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CHAPTER 1
INTRODUCTION

The dietary spice turmeric had wide use in ancient Asian
medicine. Susruta’s Ayurvedic Compendium, dating back to 250
BC, recommends an ointment containing turmeric to relieve the
effects of poisoned food, (Susruta, Acarya and Acharya 1998) but
of course the active principles involved in it were not known at
that time. It is now known that curcumin is the main active
principle probably responsible for most of the biological
activities of turmeric. In 1815, Vogel and Pelletier reported the
isolation of “yellow coloring-matter” from the rhizomes of
Curcuma longa (turmeric) and named it curcumin. In 1842,
Vogel Jr. obtained a pure preparation of curcumin but did not
report its chemical formula. In 1910, Milobedzka and Lampe
identified the chemical structure of curcumin as diferuloyl-
methane, or 1, 6-heptadiene-3, 5 dione-1, 7-bis (4-hydroxy-3-
methoxyphenyl) -(1E, 6E) and subsequently in 1913 succeeded in
synthesizing the compound. Curcumin is a yellow-orange
compound obtained from turmeric, the powdered root of the herb
Curcuma longa. It is one of three curcuminoids present in
turmeric along with two others namely, dimethoxycurcumin and
bis-demethoxycurcumin (Ruby et al. 1995). It is sold as herbal

supplement, cosmetics ingredient, food flavoring and food



coloring agent. It is a tautomeric compound existing in enolic
form in organic solvents, and as keto form in water. Turmeric has
approximately 1 to 6 % curcuminoids, among which curcumin
has been known to exhibit a range of biological activities, the
molecular mechanism of which has been shown to have multiple
targets inside the cell including various macromolecules in the
cell (Zhou et al. 2011).

Research and clinical trials carried out over the past
couple of years have confirmed that curcumin possesses diverse
pharmacological activities such as anti-carcinogenic, anti-
diabetic, anti-inflammatory, anti-oxidant and anti-microbial
activities. These activities are mediated by the modulation of
several important molecular targets, including transcription
factors, various enzymes, proteins involved in cell cycle, various
cytokines, receptors and cell surface adhesion molecules
(Chattopadhyay et al. 2004; Strimpakos et al.2008). However,
one of the major problems with developing curcumin as a drug is
its poor bioavailability and poor metabolic stability, which
appears to be primarily due to poor absorption, rapid metabolism,
and rapid systemic elimination in human body. In order to
circumvent these issues a number of methods have been tested in

various studies (Hatcher et al. 2008).

Recently there has been significant interest in the

development of curcumin analogues/congeners that have better
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activity than curcumin (Anand et al. 2008). Curcumin congeners
have been reported to induce apoptosis, sensitize and overcome
resistance to chemotherapeutic agents in diverse human cancer
cells (Aggarwal et al.2006). Dimethoxycurcumin (DIMC), a
synthetic analogue of curcumin, has been found to be about
three-fold more metabolically stable and expressed better anti-
tumor activity against HCT 116 colon cancer cells when
compared to curcumin (Tamvakopoulos et al. 2007; Pae et al.
2008). Recent literature has confirmed that DIMC is a more
effective anti-inflammatory and anti-tumour agent than curcumin
or its analogues viz., bis-demethoxycurcumin and tetrahydro-
curcumin (Aggarwal et al. 2009; Aggarwal et al. 2007; Sandur et
al. 2007; Jeong et al. 2009; Simon et al. 1998). Most of the
anticancer chemotherapeutic drugs that are broadly and
successfully used today are DNA-binding agents. However, the
clinical potential of DNA-damaging agents is limited by the
adverse side effects caused by them and increased risk of

secondary cancers (Gurova 2009).

DNA binding agents bind to DNA differently based on the
site of binding, intercalative mode of binding is where ligand
intercalates between base pairs of DNA whereas in groove
binding mode ligands bind to the major groove or minor groove
of DNA. Groove binders usually bind to the minor groove of

DNA. Curcumin is one such important natural polyphenol, which



has been shown to be a minor groove binder of DNA/RNA,
monitored by spectroscopic methods based on absorption,
circular dichroism and Fourier transform infrared spectroscopy
(Zsila et al. 2004; Nafisi et al. 2009). However, other binding
modes have also been proposed for curcumin. In one study it was
found that curcumin binds ds-DNA with electrostatic interaction
at lower ionic strength and intercalate at high ionic strength
(Senthil et al. 2009). However, many investigators have reported
the minor groove mode of binding for curcumin. Binding of
curcumin derivatives like diacetyl curcumin and isoxazole
curcumin to DNA has been reported and such interactions are
being explored to understand the molecular mechanisms
responsible for their overall biological activity (Sahoo et al.
2008; Sharma 1976; Bera et al. 2008).

Curcumin is a robust antioxidant in vitro and in vivo as
evidenced by many reports that have been published over the
years. The antioxidant activity of curcumin has been mainly
attributed to its phenolic -OH group (Wright 2002; Sun et al.
2002; Priyadarsini et al. 2003; Chen et al. 2006). If this is true
then DIMC would be a poor antioxidant since its lacks the
phenolic -OH groups. On the other hand, prooxidant activity of
curcumin and DIMC has also been reported (Banerjee et al.
2008; Kunwar et al. 2008; 2012). A possible role for the beta-

diketone moiety was also suggested. However, the phenolic -OH



group is supposed to be of paramount importance according to

many reports. (Sugiyama et al.1996; Jovanovic et al. 1999).

Small molecules that bind to DNA duplexes hold promise
for diagnostic and therapeutic applications, but the precise details
of how they interact with DNA need to be better understood.
Several studies on DNA binding activity of curcumin and some
of its analogs had already been reported (Zsila et al. 2004;
Zaitsev et al. 1998; Bera et al. 2008; Sahoo et al. 2008; Nafisi et
al. 2009). However, DIMC has not been studied in terms of its
interaction with DNA.

In the present work, we had analyzed the binding of
DIMC, a more bioactive derivative of curcumin with DNA in
different systems employing various spectroscopic techniques
like UV-Visible spectroscopy, Fluorescence spectroscopy and
Circular dichroism spectroscopy. We employed FRET studies to
observe the effect of DIMC on DMSO induced destabilization of
double stranded DNA. Nuclear localization of small molecules is
a key factor when considering their biological role as a DNA
minor groove binder because interaction with DNA could be
considered to be of any biological significance only if such
molecules can penetrate the nuclear envelope and access DNA. In
an earlier work it was shown that curcumin could indeed be

localized in nucleus when treated to MCF-7 breast cancer cells



(Kunwar et al. 2008). Confocal microscopy was used to monitor

the nuclear localization of DIMC in MCF-7 cells.

Oxygen is very essential for survival of living organisms
but at the same time it is a highly reactive molecule that damages
living organisms by producing reactive oxygen species (Davies
1995). However, reactive oxygen species also have useful
cellular functions, such as redox signaling. Antioxidants are
compounds that inhibit oxidation. Oxidation is a chemical
reaction that can produce free radicals, thereby leading to chain
reactions that may damage macromolecules like DNA or proteins
in cells of organisms. To balance the oxidative state, plants and
animals maintain complex systems of overlapping antioxidants,
such as glutathione and various enzymes (e.g., catalase and
superoxide dismutase) or the dietary antioxidants vitamin A,
vitamin C and vitamin E. Thus, the function of antioxidant
systems is not to remove oxidants entirely, but instead to keep

them at an optimum level (Rhee 2006).

The reactive oxygen species produced in cells include
hydrogen peroxide (H202), hypochlorous acid (HCIO) and free
radicals such as the hydroxyl radical (-OH) and the superoxide
anion (O*) (Valko et al. 2007). The hydroxyl radical is
particularly unstable and very reactive it will react rapidly and
non-specifically with most biological molecules. This species is

produced from hydrogen peroxide in metal-catalyzed redox
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reactions such as the Fenton reaction (Stohs et al. 1995). These
oxidants can damage cells by starting chemical chain reactions
such as lipid peroxidation or by oxidizing DNA, RNA or proteins
(Sies 1997). Damage to DNA can cause mutations and possibly
cancer, if not reversed by DNA repair mechanisms, while
damage to proteins causes enzyme inhibition, denaturation and

protein degradation.

The antioxidant activities of curcumin and related
compounds have been investigated by a variety of assay systems,
by many investigators in both in vitro and in vivo conditions. The
disparity in assay conditions makes exact comparisons rather
difficult. However, in one of the early reports on the antioxidant
activity of curcumin and its derivatives, Sharma (1976) observed
that the phenolic hydroxyl groups are needed for antioxidant
activity and that the presence of more than one of these groups,
as in the curcumin derivative bis (3,4-dihydroxycinnamoyl)-
methane, confers better activity than that of curcumin itself. The
mechanistic aspects of antioxidant activity of curcumin have been
more recently investigated at length. Studies by Wright (2002),
Sun et al. (2002), Priyadarsini et al. (2003) and Chen et al.
(2006) seem to suggest that the phenolic OH groups are
important in the antioxidant activity. We compared curcumin
with its synthetic analogue DIMC in terms of its ability to

modulate antioxidant enzymes in peripheral blood mononuclear



cells (PBMC). For this, we compared the effect of curcumin and
DIMC on activity of catalase as well as glutathione reductase
(GR). We also studied mRNA level expression of these two
enzymes. Further, their effect on lipid peroxidation and reduced
glutathione (GSH) levels in normal PBMC were analyzed. Apart
from this, we also compared DIMC with curcumin in terms of

their anti-tumor activity.

Nuclear factor kappa B (NF«kB), is a transcription factor
that plays key role in the expression of genes involved in immune
response, inflammation, metastasis, cell survival and many other
important cellular functions. It also regulate the expression of
hundreds of genes that are involved in regulating cell growth, cell
differentiation, development and apoptosis (Liu et al. 2017,
Wong et al. 2009; Oeckinghaus et al. 2009). Reactive Oxygen
Species (ROS) are produced in the cell as a result of various
cellular reactions. While certain NFxB-regulated genes play a
major role in regulating the level of ROS in the cell, ROS have
various inhibitory or stimulatory roles in NF«B signaling. The
mammalian NFkB proteins consist of five different related family
members that bind as homodimers or heterodimers to 10-base
pair kB sites. All of these family members have a Rel-homology
domain (RHD) that is essential for DNA binding and
dimerization (Morgan et al. 2011; Brasier 2006). The three Rel

members of the family, RelA (also known as p65), RelB, and



cRel, have a C-terminal transcription activation domain (TAD)
that serves to positively regulate gene expression. A wide variety
of agents can activate NFkB through canonical and noncanonical
pathways (Gupta et al. 2010; Hoesel et al. 2013). Canonical
pathway involves various steps including the phosphorylation,
ubiquitination, and degradation of the inhibitor of NFkB (IxBa),
which leads to the nuclear translocation of the p50-p65 subunits
of NFxB followed by p65 phosphorylation, acetylation and
methylation, DNA binding and gene transcription.

It has been reported that curcumin inhibits TNFa-activated
NF«B signaling (Gonzales et al. 2008; Hayden et al. 2006; Tak et
al. 2001). In the present work we compared curcumin and DIMC
in terms of their ability to modulate NF«B activation, for this we
quantified nuclear as well as cytosolic fractions of NF«xB by
western blot after treatment with curcumin or DIMC, in addition
to this we also performed NF«B reporter assay to supplement the

western blot assay.

Binding of any ligand with DNA can be analyzed with
computational tools like molecular docking. Molecular docking is
one of the most frequently used computational tool in structure-
based drug design, due to its ability to predict the binding-
conformation of small molecule ligands to the relevant target
binding site (Lengauer et al.1996; Kitchen et al. 2004; Wei et al.
2004; Sarma et al. 2018; Yang et al. 2018; Kalyanaraman 2018).

9



In the field of molecular modeling, docking is one of the methods
that predicts the preferred orientation of one molecule to a second
when bound to each other to form a stable complex (Mohamad et
al. 2018; Wang et al. 2017; Heitz and Rupp 2018). Knowledge of
the preferred orientation in turn may be used to predict the
strength of association or binding affinity between two
molecules. One can think of molecular docking as a problem of
“lock-and-key”, in which one wants to find the correct relative
orientation of the “key” which will open up the “lock” (where on
the surface of the lock is the key hole, which direction to turn the
key after it is inserted, etc.) (Ali et al. 2017; Damayanti et al.
2016; Ghosh et al. 2017). Molecular docking is a key tool in
structural molecular biology and computer-assisted drug design
(Kitchen et al. 2004). The goal of ligand-protein docking is to
predict the predominant binding mode(s) of a ligand with a
protein of known three-dimensional structure. Successful docking
methods search high-dimensional spaces effectively and use a
scoring function that correctly ranks candidate dockings (Wei et
al. 2004). In the present work, AutoDock 4.2.6 developed by the
Scripps research institute has been used for the molecular
docking studies. This computational tool can be downloaded
from The Scripps Research Institute website and is used in the

present work for non-commercial research purpose only.
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CHAPTER 2
REVIEW OF LITERATURE

2.1. FREE RADICALS

A free radical is any species, which is capable of
independent existence and contain one or more unpaired
electrons. Unpaired electrons alter the chemical activity of an
atom or molecule, usually making it more reactive than the
corresponding non-radical. These highly reactive atoms or
molecules are produced in the body during normal metabolic
functions or introduced from environment. They are also formed
when oxygen interact with certain molecules.  They are
inherently unstable since they contain extra energy (Martinez-
Cayuela 1995; Zwart et al. 1999; Vifia 2019; Imlay et al. 2019).

Free radicals such as superoxide, nitric oxide and their
adducts peroxy nitrite, hydrogen peroxide, hydroxyl radical as
well as alkyl peroxy radicals are involved in several disease
conditions. Reactive oxygen species have been implicated in the
pathophysiology of several disorders, including ischemia,
myocardial infarction, rheumatoid arthritis, neurodegenerative
disorders, atherosclerosis, acute hypertension, hemorrhagic
shock, diabetes mellitus etc. (Fang et al. 2002; Tangvarasittichai
et al. 2019; Shu et al. 2019).
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2.2. REACTIVE OXYGEN SPECIES (ROS)

Reactive oxygen species (ROS) is a collective term that
includes both oxygen radicals and certain oxidizing agents that
are easily converted into radicals (Buonocore et al. 2010). ROS
are normal byproducts of aerobic metabolism. Several sources of
ROS in the cells are proposed, from mitochondrial electron
transport chain, microsomal cytochrome P-450 and their electron
donating enzyme systems. (Adam-Vizi 2005; Goncalves et al.
2014) Generation of ROS through normal cellular metabolism
and due to exogenous factors is a constant problem against which
cells have developed multiple defense mechanisms. An
imbalance between free radical generation and sequestration
leads to oxidative stress (Matés 2000; Matés et al. 1999).
Reactive oxygen species present a paradox in their biological
function. On one hand, they prevent disease by assisting the
immune system, mediating cell signaling and playing an essential
role in apoptosis. On the other hand, they can damage important
macromolecules in cells (Droge 2002). DNA appears to be one of
the most important target of ROS in cells (Bhutia et al. 2018). It
can cause DNA base changes, strand breaks, damage to tumor
suppressor genes and enhanced expression of proto-oncogenes
and has been shown to induce malignant transformation of cells
(Liou et al. 2010). Protein damage is a major consequence of

excess ROS generation in vivo, in addition damage to DNA
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polymerase could alter their fidelity. Oxidative protein damage
could also affect the activity of DNA repair enzymes (Seifried et
al. 2007). Another possible mutagenic effect of ROS involves
their attack on lipid to initiate lipid peroxidation. Peroxidation
can decompose lipids to a range of mutagenic carbonyl products,
For example, 4-hydroxynonenal is genotoxic to lymphocytes and
hepatocytes (Wells et al. 2005).

Reactive oxygen species can also damage mitochondrial
DNA. Mitochondrial DNA damage has been suggested to be
important in several human diseases and in the aging process.
ROS generated from mitochondrial electron transport chain are
responsible for such DNA damage (Matés 2000). In vitro
oxidative DNA damage caused by ROS is influenced by a
number of factors, especially the concentration and the specific

type of ROS produced (Buonocore et al. 2010).
2.3. ANTIOXIDANTS

Antioxidants have gone through a gradual transition from
“Miracle  Molecules” to  “Marvelous Molecules” to
“Physiological Molecules”. No doubt, they are vital cogs in
numerous metabolic reactions and are co-players in redox
homeostasis. Further, many antioxidants perform equally or even
more importantly, non-antioxidant duties (Kowaltowski et al.

2009). Many types of antioxidants with different functions play
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their role in the defense network in vivo. The free radical
scavenging antioxidants are one of the important classes of
antioxidants (Niki 2010).

The role played by antioxidants against various disorders
and diseases induced by oxidative stress have received much
attention over the years. In a healthy cell, ROS are detoxified by
antioxidant defenses. Cellular antioxidants may be enzymatic
(catalase, superoxide dismutase, glutathione peroxidase) or
nonenzymatic (glutathione, thiols, some vitamins and metals, or
phytochemicals such as isoflavones, polyphenols, and flavonoids)
(Seifried et al. 2007). In the normal metabolic state of a cell, a
balance exists between the generation of ROS and their
quenching by antioxidants (Manju et al. 2008). Sometimes the
cellular antioxidant defense system is overwhelmed by reactive
oxygen and nitrogen species (RONS), this results in oxidative
stress and damage to cells. The oxidative stress theory of aging
hypothesizes that age-associated functional losses are due to the
accumulation of RONS-induced damages (Pérez et al. 2009;
Buffenstein et al. 2008). Oxidative stress is also involved in
several age-related conditions (i.e., cardiovascular diseases
[CVDs], chronic obstructive pulmonary disease, chronic kidney
disease, neurodegenerative diseases, and cancer) (Liguori et al.
2018).
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2.4. Curcumin

Turmeric has been widely used in Asian culinary culture
since time immemorial (Cavaleri 2018). It has approximately 1-6
% curcuminoids, (Ruby et al. 1995) among which curcumin has
been known to exhibit a range of biological activities as shown in
scheme 1, the molecular mechanism of which has been shown to
have multiple targets including various critical macromolecules
in the cell (Zhou et al. 2011) as depicted in scheme 2, which
outlines some of the molecular targets of curcumin. Chemically
curcumin is (1E,6E)-1,7-Bis(4-hydroxy-3-methoxyphenyl) hepta-
1,6-diene-3,5-dione, it is also known as (1E,6E)-1,7-Bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione or simply
as, diferuloylmethane (Priyadarsini 2013).

2.5. Chemistry of Curcumin

Curcumin is the yellow pigmented fraction of curcuma
longa, first isolated in 1815, obtained in crystalline form in 1870
and identified as (1,7-bis (4-hydroxy 3-methoxy phenyl)-1,6-
heptadiene-3,5-dione) or diferuloylmethane. Curcumin, which
exists as enolic and beta-diketone forms, is stable at acidic pH but
is unstable at neutral and basic pH and is degraded to ferulic acid
and feruloylmethane. Curcumin is less soluble in water but quite
soluble in organic solvents such as dimethyl sulfoxide, ethanol,

methanol or acetone and has a melting point of 183°C, molecular
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Scheme 1. Biological effects of curcumin (Maheshwari et al.

2006).
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formula of C21H200e and molecular weight of 363.87 g/mol
(Anand et al. 2008; Aggarwal et al. 2009; Aggarwal et al. 2007).
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2.6. Biological activities of Curcumin

Various cell culture, animal and clinical studies suggests
that curcumin has extensive and diverse biological activities,
some of the published work on the biological activities of

curcumin has been reviewed here.

Srimal et al. (1973) carried out a study on some
pharmacological actions of curcumin on rats, mice and cats and
found that the compound possesses significant anti-inflammatory
activity in acute as well as in chronic models of inflammation.
They also found that it was as potent as phenylbutazone in the
carrageenan oedema test but only half as potent in chronic tests
and it prevents the inflammation induced increase in SGOT and
SGPT level.

Kuttan et al. (1985) evaluated the anticancer activity of the
rhizomes of turmeric in Chinese Hamster Ovary (CHO) cells and

in vivo in mice using Dalton's lymphoma cells grown as ascites.

18



They found that turmeric extract inhibited the cell growth in
CHO cells at a concentration of 0.4 mg/ml and was cytotoxic to
lymphocytes and also inhibited Dalton's lymphoma cells at the
same concentration. Cytotoxic effect was found within 30 min at
room temperature (30°C). The active constituent was identified as
curcumin which showed cytotoxicity to lymphocytes and

Dalton's lymphoma cells at a concentration of 4 pg/ml.

Mahady et al. (2002) studied the effect of a methanol
extract of turmeric as well as curcumin on 19 strains of H. pylori,
including 5 cagA+ strains. H. pylori is a Group 1 carcinogen and
is associated with the development of gastric and colon cancer.
They found that both the methanol extract and curcumin inhibited
the growth of all strains of H. pylori in vitro with a minimum
inhibitory concentration range of 6.25-50.0 pg/ml. They
proposed that this may be one of the mechanisms by which
curcumin exerts its chemo preventative effects against gastric and

colon cancer.

Gallardo et al. (2016) tried to determine the potential
effect of curcumin on EMT, migration and invasion. They
evaluated the effect of curcumin (30 uM for 48 h) on expression
of EMT-related genes by RT-gqPCR. Results showed that
curcumin decreased E-cadherin, N-cadherin, B-catenin, Slug,

AXL, Twistl, Vimentin and Fibronectin protein expression.
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Curcumin also decreased migration and invasive capabilities in

comparison to their own controls.

Yen et al. (2018) created back wounds in 72 mice and
treated them with or without topical curcumin (0.2 mg/ml) in
Pluronic F127 gel (20%) daily for 3, 5, 7, 9, and 12 days. They
found that topical application of curcumin resulted in fast wound
closure with well-formed granulation tissue dominated by
collagen deposition and regenerating epithelium. They also found
that levels of collagen were significantly higher in curcumin-
treated wounds.

Ardito et al. (2018) conducted an in vitro study on the
effects of curcumin on squamous cell carcinoma of tongue. They
found that IC50 value of curcumin is about 10 uM and there have
been inhibitory effects even for treatments at low concentrations.
They also found that curcumin reduces migration and progression
of TSCC cells and it promotes apoptosis and inhibits
tumorigenesis.

Jafarpour et al. (2018) conducted a study to investigate the
effects of curcumin and trehalose on the level of DNA double-
strand breaks (DSBs) caused by 311 in human lymphocytes. They
concluded that the use of curcumin and trehalose as antioxidant
can reduce the numbers of DSBs caused by **!I and that the
radioprotective effect of curcumin was more than trehalose.
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Lee et al. (2018) studied the effect of curcumin on breast
cancer cells by increasing the activity of natural killer (NK) cells.
They found that curcumin had an immune stimulatory effect on
NK-92 by increasing the surface expression of the CD16+ and
CD56dim. They also confirmed that the cytotoxic effect of NK-
92 on MDA-MB231 was significantly enhanced in the presence
of curcumin, which was associated with the activation of Stat4
and Stat5 proteins in NK-92. In addition to this, they also found
that this improved anti-cancer effect of curcumin was correlated
with decreased expressions of pErk and PI3K in MDA-MB231.

Yu et al. (2018) investigated anti-neuroinflammatory
properties of curcumin in LTA-stimulated BV-2 microglial cells.
They found that Inflammatory cytokine tumor necrosis factor-a
[TNF-a, prostaglandin E2 (PGE2), and Nitric Oxide (NO]
secretion in LTA-induced microglial cells were inhibited by
curcumin. Their studies also revealed that curcumin inhibited
LTA-induced phosphorylation of mitogen-activated protein
kinase (MAPK) including ERK, p38, Akt and translocation of
NF-kB in microglial cells. The summary of their study is
represented in scheme 3.

Machado et al. (2019) analyzed the action of curcumin-
nanoemulsion, as a photosensitizing agent in photodynamic
therapy in an in vitro breast cancer model, MCF-7 cells. They
observed high phototoxic effect after activation at 440 nm,

decreasing viable tumor cells to <10% after two irradiations and
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increasing the reactive oxygen species (ROS) production. They
also found an increase in the levels of caspase 3/7 activity,
indicating that this therapy triggers apoptosis. They concluded
that this formulation had great potential in treating breast cancer.

2.7. Curcumin analogs

Structurally, there are three sections in the molecular
structure of curcumin that have been modified in the course of
attempting to produce analogs with better activity. These include
the aromatic rings, the beta-diketone moiety, and the two
flanking double bonds conjugated to the latter. Successful
synthesis of several such analogues has resulted in the
development of potential anticancer candidates that target various
stages and/or processes in cancer cell growth. Successful
anticancer compounds based on curcuminoids structures
ordinarily retain the conjugated a,p-unsaturated ketone moieties
other than a few exceptions (Vyas et al. 2013; Jordan et al. 2016;
Nagaraju et al. 2018). Turmeric contains three main analogues,
curcumin, demethoxycurcumin (DMC), and
bisdemethoxycurcumin (BDMCQC). Collectively called
curcuminoids, the three compounds differ in methoxy
substitution on the aromatic ring. While curcumin has two
symmetric 0-methoxy phenols linked through the, B-unsaturated
B-diketone moiety, BDMC, also symmetric, is deficient in two o-

methoxy substitutions, and DMC has an asymmetric structure
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with one of the phenyl rings having o-methoxy substitution
(Anand et al. 2008).

Curcumin is the most abundant in turmeric, followed by
DMC and BDMC. A lesser known curcuminoid from turmeric is
cyclocurcumin, first isolated and characterized by Kiuchi et al.
(1993). Structurally, cyclocurcumin differs from curcumin in the
B-diketone moiety. There have been few biological studies on
cyclocurcumin. Simon et al. (1998) reported that this analogue
was ineffective in inhibiting MCF-7 tumor cell proliferation and
arrest of cell cycle progression. Curcumin derivatives are
generally synthesized by derivatization, starting from curcumin.
For example, the phenolic hydroxy group may be acylated,
alkylated, glycosylated, or amino acylated. The methoxy groups
may be demethylated to hydroxy groups. The reactive methylene
group of the linker may be acylated, alkylated or substituted by
an arylidene group (ArCH) thereby introducing substituents on
the C7 chain (Anand et al. 2008). Some of the analogs of

curcumin has been represented in scheme 4.

2.8. Dimethoxycurcumin

Dimethoxycurcumin (DIMC) is a synthetic analogue of
curcumin obtained by methylation of both free phenolic groups in
the parent compound. Studies have shown that DIMC is more
potent that curcumin in terms of its cytotoxic activity towards
cancer cells.
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The metabolic stability of DIMC is also higher when compared to
curcumin (Tamvakopoulos et al. 2007; Pae et al. 2008).

=:|:|| 0o 0
U ¢ b U
HyC CH
0
Ho”

Dimethoxycurcumin

There have been very few studies on the actions of DIMC
over the years. Tamvakopoulos et al. (2007) compared the
anticancer activity as well as metabolic stability of DIMC over
curcumin. They found that DIMC is significantly more potent
than curcumin in inhibiting proliferation and inducing apoptosis
in HCT116 cells treated for 48 h. Nearly 100% of curcumin was
degraded but <30% of DIMC was degraded in cells treated for 48
h, and incubation with liver microsomes confirmed the limited
metabolism of dimethoxycurcumin. They also found that though
both compounds were rapidly degraded in vivo however,
dimethoxycurcumin was more stable.

Pae et al. (2008) investigated whether DIMC could inhibit
NO production and iINOS expression in activated macrophages.
Their results suggested that DIMC inhibits NO production, INOS
expression and NF«kB activation in LPS-activated macrophages.
They concluded that this may be due not only to the conjugated
double bonds but also to the increased number of methoxy

groups.
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Jeong et al. (2009) investigated whether DIMC could
induce HO-1 expression to the same extent as curcumin in
RAW264.7 macrophages. It was found that DIMC and curcumin,
induced HO-1 expression and Nrf2 nuclear translocation. They
also found that blockage of Nrf2 synthesis by small interfering
RNA abolished HO-1 expression by dimethoxycurcumin,
indicating that dimethoxycurcumin may induce HO-1 expression
via Nrf2 activation. They concluded that dimethoxycurcumin and
curcumin had about the same effect on HO-1 expression,
suggesting that dimethoxycurcumin retains the HO-1-inducing
activity of its parent compound curcumin in RAW264.7

macrophages.

Lee et al. (2010) examined whether DIMC, like curcumin,
induces apoptosis in Caki cells and also compared the apoptosis-
inducing activity of DIMC with that of curcumin. They
concluded that DIMC, like curcumin, may induce apoptosis in
human renal carcinoma Caki cells through the production of
ROS, the release of mitochondrial Cyt ¢, and the subsequent
activation of caspase-3. They also found that DIMC is more

potent than curcumin in its ability to induce apoptosis.

Patwardhan et al. (2011) investigated whether DIMC
could exhibit anti-inflammatory activity in murine and human
lymphocytes. They found that both curcumin and DIMC

suppressed mitogen as well as antigen driven proliferation of
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murine splenic lymphocytes. Further, mitogen and antigen-
stimulated cytokine (IL-2, IL-4, IL-6 and IFN-y) secretion by T
cells was also abrogated by curcumin and DIMC. It was also
established that curcumin and DIMC suppressed B cell
proliferation induced by lipopolysaccharide and that they also
inhibited Con A-induced activation of early and late T cell

activation markers.

Lu et al. (2012) studied the protective effect of DIMC in
Mitochondrial dysfunction in human TDP-43 transfected NSC34
cell lines. In this work they showed that dimethoxy curcumin
(DIMC) could ameliorate mitochondrial dysfunction in mutated
TDP-43 stably transfected cell lines.

Kunwar et al. (2012) evaluated the factors responsible for
the induction of cell death by DIMC in human breast carcinoma
MCEF7 cells. They found that DIMC (5-50 uM) caused generation
of reactive oxygen species, reduction in glutathione level and
induction of DNA damage. Further, the mitochondrial
dysfunction induced by DIMC was evidenced by the reduction in
mitochondrial membrane potential and decrease in cellular
energy status (ATP/ADP) monitored by HPLC analysis. They
found that S-phase arrest and apoptosis could be correlated with
the changes in the expressions of cell cycle proteins like p53,

p21, CDK4, and cyclin-D1 and apoptotic markers like Bax and
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Bcl-2. It was thus concluded that DIMC induced cell death in
MCF7 cells through S-phase arrest and apoptosis.

Yoon et al. (2014) showed that dimethoxycurcumin is
significantly more potent than curcumin in inducing cell death
and reducing the clonogenicity of malignant breast cancer cells.
They found that DIMC induced paraptosis accompanied by
excessive dilation of mitochondria and the endoplasmic reticulum
(ER); this was similar to curcumin, but a much lower
concentration of DIMC was required to induce this process. Their
results suggest that DIMC triggers a stronger proteasome
inhibition and higher induction of CCAAT-enhancer-binding
protein homologous protein (CHOP) compared with curcumin,
giving it more potent anticancer effects on malignant breast

cancer cells.

Hassan et al. (2015) compared the cytotoxicity,
metabolism and the epigenetic changes induced by curcumin and
DIMC in leukemia cells. They found that curcumin and DIMC
were not cytotoxic to leukemia cells and that they induced G2/M
cell cycle arrest. DIMC was more metabolically stable than

curcumin and can induce epigenetic changes unlike curcumin.

Chen et al. (2016) studied the effect of DIMC on two
colon cancer cells (HT-29 and SW480) and one normal human

colon mucosal epithelial cell (NCM460). They observed that
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DIMC significantly inhibited the growth of colon cancer cells by
inducing apoptosis in dose-dependent manner both in vivo as well
as in vitro also the expression of survivin was reduced and E-

cadherin was enhanced in both cells in vitro and in vivo.

Jayakumar et al. (2016) investigated the radiosensitizing
effect of DIMC in A549 lung cancer cells. They found that as
compared to curcumin, DIMC showed a very potent
radiosensitizing effect as seen by clonogenic survival assay. It
was also shown that DIMC in combination with radiation
significantly increased the apoptosis and mitotic death in A549
cells. Overall, they demonstrated that DIMC can synergistically
enhance the cancer cell killing when combined with radiation by

targeting thioredoxin system.

Adeyeni et al. (2016) studied, effects of curcumin and two
analogs (bisdemethoxycurcumin and dimethoxycurcumin) on
modulation of B-cell-specific Moloney murine leukemia virus
integration site 1 (BMI1) expression in DLD-1 colorectal cancer
cells. They found that curcumin significantly reduced BMI1levels
more than bisdemethoxycurcumin and dimethoxycurcumin. They
also found that while curcumin and bisdemethoxycurcumin
inhibited survival of DLD-1 colorectal cancer cells by inducing
apoptosis, dimethoxycurcumin did not induce apoptosis though it

inhibited survival of DLD-1 colorectal cancer cells.
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Hassan et al. (2016) looked into cytotoxic effects and
epigenetic changes associated with the combination of DIMC and
DNMT inhibitor decitabine (DAC) in primary leukemia samples
and cell lines. They found that the combination demonstrated
antagonistic cytotoxic effects and effect of DAC was not
significantly altered when combined with DIMC. However,
increased histone acetylation was noted when DAC was co
treated with DIMC.

Teymouri et al. (2018) reviewed various biological
activities of curcumin and DIMC. The cellular and molecular
targets of DIMC that has been mentioned in the review is
illustrated in scheme 5 and differential hepatic and cellular
metabolism of curcumin (Cur) and dimethoxycurcumin (DIMC)
leading to different cellular availability in scheme 6. DIMC
induces the activity of the transcriptional factors of NF-kB and
Nrf2 through inducing degradation of their inhibitory proteins,
IkBa and Keap-1, respectively. On the other hand, DIMC hinders
the activity of transcriptional factor of AP-1 and induces AR
degradation mediated by Mdm2. ASK-1, MAPKs pathway
modulation, TrxR inhibition also occurs following DIMC

treatment.

Zhao et al. (2017) studied the synergistic effects of DIMC
with 5-fluorouracil in SW480 and SW620 colon cancer cells.

They found that DIMC- and/or 5-Fu-induced apoptosis,
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stimulated GO/G1 phase arrest, increased ROS levels, decreased
mitochondrial membrane potential, and enhanced endoplasmic

reticulum expansion in colon cancer cells.

2.9. Nucleic acid binding activity of curcumin and its

analogs

A few studies have been conducted on nucleic acid
binding of curcumin and some of its analogs. Most of these

studies have been reviewed in this section.

Zsila et al. (2004) studied interaction between curcumin
and both natural and synthetic DNA duplexes using circular
dichroism (CD) and absorption spectroscopy techniques. Upon
addition of curcumin to calf thymus DNA and various
polynucleotide solutions, they observed an intense positive
induced CD band centered around 460-470 nm depending on the
actual pH and Na* concentration of the medium; there was no CD
signal, however, with single stranded poly(dC). They evaluated
spectral data and molecular modeling calculations which
suggested that curcumin, binds in the minor groove of the double

helix.

Sahoo et al. (2008) studied the interaction of
diacetylcurcumin (DAC) with calf thymus-DNA (ct-DNA) by
spectroscopic and viscometric techniques. They found that

fluorescence intensity of DAC was quenched by ct-DNA. The
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mean binding constant obtained from the spectroscopic
techniques was 3.97 + 0.31 x 105 M. The binding mode was
analyzed by competitive binding between ethidium bromide (EB)
and DAC for ct-DNA and also by viscometric studies. DAC was
found to be a minor groove binder with a preference for the AT
region compared to the GC region. They substantiated this by
displacement studies with Hoechst 33258, a known minor groove

binder. Docking studies corroborated with experimental results.

Bera et al. (2008) studied the interaction of
iIsoxazolcurcumin (I0C), a synthetic derivative of curcumin, with
calf thymus-DNA (ct-DNA) by UV-Vis, fluorescence and
circular dichroism spectroscopy, viscosity measurements and
docking studies. From the analyses, the binding constant, number
of binding sites and mode of binding of IOC to ct-DNA had been
determined by them. The binding constant of IOC to DNA was
found to be in the 10* Mt range. Analyses of fluorescence
spectra, viscosity measurements and molecular modeling of IOC—
DNA interactions by them indicated that 1OC is a minor groove
binder and preferentially binds to AT rich regions. Ethidium
bromide displacement studies done by them revealed that 10C
did not have any effect on ethidium bromide bound DNA which
suggests that I0C does not intercalate between base pairs of
DNA.
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Nafisi et al. (2009) examined the interactions of curcumin
with calf thymus DNA and yeast RNA in aqueous solution at
physiological conditions, employing constant DNA and RNA
concentration (6.25 mM) and varying curcumin/polynucleotide
(phosphate) ratios of 1/120, 1/80, 1/40, 1/20, and 1/10. Fourier
transform infrared (FTIR) and UV-visible spectroscopic methods
were used to determine the ligand binding modes, the binding
constants and the stability of curcumin-DNA and curcumin-RNA
complexes in aqueous solution. They showed that curcumin binds
to the major and minor grooves of DNA duplex and to RNA
bases as well as to the backbone phosphate group with overall
binding constants of K(curcumin-DNA) = 4.255 x 10* M and
K(curcumin-RNA) = 1.262 x 10* M. Major DNA and RNA
aggregation occurred at high pigment concentration. No
conformational changes were observed upon curcumin
interaction with DNA or RNA.

Wang et al. (2010) studied the interaction of curcumin
with immobilized double-stranded-DNA (ds-DNA). They used 5
mol L*Tris-HCI (pH 7.0) solution with different ionic strength.
The current and formal potential of curcumin at ds-DNA
modified GCE were investigated using electrochemical method.
They found that curcumin binds ds-DNA with electrostatic
interaction at lower ionic strength and intercalate at high ionic
strength.
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Li et al. (2013) employed fluorescence spectroscopy in
combination with UV-Vis absorbance spectroscopy to investigate
the binding of curcumin to herring sperm DNA (hs-DNA). The
mode of binding of curcumin to DNA duplex was reported to be
principally intercalative. They reported binding affinity for
curcumin with hs-DNA of the order 10* L mol 1.

Haris et al. (2017) claims contrasting findings on the
interaction of curcumin with DNA. They therefore conducted a
study to understand the mechanism of recognition of curcumin
dissolved in DMSO by DNA. Their investigation confirmed that
curcumin solubilized in DMSO binds in the minor groove of the
ct-DNA without causing significant structural alteration to the
DNA. The mode of binding of curcumin with DNA according to

Harris et al. has been illustrated in scheme 7.
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2.10. Objectives of the present project

2.10.1. To investigate the binding of DIMC with DNA and derive
the binding constant.

2.10.2. To establish the site of binding and the nature of

interaction.

2.10.3. To study the modulation of antioxidant enzymes by

DIMC in comparison with curcumin in normal cells.

2.10.4. To investigate modulation of NF-kB pathway by DIMC in

comparison with curcumin in normal cells.

2.10.5. To investigate whether DIMC localizes in the nucleus of

cancer cells.

2.10.6. To study the anti-tumor activity of DIMC in comparison

with curcumin in cancer cell lines.

39



CHAPTER 3
MATERIALS AND METHODS

3.1. Materials:
3.1.1. Chemicals & reagents:

1. Acrylamide

2. Agarose

3. Ammonium persulphate

4, Anti-Mouse 1gG

5. Anti-NF«B antibody

6. Anti-rabbit 1gG

7. Anti B- Actin antibody

8. Antibiotic/Antimycotic solution
0. ATP sodium salt

10.  BSA (Bovine Serum Albumin)
11.  Calcium chloride

12.  Calf thymus-DNA (ct-DNA)
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

cDNA synthesis kit

Cell Proliferation Kit Il (XTT)

Curcumin

D luciferin

4’ 6-diamidino-2-phenylindole

Dimethyl sulfoxide

Dimethoxy curcumin

Dithiothreitol EGTA

Ethidium bromide

Fetal Bovine Serum

Glycylglycine

Heparin sodium salt

Histopaque HiSep LSM 1077
Octylphenoxypolyethoxyethanol (IGEPAL)
Potassium chloride

Dipotassium hydrogen phosphate (K2HPO4)

Lipofectamine LTX reagent
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30.  Magnesium sulfate

31. N’ methylene bis-acrylamide

32.  PBR 322 plasmid DNA

33.  Proteinase inhibitor cocktail

34. RPMI-1640 media

35.  Sodium dodecyl sulphate (SDS)

36.  Sodium chloride

37.  Syber Green Real time PCR master mix
38. N, N, N’, N'-Tetra methyl ethylene diamine (TEMED)
39. TRI Reagent

40.  Triton X-100

41.  Trizma

42.  Trypan Blue

43.  Tween-20

Calf thymus-DNA (ct-DNA) and all other reagents
(analytical grade) were procured from SRL, India. Curcumin was
purchased from Sigma Chemical Co. (St. Louis, MO, USA)
through local suppliers. Oligonucleotides (55mers) for FRET

42



studies were Purchased from Metabion, Germany. Histopaque
HiSep LSM 1077, RPMI-1640 media, FBS (Fetal Bovine
Serum), BSA (Bovine Serum Albumin), Antibiotic Antimycotic
solution and Molecular biology grade water were obtained from
Himedia, Mumbai, India. Proteinase inhibitor cocktail, IGEPAL,
Anti B- Actin antibody, Anti Mouse 1gG, Anti rabbit IgG, Anti
NF«xB antibody, Tween-20, Acrylamide, Trypan Blue, SDS
(Sodium dodecyl sulphate), N’ methylene bis-acrylamide,
ammonium persulphate, Trizma, TEMED (N, N, N’, N'-Tetra
methyl ethylene diamine) and DTT were procured from Sigma—
Aldrich Co, (St. Loius, MS). TRI Reagent, cDNA synthesis kit
and Syber Green Real time PCR master mix were obtained from
Origin Diagnostics, Kerala, India. Triton X-100, Heparin sodium
salt, Sodium chloride, Calcium chloride, Glycylglycine, MgSO4,
EGTA, K2HPO4 and ATP sodium salt were obtained from SRL
Laboratories, Mumbai, India. Lipofectamine LTX reagent and D
luciferin were obtained from Invitrogen, Carlsbad, CA, USA. The
Cell Proliferation Kit Il (XTT) was purchased from Sigma—
Aldrich Co. (St. Loius, MS).

All other chemicals were purchased from local suppliers.
All the chemicals and reagents were of analytical grade or
Molecular biology grade. Nanopure water from a Milli Q system

(Millipore, France) was used throughout.
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3.2. Methods:

3.2.1. Preparation of buffers, reagents and test

solutions
3.2.1.1. Phosphate buffer saline
A 10 L stock of 10x PBS was prepared by dissolving

800 g NaCl, 20 g KCI, 144 g Na2HPO4 - 2H20 and 24 g
KH2PO4 in 8 L of distilled water. After complete mixing, made
up final solution to 10 L. Whenever required stock was diluted to
1x and used. The pH of 1x PBS was 7.4.

3.2.1.2. TBE buffer

A concentrated 1liter (5x) stock solution of TBE was
prepared by weighing 54 g Tris base (FW = 121.14) and 27.5 g
boric acid (FW = 61.83) and dissolving both in approximately
900 milliliters of deionized water then added 20 milliliters of 0.5
M EDTA (pH 8.0) and adjusted the solution to a final volume of
1 L. This buffer solution was diluted as per requirement before

use.
3.2.1.3. Preparation of curcumin stock solution

Curcumin stock solution (100 mM) was prepared by
dissolving 37.4 mg curcumin in 1 ml DMSO. Solution was

diluted as per requirement with PBS (10mM) Dbefore each
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experiment. A concentration of 5 uM was fixed for curcumin for
assays involving cells since at higher concentration it may induce

loss of cell viability (Banerjee et al. 2008)
3.2.1.4. Preparation of DIMC stock solution

DIMC stock solution was prepared by dissolving 49.6 mg
DIMC in 1 ml DMSO. Solution was diluted as per requirement
with PBS (10mM) before each experiment. A concentration of 5
UM was fixed for DIMC for assays involving cells since same

concentration was used for curcumin.
3.2.2. Synthesis and evaluation of purity of samples
3.2.2.1. Evaluation of purity of ct-DNA

The purity of ct- DNA was checked by measuring the ratio
of UV absorbance of DNA solution in PBS at 260 and 280 nm,
which was found to be 1.9 indicating that it was sufficiently free
from protein. The concentration of DNA was measured directly

using a nanodrop spectrophotometer before each experiment.
3.2.2.2. Synthesis and evaluation of purity of DIMC

DIMC was synthesized according to previously reported
method (Priyadarsini et al. 2003) and characterized by melting
point (mp) analysis, 'H NMR, ¥C NMR spectroscopy and MS,
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after which the results were compared with literature values. The

sample was found to be sufficiently pure of impurities.
3.2.3. Molecular docking of curcumin and DIMC with DNA:
Principle:

Docking is a method which predicts the preferred
orientation of one molecule to a second when bound to each other
to form a stable complex. The associations between biologically
relevant molecules such as proteins, peptides, nucleic acids,
carbohydrates and lipids play a central role in signal transduction.
Furthermore, the relative orientation of the two interacting
partners may affect the type of signal produced (e.g., agonism vs
antagonism). Therefore, docking is useful for predicting both the

strength and type of signal produced.
Method:

The coordinates for B-DNA used for docking were
extracted from the Protein Data Bank with identifier 453D. The
structure of DIMC generated by HyperChem Professional
Release 8 (Hypercube Inc., FL, USA) was energy minimized
with  MMFF94 force field using MMFF94 charges. The
macromolecule file was prepared for docking by adding polar
hydrogen atoms and Gasteiger charges. No rotatable bonds were

assigned and docking carried out with the AutoDock 4.2.6

46



Lamarckian Genetic Algorithm (GA). DNA was enclosed in a
grid having 0.375 A spacing in all directions. Other
miscellaneous parameters were assigned the default values given
by AutoDock. The output from AutoDock was rendered with
PyMol and processed with UCSF chimera.

3.2.4. UV-Vis spectrophotometry:
Reagents:

Calf thymus DNA

DIMC (Stock and standard)

DMSO

PBS

Principle:

Spectrophotometric analysis of nucleic acids is based on
the principles that nucleic acids absorb ultraviolet light at
particular wavelength. In the case of DNA, changes in absorption
maxima around 260 nm when in contact with small molecules

indicates some sort of interaction between the two.
Procedure:

Ct-DNA solution was prepared in PBS and mixed with
DIMC solution so that the concentration of ct-DNA was 40 uM
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and that of DIMC varied from 5 to 30 uM in different Eppendorf
tubes. The total reaction mixture was fixed at 1.0 ml. After
homogenization in a sonicator absorption spectra were recorded
on a Jasco Spectrophotometer V-650 UV—-Vis spectrophotometer
at room temperature, with a slit width of 2 nm and scan speed of

400 nm min,
Derivation of binding constant from UV-Vis spectroscopy:

Assuming that DIMC does bind to DNA, the whole

dynamic process can be represented as follows:
n (DIMC) + ct-DNA &—= Complex Equation (1)

The equilibrium constant for the above equilibrium is

given by the equation:

K= [Complex] Equation (2)

[DNA][DIMC]"

For the above -equilibrium, assuming 1:1 complex
formation, the double reciprocal plot, also expressed as the

Benesi-Hildebrand equation is written as follows:

AA ™ KAez[ct — DNA] ([D.-‘.m]) +Aazeu[r:t— ONA Eauation (3)

Here, A A is the difference in the absorbance at 260 nm of

a solution containing a mixture of ct-DNA and varying
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concentrations of DIMC and the sum of the individual
absorbance of ct-DNA and DIMC. The Ag260 is the difference in
the molar extinction coefficient at 260 nm. For these studies, the
concentration of ct-DNA was fixed at 40 uM and that of DIMC
varied from 5-30 puM.

3.2.5. Circular dichroism studies:
Reagents:

Calf thymus DNA

DIMC (Stock and standard)
DMSO

PBS

Principle:

The phenomenon of circular dichroism is very sensitive to
the secondary structure of polypeptides and proteins. Circular
dichroism (CD) spectroscopy is a form of light absorption
spectroscopy that measures the difference in absorbance of right-
and left-circularly polarized light (rather than the commonly used

absorbance of isotropic light) by a substance.
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Procedure:

Circular dichroism spectra were recorded on a Jasco-810
automatic recording spectropolarimeter at 25 °C. DIMC (3.33
uM-25 uM) were added onto ct-DNA solution (32 uM) in 10 mM
phosphate buffer saline pH 7.4 and spectra were recorded from
200-350 nm in a 1 cm cell at scan rate of 100 nm/min with a
response time of 1 sec. Each spectrum was accumulated twice
and the obtained results expressed as millidegrees (mdeg). A

nitrogen atmosphere was maintained throughout the experiment.
3.2.6. Fluorescence spectrophotometry:

Reagents:

Calf thymus DNA

DIMC (Stock and standard)

DMSO

PBS

Principle:

The emission maxima of DIMC is around 550 nm when
excited at 420 nm, on interaction with macromolecules like
proteins or DNA there may be changes in the emission

properties.
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Procedure:

All fluorescence measurements were carried out at room
temperature in a Hitachi F-4500 fluorescence spectrophotometer.
The bandwidth of both excitation and emission slits were set at 5
nm. Fluorescence emission was recorded keeping the
concentration of DIMC (5 uM) constant and varying the
concentration of ct-DNA in PBS (2 uM-20 uM) taken in different
Eppendorf tubes and the total reaction volume was 1 ml.

Excitation wavelength was set at 420 nm.

3.2.7. Ethidium bromide (Etbr) competitive binding assay:
Reagents:

Calf thymus DNA

DIMC (Stock and standard)

DMSO

PBS

Ethidium bromide

Principle:

Ethidium bromide intercalates between base pair of DNA
and its fluorescence emission is increased several fold. When a

compound that competes with ethidium bromide for DNA
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binding site is added to a solution containing DNA and Ethidium
bromide, the enhanced fluorescence intensity of ethidium

bromide decreases.
Procedure:

Ethidium bromide (Etbr) competitive binding assay was
performed by incubating ct-DNA (9.3 uM) with Etbr (9.8 uM)
followed by addition of increasing concentrations of DIMC (0.5
uM - 10 uM) in phosphate buffer (pH 7.4) at room temperature,
after excitation at 480 nm fluorescence spectra was recorded in a

Hitachi F-4500 fluorescence spectrophotometer.
3.2.8. DAPI displacement assay:

Reagents:

Calf thymus DNA

DIMC (Stock and standard)

DMSO

4' 6-diamidino-2-phenylindole (DAPI)
Principle:

DAPI is a well-known DNA double helix minor groove
binder. Fluorescence of DAPI increases several fold on binding

to the minor groove of DNA. When a compound that binds to
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minor groove of DNA is added to a mixture containing DNA and

DAPI, enhanced fluorescence of DAPI will decrease.
Procedure:

DAPI displacement assay was done by incubating DNA
(20 uM) in phosphate buffer (pH 7.4) with Dapi (15 uM)
followed by addition of increasing concentrations of DIMC (5
uM-20 uM) after which the fluorescence spectra were recorded in
a Hitachi F-4500 fluorescence spectrophotometer at room

temperature after excitation at 338 nm.

3.2.9. Fluorescence resonance energy transfer (FRET) assay
Reagents:

Calf thymus DNA

DIMC (Stock and standard)

DMSO

PBS

Phi-C

Phi-W
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Principle:

Fluorescence resonance energy transfer (FRET), the
nonradiative transfer of excited state energy from one
fluorophore to another. Fluorescence resonance energy transfer is
a distance-dependent physical process, by which energy is
transferred nonradiatively from an excited molecular fluorophore
(the donor) to another fluorophore (the acceptor) by means of
intermolecular long-range dipole—dipole coupling. FRET can be
an accurate measurement of molecular proximity at angstrom
distances (10-100 A) and highly efficient if the donor and
acceptor are positioned within the Forster radius (the distance at
which half the excitation energy of the donor is transferred to the

acceptor, typically 3—6 nm).
Procedure:

FRET studies were done with the complementary
oligonucleotides (55 mers) synthesized by Metabion, Germany
with the following sequences.

Phi-C:

5’CGATACGCTCAAAGTCAAAATAATCAGCGTGACATTC
AGAAGG GTAATAAGAACG-3’

Phi-W:

5’-CGTTCTTATTACCCTTCTGAATGTCACGCTGATTAT
TTTGACTTTGAGCGTATCG-3°
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Phi-C was labelled with rhodamine B at 3’ end, and Phi-W
was labelled with fluorescein at 5° end. The respective absorption
and fluorescence maxima of fluorescein are at 490 and 522 nm,
while those of rhodamine B are at 540 and 590 nm. Double-
helical DNA was prepared from renaturation of Phi-W (27.5 uM)
and Phi-C (27.5 uM) by mixing single stranded oligonucleotides
in phosphate buffer (pH 7.4). FRET studies in this double
stranded DNA were performed after incubating with different
concentrations of DMSO (2.8-7 uM) or with DMSO (2.8—-7 puM)
containing DIMC (20-50 uM) at room temperature for 5 min in a
total reaction volume of 100 ul in phosphate buffer (pH 7.4). The
change in the emission intensity due to fluorescein as a result of
FRET was measured at 522 nm after excitation at 490 nm. Since
the absorption of DIMC at 490 nm is very low, the interference
from its emission to FRET was negligible. The assays were
carried out in real time, where reproducibly similar trends were
observed in duplicate sets performed together as a set on a given

day.

3.2.10. Agarose gel electrophoresis (AGE):
Reagents:

PBR322 Plasmid DNA

DIMC (Stock and standard)
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DMSO
TBE buffer
Agarose
Principle:

Agarose gel electrophoresis is a method of gel
electrophoresis used to separate a mixed population of
macromolecules such as DNA or proteins in a matrix of agarose,
one of the two main components of agar. The proteins may be
separated by charge and/or size and the DNA and RNA
fragments by length. Biomolecules are separated by applying an
electric field to move the charged molecules through an agarose
matrix, and the biomolecules are separated by size in the agarose

gel matrix
Procedure:

AGE was carried out in a Tarson midi submarine gel
electrophoresis apparatus. PBR322 Plasmid DNA was treated
with different concentrations of DIMC (5 uM-75 uM) incubated
for 15 min and resolved on 0.8% agarose gel. Gel was run at 80V
for 2 h. 1X TBE buffer was used for this experiment. The gel was

then visualized in a Bio-Rad gel documentation system.
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3.2.11. Blood collection:

Blood was obtained from young, healthy, non-smoking
volunteers and was collected aseptically in the presence of
EDTA. Blood collection was carried out in accordance with The
Code of Ethics of the World Medical Association (Declaration of

Helsinki) and written consent were obtained from all the donors.
3.2.12. PBMC isolation:
Reagents:

HiSep™ LSM 1084
RPMI-1640 cell culture medium
Fetal bovine serum

L-Glutamine

Penicillin

Streptomycin

Trypan blue solution

Principle:

Isolation of PBMC is based on the adapted method of
isolating mononuclear cells using centrifugation techniques by

Begyum in which defibrinated blood is layered on a solution of
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sodium diatrizoate and polysucrose and centrifuged at low speeds
for 30 min. Differential migration following centrifugation results
in the formation of several cell layers. Mononuclear cells
(lymphocytes and monocytes) are contained in the banded
plasma-LSM interphase due to their density, and the pellet that is
formed contains mostly erythrocytes and granulocytes, which
have migrated through the gradient to the bottom of the tube.

Procedure:

Isolation of PBMC from blood was done as per the
instructions given in the manual provided with HiSep™ LSM
1084. Isolated PBMC were suspended in RPMI-1640 medium
with 10% sterile fetal bovine serum (FBS), 2 mM L-glutamine,
1% penicillin-streptomycin solution, and checked for cell
viability by trypan blue exclusion. PBMC were adjusted to 1x10°

cells/ml and used for further experiments.
3.2.12.1. Treatment of PBMC with test compounds

After isolation PBMC were treated with curcumin or
DIMC (5 pM), and incubated for 6 h in a CO2 incubator (New
Brunswick Galaxy 170 S, Eppendorf) after which cells were
homogenized and experiments carried out as mentioned in each

assay unless otherwise specified.
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3.2.13. PBMC viability by Trypan blue exclusion:
Reagents:

Trypan blue (0.4% solution)

Principle:

Trypan blue exclusion test is used to determine the
number of viable cells present in a cell suspension. It is based on
the principle that live cells possess intact cell membranes that
exclude certain dyes, such as trypan blue.

Procedure:

To the isolated PBMCs, equal volume of trypan blue
suspension (0.4% solution) was added and kept at 37 °C for 7
min in a CO2 incubator supplied with 5% CO>. The cells were
then counted in a hemocytometer, observed under light
microscope. Dead cells take up the dye and appear blue whereas

the live cells exclude the dye and appear colorless.
3.2.14. Cell culture:

Reagents:

HEK?293 cells

MCF7 cells

DMEM medium
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FCS 10%

Penicillin 100 1U/ml
Streptomycin 100 pg/ml
DIMC (Stock and standard)
Curcumin (Stock and standard)
DMSO

Procedure:

MCF7 cell line and HEK?293 cells (obtained from NCCS,
Pune, India) were grown in DMEM medium supplemented with
10% FCS, 100 IU/ml penicillin, and 100 pg/ml streptomycin.
Monolayer cultures in tissue culture flasks were incubated in
95% air, 5% CO, atmosphere at 37°C. The culture medium was
changed every 48 h. Stock solution of DIMC or curcumin was
prepared in DMSO and added to the culture medium at the
desired concentrations. DMSO concentration did not exceed

0.1% of the total reaction volume during each experiment.
3.2.15. Estimation of protein:

Reagents

A. Na;CO3 2% in 0.1 N NaOH

B. NaK Tartrate 1% in H>O
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C. CuS04.5 H20 0.5% in H20

D. Reagent I: 48 mlof A, 1 mlof B, 1 mlIC

E. Reagent 11- 1 part Folin-Phenol [2 NJ: 1 part water
BSA Standard - 1 mg/ ml

DIMC (Stock and standard)

Curcumin (Stock and standard)

DMSO

Principle:

The principle behind the Lowry method of determining
protein concentrations lies in the reactivity of the peptide
nitrogen[s] with the copper [Il] ions under alkaline conditions
and the subsequent reduction of the FolinCiocalteau
phosphomolybdic  phosphotungstic acid to  heteropoly
molybdenum blue by the copper-catalyzed oxidation of aromatic

acids.
Procedure:

After treatment with curcumin (5 pM) or DIMC (5 uM)
and 6 h incubation, PBMC were sonicated and 20 pl of the
sample, BSA standard (10-200 ug) and buffer (blank) were taken

in respective tubes and final volume made up to 0.5 ml with
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distilled water. Added 4.5 ml of Reagent | and incubated for 10
min at room temperature. After incubation added 0.5 ml of
Reagent Il and mixed thoroughly and incubated for 30 min at
room temperature. Measured the absorbance at 660 nm and a
calibration curve was plotted. Protein content of the sample was
calculated from the calibration curve and expressed as mg

protein/ml (Lowry et al. 1951).

3.2.16. Assessment of lipid peroxidation:
Reagents

Trichloro acetic acid (TCA)
Thiobarbituric acid (TBA)

DIMC (Stock and standard)

Curcumin (Stock and standard)

DMSO

Principle:

Since malondialdehyde is a degradation product of
peroxidised lipids, the development of pink colour with the
absorption characteristics (Absorption maximum at 532 nm) as a
TBA-MDA chromophore has been taken as an index of lipid

peroxidation.
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Procedure:

Thiobarbituric acid reactive substances (TBARS) in
PBMC was measured according to the method described
previously (Ohkawa et al. 1979) with slight modifications. After
treatment with curcumin (5 pM) or DIMC (5 uM) and 6 h
incubation, compounds and incubation, PBMC were sonicated
and mixed with 10% ice cold TCA. Samples were centrifuged at
3000 rpm for 15 min, collected the supernatant, added 1%
thiobarbituric acid (TBA) then boiled at 100 °C for 15 min.
Samples were cooled and the absorbance were measured at 532
nm. The amount of malondialdehyde (MDA) formed was
calculated on the basis of molar extinction coefficient of MDA-
TBA chromophore (1.56 x 10° micm™) and the results were

expressed as n moles of TBARS/mg of protein.
3.2.17. Assay of catalase (CAT):

Reagents

Hydrogen peroxide

PBS

DIMC (Stock and standard)

Curcumin (Stock and standard)

DMSO
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Principle:

The enzyme catalyzes the decomposition of hydrogen
peroxide, which is measured by decrease in absorbance at 240

nm.
2H 0, —— » HO, + O
Procedure:

Catalase activity was measured according to the method
described previously (Aebi 1984) after treatment with curcumin
(5 uM) or DIMC (5 uM) and incubation for 6 h. Cells were
sonicated and 40 pul each of PBMC cytosol from the different
groups were added to 1 ml of H20> (30 mM) and 1.960 ml of 50
mM phosphate buffer pH 7.4. The rapid decomposition of H.O>
was determined for every 30 sec from the decrease in absorbance
at 240 nm for 3 min. The results are expressed as Units/mg of

protein (1 Unit=mM H20> decomposed/min/mg protein).
3.2.18. Assay of glutathione reductase (GR):

Reagents

Glutathione disulfide

PBS

NADPH
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DIMC (Stock and standard)
Curcumin (Stock and standard)
DMSO

Principle:

Glutathione reductase is a flavoprotein that catalyzes the
NADPH dependent reduction of glutathione disulfide to GSH.

NADPH + H* + GSSG — > NADP* + 2GSH
Procedure:

Activity of the GR was determined as described by
(Bellomo et al. 1987). The reaction mixture consisted of 0.1 M
phosphate buffer (pH 7.0), 5 mM glutathione disulfide (GSSG),
and 40 ul of PBMC cytosol obtained after sonication of cells
treated with curcumin (5 pM) or DIMC (5 pM) and incubated for
6 h, in a final volume of 1.0 ml. The reaction was started by
adding 0.1 mM NADPH and the consumption of NADPH was
monitored spectrophotometrically at 340 nm. The results were
expressed as Units/mg of protein (1 Unit=m moles of NAPDH

oxidized /min/mg of protein).
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3.2.19. Analysis of reduced glutathione (GSH):
Reagents

GSH

5-Sulphosalicylic acid
5,5-Dithiobis2-nitro benzoic acid (DTNB)
Phosphate buffer

NADPH

DIMC (Stock and standard)

Curcumin (Stock and standard)

DMSO

Principle:

In this method, 5,5-dithiobis2-nitro benzoic acid (DTNB)
Is reduced by -SH groups to form 1 mole of 2-nitro-5-

mercaptobenzoic acid per mole of SH.

The nitromercaptobenzoic acid anion released has an
intense yellow colour and can be used to measure -SH groups at
405 nm.
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Procedure:

GSH assay was performed according to the method
described previously (Baker et al. 1990) with a minor
modification. PBMC were incubated for 6 h after treatment with
curcumin (5 pM) or DIMC (5 uM), various concentrations of
GSH were prepared by serially diluting a 200 uM standard with
0.5 % 5-sulphosalicylic acid (SSA) to get 0, 0.09, 0.19, 0.375,
0.75, 1.5, 3, and 6 pM solutions. Samples or standards (50 pl)
plus 100 pl reaction mixture made by mixing 5 ml of 5-5-
dithiobis [2-nitrobenzoic acid] (DTNB) (1 mM), 5 ml of NADPH
(2 mM), 5.75 ml of NaPOg buffer (100 mM) and 0.1 ml of GSH
reductase (200 U/ml in buffer) were added to each well of a 96
well flat microplate. The plate was kept at room temperature in
the dark for 10 min. DTNB reduction by GSH was monitored by
optical density measurements at 405 nm. Standard curves were
constructed and GSH contents were determined (expressed in
uM/108 cells).

3.2.20. Real-time PCR (gPCR) analysis:
Reagents

TRI reagent

RT buffer

DTT
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RNase inhibitor

Reverse transcriptase

SYBR Green Real-Time PCR Master Mix.
DIMC (Stock and standard)

Curcumin (Stock and standard)

DMSO

Principle:

Quantitative reverse transcription PCR (RT-gPCR) is used
when the starting material is RNA. In this method, RNA is first
transcribed into complementary DNA (cDNA) by reverse
transcriptase from total RNA or messenger RNA (mRNA). The
cDNA is then used as the template for the gPCR reaction. RT-
gPCR is used in a variety of applications including gene

expression analysis.
Procedure:

Isolated PBMCs were treated with curcumin (5 uM) or
DIMC (5 pM) at a concentration of 5 uM and total RNA was
isolated wusing TRI reagent and quantified by Nanodrop
spectrophotometer (Thermo scientific). cDNA was prepared from
1 pg of total RNA using cDNA synthesis kit containing random
primers, 5 X RT buffer, DTT, RNase Inhibitor and Reverse
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transcriptase in a 20 ul reaction system. The obtained cDNA was
diluted to a ratio of 1:10 and subjected to real-time PCR in Roche
light cycler 480 using SYBR Green chemistry. The nucleotide
sequence of primer pairs used to determine the levels of
expressions of catalase, glutathione reductase and GAPDH are as

follows:

. Catalase sense primer 5’-CCATCGCAGTTCGGTTCT-
3’and antisense primer 5’-GGGTCCCGAACTGTGTC-3".

. Glutathione reductase sense primer 5’-
ATGATCAGCACCAACTGCAC-3’ and antisense primer
5-CGACAAAGTCTTTTTAACCTCCTT-3’

. GAPDH sense primer 5’- AGCCACATCGCTCAGACA
C-3’ and antisense primer 5’- GCCCAATACGACCAA
ATCC-3

The internal reference used was GAPDH and proper non-
target negative controls were maintained for each gene. The
relative expression of all the genes were analyzed and quantified.
Melt curve analysis was carried out to analyze the specificity of
the primers used.
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3.2.21. Anti-cancer activity of DIMC and curcumin:
Reagents:

MCF7 cells

DMEM medium

FCS 10%

Penicillin 100 1U/ml
Streptomycin 100 pg/ml

XTT reagent

DIMC (Stock and standard)
Curcumin (Stock and standard)
DMSO

Principle:

XTT is a colorless or slightly yellow compound that when
reduced becomes brightly orange. XTT is reduced to a soluble,

brightly colored orange derivative by a mix of cellular effectors.
Procedure:
Cell viability assay was done on MCF7 cells using the

Cell Proliferation Kit Il (XTT). MCF7 cells were seeded in
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microplates (tissue culture grade, 96 wells, flat bottom) 4000
cells in a final volume of 100 ul culture medium per well, in a
humidified atmosphere (37 °C, 5% CO.). DIMC or curcumin
were added to the appropriate wells at concentrations varying
from 5 — 25 uM followed by incubation for 24 h. After the
incubation period, added to each well, 50 ul of the XTT labeling
mixture, prepared as described in the manual for the kit (final
XTT concentration 0.3 mg/ml). Incubated the microplate for 4 h
in a humidified atmosphere (37 °C, 5% CO). Readings were

taken in a multiwell plate reader at 450 as well as 690 nm.
3.2.22. Western blot analysis for NFkB:

Reagents

Nuclear-cytoplasmic fractionation buffer

NaCl 150 mM

NP-40 1.0%

Tris-HCI 50 mM, pH 8.0

Sodium deoxycholate 0.5%

SDS (sodium dodecyl sulphate) 0.1%

Protease inhibitors

Tris-HCI 20 mM
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SDS 4%

2-mercaptoethanol 10%
Glycerol 20%

Bromophenol blue 0.004%
Tris-HCI 0.125 M

Tris base 25 mM

Glycinel90 mM

Tris base 25 mM

Methanol 20%

Tris 48 mM

Glycine 39 mM

SDS 0.04%

Milk or BSA (bovine serum albumin) 3-5%
DIMC (Stock and standard)
Curcumin (Stock and standard)

DMSO
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Principle:

Western blotting uses specific antibodies to identify
proteins that have been separated based on size by gel
electrophoresis. The immunoassay uses a membrane made of
nitrocellulose or PVDF (polyvinylidene fluoride). The gel is
placed next to the membrane and application of an electrical
current induces the proteins to migrate from the gel to the
membrane. The membrane can then be further processed with
antibodies specific for the target of interest, and visualized using

secondary antibodies and detection reagents.
Procedure:

After treatment with curcumin (5 uM) or DIMC (5 puM)
and incubation for 24 hours, PBMCs were collected and lysed in
nuclear-cytoplasmic fractionation buffer containing 0.1% NP40.
Cytoplasmic fraction was collected after centrifugation and the
pellet was subjected to further lysis by sonication and collected as
nuclear fraction after centrifugation at 10,0000 x g for 10 min.
The collected fractions were mixed with 6x SDS PAGE loading
dye and heated at 90°C for 10 min. The denatured proteins were
separated on 10% SDS PAGE and transferred on to PVDF
membrane by wet transfer method. The membrane was then
blocked with 5% BSA in TBST and incubated with primary

antibody overnight. After overnight incubation, the membranes
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were washed with TBST and incubated in HRP conjugated
secondary antibody for 1 h. The blots were then developed in
Biorad VersaDoc system using chemiluminescent reagent. The
probes for cross contamination of the nuclear or cytoplasmic
fractions were also carried out using anti-histone H3 as nuclear

marker and hexokinase as the cytoplasmic marker.
3.2.23. NFkB reporter assay:
Reagents:

HEK?293 cells

DMEM medium

FCS 10%

Penicillin 100 1U/ml
Streptomycin 100 pg/mi
Lipofectamine LTX reagent
Triton X100

Glycyl-glycine

MgSO4

EGTA

DTT
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K2HPO4

1X luciferin

DIMC (Stock and standard)
Curcumin (Stock and standard)
DMSO

Principle:

The NFkB Reporter kit is designed for monitoring the
activity of the NFkB signaling pathway in the cultured cells. The
kit contains transfection-ready NF«xB luciferase reporter vector.
This reporter contains a firefly luciferase gene under the control
of multimerized NFkB responsive element located upstream of a
minimal promoter. The NFxB reporter is premixed with
constitutively-expressing Renilla (sea pansy) luciferase vector,
which serves as an internal control for transfection efficiency.
The kit also includes a non-inducible firefly luciferase vector
premixed with constitutively-expressing Renilla luciferase vector
as a negative control. The non-inducible luciferase vector
contains a firefly luciferase gene under the control of a minimal
promoter, without any additional response elements. The
negative control is critical to determining pathway specific

effects and background luciferase activity.
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Procedure:

Human Embryonic Kidney 293 cell cultures (70 %
confluent) were transfected with NFxB Reporter plasmid using
Lipofectamine LTX reagent. After transfection, the cells were
treated with curcumin or DIMC at a concentration of 5 uM. 24 h
post treatment, the cells were lysed in 200 ul lysis buffer
containing triton X100, glycyl-glycine, MgSO4, EGTA and DTT.
The cell lysates were then mixed with 150 ul of assay buffer
containing glycyl-glycine, K2HPO4, MgSO4, EGTA, DTT and
ATP. To this mix, 100 pl of 1X luciferin was added and the
luminescence was measured in a Perkin Elmer multimode plate
reader. The luminescence units were normalized to the total cell

protein.

3.2.24. Confocal microscopy:
Reagents:

MCF7 cells

DMEM medium

FCS 10%

Penicillin 100 1U/ml
Streptomycin 100 pg/ml

DIMC (Stock and standard)
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Curcumin (Stock and standard)
DMSO

DAPI

Principle:

Confocal microscope uses point illumination and a pinhole
in an optically conjugate plane in front of the detector to
eliminate out-of-focus signal — the name "confocal” stems from
this configuration. As only light produced by fluorescence very
close to the focal plane can be detected, the image's optical
resolution, particularly in the sample depth direction, is much
better than that of wide-field microscopes. However, as much of
the light from sample fluorescence is blocked at the pinhole, this
increased resolution is at the cost of decreased signal intensity —
so long exposures are often required. To offset this drop in signal
after the pinhole, the light intensity is detected by a sensitive
detector, usually a photomultiplier tube (PMT) or avalanche
photodiode, transforming the light signal into an electrical one

that is recorded by a computer.
Procedure:

Confocal microscopy was performed to study the
localization of DIMC in the nucleus of MCF7 cells. Cells were
incubated with or without DIMC (20 pM) in DMEM medium
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containing 10% FBS. At the end of 4 h, the cells were centrifuged
onto cover slips, fixed with paraformaldehyde, stained with DAPI
(5 pg/ml) for nuclear staining and mounted onto glass slides.
Slides were examined using a LSM510 scanning module (Carl
Zeiss Microscopy, Jena GmbH, Germany) with a Krypton—Argon
laser, coupled to an Orthoplan Zeiss photomicroscope using a
488 nm laser line and a 510 nm band pass filter. Overlay images
were recorded by superimposing simultaneous images from each

channel.
3.3. Instruments and Equipment:
1. Biorad VersaDoc system.

2. Carbon dioxide incubator (New Brunswick Galaxy 170 S,

Eppendorf).
3. Deep freezer, -20 °C (Labline, India).
4. Desktop centrifuge (Remi Equipments).

5. Desktop computer with core i3-6006U processor and 8gb

ram.
6. Hitachi F-4500 fluorescence spectrophotometer.
7. Jasco Spectrophotometer V-650.

8. Jasco-810 automatic recording spectropolarimeter.
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10.

11.

12.

13.

LSM510 scanning module (Carl Zeiss Microscopy, Jena
GmbH, Germany) with a Krypton—Argon laser, coupled to

an Orthoplan Zeiss photomicroscope.

Nanodrop 8000 spectrophotometer (Thermo Scientific).
Perkin EImer multimode plate reader.

Roche light cycler 480.

Tarson midi submarine gel electrophoresis apparatus.

3.4. Software:

AutoDock 4.2.6.
Discovery Studio 3.5 client (Accelrys).

Origin 8 software (Origin Lab, Northampton,
Massachusetts, USA).

Pymol-1.1 (for educational use).

Python 2.5.2, MGL-Tools 1.5.4 (The Scripps Research

Institute).
UCSF Chimera 1.11.2.

HyperChem Professional Release 8.
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3.5. Statistical analysis:

Results were expressed as mean + standard deviation. The
intergroup variation was measured by one-way analysis of
variance (ANOVA) and Turkey’s HSD post hoc test and
Duncan’s post hoc analysis. The intergroup variation was
accepted as statistically significant at p<0.05. Turkey’s HSD post
hoc test and Duncan’s post hoc analysis revealed that the
different groups (control group, curcumin treated group and
DIMC treated group) differed significantly when compared to
each other. The statistical analysis was done using Origin 8

software (Origin Lab, Northampton, Massachusetts, USA).
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CHAPTER 4
RESULT

Our first objective was to investigate the binding of DIMC
with DNA and to derive the binding constant if indeed DIMC
bound to DNA. Before commencement of wet lab experiments,
we decided to investigate the interaction of DIMC with DNA
using in silico methods, for this we used molecular docking
method using AutoDock 4.2.6.

4.1. Molecular docking of curcumin and DIMC with
DNA:

The coordinates for B-DNA used for docking were
extracted from the Protein Data Bank with identifier 453D. The
structure of DIMC generated by HyperChem Professional
Release 8 (Hypercube Inc., FL, USA) was energy minimized
with MMFF94 force field using MMFF94 charges. Docking was
carried out as mentioned in section 3.2.3. Figures 1 and 5 are the
docked structures of curcumin and DIMC with DNA
respectively. The space filling model of DNA is shown here and
red colored ring structure of curcumin in figure 1 and green

colored ring structure of DIMC in figure 5 are distinctly visible.
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Figure 1: Docked structure of curcumin with DNA

The macromolecule file was prepared for docking by
adding polar hydrogen atoms and Gasteiger charges. No
rotatable bonds were assigned and docking carried out
with the AutoDock 4.2.6 Lamarckian Genetic Algorithm
(GA). DNA was enclosed in a grid having 0.375 A
spacing in all directions. Other miscellaneous parameters

were assigned the default values given by AutoDock.
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Figure 2 represents the interaction of curcumin with DNA,
here DA, DG, DC and DT represents deoxy adenine,
deoxy guanine, deoxy cytosine and deoxy thymine
respectively. These are the nucleotides that were seen to
directly interact with curcumin molecule. Interactions of
curcumin atoms with nearby DNA atoms are shown as
spheres. Figure 3 represents hydrogen bonding between
deoxy thymine (DT7) of DNA with one of the phenolic
hydroxyl group of curcumin. Interactions are shown as
spheres and the length of hydrogen bond was depicted as
green cylinder. Figure 4 represents the binding energy
distribution of the different docked conformations. Figure
6 represents the interaction of DIMC with nearby atoms of
DNA, interactions are represented as spheres. However,
no hydrogen bonding was observed in the case of DIMC
as with curcumin. The notations used are same as that
described in the case of curcumin in figure 2. Figure 7
represents binding energy distribution of ranked
conformations of binding of DIMC with DNA. It could be
seen that the distribution of binding energies was different
from that observed in curcumin. Ten ranked docked
conformations were obtained in all after docking, rank one
was expected to be the most preferred conformation.
Docking studies revealed that both curcumin and DIMC

binds to the minor groove of DNA with different affinities
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Figure 2: Interaction of curcumin with DNA

DA18 DAG

DA, DG, DC and DT represents deoxy adenine, deoxy
guanine, deoxy cytosine and deoxy thymine respectively,
the numbers specify position of each nucleotide in the
DNA molecule that was used for docking. The
nucleotides shown here were seen to directly interact with
curcumin molecule. Interactions of curcumin atoms with

nearby DNA atoms are shown as spheres.
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Figure 3: Hydrogen bonding involved in the interaction

of curcumin with DNA

DAT

DA%

e Hydrogen bonding between deoxy thymine (DT7) of DNA
with one of the phenolic hydroxyl group of curcumin is
shown here. Interactions are shown as spheres and the

length of hydrogen bond is depicted as green cylinder.
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Figure 4: Binding energy distribution of Ranked

conformations of binding of curcumin with DNA
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It can be noted that out of the ten conformations obtained,
three confirmations showed binding energy close to -10
kCal/mole and two conformations showed binding energy

near -8.5 kCal/mole.
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Figure 5: Docked structure of DIMC with DNA

e The macromolecule file was prepared for docking by
adding polar hydrogen atoms and Gasteiger charges. No
rotatable bonds were assigned and docking carried out
with the AutoDock 4.2.6 Lamarckian Genetic Algorithm
(GA). DNA was enclosed in a grid having 0.375 A
spacing in all directions. Other miscellaneous parameters

were assigned the default values given by AutoDock.
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Figure 6: Interaction of DIMC with DNA

DA, DG, DC and DT represents deoxy adenine, deoxy
guanine, deoxy cytosine and deoxy thymine respectively,
the numbers specify position of each nucleotide in the
DNA molecule that was used for docking. The
nucleotides shown here were seen to directly interact with
DIMC molecule. Interactions of DIMC atoms with nearby

DNA atoms are shown as spheres.
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Figure 7: Binding energy distribution of Ranked
conformations of binding of DIMC with DNA
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It can be noted that out of the ten conformations obtained,
four conformations showed binding energy close to -7

kCal/mole and two conformations showed binding energy

near -8.4 kCal/mole.
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and while curcumin forms hydrogen bond with DNA, DIMC

does not form any such hydrogen bond.

We needed to establish binding of DIMC to DNA
employing wet lab experiments. To accomplish this, we
performed three different experiments namely UV-Vis
spectroscopy, CD spectroscopy and Fluorescence spectroscopy.
Each of these spectroscopic techniques had the potential to
independently establish the interaction of DIMC with DNA.
Binding of curcumin to DNA had been studied exhaustively over
the years, which has been reviewed in section 2.9. therefore, we
concentrated on studying binding of DIMC with DNA.

4.2. Determination of binding of DIMC to ct-DNA and
estimation of binding constant by UV-Visible

spectroscopy:

Dimethoxycurcumin has absorption maxima around 418 nm. As
ct-DNA does not have any absorbance above 300 nm it is
convenient to monitor the absorbance of DIMC at its absorption
maxima with addition of ct-DNA. Similarly, DIMC has
negligible absorption at 280 nm therefore absorption of ct-DNA
can be measured at 280 nm with addition of DIMC. Figures 8
shows the absorption spectra of 40 uM ct-DNA, in the absence
and presence of DIMC (5 - 30 uM) in aqueous- DMSO (9:1)

solutions at pH 7.4. The changes at 260 nm were prominent, an
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enhancement in absorption (hyperchromicity) at 260 nm and a
slight blue shit of ~ 5 to 10 nm was observed. Figure 9 shows the
absorption spectra of 10 uM DIMC, in the absence and presence
of ct-DNA (50 - 300 puM) in aqueous- DMSO (9:1) solutions at
pH 7.4. The binding of small molecules to DNA produces
hypochromism, a broadening of band, and a red shift of the
complex absorption band. Hypochomism followed by a red shift
was observed when increasing amounts of DNA (50 uM-300
uM) were added to DIMC solution (10 uM) as shown in figure 9.
In the case of groove binders, a large wavelength shift is usually
correlated with a conformational change on binding or complex
formation. Wavelength shift of ~20 nm was observed as shown in
figure 9. Absorption maxima shifted from ~410 nm to ~430 nm.
These results suggest that DIMC is a minor groove binder
further, the isobestic point observed at ~475 nm confirms
complex formation while reflecting homogeneity of the system.
The difference in the absorbance at 260 nm (DA) obtained by
subtracting the sum of the individual absorbance at 260 nm due
to DIMC and ct-DNA from that of the mixture of ct-DNA and
DIMC was used for quantitative estimation of the binding
constant, K, for the equilibrium given in equation (1) in section
3.2.4. The ratio of the intercept and the slope of the plot of 1 /DA
versus 1/[DIMC] according to equation (3) gave a K value of 5.5
+0.8 x 10* M1,
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Figure 8: UV-VIS Absorption spectra of ct-DNA with
DIMC

2.0 DIMC = Dimethoxycurcumin
DNA = calf thymus
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Steady state absorption spectra of different concentrations of
Dimethoxycurcumin (5-30 uM) with calf thymus DNA (40 uM)
in aqueous- DMSO (9:1) solutions at pH 7.4. DNA (40 uM)
solution was prepared in PBS in Eppendorf tubes and varying
amounts of DIMC (5-30 uM) working solution was added. Final

volume was made up to 1 ml with PBS.
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Figure 9: UV-VIS Absorption spectra of DIMC with ct-

DNA

Absorbance
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Steady state absorption spectra of different concentrations
of calf thymus DNA (50 uM-300puM) with
Dimethoxycurcumin (10 uM) in aqueous- DMSO (9:1)
solutions at pH 7.4. Varying concentrations of DNA (50
uM-300 uM) solution was prepared in PBS in different
Eppendorf tubes and added DIMC (10 uM) to all the

tubes. Final volume was made up to 1 ml with PBS.
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4.3. Effect of DIMC on ct-DNA conformation and base

pairing by Circular dichroism spectroscopy:

CD spectra of ct-DNA (32 uM) in the absence and in
presence of increasing concentrations of DIMC (3.33 uM -25
uM) (Figure 10) showed two conservative CD bands in the UV
region; a positive band at around 273 nm (due to base stacking)
and a negative band at around 245 nm (due to polynucleotide
helicity). Upon addition of DIMC, only a slight decrease in the
positive band and a slight enhancement in the negative band were
observed with no change in band shape or induction of a new
band. An increase in the molar ellipticity of positive bands
suggests an intercalative mode of binding. It was observed that
binding of DIMC with ct-DNA did not induce any
conformational change and / or significant unwinding of DNA
base pairs. These results point to a groove-binding mode for
DIMC binding to ct-DNA.

4.4. Binding of DIMC to ct-DNA by fluorescence

spectroscopy:

The change in fluorescence spectral intensities is often employed
to assess the binding of drugs to DNA. Therefore, the
fluorescence spectra of DIMC (5 puM) in the presence of ct-DNA
(2-20 pM) in aqueous-DMSO (9:1) solutions at pH 7.4 were

monitored after excitation at 420 nm. In the absence of ct-DNA,
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Figure 10: Circular dichroism spectra of DIMC with ct-
DNA

CD(mdeq)

Wavelength (nm})

e DIMC (3.33 uM-25 uM) were added onto ct-DNA
solution (32 pM) in 10 mM phosphate buffer saline pH 7.4
and spectra were recorded using Jasco-810 automatic
recording spectropolarimeter at 25 °C from 200-350 nm in

a 1 cm cell at scan rate of 100 nm/min with a response

time of 1 sec.
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DIMC showed weak fluorescence, but in presence of ct-
DNA, its intensity increased several folds and the spectra showed

small blue shift at lower concentrations of DNA (Figure 11).

Minor groove binders like DAPI and DNA intercalators
like ethidium bromide show enhanced fluorescence upon entry
into the minor groove or intercalation between base pair of DNA.
Fluorescence emission of DIMC was found to increase steadily
upon addition of increasing amount of ct-DNA, this indicates that
DIMC interacts with ct-DNA. However, the exact nature of
interaction cannot be ascertained by difference in fluorescence

emission alone.

From docking studies, we could see that DIMC bound to
the minor groove of DNA. Spectroscopic investigations revealed
that DIMC did interact with DNA. However, the mode of binding
could not be ascertained. In order to determine the mode of
binding, i.e., groove binding mode or intercalative mode, we
performed two assays namely Ethidium bromide (Etbr)

competitive binding assay and DAPI displacement assay.
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Figure 11: Fluorescence emission spectra of DIMC with
ct-DNA
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Fluorescence emission spectra of DIMC (5uM) in the presence
and absence of varying concentrations of DNA (2-20 uM) in
aqueous-DMSO (9:1) solutions at pH 7.4 were monitored using
Hitachi F-4500 fluorescence spectrophotometer after excitation
at 420 nm.
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4.5. Binding mode of DIMC to ct-DNA determined by
Ethidium bromide (Etbr) competitive binding

assay:

EtBr is a well-known DNA intercalator, and its
fluorescence intensity increases considerably after binding with
DNA due to intercalation. In the presence of another molecule
that intercalate between base pairs of DNA, there would be
competition between the new probe and EtBr, for intercalation
between base pairs of DNA, resulting in a decrease in the
enhanced fluorescence of EtBr-DNA complex. On addition of
increasing concentration of DIMC (5 uM - 20 uM) to solution
containing EtBr (10 uM) and ct-DNA (20 uM) no changes in the
fluorescence emission spectra of DNA-EtBr complex were
noticed (Figure 12). From this result we confirmed that DIMC
does not intercalate between base pairs of DNA like EtBr.
Ethidium bromide (Etbr) competitive binding assay revealed that
DIMC is not a DNA intercalator. In order to confirm that DIMC
Is indeed a minor grove binder as predicted by docking studies

we performed DAPI displacement assay.
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Figure 12: Fluorescence emission spectra of EtBr with ct-
DNA

Fluorescence intensity

Wave Ie-n-ﬁth (nm)

Fluorescence emission spectra of EtBr (10 uM) (dashed
line) and EtBr (10 uM) - ct-DNA (20 uM) mixture in the
presence of increasing concentration of DIMC (5-20 uM)
in 10 mM phosphate buffer (pH 7.4). After excitation at
480 nm fluorescence spectra was recorded using Hitachi

F-4500 fluorescence spectrophotometer.
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4.6. Binding mode of DIMC to ct-DNA determined by
DAPI displacement assay:

DAPI is a fluorogenic probe whose fluorescence intensity
increase substantially upon interaction with DNA through minor
groove binding. If a probe that bind to minor groove of DNA is
added to a mixture of DAPI and DNA, the newly added probe
would compete with DAPI for binding sites in the minor groove,
thereby displacing some amount of DAPI molecules from minor
groove subsequently decreasing the enhanced fluorescence of
DAPI. A significant decrease in the fluorescence intensity of
DAPI (15uM) bound to ct-DNA (20 uM) was observed in the
presence of increasing concentration of DIMC (5-20 uM) (Figure
13). These results confirmed that DIMC competes with DAPI for
binding space in the minor groove of ct-DNA and hence DIMC is

indeed a minor groove binder.

With DAPI displacement assay we had established that
DIMC is a minor groove binder. However, we wanted to study
the effect of DIMC on denaturation of complementary
oligonucleotides in the presence of DMSO. In order to study the
effect of minor groove binding of DIMC on the stability of

double stranded nucleotides we employed FRET assay.
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4.7. Effect of DIMC on DMSO induced denaturation of
complimentary oligonucleotides by fluorescence

resonance energy transfer:

The assay is based on non-radiative resonance energy
transfer between a donor (fluorescein) and an acceptor
(Rhodamine B). FRET, being distance dependent between the
donor and the acceptor moieties, has been used in many studies to
understand the location of binding of the drugs to
macromolecules. The design of the experiment is outlined in the
inset of Figure 14. In this pair, initially the donor molecule
fluorescein is excited at 490 nm, which emits fluorescence at 522
nm. Due to energy transfer to an acceptor like rhodamine B, loss
of its emission intensity at 522 nm is observed. During
renaturation of the two strands, Phi-W and Phi-C, the donor and
acceptor molecules come closer and the energy transfer causes
decrease in the emission intensity at 522 nm. During
denaturation, the separation of these duplex strands causes loss of
FRET and thereby results in increase in the emission intensity.
The denaturation process occurs in a few seconds, therefore by
monitoring the time-dependent emission changes at 522 nm, it is

possible to monitor the kinetics of denaturation or stabilization.
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Figure 13: Florescence emission spectra of DAPI with ct-
DNA
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e Florescence emission spectra of DAPI (15 uM) and DAPI
(15 uM) — ct-DNA (20 uM) mixture in the presence of
increasing concentration of DIMC (5-20 uM) in 10 mM
phosphate buffer (pH 7.4). After excitation at 338 nm
fluorescence spectra were recorded using Hitachi F-4500

fluorescence spectrophotometer.
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Figure 14: FRET assay to demonstrate effect of DIMC
on ds-DNA
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e Denaturation reaction mediated by DMSO in the presence
and absence of DIMC as monitored by fluorescence
resonance energy transfer (FRET). Fluorescence intensity
of fluorescein was plotted against time (a) DMSO (7 M);
(b) DMSO (4.2 M); (c) DMSO (2.8 M); (d) DMSO (7.0 M)
+ DIMC (50 uM); (e) DMSO (4.2 M) + DIMC (30 uM);
(f) DMSO (2.8 M) + DIMC (20 pM). Ex (L1) -490 nm, and
EM ([J) -522 nm. Inset shows schematic representation of
the FRET assay.
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DMSO is a known denaturant of double-stranded DNA.
Accordingly, with the addition of increasing concentration of
DMSO from 2.8 to 7.0 M, the denaturing effect gradually
increased and a clear increase in the rate and intensity of the
fluorescence emission at 522 nm was observed (Figure 14).
When DIMC (20 to 50 uM) was added along with DMSO to the
same system, a clear inhibition of denaturation was seen and the
emission intensity decreased (Figure 14). At low concentration of
DMSO, no change in fluorescence was observed even in the
presence of high concentration of DIMC. These results confirmed
that DIMC inhibits the DMSO-mediated denaturation process of
DNA, most likely through binding to the minor groove of DNA

and thereby preventing the separation of the two strands.

We had established that DIMC bind to the minor groove
of DNA and it stabilized double stranded oligonucleotides. We
hypothesized that DNA bound to DIMC would cause gel
mobility shift in DNA molecules, to ascertain this we conducted

agarose gel mobility shift assay.
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4.8. Effect of DIMC on gel mobility of plasmid DNA by

Agarose gel electrophoresis

Agarose gel mobility of DIMC bound to DNA was
checked by incubating DIMC (5 puM-75 puM) with pBR322
plasmid DNA and running the samples in an 0.87 % agarose gel.
Controls for the experiment were pBR322 plasmid DNA alone
and pBR322 plasmid DNA mixed with DMSO. Agarose gel
electrophoresis revealed some unexpected bands or rather streaks
in gel near the wells. Normally supercoiled pBR322 plasmid
DNA resolved in agarose gel should show up as two distinct
bands one for open circular and the other for supercoiled form.
As expected, bands were obtained confirming the presence of
supercoiled and very small amount of open circular form but
streaks were seen much above these bands near the wells which
glowed with bright fluorescence (Figure 15). Since all the bands
were visible either in the well or just below the well, these may
be very bulky complexes involving DNA and DIMC or
aggregated DIMC alone. Since we had established that DIMC
bind to minor groove of DNA like curcumin we were interested

to study the biological consequences of minor groove binding.
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Figure 15: Gel mobility shift assay of DIMC with
Plasmid DNA

DNA 3007203125 e

Lanes C — G -PBR 322 plasmid DNA treated with
different concentrations of DIMC (5 puM-75 puM) and
resolved on 0.87 % agarose gel. Lanes A and B are control
and DMSO control respectively. OC — open circular; SC —

supercoiled.
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We also wanted to study how DIMC interact with or
modulates various components and systems in cells. We also
wanted to compare DIMC with curcumin in terms of its
antioxidant and anti-cancer activity as well as various other
biological activities. First, we compared antioxidant status of
PBMC after treatment with DIMC and curcumin by measuring
parameters like lipid peroxidation, catalase activity, glutathione

reductase activity and reduced glutathione levels.

4.9. Effect of curcumin and DIMC on lipid peroxidation
in PBMC:

Lipid peroxidation is one of the main markers of oxidative
damage to cells. We assayed lipid peroxidation after treatment
with DIMC or curcumin as mentioned in 3.2.16. Treatment with
curcumin and DIMC resulted in a slight decrease in thiobarbituric
acid reactive substances (TBARS) levels in PBMC. However,
curcumin had better activity in this regard (Figure 16 and table
1). Curcumin lowered TBARS levels from 104 = 1.04-nmol/mg
of protein (control) to 98 + 1.01- nmol/mg of protein, whereas
DIMC could lower it to 101 = 1.02-nmol/mg protein only.
Significant differences were noted in lipid peroxidation when
treated with curcumin or DIMC when compared to control
(P<0.05). These results confirm that curcumin is a better
antioxidant compared to DIMC in terms of quenching lipid

peroxides.
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Figure 16: Lipid peroxidation assay with curcumin and
DIMC in PBMC
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PBMC were treated with curcumin (5 pupM) or
dimethoxycurcumin (5 puM). After incubation, PBMC were
washed with PBS, sonicated and treated with 10% TCA and
centrifuged. Supernatant was used to determine the
peroxidation product (MDA) using different concentrations of
MDA standards. Data are expressed as mean + S.D. Statistical
analysis was performed using one-way Anova and Turkey’s

post hoc analysis., *p<0.05 when compared to control; n = 6.
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Table 1: Effect of curcumin and DIMC on lipid

peroxidation

Treated groups Lipid peroxidation
nmol of TBARS / mg of protein
control 104 £ 1.04
curcumin 98+1.01
DIMC 101 £1.02

e PBMC were treated with curcumin (5 pupM) or
dimethoxycurcumin (5 pM). After incubation, PBMC were
washed with PBS, sonicated and treated with 10% TCA and
centrifuged. Supernatant was used to determine the
peroxidation product (MDA) using different concentrations
of MDA standards. Data are expressed as mean + S.D.
Statistical analysis was performed using one-way Anova and
Turkey’s post hoc analysis., *p<0.05 when compared to

control; n = 6.
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4.10. Effect of curcumin and DIMC on catalase activity
in PBMC:

Catalase is an important enzyme present in almost all
living systems. It catalyzes the decomposition of hydrogen
peroxide to water and oxygen. It is a key enzyme in protecting
cells against oxidative damage. The assay of catalase activity was
performed by incubating PBMC with curcumin or DIMC and
measuring catalase activity afterwards as mentioned in 3.2.17.
We found that catalase activity increased in the case of curcumin
treated PBMC, to 11.28 + 0.22 U/mg protein (P<0.05) from a
control value of 9.92 £ 0.19 U/mg protein, whereas DIMC
increased catalase activity to 17.2 = 0.53 U/mg protein which is
almost double the control value (Figure 17 and table 2). These
results suggest that DIMC is able to increase catalase activity

substantially.

4.11. Effect of curcumin and DIMC on glutathione
reductase activity in PBMC:

Glutathione reductase plays a key role in the overall
maintenance of antioxidant status of cells. It reduces glutathione
disulfide to reduced glutathione which is critical for the
functioning of glutathione peroxidase which in turn reduces

hydrogen peroxide.
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Figure 17: Effect of curcumin and DIMC on catalase
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PBMC were treated with curcumin (5 uM) or
dimethoxycurcumin (5 uM). Catalase was estimated by
the decomposition of hydrogen peroxide to release oxygen
and water. The rapid decomposition of H»O. was
determined for every 30 sec from the decrease in
absorbance at 240 nm for 3 min. The results were
expressed as Units / mg of protein. Data expressed as
mean * S.D. Statistical analysis was performed using one-
way Anova and Turkey’s post hoc analysis. *p<0.05 when

compared to control; n = 6.
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Table 2: Effect of curcumin and DIMC on catalase

activity
Catalase activity
Treated groups units / mg of protein
control 9.92+0.19
curcumin 11.28 £ 0.022
DIMC 17.2 £0.52

e PBMC were treated with curcumin (5 pupM) or
dimethoxycurcumin (5 uM). Catalase was estimated by the
decomposition of hydrogen peroxide to release oxygen and
water. The rapid decomposition of H202 was determined for
every 30 sc from the decrease in absorbance at 240 nm for 3
min. The results are expressed as Units / mg of protein. Data
are expressed as mean + S.D. Statistical analysis was
performed using one-way Anova and Turkey’s post hoc

analysis. *p<0.05 when compared to control; n = 6.
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Activity of glutathione reductase was measured after treatment
with DIMC or curcumin as mentioned in 3.2.18. There was an
increase in the activity of glutathione reductase from a control
value of 0.35 + 0.003 U/mg protein to 0.37 £ 0.005 U/mg protein
in the case of curcumin treated samples. However, the trend was
reversed when treated with DIMC, here glutathione reductase
activity was significantly reduced (P<0.01) to 0.21 £ 0.009-U/mg
protein (Figures 18 and table 3).

DIMC treatment decrease glutathione reductase activity
and hence the level of reduced glutathione would be expected to
decrease, similarly curcumin increased the activity of glutathione
reductase hence reduced glutathione levels will also be expected
to increase with curcumin treatment. In order to ascertain this, we

measured reduced glutathione levels.

4.12. Effect of curcumin and DIMC on reduced
glutathione levels in PBMC:

Reduced glutathione levels were measured in PBMC after
treatment with DIMC or curcumin according to the method
mentioned in 3.2.19. There was an increase in reduced
glutathione levels (1.58 + 0.023 uM/10° cells) in the case of
PBMC treated with curcumin. The control value for glutathione
level was 1.47 + 0.019 uM/108 cells.
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Figure 18: Glutathione reductase assay on PBMC with

curcumin and DIMC
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e PBMC were treated with curcumin (5 pM) or
dimethoxycurcumin (5 pM) and activity of GR was
measured by oxidation of NADPH to NADP during
reduction of oxidized glutathione (GSSG). Data are
expressed as mean + S.D. Statistical analysis was performed
using one-way Anova and Turkey’s post hoc analysis.

*p<0.05, **p<0.01 when compared to control; n = 6.
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Table 3: Effect of curcumin and DIMC on glutathione

reductase activity

Glutathione reductase activity
Treated groups units / mg of protein
control 0.35 £ 0.003
curcumin 0.37 £ 0.005
DIMC 0.21 +0.009

PBMC were treated with curcumin (5 pM) or dimethoxycurcumin
(5 uM) and activity of GR was measured by oxidation of NADPH
to NADP during reduction of oxidized glutathione (GSSG). Data
are expressed as mean + S.D. Statistical analysis was performed
using one-way Anova and Turkey’s post hoc analysis. *p<0.01

when compared to control; n = 6.
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microM / million cells

Figure.19: Effect of curcumin and DIMC on reduced

glutathione levels
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PBMC  treated with curcumin (5 pM) or
dimethoxycurcumin (5 PM). The intracellular GSH
concentration was determined by a colorimetric micro
GSH assay and expressed as uM /106 cells. Data are
expressed as mean *= S.D. Statistical analysis was
performed using one-way Anova and Turkey’s post hoc

analysis. *p<0.05 when compared to control; n = 6.
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Table 4: Effect of curcumin and DIMC on reduced

glutathione levels

Treated groups

Glutathione reductase activity
units / mg of protein

control 1.47 £0.019
curcumin 1.58 £ 0.023
DIMC 1.26 £ 0.052

e PBMC treated with curcumin (5 uM) or dimethoxycurcumin

(5 uM). The intracellular GSH concentration was determined

by a colorimetric micro GSH assay and expressed as uM /106

cells. Data are expressed as mean = S.D. Statistical analysis

was performed using one-way Anova and Turkey’s post hoc

analysis. *p<0.05 when compared to control; n = 6.

117




On treatment with DIMC reduced glutathione level was
significantly reduced to 1.26 + 0.052 mM/10°® cells (p<0.05).
Results are shown in figure 19 and table 4. These results were

similar to that obtained in the case of glutathione reductase.

Results obtained from enzyme assays suggest that
curcumin and DIMC differentially modulates enzymes involved
in antioxidant defense system in PBMC. However, in order to
determine if the enzyme activity is modulated by enhancing or
repressing transcription of these enzymes at mRNA level, we
performed Real-time PCR (gPCR) analysis to determine catalase
and glutathione reductase mRNA levels in PBMC after treatment

with curcumin or DIMC.

4.13. Effect of curcumin and DIMC on catalase and
glutathione reductase mRNA levels by Real-time
PCR (gPCR) analysis:

Isolated PBMCs were treated with curcumin and DIMC
separately at a concentration of 5 pM and total RNA was
isolated, Real time-polymerase chain reaction was performed
using appropriate primers and internal reference as mentioned in
3.2.20. Real time-polymerase chain reaction (RT-PCR) analysis
revealed significant difference (P<0.05) in the levels of catalase
and glutathione reductase at mRNA level on treatment with

curcumin as well as DIMC.

118



Figure 20: mRNA expression levels of catalase and

glutathione reductase in PBMC
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PBMCs were treated with curcumin (5uM) or DIMC (5uM)
and the expression of catalase mRNA (a) and glutathione
reductase mRNA (b) were analyzed by gRT PCR. Results
presented are average of three experiments + SEM each done
at least in triplicates, *p<0.05 when compared to ‘control’,
#p<0.05 when compared to ‘curcumin’. Statistical analysis
was performed using one-way Anova and Duncan’s post hoc

analysis.
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While curcumin increased catalase mRNA levels and did not
have any significant effect on glutathione reductase mRNA
levels, DIMC significantly increased both catalase mMRNA levels
and significantly decreased glutathione reductase mRNA levels,
(Figure 20) these results agreed with PBMC enzyme assay
results. This experiment confirmed that the enzyme activity is
modulated by enhancing transcription of catalase while

repressing transcription of glutathione reductase.

We also studied the anti-cancer activity of DIMC in
comparison with curcumin. Cell viability assay was done on

MCEF 7 cell line after treatment with curcumin or DIMC.

4.14. Determination of anti-cancer activity of DIMC and

curcumin in MCF 7 breast cancer cell line:

Dimethoxycurcumin or curcumin were added to the wells
containing MCF 7 cells at concentrations varying from 5 — 25
MM as described in 3.2.21, followed by incubation for 24 h. After
the incubation period, Cell viability was measured with
proliferation kit Il (Sigma — Aldrich). Figures 21 represents
cytotoxic activity of curcumin against MCF 7 breast cancer cells.
It can be seen that curcumin does not have any activity until 10
UM concentration and 25 uM concentration results in about 25 %
cytotoxicity. Figure 22 shows the cytotoxic activity of DIMC
against MCF 7 cells.
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Figure 21: Anti-cancer activity of curcumin against MCF

7 breast cancer cell line
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Curcumin was added to the appropriate wells at
concentrations varying from 5 — 25 uM followed by
incubation for 24 h. After the incubation period, Cell
viability was measured with proliferation kit 1l (Sigma —
Aldrich). Data are expressed as mean £+ S.D. n=3, *p<0.05.
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Figure 22: Anti-cancer activity of DIMC against MCF 7

breast cancer cell line
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DIMC was added to the appropriate wells at
concentrations varying from 5 — 25 uM followed by
incubation for 24 h. After the incubation period, Cell
viability was measured with proliferation kit Il (Sigma —
Aldrich). Data are expressed as mean * S.D. n=3,
*p<0.05.
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It can be noticed that DIMC has cytotoxic activity against MCF 7
cells right from 5 uM concentration and the activity increase
steadily until 25 pM concentration. At 10 uM concentration
DIMC shows about 20% cytotoxicity, while at 25 uM

concentration it shows about 35% cytotoxicity.

Cell viability assay was done with cell proliferation kit 1l
(Sigma-Aldrich) as described in 3.2.21. Percentage cytotoxity
was calculated from the cell viability assay results. From our
comparative studies of curcumin and DIMC on anti-oxidant
status of normal cells and anti-tumor activity in cancer cell line,
we found that these compounds had differential activity which
we hypothesized could be due to subtle difference in their
structures. We also knew that NFxB pathway played a major role
in oxidative stress as well as cancer, therefore we studied the
effect of curcumin and DIMC on activation of NFkB in PBMC
by Western blot analysis as well as by NFkB reporter assay.

4.15. Effect of curcumin and DIMC on activation of NFkB in
PBMC by Western blot analysis:

After treatment with curcumin (5 uM) or DIMC (5 uM) and
incubation for 24 h, PBMCs were collected and lysed in nuclear-
cytoplasmic fractionation buffer. Cytoplasmic and nuclear
fractions were collected and western blot analysis was performed
as described in 3.2.22.
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Figure 23: Western blot analysis for NFkB in PBMC

after curcumin and DIMC treatment
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e Peripheral blood mononuclear cells were treated with
curcumin (5 pM) or DIMC (5 pM). Protein was extracted
from nucleus and cytoplasm separately. Western blot
analyses were performed for NFxB, Hexokinase and
Histone H3 proteins both in the nuclear and cytoplasmic
extracts, CON- control, CUR — curcumin and DMCUR -
DIMC.
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Figure 24: Densitometric analysis of Western blot
analysis for NFkB in PBMC shown in figure 23
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e PBMCs were treated with curcumin (5 uM) or DIMC (5
HUM). Protein was extracted from nucleus and cytoplasm
separately. Western blot analysis was performed for
NF«B. The ratio of intensity of protein bands in the
nuclear to cytoplasmic extract was quantified by
densitometric analysis. Data expressed as mean + SEM.
Statistical analysis was performed using one-way Anova
and Duncan’s post hoc analysis. *p<0.05 - statistically

significant when compared to control; n = 6.
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On treatment with curcumin, NFxB activation was inhibited
significantly to almost half the control levels however, inhibition
of NF«B activation by DIMC was significantly less (p<0.05) as
seen in figure 23 and 24. Since NFkB pathway has a major role in
cellular response to oxidative stress and carcinogenesis, it can be
inferred that the differential activation of NFkB by curcumin and
DIMC could be one of the reasons behind the differential
modulation of antioxidant enzymes by these compounds as well

as the difference in their anti-cancer activity.

4.16. Effect of curcumin and DIMC on expression of NFkB by

NFkKB reporter assay:

Human Embryonic Kidney 293 cell cultures were transfected
with NFxB Reporter plasmid. After transfection, cells were
treated with curcumin or DIMC at a concentration of 5 pM. After
24 h, cells were lysed and NFkB reporter assay performed as
described in 3.2.23. This assay was performed to ascertain if
similar results could be obtained as that of NFkB western blot

assay in PBMC in a different system namely, HEK293 cell line.

HEK?293 cell line is a normal human embryonic kidney
cell line routinely used in cell biology research because of their

reliable  growth  and propensity ~ for  transfection.
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Figure 25: NFkB reporter assay in PBMC.
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e Human embryonic kidney 293 cells were transiently
transfected with NFxB reporter vector containing
luciferase gene. 24hrs post transfection the cells were
treated with curcumin (5uM) or dimethoxy curcumin
(5uM). 6 hrs post treatment cells were lysed and luciferase
assay was performed with the cell lysate. Data expressed
as mean = SEM. Statistical analysis was performed using
one-way Anova and Duncan’s post hoc analysis. *p<0.05 -

statistically significant when compared to control; n =6.
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Figure 26: Confocal images of MCF 7 cells treated with
DIMC and DAPI

e Confocal micrographs (100 x objective) of MCF7 cells treated
with DIMC (20 uM) and DAPI (5 plg / mL). (A) Image of
control cells without DIMC and DAPI staining, (B) Image of
cells stained with DIMC, (C) Image of cells stained with DAPI
and (D) Image B and C merged together. Aex for DIMC is 458
nm and for DAPI is 720 nm.

128



Curcumin was observed to inhibit NFxB expression significantly
whereas DIMC did not inhibit NFxB expression to the extent of
curcumin, in fact the inhibition by DIMC was significantly less
when compared to curcumin (Figures 25). These results confirm
that effect of curcumin and DIMC on NFxB activation in
HEK?293 cells is similar to that in PBMC.

4.17. Determination of nuclear localization of DIMC by

Confocal microscopy in MCF 7 cells:

Cells were incubated with or without DIMC (20 uM) in
DMEM medium containing 10% FBS. At the end of 4 h, the cells
were centrifuged onto cover slips, fixed with paraformaldehyde,
stained with DAPI (5 pg/ml) for nuclear staining and mounted
onto glass slides. Slides were examined using a confocal
microscope as described in 3.2.24. 4',6-diamidino-2-phenylindole
(DAPI) is a fluorescent stain that binds strongly to DNA. It is
used extensively in fluorescence microscopy as a nuclear stain as
it can pass through an intact cell membrane. Figure 26 shows the
confocal images of MCF7 cells under different treatment
conditions. Figure 26A represents control, and Figure 26B-D
represent fluorescence images of cells treated with DIMC and
DAPI. The fluorescence from DIMC was visualized as green
(Image 26B) and that from DAPI as blue (Image 26C). The two
images when superimposed as shown in image 26D clearly

showed green and blue areas overlapping, confirming the co-
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localization of curcumin and DAPI in the nucleus. These results

thus confirm that curcumin localizes in the nucleus, like DAPI.
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CHAPTER V
DISCUSSION

Natural products derived from plants, animals or micro-
organisms have been used for medicinal purposes by human
beings since time immemorial. Paleoanthropological studies at
the cave site of Shanidar, located in the Zagros Mountains of
Kurdistan in lIrag, suggested that, Neanderthals might have been
aware of the medicinal properties of various plants, more than
60,000 years ago as evidenced by pollen deposits in one of the
graves at the site (Solecki 1975). Over the years humans have
uncovered and made use of mind-boggling range of natural
compounds. The latest version of the Dictionary of Natural
Products has just over 214,000 entries (Ji et. al.2009).

During the past several decades natural products have
taken a secondary role in drug discovery and drug development,
especially after the studies at molecular level took off, which
made possible the rational design of chemical compounds to
target specific molecules in cells. However, natural products and
their derivatives represent more than 50% of all the drugs in
clinical use in the world (Gurib-Fakim 2006). The past few years,
however, have seen a renewed interest in natural compounds, the

massive volume of research done on compounds like curcumin,
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genistein, catechins, resveratrol, quercetin etc. is testimony to this
fact. It is an undeniable fact that most of the modern drug
molecules have side effects or adverse reactions that counteracts
the beneficial effects of such molecules. Natural products used as
medicine on the other hand have seldom been reported to induce
side effects. Probably this could be one of the reasons behind the
renewed interest in natural products. Another reason for this
interest could be the possibility of synergism or antagonism
between drugs and natural products, Hema Iswarya et. al (2006)
have listed out a number of drug herb interaction and their

mechanism of action (Hema Iswarya et. al.2006).

In our studies we had evaluated some of the biological
activity of dimethoxycurcumin (DIMC), which is a synthetic
analog of natural compound curcumin. We had also studied the
biological activities of curcumin in order to compare it with

DIMC, if such studies where not reported for curcumin earlier.
Molecular docking using AutoDock

Molecular docking studies are usually used to determine
molecular interactions between proteins and ligands (Lengauer et.
al. 1996; Kitchen et al. 2004; Y. Wang et al. 2017; Ali et al.
2017). Studies involving Nucleic acids have been comparatively
rare, (Holt et. al.2008). Our studies using AutoDock revealed that
both curcumin and DIMC bind to the minor groove of DNA.
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However, they differ in terms of binding energy. Curcumin forms
hydrogen bond with DNA involving a thymine residue of DNA
and phenolic -OH group of curcumin while no such hydrogen
bonding was noticed in the case of DIMC. This could be because
of the lack of phenolic -OH group in DIMC. In a previous work
interaction of a curcumin analog namely, diacetylcurcumin
(DAC) with DNA was studied. They found extensive van der
Waals contacts between the docked DAC and the floor and walls
of the minor groove suggesting that this type of interaction
contributes significantly to the stabilization of the complex. The
docking energy was -10.69 kcal mol (Sahoo et al. 2008) which
was similar to that of curcumin obtained in this study. However,
DIMC showed a maximum binding energy of -8.6 kcal mol* in
our study.  Further, we found extensive non-covalent
interaction between wall and floor of minor groove of DNA and
both curcumin and DIMC. It has been reported that minor
groove-binding molecules generally have aromatic rings
connected by single bonds that allow for torsional rotation in
order to fit into the helical curvature of the minor groove with
displacement of water molecules. Both curcumin and DIMC has
aromatic rings connected by single bonds. In a previous study
involving docking of isoxazolcurcumin with DNA, results similar
to that obtained by us were reported (Bera et al. 2008). The
binding energy clustering of both compounds were quite different

as can be seen in figures 19 and 22. Overall it can be concluded
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from the molecular docking studies that although both
compounds bind to minor groove of DNA, they are quite
different in terms of the nature of interactions and binding

energies.
DNA binding activity of DIMC

DNA is one of the most important targets of
chemotherapeutic agents that are used in the treatment of human
cancers. Therefore, agents that can bind to DNA are most sought
after (Simon et al. 1998; Zsila et al. 2004; Nafisi et al. 2009;
Senthil et al. 2009). Although it is well established that curcumin
interacts with several cellular proteins, there are very few studies
on the DNA-binding activity of curcumin or its analogues (Ruby
et al. 1995; Zhou et al. 2011; Chattopadhyay et al. 2004). This
prompted us to investigate the DNA-binding activity of a more
potent derivative of curcumin, DIMC, using different
spectroscopic methods. For these studies, ct-DNA, which is well
characterized for spectroscopic studies, was used as a model
system. The absorption and fluorescence spectral changes
suggested binding of DIMC to DNA with similar binding
constant as reported with curcumin (Zsila et al. 2004). Both
intercalation and minor groove binding can cause such changes in

absorption and fluorescence properties.
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To resolve this, competitive binding assay with a known
intercalator, EtBr, and with a known groove binder, DAPI, was
performed. Accordingly, the addition of DIMC decreased the
fluorescence of DAPI bound to DNA but not of EtBr bound to
DNA. This further indicated that the preferential mode of
interaction between DIMC and DNA is through minor groove
region. FRET studies confirmed that DIMC prevents denaturation
of complimentary strands of DNA possibly by direct interaction.
Further, it was examined whether DIMC had any effect on DNA
during gel electrophoresis. The agarose gel electrophoresis assay
results suggested that probably DIMC formed some sort of bulky
complex which was responsible for the bright fluorescence
visible when the gel was visualized in a gel documentation
system (Figure 6). It has to be noted that the streaking effect was
seen only beyond 25 puM concentration, below this concentration
no such effect was observed. This effect could probably be due to
some sort of aggregation of DIMC at higher concentrations. DNA
does not seem to be involved in these complex because intensity
of plasmid bands did not seem to decrease as fluorescence near
the wells increased. It is not known whether groove binding can

manifest in such an effect.

These studies confirmed that DIMC, like curcumin, binds
to DNA at the minor groove with similar efficiency, probably due

to similar size. This also confirms that the phenolic OH group in
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curcumin is not important for DNA interactions. The binding of
curcumin and its analogues to the minor groove gain significance

in addressing the biological actions of curcumin analogues.
Antioxidant and anticancer activity of DIMC

Anti-tumour and antioxidant activity of curcumin as well
as its poor bioavailability and poor metabolic stability has been
well documented (Anand et al. 2008; Tamvakopoulos et al. 2007,
Pae et al. 2008). Developing curcumin congeners with better
activity and stability has been one of the approaches adapted and
worked upon for many years now by many researchers (Anand et
al. 2008). DIMC is one such compound which is claimed to have
better anti-tumour activity, better metabolic stability as well as
better bioavailability compared to curcumin (Tamvakopoulos et
al. 2007; Pae et al. 2008; Lee et al. 2010).

Oxidative stress associated with the production of reactive
oxygen species (ROS) is believed to result in various tissue
damages (Grattagliano et al. 2009). The toxicity to various
organs is associated with the metabolic activation of foreign
compounds to form free radicals or with the production of ROS
such as superoxide anion, hydroxyl radicals, hydrogen peroxide
radicals etc. These are responsible for tissue damaging effects
such as lipid peroxidation and DNA damage (Davies 1995) .

Curcumin has been shown to inhibit lipid peroxidation in vitro
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and in vivo in several studies (Banerjee et al. 2008; Masuda et al.
2001; Sreejayan et al. 1994; Kalpana et al. 2004). Our results
also showed that curcumin inhibits lipid peroxidation. However,
DIMC seems to be less effective in inhibiting lipid peroxidation,
possibly due to the absence of phenolic hydroxyl groups needed

for antioxidant activity as described previously (Sharma 1976).

Most remarkably catalase activity was significantly
enhanced when treated with DIMC whereas treatment with
curcumin resulted only in a modest increase. In a recent work a
possible mechanism by which curcumin activates bovine liver
catalase (BLC) was suggested. This study reinforced the
hypothesis that curcumin can increase enzyme activity by
affecting re-arrangements of amino acid residues in structural
pockets of the enzyme. Increase of distance between the residues
of the bottleneck of narrow channel, which determines the
amount of substrate entering the active site, facilitated the
substrate access to the enzyme active site (Mofidi Najjar et al.
2017). Another study involving dose effect of curcumin on
catalase messenger RNA and protein levels in ARPE-19 cells
showed a dose dependent increase in catalase mRNA levels
(Howell et al. 2013). We observed significant increase in catalase
MRNA levels post curcumin or DIMC treatment. However,
catalase MRNA levels increased more when treated with DIMC

than when treated with same concentration of curcumin. Our
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result suggests that overall antioxidant activity of DIMC is
probably mediated through enhancement of catalase activity and
this enhancement is possibly conferred through enhancement of
MRNA levels thereby increasing protein levels as evidenced by
our RT-PCR results.

Moreover, in DIMC both phenolic hydroxyl groups have
been substituted with two methoxy groups and since, phenolic
hydroxyl groups are essential for direct antioxidant activity
(Anand et al. 2008; Chen et al. 2006) DIMC would be expected
to perform as a poor antioxidant, therefore antioxidant activity
expressed by DIMC would probably be exclusively through

modulation of antioxidant enzymes.

Another aspect we focused was on GR enzyme activity
and reduced GSH levels. GSH plays a key role in maintaining
proper function and preventing oxidative stress in human cells. It
can act as a scavenger for hydroxyl radicals, singlet oxygen, and
various electrophiles. The ratio of GSSG/GSH present in the cell
Is a key factor in properly maintaining the oxidative balance of
the cell. It is critical that cells maintain high levels of reduced
glutathione and a low levels of oxidized glutathione disulphide
(GSSG). This narrow balance is maintained by glutathione
reductase, which catalyzes the reduction of GSSG to GSH
(Deponte 2013; Pompella et al. 2003).
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Our GR assay results as well as RT-PCR results show that
curcumin enhances glutathione reductase activity and GSH levels
in PBMC while DIMC significantly reduces GR activity as well
as GSH levels. The decrease in GSH is justifiable because it is
GR that reduces GSSG to GSH hence, reduction in GR activity
would result in reduction in GSH level. GSH reduces the
oxidized form of the enzyme glutathione peroxidase, which in
turn reduces hydrogen peroxide (H202), a dangerously reactive
species within the cell. Low GSH levels will result in reduced
activity of glutathione peroxidase (GPx). Since GSH is needed
for GPx activity, low GSH level would result in the accumulation
of H20.. Here, increase in catalase activity could compensate for
the reduced GSH level and thereby GPx activity by scavenging
the excess peroxide radicals. It has to be noted here that the
overall level of H>O, would therefore be a result of the

cumulative action of both catalase as well as GPx in a cell.

Several studies suggest that DIMC exerts its cytotoxic
activity through the production of ROS or rather build-up of ROS
levels in cells (Kunwar et al. 2008; 2012; Banerjee et al. 2008).
Our result suggests that probably the differential antioxidant
activity of curcumin and DIMC could be due to the differential
modulation of antioxidant enzymes by these compounds at
MRNA level.
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Anti-tumor activity of curcumin as well as DIMC has been
studied earlier in many cell lines (Ruby et al. 1995;
Tamvakopoulos et al. 2007; Kunwar et al. 2008; Lee et al. 2010;
Kunwar et al. 2012). We studied the antitumor activity of DIMC
as well as curcumin in MCF 7 breast cancer cell line. We found
that DIMC had better cytotoxic activity against MCF 7 cell line
when compared to curcumin. At 25 uM concentration, DIMC
induced about 35% cell death while curcumin induced only 25%
cell death. In an earlier study DIMC was compared with
curcumin in terms of cytotoxic activity against MCF 7 cells and
murine spleen lymphocytes. It was found that while DIMC had
comparable cytotoxicity with curcumin against MCF 7 cells it
was much less toxic to normal murine spleen lymphocytes
(Kunwar et al. 2012). This study as well as our results kindle

hope in DIMC being developed into an anticancer drug in future.

Nuclear localization of DIMC and involvement of NFxkB

pathway

To justify the biological significance of DIMC-DNA
interaction, it is essential to know whether DIMC localizes in the
nucleus, when added to cells. Earlier, using confocal microscopy,
it was shown that the fluorescent properties of curcumin could be
used to trace its location in cancer cells (Kunwar et al. 2008;
Priyadarsini 2009). It was examined whether DIMC entered in to

the nucleus, when added to cells. We found that DIMC localizes
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in the nucleus in addition to other cellular compartments. The
observed nuclear localization of DIMC may be due to its
transport to nucleus via binding to nuclear proteins, which needs
to be validated experimentally. DIMC has been shown to be
taken up by tumour cells in a concentration-dependent manner
(Kunwar et al. 2012), since DIMC interacts with DNA in the
minor groove, nuclear localization of DIMC could be of

significance in terms of its biological action

Key cellular processes such as cell survival, proliferation,
and immunity are regulated through NFxB dependent
transcription, other than this it is a central mediator in
inflammatory response and stress response including oxidative
stress. Dysfunction of NFkB pathway has been implicated in
many diseases including cancer (Gilmore 2006). NFkB assay
indicated a significant difference in activation post treatment with
curcumin and DIMC. Curcumin inhibited NFxB activation
significantly; DIMC activity differed significantly from that of
curcumin in this regard. Curcumin is a well-known inhibitor of
NF«kB (Gupta et al. 2010; Leclercq et al. 2004; Singh et al.
1995). It is a well-established fact that ROS, particularly H20>
induces NFkB as well as antioxidant enzymes such as catalase
and GPx (Sies 1997; Morgan et al. 2011). It has been reported
that expression of NF«kB inhibitors reduces H20. induced

increase in GPx and catalase expression in skeletal muscle cells (
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Zhou et al. 2001). This report suggests that repression of NFxB
also results in the repression of catalase and GPx. Our results
agree with this, we found that curcumin represses NFkB more
than DIMC and subsequently also repress the activation of
catalase possibly by H>O> more than DIMC. These results
suggest that NFkB pathway could be involved in modulating the
antioxidant enzymes directly or indirectly via other proteins it
modulates. However, the increase in catalase levels post DIMC
treatment suggest that there could be additional mechanism

involved in the enhancement of catalase at mMRNA level.

Overall, we have found that a subtle structural change in
the structure of DIMC as compared to curcumin manifests in a
significant difference in terms of biological activities of both
these compounds. Our results suggest that modification in
structure of curcumin not only results in enhanced metabolic
stability and bioavailability but also result in altered biological

activity.

Our studies show that merely replacing the two phenolic
hydroxyl groups with two methoxy groups results in altered
antioxidant and anti-cancer activity. However, DNA binding and
nuclear localization potential are more or less retained by DIMC.
In future while developing curcumin analogs in order to achieve
better stability and bioavailability, measures must be taken to

retain the desired biological activity. Other than concentrating on
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structural modifications alone, studies can also be done on

suitable delivery vehicles for curcumin and DIMC.

Curcumin and DIMC are both lipophilic compounds,
hence suitable delivery vehicles would be required in order to
study the effects of these compounds in vivo in murine and other
models. Several studies have already been done in this regard,
where liposomal formulations of curcumin and some of its
analogs including DIMC have been made. In vivo as well as in
vitro studies have been carried out on Liposomal curcumin as
well as nano curcumin formulations (Feng et al. 2017; Wei et al.
2020; Hadjidemetriou et al. 2013; Nasery et al. 2020)

More studies are needed on curcumin analogs and various
formulations of curcumin and its analogs including nano
formulations, in order to completely understand the structure
activity relationship of curcumin and its analogs. Studies in this
direction could ultimately lead to promising molecules having

diverse pharmaceutical potential.
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CHAPTER VI
CONCLUSION

Docking studies revealed that curcumin and DIMC binds
to minor groove with different binding energies and the
interactions holding them in the minor groove are different. In the
case of curcumin, it is Van der Waals forces as well as hydrogen
bond whereas in DIMC it is Van der Waals forces and other non-

covalent forces, there was no hydrogen bond involved.

From the biophysical studies that we conducted using
various spectroscopic techniques like UV/visible spectroscopy,
fluorescence spectroscopy, circular dichroism spectroscopy and
FRET studies we conclude that DIMC bind to double stranded
DNA in the minor groove probably through weak interactions

like hydrogen bonding and Van der Waals force.

We had also conducted various enzyme assays, NF«kB
assays as well as real-time PCR analysis to determine if DIMC
differs from curcumin in terms of modulation of various
antioxidant enzymes and to determine the signaling pathway
through which this is made possible. We conclude from these
studies that DIMC differentially modulates antioxidant enzymes
like catalase and glutathione reductase and that this modulation is

at mMRNA level as evident from our rt-PCR results. Further we
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conclude that the mechanism behind this differential modulation
of antioxidant enzymes could in fact be the difference in
activation of NFxB by these two compounds. DIMC was found
to the more effective in terms of cytotoxicity towards MCF-7
breast cancer cell line, when compared to curcumin. Overall, it
can be said that the minor difference in structure between these
two molecules perhaps have huge biochemical consequences in

cells.

From the nuclear localization assay and computational
biology approaches we conclude that DIMC indeed localizes in
nucleus of MCF-7 cells, this could be one of the reasons for its

diverse effects observed by as.
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