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Chapter 1

Introduction

1.1. Nanoparticles

Nanoscience is one of the key technologies of the 21% century and has become an
important area of research in biomedical sciences. Nanoparticles differ significantly from
powdered particles or bulk materials due to its size-related properties (Buzea et al 2007).
Nanoparticles are sized between 1 to 100 nanometers and in the area of drug delivery,
relatively large [~10-200 nm] nanoparticles may be needed for loading a sufficient amount of
drug onto the nanoparticles (Jong and Borm 2008). In drug delivery, carrier can be either
engineered particles or the drug itself at nanoscale can be used (Cascone et al 2002; Baran et
al 2002; Duncan 2003; Kipp 2004). Carriers are prepared from a variety of materials such as
protein, polysaccharide and synthetic polymers. Nanoparticles deliver a wide range of drugs
such as hydrophilic and hydrophobic drugs, proteins, vaccines and biological
macromolecules to target areas of the body like lymphatic system, brain, arterial walls, lungs,
liver and spleen for sustained periods of time (Hans and Lowman 2002). The selection of
matrix materials is dependent on many factors like size of nanoparticles required, inherent
properties of the drug, degree of biodegradability, biocompatibility, toxicity and surface
characteristics such as charge and permeability (Mohanraj and Chen 2006). The advantages
of nanoparticle as drug carriers are their high stability and improved oral bioavailability,
reduced toxicity with increase in drug efficacy, high carrier capacity and site specific
delivery (Athar and Das 2013).

The importance of the novel uses of nanoparticle in medical biology is due to their very
high surface to volume ratio. For example, a nanoparticle of 6 nm diameter will have 35% of
its atoms at their surface and therefore possesses exceptionally greater interfacial reactivity.
The important and unique features of nanoparticles are their surface to mass ratio which is
much larger than that of micro and macro sized particles. This facilitates catalytic promotion

of reactions as well as their ability to adsorb and carry other compounds. Depending on the


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b19
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b19
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b39
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2527668/#b73

Introduction

presence of reactants and adsorbing compounds, the surface of the nanoparticles can be
easily modified. Figure 1.1. represents different types of nanoparticles (Abilash 2010).

Drug

Nanosphere Nanocapsule

S

Polymeric micelles Liposome SLN

Figure 1. 1. Types of nanoparticles (Abilash, 2010 with permission).

Among the natural polymers polysaccharides are found to be the most promising
sources for the synthesis of nanoparticles. Polysaccharides are polymeric carbohydrate
structures, formed of repeating units (either mono or disaccharides) attached together by
glycosidic bonds. These structures are often linear, but contain various degrees of branching.
In nature, polysaccharides have various resources like algal (alginate), plant (pectin and guar
gum), microbial (dextran and xanthan gum) and animal origin (chitosan and chondroitin)
(Carballoa et al 2010). Due to their wide range of molecular weight and chemical
composition they offer a great variety of structure and property. Biological activity of
polysaccharide depends on its molecular structure including sugar units, glycosidic bonds of
sugar chains, the type and degree of polymerization of branches, flexibility and configuration
of chains. In drug delivery, polysaccharides have been used to generate coatings, films,
controlled release matrices, hydrogels and nanoparticles. Polysaccharide possess many

positive characteristics like cost effectiveness, availability, low toxicity, biocompatibility,
2



Introduction

biodegradability, colloidal stability (because of the hydrophilicity of polysaccharide chains)
and specific interactions with biological systems (Sinha and Kumria 2001; Baldwin and
Kiick 2010). Moreover, the presence of hydrophilic groups in their structure such as
hydroxyl, carboxyl and amino groups enhance bioadhesion with biological tissues like
epithelia and mucous membranes forming non-covalent bonds and is a useful strategy to
improve bioavailability of drugs included in drug delivery systems (Lee et al 2000). All of
these qualities have led to the growing use of polysaccharides in drug delivery systems. Some
of the commonly preferred methods for preparing nanoparticles from biodegradable
polymers include solvent evaporation (Song et al 1995), monomer polymerisation (Harmia et
al 1986), nanoprecipitation (Molpeceres et al 1996) and the salting out procedure (Allemann
et al 1993). The nanoprecipitation method developed by Fessi et al (1989) represents an easy
and reproducible technique and has been used widely for preparing nanoparticles (Behera et
al 2012). In this study nanoprecipitation method was employed for preparing nanoparticles.
Nanoprecipitation method is very simple and straightforward method with reproducibility.
Three components are needed to perform nanoprecipitation process: the polymer, the
polymer solvent and the non-solvent of the polymer. To produce nanoparticles, the polymer
solution is mixed with the non-solvent. Nanoparticles are instantaneously formed during the
fast diffusion of the polymer solution in the nonsolvent. This technique has been mainly
applied for polysaccharide derivatives (Hornig and Heinze 2008).

1.2. Nanoparticles in cardiovascular diseases

Various nanoparticles based drug delivery systems have been and being developed for
the treatment of cancer, cardiovascular diseases (CVD) and other conditions. These have
different functionalities like (i) size (ii) shape and (iii) surface functionalization. One of the
major foci of the application of nanotechnology for cardiovascular research has been the
directed imaging and therapy of atherosclerosis, restenosis and cardiovascular conditions.

Nanotechnology offers advantages for the treatment of CVD mainly in four areas
like:

i. Targeted therapeutics: delivering drugs where they are needed.

ii. Tissue engineering: building new tissues to replace defective valves, damaged
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heart muscle, clogged blood vessels, etc.

iii. Molecular imaging: using imaging agents that identify disease more specifically.

iv. Biosensors and diagnostics: improved diagnostic devices for the laboratory and

implantable sensors to detect problems inside the body (Arayne et al 2007).

For the treatment of CVD pharmaceutical nanoparticles have gained great
importance. Several research groups are interested in targeting endothelial-selective delivery
of therapeutic agents which is a useful tool for modifying vascular function in various CVD
(Spragg et al 1997). There are reports on the development of novel nanoparticulate drug
delivery system that mimics platelets binding to the injured vessel wall under physiological
flow conditions (Kona et al 2012). Glycoprotein 1b was chosen as the targeting ligand and it
is conjugated to nanoparticles. Dexamethasone-loaded biodegradable poly-(d, I-lactic-co-
glycolic acid) (PLGA) nanoparticles were formulated using a standard emulsion method.
This increases the cellular uptake of nanoparticles as well as controlled release of the model
drug to the required site (Kona et al 2012).

The polysaccharide part of nanoparticles may play diverse roles in cardiovascular
disease management. For example, it increases the therapeutic effect, facilitate controlled
release, provide recognition functions, framework for chemical modifications in order to
enable functionalization with target ligands. For reducing intimal hyperplasia controlled
release of heparin via polysaccharide nanoparticles were used. Heparin was encapsulated into
poly (DL lactidecoglycolide) (pLGA) spheres sequestered in an alginate gel. Heparin
releasing gels were able to inhibit the proliferation of bovine vascular smooth muscle cells in
tissue culture. In addition, heparin controlled release from gels reduced intimal hyperplasia in
animal models of vascular disease (Edelmana et al 2000). Polysaccharide based nanoparticles
were investigated for fibrinolytic drug delivery in the treatment of thrombolysis. Studies
reported that poly (lactic-co-glycolic acid) nanoparticles loaded with tissue plasminogen
activator (tPA) and coated with chitosan were designed for thrombolysis. Thrombolysis
process using such nanoparticles could be enhanced by photomechanical drug delivery
(Medeiros et al 2012).
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Fucoidan is a branched polysaccharide sulfate ester with I-fucose 4-sulfate building
blocks that is recognized by P selectin and L selectin. Fucoidan based systems were used for
the molecular imaging of activated platelets. P selectin binding by radiolabled **™Tc fucoidan
was detected in vivo by scintigraphy in a rat model of platelet rich arterial thrombi as well as
in a myocardial ischemia reperfusion (I/R) model. The reported results verified the potential
of fucoidan as an efficient imaging agent in cardiovascular pathologies (Rouzet et al 2011).
In another study, fucoidan was conjugated to ultra small paramagnetic iron oxide coated with
carboxylmethyl dextran was used in accurately detecting the thrombus in a rat model of an
expanding aneurysm (Suzuki et al 2011). Taking into account clinical application of
polysaccharide based nanoparticles was limited to plaque macrophage imaging using dextran
coated iron oxides. As a reference, iron dose should remain 2.6 mg iron/kg body weight for
human oncological MRI (Will et al 2006). Sinerem (Guerbet) is the only commercial
polysaccharide based nanoparticle tested in clinical trials for managing atherothrombotic
disease. Meanwhile, the study of polysaccharide based nanosystems in animal models as
molecular imaging tools and targetable drug delivery systems holds great promise in
extending current knowledge of therapy/imaging limits as well as of the pathological
mechanisms involved in atherothrombotic diseases.

1.3. Current status of cardiovascular disease

CVD comprising coronary heart disease (CHD) and cerebrovascular diseases are
currently the leading cause of death globally, accounting for 21.9% of total deaths, and are
projected to increase to 26.3% by 2030 (WHO 2008). The Global Burden of Diseases (GBD)
study reported the estimated mortality from CHD in India is 1.6 million in the year 2000. A
total of nearly 64 million cases of CVD are likely in the year 2015, of which nearly 61
million would be CHD cases (the remaining would include stroke, rheumatic heart disease
and congenital heart diseases). Epidemiological studies show a sizeable burden of CHD in
adult rural (3-5%) and urban (7-10%) populations. Thus of the 30 million patients with CHD
in India, there would be 14 million are in urban and 16 million in rural areas. In India about
50% of CHD related deaths occur in people younger than 70 year compared with only 22%
in the West. Extrapolation of these numbers estimates the burden of CHD in India to be more
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than 32 million patients (WHO 2008).
1.4. Pathophysiology of cardiovascular disease

The cardiovascular system comprises of heart (Figure.1.2.a) and blood vessels for
circulating blood throughout the body for delivering oxygen and nutrients to the tissues and
removing carbon dioxide and waste products. CVDs include coronary or ischemic heart
disease, cerebrovascular disease, stroke, peripheral vascular disease, chronic heart failure,
and congenital heart disease. In most CVDs presence of asymptomatic atherosclerosis starts
from early days and progresses with age. During atherosclerosis the lipid filled fibrous
plaques accumulates on the inner surface of coronary artery and these plaques are composed
of cholesterol rich fatty deposit, collagen, other proteins and excess smooth muscles. These
plaques leads to the thickening of the arterial wall block the flow of blood and cause the
starving of heart to oxygen and other vital nutrients leading to ischemia (Figure.1.2.b). This
condition causes muscle cramp like chest pain called angina.
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Figure 1. 2. (a) Structure of heart (b) Blockage of coronary artery.
1.5. Ischemic heart disease
Ischemic heart disease occurs when there is an imbalance between oxygen supply
and demand. The decrease of oxygen input into the myocardium leads to myocardial
dysfunction which will lead to decrease in adenosine triphosphate (ATP) production
(Bopassa 2012) resulting in metabolic and functional disruption (Anselmi et al 2004).
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Prolonged ischemia causes the accumulation of lactate which leads to reduction in pH .The
decrease in intracellular pH along with accumulation of NADH, lactate, proton, succinate and
alanine inhibits ATP production via inhibition of enzymes like pyruvate dehydrogenases,
pyruvate fructokinase and glyceraldehyde phosphate dehydrogenase as well as inhibition of
malate aspartate shuttle and citric acid cycle. This reduces contractile function and ionic
homeostasis. Under circumstances of energy depletion the cytosol and mitochondria of
myocardial cells are loaded with calcium (Ca®*) and sodium (Na®). During ischemia the
intracellular concentration of Ca?* increases resulting in acidosis with the decrease of Na*/
H*- ATPase and Ca®*-ATPase activity. The intracellular concentration of potassium (K*) also
decreases due to the inhibition of Na*™-K* ATPase (Mozaffari et al 2013). Alteration in the
ratio of K concentration leads to change in membrane potential and thus leads to
arrhythmias. One of the most well-known intracellular messenger molecules is Ca** and
plays an essential role in signal transduction pathways (Clapham 1995). Loss of Ca?*
homeostasis leads to activation of proteases, lipases, nucleases, nitric oxide synthases, protein
kinases and eventual cell death (Hoyt et al 1998; Clapham 1995).
1.6. Reperfusion

The most effective management for ischemic myocardium is reperfusion. Early
reperfusion ensures tissue survival whereas late reperfusion damages previously ischemic
tissues. I/R in the myocardium generate both irreversible injury marked by apoptotic and
necrotic tissue and also reversible injury manifested by contractile dysfunction. During
reperfusion intracellular and mitochondrial events such as Ca?* overload, inadequate
synthesis of ATP, loss of membrane phospholipids, low production of nitric oxide and
oxidative stress by reactive oxygen species (ROS) leads to reperfusion injury (Figure.1.3)
(Crompton et al 1999; Kutala et al 2007; Ladilov et al 2003; Piper et al 2004). As
concentration of ATP increases, it will also leads to reperfusion injury leading to
hypercontracture of cardiomyocytes membrane disruption and subsequently necrosis (Piper
et al 2004; Piper et al 2006). A low pH, oxidative stress and Ca*" overload leads to the
opening of mitochondrial permeability transition pore opening (MPTP) which is a large

conductance pore in the inner mitochondrial membrane which permits the communication
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between cytoplasm and mitochondrial matrix (Ruiz-Meana et al 2007; Di Lisa and Bernardi
2009; Heusch et al 2010; Boengler et al 2011; Di Lisa et al 2011; Hunter et al 1976). In
normal condition the pore is rapidly closed (Di Lisa et al 2009; Bernardi et al 2006). Opening
of the pore have a number of detrimental effects leading to cell death. In fact the importance
of mPTP closure as a target for mitochondrial protection has been described in several
studies (Griffiths and Halestrap 1993; Hausenloy et al 2003; Javadov et al 2003;
Shanmuganathan et al 2005).
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Figure 1. 3. Factors contributing to I/R.

1.7. Free radicals

Plenty of disorders in humans including atherosclerosis, arthritis, central nervous
system injury, gastritis, cancer, AIDS and macular degeneration are due to the generation of
surplus reactive free radicals (Kumpulainen and Salonen 1999). A free radical is any species
that contains one or more unpaired electrons. One electron reduction or oxidation of
molecules creates unpaired electrons leading to the generation of free radicals. In the
myocardium the reduction of oxygen to water proceeds by two pathways. The major site for
reactive oxygen species (ROS) production is mitochondrial respiratory chain. In normal
condition about 97% of oxygen consumed at terminal electron acceptor at complex 1V.
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Roughly about 3% of consumed oxygen is reduced by electrons that have leaked from
electron transport chain i.e., superoxide anions (O2"), hydrogen peroxide (H.0,), hydroxyl
radical (OH), and singlet oxygen (‘O,). These are activated oxygen species and are
collectively known as reactive oxygen species. Potential sources of ROS include xanthine
oxidase (XO), reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidases,
lipoxygenase, cytochrome P-450, nitric oxide synthases, peroxidases and other hemoproteins
(Mebazaa et al 2008). All these enzymes system are present in the three major cardiac cell
types: cardiac myocytes, fibroblasts, and endothelial cells.
1.8. Antioxidants

Low levels of oxygen radicals and oxidants are normally formed within the cells and
play an important role in cellular homeostasis, mitosis, swelling, differentiation and
signaling. The damaging effects of ROS are reduced by antioxidants in normal physiological
conditions. A series of defence mechanisms has developed on exposure to free radicals from
a variety of sources. Defence mechanisms against free radical induced oxidative stress
involve: (i) preventative mechanisms, (ii) repair mechanisms, (iii) physical defences, and (iv)
antioxidant defences. Enzymatic antioxidant defences include superoxide dismutase (SOD),
glutathione peroxidase (GPx) and catalase. Non-enzymatic antioxidants are represented by
ascorbic acid (Vitamin C), a- tocopherol (Vitamin E), glutathione (GSH), carotenoids,
flavonoids and other antioxidants. Under normal conditions, there is a balance between both
the activities and the intracellular levels of these antioxidants. This balance is essential for the
survival and health (Lobo et al 2010).



Introduction

1.9. Guar gum
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Figure 1. 4. (a) Guar beans (b) Guar gum powder (c) Structure of guar gum.

Guar gum (GG) is a water soluble polysaccharide extracted from the seeds of
Cyamopsis tetragonoloba, which belongs to Leguminosae family. Also called guaran, it is a
non ionic natural polysaccharide derived from the ground endosperm of guar beans
(Figure.1.4.a, b). Its backbone consists of linear chains of (1 — 4) - a- D - mannopyranosyl
units with B - D-galactopyranosyl units attached by (1 — 6) linkages (Figure.1.4.c.) forming
short side-branches (Ma and Pawlik 2005). There are typically 1.5-2.0 mannose residues for
every galactose. GG has a chemical composition of 3.5-4% of proteins, 10-13% moisture,
0.06% of phosphorus and 1.07% of ash. The galactomannan units contain 36.6% of D-
galactose and 63.1% of D-mannose. The properties of galactomannan mainly depend on the
chain length, steric hindrance, abundance of cis-OH group, degree of polymerization and
additional substitution. GG hydrates in cold water to form a highly viscous solution in which
the single polysaccharide chains interact with each other in a complex way (Tripathy and Das
2013). Its nine hydroxyl groups are available for the formation of hydrogen bonds with other
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molecules, but it remains neutrally charged due to the absence of dissociable functional
groups. High temperature conditions (50 °C) and extreme pH (pH 3) degrade its structure
(Tiraferri et al 2008). In solution it remains stable over pH range 5-7. It is insoluble in most
hydrocarbon solvents. As the GG polymer is a low-cost, easily available, biodegradable, non-
toxic and is obtained from renewable natural resources, it is widely applied in many
industrial as well as pharmaceutical fields. It is commonly used as a thickening agent in
cosmetics and in sauces, salad dressings and ice creams in the food industry (Barbucci et al
2008). There are many reports about GG against a variety of diseases like colon cancer, heart
disease and gall stones (Roberfroid 1993). In pharmaceuticals, GG is used as a binder and
disintegrant and it has also been used as hydrophilic matrix, for designing oral controlled
release dosage forms (Sarmah et al 2011). Due to its drug release retarding property and
susceptibility to microbial degradation in the large intestine it is widely used for colon
delivery. The use of GG in drug delivery is due to its structural characteristic, where its
functional groups are used for conjugating it with different molecular weight polymers to
create novel derivative molecule with required chemico-physical properties. The existence of
reactive -OH groups of GG makes it easily modified to introduce functional groups and thus
the capabilities for controlling the release of drugs can be improved. Fahrenbach et al (1965)
found that guar administration effectively lowered serum total cholesterol levels in
normocholesterolemic subjects. GG is rich in dietary fiber, contains 80-85% total dietary
fiber, almost in the soluble form it may help to lower cholesterol and glucose levels (Pszczola
2003). One gram of soluble fiber can lower total cholesterol by about 0.045 mmol/l. The
serum lipid-lowering effect of GG has been investigated in a large number of human trials.
From their meta-analysis, Brown et al (1999) estimated that one gram of water-soluble fiber
from GG lowered serum total and low density lipoprotein (LDL) cholesterol by 0.026 mmol/Il
and 0.033 mmol/l respectively. Little information is available in the literature for the
possibility of using GG based nanosized materials as drug carriers due to its solubility in
water.

1.10. Selenium

Selenium (Se) is an essential trace nutrient required in microgram amounts
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(recommended dietary allowance = 55 pg/day; NRC 1989). It is an essential component of
GPx, which plays a critical role in protecting aerobic organisms from oxygen radical initiated
injury. It is an essential trace element in all mammalian species and it functions mainly
through selenoproteins, which contain Se as selenocysteine. GPx and TrxR are the most well
characterized selenoenzymes. These selenoproteins as enzymes are involved in various
physiological processes such as protection against oxidative stress and redox-based
regulation of gene expression (Venardos et al 2004). The vital functions of Se in humans are
mediated by a group of 25 selenoproteins that contain Se in the form of selenocysteine (Sec),
the Se-containing homolog of cysteine. The known human selenoenzymes include GPX,
iodothyronine deiodinase, TrxR and methionine sulfoxide reductase B. Se is the only element
specified in the genetic code (TGA) and selenocysteine has become recognized as the 21°
protein amino acid (Hatfield and Gladyshev 2002). Inadequate Se nutrition is associated with
direct impact on health leading to the development of diseases like cardiomyopathy,
rheumatoid arthritis, cancer etc. Thus cellular Se status plays an important role in the
reduction of oxidative stress in the body. Recently Se nanoparticles are attracting more and
more interest due to their biological activity (Riaz and Mehmood 2012). Foods (cereals,
grains, vegetables) contain diverse amounts and chemical forms of Se. Whilst all forms of Se
are absorbed through intestine. Inorganic forms of Se are incorporated to selenoproteins
whereas organic forms of Se are more absorbed by the cells due to its nonspecific
incorporation into proteins in place of methionine and have no real biological benefit. High
levels of Se lead to the incorporation of Se in place of sulphur leading to increase in
selenocysteine available for use in enzymes like GPx and TrxR. Consequently, levels of GPx
and TrxR are mainly regulated by inorganic forms of Se rather than organic forms (Roy et al
2005). Several literatures are available regarding the supplementation of Se in CVDs. It is
able to upregulate the activity of selenocysteine containing enzymes in both animals and
cells. Supplementation of rats with 1.5 mg Se/Kg diet, in the form of sodium selenite has
been found to significantly reduce the occurrence of reperfusion induced arrhythmias and
increase GPx activity in hearts (Tanguy et al 2004). Se exerts its biological activity mostly

due to its antioxidant mechanisms. The antioxidant mechanisms include increased expression
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of antioxidant selenoproteins and the GPx-like, radical scavenging and metal-binding
activities of low molecular weight Se metabolites. These mechanisms are generally
associated with prevention of disease by Se supplementation due to the relationship between
oxidative stress and disease (Weekley and Harris 2013). TrxR which is also an important Se
containing enzyme which is present in thioredoxin (Trx) system. The Trx system includes
TrxR with Trx and NADPH, constitutes the major intracellular redox system. TrxR has
control over the redox environment of the cell and cell growth via the regulation of Trx. In
addition, the TrxR system is capable of reducing H,O,, organic hydroperoxides and lipid
hydroperoxides. TrxR may be particularly important in preventing CVD. In addition, Se
supplementation prevents the hypoxia/ reoxygenation injury of the isolated neonatal
cardiomyocytes (Ostadalova et al 2007).

However, Se can also be toxic to organisms, depending on its chemical species and
concentration. Se toxicity develops in mammals with a daily intake of one milligram of Se
per kilogram of body weight and in cultured cells exposed to micromolar concentrations of
Se (Goehring et al 1984; Lopez et al 1990; Frenkel et al 1987). High concentration of Se
induce cataract of eye lens. Se toxicity is due to low cellular redox status due to the
oxidization of protein thiol groups and glutathione (GSH), and the generation of oxygen
radicals. Acute Se toxicity is often related to industrial pollution and could cause respiratory,
gastrointestinal health problems (Pedrero and Madrid 2009). Chronic exposure to high levels
of Se in food and water could result in hair loss, weak nails, lack of mental alertness, garlic
breath odour, excessive tooth decay and discoloration. Due to the health benefits of Se and its
protective role in CVD, development of Se nanoparticles have gained much interest. Studies
have reported that selenite can be successfully encapsulated into chitosan/TPP nanoparticles,
which exhibited enhanced antioxidant activities and controlled release in vitro (Luo et al
2010).

1.11. Current treatment options in coronary heart disease

Treatment for CHD usually is the same for both women and men. Treatment may

include lifestyle changes, medicines, surgical procedures and cardiac rehabilitation.

The goals of treatment are to:
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e  Relieve symptoms

e  Reduce risk factors in an effort to slow, stop or reverse the build-up of plaque
e  Lower the risk of blood clots forming

e  Widen or bypass plaque-clogged coronary arteries

e  Prevent CHD complications

e  Decrease cholesterol and blood pressure

e  Physically restore blood flow to the heart via bypass surgery

Make lifestyle changes by eating healthy foods, exercising regularly and losing weight

Anti-anginal medications are the mainstay of anti-ischemic management and act to
correct the balance between myocardial supply and demand by increasing coronary blood
flow, reducing myocardial oxygen requirements or both. These medications include nitrates
(which act principally by venous vasodilation, but also probably by coronary dilation), beta-
blockers (which act mainly by reducing heart rate and cardiac contractility) and Ca** channel
blockers (which act principally by arterial and coronary vasodilation). The choice of therapy
and its effectiveness depend on the underlying cause of ischemia (Cohn 1998). The use of the
drugs in combination may result in reduction in myocardial oxygen demand than that
achieved with monotherapy also it reduces the undesirable side effects. For example, the
reflex tachycardia produced by some calcium channel blockers may be offset by beta-blocker
therapy. Ultimately, aspirin and lipid-lowering drugs are also considered in combination
therapy. Coronary artery bypass and coronary angioplasty improve myocardial oxygen

supply by relieving or circumventing the atherosclerotic obstruction responsible for ischemia.
1.12. Relevance of cell culture in pharmacological studies

Introduction of animal cell culture for drug testing is of great relevance in
biotechnological and pharmacological studies. It offers the possibility of observing the effect
of drugs on cells without the interference of nervous, humoral and hormonal factors as in
intact organism. Viability assessments in a cell culture system have been widely accepted
even though differences exist between in vitro and in vivo systems. Some of the applications
for animal cell culture study in biomedical science are to investigate the normal physiology
or biochemistry of cells. For example, studies of cell metabolism.
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e To test the effect of various chemical compounds or drugs on specific cell types (normal or
cancerous cells).

e To study the sequential or parallel combination of various cell types to generate artificial
tissues (artificial skin). Possibility of generating artificial tissues is an emerging and
intensively studied area of biotechnology known as “tissue engineering”.

e To synthesize valuable biologicals from large scale cell cultures. The biologicals include a
broad range of cell products and consist of specific proteins or viruses that require animal
cells for propagation. For example, therapeutic proteins can be synthesized in large quantities
by growing genetically engineered cells in large-scale cultures. The number of such
commercially valuable biologicals has increased rapidly over the last decade and has led to
the present widespread interest in animal cell culture technology.

Even though animal studies are inevitable in pharmacological study, a preliminary
investigation using cell culture and associated assay methods can provide more valuable
reports. This can also give an initial idea about the dose and response of chemical on organ
system (Schindler 1969; Rowan and Goldberg 1985; Rick 2009). In this study the myoblast
cell line H9c2, derived from embryonic rat heart (Kimes and Brandt 1976) has been used as
an in vitro model. H9c2 cells were found to be closer to normal primary cardiomyocytes with
regard to their energy metabolism features. H9c2 cells show electrophysiological and
biochemical properties of both skeletal and cardiac tissues, including depolarization in
response to acetylcholine and rapid activation of Ca®* currents through L-Type channels
(Hescheler et al 1991; Mejia-Alvarez et al 1994; Wang et al 1999). Upon reduction of serum
concentration this cell line differentiates from mononucleated myoblasts to myotubes. During
the differentiation process, cells retain several elements of the electrical and hormonal
signaling pathway of cardiac cells and have therefore become an accepted in vitro model
pertaining to studies on heart (Eckel 1996; Brostrom et al 2000; Wayman et al 2001).
L'Ecuyer et al (2001) demonstrated that H9c2 cells can be used to study free radical
production and can be engineered to express foreign genes at controllable levels, making
them a suitable system to study molecular responses to oxidative damage. They also

demonstrated that H9c2 cells are significantly more sensitive to hypoxia-reoxygenation
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injury in terms of loss of cell viability and mitochondrial respiration. Studies of Kuznetsov et
al (2014) demonstrated that H9c2 cell shows high ATP levels, mitochondrial mass and
respiratory activity, as well as higher vulnerability to hypoxia and oxidative stress. In
addition, they also reported that H9c2 cells are appropriate models to study the mechanisms
of cardiac ischemia-reperfusion injury, to evaluate the efficiency of various therapeutic
interventions and in cardioplegic and organ preservation applications (Kuznetsov et al 2014).
1.13. Scope and objective of the present work
Polysaccharide nanoparticles remain a hot topic in major medical, pharmaceutical and
food industries because of its biodegradability, non-toxicity, water solubility etc. In this view
we selected GG which is an abundantly available natural polysaccharide as preferred material
for synthesizing nanoparticles for our study. GG which is a galactomannan and has many
properties which can be utilized in nutraceutical and pharmaceutical field. Se, a micronutrient
that has potential use in the prevention and treatment of disease especially CVD and is used
as a therapeutic agent in this study. Diseases in which oxidative stress is implicated,
including cancer, cardiovascular and neurodegenerative diseases are particularly attractive
targets of Se supplementation. The main significance of the work is the preparation and
characterization of guar gum nanoparticle (GGN) and selenium incorporated guar gum
nanoparticles (SGG) by nanoprecipitation method and its therapeutic effect was checked
against cardiac ischemia and I/R. This is the first attempt on the preparation of GG based
nanoparticle by nanoprecipitation method and incorporation of Se to GGN as therapeutic for
cardiac disorders.
The objectives of the present work are
1. Preparation and characterization of SGG and its biological evaluation in H9c2
cardiomyoblast.
2. Beneficial properties of SGG against I/R induced alteration in innate antioxidant
status and calcium homeostasis in H9c2 cardiomyoblast.
3. Effect of SGG against alteration in mitochondrial functions in I/R.

4. Anti-inflammatory and anti-apoptotic potential of SGG against I/R.

16



Introduction

1.14. Societal importance of the present work

Ischemic heart disease and stroke are among the most common causes of death and
disability in the world. Globally, India have the highest rate coronary heart diseases. Among
different states, Kerala shares more incidence of CHD equally or at a higher level. The result
of the present study is expected to generate more knowledge in the physiological and
biochemical changes in cardiac myocytes during ischemia. This knowledge could be utilized
for selection of new biochemical targets which can be used for better diagnosis and prognosis
of cardiac patients. Moreover we are optimistic about the positive outcome of the study in the
form selenium based therapeutics (SGG) for human use after detailed investigations on
animal and other studies related to drug developments. This study focuses on the possible
development of low cost nutraceuticals for prophylactic use in human beings which will be

affordable to everybody.
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Chapter 2

Preparation and characterization of selenium incorporated guar gum
nanoparticles and its biological evaluation in H9c2 cardiomyoblast

2.1. Introduction

Recently the concept of nanoscience has been incorporated to the medical science
for the amplification of the therapeutic potential of the material. A wide range of
nanomaterials have been developed for biomedical applications due to their unique
properties. The special physicochemical properties of nanomaterial make them entirely
different effect on biological system compared to their macro and micro counterparts.
There is high demand of antioxidants for control and management of heart diseases due to
the importance of oxidative stress in the etiology of the same. Kim et al (2011) reported
about the use of antioxidants nanoformulations against cardiac diseases like I/R injury,
hypertrophy and myocardial infarction associated problems. For example, CuZnSOD
protein encapsulated in biodegradable poly (D, L-lactide coglycolide) or PLGA
nanoparticles (PLGA-SOD) has shown potential as a therapeutic agent for I/R injury. Other
nanoformulated antioxidants studied in models of I/R injury are peroxalate nanoparticles,
which instantaneously and specifically decompose H,O,, the most abundant ROS generated
during I/R injury (Lee et al 2008; Lee et al 2007). The antioxidant micronutrient like
cerium, Se, vanadium etc. have been reported to have therapeutic importance against heart
diseases. Among this Se is having special position in biomedical sciences due to its role as
an innate antioxidant system of body (discussed in chapter 1). Nanoparticles containing
metals of biological importance are attracting much attention of present scenario because of
their physical and chemical properties. Taking this into account, the present study was
aimed to prepare and characterize SGG and study its interaction with H9c2 by assessing its
effect on various vital parameters. For this we conducted batteries of in vitro experiments
to evaluate its interaction with H9c2 cell lines. In this study GG was used to prepare
nanoparticles through nanoprecipitation method with sodium selenite to decrease the
toxicity and enhance the antioxidant property of selenite dietary supplement. The
physicochemical properties of the nanoparticles were characterized by particle size
analysis, transmission electron microscopy (TEM) analysis and X-ray diffraction (XRD)

analysis. In order to see the interaction of SGG with cells we systematically investigated
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the effect of nanoparticle on H9c2 cells by analyzing various parameters like cell viability,
apoptosis, DNA protection, ROS generation, mitochondrial transmembrane potential
(Awm) and alteration in cytoskeleton properties. This chapter also deals with comparative
evaluation of the antioxidant potential of SGG, GGN and Se using in vitro cell free
systems.
2.2. Experimental methods
2.2.1. Materials

Guar gum powder, mannanase enzyme from Helix pomatia, sodium selenite,
Triton X-100, isopropanol, phenazine methosulfate (PMS), nicotinamide adenine
dinucleotide (NADH), nitrobluetetrazolium (NBT), 2-deoxy D-ribose, thiobarbituric acid
(TBA), trichloroacetic acid (TCA), trolox, dimethyl sulfoxide (DMSO), 3-(4,5-
dimethylthiazol- 2-yl)-2,5-diphenyl tetrazolium bromide (MTT), sodium tripolyphosphate
(TPP), dimethyl sulfoxide (DMSO), 2°,7° dichlorodihydrofluorescein diacetate (DCFH-
DA), acridine orange (AO), ethidium bromide (EtBr), 2, 3-diaminonaphthalene, 5,5°,6,6’-
tetrachloro-1,1°,3,3> tetraethylbenzimidazolyl carbocyanine iodide (JC-1), 4’,6-
diamidino-2-phenylindole (DAPI), phallodin and pUC-18 plasmid DNA were purchased
from Sigma Chemicals, USA. Ammonium molybdate, ascorbic acid (AA), ferrous
sulphate, methanol, hydrogen peroxide (H,O;) and potassium ferricyanide were
purchased from Merck Specialities Pvt Ltd (India). Tris hydroxymethyl aminomethane
hydrochloride (Tris-HCI), potassium hydroxide, and potassium persulphate were
purchased from Sisco Research Laboratories, Mumbai (India). Ethylene diamine
tetraacetic acid (EDTA), sodium phosphate and sodium hydroxide were purchased from
SD Fine Chemicals Ltd (India). Dulbecco’s modified Eagle’s medium (DMEM) and
foetal bovine serum (FBS) were from HiMedia Pvt Ltd India. All other chemicals and
solvents used were of analytical grade.
2.2.2. Preparation and characterization of GGN and SGG

The GGN was prepared by nanoprecipitation method (Soumya et al 2010).
Nanoprecipitation was carried out using the addition of a non-solvent (isopropyl alcohol)
to the aqueous solutions of depolymerized sample previously mixed with surfactants
(Triton X-100) and cross linker (TPP). lonic crosslinking using polyanionic cross linker
TPP was employed in this method. Vigorous vortexing and sonication were employed in
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the procedure to prevent agglomeration of molecules. Triton X-100 was used to modify
the surface properties of GG and to ensure the stability of nanoparticles. Besides GGN,
SGG nanoparticles were also prepared by the same procedure. Briefly, 1% GG was
depolymerised with mannanase enzyme with a pH of 5.2 in citrate phosphate buffer and
incubated at 30 °C for 24 h. The hydrolysed suspension of GG was filtered through 0.2
pm syringe filters. The filtered suspension was stored in 4 °C for further characterization.
Then through nanoprecipitation method GGN and SGG were prepared with
depolymerised GG, 10% Triton X-100, isopropanol and 0.1% TPP. For preparing SGG
sodium selenite, was added to the solution containing 1% GG, 10% Triton X-100,
isopropanol and 0.1% TPP. The solution was vortexed and sonicated for 10 min at room
temperature, filtered with 0.2 pum syringe filters to get uniform nanoparticles. The average
particle size (hydrodynamic diameter, Zaverage) of the prepared particles (GGN, SGG)
were determined by photon correlation spectroscopy (PCS) using 3000 HSA Zetasizer
(UK) equipped with He—Ne laser (633 nm). Photon-correlation spectroscopy requires the
viscosity of the medium to be known and determines the diameter of the particle by
Brownian motion and light scattering properties (Kreuter 1994). The results obtained by
photon-correlation spectroscopy are usually verified by TEM. High-resolution
transmission electron microscopy (HRTEM) is an imaging mode of the TEM that allows
the imaging of the structure of a sample at an atomic scale (Williams et al 2009). Because
of its high resolution, it is an invaluable tool to study nanoscale properties of the
materials. For this study the morphology and particle size of the samples were analyzed
using a high resolution transmission electron microscope, FEI, TECNAI, 30G2s-TWIN
microscope. A thin layer of sample was coated on a carbon coated copper grid and dried
under vaccum. This sample coated grid was used for the TEM analysis.

XRD of GG, pure sodium selenite and SGG were measured using X-ray
diffractometer (XPERT Pro, Philips, Eindhoven, Netherlands) with nickel-filtered Cu-Ka
radiation (0.154 nm). Qualitative analysis is possible by comparing the XRD pattern of an
unknown material to a library of known patterns. The degree of crystallinity of samples
was quantitatively estimated. A smooth curve which connected peak baselines was
plotted on the diffractograms. The area above the smooth curve was taken as the

crystalline portion and the lower area between smooth curve and the linear baseline in the
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samples was taken as the amorphous portion.
2.2.3. Colloidal stability

The colloidal stability of the prepared nanoparticle was investigated by turbidity
measurement. Therefore, the nanoparticles were mixed with DMEM medium both in the
presence and absence of 10% FBS. The average particle sizes (hydrodynamic diameter,
Zaverage) of the prepared particles (GGN, SGG) were determined by using a Zetasizer
NanoZS (Malvern, UK).
2.2.4. Cell culture

Rat embryonic cardiomyoblast derived H9c2 cells were obtained from American
Type Culture Collection (ATCC) Rockville, MD. Cultures of cardiomyocytes, usually
from rat neonatal hearts are widely used to investigate the cellular and molecular changes.
H9c2 cells mimic most of the characteristic features of adult cardiac myocytes and this is
an ideal cell line to check the effect of drug on myocardium in in vitro system. Cells were
cultured in DMEM supplemented with 10% FBS, 100 U penicillin/ml and 100 pg
streptomycin/ml in 5% CO, at 37 °C. Cells were passaged regularly and subcultured to
80% confluence before the experiments. Fresh nanoparticle solutions were prepared and
checked to ensure consistency of physical chemical and biological properties of
nanoparticles. Nanoparticles were freshly prepared before use and vortexed thoroughly
before being added to the cells. Experimental design consist of following groups unless
otherwise specified (1) control cells (2) cells treated with sodium selenite alone (5, 25 and
50 nM) and (3) cells treated with SGG (5, 25 and 50 nM). Observations were made after
1, 6 and 24 h of incubation.
2.2.5. Evaluation of cell viability

Cell viability was determined by MTT assay. Cells in exponential growth phase
were plated at 5x10* cells per well in 24-well plate. Then, cells were exposed to various
concentrations (5, 25 and 50 nM) of sodium selenite, and SGG for 1, 6 and 24 h and they
were subjected to MTT analysis. For this 350 pl of MTT solution (5 mg/ml) was added to
each well and incubated for 4 h at 37 °C. The formazan crystals thus formed were
dissolved in DMSO and the absorbance was read after 45 min in a microplate reader

(Biotek Synergy 4, US) at 570 nm and percentage of viable cells were calculated.
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2.2.6. Intracellular localization of SGG nanoparticles

Initial experiments were conducted to see whether H9c2 cells uptake
nanoparticles. We found that both GGN and SGG emit autofluorescence at blue region
(excitation: 360 nm; emission: 435 nm). For cellular uptake studies, cells were seeded in
96-well plate at a density of 5x10° per well and treated with various concentrations of
SGG (5, 25 and 50 nM) for 1, 6 and 24 h and single concentration (600 pg) of macro guar
gum (MGG) as reference. The cells of all experimental groups were subjected to DNA
staining with AO (exicitation: 502 nm; emission: 525 nm). Then the cells were subjected
to fluorescent imaging by spinning disk microscope (BD PathwayTM Bioimager system,
USA).
2.2.7. Estimation of intracellular Se concentration

Cells were treated with various concentrations of Se and SGG (5, 25 and 50 nM)
for 24 h to check the influx of Se. For this 100 pl of cell homogenate were digested with
500 pl of HNOs/ HCIO4 (4:1; v/v) at 190 °C for 90 min. After cooling to room
temperature, 500 pl of 5 M HCI was added and the open glass tubes were heated to 150
°C for 30 min. Then 2 ml of 2.5 mM EDTA and 500 pl of diaminonaphthalene reagent
was added at room temperature and the mixture were left at 55 °C for 30 min. 1 ml
portion of cyclohexane was used to extract the piazselenol and fluorescence was
measured using a fluorimeter at excitation of 364 nm and emission of 520 nm (Wilkie
1970).
2.2.8. Nanoparticle interaction on plasmid DNA

To check whether nanoparticle prepared has any effect on DNA we conducted
experiment on plasmid pUC 18. The reaction mixture consisting of plasmid DNA and
various concentrations of SGG was subjected to agarose gel electrophoresis and
visualized by EtBr staining. In addition, we also conducted study to see whether SGG
protect DNA from hydroxyl radical induced damage. For this, the reaction was conducted
at a total volume of 14 pl containing 2 pl of plasmid pUC 18 DNA (50 ng DNA/ul) in 5
pl of 5, 25 and 50 nM concentration of Se and SGG, 7 pl of Fenton’s reagent. The DNA
(supercoiled, linear and open circular) was analyzed on 1% agarose gels and visualized.

Ellagic acid was used as positive control.
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2.2.9. DNA integrity

Briefly the cells in all experimental groups were stained with AO (excitation: 502
nm; emission: 525 nm) and EtBr (excitation: 510 nm; emission: 595 nm) to detect
apoptosis and processed for fluorescent imaging to see alteration with various treatments.
The working stain (100 pg/ml of AO and 100 pg/ml EtBr in phosphate buffered saline)
was added to cells and was examined under spinning disc fluorescent microscope.
2.2.10. ROS generation with nanoparticles

Oxidative stress in response to nanoparticle incubation was measured by
determining intracellular ROS generation. Intracellular ROS was determined by oxidative
conversion of cell-permeable DCFH-DA to fluorescent 2°, 7° dichlorofluorescein (DCF).
For this H9c2 cells were seeded in 96-well plate and treated with different concentrations
of Se and SGG (5, 25 and 50 nM) with different time duration. DCFH-DA stain in serum
free medium was co-incubated with H9c2 cells at 37 °C for 20 min. After three washes,
DCF fluorescence was measured by fluorimetry (excitation: 488 nm; emission: 525 nm)
in multiwell plate reader and fluorescent imaging was done to detect the differences in the
intensity of fluorescence emitted.
2.2.11. Alteration in A¥ym

The cells were seeded in 96-well plate in 200 pl of culture medium and treated
with different concentration of Se and SGG (5, 25 and 50 nM) for 24 h. The experiment
was done as per the protocol provided with the kit (JC-1 kit, Sigma). After respective
treatments the cells were stained with JC-1 stain for 20 min at 37 °C and wash with
growth medium. The shift of fluorescence was visualized under spinning disk microscope
and fluorescence intensity was measured in multiwell plate reader. In normal cells, the
JC-1 dye concentrates in the mitochondrial matrix where it forms red fluorescent
aggregates because of the electrochemical potential gradient. Dissipation of Aw¥m prevents
the accumulation of JC-1 in the mitochondria and thus it is dispersed throughout the cell,
leading to a shift from red (J-aggregates) to green fluorescence (JC-1 monomers) and
visualized under spinning disk microscope. For JC-1 monomers, the fluorimeter was set
at 490 nm excitation and 530 nm emission wavelengths and for J-aggregates, the
fluorimeter was set at 525 nm excitation and 590 nm emission wavelengths. Valinomycin

(1 mg/ml) was used as positive control.
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2.2.12. Cytoskeleton integrity

Phalloidin staining was used to determine cytoskeletal integrity of the cells upon
nanoparticle treatment. The cells from experimental groups were washed with PBS and
fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized and dehydrated with
cold 100% acetone for 3-5 min. Phalloidin stain (excitation: 488 nm; emission: 525 nm)
was added and kept at room temperature for 30 min. Nucleus was counterstained with
DAPI (excitation: 360 nm; emission: 450 nm) and visualized.
2.2.13. Antioxidant potential
2.2.13.1. Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity was measured by the deoxyribose method
(Halliwell et al 1987) with slight modifications. Different concentrations of samples were
mixed with an adequate amount of potassium buffer (pH 7.4). To this freshly prepared 0.1
ml of FeCl; (200 pM), 0.05 ml of H,O, (1 mM), 0.1 ml of EDTA (1.04 mM), 0.05 ml of
deoxyribose (28 mM) and freshly prepared 0.05 ml of ascorbic acid (1 mM) were added
and then the mixture was incubated at 37 °C for 1 h. To that 2% TCA (0.5 ml) and 1%
TBA (0.5 ml) were added and the mixture was heated in a water bath at 100 °C for 20 min.
Absorbance of the resulting solution was measured at 532 nm. The absorbance of blank
was also measured under similar conditions using catechin as the standard. The 1Cs, value
was obtained from a dose response curve plotted between the percentage of inhibition and
concentrations.
2.2.13.2. Total reducing power

Total reducing power (TRP) of the samples (Se, GGN and SGG) was determined
colorimetrically using gallic acid as standard at the wavelength of 700 nm (Oyaizu 1986).
Samples of different concentrations were mixed with distilled water, 200 mM phosphate
buffer (pH 6.6) and 1% potassium ferricyanide. The mixture was incubated for 20 min at
50 °C. 10% TCA was added to the mixture, followed by vigorous vortexing for 10 min
and the upper layer was mixed with distilled water and 0.1% of FeCls. The absorbance of
the resultant solutions was read at 700 nm against blank. Increased absorbance indicates
increased reducing power.
2.2.13.3. Metal chelating activity

The chelation of ferrous ions by the Se, GGN and SGG was estimated using
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ferrozine (Rani et al 2010). Ferrozine can quantitatively form complexes with Fe?*. In the
presence of chelating agent the complex formation is disrupted resulting in the reduction
of red colour of the complex. Measurement of colour reduction leads to the estimation of
metal chelating activity. EDTA was used as the standard. The absorbance of red colour
was read at 562 nm.
2.2.14. Statistical analysis

Results were expressed in mean and standard deviation (SD) of the control and
treated cells from three independent experiments with duplicates (n=6). Data were
subjected to one-way ANOVA followed by the Bonferroni test (Sokal and Rohlf 2009) to
calculate the statistical difference among the groups using SPSS for Windows, standard
version 11.5.1 (SPSS, Inc.) and significance was accepted at P<0.05.
2.3. Results
2.3.1. Particle size measurements

In the present study GGN and SGG were prepared by nanoprecipitation method.
Particle size analysed by PCS indicated the presence of fine spherical nanoparticles of
size of ~41-132 nm with a polydispersity index (PDI) of 0.4 (Figure.2.1.a). In SGG the
size of the nanoparticle had increased to ~69-173 nm range upon Se incorporation
(Figure.2.1.b). This result is expected since selenite carried negative charges and
electrostatically interacted with GG which would promote formation of nanoparticles
through ionic cross-linking. Particle size is one of the most important parameters

determining biocompatibilities and bioactivities of materials of therapeutic importance.
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Figure 2. 1. Particle size distribution of (a) GGN and (b) SGG. The prepared
nanoparticles were subjected to particle size analysis. () GGN had an average particle
size varies from 41 to 132 nm range and (b) SGG nanoparticle prepared by
nanoprecipitation method shows an increase in particle size from 69 to 173 nm.
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2.3.2. Transmission electron microscopic images of GGN and SGG

The TEM analysis of GGN revealed the presence of fine spherical nanoparticle of
size 40 nm range with few larger particles. It was found that the sizes observed by DLS
were larger than those determined by TEM images. This might be due to the fact that GG
binds to the surface of the Se which in turn creates a layer and this has made the particles
appear larger. TEM images also confirmed that upon Se incorporation the size of GGN
had increased to 50-100 nm (Figure.2.2.a, b). An elemental composition analysis by
TEM-EDX showed the presence of strong signals from the Se atoms together with signal

of C, Na and O atom from SGG (Figure.2.2.c) confirming the presence of Se in SGG.
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Figure 2. 2. TEM images of (a) GG showing spherical morphology with a size of 40 nm
with few larger particles (b) SGG were also spherical in shape, upon incorporation of Se
the particle size has been increased to the range of 50—-100 nm (c) EDX spectrum of SGG
show the presence of Se peaks, thereby confirming the presence of Se in SGG.
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2.3.3. XRD characterization of nanoparticles

In nanoparticle preparation it is very important to control the particle size, shape
and morphology. To determine the crystalline property of nanoparticles, SGG was
characterized by XRD as it is an important analysis tool in nanomaterial science. Figure
2.3.a, b and c show the powder X-ray diffraction patterns of GG, sodium selenite and
SGG respectively. XRD of GG (Figure.2.3.a) was amorphous because of its polymeric
nature. XRD pattern of pure sodium selenite was compared with the standard JCPDS file
data 32-1153. Peaks corresponding to sodium selenite had been observed in figure 3.c,

confirming the incorporation of Se in SGG.
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Figure 2. 3. XRD images of (a) GG (b) Sodium selenite and (c) SGG. GGN appears
amorphous in nature in their morphology as per XRD data (Figure.3.a). While sodium
selenite appears crystalline nature in the XRD pattern (Figure 3.b). The presence of major
peaks of Se in SGG confirms the incorporation of Se in GGN (Figure.3.c).

2.3.4. Behaviour of nanoparticles in cell culture medium

The agglomeration of nanoparticles in liquid medium is of great importance in
nanomedicine. The size of the SGG in cell culture medium without serum was found to
be 286.3 nm with a PDI value of 0.5 (Figure.2.4a.b) while that in serum containing
medium was 22.83 nm with a PDI value of 0.5 (Figure.2.4a.a). The particle size observed
in DLS was considerably decreased from the previous results due to the enhanced

repulsive interparticle interactions, especially with proteins in serum containing medium
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(Gil et al 2009). The multimodal peak obtained for GGN in solution for both serum
containing and serum free medium indicates a broad distribution of particles in agreement
with the primary DLS results (Figure.2.4b.a, b). The observed PDI value ranging from
0.1-0.5 indicates that SGG possess the ability to remain as primary particles in cell culture
medium with and without 10% FBS, suggesting that the SGG is relatively non-toxic in

solution and the particles are remaining as homogeneous in nature.

Figure 2. 4a. Particle size distribution for (a) SGG in serum containing DMEM (b) SGG
in serum free DMEM

Figure 2. 4b. Particle size distribution for (a) GGN in serum free DMEM (b) GGN in
serum containing DMEM

2.3.5. Morphological analysis of cells upon treatment with nanoparticles
The cytotoxicity of the SGG was verified for its biomedical application. H9c2
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myoblast are spindle to stellate shaped that can be mono or multinucleated. The
morphological examination of the cells treated with different doses of both SGG and Se

showed normal cell morphology up to 50 nM for 24 h exposure (Figure.2.5).

Figure 2. 5. Morphological examination of cells with nanoparticles. Images of H9c2 cells
from different experimental groups under phase-contrast microscope (10x). (a) control
cells; (b, c, d) cells treated with 5, 25 and 50 nM Se; (e, f, g) cells treated with 5, 25 and
50 nM SGG, respectively.

2.3.6. MTT assay

Nanomaterials are used increasingly in cosmetics, medical imaging, disease
diagnosis and drug delivery. However more and more evidence indicates that reduction to
nanoscale causes marked differences in properties compared with macroscale. In order to
evaluate the cytotoxicity of the newly synthesized SGG and the bulk Se, H9c2 cells were
treated with various concentrations (5, 25 and 50 nM) for various duration (1, 6 and 24 h).
The results showed that 5 and 25 nM of Se and SGG nanoparticle for 1, 6 and 24 h of
incubation were non-toxic. But higher dose (50 nM) of Se and SGG showed significant
toxicity of 17.4% and 14.59% after 24 h incubation respectively (Table 2.1).
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Table 2. 1. Viability of H9c2 cardiac myoblast cells treated with sodium selenite, GGN
and SGG

Concentration % toxicity
1h 6 h 24 h

Sodium selenite 5 1.73+£039 541+087 11.39+184
(nM)

25 2.38+0.43 6.18+0.63 13.66+1.07

50 9.05+0.48 11.36+0.87 14.59+1.12
GGN (ug) 5 263+037 6.50+0.87 10.33+1.72

25 444+089 7.43+1.00 13.59+0.99

50 514+0.30 9.34+0.89 14.60+1.47
SGG (nM) 5 1.79+0.64 338+103 7.21+1.23

25 261+093 6.30+0.80 10.31+2.32

50 1087 +1.12 1254+0.67 17.40%+1.51

2.3.7. Uptake of SGG by H9c2 cell

To evaluate the cellular uptake of SGG and MGG we utilized autofluorescence
property of GG. For this, cells were incubated with various concentrations (5, 25 and 50
nM) of SGG and MGG for 1, 6 and 24 h and counter stained with AO that stains the
double and single stranded DNA of live cells which appears green in color and were
subjected to fluorescence imaging by spinning disk microscope. We observed presence of
fluorescence in the SGG treated cells (Figure.2.6A, 6B, 6C) whereas no fluorescent
emission was observed in MGG treated cells (Figure.2.6A.b, 6B.b, 6C.c). This
observation reveals the presence of SGG in cells not MGG. In addition, fluorescent data
showed uptake of nanoparticle was dose and duration dependent. The maximal cellular
uptake was found in 24 h exposure with high dose (Figure.2.6C).
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Figure 2. 6A. Uptake of nanoparticle by H9c2 cardiac myoblasts for 1h incubation with
various concentrations of SGG.(a) control; (b) MGG,; (c, d, e) cells treated with 5, 25 and
50 nM SGG.

Figure 2. 6B. Uptake of nanoparticle by H9c2 cardiac myoblasts for 6 h incubation with
various concentrations of SGG.(a) control; (b) MGG,; (c, d, e) cells treated with 5, 25 and
50 nM SGG.
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Figure 2. 6C. Uptake of nanoparticle by H9c2 cardiac myoblasts for 24 h incubation with
various concentrations of SGG.(a) control; (b) MGG,; (c, d, e) cells treated with 5, 25 and
50 nM SGG.

2.3.8. Differential Se uptake by H9c2 cells

We examined the cellular uptake of Se from sodium selenite and SGG in H9c2
cell lines with diaminonaphthalene reagent. For this, cells were treated with different
concentrations of sodium selenite (5, 25 and 50 nM) and SGG (5, 25 and 50 nM) for 24 h.
Analysis showed that 25 nM of SGG was found to have more effective uptake of Se (7.2
nM) which was found to be significantly greater than Se uptake from sodium selenite (5.2
nM). Beyond 25 nM, concentration did not show any influence on Se uptake whether in
SGG or sodium selenite (Figure.2.7). The more cell permeability of nanoparticle will
enable to have more drug bioavailability at target site for better therapeutic property. This
also reduces the dose of drug required for recovery and reduces the adverse effect of drug.
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Figure 2. 7. In vitro cellular uptake of Se from sodium selenite and SGG. Se uptake study
using diaminonaphthalene method shows that uptake of Se by cell is higher for SGG (red)
than sodium selenite (blue). 25 nM of both Se and SGG showed maximum uptake of Se
by cells.
2.3.9. Effects of SGG on apoptosis

In order to characterize the safety profile of the SGG we investigated whether
SGG induce apoptosis in H9c2. To evaluate apoptosis inducing property of SGG, cells
were stained with AO/EtBr and it was found that the exposure of H9c2 cells with
different concentrations of 5, 25 and 50 nM of Se and SGG nanoparticle for 24 h did not
cause apoptosis (Figure.2.8). SGG was effective to protect the cells from apoptosis at 50
nM for 24 h and this property of SGG will definitely help us to use this nanoparticle for
therapeutic purpose against various disorders.
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. .

Figure 2. 8. Alteration in DNA integrity with Se and SGG. Photomicrographs of H9c2
cells under AO/EB staining to check induction of apoptosis with Se and SGG (20x); (c)
merged images of control cells; (f, i ,I) merged images of cells treated with 5, 25 and 50
nM Se; (o, r, u) merged images of cells treated with 5, 25 and 50 nM SGG.

2.3.10. DNA protection assay

Oxidative DNA damage has been implicated in various degenerative diseases.
Sodium selenite is reported to inhibit oxidative DNA damage caused by iron (Fe**) in the
presence of H,O,, in a cell free system, which contained plasmid DNA, Fe** and H,0,
(Ramoutar and Brumaghim 2007). The effect of GGN and SGG on Fe*" dependent
hydroxyl radical induced DNA damage of pUC18 plasmid was studied. The treatment of
supercoiled (SC) DNA with Fenton’s reagent directed to the alteration of DNA to open
circular form (OC). The addition of SGG nanoparticles to the reaction mixture
substantially decreased the DNA strand scission and retained the SC form, thus
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effectively protect DNA, in a dose dependent manner (Figure.9A). In addition we also
checked whether it induce breakage or nick or ladder formation on plasmid DNA

(pUCL18) by agarose gel electrophoresis (Figure.9B). It did not affect plasmid DNA.

B

Figure 2. 9A. DNA damage protection assay with Fenton’s reagent. (a) control (pUC 18
plasmid); (b) plasmid+Fenton’s reagent (c) positive control (ellagic acid 50 nM) (d, e and
f) 5, 25 and 50 nM Se; (g, h, i) 5, 25 and 50 nM SGG. B. The effect of nanoparticle on
plasmid DNA (a) control (pUC 18 plasmid); (b, c) positive control (ellagic acid 5, 50
nM); (d, e, f) 5, 25 and 50 nM Se; (g, h, i) 5, 25 and 50 nM SGG.
2.3.11. Effect of SGG on ROS

Induction of oxidative stress is one of the common mechanisms of toxicity of
nanoparticles (Soenen et al 2011). Oxidative stress occurs when generation of ROS
exceed the capacity of antioxidant defense mechanism. It elicits a wide variety of
physiological and cellular events including stress, inflammation, DNA damage and
apoptosis. In the present study, attempts were made to evaluate ROS generation with
various doses of nanoparticle to see whether they induce oxidative stress in H9c2 cells
and it was found that treatment with various doses (5, 25 and 50 nM) of Se and SGG
caused mild ROS generation (41%) after one hour and gradually reduced to (8%) in a
span of 24 h (Figure.2.10C). It is interesting to note that the initial outburst of ROS did
not cause any morphological alteration or toxicity on cells (Figure.2.10A). This
temporary elevation of ROS (Figure.2.10A) may be due to over reaction of cells for self

adaptation to the presence of the foreign material.
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Figure 2. 10A. Evaluation of ROS with various doses of Se and SGG after 1 h. (a)
control cells; (b, c, d) cells treated with 5, 25 and 50 nM Se, respectively; (e, f, g) cells
treated with 5, 25 and 50 nM of SGG, respectively; (h) The fluorometric analysis supports
the microscopic data. B. Evaluation of ROS with various doses of Se and SGG after 6 h.
(@) control cells; (b, c, d) cells treated with 5, 25 and 50 nM Se, respectively; (e, f, g) cells
treated with 5, 25 and 50 nM of SGG, respectively; (h) The fluorometric analysis data. C.
Evaluation of ROS with various doses of Se and SGG after 24 h. (a) control cells; (b, c, d)
cells treated with 5, 25 and 50 nM Se, respectively; (e, f, g) cells treated with 5, 25 and 50
nM of SGG, respectively; (h) The fluorometric analysis data.
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2.3.12. Alteration in Awm of mitochondria

Mitochondria are the vital organelle which play significant role in the physiology
of the cells and it is the centre of target for foreign particles interaction (EI-Ansary and
Al-Daihan 2009). In this study we verified the effect of various concentration of SGG on
mitochondria of H9c2 cells. H9c2 cells are known for the high content of mitochondria to
meet its metabolic need. Intact mitochondrion is very much essential for the normal well
being of cells as it control many sensitive functions related to energy metabolism.
Exposure of H9c2 to Se and SGG for different time duration (1, 6 and 24 h) did not cause
much alteration in Awm, as measured with JC-1 probe with an average ratio of red:green
fluorescence (Figure.2.11A, 11B). But high dose (50 nM) caused some alterations in Awvm

in the case of 24 h of incubation (Figure.2.11C).
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Figure 2. 11A. Mitochondrial transmembrane potential with Se and SGG for 1 h. Images
of H9c2 cells stained with JC-1 for mitochondrial study (20x). (a) control cells; (b)
positive control valinomycin; (c, d, e) cells treated with 5, 25 and 50 nM Se, respectively;
(f, g, h) cells treated with 5, 25 and 50 nM SGG, respectively; (i) relative fluorescence
also showed a similar trend. B. Mitochondrial transmembrane potential with Se and SGG
for 6 h. (a) control cells; (b, c, d) cells treated with 5, 25 and 50 nM Se, respectively; (e, f,
g) cells treated with 5, 25 and 50 nM SGG, respectively; (h) relative fluorescence also
showed a similar trend.C. Mitochondrial transmembrane potential with Se and SGG for
24 h. (a) control cells; (b, c, d) cells treated with 5, 25 and 50 nM Se, respectively; (e, f, g)
cells treated with 5, 25 and 50 nM SGG, respectively; (h) relative fluorescence also shows
a similar trend.

2.3.13. Effects of SGG on cell cytoskeleton

To check the effect of cellular uptake of nanoparticles on cytoskeleton
organization of cardiac myoblast, F-actin component of cytoskeleton was stained using
phalloidin. Staining revealed that there was no alteration in structure with Se and SGG
treated group (Figure.2.12.b-g). All the groups had an intact filamentous network
structure confirming the original structure. Nanoparticles upto 50 nM were safe in holding

intact the mesh like architecture of the cells even at 24 h (Figure.2.12.d, g).
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Figure 2. 12. Effect of Se and SGG on cytoskeleton of H9c2 cells. Fluorescent
microscopic images of H9c2 cells stained with phalloidin (20x). (a) control cells; (b, c, d)
cells treated with 5, 25 and 50 nM Se, respectively; (e, f, g) cells treated with 5, 25 and 50
nM SGG, respectively. The green colour indicates the cytoskeleton F-actin stained with
phalloidin. The blue colour indicates the nucleus stained with DAPI. There were no
significant alterations in cytoskeleton with any groups.

2.3.14. Total reducing power

To evaluate the antioxidant potential of Se, GGN and SGG various cell free
assays like total reducing power, metal chelation and hydroxyl radical scavenging were
checked. The high absorbance value of the test materials at 700 nm indicates potential
reductive ability. TRP values of Se, GGN and SGG were compared with gallic acid as the
standard. Reducing power (absorbance values) of Se, GGN and SGG was 0.028+0.004,
0.098+0.003 and 0.234+0.006, respectively (Table 2.2). From these the reducing power of
SGG was found to be significantly higher than those of Se and GGN. In this assay, the
yellow colour of the solution changed depending on the reducing power of each material.
The data showed that the SGG have the significant ability to interact with free radicals to
convert them to nonreactive species, thus terminating the radical chain reaction.
2.3.15. Metal chelation

Chelation of the metal ions is the main strategy to avoid ROS generation. Here,
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the 1Csy of SGG for metal chelating activity was 3.6+£0.05 pg/ml which was better than
the positive standard EDTA (12.72+0.68 pg/ml) indicating the potential metal chelating
capacity of SGG (Table 2.2). The ICs, of the chelating effect of Se and GGN was 12.11
+0.01 pg/ml and 4.1£0.1 pg/ml, respectively.
2.3.16. Hydroxyl scavenging activity

The ICs of Se, GGN and SGG for hydroxyl radical scavenging activity was
63.79+1.82, 11.97+1.13, 5.68+0.285 pg/ml respectively (Table 2.2). Catechin was used as
the standard with 1Cso of 9.22+0.94 pg/ml respectively. Hydroxyl radical is an extremely
reactive free radical formed in biological systems and has been implicated as a highly
damaging species in free radical pathology (Li et al 2008). This radical has a capacity to
join nucleotides in DNA and cause strand breakage that contributes to carcinogenesis,
mutagenesis and cytotoxicity (Moskovitz et al 2002). Here also SGG showed excellent
hydroxyl scavenging activity compared to other materials and the positive control. These
assays evaluate the scavenging potential of particles with respect to specific reactive
radicals. Evaluation of antioxidant potential of the various test material revealed SGG
exhibited better antioxidant activities like high reducing power, metal chelation capacity

and hydroxyl radical scavenging activity compared to GGN and Se.

Table 2. 2. Antioxidant chemical assays with Se, GGN and SGG.
TRP Metal chelation Hydroxyl RSA
1Cs0 (g/ml) IC 50 (Mg/ml)

GGN 0.098+0.003 4.1+0.1 11.97+1.13
SGG 0.234+0.006 3.6£0.05 5.68+0.285
Se 0.028+0.004 12.11+0.01 63.79+1.82
GA 1.236+0.13 - -
EDTA 12.72+0.68

Catechin 9.22+0.94

Se: Sodium Selenite; GGN: guar gum nanoparticle; SGG: selenium incorporated guar
gum nanoparticle; GA: gallic acid; RSA: radical scavenging activity. Each value
represents mean + SD (n=6).
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2.4. Discussion

Nanoparticle characterization is indispensable for understanding and controlling
of nanoparticle synthesis and applications. In the present study, the techniques used for
these were particle size analysis, TEM and XRD. This chapter deals with preparation and
characterization of SGG and its interaction with H9c2 by assessing its effect on various
vital parameters. For this we conducted in vitro experiments to evaluate its interaction
with H9c2 cell lines.

Although, biochemicals may often be used for the synthesis of nanomaterials, the
biogenic synthetic route is frequently applied due to its ease and simplicity and also
because no hazardous and toxic residues are released in the environment (Mukherjee et al
2002; Mukherjee et al 2001). There are reports that the reduction of sodium selenite
(NaySeOg3) to Se nanoparticles by the biomolecules in the polysaccharide is by functional
groups such as alcohol, aldehyde etc. (Husen and Siddigi 2014). Important and
challenging aspect of nanoparticle characterization is measurement under conditions that
resemble in vitro or in vivo environment. It was shown in several studies (Ji et al 2010;
Maiorano et al 2010; Metin et al 2011; Fatisson et al 2012; Allouni et al 2009; Lordan et
al 2012; Safi et al 2011; Zhang et al 2009; Santander-Ortega et al 2007) that stability of
nanoparticles in different culture media can be severely reduced depending on ionic and
protein composition consequently affecting nanoparticles characteristic and functionality
in in vitro and in vivo applications. Literature also demonstrated that characterization of
nanoparticles in relevant media is necessary for evaluation of toxicity (Fatisson et al
2012). The stability of nanoparticles is a complex combination of nanoparticles surface
properties, media compositions and nanoparticle concentrations, so it is essential to
characterize the nanoparticles in physiologically relevant media which is crucial for
understanding of their interaction with biological systems. Pavlin and Bergar (2012)
reported about nanoparticles functionalized with polyacrilic acid are relatively very stable
in different culture media, where level of aggregation depends on medium composition.
Our study also the shows that the SGG particles showed more stability in serum medium
than medium without serum. Compared with GGN in serum and serum free medium SGG
particles have more stability. On the other hand there are several reports (Ji et al 2010;
Allouni et al 2009; Zhang et al 2009) identifying the increased stability of nanoparticles
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(Ti02) by the addition of the serum in the medium with the stabilization mechanism
being again opsonization of the nanoparticle surface with proteins and peptides, which
form stabilizing protein corona. This was similar to our results.

An important factor that usually contributes to nanomaterial based drug
cytotoxicity is cellular uptake (Sohaebuddin et al 2010). GG is a non-ionic polysaccharide
that is abundantly present in nature and has many properties desirable for drug delivery
applications. Due to the presence of various functional groups on molecular chains
polysaccharides can be easily modified chemically and biochemically, resulting in
different kind of derivatives (Liu et al 2008). As they are highly stable, safe, non-toxic,
hydrophilic, biodegradable and the cost of processing is very low, they are used as ideal
material for drug delivery. Among polysaccharides GG is a potential candidate for drug
delivery application due to its drug release retarding property and susceptibility to
microbial degradation in the large intestine (Bayliss and Houston 1986). It is established
fact that nanoparticles can efficiently intrude in cell by exploiting endocytosis machinery.
But only specialised cells such as macrophages are capable of phagocytosis. On the other
hand almost all cells internalize nanoparticles by pinocytosis. There are many factors like
physicochemical properties like size, shape, surface charge and surface chemistry that
was essential for modulating cellular uptake efficiency.

Se is a trace element with wide commercial applications, due to its special
chemical and physical properties. Se nanoparticles attracted more attention due to their
high bioavailability and antioxidant activities, low toxicity and novel therapeutic property
(Li et al 2011; Yang et al 2012; Wu et al 2012; Zhang et al 2013). There are reports to
suggest that nanoencapsulation of Se in polysaccharide like chitosan increase cellular Se
level (Zhang et al 2011). Se in encapsulated stage desensitizes the cells to Se compounds
and decrease damage to cells in contrast to application of native Se to the cells (Zhang et
al 2011). This explains why more Se in GG encapsulated form is taken up by the cells.
Another reason for the minimum toxicity with SGG is due to the fact that SGG are not
metabolically available for the induction of any type of cell damage.

Induction of apoptosis is considered an important cellular event that can account
for the cancer preventive effects of Se compounds. Apoptosis induced by supranutritional

doses of seleno compounds are described in various types of neoplastic cells, including
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prostate, colon and liver cancer, leukemia and lymphoma. Se in encapsulated form at
nanoparticle size upregulates selenoenzyme (Sanmarti'n et al 2012). DNA protection
property of SGG will have therapeutic potential as in some metabolic disorders like
diabetes, hydroxyl radical induced DNA damages are very common. From these results it
is again clear that SGG prepared by nanoprecipitation is safe as well as it has therapeutic
potential to use for biomedical research applications. There are reports that Se
nanoparticles prevented DNA damage when cells were exposed to UV-light (Prasad et al
2013). In this study SGG inhibits oxidative DNA damage caused by iron (Fe?*) which
contained plasmid DNA. A mild increase in oxidative stress seen in cells act as a cell
signaling mechanism required to trigger several responses to the foreign particle (Ruiz-
Meana et al 2010). These results again confirm the suitability of SGG for biomedical
application without any adverse effect. Normal cytoskeleton is essential to keep the
morphology and physical structure of the body intact. One possible sign of cellular stress
induced by uptake of nanosized materials is alterations to the cytoskeleton network
(Soenen et al 2011).

There is not even a single report on SGG nanoparticle and investigation on
interaction with cell and this is the first report in this regard. But there are reports of
preparation of Se nanoparticles with hyperbranched polysaccharide in water (Zhang et al
2010). However, it was not prepared for any biological applications. In addition Se
nanoparticles with spirulina polysaccharide had been prepared by some groups (Yang et
al 2012) for evaluation of its anticancer activities and uptake of Se nanoparticle by cells.
They reported enhanced cytotoxicity and uptake by melanocytes. In the case of GG, there
are reports on silver nanoparticle preparation using polyacrylamide/guar gum graft
copolymers for some chemical purpose (Abdel-Halim et al 2011). Green synthesis had
also been exploited for preparation of biopolymer (GG) silver nanoparticle composite for
application in optical sensor for ammonia detection (Pandey et al 2012). Overall results
clearly reveal SGG prepared in this study exhibit potent therapeutic potential with respect
to oxidative stress, apoptosis, DNA protection, A¥ym and cytoskeleton. Moreover the
cytotoxicity was minimum with SGG which is a great advantage of this particle for

biomedical applications.
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To prevent the detrimental effects of free radicals in the human body, antioxidants
gain increasing interest. In addition, there is a preference for antioxidants from natural
sources due to low adverse effects and high tolerance to the human body (Abdalla and
Rooze 1999). The methods for evaluation of the antioxidant status and oxidative damage
are many and varied. The simplest ones are purely chemical in vitro reactions or tests in
cell cultures. They can yield useful information about mechanisms of action; currently,
there is no single antioxidant assay for quality grading because of the lack of standard
quantification methods. Keeping these facts in mind, we checked the antioxidant
potentials of Se, GGN and SGG employing various cell free assays like total reducing
power, metal chelation and hydroxyl radical scavenging. These assays evaluate the
scavenging potential of particles with respect to specific reactive radicals. Evaluation of
the antioxidant potential of the various test materials revealed that SGG exhibited better
antioxidant activities like high reducing power, metal chelation capacity and hydroxyl
radical scavenging activity compared to GGN and Se.

Redox active metals catalyse oxygen radical formation thus causes tissue injury
during I/R sequence (Spencer et al 1998). This concept is based on the basic chemistry of
oxygen radicals in which trace amounts of transition metals are required to catalyst the
formation ROS such as the OH". Transition metals such as Fe?* and Cu* are present in the
myocardium and can act as catalyst for the formation of oxygen free radicals during
reperfusion after myocardial ischemia. There are reports to suggest that transition metal
chelators such as desferrioxamine can reduce the production of such radicals and may
thereby attenuate postischemic myocardial dysfunction (Spencer et al 1998). Studies
investigating the role of transition metals as a catalyst for the formation of oxygen free
radicals during I/R primarily focussed on iron; Fe?* chelators results in improvement in
myocardial functional and metabolic recovery after I/R, presumably by preventing
oxygen free radical generation (Bolli et al 1990; Farber et al 1988; Maruyama et al 1991;
Bolli et al 1987). Hydroxyl radical is an extremely reactive free radical formed in
biological systems and has been implicated as a highly damaging species in free radical
pathology (Li et al 2008). This radical has a capacity to join nucleotides in DNA and
cause strand breakage that contributes to carcinogenesis, mutagenesis and cytotoxicity
(Moskovitz et al 2002). Gao et al (2002) reported the antioxidant properties of hollow
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spherical nanoparticles of Se. The size of nanoparticles plays an important role in their
biological activity as 5-200 nm nano-Se can directly scavenge free radicals in vitro in a
size dependent fashion (Peng et al 2007). Barnaby et al (2011) reported Se nanoparticles
which is prepared using gallic acid exhibit good antioxidant activity. There are reports
regarding the antioxidant property of GG (Igbal et al 2013). Based on these report we
checked the antioxidant properties of Se, GGN and SGG and the results showed that SGG
has better activity compared to native Se and GGN to scavenge free radicals.
Conclusion

The present study demonstrated that SGG can be successfully prepared under mild
conditions via, nanoprecipitation method. Physicochemical properties, such as particle
size, TEM, XRD data confirmed the nanoscale structure of the prepared material and
proper incorporation of SGG. Elaborate investigations on the interaction of nanoparticle
on biological system had been conducted on H9c2 and confirmed the safety of
nanoparticle on biological system (H9c2). On the basis of these results SGG was found to
be an ideal nanomaterial for further research with promising therapeutic properties

especially for cardiac problems.
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Chapter 3

Beneficial properties of selenium incorporated guar gum nanoparticles
against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

3.1. Introduction

Many research have shown the role of antioxidants for the treatment and
prevention of disease because of the ability of same to ameliorate oxidative damage
caused by ROS (Valko et al 2006; Seifried et al 2007). Antioxidants like polyphenols,
sulfur and Se containing compounds, enzymatic antioxidants such as SOD and GPx, and
micronutrients such as vitamins C and E have been extensively investigated and
numerous studies have demonstrated their antioxidant properties (Valko et al 2006; Rice-
Evans et al 1997; Ramoutar and Brumaghim 2007a; Ramoutar and Brumaghim 2007b;
Perron et al 2008; Battin et al 2006; Battin et al 2008; Mates et al 1999; Burton and
Traber 1990; Padayatty et al 2003). I/R cycle generates ROS which trigger lipid
peroxidation, protein oxidation, enzyme inactivation, as well as impair physiological
functions like blocking of ion channels, restricting glycolysis, promoting mitochondrial
calcium release etc. (Depre and Taegtmeyer 2000; Szabados et al 1999; Halmosi et al
2001; Halmosi et al 2002). Innate antioxidant enzymes, such as GPx and SOD are the
specific oxygen free radical scavengers and can protect the cell against ROS induced
damage. The protective effects of Se compounds against disease are mainly due to radical
scavenging and enzymatic decomposition of oxygen metabolites (Mugesh and Singh
2000). Se nanoparticles have gained more attention in recent times due to their high
antioxidant activities and low toxicity (Wang et al 2007; Zhang et al 2008). In addition,
Se nanoparticles have excellent bioavailability and high biological activity (Tanaka et al
2000). It is interesting to know that nano-Se has a 7-fold lower acute toxicity than sodium
selenite in mice (Zhang et al 2001). Se has an important role in preventing CVD through
the ability of GPx to combat the oxidative modification of lipids and to reduce
aggregation of platelets (Neve 1996). Depletion of Se causes extensive damage to many
tissues including myocardium (Burk 1989). In this regard, there were some studies on Se
deficiency (Tonfektsian et al 2000) but little is known about the effect of Se, particularly
with respect to cardiac cells and heart diseases.

In previous chapter we had seen the safety profile and interaction of Se and SGG
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with cardiac myoblast. The present chapter deals with the comparative beneficial effect of
Se, GGN and SGG against ischemia induced alteration in innate antioxidant status and
Calciumhomeostasis in ischemia and I/R.
3.2. Experimental methods
3.2.1. Materials

Sodium chloride (NaCl), potassium chloride (KCI), magnesium sulphate
(MgSQ,), calcium chloride (CaCly), sodium lactate, ferric chloride (FeCls), hydrogen
peroxide (H20,), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), MTT,
DCFH-DA were purchased from Sigma Aldrich (St. Louis, USA). All cell based assay
kits used were from Cayman Chemicals, USA. All other chemicals and solvents used
were of analytical grade.
3.2.2. Induction of ischemia in H9c2 cardiomyoblast

For this cells (H9c2) were seeded in 24 well plates supplemented with 10% v/v
FBS, DMEM and the medium was changed every 48 h. The in vitro model of
ischemia/reoxygenation (I/R) employed in the present study was similar to that described
by Koyama et al (1991). For this, H9c2 cardiac myoblasts were maintained initially with
normal DMEM medium equilibrated with a gas mixture of 95% O, and 5% CO; and the
pH was adjusted to 7.4 at 37 °C (control) and then confluent cardiomyoblast in 24-well
plates were exposed to hypoxia with simulated ischemia buffer (98.5 mM NaCl,10 mM
KCI, 1.2 mM MgSQO,, 1.0 mM CaCl,, 20 mM HEPES, 40 mM sodium lactate, pH 6.8, 37
°C) in ischemic chamber (New Brunswick Eppendrof Galaxy 48 R, USA) with 94.9% N,
and 5% CO, for half an hour and then reoxygenated for 1 h with DMEM medium 95% O,
and 5% CO, at 37 °C (DMEM medium) along with test materials (Se, GGN and SGG).

Experimental groups

Group I: H9c2 were incubated in normal medium supplemented with 10% FBS and 5%
CO; during the entire experimental period.

Group I1: Cells were incubated with ischemic buffer for 30 min (ischemia).

Group II: Cells were incubated with ischemic buffer for 30 min (ischemia) followed by

reperfusion with normal medium for 1 h.
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Group 1V: After ischemia, cardiomyoblasts were incubated with nascent sodium selenite (5
nM) for 1 h.
Group V: After ischemia, cardiomyoblasts were incubated with nascent sodium selenite
(25 nM) for 1 h.
Group VI After ischemia, cardiomyoblasts were incubated with GGN (60 ug) for 1 h.
Group VII: After ischemia, cardiomyoblasts were incubated with GGN (300 pg) for 1 h.
Group VIII: After ischemia, cardiomyoblasts were incubated with SGG (5 nM) for 1 h.
Group IX: After ischemia, cardiomyoblasts were incubated with SGG (25 nM) for 1 h.
3.2.3. Cell morphology
The cells subjected to ischemia, I/R and treatment with Se, GGN and SGG were
observed under phase contrast microscope (Nikon Eclipse TS100) to study the
morphological changes.
3.2.4. Cell viability
Cell viability was determined by MTT assay after ischemia, I/R and treatment
with Se, GGN and SGG. MTT solution was added into plates at a final concentration of
0.5 mg/ml and incubated for 3 h at 37 °C. Then the culture medium was discarded and 0.5
ml DMSO was added to each well to dissolve dark blue formazan crystals. The
absorbance was measured at 570 nm (Biotek Synergy 4, US) and the percentage toxicity
was calculated.
3.2.5. Lactate dehydrogenase level
The lactate dehydrogenase (LDH) release from all experimental groups was
determined using the Cayman assay kit, USA. This assay measures cell death in response
to chemical compound using a coupled two step reactions. In the first step, LDH catalyzes
the reduction of NAD" to NADH and H" by oxidation of lactate to pyruvate and in the
second step diaphorase uses the newly formed NADH and H” to catalyze the reduction of
a tetrazolium salt to highly colored formazan which absorbs strongly at 490 nm. The
amount of formazan formed was proportional to the amount of LDH released into the
culture medium as a result of cytotoxicity. After respective treatments with Se, GGN and
SGG cells were trypsinized and were centrifuged at 400xg for 5 min. Then 100 pl of
supernatant and standard were transferred to a 96 well plate. 100 ul of reaction solution
were added to each well and incubated the plate with gentle shaking for 30 min at room
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temperature. The absorbance was read at 490 nm with a plate reader.
3.2.6. GSH level

GSH activity was assayed spectrophotometrically according to manufacturer's
instruction (Cayman, USA).The principle of this assay is that sulfhydryl group of GSH
reacts with DTNB (5,5’dithio-bis-2-(nitrobenzoic acid)) and produces a yellow coloured
5-thio-2-nitrobenzoic acid (TNB). The mixed disulfide that is concomitantly produced
during this reaction is reduced by glutathione reductase to recycle the GSH and produce
more TNB. The rate of TNB production is directly proportional to this recycling reaction
which in turn is directly proportional to the concentration of GSH in the sample. The
absorbance of TNB was noted at 407 nm. For assay the cells after respective treatments
were collected and centrifuged (2,000xg) for 10 min at 4 °C. The cell pellets were
homogenised in 2 ml of cold buffer and was centrifuged at 10,000xg for 15 min at 4 °C.
After that the supernatant was deproteinized. 50 ul standard and sample were added to the
designated wells and covered with the plate cover. The assay cocktail mixture containing
MES buffer, reconstituted cofactor mixture, reconstituted enzyme mixture, water and
reconstituted DTNB was prepared and 150 pl of assay cocktail mixture was added to each
well containing sample and standard and incubated in dark on a shaker. The absorbance
was measured at 407 nm at five min intervals for 30 min.

Alteration in GSH was also detected by fluorescent imaging (BD Pathway ™
Bioimager system, USA) using Cayman kit. This assay kit employs a cell permeable dye
monochlorobimane which reacts with GSH to generate a highly fluorescent product with
excitation emission wavelengths of 380 nm and 460 nm. After respective treatments, 100
I of the substrate solution was added to each well and incubated for 30 min at 37 °C. The
supernatant was discarded and 200 pl assay buffer was added to each well. The
fluorescence was analysed in spinning disc fluorescent microscope at excitation and
emission wavelengths of 380 nm and 460 nm.

3.2.7. GPx activity

GPx activity was assayed spectrophotometrically using Cayman assay Kkit, which
is based on the reduction of oxidized glutathione coupled to the oxidation of NADPH.
The disappearance of NADPH was monitored at 340 nm. One unit of GPx activity was
defined as the amount of enzyme that will cause the oxidation of NADPH to NADP™ per
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min at 25 °C. For assay the cells after respective treatments were collected by
centrifugation (2000xg) for 10 min at 4 °C. The cell pellets were homogenized in cold
buffer (50 mM tris-HCI, pH 7.5, 5 mM EDTA and 1 mM DTT) and centrifuged (10,000x
g) for 15 min at 4 °C. The supernatant was used for the assay. 100 ul of assay buffer, 50
pl of co-substrate mixture and 20 pl supernatant (samples) were added to the subsequent
wells. Then 20 pl of cumene hydroperoxide were added to all wells for initiating the
reaction. The absorbance was read once in every min at 340 nm to get 5 time points using
a plate reader.
3.2.8. Total antioxidant level

Total antioxidant activity of the samples was assayed as per Cayman protocol.
This assay was based on the ability of antioxidants in the sample to inhibit the oxidation
of ABTS* (2, 2’- Azino-di-[3-ethylbenzthiazoline sulphonate]) to reduced ABTS*** by
metmyoglobin. The amount of ABTS**" produced was monitored by measuring the
absorbance at 405 nm. For performing the assay after respective treatment the cells were
collected by centrifugation (2000xg) for 10 min at 4 °C. The pellets were sonicated and
centrifuged at 10,000xg for 15 min at 4 °C. For assay, 10 ul of the sample (supernatant)
and 10 pl standard was added in two different wells. 10 pul metmyoglobin and 150 ul of
chromogen was added to both wells. The reaction was initiated by adding H,O,. The
wells were incubated for 5 min at room temperature and then absorbance was read at 405
nm.
3.2.9. Catalase and SOD activity

Catalase activity was assayed according to the method of Cohen et al (1970) and
expressed as 1 UM of H,O, decomposed per minute at 25 °C. The protein concentration
was measured by the method of Bradford (1976). The disappearance of H,O, activity was
spectrophotometrically assayed at 240 nm. SOD was assayed by the method of Kakkar et
al (1984). The assay mixture contained 1.2 ml of sodium pyrophosphate buffer (pH 8.3,
052 M), 0.1 ml (186 pM) phenazine methosulfate, 0.3 ml (300 puM) nitroblue
tetrazolium, and 0.2 ml NADH (780 pM) and finally made up in to a volume of 3 ml with
addition of distilled water. The reaction was started by the addition of NADH. After
incubation at 30 °C for 90 seconds the reaction was stopped by the addition of glacial
acetic acid. The reaction mixture was stirred vigorously and shaken with 4 ml of n-
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butanol. The mixture was allowed to stand for 10 min and then centrifuged and the
butanol layer was removed. The colour intensity of the chromogen in butanol was
measured at 560 nm using a multimode plate reader.
3.2.10. TrxR level

The assay of TrxR enzyme was based on the reduction of DTNB with NADPH to
TNB to produce a yellow product that was measured at 407 nm. The TrxR activities of
the cells from all experimental groups were determined as per the Cayman protocol. After
respective treatments the cells were collected by centrifugation (2000xg) for 10 min at 4
°C. The cell pellets were homogenized in cold buffer (50 mM potassium phosphate, pH
7.4, containing 1 mM EDTA) and centrifuged at 10, 000xg for 15 min at 4 °C. For assay,
140 pl diluted assay buffer and 20 pl samples (supernatant) were added to wells. The
reaction was initiated by adding 20 pl of NADPH and 20 ul of DTNB to all the wells and
the plates were shaked for 10 seconds. The absorbance was read once in every min at 407
nm.
3.2.11. XO assay

XO activities of the cells from all experimental groups were assayed
spectrophotometrically using the Cayman assay kit. The assay is based on enzymatic
reaction in which XO first produces H,O, during oxidation of hypoxanthine. In the
presence of horse radish peroxidase (HRP), the H,O, reacts with acetyl-3, 7-
dihydroxyphenoxazine to produce the highly fluorescent resorufin. Resorufin
fluorescence are analysed with an excitation wavelength of 520 nm and an emission
wavelength of 585 nm. After respective treatments the cells were homogenized in cold
buffer (100 mM Tris-HCI, pH 7.5) and centrifuged at 10,000xg for 15 min at 4 °C.
Supernatant was used for assay. 50 ul of sample and 50 pl of standard were added to
designated wells. 50 ul assay cocktail mixture (assay buffer (4.9 ml), detector (50 ul) and
HRP (50 ul) were added to both sample and standard wells. The samples and standard
were incubated for 45 min at 37 °C. The fluorescence was read at excitation wavelength
of 520 nm and emission wavelength of 585 nm.
3.2.12. Protein carbonyl and lipid peroxidation assays

The protein carbonyl assay was based on the fact that DNPH reacts with protein
carbonyls forming Schiff’s base to produce corresponding hydrazone which can be

65



Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

quantified at an absorbance between 370 nm. In this assay, the cells were collected by
centrifugation (2000xg for 10 min at 4 °C) from respective groups. This was
homogenized in cold buffer (50 mM MES, pH 6.7 containing 1 mM EDTA). The cells
were again centrifuged at 10,000xg for 15 min at 4 °C. Supernatant was used for assay.
200 pl of sample (supernatant) was added to two tubes. One tube was the sample tube and
the other control tube. To that 800 ul of DNPH was added and 800 ul of 2.5 M HCI to the
control tube. The tubes were incubated in dark at room temperature for 1 h. The tubes
were vortexed at every 15 min during incubation. After incubation 1 ml of 20% of TCA
was added with 5 min incubation in ice. The tubes were centrifuged at 10,000xg for 10
min at 4 °C. The pellets were resuspended in 1 ml of (1:1) ethanol /ethyl acetate mixture
and centrifuged at 10,000xg for 10 min at 4 °C. This step was repeated for 2 times. Then
the protein pellets were resuspended in 500 pl of guanidine hydrochloride by vortexing.
Again centrifuged at 10,000xg for 10 min at 4 °C and then 220 pl of supernatant from the
samples and 220 ul of supernatant from control tubes were transferred to 96 well plates
and the absorbance was read at 370 nm.

Lipid peroxidation was estimated for all experimental groups with TBARS assay
kit (Cayman, USA). The absorbance of the colored product was measured at 530 nm.
After respective treatments the cells were collected along with culture medium and it is
sonicated for 5 seconds intervals. 100 pl of sample and 100 ul of standard were added to
labelled tubes. To that 100 pl of SDS and 4 ml of colouring reagent were added. The
tubes were boiled for 1 h and after 1 h it was placed in ice bath for 10 min to stop the
reaction. After incubation it was centrifuged for 10 min at 1,600xg at 4 °C and incubated
in room temperature for 30 min. From these 150 ul of samples were transferred to black
well plate and absorbance was read at 530 nm in plate reader.

3.2.13. Nrf2 transcription factor assay

Nrf2 transcription factor assay and nuclear extraction was done using Nrf2
Cayman assay kit and Cayman nuclear extraction kit respectively. Nrf2 contained in
nuclear extract samples were bound specifically to the Nrf2 response element
immobilized in 96 well plate and was detected by addition of a specific Nrf2 antibody and

a secondary antibody conjugated to HRP. The absorbance was read at 450 nm.
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3.2.14. Detection of ROS by confocal/ flow cytometry

Intracellular ROS was determined by oxidative conversion of cell-permeable
DCFH-DA to fluorescent 27 dichlorofluorescein (DCF). The increase in DCF
fluorescence suggests H,O, or hydroxyl radical generation. For this H9c2 cells were
seeded in 96-well plate at a density of 5000 cells per well and was subjected to ischemia,
I/R and treatment with different test materials (Se, GGN and SGG). Then cells were
incubated with DCFH-DA at 37 °C for 20 min. After three washes, DCF fluorescence
was measured by fluorimetry (excitation: 488 nm and emission: 525 nm) in multi well
plate reader and fluorescent imaging was done to detect the difference in the intensity of
fluorescence emitted using spinning disk facility (BD Pathway Bioimager System, BD
Biosciences, USA). The same experiment was repeated with flow cytometry technique.
For this the cells preincubated with DCFHDA was trypsinized, collected and centrifuged
at 300xg for 5 min (Oyama et al 2009). The cell pellets were resuspended with PBS and
analyzed using a flow cytometer (BD FACS Aria Il flow cytometer, USA). Acquisition
and analysis of flow cytometric data were carried out using BD FACS Diva software.
3.2.15. Activity of Ca’*-ATPase

Activity of Ca®*-ATPase was evaluated as per the previous method (Rooban et al
2010). After induction of ischemia and I/R and treatment with various experimental
groups cell lysate was added to the reaction mixture composed of 0.4 M Tris HCI, 15 mM
NaN3, 0.2 mM EDTA, 120 mM CaCl,, 20 mM MgCl, and 3 mM ATP (as substrate) and
incubated for 30 min at 37 °C and the enzyme activity was stopped by adding 10% TCA.
All the tubes were then centrifuged at 2,500 rpm for 10 min to collect supernatant. The
protein-free supernatant was then analyzed for inorganic phosphate. For that the
supernatant was treated with ammonium molybdate and 1-amino 2-naphthol 4-sulphonic
acid (ANSA) and then the absorbance was measured at 680 nm after 20 min.
3.2.16. Detection of intracellular calcium

The total calcium content in the cell of various experimental groups was assayed
with a kit from Cayman. The assay utilizes an optimized o-cresolphthalein-calcium
reaction in which a vivid purple complex is formed in the presence of calcium that
absorbs between 560 nm and 590 nm. The intensity of the colour is directly proportional
to the concentration of calcium in the sample.
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The level of intracellular calcium in different experimental groups is visualized
with Fura 2-AM. For this, cells were treated with Fura 2-AM for 20 min at room
temperature (excitation; 340 and 380 nm and emission; 510 nm) (Venkataraman et al
2012) and visualized under a fluorescent spinning disk microscope.

3.2.17. Statistical analysis

Results were expressed in mean and standard deviation (SD) of the control and
treated cells from three independent experiments with duplicates (n=6). Data were
subjected to one-way ANOVA followed by the Bonferroni test to calculate the statistical
difference among the groups using SPSS for Windows, standard version 11.5.1 (SPSS,
Inc.) and significance was accepted at P<0.05.

3.3. Results

Preliminary studies with SGG showed that they are safe for H9c2
cardiomyoblasts. In this chapter we examined the comparative protective effect of various
particles like Se, GGN and SGG against the cell based cardiac ischemia model.

3.3.1. Morphological analysis

It is interesting to note that ischemia induced more pathological alterations
compared to reperfusion in all the parameters studied in this cell model of ischemia.
Microscopic evaluation showed severe alterations in the morphology of cells on ischemia
of 30 min (Figure.3.1.b). The cells had undergone severe morphological alterations like
shrinkage, rounding up and membrane blebbing (Figure.3.1.b). The treatment with Se
(Figure.3.1.d, e), GGN (Figure.3.1.f, g) and SGG (Figure.3.1.h, i) were effective in
maintaining the normal cell morphology on ischemia. During I/R (Figure.3.1.c) most of
the cells were able to revert back to normal morphology (Figure.3.1.a). In order to assess
the beneficial effect of test materials, the effect of test materials were compared with I/R

group in all the cases unless otherwise specified.
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Figure 3. 1. Effect of Se, GGN and SGG on the morphology of H9c2 after I/R.
Microscopic images of H9c2 cells from different experimental groups under phase
contrast microscope (original magnification 10x). (a) control cells; (b) ischemic cells; (c)
I/R cells; (d, e) cells treated with 5 nM and 25 nM Se; (f, g) cells treated with 60 pg and
300 pg of GGN; and (h, i) cells treated with 5 nM and 25 nM SGG. Scale bar corresponds
to 100 pm.
3.3.2. Cell viability

The cell viability of SGG nanoparticles was evaluated by measuring the
mitochondrial dehydrogenase activity using MTT assay. H9c2 cells with ischemia for 30
min caused 31.51% of cell death whereas I/R caused 25.09% that was statistically
significant compared to control (P<0.05). Application of higher concentrations of Se (25
nM), GGN (300 pg) and SGG (25 nM) for 1 h after ischemia reduced the cell death to
9.88%, 10.64% and 8.60% respectively, compared to I/R (Table 3.1).
3.3.3. LDH level

LDH activity is often determined as a biomarker of cell damage. In the present
study, it was observed that in ischemia there was significant increase of LDH activity
(141.05+1.20 pU/ml) when compared to the control (14.76£1.69 pU/ml). On the other
hand in I/R, LDH release was reduced compared to the ischemic group (114.75+0.50
pU/ml). Treatment with all the test materials was significantly (P<0.05) effective in

reducing LDH release after I/R (Table 3.1). Statistical analysis revealed that SGG (5 nM
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and 25 nM) was more effective compared to other test materials in bringing the LDH
level to normal. (Table 3.1).
Table 3. 1. Effect of Se, GGN and SGG on cell viability after I/R.

MTT (% toxicity) LDH release (uU/ml)
Control - 14.76 + 1.69
Ischemia 31.51+ 3.40 141.05 + 1.20°
I/IR 25.09 + 4.98" 114.75 +0.50"
Se (NM)
5 6.49 + 0.34° 18.66 + 0.36°
25 0.88 + 0.96° 20.66 + 2.44°
GGN (ug)
60 9.47 +0.09° 21.90 +0.71°
300 10.64 + 0.46° 19.32 + 0.65°
SGG (nM)
5 6.13 + 0.68° 11.59+1.60°
25 8.60 + 1.04° 14.09 +1.90°

The Se, GGN and SGG groups were compared with I/R group. Each value represents
mean + SD (n=6). * Mean value was significantly different from the control cells
(P<0.05). $ Mean value was significantly different from I/R group (P<0.05).
3.3.4. GSH level

Ischemia for 30 min caused a decrease in GSH level (0.143+0.004 mM) compared
to control (0.267+0.001 mM). Statistical analysis revealed that all test materials were
effective to bring back the GSH level to the normal (Table 3.2) but SGG was the best.
Imaging study also showed same trend like fluorimetry results. GSH content had
decreased from the basal level in ischemia and I/R cells (Figure3.2.b, ¢) compared to
control (Figure.3.2.a) whereas SGG, Se and GGN (Figure. 3.2.d-i) treatment prevents the
alteration of GSH content compared to in I/R cells (Figure. 3.2.c).
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Figure 3. 2. Fluorescent microscopic images of H9c2 cells stained for glutathione
evaluation (original magnification 20x). (a) control cells; (b) ischemic cells; (c) I/R cells;
(d, e) cells treated with 5 nM and 25 nM Se; (f, g) cells treated with 60 pg and 300 pg of
GGN; and (h, 1) cells treated with 5 nM and 25 nM SGG. Scale bar corresponds to 100

gm.

3.3.5. Catalase and SOD activity

Herein, ischemia and I/R caused a decrease in catalase (0.033+£0.002, 0.047+0.017
U/mg protein) and SOD (0.441+0.017, 0.524+0.107 U/mg protein) compared to control
(0.908+0.003, 0.116+0.005). Among various test materials 5 nM (0.103+0.002,
0.873+0.003 U/mg protein) and 25 nM SGG (0.107+0.003, 0.940+0.012 U/mg protein)
showed the best results to bring back the catalase and SOD level near to the normal
(Table 3.2).
3.3.6. Level of GPx

GPx catalyses the peroxidation of H,O, in the presence of reduced glutathione to
form H,0 and oxidized glutathione (GSSG). Thus GPx play an important role as a H,O,
scavenger in the heart cell. Here also, Gpx activity was decreased in ischemia (0.228+
0.004 nmol/min/ml) and I/R group (0.249+0.006 nmol/min/ml) compared to control
(0.341+0.001 nmol/min/ml). All the test materials were effective in bringing the

antioxidant enzyme activities to normal. In case of GPx 25 nM SGG (0.339+0.013
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nmol/min/ml) and 25 nM Se (0.336+0.002 nmol/min/ml) showed better activity compared
to other test materials (Table 3.2).
Table 3. 2. Effect of Se, GGN and SGG on SOD, Catalase and GPx and GSH level after

I/R.

Catalase

SOD (U/mg (U/mg GPx (nmol/ Glutathione
protein) protein) min/ml) (mM)
Control 0.908+0.003 0.116+0.005 0.341+0.001 0.267+0.004
Ischnemia  0.441+0.017*  0.033+0.002*  0.228+0.004* 0.143+0.016*
I/R 0.524+0.107*  0.047+0.017*  0.249+0.006* 0.161+0.013*
Se (nM)
5 0.760+0.009°  0.093+0.002°  0.312+0.007° 0.181+0.003®
25 0.867+0.003°>  0.096+0.003°>  0.336+0.002° 0.192+0.002°
GGN (ug)
60 0.678+0.004®>  0.091+0.004>  0.329+0.013° 0.187+0.009°
300 0.624+0.005°  0.093+0.001*  0.323+0.008° 0.196+0.001°
SGG (nM)
5 0.873+£0.003°>  0.103+0.002°  0.333+0.003° 0.205+0.005°
25 0.940+0.012°>  0.107+0.003*  0.339+0.013° 0.199+0.004°

The Se, GGN and SGG groups were compared with I/R group. Each value represents
mean £SD (n=6). * Mean value was significantly different from the control cells
(P<0.05). $ Mean value was significantly different from I/R group (P<0.05).
3.3.7. TrxR level

Thioredoxins are key players in the cardiac defense against oxidative stress and
cytoprotection against oxidative stress. Our result shows that TrxR level is decreased in
ischemia (1.9£1.0 nmol/min/ml) and I/R (2.3+0.1 nmol/min/ml) compared to control
4.3£0.2 nmol/min/ml). TrxR level of 25 nM SGG (4.7£0.6 nmol/min/ml) and 25 nM Se
(3.9£0.2 nmol/min/ml) showed better activity compared to other test materials. Reduced
activities of TrxR in ischemia and I/R cells again is an indication of dysfunction of
antioxidant status via excessive production of ROS (Table 3.3).
3.3.8. Total antioxidant level

Total antioxidant activity was decreased in ischemia (0.020£0.003 mM) and I/R
group (0.025+0.002 mM) compared to control (0.050+0.002 mM). Surprisingly, total
antioxidant activity was better with 300 pg GGN (0.050+£0.001 mM) and 25 nM Se
(0.054+0.003 mM) treated groups compared other groups (Table 3.3). There was a

72



Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

significant inhibition of total I/R but

administration of all test materials prevented inhibition of antioxidant parameters during

antioxidant status during ischemia and
ischemia and I/R.
3.3.9. Protein carbonyl and lipid peroxidation assays

Protein carbonyls are the products of protein oxidation and common marker of
protein oxidation and an increased level of same reveals oxidative damage in the ischemic
cells. Protein carbonyl showed an increasing trend (P<0.05) during ischemia (9.301+0.093
nmol/ml) and I/R (7.182+0.137 nmol/ml) respectively compared to control (2.172+0.129
nmol/ml) (Table 3.3). In protein carbonyl assay 5 nM (2.441+1.042 nmol/ml) and 25 nM
(1.851£0.135 nmol/ml) SGG treated groups showed better activity compared to Se
(2.736+0.117 and 4.315+0.003 nmol/ml) and GGN (3.142+0.035 and 3.637+0.300
nmol/ml) in preventing the protein oxidation.

Likewise, MDA is a major lipid peroxidation product that reflect the degree of
cellular injury. MDA level (Table 3.3) was increased in ischemia (1.568+0.104 nmol/ml)
and I/R (1.30+0.027 nmol/ml) groups where treatment with 25 nM Se (0.745+0.023
nmol/ml) and 5 nM SGG (0.652+0.010 nmol/ml) showed protective effect in bringing the
condition to normal compared to other treated groups.

Table 3. 3. Effect of Se, GGN and SGG on TrxR, Total antioxidant, Protein carbonyl and
Lipid peroxidation after I/R

Total Protein Lipid

TrxR .. L

(nmol/min/mi) antioxidant carbonyl peroxidation

(mM) (nmol/ml) (nmol/ml)

Control 4.3+0.2 0.050£0.002 5 17510120  0.71440.011

Ischemia 1.9+1.0* 0.020+0.003* 9.301+0.093* 1.568+0.104*

I/R 2.3+0.1* 0.025+0.002* 7.182+0.137* 1.30+0.027*
Se (nM)

5 2.9+0.1° 0.039+0.007° 2.736+0.117° 0.797+0.011°

25 3.9+0.2° 0.054+0.003* 4.315+0.003° 0.745+0.023°
GGN (M)

60 2.5+0.4° 0.044+0.006° 3.142+0.035° 0.860+0.025°

300 3.4+0.6° 0.050+0.001* 3.637+0.300° 0.881+0.028°
SGG (nM)

5 3.9+0.8° 0.047+0.003* 2.441+1.042° 0.652+0.010°

25 4.7+0.6° 0.055+0.002° 1.851+0.135° 0.558+0.055°

The Se, GGN and SGG groups were compared with I/R group. Each value represents
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mean *SD (n=6). * Mean value was significantly different from the control cells
(P<0.05). $ Mean value was significantly different from I/R group (P<0.05).
3.3.10. XO assay

In this study, we found ischemia (148.82%) and I/R (132.62%) induces surplus
generation of XO compared to control (100%) (Figure.3.3). All the test materials were
effective to bring down the enzyme activity. But 5 nM SGG (95.73%) and 25 nM Se
(92.47%) showed significant (P<0.05) protective effect (Figure.3.3) compared to other

test materials.

200 -
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Figure 3. 3. Activity of XO in control and treated H9c2 cells after I/R. VValues are means,
with standard deviations represented by vertical bars (n=6). The ischemic and I/R groups
were compared with the control group. The Se, GGN and SGG treated groups were
compared with I/R group. * Indicates that the mean value was significantly different from
the control cells (P<0.05). $ Indicates mean value was significantly different from the I/R
cells (P<0.05).
3.3.11. Nrf2 transcription factor assay

Nrf2 transcription activity was expressed as optical density (OD at 450 nm).
Ischemia (0.3865+0.012) and I/R (0.3504+0.016) resulted in increase of Nrf2 levels in
nuclear fractions compared to control (0.1140£0.013) (Figure.3.4). 5 nM (0.3324+0.010)
and 25 nM (0.4201+0.016) SGG showed the upregulation of Nrf2 levels in nuclear

fraction compared to other treatment groups (Figure.3.4).
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Figure 3. 4. Activity of Nrf2 in control and treated H9c2 cells after I/R. Values are
means, with standard deviations represented by vertical bars (n= 6). The ischemic and I/R
groups were compared with the control group. The Se, GGN and SGG treated groups
were compared with I/R group. * indicates that the mean value was significantly different
from the control cells (P<0.05). $ indicates that the mean value was significantly different
from I/R cells (P<0.05).
3.3.12. Effect of SGG on ROS generation

Evaluation of ROS both by flow and confocal images revealed surplus generation
of ROS during ischemia (14969+384.4 relative fluorescence) and I/R (12647+698.02
relative fluroscence) (Figure.3.5A.b, ¢) compared to control (10386.33+380.52 of relative
fluorescence) (Figure.3.5A.a). 300 ng GGN and 25 nM Se was significantly (P<0.05)
effective for preventing ROS generation compared to other test materials (Figure.3.5A.g,

e). This was also confirmed with flow cytometry data (Figure.3.5B.a- Q).
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Figure 3. 5A. Effect of Se, GGN and SGG on ROS generation in I/R induced H9c2 cells.
Fluorescent microscopic images of H9c2 cells stained with DCFHDA (original
magnification 20 x). (a) control cells; (b) ischemic cells; (c) I/R; (d, e) cells treated with 5
nM and 25 nM Se; (f, g) cells treated with 60 pg and 300 pg of GGN and (h, i) cells
treated with 5 nM and 25 nM SGG; and (j) relative fluorescence intensity analysis. The
Se, GGN and SGG treated groups were compared with I/R group. The ischemic and I/R
groups were compared with the control group. * Indicates that the mean value was
significantly different from the control cells (P<0.05). $ Indicates mean value was
significantly different from I/R cells (P< 0.05). Scale bar corresponds to 100 pum.
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Figure 3. 5B. Flow cytometric analysis of intracellular ROS generation in different
groups. Analysis of intracellular ROS using fluorescent probe, DCFH-DA reveals
significant increase in ROS generation by ischemia and I/R. (a) control cells; (b) ischemic
cells; (c) I/R cells; (d, e) cells treated with 5 nM and 25 nM Se (f, g) cells treated with 60
pg and 300 pg of GGN and (h, i) cells treated with 5 nM and 25 nM SGG (j) statistical
analysis of flow cytometry data. Population P3 represents the ROS. Results expressed as
mean +SD; n=6 and the significance accepted at (P<0.05).
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3.3.13. Effect of SGG on maintaining calcium homeostasis

To study the effect of test materials in maintaining calcium homeostasis during
IIR, the activity of Ca**-ATPase and level of intracellular calcium were evaluated.
Activity of Ca**-ATPase were significantly reduced in ischemia (0.046+0.006 pmoles
inorganic phosphate/mg protein), as well as in I/R (0.103+£0.012 pmoles inorganic
phosphate/mg protein) groups (Table 3.4) compared to the control (0.187+0.005 pmoles
inorganic phosphate/mg protein). Application of all test materials showed protective trend
in dose dependent manner. Among this 300 pg GGN (0.190£0.005 pmoles inorganic
phosphate/mg protein), 5 nM SGG (0.199+0.009 umoles inorganic phosphate/mg protein)
and 25 nM Se (0.199+£0.004 pmoles inorganic phosphate/mg protein) showed better
activity in reverting the enzyme concentration to normal (Table 3.4).

The total calcium in ischemic group (3.344+0.095 mg/dl) and I/R group (3.060
+0.048 mg/dl) had been increased significantly compared to control (1.881+0.069 mg/dl)
(Table 3.4). Here also all test materials showed protection. Among these, 300 ug GGN
(2.186+0.074 mg/dl) and 25 nM SGG (2.107+0.024 mg/dl) brought back the calcium
concentration towards normal.

Table 3. 4. Effect of Se, GGN and SGG on calcium homeostasis.

Ca’*-ATPase
(umoles inorganic
phosphate/mg protein)

Calcium (mg/dl)

Control 0.187 +0.005 1.881 + 0.069
Ischemia 0.046 +0.006 3.344 +0.095
I/R 0.103 +£0.012" 3.060 +0.048"
Se (M)
5 0.179 +0.006° 2.523 +0.111°
25 0.199 +0.004° 2.213+0.092°
GGN (p9)
60 0.154 +0.005° 2.423 +0.073°
300 0.190 +0.005° 2.186 +0.074°
SGG (nM)
5 0.199 +0.009° 2.260 +0.073°
25 0.214 +0.009° 2.107 +0.024°

The Se, GGN and SGG groups were compared with I/R group. Each value represents
mean £SD (n=6). * Mean value was significantly different from the control cells
(P<0.05). $ Mean value was significantly different from I/R cells (P<0.05).
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There was significant calcium overload during I/R which was evident from Fura-2
AM fluorescence imaging as well as quantification assay compared to control
(Figure.3.6.a, b). All the test materials showed protection against calcium overload in a
dose dependent manner (Figure.3.6.d-i). The fluorescent imaging revealed that 5 nM SGG

and 25 nM SGG was effective in normalizing the calcium overload compared to other test
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Figure 3. 6. Intracellular calcium overload in H9¢c2 with Se, GGN and SGG treatment.
Images of H9c2 cells stained with Fura-2 AM (original magnification 20x). (a) control
cells; (b) ischemic cells; (c) I/R cells; (d, e) cells treated with 5 nM and 25 nM Se; (f, g)
cells treated with 60 pug and 300 pg of GGN; (h, i) cells treated with 5 nM and 25 nM
SGG; and (j) relative fluorescence intensity analysis. The Se, GGN and SGG treated
groups were compared with I/R group. The ischemic and I/R groups were compared with
the control group. * Indicates that the mean value was significantly different from the
control cells (P<0.05). $ indicates mean value was significantly different from the I/R
cells (P<0.05). Scale bar corresponds to 100 pum.
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3.4. Discussion

Nanomedicine is an emerging field that utilizes nanotechnology concepts for
advanced therapy and diagnostics. Nanomedicine promises to enhance the ability of
clinicians to address some of the serious challenges responsible for cardiovascular
mortality, morbidity and numerous societal consequences (Lanza et al 2006). By taking
advantage of the unique physicochemical properties of nanoparticles, nanomedicine
where drugs are blended into nanomaterials readily offers a wide range of applications in
the tracing, diagnosis and treatment of diseases. Recently, there has been increasing
interest in the synthesis of nanoparticles using biologic systems, leading to the
development of various biomimetic approaches (Mohampuria et al 2008). The SeNPs
also have biologic activity and good adsorptive ability due to interaction between the
nanoparticles and NH, C=0, COO-, and C-N functional groups of proteins (Zhang et al
2004). Ball and Garwin (1992) pointed out that the physical, chemical and biological
properties of most nanochemical compounds have a size effect. Huang et al (2003) also
reported that there was a potential size dependent effect on scavenging various free
radicals by nano-Se. The present study demonstrates for the first time that SGG
nanoparticles attenuate I/R induced oxidative stress in H9c2 cardiomyoblasts. Previous
chapter revealed protective properties of SGG on H9c?2 cells during oxidative stress. The
present study describes the potential therapeutic capabilities of SGG against the cell based
cardiac ischemia and I/R model mediated via its antioxidant associated properties.

Antioxidants have gained increasing interest due to its potential to prevent the
detrimental effects of free radicals in human body. In addition, there is a preference for
antioxidants from natural sources due to low adverse effects and high tolerance in the
human body. Under abnormal conditions the antioxidant mechanism is disturbed and
ROS induced tissue damage can takes place. Such injury occurs during I/R where a
shortage of blood supply to a region of the heart tissue for a certain period is followed by
reflow of blood supply. Recent studies showed that cardiomyocyte damage induced by
heart I/R has been evidenced to be largely due to the generation of ROS (Venardos et al
2007; Zhao 2004; Saini et al 2004). This suggested that changes in the redox state of
cardiac proteins play an important role in the formation of myocardial I/R injury. Cell
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based assays were conducted to characterize the efficacy of various particles to protect
innate antioxidant systems like GSH, GPx, TrxR, SOD, catalase, total antioxidant activity
during I/R.

To determine the cell membrane integrity and to assess cytotoxicity, LDH assay
were carried out. LDH is a soluble cytosolic enzyme that is released into the culture
medium following the loss of membrane integrity, resulting from either apoptosis or
necrosis. Wang et al (2013) reported the nano Se had the potential size dependent
characteristic on the regulation of LDH activity. Here also, in ischemia and I/R cells the
LDH release was increased and all the treatments were effective in decreasing the LDH
release. Among all, SGG showed better effect compared to other treatment groups.

GSH is an important antioxidant in heart (Singh et al 1989) and cofactor for GPx.
GSH has an important role in providing protection against myocardial injury after a short
period of ischemia. Ischemia and I/R have caused severe alterations in the cellular
antioxidant defense mechanisms. The reduced form of glutathione may act as a first line
of defense against oxidative stress during I/R (Shin et al 2011). A recent investigation has
reported a depletion of endogenous antioxidants in the ischemic heart upon reperfusion;
this change was dependent upon the severity of I/R (Haramaki et al 1998). GSH can also
reduce the generation of ROS such as hydroxyl radical and peroxynitrite. Changes in
GSH status provide information on cellular oxidative events with accumulation or release
of GSSG being an index of oxidative stress (Ferrari et al 1985; Ferrari et al 1986; Curello
et al 1986; Kaul et al 1993). There was a significant decrease in GSH content in ischemia
and reperfusion. SGG protects the H9c2 cells from GSH depletion and thus maintains the
antioxidant status.

The heart is more susceptible to oxidative stress than other organs (Di Meo et al
1996; Odom et al 1992; Bordoni et al 2003). Excessive formation of free radicals may
overwhelm antioxidant heart defense capacity and damage myocardial cells. Se is an
essential component of GPx, which plays a critical role in protecting aerobic organisms
from oxygen radical initiated injury. GPx catalyses the peroxidation of H,O, in the
presence of reduced GSH to form H,O and GSSG. Thus GPx plays an important role as a
H,0, scavenger in the heart cell. Low Se status results in decreased GPx activity and Se
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deficiency has been known to cause extensive oxidative damage in the myocardium in
which SOD and GPx are the most active antioxidant enzymes. Therefore, any significant
modification of Se status would lead to changes in the activity of the GPx and leads to
oxidative stress. Bordoni et al (2003) suggested that the Se supplementation can protect
the cardiomyocytes from hypoxia reoxygenation damage by improving the activities of
antioxidant enzyme. In this study also the activity of GPx is decreased in ischemia and
I/R whereas the all the test materials were effective in maintaining the level of GPx
during ischemia and I/R. SGG was better among the groups.

There are reports to show the importance of catalase and SOD in protecting
myocardium against I/R injury (Chen et al 1998; Woo et al 1998). Together with GSH
system, it controls the redox state of cysteine residues of proteins and thus maintains the
cellular process. It plays an important role in protecting against oxidative injury, cell
growth and transformation and recycling of ascorbate. SOD catalyses the dismutation of
superoxide anion (O,-) to H,0, and subsequently reduced to H,O and O, by peroxidases
such as GPx and catalase. SOD is present in the cytoplasm with either copper or zinc and
in the mitochondria with manganese (Ohta et al 1994). Analysis of results revealed
significant inhibition of all these during ischemia and I/R but administration of SGG
prevented inhibition of antioxidant parameters during ischemia and I/R. This clearly
reveals the involvement of the redox antioxidant status during cardiac I/R in H9c2 cells.

In addition, we also found that lipid peroxidation indicators like MDA, protein
carbonyl content and XO are getting increased. ROS damage the cellular membrane by
causing lipid peroxidation. MDA is a major lipid peroxidation product and may reflect the
degree of cellular injury. Protein carbonyls are the products of protein oxidation and
common markers of protein oxidation (Dhalla et al 2000). An increased level of MDA
and protein carbonyls revealed oxidative damage in the ischemic cells. One of the main
enzymatic sources that generate the superoxide anion in the myocardium is XO and
previous studies have shown that the activity of XO is higher in cardiac dysfunction
(Hajjar and Leopold 2006). Here also we found that ischemia and I/R induce surplus
generation of XO. The mitochondrial electron transport chain, NADPH oxidase and XO
are reported to be the main sources of ROS in the cardiomyocyte during the
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pathophysiology process (Rodrigo et al 2013). Thus, the two concentrations of SGG was
able to upregulate several antioxidative enzymes and reduced the formation of oxidative
stress and enhanced survival of cardiac myocytes upon the induction of oxidative stress.

Nrf2 which is a transcription factor that controls the expression of antioxidant
genes and is ubiquitously expressed in cardiovascular system. It is a master regulator of
cellular defenses against oxidative stress (Li et al 2009a). Activation of Nrf2 and its target
genes provides mechanisms to protect the heart against pathological cardiac remodeling
through suppressing oxidative stress (Li et al 2009b; Hu et al 2004; Lu et al 2008; Xing et
al 2012). Nrf2-target genes for antioxidant enzymes and thus the upregulation of Nrf2
provide a protective mechanism against cellular and tissue damage in the cardiovascular
system. Here SGG upregulates the Nrf2 expression significantly compared to other
treatments.

Calcium ions are secondary messengers in numerous signaling pathways
especially in cardiac myocytes. Oxidative stress results in cellular defects including a
depression in the sarcolemmal calcium pump ATPase. These changes lead to decrease in
calcium efflux and increased calcium influx. Oxidative stress has also been reported to
lower the sarcoplasmic reticulum calcium pump ATPase thus inhibit calcium
sequestration from cytoplasm in cardiac myocytes (Dixon et al 1992). The depression in
the calcium regulatory mechanism by ROS ultimately results in intracellular calcium
overloads and cell death. In addition, ROS have been reported to increase the activity of
the Na'/H" exchanger, thereby leading to an increase in cytosolic calcium via a reversal
of the Na'/Ca" antiporter (Day et al 2007). Calcium overload is an important feature of
tissue ischemia and infarction, and increased calcium activates a number of phosphatases,
proteases, and nucleases (Lemasters et al 2009). We also found depletion of Ca**-ATPase
and significant intracellular calcium overload during ischemia as well as I/R. All the test
materials were effective to block intracellular accumulation of calcium as well as keep
maintenance of Ca’*-ATPase activity in normal range during cardiac ischemia and I/R.
Here also SGG was better among the groups.

Conclusions

Ischemia and I/R significantly altered the innate antioxidant defence system like

GSH, antioxidant enzymes and Nrf2 transcription factor including calcium homeostasis.
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But overall results revealed that SGG protect the cardiomyoblast from depletion of innate
antioxidant defence system and calcium overload and the protection is slightly superior to
Se and GGN. We conclude from this in vitro study that SGG is a safe nanomaterial with
greater antioxidant potential and can be used for therapeutic application for cardiac

disorders.

84



Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

References

1.
2.

10.

11.

12.

13.

Ball P, Garwin L (1992) Science at the atomic scale. Nature 355: 761-766.

Battin EE, Brumaghim JL (2008) Metal specificity in DNA damage prevention by

sulfur antioxidants. J Inorg Biochem 102: 2036-2042.

Battin EE, Perron NR, Brumaghim JL (2006) The central role of metal coordination in

selenium antioxidant activity. Inorg Chem 45: 499-501.

Bordoni A, Biagi PL, Angeloni C, Leoncini E, Muccinelli I, Hrelia S (2003) Selenium

supplementation can protect cultured rat cardiomyocytes from hypoxia/reoxygenation

damage. J Agric Food Chem 51: 1736-1740

Bradford MA (1976) A rapid and sensitive method for the quantitation of microgram

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 72:

248-254.

Burk RF (1989) Recent developments in trace element metabolism and function:

newer roles of selenium in nutrition. J Nutr 119: 1051-1054.

Burton GW, Traber MG (1990) Vitamin E: antioxidant activity, biokinetics, and

bioavailability. Annu Rev Nutr 10: 357-382.

Chen Z, Siu B, Ho YS, Vincent R, Chua CC, Hamdy RC, Chua BH (1998)

Overexpression of MnSOD protects against myocardial ischemia/reperfusion injury in

transgenic mice. J Mol Cell Cardiol 30: 2281-2289.

Cohen G, Dembiec D, Marcus J (1970) Measurement of catalase activity in tissue

extracts. Anal Biochem 34: 30-38.

Curello S, Ceconi C, Cargnoni A, Medici D, Ferrari R (1986) Oxidative stress during

myocardial ischemia and reperfusion: experimental and clinical evidence. J Appl

Cardiol 1: 311-327.

Day SM, Westfall MV, Metzger JM (2007) Tuning cardiac performance in ischemic

heart disease and failure by modulating myofilament function. J Mol Med 85: 911-

921.

Depre C, Taegtmeyer H (2000) Metabolic aspects of programmed cell survival and

cell death in the heart. Cardiovasc Res 45: 538-548.

Dhalla NS, Elmoselhi AB, Hata T, Makino N (2000) Status of myocardial
85


http://www.ncbi.nlm.nih.gov/pubmed/18675460
http://www.ncbi.nlm.nih.gov/pubmed/16411681

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

antioxidants in ischemia-reperfusion injury. Cardiovasc Res 47: 446-456.

Di Meo S, Venditti P, De Leo T (1996) Tissue protection against oxidative stress.

Experientia 52: 786-794

Dixon IMC, Hata T, Dhalla NS (1992) Sarcolemmal Na'-K*-ATPase activity in

congestive heart failure due to myocardial infarction. Am J Physiol 262: 664-671.

Ferrari R, Ceconi C, Curello S, Cargnoni A, Medici D (1986) Oxygen-free radicals

and reperfusion injury: the effects of ischemia and reperfusion on the cellular ability

to neutralize oxygen toxicity. J Mol Cell Cardiol 18: 67-69.

Ferrari R, Ceconi C, Curello S, Guarnieri C, Caldarera CM, Albertini A, Visioli O

(1985) Oxygen-mediated myocardial damage during ischemia and reperfusion: role of

the cellular defenses against oxygen toxicity. J Mol Cell Cardiol 17: 937-945.

Hajjar RJ, Leopold JA (2006) Xanthine oxidase inhibition and heart failure. Circ Res

98: 169-171.

Halmosi R, Deres P, Toth A, Berente Z, Kalai T, Sumegi B, Hideg K, Toth K (2002)

2, 2, 5, 5-tetramethyl pyrroline based compounds in prevention of oxyradical induced

myocardial damage. J Cardiovasc Pharmacol 40: 854-867.

Halmosi R, Berente Z, Osz E, Toth K, Literati-Nagy P, Sumegi B (2001) Effect of

poly ADP ribose polymerase inhibitors on the ischemia reperfusion induced oxidative

cardiac injury and mitochondrial metabolism in langendroff heart perfusion system.

Mol Pharmacol 59: 1497-1505.

Haramaki N, Stewart DB, Aggarwal S, Ikeda H, Reznick AZ, Packer L (1998) Netwo

rking antioxidants in the isolated rat heart are selectively depleted by ischemia—

reperfusion. Free Radic Biol Med 25: 329-3309.

Hu CM, Chen YH, Chiang MT, Chau LY (2004) Heme oxygenase-1 inhibits

angiotensin Il-induced cardiac hypertrophy in vitro and in vivo. Circulation 110: 309-

316.

Huang B, Zhang J, Hou J, Chen C (2003) Free radical scavenging efficiency of nano-

Se in vitro. Free Radic Biol Med 35: 805-813.

Kakkar P, Das B, Viswanathan PN (1984) A modified spectrophotometric assay of

superoxide dismutase. Indian J Biochem Biophys 21: 130-132.

Kaul N, Siveski-lliskovic N, Hill M, Slezak J, Singal PK (1993) Free radicals and the
86


http://www.ncbi.nlm.nih.gov/pubmed/?term=Halmosi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11353811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Berente%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=11353811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Osz%20E%5BAuthor%5D&cauthor=true&cauthor_uid=11353811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Toth%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11353811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Literati-Nagy%20P%5BAuthor%5D&cauthor=true&cauthor_uid=11353811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sumegi%20B%5BAuthor%5D&cauthor=true&cauthor_uid=11353811

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

heart. J Pharmacol Toxicol Methods 30: 55-67.

Koyama T, Temma K, Akera T (1991) Reperfusion-induced contracture develops

with a decreasing [Ca®'] in single heart cells. Am J Physiol 261: 1115-1122.

Lanza GM, Winter PM, Caruthers SD, Hughes MS, Cyrus T, Marsh JN, Neubauer

AM, Partlow KC, Wickline SA (2006) Nanomedicine opportunities for cardiovascular

disease with perfluorocarbon nanoparticles. Nanomedicine 1: 321-329.

Lemasters JJ, Theruvath TP, Zhong Z, Nieminen AL (2009) Mitochondrial calcium

and the permeability transition in cell death. Biochim Biophys Acta 1787: 1395-1401.

Li J, Ichikawa T, Janicki JS, Cui T (2009a) Targeting the Nrf2 pathway against

cardiovascular disease. Expert Opin Ther Targets 13: 785-794.

Li J, Ichikawa T, Villacorta L, Janicki JS, Brower GL, Yamamoto M, Cui T (2009b)

Nrf2 protects against maladaptive cardiac responses to hemodynamic stress.

Arterioscler Thromb Vasc Biol 29: 1843-1850.

Lu Z, Xu X, Hu X, Zhu G, Zhang P, van Deel ED, French JP, Fassett JT, Oury TD,

Bache RJ, Chen Y (2008) Extracellular superoxide dismutase deficiency exacerbates

pressure overload-induced left ventricular hypertrophy and dysfunction. Hypertension

51: 19-25.

Mates JM, Perez-Gomez C, Nunez de Castro | (1999) Antioxidant enzymes and

human diseases. Clin Biochem 32: 595-603.

Mohampuria P, Rana N, Kumar Y (2008) Biosynthesis of nanoparticles: technological

concepts and future applications. J Nanopart Res 10: 507-517.

Mugesh G, Singh HB (2000). Synthetic organoselenium compounds as antioxidants:

glutathione peroxidase activity. Chem Soc Rev 29: 347-357.

Neve J (1996) Selenium as a risk factor for cardiovascular disease. J Cardiovasc Risk

3: 42-47.

Odom AL, Hatwig CA, Stanley JS, Benson AM (1992) Biochemical determinants of

adriamycin toxicity in mouse liver, heart and intestine. Biochem Pharmacol 43: 831-

836

Ohta H, Adachi T, Hirano K (1994) Internalization of human extracellular-superoxide

dismutase by bovine aortic endothelial cells. Free Radic Biol Med 16: 501-507.

Oyama K, Takahashi K, Sakurai K (2009) Cardiomyocyte H9c2 cells exhibit
87


http://www.ncbi.nlm.nih.gov/pubmed/8298182
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lanza%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Winter%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Caruthers%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hughes%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cyrus%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marsh%20JN%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Neubauer%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Neubauer%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Neubauer%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Partlow%20KC%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wickline%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=17716162
http://www.ncbi.nlm.nih.gov/pubmed/17716162
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lemasters%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=19576166
http://www.ncbi.nlm.nih.gov/pubmed/?term=Theruvath%20TP%5BAuthor%5D&cauthor=true&cauthor_uid=19576166
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhong%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=19576166
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nieminen%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=19576166
http://www.ncbi.nlm.nih.gov/pubmed/19576166
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19592468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ichikawa%20T%5BAuthor%5D&cauthor=true&cauthor_uid=19592468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Villacorta%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19592468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Janicki%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=19592468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brower%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=19592468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yamamoto%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19592468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cui%20T%5BAuthor%5D&cauthor=true&cauthor_uid=19592468
http://www.ncbi.nlm.nih.gov/pubmed/19592468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lu%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=van%20Deel%20ED%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=French%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fassett%20JT%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oury%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bache%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17998475
http://www.ncbi.nlm.nih.gov/pubmed/10638941

39.

40.

41.

42.

43.

44,

45,

46.

471.

48.

49,

Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

differential sensitivity to intracellular reactive oxygen species generation with regard
to their hypertrophic vs death responses to exogenously added hydrogen peroxide. J
Clin Biochem Nutr 45: 361-369.
Padayatty SJ, Katz A, Wang Y, Eck P, Kwon O, Lee JH, Chen S, Corpe C, Dutta A,
Dutta SK, Levine M (2003) Vitamin C as an antioxidant: evaluation of its role in
disease prevention. J Am Coll Nutr 22: 18-35.
Perron NR, Hodges JN, Jenkins M, Brumaghim JL (2008) Predicting how polyphenol
antioxidants prevent DNA damage by binding to iron. Inorg Chem 47: 6153-6161.
Rodrigo R, Libuy M, Feliu F, Hasson D (2013) Oxidative stress-related biomarkers in
essential hypertension and ischemia reperfusion myocardial damage. Dis Markers 35:
773-790.
Ramoutar RR, Brumaghim JL (2007a) Investigating the antioxidant properties of oxo-
sulfur compounds on metal-mediated DNA damage. Main Group Chem 6: 143-153.
Ramoutar RR, Brumaghim JL (2007b). Effects of inorganic selenium compounds on
oxidative DNA damage. J Inorg Biochem 101: 1028-1035.
Rice-Evans C, Miller N, Paganga G (1997) Antioxidant properties of phenolic
compound. Trends Plant Sci 2: 152-159.
Rooban BN, Sasikala V, Sahasranamam V, Abraham A (2010) Vitex negundo
modulates selenite-induced opacification and cataractogensis in rat pups. Biol Trace
Elem Res 138: 282-292.
Saini HK, Machackova J, Dhalla NS (2004) Role of reactive oxygen species in
ischemic preconditioning of subcellular organelles in the heart. Antioxid Redox Signal
6: 393-404.
Seifried HE, Anderson DE, Fisher El, Milner JA (2007) A review of the interaction
among dietary antioxidants and reactive oxygen species. J Nutr Biochem 18: 567-579.
Shin YJ, Seo JM, Chung TY, Hyon JY, Wee WR (2011) Effect of cysteamine on
oxidative stress-induced cell death of human corneal endothelial cells. Curr Eye Res
36: 910-917.
Singh A, Lee KJ, Lee CY, Goldfarb RD, Tsan MF (1989) Relation between
myocardial glutathione content and extent of ischemia-reperfusion injury. Circulation
80: 1795-1804.

88


http://www.ncbi.nlm.nih.gov/pubmed/?term=Padayatty%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Katz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Eck%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kwon%20O%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Corpe%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dutta%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dutta%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levine%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12569111
http://www.ncbi.nlm.nih.gov/pubmed/12569111
http://www.ncbi.nlm.nih.gov/pubmed/18553907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rodrigo%20R%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Libuy%20M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Feli%26%23x000fa%3B%20F%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hasson%20D%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/17531322
http://www.ncbi.nlm.nih.gov/pubmed/17360173

50.

51,

52.

53.

54,

55.

56.

S57.

58.

59.

Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

Szabados E, Fischer GM, Gallyas F Jr, Kispal G, Sumegi B (1999) Enhanced ADP-
ribosylation and its diminution of lipomide after ischemia-reperfusion in perfused rat
heart. Free Radic Biol Med 27: 1103-1113.

Tanaka T, Kohno H, Murakami M, Kagami S, El-Bayoumy K (2000) Suppressing
effects of dietary supplementation of the organoselenium 1,4 phenylenebis
(methylene) selenocyanate and the citrus antioxidant auraptene on lung metastasis of
melanoma cells in mice. Cancer Res 60: 3713-3716.

Tonfektsian MC, Boucher F, Pucheu S, Tamguy S, Ribuot C, Sanou D, Trsallet N, de
Leiris J (2000) Effects of selenium deficiency on the response of cardiac tissues to
ischemia and reperfusion. Toxicology 148: 125-132.

Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M (2006) Free radicals, metals
and antioxidants in oxidative stress-induced cancer. Chem Biol Interact 160: 1-40.
Venardos KM, Perkins A, Headrick J, Kaye DM (2007) Myocardial ischemia—
reperfusion injury, antioxidant enzyme systems, and selenium: a review. Curr Med
Chem 14: 1539-1549.

Venkataraman R, Holcomb MR, Harder R, Knollmann BC, Baudenbacher F (2012)
Ratiometric imaging of calcium during ischemia-reperfusion injury in isolated mouse
hearts using Fura-2. Biomed Eng Online. 19: 11-39.

Wang H, Zhang J, Yu H (2007) Elemental selenium at nano size possesses lower
toxicity without compromising the fundamental effect on selenoenzymes: comparison
with selenomethionine in mice. Free Radic Biol Med 42: 1524-1533.

Wang Y, Yan X, Fu L (2013) Effect of selenium nanoparticles with different sizes in
primary cultured intestinal epithelial cells of crucian carp, Carassius auratus gibelio.
Int J Nanomedicine 8: 4007-4013.

Woo YJ, Zhang JC, Vijayasarathy C, Zwacka RM, Englehardt JF, Gardner TJ,
Sweeney HL (1998) Recombinant adenovirus mediated cardiac gene transfer of
superoxide dismutase and catalase attenuates postischemic contractile dysfunction.
Circulation 98: 255-260.

Xing Y, Niu T, Wang W, Li J, Li S, Janicki JS, Ruiz S, Meyer CJ, Wang XL, Tang D,
Zhao Y, Cui T (2012) Triterpenoid dihydro-CDDO-trifluoroethyl amide protects

89


http://www.ncbi.nlm.nih.gov/pubmed/16430879
http://www.ncbi.nlm.nih.gov/pubmed/?term=Venardos%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=17584062
http://www.ncbi.nlm.nih.gov/pubmed/?term=Perkins%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17584062
http://www.ncbi.nlm.nih.gov/pubmed/?term=Headrick%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17584062
http://www.ncbi.nlm.nih.gov/pubmed/?term=Venkataraman%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22812644
http://www.ncbi.nlm.nih.gov/pubmed/?term=Holcomb%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=22812644
http://www.ncbi.nlm.nih.gov/pubmed/?term=Harder%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22812644
http://www.ncbi.nlm.nih.gov/pubmed/?term=Knollmann%20BC%5BAuthor%5D&cauthor=true&cauthor_uid=22812644
http://www.ncbi.nlm.nih.gov/pubmed/?term=Baudenbacher%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22812644
http://www.ncbi.nlm.nih.gov/pubmed/22812644

60.

61.

62.

63.

Beneficial properties of SGG against I/R induced alteration in innate antioxidant status and calcium
homeostasis in H9c2 cardiomyoblast

against maladaptive cardiac remodeling and dysfunction in mice: a critical role of
Nrf2. PLoS ONE 7: ID e44899.

Zhang J, Wang X, Xu T (2008) Elemental selenium at nano size (nano-Se) as a
potential chemopreventive agent with reduced risk of selenium toxicity: comparison
with se-methylselenocysteine in mice. Toxicol Sci 101: 22-31.

Zhang JS, Gao XY, Zhang LD, Bao YP (2001) Biological effects of a nano red
elemental selenium. BioFactors 15: 27-38

Zhang Y, Zhang J, Wang HY, Chen HY (2004) Synthesis of selenium nanoparticles
in the presence of polysaccharides. Mater Lett 58: 2590-2594.

Zhao ZQ (2004) Oxidative stress-elicited myocardial apoptosis during reperfusion
Curr Opin Pharmacol 4: 159-165.

90



Chapter 4

Effect of selenium incorporated guar gum nanoparticles against I/R
induced alteration in mitochondrial functions

4.1. Introduction

Mitochondria play a very important role in cellular energy metabolism and
intracellular signaling processes. About 30% of the volume of a single cardiomyocyte is
made up of mitochondria (Hausenloy and Ruiz-Meana 2010). Mitochondria consume the
greatest amount (85-90%) of oxygen in cells to allow oxidative phosphorylation, which is
the primary metabolic pathway for ATP production. Beyond its function as the cellular
powerhouse this complex organelle plays a variety of roles within the cardiomyocyte (Ha
and Kim 2010). Mitochondria participates in a number of intracellular processes like
initiation of mitochondrial signaling pathways, modulation of cytosolic metabolic
pathways, modulation of cytosolic Ca®* signals and determination of cell life or death. In
addition, mitochondria are a continuous source of O, anions and their ROS products
emerges as potential therapeutic targets especially for heart diseases (Stowe and Camara
2009; Camara et al 2010; Koopman et al 2010). For normal myocardial function
mitochondria exist in a metabolic and cellular ion homeostatic condition. Oxidative
damage to mitochondrial membranes, enzymes and electron transport chain (ETC)
components leads to impaired mitochondrial ATP production which facilitates mPTP
opening (Waldmeier et al 2003) that leads to cellular apoptosis and necrosis. Increase in
mitochondrial calcium (mCa®") and ROS generation are two important fundamental
factors in the CVD including heart failure, I/R injury and other vascular disease
processes. Over the last few years, mitochondria re-emerged into the spotlight of
experimental cardiologists; their interest in the potential role of mitochondria in the
pathogenesis of cardiac diseases particularly of I/R, has markedly increased (Lesnefsky et
al 2001). Several studies have attempted to treat heart failure associated with
cardiomyopathy by targeting bioenergetic dysfunction (Desai et al 2001). The general
strategy for primary mitochondrial genetic disorders is supplementation with cofactors,
such as coenzyme Q, carnitine, riboflavin and thiamine or antioxidants such as ascorbate.
In chapter 3, we had seen the protective effect of SGG towards antioxidant defence
system as well as calcium homeostasis during ischemia and I/R. This part of thesis deals
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with the beneficial effect of SGG, GGN and Se against various alterations in
mitochondrial dynamics during ischemia and I/R. The functional markers of mitochondria
like, mitochondrial membrane potential, mitochondrial permeability transition pore,
mitochondrial superoxide, mitochondrial electron transport chain enzymes like complexes
[, 1, 111 and IV, oxygen consumption, ATP level, alteration in HSP 60 expression,
aconitase activity, including hypoxia inducible factor 1 alpha (HIF-1a) and atrial
natriuretic peptide (ANP) were studied.
4.2. Experimental methods
4.2.1. Materials

Menadione, rotenone, NADH, dichlorophenolindophenol (DCPIP), succinate,
EDTA, malonate, oxidized cytochrome c, potassium cyanide (KCN), Tween-20,
antimycin A, 3, 3'-diaminobenzidine tablets (DAB), mitoSOX™, calcein AM, cobalt
chloride, JC-1 kit were purchased from Sigma Aldrich (St. Louis, USA). Heat shock
protein 60 (HSP 60) primary antibody, glyceraldehyde 3 phosphate dehydrogenase
(GAPDH) primary antibody and HRP conjugated secondary antibody were purchased
from Santacruz USA. All cell based assay kits used were from Cayman, USA. ANP was
measured using ELISA kit from Assaypro (St. Charles, USA).
The experimental groups were same as described in chapter 3.
4.2.2. Alteration in Awm and integrity of mPTP

The cells were seeded in 96-well plate in 200 ul of culture medium and subjected
to various treatments for A¥m and mPTP. The experiment was done as per the protocol
provided with the kit (JC-1 Kkit, Sigma). After respective treatments the cells were stained
with JC-1 stain for 20 min at 37 °C and wash with growth medium. The shift of
fluorescence was visualized under spinning disk microscope and fluorescence intensity
was measured in multiwell plate reader. In normal cells, the JC-1 dye concentrates in the
mitochondrial matrix, where it forms red fluorescent aggregates because of the
electrochemical potential gradient. Dissipation of A¥m prevents the accumulation of JC-1
in the mitochondria and thus it is dispersed throughout the cell, leading to a shift from red
(J-aggregates) to green fluorescence (JC-1 monomers) (Javadov et al 2006). For JC-1
monomers, the fluorimeter was set at 490 nm excitation and 530 nm emission
wavelengths and for J- aggregates, the fluorimeter was set at 525 nm excitation and 590

nm emission wavelengths.
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Integrity of mPTP was detected by treating the cells with 0.25 puM calcein-AM in
the presence of 8 mM cobalt chloride for 30 min to quench cytosolic and nuclear calcein
loading. The calcein fluorescence is then compartmentalized within mitochondria until
mPTP opening permits the distribution of cobalt inside mitochondria, which results in the
quenching of calcein fluorescence in the mitochondrial matrix (Petronilli et al 1999).
Images of the cells were observed at 488 nm excitation and 525 nm emission. Bongkrekic
acid, an inhibitor of the adenine nucleotide translocase and mPTP opening, was used as
negative control. Cells were exposed to bongkrekic acid (5 mM) for 20 min before
loading calcein and cobalt chloride.

4.2.3. Mitochondrial superoxide generations and alterations in mitochondrial
enzyme complexes

Mitochondrial superoxide productions in the cells were evaluated with fluorescent
dye, mitoSOX™, This dye selectively detects O, in the mitochondria of live cells. The
cells were spread in 96-well black plates at a density of 5x10° cells per well. After
respective treatments, the cells were incubated with mitoSOX™ (5 mM) in the HBSS
(Hank’s balanced salt solution) and incubated for 20 min. For bioimaging the dye was
excited at 514 nm as described earlier (Mukhopadhyay et al 2007).

For determining the alteration in mitochondria after respective treatments,
mitochondria were isolated using a mitochondrial isolation kit (Sigma-Aldrich, USA).
The cells were trypsinized and centrifuged for 5 min at 600xg and the pellets were
washed in ice cold PBS and again centrifuged them for 5 min at 600xg at 4 °C. The
supernatant was discarded. To that, 2 ml of the extraction buffer A was added and
incubated on ice for 15 min. The cells were homogenized at -20 °C and the homogenized
cells were centrifuged at 600xg for 10 min at 4 °C. The supernatants were transferred to
a fresh tube and centrifuged at 11,000xg for 10 min at 4 °C. The supernatants were
removed and the pellets were dissolved in 200 pl of CelLytic M Cell Lysis Reagent with
Protease Inhibitor Cocktail [1:100 (v/v)] for the determination of protein.

The effect of Se, GGN and SGG on complex I-mediated electron transfer (NADH
dehydrogenase) was studied using NADH as the substrate and menadione as electron
acceptor. The reaction mixture containing 200 mM menadione and 150 mM NADH was
prepared in phosphate buffer (0.1 M, pH 8.0). To this mitochondria (100 pg) was added,

mixed immediately and observed quickly for change in the absorbance (AOD) at 340 nm
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for 8 min (Paul et al 2007; Schulte and Weiss 1995).

Complex Il mediated activity (succinate dehydrogenase) was measured
spectrophotometrically at 600 nm using DCPIP as an artificial electron acceptor and
succinate as substrate. The extent of decrease of absorbance (AOD) was considered as the
measure of the electron transfer activity of complex Il (Paul et al 2007; Robinson and
Lemire 1995). The reaction mixture was prepared in 0.1 M phosphate buffer (pH 7.4)
containing 10 mM EDTA, 50 mM DCPIP, 20 mM succinate and mitochondria (50 pg).
The change in absorbance was observed immediately for 8 min at 30 °C.

Complex 1l (decylubiquinol cytochrome c oxidoreductase) activity was
determined as per the method described previously (Spinazzi et al 2012). In brief
mitochondrial protein (50 pg) was mixed with 730 pl distilled water, 50 ul of potassium
phosphate buffer (0.5 M, pH 7.5), 75 ul of oxidized cytochrome c, 50 pl of KCN (10
mM), 20 pl of EDTA (5 mM, pH 7.5), 10 pl of Tween-20 [2.5% (vol/vol)] in a final
volume of 1 ml. A parallel well was run with same quantity of reagents and 10 ul 1 mg/ml
of antimycin A. The reaction was started by adding 10 ul of 10 mM decylubiquinol,
mixed rapidly and then the increase in absorbance at 550 nm for 2 min was observed.
Activity of complex Ill was calculated by subtracting total complex IlI activity (without
antimycin A) and antimycin A-resistant activity (with antimycin A) and expressed as
nmol/min/mg of total proteins.

Complex 1V activity of mitochondria was assayed in control and treated cells
using respective kits from Sigma Aldrich chemicals (USA) as per manufacturer’s
instructions. Briefly, 950 pl of 1X assay buffer was added to a cuvette and then 10 pg of
mitochondrial suspension was added and brought the reaction volume to 1.05 ml with 1X
enzyme dilution buffer. The reaction was initiated by the addition of 50 pl of
ferrocytochrome ¢ substrate solution. Absorbance was read at Asso/min. The activity of
the sample was expressed in U/ml.

4.2.4. Oxygen consumption and ATP determination assay

Oxygen consumption rate in control and treated cells were assayed using
Cayman’s cell based oxygen consumption rate assay kit using antimycin A as standard
inhibitor. Cayman’s oxygen consumption rate assay kit utilizes phosphorescent oxygen
probe to measure oxygen consumption rate. After respective treatments, the culture

medium was removed and replaced with fresh medium. Blank wells were added with

94



Effect of SGG against alteration in mitochondrial functions in I/R

culture medium alone. Then 10 pl MitoXpress®-Xtra solution was added to all wells
except blank wells and then 100 pl of HS mineral oil over each well. The fluorescence
was read at excitation; 380 nm and emission; 650 nm kinetically for 150 min.

ATP in control, ischemic, I/R and treated cells were assayed using ATP
determination kit (Molecular Probes®, Life Technologies, USA). It is a bioluminescence
assay for quantitative determination of ATP with recombinant firefly luciferase and its
substrate D-luciferin. The assay is based on luciferase’s requirement for ATP in
producing light (emission maximum 560 nm at pH 7.8). Standard reaction solution was
made as follows: the standard reaction mixture consisting of 8.9 ml distilled water, 0.5 ml
20X reaction buffer, 0.1 ml 0.1 M DTT, 0.5 ml of 10 mM D-luciferin, 2.5 pl of firefly
luciferase (5 mg/ml stock solution) and 100 pl sample was mixed gently and the
luminescence was read at 560 nm.

4.2.5. Alterations in HSP 60 protein in cardiac ischemia and I/R

Immunoblotting was conducted to see the variation in the level HSP 60 protein. For
this, H9c2 cells were seeded in a T25 flask containing 5 ml of DMEM medium and
treatments were carried out. At the end of the treatments, the H9c2 cells were harvested
and lysed with ice-cold cell lysis solution (RIPA buffer containing a protease inhibitor
cocktail) and the homogenate was centrifuged at 10,000xg for 15 min at 4 °C. Total
protein in the supernatant was quantified using a BCA protein assay kit (Pierce, Rockford,
IL USA). Total protein (40 pg) from each sample was separated by 10% SDS-PAGE at
55 V. 25 pl of experimental samples was loaded in each wells. The protein in the gel was
transferred into polyvinylidene difluoride (PVDF) membrane using Trans-Blot Turbo™
(Bio-Rad). The membrane was blocked with BSA in TBST (Tris buffered saline-Tween
20) for 1 h at room temperature, and then incubated with the primary antibodies specific
to HSP 60 (1:500), and GAPDH (1:500) with gentle agitation at 4 °C overnight. The
incubation was followed by 3 times wash with TBST for 10 min in a shaker, followed by
HRP-conjugated secondary antibodies (1:1000) in 0.25% BSA in TBST for 60 min at
room temperature with continuous shaking. After three washes with TBST, the
membranes were developed using DAB tablets (Sigma Aldrich, St Louis, MO, USA) and
the relative intensity of bands were quantified using Bio-Rad Quantity One version 4.5
software in a Bio-Rad gel doc. The quantity of HSP 60 in cell lysate was normalized with
the content of GAPDH.
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4.2.6. Determination of aconitase activity

Activity of aconitase, was assayed in control and treated cells using kits from
Cayman chemicals. This assay utilizes the coupled enzymatic reactions of citrate to
isocitrate by aconitase and isocitrate to a-ketoglutarate by isocitrate dehydrogenase. The
assay was based upon the measurement of formation of NADPH from NADP*. NADPH
reacts with the fluorescent substrate to yield a highly fluorescent product. The fluorescent
product was analysed with an excitation wavelength of 535 nm and an emission
wavelength of 590 nm. The rate of NADPH was proportional to aconitase activity. For
performing the assay, 50 pl of activated aconitase was added to the aconitase positive
wells and 50 pl of sample to the wells. Then 10 pl of 1X assay buffer, 50 ul of NADP*
reagent, 50 pl of isocitric dehydrogenase, 10 pl of reconstituted enzyme mixture and 10
pl of reconstituted fluorometric detector were added to all the wells. The reaction was
initiated by adding 50 pl of diluted substrate solution to all wells and the fluorescence
was read once every minute using an excitation wavelength of 535 nm and an emission
wavelength of 590 nm for 30 min at 37 °C.
4.2.7. HIF-1 o level

After respective treatments as described in chapter 3, the cells were collected by
centrifugation and using Cayman’s nuclear extraction kit, nuclear proteins were isolated.
After nuclear extraction the HIF-1 o level was detected. Briefly a specific double stranded
DNA sequence containing the HIF-1 o response element immobilised to the well was
used in this procedure. The HIF transcription complex was detected by the addition of a
HIF-1 o primary antibody (1:100) directed against HIF-1 a. The primary antibody was
added to all wells except blank. After adding primary antibody the plate was incubated for
1 h at room temperature. Then the wells were emptied and washed 5 times with 200 pl 1X
wash buffer. Then a secondary antibody conjugated to HRP (goat anti-rabbit HRP
(1:100)) was added and incubated for 1 h at room temperature. Again it was emptied and
the wells were washed 5 times with 200 pl 1X wash buffer. 100 pl of transcription factor
developing solution were added to all the wells and again incubated the plates for 45 min
at room temperature in dark. Finally, 100 pl of stop solution was added to all the tubes
and the absorbance were read at 450 nm.
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4.2.8. Determination of ANP

After respective treatments cell culture media were centrifuged at 2000xg for 10
min to remove debris and the supernatant was used to detect the concentration of ANP
using ELISA kit (AssayPro USA). The assay employs a quantitative sandwich enzyme
immunoassay technique that measures ANP in a relatively short time. A microplate
coated with polyclonal antibody specific for ANP was used for analysis. The ANP in
standards and samples were sandwiched by the immobilized antibody and biotinylated
polyclonal antibody specific for ANP, which was recognized by a streptavidin-peroxidase
conjugate. All unbound materials were then washed away and a peroxidase enzyme
substrate (peroxidase chromogen substrate tetramethylbenzidine) was added. The colour
development was stopped by using 0.5 N HCI and the intensity of the colour was
measured at 540 nm.
4.2.9. Statistical analysis

Results were expressed in mean and standard deviation (SD) of the control and
treated cells from three independent experiments with duplicate (n=6). Data were
subjected to one-way ANOVA followed by the Bonferroni test to calculate the statistical
difference among the groups using SPSS for Windows, standard version 11.5.1 (SPSS,
Inc.) and significance was accepted at P<0.05.
4.3. Results
4.3.1. Effect of SGG on A¥m and mPTP

Analysis of Awm of mitochondria during ischemia and I/R revealed significant
dissipation (depolarization) of the same during ischemia and I/R (Figure.4.1A.b, c)
compared with control (Figure.4.1A.a). In normal cells the JC-1 dye concentrates in
mitochondrial matrix and form red fluorescent aggregates due to the existence of
electrochemical potential gradient. Alteration of A¥m prevents the accumulation of JC-1
in the mitochondria and gets dispersed throughout the cells leading to a shift from red
(JC-1 aggregates) to green fluorescence (JC-1 monomers). The dissipation of Aym was
more severe with ischemia compared to I/R. All the doses of test materials were effective
to prevent the dissipation of mitochondria compared to I/R. Among the test materials,
SGG (Figure.4.1A.h, i) was found to be better compared to others in keeping A¥m intact
(Figure.41A.d-g).
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Figure 4. 1A. Mitochondrial transmembrane potential determined by JC-1 staining. The
representative images are merged images of JC-laggregates and JC-1 monomers. JC-1
aggregates are more in control cells revealing intact mitochondria and the formation of
JC-1 monomers in ischemic and I/R cells shows dissipation of Awm. (a) control cells; (b)
ischemic cells; (c) I/R cells; (d, e) cells treated with 5 nM and 25 nM Se (f, g) cells treated
with 60 pg and 300 pg of GGN; (h, 1) cells treated with 5 nM and 25 nM SGG; and (j)
relative fluorescence intensity analysis. The Se, GGN and SGG treated groups were
compared with I/R group. The ischemic and I/R groups were compared with the control
group. * Indicates that the mean value was significantly different from the control cells
(P<0.05). $ Indicates mean value was significantly different from I/R cells (P<0.05).
Scale bar corresponds to 100 pm.

Like Awm, severe alteration in the integrity of mPTP was observed during
ischemia and I/R which was evident in calcein AM-cobalt chloride staining. Cells stained
with calcein showed punctiform fluorescence revealing the normal integrity of mPTP
(closed state) via blocking diffusion of any materials (Figure.4.1B.a). But the loss of
integrity of mPTP was clearly evident during ischemia and I/R with diffusion of calcein
fluorescence to the mitochondria (Figure.4.1B.b, d). Loss of integrity of mPTP was also
observed with bongkerkic acid (Figure.4.1B.c). Here also all the doses of test materials
(Se, GGN and SGG) were effective to keep the integrity of mPTP intact. Among the test
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materials SGG (Figure.4.1B.i, j) showed better protection in a dose dependent way.

Figure 4. 1B. Integrity of permeability transition visualized by calcein AM and cobalt
chloride staining: (a) control; (b) ischemic cells; (c) bongkrekic acid; (d) I/R cells; (e, f)
cells treated with 5 nM and 25 nM Se; (g, h) cells treated with 60 pg and 300 pg of GGN;
and (i, j) cells treated with 5 nM and 25 nM SGG. Scale bar corresponds to 100 pm.

4.3.2. Effect of SGG on mitochondrial superoxide production and respiratory
enzyme complexes

O, production was detected by bioimaging with MitoSOX™ Red and found
surplus generation of the same in ischemic and I/R groups (Figure.4.2.b, ¢) compared to
the control cells (Figure.4.2.a). Fluorescence intensity analysis also showed increase of
fluorescence in ischemia (34.5+0.866) and I/R (29.5+0.500) compared to control
(15.67+0.577) indicating surplus O, generation. All the test materials (Se, GGN and
SGG) showed protective effect in scavenging the generation of O, production
(Figure.4.2.d-g). Among various groups SGG showed comparatively better result against

O, generation (Figure.4.2.h-i).
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Figure. 4. 2. Fluorescent microscopic images of H9c2 cells stained with MitoSOX™ Red
indicator to show mitochondrial superoxide generations in H9c2 on various treatments
(original magnification 20x). (a) control cells; (b) ischemic cells; (c) I/R cells; (d, e) cells
treated with 5 nM and 25 nM Se; (f, g) cells treated with 60 pg and 300 pg of GGN; and
(h, i) cells treated with 5 nM and 25 nM SGG (j) relative fluorescence intensity analysis.
The Se, GGN and SGG treated groups were compared with I/R group. The ischemic and
I/R groups were compared with the control group. * Indicates that the mean value was
significantly different from the control cells (P<0.05). $ Indicates mean value was
significantly different from I/R cells (P<0.05). Scale bar corresponds to 100 pm.

The ETC is composed of NADH-ubiquinone oxidoreductase (complex 1),
succinate dehydrogenase (complex I1), ubiquinol cytochrome C oxidoreductase (complex
I11), and cytochrome C oxidase (complex 1V). Table 4.1 shows the activities of
mitochondrial respiratory complexes in control and treated cells. The activities of
respiratory chain complexes such as complexes I, 111 and IV were significantly decreased
in ischemia and I/R groups compared to control groups (P<0.05).

According to the bioenergetic principle a decrease in bioenergy transfer leads to
the inhibition of respiration. Complex | substrate mediated respiration was measured from
change in absorbance (AOD 340 nm) at 340 nm for 8 min. Normal cells are found to have
high respiratory activity compared to ischemia and I/R groups. This was calculated from

the change in absorbance in 8 min. Control group showed high rate of change in
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absorbance indicating high rate of respiration compared to ischemia and I/R groups where
change in absorbance was less due to the inhibition of complex | mediated respiration.
Ischemia and I/R showed (0.060+0.002 and 0.064+0.002 AOD 340 nm) decrease in
complex 1 activity compared to control (0.108+0.002 AOD 340 nm) whereas 5 and 25 nM
SGG showed (0.101+0.002 and 0.094+0.002 AOD 340 nm) recovery of activity compared
to I/R. The details of the activities of other test materials are given in Table 4.1. There
was no significant change in complex Il respiration with any of the groups. Respiration
mediated by complex Il (complex Il activity) was measured by the difference between
the sample without antimycin A and with antimycin A.

The complex Il activity of ischemia and I/R was 5.207+0.109 and 6.801+0.114
nmol/min/mg protein respectively compared to control (9.699+0.054 nmol/min/mg
protein). There was a significant (P<0.05) inhibition of complex Il activity with ischemia
and I/R. Here also, all the test materials (Table 4.1) showed recovery of complex Ill
activity. Among all, both doses of SGG (8.176+0.065, 9.082+0.188 nmol/min/mg protein)
showed better result in maintaining the respiration unaltered.

The complex IV activity of ischemia and I/R was 0.594+0.004 and 0.656+0.027
pmol of ferrocytochrome c/min/ml respectively compared to control (0.907+0.037 pmol
of ferrocytochrome c/min/ml). All the material was able to protect the depletion of
complex IV during ischemia and I/R. Among the test materials 5 and 25 nM of SGG
(0.800+£0.011 and 0.885+0.036 pmol of ferrocytochrome c¢/min/ml) showed slightly better
activity (Table 4.1).
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Table 4. 1. Activities of mitochondrial respiratory complexes in control and treated cells.

ComplexI(AOD ComplexII(AOD Complex Complex
340 nm) 600 nm) I1(nmol/min/mg IV (umolof
protein) ferrocytochrome
¢ /min/ml)
Control  0.108 £0.002  0.001 +0.0004 9.699+0.054 0.907+0.037
Ischemia  0.060 +0.002° 0.001+0.0003°  5.207+0.109" 0.594+0.004"
IIR 0.064 +0.004~ 0.001+0.0004°  6.801+0.028 0.656+0.027"
Se (nM)
5 0.068 +0.003  0.001+0.0001 5.661+0.072° 0.721+0.037°
25 0.076 £0.001  0.001 +0.0003  6.047+0.021° 0.736+0.032°
GG (Hg)
60 0.077+0.002  0.001+0.0005  5.951+0.060° 0.705+0.036°
300 0.072 +£0.003  0.001+0.0003  6.423+0.013° 0.818+0.027°
SGG (nM)
5 0.101+0.002° 0.001 +0.0004  8.176+0.065° 0.800+0.011°
25 0.094 +0.002° 0.001+0.0005  9.082+0.188° 0.885+0.036°

Each value represents mean £ SD (n=6). * Mean value was significantly different from
the control cells (P<0.05). $ Mean value was significantly different from I/R group
(P<0.05).
4.3.3. Oxygen consumption and ATP level in control and treated cells

Oxygen consumption rate in living cells were analyzed by observing change in
fluorescence signal over time of two and half hours. More change in fluorescence
indicates more consumption of oxygen by cells. This in turn shows better metabolic status
of cells. Ischemia and I/R cells showed a reduced consumption of oxygen rate (55.39%
and 58.28% compared to control). Treatment with Se, GGN and SGG showed
improvement in oxygen consumption rate compared with I/R group (Figure.4.3). SGG
group (85% with 5 nM and 81% with 25 nM) with better oxygen consumption seems to

be more effective against mitochondrial dysfunction in ischemia and I/R.
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Figure 4. 3. Oxygen consumption rate in different groups. Reduction in fluorescence
indicates lower oxygen consumption rate in the cells. Each value represents mean £SD
(n=6). The ischemic and I/R groups were compared with the control group. The Se, GGN
and SGG treated groups were compared with I/R group. * Indicates that the mean value
was significantly different from the control cells (P<0.05). $ Indicates that the mean value
was significantly different from I/R cells (P<0.05).

The level of ATP was decreased in ischemia (4.59+0.14 picomoles) and I/R
(4.66+0.12 picomoles) groups compared to control (6.62+0.13 picomoles). Like previous
results, all the treatment groups showed protection from depletion of ATP over other test
materials. In this case too, 5 nM (6.42+0.29 picomoles) and 25 nM (6.61+0.15 picomoles)
SGG showed slightly better activity in maintaining the level of ATP nearer to control

(Figure.4.4).
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Figure 4. 4. ATP content in control and treated H9c2 cells after I/R. Values are means
+SD represented by vertical bars (n=6). The ischemic and I/R groups were compared with
the control group. The Se, GGN and SGG treated groups were compared with I/R group.
* Indicates that the mean value was significantly different from the control cells (P<0.05).
$ Indicates that the mean value was significantly different from I/R cells (P<0.05).
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4.3.4. Role of HSP 60 in I/R

The normal myocardium revealed a decreased but detectable baseline expression
of HSP 60 (Figure.4.5.a). HSP 60 has been found to be correlated with mitochondria
specific cell stress. Protein expression of HSP 60 was found to be increased in ischemia
(200%) and I/R (190%). HSP 60 protectes rat neonatal cardiac myocytes (H9c2) cells
against ischemia injury. The protein expression was decreased in SGG (130%) treated

groups showing the protective role of SGG (Figure.4.5.1).

HSP60 T C— ——  — —

GAPDH | w s s s S S—

HS8P60/GAPDH

300pgGGN  25nM Se 25nM SGG

Figure 4. 5. HSP 60 expression in control and treated H9c?2 cells after I/R. The amount of
HSP 60 and GAPDH was detected with respective antibodies. The ischemic and I/R
groups were compared with the control group. The Se, GGN and SGG treated groups
were compared with I/R group. Lane a: control, b: ischemia, c: I/R d: GGN, e: Se, f:
SGG. Results are representative of three independent experiments.* Indicates that the
mean value was significantly different from the control cells (P<0.05). $ Indicate mean
value was significantly different from I/R cells (P<0.05).

4.3.5. Aconitase activity

The aconitase activity was significantly reduced in ischemia (0.772+0.060
nm/min/ml) and I/R group (0.884+0.052 nm/min/ml) compared to control group
(1.640+£0.084 nm/min/ml). It is also worth to mention that all the test materials showed
tendency to bring back the enzyme level to some extend of control level. 5 nM
(1.564+0.063 nm/min/ml) and 25 nM (1.682+0.062 nm/min/ml) of SGG treatment
significantly (P<0.05) reversed the changes and brought back the activity near to normal

(Figure.4.6).
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nmol/min/ml

Figure 4. 6. Aconitase enzyme activities in different treated groups. Values are means
+SD represented by vertical bars (n=6). The ischemic and I/R groups were compared with
the control group. The Se, GGN and SGG treated groups were compared with I/R group.
* Indicates that the mean value was significantly different from the control cells (P<0.05).
$ Indicates that the mean value was significantly different from I/R cells (P<0.05).

4.3.6. Effect of SGG on HIF-1 a activity

HIF-1 a activity was expressed as OD at 450 nm. There was a significant increase
in HIF-1 o in ischemia (0.232+0.006) and I/R groups (0.195+0.005) compared to control
(0.095+0.004). On the other hand treatments with all the test materials (Figure.4.7)
reduced HIF-1 a expression. Analysis revealed that 5 nM (0.094+0.004) and 25 nM
(0.085+0.004) SGG was more effective in reducing the expression compared to other test

materials (Figure.4.7).
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Figure 4. 7. HIF-1 a transcription factor in nuclear extract of control, ischemia, I/R and
treated cells. Values are means £SD represented by vertical bars (n=6). The ischemic and
I/R groups were compared with the control group. The Se, GGN and SGG treated groups
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were compared with I/R group. * Indicates that the mean value was significantly different
from the control cells (P<0.05). $ Indicates that the mean value was significantly different
from I/R cells (P<0.05).

4.3.7. Effect of SGG on ANP level

In this study the level of ANP is increased in ischemia (1.07£0.04 ng/ml) and I/R
(0.995£0.03 ng/ml) groups compared to control (0.572+ 0.025 ng/ml). The treatment with
all the test materials shows protective effect to bringing back the ANP level towards
normal (Figure.4.8). Among the groups 5 and 25 nM SGG (0.623+0.03 and 0.567+0.03
ng/ml) showed better activity in bringing back the ANP level toward to normal compared
to other groups (Figure.4.8).
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Figure 4. 8. Changes in ANP level in control, ischemia, I/R and treatment groups. Values
are means £SD represented by vertical bars (n=6). The ischemic and I/R groups were
compared with the control group. The Se, GGN and SGG treated groups were compared
with I/R group. * Indicates that the mean value was significantly different from the
control cells (P<0.05). $ Indicates that the mean value was significantly different from I/R
cells (P<0.05).

4.4. Discussion
Mitochondria are critical for cell survival because of their roles as metabolic

energy producers and as regulators of programmed cell death. To protect cardiac
myocytes from death, it is important to maintain mitochondrial integrity. Loss of
mitochondrial membrane integrity is considered a point of no return so the preservation of

mitochondrial integrity is of utmost importance in the design of cardioprotective
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therapies. The normal performance and survival of cardiac cells depend on the
maintenance of the mitochondrial membrane potential. Awm represents an important
marker of mitochondrial integrity. Measurement of Awm is therefore essential for
knowing the molecular mechanisms of the effect of test materials (Mathur et al 2000).
Mitochondria are a major source of ROS, which are the by products of mitochondrial
electron transfer activity. During oxidative stress, mitochondria may become susceptible
to damage by ROS and Avm is an important factor involved in the regulation of ROS
production. Skarka and Ostadal (2002) had reported about I/R induced structural changes
of cardiac mitochondria which is accompanied by an alteration of mitochondrial function.
Kim et al (2003) had reported the protective effect of Se compounds in maintaining the
Avm in HepG?2 cells. In this study, we observed dissipation of Awm in ischemia and I/R
cells on JC-1 staining and all the test materials prevent Awm dissipation among them,
SGG was found more specifically prevents mitochondrial depolarization and thereby
preserve mitochondrial function.

Another important therapeutic target for knowing the mitochondrial integrity is
mPTP opening. Mitochondria with reduced ability to support A¥m are more susceptible to
mPTP because depolarization of Aym directly increases the opening of mPTP. Prolonged
oxidative stress causes decline in A¥m due to mild uncoupling and this leads to the
opening of mPTP (Skarka et al 2002). Crompton et al (1987) were the first to state mPTP
opening plays a crucial role in myocardial I/R injury. The mPTP is a voltage dependent
high conductance channel allowing the rapid equilibration of metabolites and ions (Zoratti
and Szabo1995). Under normal physiological conditions, the mitochondrial inner
membrane is impermeable to almost all metabolites and ions. The compounds that enter
or leave the mitochondria are generally transported via specific and controlled carriers.
mPTP opening dramatically changes the properties of the inner membrane making it
unspecifically permeable to molecules smaller than 1500 daltons (Zoratti and
Szab01995). The fate of the cell is then determined by the extent of mPTP opening. If
minimal, the cell may recover and live; if moderate, the cell may undergo programmed
cell death; if severe, the cell will die from necrosis due to inadequate energy production.
In this study, mPTP opening was observed in ischemic groups and all the test materials
were protective in preventing the mPTP opening. Among all, SGG was found to be better
in keeping the integrity of mPTP.

107



Effect of SGG against alteration in mitochondrial functions in I/R

During mitochondrial respiration, electrons are released from their normal
transport pathway to molecular oxygen at complexes | and 111 (Jacobson 1996) resulting
in formation of the O,. O," is the primary ROS formed by monovalent reduction in the
ETC. Elevated O, radical generation affects the normal functioning of mitochondria.
The enzyme XO also plays significant role in cardiovascular pathology and these are the
major enzymatic source of ROS in cardiovascular system (Kelley et al 2010). Increase in
the activities of these enzyme leads to increased production of O,  radicals that
ultimately lead to cardiac dysfunction (Yokoyama et al 1990). In chapter 3, we reported
the activity of XO was increased in ischemia and I/R groups and SGG protected the cells
from the elevation of XO compared with other test materials effectively. This support the
observation of surplus generation of O, generation with mitoSOX™ staining. Ischemia
and I/R groups showed increasing O, while treatment with test materials prevented the
generation of O,

As there is an increased generation of O, radicals during ischemia and I/R and
this may be due to the decreased activity of respiratory enzymes in ETC. So we checked
the activities of respiratory enzymes. There are reports that the activities of mitochondrial
electron transport chain complexes are decreased in CVD (Chen et al 2008). As discussed
earlier, in mitochondria direct reduction of oxygen to O, occurs in the flavoprotein
region of NADH dehydrogenase segment (complex ) of the respiratory chain (Arora et al
2002). Complex | is a multisubunit integral membrane complex of the mitochondrial
electron transport chain that catalyzes electron transfer from NADH to ubiquinone. It is
considered an important site of O, anion generation in mitochondria (Hansford et al
1997) and in normal condition the O," is scavenged by the mitochondrial enzyme SOD to
produce H,0,. Thus, a defect of complex | activity can be considered a potential source of
ROS in heart I/R. Here also the complex | activity was decreased in ischemic and I/R
groups. The treatment with SGG showed better activity in retaining the activity of
complex I. Mendelev et al (2012) reported that selenite treatment significantly increases
mitochondrial respiration in murine hippocampal neuronal cells. In this study there was
no significant activity in complex Il enzyme.

The activity of complexes Ill was reduced in ischemic and I/R rat hearts. O,
generation is enhanced at complex Il during hypoxia via, auto-oxidation of ubiquinone

on both sides of mitochondrial inner membrane. In this study, the complex Il activity
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was decreased in ischemia and I/R groups and all the treatment groups showed protective
effect. Treatment with SGG showed better effect in maintaining the complex 111 activity.
Indeed, published studies have reported that dietary Se protects against increase in the
activities of mitochondrial respiratory chain complexes I, I11, and IV (Desai et al 2001).
Complex IV is the terminal enzyme of the ETC which catalyzes the final step of electron
transfer from reduced cytochrome ¢ to oxygen to make H,O. Complex IV is also one of
the three proton pumps along with complexes I and 11l that generate the proton gradient
across the inner mitochondrial membrane leading to ATP synthesis. Cytochrome oxidase
inhibition does not increase ROS production from complex IV (Babcock and
Wikstro1992; Varotsis et al 1993) but leads to increased reduction of redox centers in
complex | or complex Ill, enhancing electron leak and ROS generation from these
complexes (Dawson et al 1993). Our results also support these findings that ischemia and
I/R reduces the activity of complex IV enzymes. Here also, SGG brings better results in
retaining the complex 1V activity.

To determine the functional status of mitochondria, oxygen consumption rate has
been used as an important parameter. For maintaining the normal cellular function
consumption of oxygen is important and unhealthy cells with mitochondrial dysfunction
shows a lower rate of oxygen consumption. Mehta et al (2012) reported about protective
effects of Se against glutamate induced toxicity in murine neuronal HT22 cells and Se
compounds showed better effect in maintaining the mitochondrial homeostasis. In this
study, reduced oxygen consumption rate in I/R cells indicates the dysfunction of
mitochondria and SGG treatment attenuated the reduction in oxygen consumption in
H9c2 cells. Mitochondrial dysfunction as well as reduced oxygen consumption during
ischemia and I/R causes loss of intracellular ATP. Indeed, our study indicated that all the
test materials after ischemia and I/R preserved cellular ATP thereby preserving the
cardiomyocyte energy supply during oxidative stress. Among all the groups SGG showed
better activity and the increase of ATP level by SGG may be related to its protection of
mitochondrial ETC function under ischemic insult.

Myocardial ischemia is a known potent inducer of the stress protein response.
HSPs are a family of protective proteins expressed in all cells. They are found in the
cytosol of normal heart and muscle cells. Myocardial stress proteins are upregulated by

several stimuli which is activated in response to ischemia, such as hypoxia (Iwaki et al
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1993; Benjamin et al 1999), decreased energy storage, particularly ATP levels (Williams
et al 1993), acidic pH (Benjamin et al 1992), presence of denatured proteins (Ananthan et
al 1986) and oxidative stress (Aucoin et al 1995; Donati et al 1990; Das et al 1995).
Induction of the heat shock response supports the survival of myocardial cells (Williams
et al 1993). Lin et al (2001) have reported the protective effects of HSP 60 on ATP levels
in myocytes subjected to 8 h of simulated ischemia followed by 4 and 8 h of
reoxygenation. To maintain the protein members of the oxidative phosphorylation
cascade in a normal folding state a specific set of mitochondrial HSPs, especially HSP 60
and HSP 10, is used to form the chaperonin complex for efficient protein folding. In
contrast, little is known about the HSP 60 response although recent studies show
upregulation of myocardial HSP 60 expression in response to ischemia (Heads et al 1995;
Marber et al 1993) suggesting signaling via adenosine receptor activation (Heads et al
1995) as well as a protective effect of HSP 60 overexpression from ischemia-induced
injury (Lau et al 1997). In this study there was an upregulation of HSP 60 in ischemic and
I/R groups. This may be due to the self adaptive mechanism of the cells towards the
stressed conditions. Here also, SGG showed better protection compared to other groups.

The mitochondrial source of OH" has been identified to be the aconitase, which is
involved in the TCA cycle (Vasquez-Vivar et al 2000). There are reports that aconitase is
susceptible to oxidative inactivation in vitro (Humphries and Szweda 1998a; Humphries
et al 1998b; Nulton-Persson and Szweda 2001; Nulton-Persson et al 2003; Bulteau et al
2003; Vasquez-Vivar et al 2000; Verniquet et al 1991; Gardner 2002; Beinert et al 1996)
and have been reported to decline in activity during in vivo cardiac I/R (Sadek et al 2002).
The generation of ROS that inactivates the aconitase activity is commonly used as a
biomarker of oxidative damage (Vasquez-Vivar et al 2000; Verniquet et al 1991; Gardner
2002; Beinert et al 1996). Aconitase is capable of participating in redox regulation thus a
potential target of oxidative damage. As described above this enzyme has an iron-sulfur
centre in its active site which is responsive to oxidation and loss of iron. There are reports
that HSPs indirectly regulate the redox chemistry of aconitase in cellular systems
(llangovan et al 2006). In this study the activity of aconitase is reduced in ischemia and
I/R whereas, SGG treatment improves the activity of aconitase by preventing the
oxidation and loss of iron from iron-sulphur centre.

Mammalian tissues are characterized by aerobic metabolism and require
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uninterrupted oxygen supply. Accordingly, availability of oxygen in tissues plays a
critical role in the pathophysiology of the organism (Dyson et al 2007). Mechanisms of
oxygen sensing by the individual tissues and cells are more diverse and are often debated
(Nauseef 2006). Diverse types of proteins/enzymes like potassium channels,
mitochondrial complex 11l and 1V, NADPH oxidases, prolyl hydroxylases and heme
oxygenases have been described as oxygen sensors in various cellular contexts (Acker et
al 2006). Under a number of pathophysiological conditions like coronary artery occlusion
and anaemia myocardium might undergoe hypoxia (or anoxia) (Essop 2007; Sen et al
2006). Under hypoxic conditions, the availability of oxygen in various parts of the
myocardium might remain uneven (Kupriyanov et al 2004) and leads to the expression of
HIF-1. Originally, HIF-1 was identified as the activator of erythropoietin gene
transcription under hypoxic condition (Wang and Semenza 1993a; Wang and Semenza
1993b). It is a heterodimeric transcription factor comprising of two polypeptide subunits
i.e, a and B. HIF-1 elicits hypoxic response through the hypoxia response element (HRE)
located in the regulatory regions of hypoxia responsive genes. The role of mitochondrial
ROS in the activation of HIF-1 was first revealed in late nineties (Chandel et al 1998;
Chandel et al 2000; Haddad and Land 2001; Enomoto et al 2002; Dada et al 2003;
Sanjuan-Pla et al 2005). Studies on the activation of HIF-1a under hypoxia have created
an excellent framework of understanding the role of ROS in hypoxic signaling. As in
other tissues, HIF-1 also plays a major role in eliciting hypoxic response of the
mammalian myocardium (Shohet and Garcia 2007; Qutub and Popel 2007) and it has
been recently reported that acetylcholine can independently but additively (to hypoxia)
activate HIF-1 in cardiac myocytes (Kakinuma et al 2005). Here also in ischemia and I/R
groups the HIF-1a level is increased due to disturbed ETC and leads to the generation of
superoxides. HIF-1a then dimerize with HIF-1p, binding to its target HRE and activating
a battery of hypoxia responsive genes, while SGG treatment showed better activity in
maintaining HIF-1a level.

The quantity ANP is elevated in the ischemic ventricular tissues, suggesting the
role of ANP in the myocardial adaptation to ischemia (Drexler et al 1989, Loennechen et
al 2001). Chun et al (2003) reported that HIF-1 a is responsible for the hypoxic induction
of the ANP gene in ventricular myocytes and the hypoxic activation of ANP promoter

was observed only in myocytes. However, factors other than HIF-1 a may be required for
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the induction of ANP following ischemia (Loennechen et al 2001; Drexler et al 1989).
The most potent stimuli for ANP secretion is ischemia which is an important homeostatic
mechanism since ANP can produce cardiac vasodilatation to increase blood flow and
oxygen delivery to the heart as well as peripheral vasodilatation to reduce arterial pressure
(Ahmed et al 2012). Here also ischemia and I/R increase the ANP level while Se, GGN
and SGG prevent the elevation of ANP level in myocytes. Among the test materials, SGG
showed higher protection in preventing the release of ANP.
Conclusion

Overall results reveal that ischemia and I/R induces alterations in mitochondrial
function in H9c2 cells and SGG protects mitochondria from the deleterious effects by
reducing transmembrane potential, keeping the integrity of mitochondrial permeability
transition pore, maintaining superoxide levels and enhancing the activities of
mitochondrial ETC complexes, aconitase level, reducing HIF-1a level and ANP level.
The outcome of this study shows the possibilities of using nanoparticles as nanomedicines
for CVD which is a major health issue of the present century.
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Chapter 5

Anti-inflammatory and anti-apoptotic potential of selenium
incorporated guar gum nanoparticles against I/R

5.1. Introduction

Inflammation and associated complications are considered as the major cause of
I/R injury in cardiomyocytes (Marchant et al 2012). Reperfusion is generally associated
with an inflammatory cascade that perpetuates damage to cardiac tissue after a period of
ischemia. The effects of reperfusion lead to inflammatory responses damaging viable
tissue around the infarct and results increased apoptosis in cardiomyocytes (Jayachandran
et al 2007). This leads to a loss in cardiomyocytes and an increased infarct size (Zhong et
al 2012). One of the central players in this cascade is the transcription factor nuclear
factor kappa B (NF-¢B), known to play a vital role in regulating inflammatory signal
transduction and cytokine production. Many effector genes including those encoding
cytokines such as Tumor necrosis factor (TNF-a) and Interleukin-6 (IL-6) are activated
by NF-xkB (Li et al 2011) to enhance the expression of pro-inflammatory cytokines.
Interestingly, TNF-a act both as the target gene and inducer of NF-xB (Pahl 1999) and its
production was suppressed early in ischemia (Shames et al 2002). Apoptosis of
cardiomyocytes has recently been recognized as a cellular mechanism of ischemia in the
heart. Apoptosis was originally defined by its morphological characteristics, which
include cell shrinkage, chromatin condensation, DNA fragmentation, membrane blebbing,
and formation of apoptotic bodies. Hypoxia and TNF-a have been shown to induce
apoptosis in cardiomyocytes (Long et al 1997; Haudek et al 2007; Sun et al 2013). Taken
together, in cardiomyocytes different stimuli are capable for producing apoptosis most of
which are expressed in advanced heart failure. So, a single proapoptotic stimulus leads to
the activation of pathways which are involved in apoptosis. The prospective for the
development of cardioprotective agents based on the prevention of apoptosis is emerging.
This chapter deals with the beneficial effect of various test materials (Se, GGN and SGG)
against inflammation and apoptosis during ischemia and I/R and the molecular
mechanisms involved. Various markers of inflammation like IL-6, Interleukin-2 (IL-2),
monocyte chemoattractant protein-1 (MCP-1), interferon-y (INF-y), TNF-o, NF-xB(p65),
serine/threonine-protein kinase (TNNI3K) and apoptotic markers like caspase 3,
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annexin/FITC, cytoskeletal integrity and mRNA expression of genes involved in
apoptosis like ERK-1 and ERK-2, insulin-like growth factor 1 (IGF-1), GATA-4, Raf-1
were studied in different experimental groups. In addition, western blot analysis of
Bax/Bcl-2, Raf-1, ERK1/2 proteins and their role in preventing apoptosis were also
conducted for detailed information.
5.2. Experimental methods
5.2.1. Materials

Phalloidin texas red and 4', 6-diamidino-2-phenylindole (DAPI) were from Sigma
Aldrich (St. Louis, Mo, USA). ELISA kits for TNF-a were from Millipore, USA. IL-6,
IL-2, MCP-1 and INF-y kits were from BD Biosciences, USA. Kits for NF-xB (p65)
expression, caspase 3 assay and annexin/FITC assay were from Cayman chemicals
(USA). TNNI3K were from MyBioSource, USA. Primers for PCR were from Hysel India
Pvt Ltd, India. Antibodies for western blotting (ERK1/2, p-ERK1/2, Bax, Bcl-2, GAPDH)
and HRP conjugated secondary antibodies were from Santacruz, USA.
5.2.2. ELISA analysis for inflammatory cytokines

After respective treatments inflammatory cytokines TNF-a, IL-6, IL-2, MCP-1
and INF-y were estimated using ELISA kits. For performing these assays, 100 ul diluted
capture antibody was added to the wells and incubated overnight at 4 °C. After incubation
the supernatents was aspirated and the wells were washed 3 times with 300 pl wash
buffer. 200 pl blocking buffer were added to all wells and the wells were incubated for 1
h at room temperature. After incubation the wells were washed 3 times. 100 pl of samples
from different groups were added to the wells and incubated for 2 h at room temperature
and the washing step was repeated. 100 ul working detector were added to all the wells
and incubated for 1 h at room temperature and repeated the washing step with wash
buffer. 100 ul of substrate solution was added and incubated for 30 min in dark. To that
50 ul stop solution was added and the absorbance was read at 450 nm. This procedure
was common for MCP-1, IL-6, IL-2 and IFN-y. For performing TNF-a ELISA, the wells
were washed with 300 pl wash buffer and after that 50 pl samples were added to the
wells. The plates were incubated for 2 h at room temperature with shaking at 200 rpm.
The contents of the plate were discarded and the plates were washed with 1X wash buffer.

100 pl of TNF-a detection antibody was added to the wells and incubated the plates for 1
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h at room temperature. Again the plates were washed with wash buffer. After washing
100 pl of avidin-HRP A solution was added to all wells and incubated for 30 min at room
temperature. The contents of the plate were discarded and again washing step was
repeated. 100 pl substrate solutions were added to all the wells and incubated in dark for
15 min. After 15 min, 100 pl stop solution were added and the absorbance was read at
450 nm.

5.2.3. NF-¢B (p65) expression

NF-xB (p65) transcription factor assay is a non-radioactive sensitive method for
detecting specific transcription factor DNA binding activity in nuclear extracts. NF-xB
contained in the nuclear extract, binds specifically to the NF-xB response element. After
respective treatments the cells were collected by centrifugation and using Cayman’s
nuclear extraction kit, nuclear proteins were isolated. After nuclear extraction the NF-xB
(p65) level was detected. 10 pul samples containing NF-xB were added to the wells and
incubated overnight at 4 °C. All the wells were washed with 200 pl 1X wash buffer. Then
to all the wells except blank, 100 pul NF-xB (p65) primary antibodies were added and
incubated for 1 h at room temperature. The washing step was repeated with 1X wash
buffer and to all the wells except blank 100 ul diluted goat anti-rabbit secondary antibody
was added and incubated for 1 h at room temperature. After incubation it was washed
with 1X wash buffer. Then to all wells 100 ul developing solution was added and
incubated for 30 min with gentle agitation. 100 ul of stop solution was added to all the
wells and the absorbance was read at 450 nm.

5.2.4. Role of TNNI3K in ischemia and I/R

TNNI3K, a novel cardiac specific and cardiac troponin | (cTnl)-interacting kinase,
is emerging as a molecular therapeutic agent for heart disease. TNNI3K is a cardiac-
specific gene that was undetectable in other tissues. This assay employs the quantitative
sandwich enzyme immunoassay technique. TNNI3K was assayed according to the
manufacturer’s protocol. After respective treatments, the medium was removed and the
cells were rinsed with ice-cold PBS, scraped off and the suspension was mixed with
1XPBS (pH 7.2-7.4). The cells were freeze-thawed to break up the cell membranes and
the cell lysates were centrifuged for 5 min at 5000xg at 4 °C. The supernatant was

collected after centrifugation and the assay was performed by adding 100 pl of standard
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and sample per well and it was incubated for 2 h at 37 °C. After 2 h, the supernatant was
removed from each well and 100 pl of biotin-antibody (1X) was added to each well. The
wells were incubated for 1 h at 37 °C. After incubation the wells were washed for 3 times
with wash buffer (200 ul). 100 pl of avidin-HRP (1X) was added to each well and it was
incubated for 1 h at 37 °C. The washing process was repeated for five times and 90 pl of
TMB substrate was added to each well and incubated for 30 min at 37 °C. 50 ul of stop
solution was added to each well to stop the reaction and the optical density was measured
at 450 nm.
5.2.5. Caspase 3 activity assay

Caspase 3 activity was spectrofluorimetrically estimated using a Cayman assay Kit
(Cayman, USA). The active caspase 3 cleaves the caspase 3 substrate (N-Ac-DEVD-N’-
MC-R110) and it generates a highly fluorescent product that can be measured using
excitation and emission wavelengths of 485 nm and 535 nm respectively. After respective
treatments, 200 pl of caspase-3 assay buffer was added to each well and the plates were
centrifuged for 800xg for 5 min. The supernatant was removed after centrifugation and
100 pl of cell based assay lysis buffer was added and incubated for 30 min at room
temperature and again centrifuged for 800xg for 10 min. After that 90 ul of the
supernatant was transferred from each well to a new black well plate. To that, 10 pl of
caspase 3 assay buffer and 100 pl of caspase 3 substrate solution was added and the wells
were incubated at 37 °C for 30 min. The fluorescent intensity of each well was read at an
excitation of 485 nm and emission of 535 nm.
5.2.6. Annexin V FITC/ propidium iodide assay

Annexin V FITC is used to quantitatively determine the percentage of cells
undergoing apoptosis. In apoptotic cells, the membrane phospholipid phosphatidylserine
is translocated from the inner leaflet of the plasma membrane to the outer leaflet, thereby
exposing phospholipid phosphatidylserine to the external environment. Annexin V is a
Ca”*-dependent phospholipid binding protein that has a high affinity for phospholipid
phosphatidylserine and is useful for identifying apoptotic cells with exposed phospholipid
phosphatidylserine. Propidium iodide (PI) is used to distinguish viable from non-viable
cells. Viable cells with intact membranes exclude PI, whereas the membranes of dead and

damaged cells are permeable to PI.
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Briefly, after respective treatments the cells were trypsinized and resuspended in
serum free medium. The cells were centrifuged at 400xg for 5 min and supernatant were
removed. The cells were resuspended in 2 ml diluted assay binding buffer and centrifuged
at 400xg for 5 min and supernatant was discarded. Then the cells were again resuspended
in 250 ul of Annexin V FITC/ PI staining solution and incubated in dark for 10 min at
room temperature and centrifuged at 400xg for 5 min and again the supernatant was
discarded. Using 2 ml of the diluted assay binding buffer the cells were washed and
centrifuged the cells at 400xg for 5 min. The cells were again resuspended in 1 ml of
diluted assay binding buffer and were analysed for apoptosis immediately on FACS Aria
I1 (BD Bioscience, USA).

5.2.7. Effect of SGG in maintaining cytoskeleton integrity

For determining the cytoskeletal integrity after ischemia and I/R the cells from
experimental groups after respective treatments were washed with PBS. Then cells were
fixed in 20 pl 4% paraformaldehyde in PBS for 10 min, permeabilized (20 pl 0.5% Triton
X-100) and dehydrated with cold 100% acetone for 5 min. Phalloidin texas red stain (in
PBS) was added and kept at room temperature for 20 min. Nucleus was counterstained
with DAPI and visualized in spinning disk fluorescent microscope (BD Pathway™
Bioimager system, USA).

5.2.8. Alterations in various cardiac specific genes

Cellular mRNA expression of GATA-4, IGF-1, ERK-1, ERK-2 and Raf-1 was
examined by RT-PCR. Total RNA was isolated from cells using TRIzol (Biochem Life
Science, India). Subsequently, superscript Il 1st strand synthesis system (Life
technologies, Bangalore, India) kit was utilised for the reverse transcription (RT) of the
samples. The samples were incubated in a Bio-rad CFX96™ Real-Time system at 25 °C
for 10 min, 50 °C for 50 min, 85 °C for 5 min and then at 4 °C for 5 min. The specific PCR
primers were synthesized based on nucleotides. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA was used as an internal reference. The amplification
included the following reaction stages: stage | (initial denaturation), which involved an
incubation at 94 °C for 3 min; stage 11 (30 cycles of PCR amplification), which involved
30 cycles of incubation at 94 °C for 10 s, 55 °C for 30 s, and 72 °C for 45 s; and stage 111

(melting curve analysis), which involved an incubation at 72 °C for 5 min followed by an
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incubation at 16 °C for 10 min. The primers for various genes were designed using the
Primer 3, a free online tool to design and analyze primers for PCR and real time PCR
experiments and synthesised by Hysel India Pvt Ltd. In particular, the following specific
primers  were synthesised: GAPDH,F:5-AGACAGCCGCATCTTCTTGG-3',R:5'-
TTGAGGTCAATGAAGGGGTC-3";GATA binding protein 4 (GATA-4),F:5'-
CTTTGTGATCCTAGAGTGGC-3"R:5-GAGTCAGATCAGGTATGGGA-3IGF-1,F:5'"-
CTACAAAGTCAGCTCGTTCC-3'R:5-CTGTAGGTCTTGTTTCCTGC-3";Raf-1,F:5'-
GGACATGCAGTTGGGAACTT-3",R:5-TGGAAGACAGATTCAGCGTG-3",ERK-1,
F:5'-TCCAAGGGCTACACCAAATC-3',R:5'-AGGTAGTTTCGGGCCTTCAT-3";ERK-
2,F:5-GAAGTTGAACAGGCTCTGGC-3',R:5'-ACGGCTCAAAGGAGTCAAGA-3.
Based on the amplification results, the comparative Cty method (AACT) was used to
calculate the relative multiple of the starting copy number that existed in the template from
each experimental group. The normalized gene expression was calculated.
5.2.9. Western blotting

Immunoblotting was used to analyze the presence of Bax, Bcl-2, Raf-1, ERK1/2
and GAPDH protein expression in ischemia and I/R. H9c2 cells were seeded in a T25
flask containing 5 ml of DMEM medium and treatments were carried out. At the end of
the treatments, the H9c2 cells were harvested and lysed with ice-cold cell lysis solution
(RIPA Dbuffer containing a protease inhibitor cocktail) and the homogenate was
centrifuged at 10,000xg for 15 min at 4 °C. Total protein in the supernatant was
quantified using a BCA protein assay kit (Pierce, Rockford, IL USA). Total protein (40
ug) from each sample was separated by 10 % SDS-PAGE at 55 V. 25 uL of experimental
samples was loaded in each wells. The protein in the gel was transferred into
polyvinylidene difluoride (PVDF) membrane using Trans-Blot Turbo™ (Bio-Rad). The
membrane was blocked with BSA in TBST (Tris buffered saline-Tween 20) for 1 h at
room temperature, and then incubated with the primary antibodies (1:500) specific to
Bax, Raf-1, ERK1/2 and GAPDH with gentle agitation at 4 °C overnight. The incubation
was followed by 3 times wash with TBST for 10 min in a shaker followed by HRP-
conjugated secondary antibodies (1:1000) in 0.25% BSA in TBST for 60 min at room
temperature with shaking. After three washes with TBST, the membranes were developed
using DAB tablets (Sigma Aldrich, St Louis, MO, USA) and the relative intensity of

125



Anti -inflammatory and anti-apoptotic potential of SGG against I/R

bands were quantified using Bio-Rad Quantity One version 4.5 software in a Bio-Rad gel
doc. The quantity of Bax, Bcl-2, Raf-1, ERK1/2 and GAPDH in cell lysate was
normalized with the content of GAPDH.

5.2.10. Statistical analysis

Results were expressed in mean and standard deviation (SD) of the control and
treated cells from three independent experiments with duplicate (n=6). Data were
subjected to one-way ANOVA followed by the Bonferroni test to calculate the statistical
difference among the groups using SPSS for Windows, standard version 11.5.1 (SPSS,
Inc.) and significance was accepted at P<0.05.

5.3. Results
5.3.1. Inflammatory markers in ischemia and I/R

The level of IL-2 and IL-6 (Figure.5.1A, B) were increased significantly (P<0.05)
in ischemia (104.86+3.37 and 139.98+3.45 pg/ml) and I/R (90.60+£2.43 and 127+4.12
pg/ml) groups compared to control (29.38+4.68 and 35.16+1.52 pg/ml) (Figure.5.1A, B).
All the treatment groups showed protection against the increase of IL-2 and IL-6 in
ischemia and I/R groups. Among all the treated groups, 5 nM (47.28+4.9 and 35.19+2.16
pg/ml) and 25 nM of SGG (42.57+£2.80 and 34.89+1.76 pg/ml) showed better protection
in preventing the release of IL-2 and IL-6 to the medium (P<0.05).

The level of MCP-1 and IFN-y levels were significantly (P<0.05) increased in
ischemia (108.44+3.92 and 238.49+4.16 pg/ml) and I/R groups (101.29+1.92 and
236.19+4.19 pg/ml) compared to control (55.06£3.73 and 72.23+5.33 pg/ml)
(Figure.5.1.C, D). All the test materials are effective in controlling the release of MCP-1
and IFN- y. Among various test materials, SGG was found to be superior in reducing the
level of MCP-1 and IFN-y and the result showed that 5 nM (58.61+2.85 and 70.77+4.62
pg/ml) and 25 nM SGG (56.32+2.41 and 75.07+£4.49 pg/ml) brought back the level of
these cytokines to that of control cells (Figure.5.1.C, D). The level of TNF-o was
significantly (P<0.05) increased in ischemia (125.43+2.68 pg/ml) and I/R (122.18+5.11
pg/ml) groups compared to control (39.59+3.65 pg/ml). Here also, all the treatments were
significantly effective in reducing the TNF-a release to the medium. Among these, 300
Mg GGN (37.44£3.46 pg/ml) and 25 nM SGG (41.42+1.12 pg/ml) showed better activity
in controlling the TNF-a release compared to I/R (Figure.5.1.E) and thus preventing the
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inflammation induced by ischemia and I/R.
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Figure 5. 1. Estimation of inflammatory cytokines release by ELISA in control, ischemia,
I/R and treatment groups. (A) IL-2 (B) IL-6 (C) MCP-1 (D) IFN-y (E) TNF-a. Values are
means +SD represented by vertical bars (n=6). * Mean value is significantly different
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from the control cells (P<0.05). $ Mean values are significantly different from I/R cells
(P<0.05).
5.3.2. Effect of SGG on NF-B (p65) expression

The level of NF-¢kB (p65) in nuclear fraction was increased in ischemia
(0.367£0.008 OD at 450 nm) and I/R (0.329+0.008 OD at 450 nm) groups compared to
control (0.157+0.01 OD at 450 nm). All treatment groups showed protection in
preventing the over expression of NF-xB (p65) to nucleus (Figure.5.2). Here too, 5 nM
(0.150+0.007 OD at 450 nm) and 25 nM (0.156+0.007 OD at 450 nm) SGG was found to
be significantly (P<0.05) effective in preventing the increase of NF-xB (p65) compared to
I/R groups.

7
.
,/
,/
x
5
4

w
wn

0.3

=

S

0.2 A

0.1

Absorbance at 450 nm

RN

) S < >
& %QQQ > v

Figure 5. 2. Estimation of NF-xB (p65) level in control and treated cells after I/R. Values
are means £SD represented by vertical bars (n=6). The ischemic and I/R groups were
compared with the control group. * Indicates that the mean value was significantly
different from the control cells (P<0.05). $ Indicates mean value was significantly
different from I/R cells (P<0.05).
5.3.3. Effect of SGG onTNNI3K level

TNNI3K overexpression improves cardiac performance and attenuate ischemia-
induced ventricular remodeling. The TNNI3K level was significantly (P<0.05) decreased
in ischemia (152.47£2.91 pg/ml) and I/R (16945.39 pg/ml) compared to control
(440.53£5.97 pg/ml). 5 nM (191.93+4.39 pg/ml) and 25 nM (204.98+5.5 pg/ml) SGG

increased the TNNI3K level revealing SGG has protective effect (Figure.5.3).
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Figure 5. 3. Estimation of TNNI3K level in control and treated cells after I/R. Values are
means +SD represented by vertical bars (n=6). The ischemic and I/R groups were
compared with the control group. * Indicates that the mean value was significantly
different from the control cells (P<0.05). $ Indicate mean value was significantly different
from 1/R groups (P<0.05).
5.3.4. Activity of caspase 3

In ischemic (308.59%) and I/R (286.49%) groups there was an increase in caspase
3 activity compared to control. Application of all the test materials prevented the increase
of caspase 3 activity (Figure.5.4). Among these 25 nM Se (102.92%) and 60 pg GGN
(94.29%) were significantly effective in reducing the caspase 3 activity compared to other

treated groups.
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Figure 5. 4. Activity of caspase 3 in the control and treated cells after I/R. Values are
means +SD represented by vertical bars (n=6). The ischemic and I/R groups were
compared with the control group. * Indicates that the mean value was significantly
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different from the control cells (P<0.05). $ Indicate mean value was significantly different
from I/R cells (P<0.05).
5.3.5. Effect of SGG on apoptosis

By staining cells with annexin V-FITC and PI, FACS was used to distinguish and
quantitatively determine the percentage of dead, viable, apoptotic and necrotic cells after
ischemia and treatment with GGN and SGG. The cytogram shows the early apoptotic
cells in the lower right quadrant being Annexin V positive and Pl negative; late apoptotic
or necrotic cells are in the upper right quadrant being PI positive and Annexin V positive;
live cells in the lower left quadrant being negative for both fluorescent probes and dead
/advanced apoptotic cells in the upper left quadrant being Pl positive and Annexin
negative.

The biparametric analysis of Annexin V FITC green fluorescence (X axis) versus
Pl red fluorescence (Y axis) of control cells represent a cytogram in which the majority
of cells (90.3%) remains alive showing only a background level of Pl and Annexin V
staining. In ischemia the percentage of dead cells increased from 9.4% in the control cells
to 37.3% with corresponding decrease in live cells to 62.5%. The percentage of early
apoptotic cells and the proportion of the late apoptotic/necrotic cells were insignificant. In
I/R group also the percentage of dead cells (25%) was significantly higher than the
control cells but lower than in ischemia. The percentage of dead cells was reduced in
GGN, Se, and SGG treatment of which SGG 25nM showed a better protective effect.
5nM and 25 nM GGN reduced the cell death to 21.5 % and 22.3% respectively while
5nM and 25 nM Se reduced the cell death to 22.5% and 22%. In 5nM SGG treatment the
dead cell percentage was lowered to 21.6% with a live cell percentage of 78.1. The
number of dead cells was significantly reduced to 18.3% with corresponding increase in
live cell percentage to 81.4 by SGG 25 nM treatment. These results indicate that the SGG
was highly effective in protecting H9c2 cells from ischemia induced apoptosis.
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Figure 5. 5. Effects of Se, GGN and SGG on rate of apoptosis. Dot plot of H9c2 cells
stained FITC (fluorescein-isothiocyanate) annexin V and Pl (propidium iodide). (a)
control cells; (b) ischemic cells (c) I/R cells; (d, e) cells treated with 60 pug GGN and 300
png GGN; (f, g) cells treated with 5 nM and 25 nM Se; (h, i) cells treated with 5 nM and
25 nM SGG; (j) statistical analysis of flow cytometry data. Values are means +SD
represented by vertical bars (n=6). The ischemic and I/R groups were compared with the
control group. * Indicates that the mean value was significantly different from the control
cells (P<0.05). $ Indicates mean value was significantly different from I/R cells (P< 0.05).

5.3.6. Effect of SGG in maintaining cytoskeleton integrity

Staining with F-actin revealed the alteration of contractile protein in ischemia and
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I/R. In this experiment, the cytoskeleton of control cells (Figure.5.6.a) had an intact
filamentous network, while cells with ischemia and I/R showed disruption of filamentous
network (Figure.5.6.b, c). SGG was significantly effective in holding intact the mesh-like

architecture of the cells among other treatment groups (Figure.5.6.h, i).

--

--

Figure 5. 6. Effect of SGG on ischemia and I/R induced cytoskeleton disorganization.
After the end of the experiments, cells were fixed and stained for F-actin by phalloidin
and nuclear staining by DAPI. (a) control cells; (b) ischemic cells; (c) I/R cells ; (d, e)
cells treated with 60 pg and 300 pug of GGN (f, g) cells treated with 5 nM and 25 nM Se
and (h, i) cells treated with 5 nM and 25 nM SGG.

5.3.7. SGG modulates the expression of genes involved in ischemia and I/R

The alteration in expression levels of genes related to protection from apoptosis
were detected in H9c2 cells in ischemia and I/R. The genes studied include GATA-4,
IGF-1, Raf-1, ERK-1 and ERK-2. The mRNA expression of IGF-1 was found to be
decreased in ischemia and I/R groups and all the treatments were effective in upregulating
the expression of IGF-lwhen compared with I/R cells (Figure.5.7). Likewise the
expression of Raf-1, ERK-1 and ERK-2 were decreased in ischemia and I/R groups and
treatment with SGG significantly increased the expression of these genes for preventing
apoptosis compared with I/R. While there was no change in the expression of GATA-4

gene expression (data not shown).
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Figure 5. 7. SGG upregulates mMRNA levels of IGF-1, Raf-1, ERK-1 and ERK-2. The
MRNA results are expressed as difference in fold change in treated cells compared to I/R.
Values are means £SD represented by vertical bars (n=6). The ischemic and I/R groups
were compared with the control group. * Indicates that the mean value was significantly
different from the control cells (P<0.05). $ Indicates mean value was significantly
different from I/R cells (P< 0.05).
5.3.8. Bax and Bcl-2 expression after myocardial ischemia and I/R

Interaction of Bax and Bcl-2 played an important role in the regulation of
apoptosis. Compared with control, ischemia and I/R had resulted in an increase in Bax
(Figure.5.8.a) and corresponding decrease in expression of Bcl-2 protein (Figure.5.8.b).
All treatment groups showed protection. But SGG showed better protection against
apoptosis in preventing the alteration in the expression of Bax and Bcl-2 and thus

preventing apoptosis.
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Figure 5. 8. Expression of (a) Bax and (b) Bcl-2 protein ischemia and I/R subjected to
SDS-PAGE. The amount of Bax, Bcl-2 and GAPDH was detected with antibodies against
Bax, Bcl-2 and GAPDH, respectively. The relative intensity of each band was quantified
with GAPDH. The ischemic and I/R groups were compared with the control group. Lane
a: control, b: ischemia, c: I/R d: GGN, e: Se, f: SGG. Results are representative of three
independent experiments.* Indicates that the mean value was significantly different from
the control cells (P<0.05). $ Indicates mean value was significantly different from I/R
cells (P<0.05).
5.3.9. Expression of Raf-land ERK1/2 after myocardial ischemia and I/R

After ischemia and I/R, western blotting was used to detect the alteration in the
extent of expression of Raf-1 and phosphorylation of ERK1/2. Ischemia and I/R caused a
decrease in the protein expression of Raf-1 as well as the phosphorylation of ERK1/2
(Figure.5.9.a, b). The expression of phoshorylated ERK1/2 and Raf-1 were increased on

SGG treatment.
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Figure 5. 9. Expression of (a) Raf-1 and (b) ERK1/2 and p-ERKZ1/2 protein in ischemia
and I/R subjected to SDS-PAGE. The amount of Raf-1, ERK1/2, p-ERK1/2 and GAPDH
was detected with antibodies against Raf-1, ERK1/2, p-ERK1/2 and GAPDH,
respectively. The relative intensity of each band was quantified with GAPDH. The
ischemic and I/R groups were compared with the control group. Lane a: control, b:
ischemia, c: I/R d: GGN, e: Se, f: SGG. Results are representative of three independent
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experiments.* Indicates that the mean value was significantly different from the control
cells (P<0.05). $ Indicate mean value was significantly different from I/R cells (P<0.05).
5.4. Discussion

Myocardial infarction is associated with inflammatory reactions. There are reports
that inflammatory processes are involved in cardiovascular injury resulting from I/R,
thrombosis and infection and leads to cardiomyocyte necrosis, as well as apoptosis.
Mizia-stec et al (2002) reported that patients with CAD have higher serum levels of pro-
inflammatory and anti-inflammatory cytokines than control subjects. These mediators
mainly include TNF-a, transforming growth factor-beta (TGF-B) and interleukins such as
IL-2, IL-6, IL-8 and IL-12. The initial experimental evidence suggests that inflammation
can extend myocardial injury and anti-inflammatory strategies are found to reduce I/R
induced injury in the heart (Libby et al 1973). Oxidative stress causes injury to cardiac
myocytes and vascular cells and triggering inflammatory cascades through the induction
of cytokines (Dhalla et al 2000; Granger 1988). I1L-6, TNF-a, IL-10 showed to be good
predictors of cardiovascular events. The IL-6 is an important immune cell activator and
can participate in the destabilization of the atherosclerotic plaque (Hamdy 2011).
Yamauchi-Takihara et al (1995) reported the induction of IL-6 in isolated cardiomyocytes
exposed to hypoxia followed by reoxygenation. Kukielka et al (1995) demonstrated
induction of IL-6 in ischemic myocardium of dogs.

In normal conditions immunologic response does not show IL-2 within
circulation. IL-2 has a central role in the development of cell-mediated immunity and also
it serves as an important factor in the induction of a complex network of cytokines. The
level of IL-2 is increased in patients with CAD (Ding et al 2013). MCP-1 is believed to
play a crucial role in heart failure and is known to be involved in apoptosis. Many lines of
experimental evidence from animal models also provide strong evidence for a critical role
for MCP-1 in the development of CVD. Younce et al (2010) reported that MCP-1 cause
cell death in H9c2 cells via MCPIP (MCP-1-induced protein) induction, ROS production,
ER stress and autophagy. Shanu et al (2013) reported that Se supplementation improves
the kidney redox status by inhibiting MCP-1 production in renal tissues.

Among the different cytokines IFN-y plays relevant role in ischemic heart

diseases. IFN-y is highly expressed in atherosclerotic lesions and has emerged as an
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important factor in the development and progression of CVD (Schroecksnadel et al 2006).
IFN-y is the main trigger for production and release of ROS in endothelium (Garcia-
Bermudez et al 2012). In addition, IFN-y has an important role in atherosclerosis and
plaque disruption by enhancing expression of adhesion molecules on endothelial cells
(Hansson and Libby 2006). It can also recruit macrophages and T cells into plague,
contributing to production of ROS, inhibiting collagen production, stimulating matrix
metalloproteinases, and inducing tissue factor expression. In this study, the levels of IL-6,
IL-2, MCP-1 and IFN-y were found to be high in ischemia and I/R groups, whereas all
test materials were found to be protective via preventing the release of these cytokines.

There is increasing evidence that cytokines in general and TNF-ao in particular
plays an important role in CVD. Recently, it was found that TNF-a is expressed and
released from the rat and human myocardium after I/R injury (Meldrum et al 1998a;
Shames et al 2002; Meldrum et al 1998b). TNF-a is also associated with the induction of
apoptosis in cardiomyocytes. Additionally, TNF-a has been indicated to be an initiator of
a cytokine cascade, which results in the production of IL-6 and eventually, augment the
adverse alterations induced by I/R. Ferrari (1999) reported that the increased levels of
TNF-a have been implicated in the pathophysiology of I/R injury. There are reports that
the Se treatment reduces the TNF-o mediated activation of NF-kB in Jurkat and Esb-LT
lymphocytes (Makropoulos et al 1996; Kim and Stadtman 1997). Increased amounts of
TNF-o has been reported to be synthesized upon activation of NF-xB in I/R and
Ca**paradox hearts (Cain et al 1999; Zhang et al 2005). They showed that improvement
of cardiac function by Se treatment in I/R hearts may be due to the reduction in the
formation of TNF-o. Thus, the results presented here suggest that SGG showed better
protection in reducing TNF-o compared to Se and GGN because of its nanosize and
combined effect of Se and GG. This may ultimately improve the recovery of cardiac
function by attenuating the activation of NF-xB. The protective effect of SGG may be due
to its beneficial effect in reducing oxidative stress and thereby reduction in intracellular
Ca’* overload as discussed in chapter 3.

To determine whether TNNI3K level has a role in apoptosis we checked TNNI3K
in ischemia and I/R. It is a cardiac-specific gene that is undetectable in other tissues (Lai

2009). TNNI3K is a novel molecular target for cardiac diseases. It contains a central

138



Anti -inflammatory and anti-apoptotic potential of SGG against I/R

kinase domain, flanking by an ankyrin repeat domain in the amino terminus and a serine-
rich domain in the carboxyl terminus. TNNI3K is a functional kinase and directly
interacts with cardiac troponin | (cTnl) (Zhao et al 2003). TNNI3K induces
cardiomyocyte hypertrophy in vitro (Wang et al 2011) and enhances cardiac performance
and protects the myocardium from ischemic injury in vivo, (Lai et al 2008) while others
have shown that over expression of TNNI3K can accelerate disease progression in mouse
models of heart failure. The study of Lai (2009) indicates that TNNI3K promotes
cardiomyogenesis, enhances cardiac performance, and protects the myocardium from
ischemic injury by suppressing p38/JNK-mediated apoptosis. Recent investigations
suggest that, modulation of TNNI3K activity was reported to be a useful therapeutic
approach for ischemic cardiac disease. There are reports that TNNI3K promotes
cardiomyogenesis by; (i) suppressing apoptosis formation by inhibiting the
phosphorylation of p38 and JNK and (ii) decreasing the annexin V-positive cells and
suppressing Bax protein expression. This results in a decrease of cell death. The results
from our study showed that in ischemia and I/R, TNNI3K activity was decreased and
SGG treatment increased the level TNNI3K and thereby prevents the cell from apoptosis.

To date, some experiments and clinical studies have suggested that cell apoptosis
may be an important link during the pathogenesis of myocardial I/R. In clinical studies,
myocardial apoptosis was also observed in patients with acute coronary syndrome (ACS),
even after percutaneous coronary intervention (PCI) treatment. These results further
confirmed that ischemia could cause myocardial apoptosis, indicating that cell apoptosis
is closely correlated to myocardial I/R (Xu et al 2012). During myocardial I/R due to the
production of large quantity of free radicals promote the development of lipid and protein
destructive molecular chain reactions. Moreover, the mitochondrial functions are
significantly changed during I/R, including decreasing A¥Ym and energy synthesis
(discussed in chapter 4). Besides, the cellular Ca®* content increase leads to calcium
overload (discussed in chapter 4). During I/R, Ca®* is mostly accumulated in the
mitochondria, leads to mPTP opening that facilitates the release of cytochrome c into the
cytoplasm, followed by caspase activation and apoptosis (Xu et al 2012). In our study
also, these changes were happening in ischemia and I/R which was discussed in previous

chapters, led to the activation of apoptotic cascade which was evident from caspase 3
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activity assay. These results were confirmed with annexin/PI staining for the detection of
apoptosis.

It has been reported that cellular apoptosis leads to F-actin remodelling facilitation
(Okada et al 2005). Therefore, we evaluated the effect of test materials on actin
cytoskeleton organization in cell subjected to simulated ischemia and I/R. Phalloidin/
DAPI staining for actin cytoskeleton showed a well-organized intact fibre of actin
filaments. The loss of intact fibers, appeared like broken filaments caused by simulated
ischemia and I/R was consistent with the previous finding (Wachtel et al 2002).
Treatment with all the test materials preserved the cytoskeleton, which was observed by
the increased intact fibers compared with ischemia and I/R. Interestingly, treatment with
SGG gave higher intact fibers.

IGF-1 plays an important role in the regulation of myocardial structure and
function and it improves cardiac performance and muscle survival in heart subjected to
I/R (Davani et al 2003; Buerke et al 1995). IGF-1 promotes cell survival in a number of
cell types, but the effect of IGF-1 on the oxidative stress has not been elucidated in
cardiac muscle cells. Therefore, we examined the role of IGF-1 signaling pathway in cell
survival against I/R induced apoptosis in H9c2 cardiac myoblasts. SGG significantly
increased the expression of IGF-1. IGF-1 confers cardiac protection from reperfusion
injury via mitochondria dependent mechanisms. There are reports that IGF-1 not only
inhibits necrosis via preservation of mitochondrial function, specifically by inhibiting
membrane permeability and cytochrome c release in mitochondria, but also it reduces
apoptosis through the inhibition of death signals generated by mitochondria (Yamamura
et al 2001).

Apoptosis is carried out by a number of regulatory genes through apoptosis
signals. Among them, the Bcl-2 family of proteins constitutes a central checkpoint. The
Bcl-2 family consists of both cell death promoters and cell death preventers (Oltvai et al
1993; Chao and Korsmeyer 1998; Adams and Cory 1998). The ratio of anti- to pro-
apoptotic molecules such as Bcl-2/Bax determines the response to a death signal. Bcl-2
has been shown to suppress cytochrome ¢ (cyt c¢) efflux from mitochondria, inhibit
calcium release from the endoplasmic reticulum (Adams and Cory 1998; Youssefi et al

2000; Zhang et al 2000). Whereas Bax which is a pro-apoptotic protein normally resides
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in the cytosol, translocates to mitochondria when triggered by certain stimuli, enables its
active configuration as a dimerized integral mitochondrial membrane protein (Khaled et
al 1999; Murphy et al 1999; Putcha et al 1999; Wolter et al 1997). Translocated Bax has
been shown to induce cytochrome c release and leads to the activation of caspase.
Expression of Bax was increased in ischemia and I/R. In the present study, it was shown
that the SGG attenuated the expression of Bax and decrease the expression of Bcl-2 and
thus it prevented the activation of caspases regulating the level of apoptosis.

We checked the gene expression of Raf-1 activation, which is the member of
mitogen-activated protein kinase (MAPK) cascade. Recently, Raf-1 activation of the
MEK-ERK pathway has been associated with inhibition of apoptosis, leading to cell
survival (Cleveland et al 1994; Xia et al 1995; Erhardt et al 1999; Le Gall et al 2000).
Gene expression studies showed that SGG up-regulated the Raf-1 expression significantly
than other test materials and this leads to the activation of MEK and ERK pathway. The
MRNA expression studies with ERK-1 and EKR-2 also gave consistent results about the
protective effect of SGG and role in preventing apoptosis.

In stressed conditions, including I/R a family of MAPKSs proteins like p38 MAPK,
ERK1/2, and JNK are expressed (Engelbrecht et al 2004; Ma et al 1999; Saurin et al
2000; Strohm et al 2000; Yue et al 1998). Studies demonstrated that ERK1/2 is activated
in the first few minutes of reperfusion and offers cardioprotection against oxidative stress
by blocking apoptosis (Fryer et al 2001; Hausenloy et al 2005; Hausenloy and Wellon
2004; Liu et al 2004; Yue et al 2000). There are reports that Se has a role in suppressing
smooth muscle cell calcification and ERK activation (Liu et al 2010). Activation of ERKSs
is important in protecting cardiomyocytes from oxidative stress-induced apoptosis as
reported in different human cell systems including cardiomyocytes (Hsu et al 2005; Lee
et al 2005; Nguyen et al 2004). Our results demonstrated the involvement of ERK1/2 in
SGG-mediated attenuation of apoptosis.

Conclusion

Overall results reveal that ischemia and I/R induces inflammation and apoptosis in
H9c2 cells and SGG protects the H9c2 cells from apoptosis by reducing the release of
inflammatory cytokines and reduces the cell death by decreasing the expression of Bax

proteins and regulating the mRNA expression of genes involved in apoptosis. The study
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partly confirms that the protective effect of SGG is mediated through the upregulation of
phosphorylated ERK1/2 via MAPK kinase signaling pathway.
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Summary and Conclusion

Over the past two decades nanoparticles-based therapeutics have been introduced for
the treatment of cancer, diabetes, allergy, neurodegenerative diseases, cardiovascular disease,
infections and inflammation. Nanoparticles are widely used because of its advantage, which
include protection from premature degradation of drugs, the capability to deliver poorly water
soluble drugs alone or in combination with soluble drugs, controlled drug release, improved
bio-distribution and pharmacokinetics and better intracellular penetration. In drug delivery
size, shape and surface characterization of nanoparticles plays a very important role. The
materials used for preparing nanoparticles should be biocompatible and biodegradable, well
characterized and easily functionalized. Polysaccharides successfully fulfil all of these
requirements and are therefore widely used as the building blocks for the preparation of
nanoparticles.

Polysaccharides are polymers of monosaccharide and posses many favourable
characteristics such as low toxicity, biocompatibility, stability, low cost, hydrophilic nature
and availability of reactive sites for chemical modifications. In this study guar gum, a water
soluble polysaccharide extracted from the seeds of Cyamopsis tetragonoloba was used. The
guar gum nanoparticles and selenium incorporated guar gum nanoparticles were prepared by
nanoprecipitation method. Little information is available in the open literature for the
possibility of using guar gum based nanosized materials as a drug carrier.

Cardiovascular diseases account for high morbidity and mortality all over the world.
In the developing countries, cardiovascular diseases lead to an increasing proportion of the
non-communicable diseases. The primary conditions that lead to cardiovascular diseases
include dyslipidemia, atherosclerosis and hypertension. Treatments for cardiovascular
diseases include non-invasive therapy such as prescription medication and lifestyle
alterations, or surgical therapy such as coronary artery bypass grafting and angioplasty.
Treatments with drugs were effective to lower blood pressure or cholesterol, prevent or
dissolve blood clots, relieve and prevent angina symptoms or improve the strength or rhythm
of the heart's contractions. Angiotensin- converting enzyme inhibitors, angiotensin receptor
blockers, anti-clotting drugs and beta blockers are the examples of drug classes which are
commonly used in cardiovascular diseases. Up to date, these drugs are mostly introduced into

the market in conventional formulations such as tablets or capsules. Application of
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nanotechnology includes nanomedicine in monitoring, diagnosing, preventing, repairing or
curing diseases and damaged tissues in biological systems and it is gaining importance for the
treatment of cardiovascular diseases. The overall goal of nanomedicine is to diagnose as
precisely and early as possible, to treat as effectively as possible with minimal side effects,
and to evaluate the efficacy of treatment noninvasively.

Ischemic heart disease is an important clinical problem associated with the reflow of
blood to minimize the damage to the heart during some surgical and therapeutic
interventions. During the ischemic reperfusion cycle reactive oxygen species are generated
mainly along the mitochondrial respiratory chain and they trigger lipid peroxidation, protein
oxidation, enzyme inactivation, and the DNA strand breaks, as well as impair physiological
functions, e.g., blocking of ion channels, restricting glycolysis, and promoting mitochondrial
calcium release etc. In this condition the innate antioxidant status is altered and cause
generations of more free radicals and its activates various pathways involved in apoptosis
leading to cell death.

Selenium is an essential trace element. It is a structural component of several active
site of enzymes which mainly include glutathione peroxidase and has an important role in
preventing oxidative stress generated during various diseases like cardiovascular disease,
cancers, diabetics etc. Depending on the concentration, selenium plays duel role i.e. it has
nutritional functions as well as toxic. Therefore, how to provide efficient and safe application
of dietary selenite supplementation has become a challenge topic in recent years. Here in guar
gum was selected as carrier and selenium was the therapeutic agent. The physicochemical
properties of the nanoparticles were characterized by particle size analyzer, TEM and XRD.
In order to see the interaction of SGG with cells we systematically investigated the effect of
nanoparticle on H9c2 cells by analyzing various parameters like cell viability, apoptosis,
DNA protection, reactive oxygen species generation, mitochondrial transmembrane potential
change and alteration in cytoskeleton.

Physical characterization of nanoparticle showed that the size of nanoparticles
increased up to ~ 69-173 nm upon selenium incorporation from ~ 41-132 nm. Then the effect
of nanoparticle on H9c2 cells was checked. In this regard, various vital parameters of H9c2
cells were studied. Parameters like cell viability, uptake of selenium incorporated guar gum
nanoparticle by the cells, effect of SGG on DNA integrity, apoptosis, reactive oxygen species
generation, alteration in transmembrane potential of mitochondria and cytoskeleton integrity
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had been investigated to check whether the prepared nanoparticle causes any toxicity to the
cells. Viability results showed that up to 25 nM of SGG was safe (10.31%) but beyond that it
induces cytotoxicity. Cellular uptake of selenium showed that cell permeability for SGG is
significantly high compared to normal selenium. There was no apoptosis with SGG and also
it protects DNA from hydroxyl radical induced breakage. Likewise no adverse effect on
mitochondria was observed for 25 nM of SGG. After that the nanoparticles were screened
for antioxidant potential (metal chelation, total reducing power and hydroxyl radical
scavenging activity) and showed high antioxidant potential compared with standard.

The prepared selenium incorporated guar gum nanoparticles were evaluated against
the cell line based cardiac ischemia/reperfusion model using H9c2 cardiomyoblast with
special emphasis on oxidative stress and calcium homeostasis. Results from the study clearly
revealed that there was a significant alteration (P<0.05) in the innate antioxidant status
(glutathione, glutathione peroxidase, thioredoxin reductase, superoxide dismutase, catalase,
lipid peroxidation, protein carbonyl, xanthine oxidase, calcium ATPase and intracellular
calcium) during ischemia and ischemia reperfusion. For comparative evaluation, selenium
(Se), guar gum nanoparticles (GGN) and selenium incorporated guar gum nanoparticles
(SGG) were evaluated for their protective properties against ischemia/reperfusion. The study
revealed that selenium incorporated guar gum nanoparticles were better at protecting the cells
from ischemia/reperfusion compared to selenium and guar gum nanoparticles. The potent
antioxidant capability shown by the sample in in vitro assays may be the biochemical basis of
its better biological activity. Further, the nanodimensions of the particle may be the additional
factor responsible for its better effect.

Mitochondrial dysfunction plays a very important role in heart failure. So it is
considered as an important target in ischemic heart diseases. In the present study selenium
incorporated guar gum nanoparticles was used aganist the mitochondrial dysfunction induced
by ischemia and ischemia reperfusion. Ischemia was induced in H9c2 cardiomyoblast and the
mitochondrial dysfunction was evaluated. There was a significant alterations in mitochondrial
parameters like mitochondrial membrane potential, mitochondrial permeability transition
pore opening, mitochondrial superoxide, mitochondrial enzyme complexes like complex I, I,
Il and 1V, oxygen consumption and ATP determination, alteration in stress protein HSP 60,
aconitase activity, HIF-1 o level and ANP level in ischemia and in I/R. The activities of

mitochondrial respiratory enzymes, oxygen consumption, ATP and aconitase activity were
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decreased in ischemia and I/R cells and the activities were increased in selenium incorporated
guar gum nanoparticles treated cells.

Ischemia-reperfusion of cardiac tissues may lead to a prominent damage of the
myocyte through either necrosis or apoptosis that seems to be the predominant modes of
death. NF- kB has an important role in inflammation i.e. many genes encoding cytokines
activate the NF- B which in turn activate the proinflammatory cytokines. In the present study
SGG prevents apoptosis in cardiomyocytes subjected to ischemia and I/R by inhibiting TNF-
a, IL-6, IL-2, MCP-1 and INF-y. The mechanism appears to involve inhibition of apoptosis
by decreasing caspases 3 activity as well as Bax/Bcl-2 ratio. The protective effect of SGG
was mediated via upregulation of ERK1/2 phosphorylation. However, the causal relationship
between upregulation of ERKZ1/2 phosphorylation and SGG activity requires further
investigation. In the present study NF-xB nuclear migration and TNF-a secretion was
increased in ischemia and ischemia reperfused H9c2 cells (observed via ELISA method).
SGG inhibited NF-xB activation and further reduced TNF-o expression and also the
expression of other inflammatory cytokines. We also investigated the mRNA expression of
genes involved in apoptosis like ERK-1 and 2, IGF-1 and Raf-1. Protein expression studies
showed that SGG inhibit the apoptosis by upregulating the expression of ERK. We also
checked TNNI3K level in ischemia and ischemia reperfused cells. Here also SGG shows
better protective effect and there by upregulating the ERK pathway for preventing apoptosis.
Overall results reveal that SGG was superior in activity compared to other test materials in

reversing most of the ischemia related changes in H9c2 cells.
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