 nm against the corresponding control.

Absorbance of Control — Absorbance of Sample

o
7% Inhibition = Absorbance of Control

x 100

2.5. Cell culture and treatment conditions

Skeletal muscle cell has been reported as in vitro model to study
the effect of ROS production on the biomolecular system and the
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cellular machinery (Dhanya et al, 2015; Maurya et al, 2015).
Therefore rat skeletal muscle cells, L6 myoblast, were used in the
present study. These cells were obtained from NCCS, Pune and
were cultured in Dulbecco’s modified Eagle's medium (DMEM)
supplemented with 10% Fetal bovine serum and 0.5% Antibiotic-
antimycotic at 37 °C in a humidified atmosphere containing 5%
CO,. Petroleum ether used for extraction procedure was removed
by vacuum and reconstituted in 50% DMSO. Prior to the cell based
assays, it was further diluted in such a way that the final concen-
tration of DMSO was less than 0.1%. Cells were grown at density
of 1 x 10* cells/well on 96-well black plate (Becton Dickinson Bio-
science) and 12-well plates for staining and Fluorescence Activated
Cell Sorter (FACS) analysis.

2.6. Cell viability assay

Cytotoxicity of the extract and H,0, were standardized based
on the concentration using MTT assay (Mosmann, 1983). L6 myo-
blast cells were treated with different concentrations of the
extract, ETE (30-150 pg/mL) and H,0, (10-500 uM) for 24 h and
20 min respectively. After treatment, cells were incubated with
MTT reagent (0.5g/L) for 4h. Mitochondrial dehydrogenase
enzyme, which is active only in live cells, reduces the yellow dye,
MTT to purple formazan crystals. The formazan crystals were dis-
solved in DMSO and the absorbance was read at 570 nm using mul-
timode reader (Synergy 4 Biotek multiplate reader, USA).

For evaluating how ETE protect L6 cells against H,0, induced
oxidative stress, the cells were first treated with different concen-
trations of tomato peel extract, ETE (20-100 pg/mL) and incubated
at 37°C for 24h followed by treatment with 100 uM H,0»
(20 min). Cells without treatment were used as negative control
and 100 pM H,0, alone treated cell were used as positive control.
After treatment, cell viability was determined as above. Each assay
was carried out three times, and the results were expressed as the
mean + SD. The percentage viability was calculated as

The absorbance of test

The absorbance of control %100

% cell viability =

2.7. Intracellular reactive oxygen species (ROS) levels

The effect of ETE on intracellular ROS levels was measured using
DCFH-DA as described by Cathcart, Schwiers, and Ames (1983 ). The
cells were preincubated with different subtoxic concentrations of
ETE followed by H,0,. Cells were incubated with DCFH-DA for
20 min and imaged with Fluorescent microscope (Pathway 855,
BD Bioscience, USA) equipped with filters in the range, excitation,
490 nm; and emission, 525 nm. The fluorescent intensity was mea-
sured by multimode reader. Quantification of ROS production by
cells was also determined by measuring the intracellular DCF fluo-
rescent intensity by flow cytometer (BD FACS Aria 11, BD Bioscience,
USA).

2.8. DNA protection studies

2.8.1. Nuclear staining with Hoechst 33342

The nuclear morphology of the cells were observed using the
cell-permeable DNA dye, Hoechst 33342 for checking the presence
of chromatin condensation in nucleus (Hickman, 1992). After incu-
bation with ETE and H,0,, L6 cells were stained with Hoechst
33342 (10 pg/mL) for 10 min at 37 °C followed by washing with
PBS for 3 times and the nuclei were observed under a confocal flu-
orescence microscope (Pathway 855, BD Bioscience, USA) to exam-
ine the degree of nuclear condensation.

2.8.2. DNA fragmentation assay

DNA fragmentation assay was carried out by gel electrophoresis
(Chandna, 2004) for determining the genomic DNA protection abil-
ity of ETE against H,0, induced oxidative stress. After the treat-
ment with ETE followed by H,0, as described earlier, the cells
were pelleted. It was then lysed in 0.5 mL lysis buffer (10 mM
Tris-HC, pH 8.0, 20 mM EDTA, and 0.2% Triton X-100) and incu-
bated at 37°C for 60 min. After centrifugation, chromosomal
DNA in the supernatant was extracted with ethanol and 4 M NaCl
at —20°C for overnight. DNA was pelleted by centrifugation and re-
suspended in Tris-EDTA buffer. It was then subjected to elec-
trophoresis in 1.8% agarose gel (60V), stained with ethidium bro-
mide, and visualized under UV light.

2.8.3. Estimation of 8-oxo-2'-deoxyguanosine (8-oxo-dG)

The effect of ETE on oxidative DNA damage induced by 100 pM
H,0, was measured using 8-oxo-dG assay. The cells were pre incu-
bated with different subtoxic concentrations of ETE followed by
exposure to H,0,. Cells were trypsinized and DNA was isolated
by using mammalian genomic DNA isolation kit. The level of 8-
oxo-dG, marker of oxidative damage of DNA in the cell, was deter-
mined by DNA/RNA Oxidative damage ELISA kit (Gan et al., 2012).
The estimation of 8-oxo-dG generated in the samples was carried
out spectrophotometrically at 410 nm.

2.9. Mitochondrial protection studies

2.9.1. Mitochondrial membrane potential

A major response to oxidative stress is loss of mitochondrial
membrane potential and dysfunction. Mitochondrial membrane
potential (A¥Wm) was determined using Rhodamine 123, a cationic
fluorescent indicator that selectively accumulates within mito-
chondria in a membrane potential dependent way (Zhang &
Wang, 2008). Protection of mitochondrial membrane potential
requires a proton motive force which is generated through respira-
tion by ATP hydrolysis via ATP synthase. Following ETE treatment
and stress induction, the cells were directly incubated with 2 pM
Rhodamine 123 for 25 min in the dark, followed by rinsing with
several changes of PBS, fluorescence was detected by FACS Aria Il
(BD Bioscience, USA). A reduction in green rhodamine 123 fluores-
cence indicates reduced A¥m.

2.9.2. Adenosine triphosphate (ATP) production by HPLC analysis

Levels of ATP, an indicator of the energy state in living cells, are
dependent mainly on mitochondrial function. In L6 cells, mito-
chondrial protection activity of extract against oxidative stress
was determined by measuring ATP levels using HPLC method
(Liu, Jiang, Luo, & Jiang, 2006). After treatment, the cells were tryp-
sinized and centrifuged at 800g for 3 min and the pellets were sus-
pended in 4% perchloric acid on ice for 30 min. The pH of the
lysates was adjusted between 6 and 8 with 2 M KOH. Precipitated
salt was separated from the liquid phase by centrifugation at
13,000g for 10 min at 4 °C. ATP was quantified on a Prominence
HPLC system (Shimadzu, Japan) containing LC-20 AD system con-
troller, Phenomenex Gemini C18 column (250 x 4.6 mm, 5 um), a
column oven (CTO-20A), a Rheodyne injector (USA) with a loop
of 20 pL volume and a diode array detector (SPD-M20A). A buffer
20 mM KH,PO4 and 3.5 mM K;HPO4-3H,0 (pH 6.1) was used as
the mobile phase. The flow rate was 1.0 mL/min, the injection vol-
ume was 20 pL and column was at room temperature. The frac-
tions were monitored at 259 nm. Sample peaks were identified
by comparing with retention times of standard peaks. LC Lab Solu-
tions software was used for data acquisition and analysis.
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2.9.3. Statistical analysis

All the experiments were repeated three times and results were
expressed as means + standard deviations of the control and trea-
ted cells. The obtained results were subjected to one-way ANOVA
and the significance was calculated by Duncan’s multiple range
test, using SPSS 16.0 and significance was accepted at p < 0.05.

3. Results

Studies have shown that antioxidants like flavonoids, polyphe-
nolics, and vitamins from plant sources play vital role in evading
cells and biomolecules from oxidative stress (Prasad, Srinivasan,
Pugalendi, & Menon, 2006). The present study investigated free
radical scavenging activity of tomato peel extract and its ability
to protect cells from oxidative damage induced by H,0,, in L6 cells.
Antioxidants in extract assumed to be responsible for the scaveng-
ing activity of reactive oxygen species (ROS), resulting in the pro-
tection against DNA and mitochondrial damage induced by the
oxidative stress.

3.1. Estimation of lycopene content in the ETE

The lycopene content of CTE and ETE (tomato oleoresin) were
3.82+0.13% and 4.9 +0.31% respectively. As can be seen the
enzyme assisted extraction improved the extraction of lycopene
from tomato peel significantly. This may be due to the fact that
on pretreatment of tomato peel with enzymes, cell wall compo-
nents are degraded which may assist in the release of intracellular
contents. Pretreatment of tomato peel with cellulase and pectinase
under optimized conditions has been reported to increase the yield
of lycopene extraction by 107 and 206, respectively (Choudhari &
Ananthanarayan, 2007). Enzymatic pretreatment has also reported
to improve the recovery of total lycopene from tomato paste
(Zuorro & Lavecchia, 2011).

3.2. The total phenolic content

Total phenolic content (TPC) was as measured by the Folin-
Ciocalteu method. TPC of the ETE was found to be 235 + 0.9221
and that of control was found to be 208 + 0.9871 mg GAE/g.

3.3. Scavenging effect on DPPH radicals

DPPH radical scavenging model is a commonly used method to
evaluate free radical scavenging activity. The degree of discol-
oration indicates the scavenging potential of the antioxidant
extract, which is due to the hydrogen donating ability (Jian,
Peter, Qizhi, & Changyi, 2010). ETE showed a good scavenging
activity of 1C5y value 72.2 +0.9931 pg/mL and for control it was
88.58 + 0.8765 pg/mL. The results indicated that the enzyme
assisted tomato peel extract has a noticeable effect on scavenging
free radicals. Based on the above assays, it was found that ETE con-
tain significantly higher content of lycopene, phenolic compounds
and free radical scavenging capacity, ETE was chosen for further
studies.

3.4. Cell viability by MTT assay

The cytotoxicity of ETE was examined in L6 myoblasts by MTT
assay. In order to find out the working concentrations of ETE, cells
were treated with different concentrations of ETE and cell viability
was determined. It can be seen that (Fig. 1a) the viability decreased
significantly in a dose dependant manner (p < 0.05). A concentra-
tion of 100 pg/mL of ETE caused cell viability to decrease by about
18.3%. Therefore, for the further studies, the cells were exposed to

the subtoxic concentration of 100 ng/mL of ETE and below. For
inducing oxidative stress, H,0; has often been reported as a model
in different cell types (Small et al., 2013; Sun, Qin, & Ye, 2013). In
order to determine the sub toxic concentrations of H,0,, L6 cells
were exposed to H,0, at concentrations ranging between10 to
500 pM, for 20 min and assayed by MTT. As shown in the Fig. 1b,
it was found that different concentrations of H,0, significantly
reduced cell viability after treatment (p < 0.05) and 100 pM H,0,
caused cell viability decrease by about 30%. Therefore the cells
were exposed to a concentration of 100 pM H,0, for inducing
oxidative stress for further assays. In order to find out the protec-
tive effect of ETE against H,0, induced toxicity, the cells (L6) were
initially treated with subtoxic levels of ETE (20-100 pg/ml) for
24hrs followed by H,0, at a concentration of 100 uM (20 min).
Subsequently we found that the extract protected cells from oxida-
tive stress effectively in a dose-dependent manner (p < 0.05)
(Fig. 1c). The data indicated that pre-treatment with ETE efficiently
protected cells from H,0, induced toxicity.

3.5. ETE inhibits H,0,-Induced reactive oxygen species production in
L6 cells

The protective effect of ETE on H,0,-induced intracellular ROS
production was determined by measuring the intracellular the
ROS levels, by detecting dichlorofluorescein (DCF), derived from
the oxidation of H,DCFDA. The fluorescence intensity was mea-
sured by multimode reader (Synergy 4 Biotek multiplate reader,
USA) and has been illustrated in Fig. 2a. The results indicated that
untreated cells had little basal intracellular ROS. However, incuba-
tion of cells with 100 uM H,0, caused a significant increase in ROS
level as compared to the control. The ROS concentration was found
to decrease significantly on preincubation with ETE (100 pg/mL)
(p <0.05). As shown in Fig. 2b the intracellular ROS production
was visualized by Fluorescent microscope (Pathway 855, BD Bio-
science, USA) and quantified by measuring the fluorescence of
DCF by flow cytometry (BD FACS Aria II, BD Bioscience USA). The
intensity of untreated and H,0> treated cells were 0.30 +0.081%
and 39.1 + 0.043% respectively. The fluorescence intensity of ETE
treated group was 24.7 £0.121% and 15.4 £0.387% respectively
for 50 pg/mL and 100 pg/mL of ETE, which was significantly lower
than H,0, treated cells (Fig. 2c). This result suggests that H,0,
could induce ROS accumulation in L6 cells and this ROS production
was found to be effectively inhibited upon treatment with ETE
extract.

3.6. ETE protects L6 cells from nuclear damage

To investigate chromatin condensation, cells were analyzed
using Hoechst 33342 staining. It can be seen that the control cells
without treatment have intact nucleus whereas H,0, treatment
resulted in increased number of cells with fragmented nucleus
(Fig. 3a). On pretreatment with ETE at different concentrations,
50 pg/mL and 100 pg/mL there is a reduction in number of cells
with fragmented nucleus, in a dose dependent manner confirming
that ETE protect cells from nuclear fragmentation.

3.7. ETE protected H>0, induced DNA fragmentation in L6 cells

DNA protection activity was exhibited by ETE, against 100 uM
H,0, induced DNA damage in L6 cells. As shown in the Fig. 3b,
DNA from the untreated control cells were compact suggesting
an intact DNA, whereas the treatment with H,0> causes a signifi-
cant fragmentation as seen from laddering nature of DNA band.
On treatment with ETE, the smearing nature of DNA gets dimin-
ished in a dose dependent manner suggesting that preincubating
L6 cells with ETE effectively protected cells from DNA damage. This
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Fig. 1. The Effect of ETE, H,0, and pretreatment of cells with ETE before exposure with H,0,, on viability of L6 cells by MTT assay. (a) Cytotoxicity of ETE to L6 cells (b)
Cytotoxicity of L6 cells following different concentrations of H,0, exposure (c) The effect of ETE on L6 cell viability against 100 uM H,0, The results are expressed as
percentage of control, and each value represents the mean + SD. The annotation * indicates a p value < 0.05 versus control group. The annotation * indicates a p value < 0.05

versus H,0, group.

result shows that, antioxidants present in extract has the capacity
to quench the free radicals generated in the reaction, thereby pro-
tecting the DNA from H,0, induced oxidative damage.

3.8. ETE protects DNA from oxidative damage

8-0x0-dG is the most abundant product of DNA oxidation
(Nakabeppu, Tsuchimoto, Yamaguchi, & Sakumi, 2007). Therefore
the level of 8-Oxo-dG in the cells was estimated to assess the
DNA protecting effect of ETE against H,0, treatment. As shown
in Fig. 4, 8-OH-dG level significantly increased on exposure to
100 uM H,0, as compared to the control. However, on pretreat-
ment with ETE prior to treatment with H»0,, the level of 8-OH-
dG decreased significantly. The oxidation of dsDNA was found to
decrease in a dose dependent manner on ETE pretreatment.

3.9. ETE prevented H,0,-induced reduction of mitochondrial
membrane potential (MMP) in L6 Cells

Mitochondrial membrane potential, AWm, is an important fac-
tor of mitochondrial function used as sign of cell health. A rapid
reduction in the MMP was found when L6 cells were exposed to
100 uM H,0,, as detected by a reduced fluorescence intensity of
Rhodamine123. As compared to control cells, H,0, treatments
decreased the fluorescence intensity in cells from 79.6 + 0.772%
to 37.4 + 0.875%. Pretreatment with 50 pg/mL and 100 pg/mL of
ETE protected cells against H,0, could retain the mitochondrial
membrane potential to 47.1+0.567% and 72.6 +0.765% respec-
tively. Fig. 4a and b indicating that ETE could prevent H,0, induced
reduction of mitochondrial membrane potential significantly
(p < 0.05).

3.10. ATP level by HPLC analysis

ATP production in mitochondria is the main energy source for
various metabolic pathways (Campanella, Parker, Tan, Hall, &
Duchen, 2009). In normally functioning mitochondria, A\, is high
favoring ATP synthesis by ATP synthase (Schapira, 2006). When
mitochondrial functioning is compromised and AWm decreases
below a threshold which leads to depletion of ATP production.
ATP production was estimated using HPLC method. From the
Fig. 4c, ATP productions by L6 cells at normal conditions were
4.4 +1.63 uM. On subjecting the cells to 100 pM H,0, it was came
down to 1.5 £ 0.229 pM, showing the inhibition of mitochondrial
ATP synthesis. On pretreatment with ETE at 50 pg/mL and
100 pg/mL, ATP level was found to be 2.32+0.031puM and
3.60 + 0.05 pM. Results suggest that mitochondrial capacity to pro-
duce ATP in oxidative stress conditions is low and it is reversed in
the presence of ETE.

4. Discussion

Increased level of ROS leads to oxidative damage of the struc-
tural components like lipids, DNA and proteins of cells and poten-
tiates many complications such as cancers, cardiovascular diseases,
and neurological diseases etc. Epidemiological studies have shown
that people consuming more of antioxidant-rich fruits and vegeta-
bles are in better health by increasing the degradation of ROS. In
the present study, free radical scavenging activities of lycopene
rich tomato peel extract (ETE) against oxidative stress induced in
L6 cells were evaluated. Tomato, particularly peel, is a very good
source of carotenoids, including lutein, zeaxanthin, p-
cryptoxanthin, o-carotene, p-carotene and lycopene, and by virtue
of its ability to interact with free radicals, can preserve the
important cellular biomolecules such as proteins, lipids and DNA
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Fig. 2. Measurement of ROS production in L6 cells. After treatment, the cells were stained with H2-DCFDA dye and then analyzed by fluorescence imaging. (a) Fluorescent
intensity quantified using multimode reader (% ROS production); (b) Fluorescent imaging using fluorescent microscope A- Control, B-100 uM H,0,, C- 50 pg/mL ETE +100 uM
H,0,, D-100 pg/mL ETE +100 uM H,0,. (c) Represent flow cytometric analysis of ROS production in L6 cells by plotting cell count against FITC. Each value represents
mean £SD from triplicate measurements of three different experiments. Significance levels between different groups were determined by using one way ANOVA, p < 0.05

versus Control; *p < 0.05 versus H,0,.

(Haslam, 1996; Riso & Porrini, 2001). It plays a significant role in
the prevention of chronic diseases such as, gastrointestinal disor-
ders, osteoporosis cardiovascular and prostate disorders (Astrog
etal, 1997; Paiva & Russell, 1999). Lycopene, the major carotenoid
present in tomato oleoresin, is reported to be responsible for the
health protective activities of tomatoes. The lycopene content of
the oleoresin, ETE, in the present study was found to be 4.9%.
Riso et al. (2004) reported that the level of plasma concentration
of lycopene increased from 0.347 pumol/L to 0.52 pmol/L on con-
sumption of diet enriched with small amounts of different tomato
products providing 8 mg lycopene for 3 weeks and there was an
improved protection from DNA oxidative damage. A study by
Paetau, Rao, Wiley, Brown, and Clevidence (1999) reported a 50%
increase (from 2.05 to 4.95 mg/g protein) in lycopene concentra-
tion within buccal mucosal cells after the consumption of tomato
oleoresin (about 75 mg/day lycopene for 4 weeks). In the present
study we found that the ETE is a rich source of lycopene (4.95%)
and this lycopene rich extract can impart a significant protection
against oxidative stress induced damage.

Antioxidants are very useful for the management of these dis-
eases due to their free radical scavenging activity. A compound
has been attributed to its antioxidant activity by various mecha-
nisms such as prevention of binding of transition metal ion cata-
lysts, decomposition of peroxides, reductive capacity and radical
scavenging ability. Phenols are very important plant constituents
due to their free radicals scavenging ability by virtue of its hydro-
xyl groups (Haung, Ou, & Prior, 2005; Hemi, Taigliaferro, & Bobilya,

2002). Several studies showed good correlation between the phe-
nols and antioxidant activity (Silva, Souza, Rogez, Rees, &
Larondella, 2006). Tomato peel contains flavonoids with useful
effects for human health such as rutin, naringenin, lycopene and
quercetin (Gonzalez, Valverde, Alonso, & Periago, 2011). Major
favorable actions accepted to lycopene are that it quenches singlet
oxygen, traps peroxylradicals, inhibits oxidative DNA damage,
inhibits peroxidation and stimulates gap junction communication
(Jalil & Habib, 2015).

The stable radical DPPH has been used widely for the determi-
nation of primary antioxidant activity. The result revealed that the
ETE exhibited the highest radical scavenging activity with 1Csg
value 72.7 £0.9771 pg/mL. DPPH antioxidant activity of tomato
peel extracts increased with the increase in concentration of
extracts. These results point out that tomato peel has a noticeable
effect on free radicals scavenging. ETE is found to be a rich source
lycopene as well as phenolic compounds which are good natural
antioxidants (Jalil & Habib, 2015; Silva et al., 2006). Therefore the
obtained activity of the extract may be attributed to the lycopene
as well as the phenolic content.

A preliminary study on the toxic effect of extract ETE demon-
strated by MTT assay did not show harmful effects on L6 cells up
to a concentration of 100 pug/mL. The study revealed that the pre-
treatment with ETE increased the cell viability as compared to
H,0, treated cells. These results suggest that treatment with
H,0, results in cell death, which was prevented when the cells
were pretreated with ETE before H,0, treatment.
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(a)

Fig 3. (a) Chromatin condensation observed using Hoechst 33342 staining: Figure represents A) control B) 100 uM H,0, C) 50 ug/mL ETE +100 uM H,0, D) 100 pug/mL ETE
+100 uM H,0, Arrows represent cells with chromatin condensation inside the nucleus. (b) DNA damage was analyzed by DNA Fragmentation assay Lane 1: 1 kb ladder, Lane
2: control, Lane 3: 50 pg/mL ETE +100 uM H,0,, Lane 4: 100 pg/mL ETE +100 uM H,0; Lane 5: 100 uM H,0,.
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Fig. 4. The level of 8-oxo-dG in cells. Each value represents the mean+SD of
triplicate measurements. Significance levels between different groups were deter-
mined by using one way ANOVA, ‘p < 0.05 versus Control; *p < 0.05 versus H,0;.

It is reported that oxidative stress induced by ROS plays a major
role in cellular damage which leads to secondary injury to the cells
(Kang et al., 2012). The production of ROS in the cells leads to
depletion in the antioxidant mechanism in the body. Dietary sup-
plimentation of antioxidants can improve the antioxidant status of
the body (Alvarado, Alvarez, Puerto, Gausserés, & Jiménez, 2006).
The antioxidant activity of the extracts and their potential against
intracellular ROS was evaluated using H,DCFDA by fluroscent
imaging and flow cytometric analysis. The fluorescence intensity
of the L6 control cells was significantly lower than that of cells
with induced oxidative stress using 100 uM H,0,. Pretreatment
with ETE, could considerably reduce the ROS level when exposed
to 100 uM H,0, exposure as indicated by reduction in fluorescence
intensities than the positive cells. These results were further con-
firmed by quantifying the fluorescence intensity using flow cyto-

metric analysis. The fluorescent intensity was reduced
significantly when cells were treated with ETE prior to H,0,. Over-
all, the cells treated with the extracts showed a decrease in the flu-
orescence intensity as compared with the 100 uM H,0, group. It
was also observed that cells treated with 100 pg/mL of ETE could
reduce the ROS levels significantly as compared to 50 pg/mL, indi-
cating that the extracts acted in a dose dependent manner. The
concentration of ROS is directly proportionate to the fluorescence
intensity. This activity of ETE may be correlated to the presence
of various antioxidant molecules present in the extracts which
are can scavenge hydrogen peroxide.

ROS can damage nucleic acids by altering purine and pyrim-
idine bases and causing DNA fragmentation (Hemnani & Parihar,
1998). DNA damage can leads to mutations, which are responsible
for related diseases such as cancer, coronary heart disease, arte-
riosclerosis and inflammatory disorders. Dietary antioxidants have
been reported to possess potential inhibitory effects against H,0,-
mediated DNA damage and harmful free radicals. In this respect
we carried out further studies to find out the DNA protective
potential of ETE against oxidative stress. Chromatin condensation
and morphological changes in the cells (Control, H,0, treated
and ETE pretreated) were examined with Hoechst staining under
a fluorescence microscope. As can be seen from the Fig. 3a, the con-
trol cells shows intact nuclei whereas the cells induced with oxida-
tive stress on treatment with H,0, exhibited significant chromatin
condensation in the cells. The severity of H,0, treatment could be
reduced on exposure of cells to ETE at a concentration of 100 pg/mL.
However, ETE at 50 pg/mL concentration did not show much
protective effect on the cells.

These results were further confirmed using ladder assay where
DNA from the cells were isolated and subjected to electrophoresis
to check for DNA fragmentation. DNA gel profile of untreated sam-
ple was compact with high molecular weight showing its integrity.

211



154 T.R. Reshmitha et al./ Journal of Functional Foods 28 (2017) 147-156

90 -

L)

1"

5

7,

Comt | =

37.4%

%loss of mitochondrial membrane
potential(A¥'m)

1

]

n

Total ATP Levels
o o ow

n

@

0s
0+ T
H:0:(100M) - + + +
ETE (gml} - - 50 100
©

Fig. 5. Quantification of Mitochondrial membrane potential by Rhodamine 123 staining and ATP level by HPLC method. In (b) and (c) Restoration of mitochondrial membrane
potential and ATP levels on ETE treatment. After incubation, cells were stained with Rhodamine 123 and analyzed by flow cytometer (a). In (b) indicate A - Control, B -
100 uM H,0>, C - 50 pg/mL ETE +100 uM H;0,, D - 100 pg/mL ETE +100 uM H;0,. The reduced fluorescence of Rhodamine 123 was determined as the reduced mitochondrial
membrane potential. (c) ETE treatment increases mitochondrial capacity to produce ATP. Results were expressed as mean + SD. Significance levels between different groups
were determined by using one way ANOVA, p < 0.05 versus Control; *p < 0.05 versus H;0,.

DNA smearing was observed when cells were treated with H,0,.
The intensity of smearing of DNA was minimized on treatment
with ETE. From the Fig. 3b suggests that ETE at concentration of
100 pg/mL could protect the DNA from the oxidative damage.
The data from Hoechst 33342 staining and ladder assay indicated
that incubating cells in the presence of 100 uM H,0, causes a sig-
nificant chromatin condensation/DNA fragmentation, as compared
to the control (without any treatment). At the same time, ETE pro-
mote genomic stability by preventing double strand DNA breaks,
which is associated with increased ROS production mediated by
100 puM H,0,. lon radicals generated during oxidative stress lead
to a chain reaction which form DNA adducts and lipid hydroperox-
ides results in single and double strand breaks. The obtained
results from Hoechst 33342 staining and ladder assay also support
the antioxidant property of ETE which protects nuclear DNA from
oxidative stress induced by H,0,. The protective effect of ETE
against oxidative damage of DNA was further confirmed by quan-
tifying the oxidative damage indicator, 8-oxo-dG in the DNA.
Oxidative attack to DNA is of particular interest since DNA modifi-
cations can lead to mutations. dsDNA molecules have unique dou-
ble helix structure, which undergo oxidation in presence of H,0,.
The most studied product of DNA oxidation is 8-oxo-dG
(Bogdanov, Andreassen, Dedeoglu, Ferrante, & Beal, 2001;
Nakabeppu et al., 2007). Results from the present study indicate
that ETE can prevent oxidation of DNA from ROS by scavenging free
radicals in a dose dependent manner.

As the primary cellular consumer of oxygen, together with
redox enzymes and multiple electron carriers, mitochondria are
considered as a main source of ROS production. However, mito-
chondria not only produce ROS, but also targets of oxidative stress.

In this way, ROS release contributes to oxidative damage and mito-
chondrial dysfunction in a wide range of diseases. The mitochon-
drial ATP synthase couples the electrochemical proton gradient
to the synthesis or hydrolysis of ATP (Cross & Muller, 2004).
Fig. 5¢ suggest that 100 M H,0, treated cells showed a decrease
in ATP production, whereas ETE pretreated cells results in increase
in ATP Production. AWm is a sensitive indicator of mitochondrial
function. Increasing evidence suggests that the AWm assay can
be used as a more specific test for early mitochondrial injury.
Results indicated that 100 pM H,0, group showed a significant
decrease in mitochondrial membrane potential as compared to
control. Interestingly, tomato peel extract ETE at 100 pg/mL treat-
ment preserved mitochondrial membrane potential, suggesting the
inhibition of mitochondrial membrane permeability. The reduced
levels of the ATP production resulted in a decrease in membrane
potential.

It is reported that the electron rich conjugated system of the
polyene are responsible for the antioxidant activities of the carote-
noids, by quenching singlet oxygen, and scavenging radicals to ter-
minate chain reactions. Thus, the present study confirms that,
tomato peel extract which is a rich source of carotenoids, especially
lycopene, acts as a potent antioxidant source which protects the L6
cells from hydrogen peroxide induced oxidative damage.

5. Conclusion

In conclusion, antioxidants present in enzyme assisted tomato
peel extract helps in normalization of ROS, DNA protection and
restoring mitochondrial membrane potential. ETE possess signifi-
cant bioactive compounds and radical scavenging activity as com-
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pared to the extract without enzyme. Tomato peel extracts demon-
strated promising antioxidant potential and protected DNA and
mitochondria against induced oxidative stress. This study demon-
strated the effectiveness of extract, ETE, by counteracting redox
imbalance under condition encountered in most of the disease by
modulating the components involved in cellular antioxidant sta-
tus. The results provide significant evidence for antioxidant rich
tomato peel extracts to be considered as a dietary supplement with
potential activity for the prevention of mitochondrial and DNA
damage induced by oxidative stress-mediated pathophysiology.
The dietary supplementation of these would also address the free
radical complications arising from oxidative stress. At present, con-
siderable amounts of tomato peel are produced in the world and
disposed off as waste. As a result, the exploitation of this material
as a source of natural antioxidants, not only provides economic
health benefits but also contribute to environmental protection.
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Acrylamide (ACR), a carcinogen and neurotoxin formed in carbohydrate-rich high temperature processed foods,
undergo epoxidation in cells to form more toxic metabolite glycidamide (GLY). The present study investigated
antioxidant potential of lycopene (LYC) against ACR and GLY induced toxicity in human liver cell line (HepG2).
The treatment of HepG2 cells with LYC for 2 h prior to ACR and GLY exposure enhanced cell viability by 10% and
8% and decreased reactive oxygen species (ROS) production in a dose dependent manner. Also, significantly
increased antioxidant enzyme activity such as superoxide dismutase (SOD), catalase (CAT) activity and gluta-

thione (GSH) level, with reduction in malondialdehyde (MDA) and 8-oxo-dG level on LYC pre-treatment.
Mitochondrial function on LYC pre-treated cells exhibit an increased mitochondrial membrane potential
(MMP) level. Data supports the enhancement of antioxidant defence by LYC, against ACR and GLY-induced

toxicity.

1. Introduction

Acrylamide (ACR) is a recognized toxicant present in various car-
bohydrate rich foods exposed to higher temperature during food pro-
cessing (Pedreschi, Mariotti, & Granby, 2014). Based on the studies
conducted on lab animal models, Agency for Toxic Substances and
Disease Registry (ATSDR), reported that the ACR is mostly carcinogenic
to humans. Also, in 1994, ACR was documented by the International
Agency for Research on Cancer (IARC) as ‘probably carcinogenic to
humans’(ATSDR, 2012; IARC, 1994). It has been recognized that the
amino acid asparagine and reducing sugars in the food are the main
precursors for ACR production via Maillard reaction. Due to high con-
sumption of baked goods globally, a long-term exposure to ACR formed
in these products could induce genotoxicity, cytotoxicity and neuro-
toxicity and have a negative effect on human health (Prasad, & Mur-
alidhara, 2012). Glycidamide (GLY), is the primary epoxide metabolite
of ACR, which is catalysed by an enzyme complex Cytochrome P450 2E1
(CYP2E1). The ACR to GLY metabolic conversion via epoxidation is
critical for the ACR toxicity, and GLY is reported to be a more potent
mutagen than ACR as it causes genetic damage by binding to DNA
(Mﬁnj:umtha et al., 2006; Ghanayem, Witt, I\'issling, Tice, & Recio,

2005). According to chemical activity, GLY is 70% more reactive than
ACR, showing a high level of interaction with DNA and haemoglobin.
According to Erdemli et al (2021), vitamin E consumption provided
protection against neurotoxicity induced by ACR administration in both
foetuses and adult rats.

Studies showed that ACR exposure gives rise to higher oxidative
stress in cells and tissues (Zhao et al., 2015). Under oxidative stress
conditions, the intracellular reactive oxygen species can oxidize bio-
molecules, which lead to protein oxidation, lipid peroxidation, DNA
fragmentation, and most of the diseased conditions (Kunnel, Sub-
ramanya, Satapathy, Sahoo, & Zameer, 2019). Antioxidants are the
scavengers in human body that confer protection against intracellular
oxidative stress by providing electrons to ROS. Antioxidant enzymes like
catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase
(GPx) and glutathione (GSH) are integral parts of the antioxidative de-
fense system. It contributes to the repair of damaged cellular compo-
nents (Ren et al., 2017). Some non-enzymatic antioxidants such as
ascorbic acid, flavonoids, tocopherol, and beta- carotene help in miti-
gating the oxidative stress in cells (Rahal et al., 2014). There are evi-
dences suggesting that the animals exposed to acrylamide produced
increased levels of ROS (Prasad, & Muralidhara, 2012). Studies on ACR
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discovered that the oxidative stress induction and mitochondrial
dysfunction are the underlying mechanisms responsible for its cytotox-
icity and genotoxicity (Liu et al., 2015). Accumulation of Reactive Ox-
ygen Species (ROS) or a compromised antioxidant defense system could
disrupt cellular redox balance, resulting in cellular injury. Hence, the
viable strategies to mitigate ACR induced toxicity are the need-of-the-
hour. Recently, growing attention has been paid to natural antioxi-
dants from vegetables and fruits for the protection against ACR induced
toxicity (Erdemli et al., 2021; Li et al.,, 2017, Soha et al., 2020; Sabah
et al., 2016; Zhang, Wang, Chen, Yan, & Yuan, 2013). A reduction in
acrylamide induced liver damage was reported on treatment with crocin
(Gedik et al., 2017; Gedik et al., 2018). Treatment with phytochemicals
have been shown promising results in overcoming ACR induced toxicity
which is correlated with the protection induced by free radical regula-
tion mechanisms [Mehri, Meshki, & Hosseinzadeh, 2015; Motamed-
shariaty, Farzad, Nassiri-Asl & Hosseinzadeh, 2014].

Lycopene (LYC) is the most common and rich carotenoid in the
human diet, worldwide (Kelkel, Schumacher, Dicato, & Diederich,
2011). It has a positive effect on redox imbalance, by which it activates
antioxidant gene expression and regulates inflammatory mediators
(Campos et al., 2017). LYC is a powerful antioxidant molecule that is
particularly effective at ROS scavenging activity. Of all carotenoids
known, LYC is the most effective singlet oxygen scavenger in vitro (Sies
& Stahl, 1995). Clinical and epidemiological studies propose that
carotenoid supplementation may reduce the risk of reactive oxygen
species-associated chronic conditions. Due to its unique structure
comprising electron-rich system, the LYC is a suitable target for all
electrophilic components. Due to the presence of ACR in foods and its
threat of massive intoxication, mechanisms to decrease the cytotoxicity
and genotoxicity of ACR are of great importance. Natural antioxidants as
mitigating agents against ACR induced toxicity have attracted attention
owing to their importance in food, nutraceutical and pharmaceutical
sectors (Chu et al.,, 2017). However, the protective effect of LYC against
GLY toxicity has not been reported so far, to the best of our knowledge.
Identification of unfavourable health consequences due to ACR exposure
is an important aspect of acrylamide risk management to avoid or
mitigate its health risk. At the same time, it is also important to under-
stand how the dietary antioxidant influence the ACR toxicity on stress
induced chronic disease conditions and its molecular mechanisms of
action. Liver is the major detoxification organ in human body. Hence,
the use of HepG2 cells for the in vitro chemical toxicity assay is justified.
Moreover, HepG2 cells are reproducible in human system and easy to
maintain. Therefore, in this study, we investigated the possible protec-
tive role of lycopene against ACR and GLY induced cellular toxicity by
modulating oxidative stress in HepG2 cells.

2. Materials and methods
2.1. Chemicals and reagents

Acrylamide (ACR), Glycidamide (GLY), Lycopene (LYC) were pur-
chased from Sigma-Aldrich (Bangalore, India). Ethylene diamine tetra
acetic acid (EDTA), sodium chloride (NaCl), hydrogen peroxide (H202),
TritonX, Tris- HCl, perchloric acid, potassium hydroxide (KOH) from
MERK, India. Dimethyl sulfoxide (DMSO), Fetal Bovine Serum (FBS),
Dulbecco’s Modified Eagle’s Medium (DMEM), 2,7-Dichlorodihydro-
fluorescin  diacetate (DCFH-DA), 3-(4,5-dimethylthiazol-2-y])-2,5
diphenyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich Chemicals (St Louis, MO, USA). Trypsin-EDTA, Antibiotic-anti-
mycotic was purchased from Gibco Invitrogen (Carlsbad, CA, USA).
Superoxide Dismutase (SOD) Activity Assay Kit, Catalase Activity
Colorimetric/Fluorometric Assay Kit, Glutathione (GSH) Colorimetric
Assay Kit, Lipid Peroxidation (LPO), Colorimetric/Fluorometric Assay
Kit were purchased from Biovision Inc (San francisco, USA). Mammalian
genomic DNA isolation kit were purchased from Sigma- Aldrich Chem-
icals (St Louis, MO, USA). DNA/RNA Oxidative damage Enzyme linked
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Immunosorbent Assay (ELISA) kit was purchased from Cayman chem-
icals (MI-USA). All the chemicals used were of analytical grade high
quality.

2.2. Cell culture and treatment conditions

HepG2 cells were procured from National Centre for Cell Science,
Pune, India. Cells were grown in DMEM consisting of Fetal bovine serum
(10%) and antibiotic-antimyecotic solution (0.5%, 1 mL/100 mL of me-
dium) at 37°C in 5% CO, containing humidified atmosphere. The cells
were cultured on 96-well plate and 12-well plates (1 x 10* cells/well)
for staining and Flow cytometric analysis.

2.3. Cytotoxicity by MTT assay

The cytotoxicity of the Acrylamide (ACR), Glycidamide (GLY) and
Lycopene (LYC) in HepG2 cells was estimated using MTT assay (Mos-
mann, 1983). Briefly, 96-well plates were seeded with 1 x 10* cells per
well and were grown ovemnight. To analyse the toxicity level of each
samples, cells were treated with different concentrations of the LYC
(1-50 pM), ACR (0.1-2 mM) and GLY (0.1-2 mM) for 24 h. After expo-
sure, cells were exposed to MTT reagent (0.5 g/L) for 4 h. Following the
incubation, the reaction mixture was removed and added DMSO
(200 pL) to each well with gentle mixing (Orbit plate shaker, Labnet
international, USA) and the absorbance was read at 570 nm (Synergy 4
Biotek multiplate reader, USA).

For assessing the protective effect of LYC against ACR and GLY
induced toxicity, the cells were pre-treated with different concentrations
of LYC for 2 h followed by the incubation with ACR and GLY at 37 °C for
24 hrs. Cells without exposure were regarded as the negative control and
cells exposed to 500 uM ACR and GLY independently, were assigned as
positive control. MTT assay was carried out to estimate the viability.
Each experiment was performed in triplicate, and the results are rep-
resented as the mean + SD, using the following calculation

Gcellviabilit Theabsorbanceoftest
ocellviablity = ————————————
© Theabsorbanceofcontrol

2.4. Intracellular reactive oxygen species (ROS) levels

Intracellular ROS levels was estimated using DCFH-DA staining
(Catheart, Schwiers, & Ames, 1983). The cells were exposed to various
subtoxic concentrations of LYC and followed by 500puM ACR and GLY
was added. After the treatment, cells were incubated with DCFH-DA for
20min and were washed with PBS. The fluorescence intensity of DCF
was read fluorescence spectrophotometer (Shimadzu RF5000U) with
wavelength of excitation 480 nm and emission s 520 nm (Synergy 4
Biotek multiplate reader, USA).

2.5. Antioxidant enzyme analysis

2.5.1. Superoxide dismutase (SOD) and catalase (CAT) activity

HepG2 cells were pre-treated with different concentrations of LYC
with 2 hrs followed by exposure to ACR and GLY for 24 h, washed with
PBS. Specific enzyme buffer solution was used for lysing the cells which
were used for estimating the antioxidant activity. A negative control
with cells without treatment and positive control with ACR/GLY alone
were also employed. The activity of SOD was estimated using Super-
oxide Dismutase (SOD) Activity Assay Kit as per the directions provided
by the manufacturer (K335-100) and CAT activity was found out ac-
cording to the Catalase Activity Colorimetric/Fluorometric Assay Kit
(K773-100).

2.5.2. Measurement of glutathione (GSH) concentration

The lysate of the cells was prepared as mentioned under the above
experiment and the clear supernatant was analysed for GSH level. The
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reduced GSH level of the treated lysates was found out based on the
reaction of dithionitro benzoic acid (DTNB) with compounds containing
sulfhydryl groups that leads to the formation of yellow color. Gluta-
thione assay kit was used for the estimation of glutathione level
following the manufacturer instructions provided along with the kit
(K261-100).

2.6. Oxidative marker analysis

2.6.1. Measurement of lipid peroxidation

Quantification of lipid peroxidation was done by commercial lipid
peroxidation (LPO) assay kit. HepG2 cells plated in six-well plates
(1x10° cells/well) were pre-treated with LYC (2 h) followed by exposure
to ACR and GLY (24 hrs). Negative control and positive control were also
employed as mentioned in the previous experiments. Malondialdehyde
(MDA) level was tested using Lipid Peroxidation (LPO) Colorimetric/
Fluorometric Assay Kit as per the directions given by the manufacturer
(K739-100). Absorbance measured at 532 nm (Synergy 4 Biotek mult-
plate reader, USA) was used to quantify the amount of MDA formed in
the samples.

2.6.2. Estimation of 8-oxo-2'-deoxyguanosine (8-oxo-dG) level

DNA damage protection by lycopene against ACR and GLY induced
stress was measured using 8-oxo-dG ELISA method. The different sub-
toxic concentrations of LYC were pre incubated and followed by ACR
and GLY exposure was added to the cells. Then, cells were trypsinized
and the genomic DNA was extracted by using genomic DNA isolation kit.
8-0x0-dG,the most abundant DNA oxidative marker, was quantified
using Oxidative damage ELISA kit. The quantification of 8-oxo-dG level
produced in the cells was analysed spectrophotometrically at 410 nm.
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2.7. Mitochondrial membrane potential (A¥'m)

Oxidative stress lead to inactivity of mitochondrial membrane po-
tential and the loss of function. Rhodamine123, a fluorescent indicator
deposit selectively within the mitochondria based on the membrane
potential was used for assessing the mitochondrial membrane potential
(Zhang & Wang, 2008). Respiration, by ATP hydrolysis via ATP syn-
thase, generates the proton motive force, that is crucial for keeping the
mitochondrial membrane potential. The cells were pre-incubated with
LYC before it was exposed to ACR and GLY for stress induction. After
incubation, cells were treated with with 2 uM Rhodamine 123 directly
and rinsed with PBS many times and the fluorescence were read (FACS
Aria 11, BD Bioscience, USA). Suppression of A¥m is denoted by
decreased level of green rhodamine 123 fluorescence.

2.8. Statistical analysis

The results are stated as means -+ standard deviations of minimum of
three experiments. One-way ANOVA was used for analysing the results
and the Duncan’s multiple range test was employed for assessing the
significance using SPSS 16.0. The significance was accepted at P < 0.05.

3. Results and discussion
3.1. Cytotoxicity assessment of ACR, GLY and LYC

To evaluate the toxicity level of all samples, ACR, GLY and LYC in
HepG2 cells were evaluated using MTT assay. The results depicted that
LYC did not alter cellular viability up to 30 uM concentration (Fig. 1A).
Further, LYC ata concentration of below 30 uM was chosen for studying
the hepatoprotective effect against ACR and GLY induced toxicity.
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Fig. 1. Determination of cytotoxic effect on HepG2 cells by MTT Assay. (A) Cell viability of various concentrations of LYC (B) Cell viability of ACR and GLY treated
cells. (C) The LYC on viability of L6 cell against 500 pM ACR and GLY induced toxicity. The data are presented as the means + SD of three experiments. The
annotation * denotes a P value < 0.05 against control. # demotes P < 0.05 against GLY and $ P < 0.05 against ACR.
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To determine the suitable working concentrations of ACR and GLY
for inducing toxicity, a dose-response assay was performed with
different concentrations of ACR and GLY, ranging from 100 uM to 2mM.
Cells without treatment were taken as negative control group. From the
data shown in Fig. 1B, ACR and GLY induced cell death in a
concentration-dependent manner. At a concentration of 500 pM, ACR
and GLY caused about 30% decrease in cell viability (Fig. 1B). There-
fore, this concentration was chosen for inducing the cellular toxicity in
further experiments. The concentration was consistent with the previous
reports, as acrylamide at concentration above 250 uM showed cytotox-
icity in HepG2 cells (Sahinturk, Kacar, Vejselova, & Kutlu, 2018).
Similar results were reported for Caco-2 cells (0.2-50 mM), NIH/3T3
fibroblasts, alveolar-basal epithelial cells (A549) and epithelial cells
BEAS-2B (normal human lung) (Adriana et al, 2020; Sahinturk, Kacar,
Vejselova, & Kutlu, 2018; Kacar, Vejselova, Kutlu, & Sahinturk, 2018;
Kacar, Sahinturk, & Kutlu, 2019). The ACR antiproliferative activity was
also confirmed in several cancer and normal cell lines (Sahinturk, Kacar,
Vejselova, & Kutlu, 2018; Atto et al., 2016; Mallepogu et al., 2017). A
study by Kacar et al. (2019) suggested ACR interferes with kinesin
proteins, which are responsible for cell division and thereby inhibiting
cell proliferation. The the cell death induced by intracellular ROS pro-
duction activate the mitogen activated protein kinase (MAPK)-JNKs,
which act an important role in cellular processes including apoptosis
(Valko et al., 2007). Interestingly, several studies showed that the GSH
level lead to redox imbalance which promote apoptotic signalling and
cell death. Therefore, reduced GSH levels result in oxidative stress, and
also lead to cell death as a potential mechanism for ACR toxicity by
activating MAPK pathway. ACR induced caspase-3 activation, the final
mediator of apoptosis signalling. ACR mechanism in hepatotoxicity was
originated from oxidative stress with mitochondrial damage and cell
death signalling (Seydi et al., 2015).

3.2. Cytoprotective potential of LYC against ACR and GLY-induced
toxicity

In order to determine the protective effects of LYC on HepG2 cells
against ACR and GLY induced toxicity, the cells were pre-treated with
two different concentrations (5pM and 10 uM) of LYC followed by the
addition of ACR and GLY at their cytotoxic concentration (500 uM) . It
was found that the pre-exposure of cells to LYG (Fig. 1C) improved the
cell viability in a concentration-dependent manner compared to the cells
that are treated only with ACR and GLY. Treatment of cells with 10 uM
concentration of LYC prior to ACR treatment increased the cell viability
by 10.0% (LYC), compared to ACR treated cells. Likewise, the pre-
exposure of LYC (10 pM) prior to GLY exposure (500 uM) also proved
a similar trend where, an increased cell viability by 16.3% (LYC), was
observed (Fig. 1C). The results suggested that LYC could exert hep-
atoprotective effects against food toxicants such as ACR and GLY in
HepG2 cells. A study by Chen et al. (2013) demonstrated that the
flavonoid, myricitrin inhibit ACR cytotoxicity on Caco-2 cells.

3.3. Protective potential of LYC against ACR and GLY-induced generation
of ROS

The ACR toxicity is correlated with antioxidant imbalance that re-
sults in an induced oxidative stress. Recent studies confirmed that the
ACR toxicity was connected with excessive intracellular ROS build-up in
a dose-dependent manner. Adriana et al (2020) showed that ACR (0.2 to
12.5mM) induced a dose dependent increase in mitochondrial depo-
larization in Caco2 cells after 24 exposure. According tom Zamani et al,
ACR induces oxidative stress on mice splenocytes increase in ROS pro-
duction, and the peroxidation of lipids and glutathione oxidation, which
were accompanied by the collapse of MMP (Zamani et al., 2017). The
overproduction of ROS causes the imbalance in the redox status of cells,
and it is experimentally demonstrated that augmentation of antioxidants
can modulate the cellular homeostasis by scavenging the ROS
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(Rodriguez-Ramiro, Ramos, Bravo, Goya, & Angeles Martin, 2011).
Therefore, inhibition of ACR and GLY induced ROS formation by natural
antioxidants from fruits and vegetables is a hopeful strategy. To estab-
lish this concept, we used DCFH-DA, a fluorescence probe specifically
for ROS analysis, to evaluate whether LYC could suppress ACR and GLY
induced intracellular ROS generation in HepG2 cells. The cells were pre-
exposed to 5 and 10 uM of LYC (2 h) followed by treatment with 500 pM
ACR and GLY for 24h incubation. The intensity of DCF fluorescence in
HepG2 cells treated with ACR and GLY was significantly increased to
55.6 and 61.2%, respectively compared to the control group (15.0%)
(Fig. 2). Interestingly, pre-treatment of 5 and 10 yM LYC scavenged ACR
and GLY induced ROS production significantly by reducing the ROS
level by 34.0% and 23% compared to GLY treated group and by 41.6%
and 34.0% relative to ACR treated group. Results showed that LYC
significantly scavenged the ROS generated by ACR and GLY in HepG2
cells in a dose dependent manner. Reduction in the generation of
intracellular ROS in LYC pre-exposed HepG2 cells demonstrate the
protective capacity of LYC against the ACR and GLY induced ROS gen-
eration in the cells. Carotenoids in the foods also possess excellent
antioxidant activity, which have been studied for their ability to prevent
chronic disease conditions. Beta-carotene, lycopene and others carot-
enoids exhibit higher antioxidant properties in in vitro and in vivo models
(Mueller, & Boehm, 2011; Bohm, Puspitasari, Ferruzzi, & Schwartz,
2002). It is reported that the ROS generation exerts a vital role in
inducing hepatocellular damage. ACR and GLY induced ROS generation
have been reported earlier and is known to be linked with oxidative
stress (Prasad & Muralidhara, 2012; Mehri, Karami, Hassani, & Hos-
seinzadeh; 2014). Therefore, the importance of LYC in cellular protec-
tion against ACR and GLY induced ROS generation is established in the
present study.

3.4. Estimation of cellular antioxidant enzyme activity

3.4.1. LYC improved Superoxide dismutase and catalase activity

Major antioxidant enzymes such as Superoxide dismutase (SOD) and
Catalase (CAT) play a vital role in cellular redox homeostasis (Heildla,
Cabbat, & Cohen, 1976; Winterbourn & Stern, 1987). SOD and CAT are
the important cellular antioxidant enzymes that safeguard cellular
components against damage caused by free radicals. Hence, the activ-
ities of these antioxidant enzymes have been used to evaluate the
cellular oxidative stress level (Liu, Ma, & Sun, 2010; Duranti, Ceci, Sgro,
Sabatini, & Di Luigi, 2017). Thus, we proceeded to evaluate the effect of
LYC on the enzyme activities of SOD and CAT. As demonstrated in
Fig. 3A and 3B, incubation of HepG2 cells with ACR and GLY resulted in
a significant decrease in both SOD (0.31 £0.09 & 0.28 4 0.12U/mg,
respectively) and CAT activity ((3.4 + 0.03 and 3.10U/mg respectively),
as compared to the untreated cells (0.5+0.06 and 5.4+ 0.09 U/mg
respectively for SOD & CAT). When cells were pre-incubated with LYC
(10uM concentration), prior to ACR and GLY exposure, a striking and
significant (p < 0.05) rise in the enzyme activities were noticed. The
SOD activity was increased to 0.42 U/mg on pre-exposing the cells to
LYC, (Fig. 3A) before ACR treatment. Similarly, SOD activity was
increased to 0.41 U/mg when HepG2 cells were treated with LYC before
GLY exposure.

Catalase (CAT) is very important in sustaining the cellular redox
homeostasis (Autreaux, & Toledano, 2007). CAT activity is one of the
commonly employed assays that can provide information about the cell
antioxidant defense system. Fig. 3B illustrates the CAT activity in the
untreated cells to be 5.4 + 0.09 U/mg, which on treatment with ACR and
GLY decreased to 3.4 4 0.03 and 3.1U/mg respectively. When cells were
pre-incubated with LYC prior to ACR and GLY treatment, a significant
(p <0.05) elevation in the enzyme activity (4.2 U/mg) was observed
(Fig. 2B). Similarly, for GLY exposure, the CAT activity was observed in
the order of LYC 4.1U/mg. From the assay, it was observed that the LYC
exposure protected the cells from ACR and GLY induced oxidative
damage by maintaining physiological antioxidant enzyme level. Recent
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Fig. 3. Effects of LYC on SOD, CAT and GSH in HepGz2 cells (A) Protective effect of LYC on SOD activity in presence of ACR and GLY (500 M) (B) Protective effect of
LYC on CAT activity in presence of ACR and GLY (500 pM) (C) Protective potential of LYC on reduction in the level of glutathione when exposed to ACR and GLY
(500 pM. The numbers depict 1-Control, 2-500 pM ACR, 3-500 pM GLY, 4- LYC + 500 pM ACR, 5- LYC + 500 pM GLY. Data are expressed as the mean + S.D. of three

experiments carried out independently. The annotation * represents P < 0.05 against Control, # represents P < 0.05 against ACR and §$ represents P < 0.05 against
GLY group.
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studies were focussed on the biological antioxidant and oxidant
balancing. Crocin, a carotenoid pigment mainly found in saffron, is re-
ported to attenuate ACR induced damage in male Wistar rats intestines
by inhibiting oxidative stress, specifically by upregulating antioxidant
enzyme defence system (Gedik et al., 2018). Another study by Gedik et
al suggested that the crocin treatment removed ACR induced liver
damage in male Wistar rats due to its high antioxidant properties (Gedilk
etal., 2017).

3.4.2. LYC improved ACR and GLY induced GSH depletion

Glutathione (GSH) performs an important role in the neutralization
of free radicals and reactive oxygen species (Shan, Aw, & Jones, 1990).
Previous studies reported that ACR exposure can lead to GSH depletion
(Autréaux, & Toledano, 2007). Reports suggest that ACR can block the
activity of gluthathione S-transferase and thereby deplete the GSH level
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Fig. 2. Estimation of ROS formation by
HDCFDA Staining by Fluorescence spectro-
photometer. The pretreatment of LYC on the
ACR and GLY exposure in HepG2 cells. The
numbers depict 1-Control, 2-500 pM ACR,
3-500 UM GLY, 4-5M LYC + 500 pM GLY,
510pM LYC+500pM GLY, 6-5uM
LYC + 500pM ACR, 7-10pM LYC+ 500 uM
ACR. Data represent the mean + SD of three
separate experiments. The annotation * de-
notes a P <0.05 against group Control, $
represent P < 0.05 versus the ACR group and
# represent P < 0.05 aginst GLY group.
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(Cuzzocrea, & Reiter, 2001; Hsu, Tsai, & Chen, 2009). Subsequently,
LYC exhibited a promising effect in scavenging ACR and GLY induced
intracellular ROS and thereby ameliorate oxidative damage by main-
taining antioxidant enzyme activity. Hence, we postulate that LYC could
also attenuate ACR and GLY induced GSH depletion in cells. The results
showed that GSH level in HepG2 cells treated with ACR and GLY was
significantly depleted (8.3+ 0.12nmol/mg and 7.9 4 0.18 nmol/mg
respectively), compared to the control (15.8 + 0.09 nmol/mg) (Fig. 3C).
Exposing the cells to LYC before treating with ACR and GLY, restored the
GSH activity effectively by increasing it to 11.7 nmol/mg. A similar in-
crease was also found in LYC pre-treatment before GLY exposure, which
was 10.7 nmol/mg. It was observed in the study that exogenous expo-
sure of ACR and GLY leads to rise in the generation of intracellular ROS
and induce oxidative damage in hepatic cells, which can be counteracted
by hepatocyte antioxidant defense mechanisms. Therefore, it may be
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inferred that on exposure of the HepG2 cells to the LYC leads to the
quenching of intracellular free radical production and elevate the level
of glutathione. This enhances the antioxidant status of the cells,
guarding against ACR and GLY -induced cellular impairment via con-
trolling GSH antioxidant systems to subsist oxidative stress. These
findings implied that LYC might offer protection against ACR and GLY
induced oxidative damage in HepG2 cells via maintaining antioxidant
defense systems to manage with oxidative stress.

Chronic dietary exposure of ACR induce oxidative stress by
increasing ROS formation and GSH oxidation. After intestinal absorb-
tion, ACR inhibit glutathione (GSH) that result in depletion of cellular
GSH. The reduction in GSH levels enhances the levels of reactive oxygen
species (ROS). Experiment conducted by Seydi et al. (2015) on acryl-
amide toxicity in male rats indicated rapid glutathione depletion, which
is another stress marker of the cellular damage. Polyphenols in high
concentrations can protect the intestinal epithelium from the oxidative
stress induced by ACR.N-acetyleysteine administration in a pharmaco-
logical dose also exhibited an antioxidant effect against acrylamide
induced oxidative damage in liver and small and large intestine tissues
(Altinoz, Turkoz, & Vardi, 2015).

3.5. Estimation of oxidative markers formation

3.5.1. Effect of LYC on lipid peroxidation induced by ACR and GLY

MDA level is broadly used as an oxidative stress marker of free
radical linked lipid peroxidation. Higher liver Malondialdehyde (MDA)
levels indicate the enhanced lipid peroxidation that give rises to tissue
impairment and leads to the failure of antioxidant defense mechanisms.
In this study, lipid peroxidation, analysed in terms of MDA level, in
HepG2 cells were analysed by exposing the cells to 500 yM ACR and
GLY, which indicated a significant increase in MDA concentration
(3.9nmol/mg and 4.7 nmol/mg respectively), compared to the control
group (0.49nmol/mg). Interestingly, pre-treatment with LYC signifi-
cantly prevented the formation of MDA induced the cellular damage
caused by ACR and GLY in HepG2 cells (Fig. 4A). Pre-treatment with
LYC caused a significant reduction in the MDA levels to 2.7 nmol/mg,
compared to ACR treated group (3.9 nmol/mg) (Fig. 4A). GLY treated
cells with LYC preincubation also exhibited a reduction in MDA level to
3.7 nmol/mg, compared to the GLY alone treated group (4.7 nmol/mg).
The results suggest that natural antioxidant LYC can protect against ACR
and GLY induced lipid peroxidation in HepG2 cells.
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3.5.2. LYC protects DNA from oxidative damage

8-Ox0-dG is the major product of DNA oxidation due to increased
oxidative stress (Nakabeppu, Tsuchimoto, Yamaguchi, & Sakumi, 2007).
The protective effect of LYC against ACR and GLY induced oxidative
DNA damage was quantified by analysing the oxidative marker, 8-oxo-
dG in DNA, which is a highly studied DNA oxidation product. In the
presence of higher free radical accumulation, dsDNA molecules undergo
oxidation to form oxidized product (Bogdanov, Andreassen, Dedeoglu,
& Ferrante, 2001). Therefore, here 8-Oxo-dG level in the cells was
assessed for investigating the DNA protective effect of LYC against ACR
and GLY exposure. As shown in Fig. 4B, on exposure to 500 pM ACR and
GLY in cells, 8-OH-dG level is significantly increased as compared to the
control. However, on LYC pre-treatment prior to ACR and GLY exposure,
the 8-OH-dG level was significantly decreased. The dsDNA oxidation
was found to increase in ACR and GLY exposure and in LYC pre-
treatment decrease the oxidative product level in a dose dependent
manner.

3.6. Protective effect of LYC against ACR and GLY induced mitochondrial
transmembrane potential (Aym) loss

It is reported that ROS accumulation was related with disruption of
mitochondrial membrane potential (MMP) and ACR exposure to cells
leads to mitochondrial dysfunction (Chen et al., 2013). Based on these
evidences, we studied the impact of promising antioxidant LYC against
ACR and GLY induced mitochondrial transmembrane potential loss. To
estimate the level of MMP, Rhodamine-123, a cationic fluorescence
probe was used in the present study. In Fig. 5B and C depicts ACR and
GLY (500puM) treatment, which shows a remarkable decline of MMP
level, 62% and 70.6% respectively, as compared to the untreated cells
6.9% shows in Fig. 5A Pre-treatment of cells with LYC was found to exert
protective effect in cells against the loss of mitochondrial trans-
membrane potential induced by ACR and GLY. The MMP was increased
when cells were subjected to pre-treatment with the LYC before expo-
sure to ACR and GLY when compared to cells exposed to ACR and GLY
without pre-treatment. The MMP on pre-treatment with LYC prior to
ACR and GLY were 35.2 and 55.4%, respectively (Fig. 5). Our results
suggest that all the LYC-treated cells could significantly attenuate the
ACR and GLY induced ROS associated mitochondrial dysfunction. Ac-
cording to Zamani et al, (2017) ACR toxicity depend on mitochondrial
dysfunction induced by oxidative damage, which activate cellular death
(Zamani et al., 2017). ACR exposure to hepatocytes resulted in mito-
chondrial injury by the decline of MMP (Seydi et al., 2015).
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Fig. 4. Quantification of oxidative stress markers. (A) Figure represent Lipid peroxidation determined by MDA level (B) Figure represent the 8-oxo-dG level in cells.
The numbers depict 1-Control, 2-500 yM ACR, 3-500 pM GLY, 4- LYC+500 yM ACR, 5- LYC+ 500 uM GLY. Each value denotes the mean + SD of triplicate
measurements. Significance levels between different groups were determined by using one-way ANOVA, *P < 0.05 versus Control; #P < 0.05 versus ACR and $

P < 0.05 versus GLY.
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Fig. 5. Estimation of Mitochondrial membrane potential by Rhodamine 123 staining which depicts restoration of MMP on LYC pre-treatment. After incubation, the
cells were stained with Rhodamine 123 and read by flow cytometer. In data indicate A- Control, B-500 pM ACR, C-500 pM GLY, D- 10 pM LYC + 500 pM ACR, E-

10 M LYC + 500 pM GLY.
4. Conclusions

The present study demonstrated the cytoprotective potential of
major carotenoid LYC as a bioactive agent to attenuate ACR and GLY
-prompted cytotoxicity in HepG2 cells. As biological oxidant to antiox-
idant ratio imbalance leads to induce oxidative stress, under normal
physiological state, free radicals are neutralised by innate antioxidant
defence system of our body. LYC is an important carotenoid present in
our diet with superior antioxidant property. From the data, LYC pro-
tective effect is proposed to be facilitated by the inhibition of intracel-
lular ROS production, enhanced antioxidant enzymes (SOD and CAT),
restoration of the GSH level and decreased oxidative product level (MDA
and 8-oxo-dG). Collectively, results of this study demonstrate that LYC
can protect HepG2 cells against ACR and GLY induced oxidative damage
through its antioxidant activity. Therefore, reasonable supplements of
the LYC or LYC enriched products, can alleviate the harmful effects
caused by the dietary exposure of acrylamide. Further in vivo studies are
warranted to confirm the findings deduced in the present work.
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