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ABSTRACT

Eteshola, Elias

M.S.CHEM

Rose-Hulman Institute of Technology

July 2015

Antioxidant Mechanisms of Glutathione against Metal-Mediated Oxidative DNA Damage:

A Comprehensive Study

Thesis Advisor: Dr. Daniel L. Morris, Jr.

Oxidative damage of DNA strands has been strongly linked with the development of
diseases such as certain cancers, cystic fibrosis and Parkinson’s, as well as aging. In intercellular
reactions involving hydrogen peroxide endogenous metals have been shown to increase the
generation of site-specific base modifications through their formation of reactive oxygen species
(ROS). The damage markers measured via HPLC are the 8-hydroxy-2’-deoxyguanosine (8-OH-
dG) and the dA-N1 oxide markers. The current study deals with the reduced form of the sulfur
antioxidant glutathione (GSH) and elucidating its ameliorating effects against ROS formation.
Comparative studies with the known radical-scavenging sulfur antioxidant dimethyl sulfoxide
(DMSO) have also been performed. The fluorescent probe 2’°,7’-dichlorofluorescein (DCF) was
used to quantify the ROS production both in the presence and absence of both GSH and DMSO.
Metal binding studies were conducted using isothermal titration calorimetry (ITC) in order to
better interrogate the nature of the metal ion interactions with GSH. A better understanding of
antioxidant mechanisms against oxidative DNA damage will eventually lead to the development
of better therapeutics and treatment options against the aforementioned ailments and conditions in

the future.
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1. INTRODUCTION

Deoxyribonucleic acid or DNA has often been called the driving force behind life. This
double helical biomolecule contains all the necessary genetic information needed to pass from one
generation to the next in all living organisms. While there are quite a few methods by which DNA
can be damaged (oxidation, alkylation, and cross-linking), one of the most debilitating paths is
oxidative damage via reactive oxygen species (ROS) which lead to single and double strand breaks
(SSB and DSB) [1-2]. These ROS are oxygen-containing molecules such as hydroxyl radicals
(-OH), superoxide (-O;") and peroxide ions (O,”). These compounds are the natural byproducts of
cellular respiration causing the oxidation of lipids, nucleic acids, and proteins [3]. While these
ROS are actually very essential to many cellular processes such as cell signaling pathways and
homeostasis [4], an imbalance in the endogenous ROS levels — such as under oxidative stress
conditions — can lead to the generation of the strong oxidizing species that can damage lipids,
membranes, and DNA. Damage to DNA — in the form of lesions, strand breaks, base modifications
and DNA crosslinking — can interfere with cellular replication and transcription [5]. Interference
with these vital processes can lead to chromosomal instability, a condition that has been implicated
in many solid and hematological cancers [6], as well as other mutagenic changes to the host’s
DNA. Such changes force the host’s cells to trigger apoptotic pathways (cell death) or lead to

tumorigenesis [5].

Redox active endogenous metals such as iron and copper can readily generate the highly-
reactive ROS. Amongst these various species is the formation of the most damaging radical species
[7—8] — the hydroxyl radical (-OH) — via the reduction of hydrogen peroxide, a non-radical species

derived from oxygen metabolism [9]. Metal-mediated -OH is generated via the Fenton (iron metal



ion specific, Reaction a) or Fenton-like reactions [7, 9] for metals such as copper which are prone

to redox cycling (Reactions b—c).

Fe'" + H,0, » Fe'" + "OH + 'OH (a)

Cu' + H,0, » Cu'' + "OH + 'OH (b)

d.
cu =5 cu' + H,0, » Cu + "OH+ OH (¢)

Hydroxyl radical formation is catalytic in the presence of cellular reductants, such as
NADH or ascorbic acid, which can reduce the oxidized metal ions back to their -OH generating
oxidation states [7]. Typically cells control the labile (non-protein bound) metal ion concentration
[7], however, under oxidative stress conditions, iron and copper levels tend to increase to the point
that the native cellular machinery cannot mitigate the harmful effects of the ROS buildup by the
endogenous antioxidants available. These ROS may leak out of the mitochondria into the cytosol
and hence into the rest of the cell [10]. In fact, it has been estimated that in normal cells 1-2% of
oxygen molecules consumed by mitochondria end up as ROS [10]; these levels may increase by

several orders of magnitude when the mitochondrion experiences oxidative stress.

Yet, other oxidants arise as by-products of various oxygen-utilizing enzymes, including
those in peroxisomes (the cytoplasmic bodies that are involved in the oxidation of various cellular
constituents, particularly lipids) [10]. The spontaneous oxidation of lipids results in lipid
peroxidation (or the oxidative degradation of the aforementioned lipids). Since both eukaryotic

and prokaryotic organisms utilize cell membranes composed of a selectively permeable lipid



bilayer [11], peroxidation would lead to the formation of reactive aldehydes, such as
malondialdehyde (MDA) and 4-hydroxynonenal (HNE) [12—13]. These reactive intermediates are
both mutagenic and carcinogenic. For example, MDA reacts with deoxyadenosine and

deoxyguanosine (dA and dG respectively) to form DNA adducts, primarily M, G [12].

The limited options for protection against physical carcinogens, such as ultraviolet (UV)
rays and ionizing radiation from X-rays, contrast against the large number of mechanisms that
cells employ in order to intercept chemical carcinogens (such as those found in pesticides and the
polycyclic aromatic hydrocarbons found in tobacco smoke) before they can severely damage the
cellular genome [10]. The sequestering of reactive oxygen species falls upon a class of compounds
called antioxidants, which inhibit the oxidation of other molecule using a variety of mechanisms
to prevent the radical chain reactions from propagating [14]. These compounds include a variety
of enzymes, thiols, polyphenols (including superoxide dismutase (SOD), catalase, glutathione, and
vitamin A), vitamin C (L-ascorbic acid), and vitamin E (a-tocopherol). Due to the fact that these
compounds detoxify the effects of ROS by being oxidized themselves and leaving behind the

unreactive forms of oxygen, these compounds often tend to be reducing agents [10, 14—-15].

Insufficient levels of antioxidants or inhibition of the antioxidant molecule (or a mutation
in the gene that encodes the enzyme) cause oxidative stress and may damage or kill cells [16-17].
Oxidative stress plays a significant role in many diseases. The use of antioxidants in pharmacology
is intensively studied, particularly as treatments for strokes, Alzheimer’s, Parkinson’s, and other
neurodegenerative diseases [18-22]. A comprehensive understanding of the mechanisms by which
the various types of antioxidants alleviate the harmful effects of ROS will lead to a developmental
breakthrough in the types of therapeutics that are available to combat many of the aforementioned

ailments.



The purpose of this study is to provide a detailed and interrogative evaluation of the
mechanism by which the reduced form of the sulfur-based antioxidant glutathione (GSH)
functions. The overarching goal of this study aims at answering if GSH ameliorates the damaging
effects of metal-initiated oxidative DNA damage via a radical scavenging scheme. This
mechanism has been observed in some selenium antioxidants. The experiments also aim to
examine if there are GSH-DNA adducts forming that blocks the sites of ROS attack on the DNA
or if the preventative measure exhibited by this sulfur antioxidant involves metal coordination that
inhibits the activation of hydrogen peroxide into the damaging hydroxyl radical. With this
approach, the foundational groundwork concerning the operational parameters of these
antioxidants can be laid. Future prospective studies could then be developed to optimize the effects
of GSH and GSSG (the oxidized form of glutathione) against this type of DNA damage and could
contribute to the development of therapies for cancer, inflammatory and neurodegenerative

diseases.

Chapter 2 provides a comprehensive literature review of previous studies on selenium and
sulfur antioxidants and the mechanisms by which they combat ROS in vitro and in vivo as well as
a brief background and overview of current research relevant to the sulfur antioxidants of interest
for this research. The literature mechanisms are described based on available antioxidant study
results, experimental data and metal binding studies. This chapter includes a discussion of the

various proposed mechanisms that are used in this thesis.

In Chapter 3, a description of the model system and the reasoning behind choosing this
system is given. In addition, a brief overview and rationale of each of the experiments conducted
is given. The exact experimental parameters, variables and measurements are given later in

Chapter 4 of this thesis. Based on the current available data from previous work done by the Morris



Lab [8] in the area of antioxidant mechanisms as well as current work being done in the field,
several experiments were designed to interrogate the model system and answer the GSH/DNA

adduct or metal coordination hypothesis.

Chapter 4 gives a detailed account of the different materials and experimental methods
used in this study. Specifically, the chapter will examine the reasoning behind why the experiments
could be used to draw biologically relevant conclusions from the in vitro studies conducted that
can be seen in Chapter 5. The results and accompanying figure(s) of each study as well as a
statistical analysis of those said results are presented in Chapter 5. These outcomes help set the

tone and the basis of the discussion that takes place in Chapter 6.

The discussion given in Chapter 6 helps in drawing experimental conclusions and
establishing the directions that future studies could take for the presented model system and
antioxidant analysis that are described in Chapter 7. Specifically, extensions of the metal
coordination theory are discussed as well as improvements to the design parameters and variable
control of the thermodynamic binding studies. Limitations, as well as possible redefined scopes of
study are also presented in that chapter. In addition, a brief overview of alternative experiments

and their theoretical expectations are also discussed.



2. BACKGROUND + LITERATURE REVIEW

One of the most studied reactions in free radical biology and chemistry is the Fenton

reaction involving the oxidation of iron(II) to iron(IIl) by hydrogen peroxide to form a hydroxyl

radical and hydroxide ions (-OH and OH respectively). This titular redox cycling reaction and its
analogs (involving other redox active metals) was first observed by Henry John Horstman Fenton
over 120 years ago [15, 23]. The broad reach of the Fenton reaction can be seen in its successful
implementation in environmental engineering applications — such as wastewater treatment and
groundwater remediation — and the fact that it has been implicated in various biological ailments

including cancer and aging [23].

However, the Fenton reaction is not the only peculiar step in the oxidative DNA damage
pathway. The ROS and the analogous reactive nitrogen species (RNS) have what has been
commonly identified as a “two-face” nature [17, 24] since they are both beneficial and deleterious
to biological systems. These ROS can act as secondary messenger molecules and activate
intracellular signaling cascades, which have been associated with maintaining the oncogenic
phenotype in tumor cells [24-26]. However, these reactive species can also induce cellular
senescence and apoptosis and can, therefore, function as anti-tumorigenic species [24-26]. As
mentioned in the previous chapter, a cellular redox imbalance and accompanying ROS buildup as
a result of oxidative stress conditions can lead to the development of cellular hyperplasia and

tumorigenesis [10, 26].

As mentioned previously, DNA is a very large, supercoiled biopolymer composed of
nucleotide units and is usually found in the right-handed or B-DNA double helical form in cells

[27]. The nucleotides are connected via phosphodiester linkages along the DNA chain, with the



complimentary nucleic bases on the two strands being joined via hydrogen bonding [27] within
the interior of the polymer. Each nucleotide unit consists of a cyclic sugar (-D-ribose in RNA or
B-D-2’ deoxyribose in DNA), which is phosphorylated at the 5° position. The sugar also has a
heterocyclic nitrogenous base attached at the C7’ position [28]. These heterocyclic bases consist
of two main classes, the purines and the pyrimidines, which can be seen in Figure 1 below. The
purine bases include the nucleotide bases guanine (G) and adenine (A) and are the most prevalent,
naturally-occurring heterocycles in nature [28-29]. The pyrimidine nucleobases consist of

cytosine (C) and thymine (T) in DNA or uracil (U) in RNA [28].

Adenine

N
A OH
5t N\ N

Heghe / NH"
N~< om
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Guanlne

Figure 1. Heterocyclic nitrogenous bases that form the building blocks for the polymeric nucleic acids
DNA and RNA. The structural differences between the two main classes of nitrogenous bases, the
purines and pyrimidines, are shown. The purines include guanine (G) and adenine (A), which are
larger heterocyclic systems than the pyrimidines and occur in both DNA and RNA. The pyrimidines
include cytosine (C), thymine (T), and uracil (U). Uracil occurs naturally only in RNA, while thymine
only occurs in DNA. Methylation of uracil leads to thymine. The figure also illustrates how the
complimentary bases bind via hydrogen bonds. [30]



Due to their phosphate backbone, nucleic acids are polyanionic in nature, as can be seen in
Figure 1, and tend to be negatively charged overall at physiological pH [28]. Such a charge
distribution means that nucleic acids such as DNA require cations to provide charge stabilization
[28]. This cationic source includes metal ions, protonated amines (such as spermine, putrescine,
and spermidine), and protonated amino acid residues (such as histidine, arginine, and lysine) [28].
Alkali metal ions tend to provide partial charge neutralization by condensing around DNA in a
cylindrical manner [31]. Yet, despite the various sources of positive charges with which DNA can
interact, it still has a preferential affinity for cationic metal ions [27], especially transition metal
ions. The degree of this interaction between these positively charged metal ions and the DNA
depends on the electron density available at the exposed negatively charged regions of the DNA

strands [27], such as the phosphate backbone or the nucleophilic atoms on the nitrogenous bases.

Metal ions can interact with DNA in a few ways. One method includes the metal directly
coordinating to the DNA, usually at either the phosphate or sugar oxygen atoms, the nitrogenous
base atoms, or a combination of all of these sites [27-28] as described by Anastassopoulou [27].
The most common sites of metal coordination in the nucleobases are the N7, NI and O6 of the
purines and the N3 of pyrimidines [28]. In fact N7 is particularly susceptible to alkylating agents
and metal coordination due to its lone pair being sp> hybridized and not contributing to aromaticity
or resonance of the purine, thus making it more nucleophilic and reactive [32]. The other
interaction method is more indirect and can occur via other DNA ligands, including hydrogen
bonding [28]. Transition metals have partially filled d-orbitals which means they can behave as
free radicals and interact with more than one site on the DNA [27], making their interactions more
complicated to study. Most of the transition metals react with the purine N7 and pyrimidine N3

atoms to perturb the double helical structure. Such perturbations can lead to various adducts and



lesions in the DNA, especially at the G—C sites in the DNA where the coordinated metal ions can

generate free radicals through H,0, oxidation [27].

One of the fundamental observations associated with many solid tumors, such as breast
cancer, is the accumulation of DNA mutations in both the nuclear and mitochondrial DNA [17].
Such etiological mutations lead to chromosomal instability and oxidative DNA lesions that can be
measured via the hydroxylated guanine derivative 8-hydroxy-2’-deoxyguanosine (8-OH-dG), a
commonly accepted site-specific DNA damage marker [8, 17, 24]. The ROS can then activate the
AP-1 (activator protein transcription factor) and NF-kB (nuclear factor kappa-light-chain-
enhancer of activated B cells DNA transcription protein complex) signal transduction pathways
that lead to the upregulation of the genes being transcribed in the cell proliferation and

differentiation control pathways [33-36].

One of the most recognized radical-induced DNA damage markers is the 8-OH-dG (or 8-
0x0-dG in its tautomeric form) lesion. Due to the high oxidation potential of the guanine base
compared to those of cytosine, thymine, and adenine, it is readily oxidized to form the very
mutagenic 8-OH-dG lesion [37-39]. The mutagenicity of 8-oxo-dG lesions is due to its miscoding
propensity reflected in GC—TA transversion taking place during the DNA repair process [40].
Simply put, this non-naturally occurring nucleobase can incorrectly pair with both adenine and
cytosine at the same efficiency as the normal guanine base [38-39, 41-42]. The deleterious
consequence of such efficiency would lead to an alteration in the genetic information being
transcribed from the DNA to the messenger RNA and consequently affect the RNA splicing,
translation, and post-translational modification of the target protein being synthesized. Yet, DNA
can also display the hallmarks of non-radical induced damage in the presence of a high cellular

H,O, concentration [43]. Such damage can be measured with the widely accepted non-radical
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DNA damage marker 2’-deoxyadenosine N-1 oxide, or dA N-1 oxide, which occurs when 2’-

deoxyadenosine (dA) is oxidized via an ionic pathway [8, 43].

Several techniques and assays have been developed to quantify and identify DNA damage
in biological systems including the Ames test [10], the Comet assay (Single/Cell Gel
Electrophoresis) [44], high-pressure liquid chromatography (HPLC) with a monoclonal anti-8-
oxo0G antibody [45], and HPLC-MS/MS [46]. It has been shown that HPLC combined with tandem
mass spectrometry operating in mild electrospray mode is a very accurate and sensitive method of
measuring oxidized nucleosides including 8-o0xo0-7,8-dihydro-2’-deoxyguanosine, 8-oxo-7,8-
dihydro-2’-deoxyadenosine, 5-formyl-2’-deoxyuridine, 5-hydroxymethyl-2’-deoxyuridine, 5-
hydroxy-2’-deoxyuridine, and the four diastereomers of 5,6-dihydroxy-5,6-dihydrothymidine

within isolated and cellular DNA [46].

Just as redox active metals have been shown to help generate ROS, redox inactive metals
such as cadmium (Cd), arsenic (As) and lead (Pb) show their lethal effects via bonding to
sulthydryl groups of proteins and depleting the cells cache of glutathione [15]. Zinc (Zn), a redox
inert metal, is an essential component of numerous proteins involved in the defense against
oxidative stress [15]. Thus the depletion of Zn may enhance DNA damage by inhibiting DNA
repair mechanisms [15]. It has been shown that many low-molecular weight antioxidants, such as
GSH, vitamins C and E, and carotenoids are capable of chelating metal ions and drastically reduce
their catalytic ability to form ROS [14-15]. Some studies have been reported regarding the
development of novel “dual-function” hybrid antioxidants that not only chelate metal ions but also
have radical scavenging capabilities [47]. Such antioxidants would be very effective therapeutic
options against diseases involving oxidative stress. Studies have looked into the use of polyphenols

(due to their intrinsic reducing natures) as a means of activating endogenous biological defense
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systems [48]. These compounds can achieve such results by stimulating antioxidant transcription
and detoxification defense systems through antioxidant responsive elements (AREs) that are
present in the promoter regions of many of the genes induced by oxidative and chemical stress

[48].

Investigators have also used radical-induced hemolysis to determine the antioxidant
capacity of novel compounds [49]. Yet, past work in this area has shown that this assay results in
complete depletion of cellular GSH in biological systems [49]. Reduced glutathione (y-L-
Glutamyl-L-cysteinylglycine or GSH), as can be seen in Figure 2, is a cysteine-containing
tripeptide with reducing and nucleophilic properties that play an important role in cellular
protection from oxidative damage of lipids, proteins and nucleic acids [50]. The gamma peptide
linkage in GSH is unique since it involves the amino group of the cysteine being bound to the
terminal carboxylic acid of the glutamate side chain. This linkage is in contrast of the main alpha
carboxyl group of the amino acid residue that would usually be involved in the case of a normal
peptide bond. The advantage of this unique linkage is that it is resistant to degradation by all

cellular enzymes except gamma-glutamyl transpeptidase (y-GT) [51].
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Figure 2. Basic component makeup of the reduced form of glutathione or GSH. This
tripeptide antioxidant consists of a gamma peptide linkage between the carboxyl group of the
glutamate side-chain and the amine group of the cysteine. The cysteine is then attached to the
glycine by normal peptide linkage. [52]
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Thus the work done by Jani et al. on radical-induced hemolysis demonstrates the addition
of exogenous GSH necessary to make any useful antioxidant capacity measurements [49]. Other
investigators have explored the novel use of a bioactive probe of the oxidative pentose phosphate
cycle (OxPhos™ test) to quantify glutathione recycling dependent antioxidant activity in whole
blood and intact human and rodent cells without the need for the isolation and cytoplasm extraction
of cells [53]. Such advances can be used in pharmacological studies to screen drugs that improve
the glutathione-dependent antioxidant capacity and not just the glutathione level since mammalian
cells require glutathione dependent pathways for antioxidant activity [53]. Other applications of
this test include quicker and more reliable detection methods for many oxidative stress related
diseases including stroke and cardiovascular diseases and could be useful in detecting

chemotherapeutic response and toxicity [53].

Previous studies into chalcogenic (of the oxygen family) antioxidants have shown that the
protective effects of sulfur and selenium compounds is mainly achieved via radical scavenging
and enzymatic decomposition metabolites using enzymes such as SOD and glutathione peroxidase
(GPx) [3, 24, 54]. Previous work from Collins et al. have shown that some selenium—copper
compounds are capable of utilizing both metal coordination and ROS scavenging [3, 55]. Work
done by Hart et al. has explored the mechanisms by which selenium compounds such as selenium

dioxide and selenite ion coordinate with metal ions (free and DNA-bound) [8].

In the present study, the metal ions Cu(Il), Fe(Il), and Cu(I) were allowed to react with
H, 0, to generate ROS in the presence of calf thymus DNA. The sulfur-based antioxidants are GSH
and dimethyl sulfoxide (DMSO) were added to the reaction mixtures in varying orders. By altering

the order in which the reagents were allowed to interact with the model system, an interrogation
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into the mechanism by with the very prevalent biological antioxidant GSH was explored. It is
possible that GSH does not actually protect the cells by ROS scavenging but instead by
coordinating to metal ions before they have the opportunity to generate the damaging radical
species. Therefore, with this framework, this study set out to better characterize the antioxidant

mechanisms of GSH via a comparative study with the known ROS scavenger of DMSO.
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3. DESCRIPTION OF THE MODEL

The biological model system used in this study was calf thymus DNA. This DNA was
purchased from Sigma-Aldrich and was used without any further purification. The in-vitro
experiments performed in these studies also used sulfur based antioxidants that would be typically
be found in biological systems (i.e. the reduced form of glutathione, GSH) or behave similarly to

biologically relevant antioxidants (DMSO) [7].

Reduced glutathione (y-L-Glutamyl-L-cysteinylglycine or GSH) is a cysteine-containing
tripeptide. GSH is one of the most ubiquitous non-protein bound thiol-containing peptides found
in eukaryotic cells [56], usually found in the concentration range of 1-15 mM in the nuclei and 5—
11 mM in the mitochondria [3, 9, 57]. Glutathione functions as a major antioxidant, detoxifying
many of the endogenous metal-initiated radical species and as essential cofactor for GPx [3]. The
ratio of the reduced form to the oxidized form of glutathione, or GSH/GSSG, is a well-accepted
indicator of the oxidative stress levels occurring in the cellular environment [56]. In addition to
the vast cellular protective functions, Lin et al. showed that glutathione is quite resilient and has
been shown to remain viable in in vitro studies for extensive time periods, as long as it is stored at

near or below freezing temperatures (down to -80°C) [56].

Dimethyl sulfoxide (DMSO), or (CH,),SO [58], was the other organosulfur compound that

was used in the present study. The amphiphilic nature of DMSO coupled with the compound’s
wide range of miscibility in organic solvents, including water, makes it a very versatile solvent in
biomedical and chemical research [59]. Yet, reports have also shown DMSO to possess
neuroprotective properties in rat brains [59] and to be an effective free radical scavenger [60].
Sanmartin-Suarez et al. showed that DMSO is able to effectively reduce both lipid peroxidation

and protein carbonyl formation induced by ferrous chloride/hydrogen peroxide in rat brain
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homogenates [59]. The group also showed that DMSO reduced the production of hydroxyl radicals
(*OH) during 6-hydroxydopamine autoxidation [59]. While DMSO is indeed a powerful organic
solvent, when used at a sufficiently low concentration, between 180-280 mM [59, 61-63], it can
successfully be used as an antioxidant on its own or in conjunction with other antioxidants to

develop more effective protective therapeutic agents [59].
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4. EXPERIMENTAL METHODS
4.1 Overview

A variety analytical methods, including high-pressure liquid chromatography
(HPLC) and fluorescence spectroscopy, were used to monitor the degree of oxidative DNA
damage and ROS production in the presence and absence of binding interactions between
the metals, antioxidant and DNA. The specific antioxidant used in this study was the
reduced form of glutathione (98% purity) obtained from Acros Organics and was used
without further purification. Calf thymus DNA (sodium salt, type I, highly polymerized),
the representative biological DNA model, was also purchased from Sigma-Aldrich® and

used without any further purification. The enzymes P nuclease (Penicillium citrinum),

alkaline phosphatase (bovine, 500 DEA units/mg protein), and catalase (bovine, crystalline

suspension in H 0/0.1% thymol, 21600 units/mg protein) were purchased from Sigma®

Life Science.

In addition to the aforementioned analytical techniques, isothermal titration
calorimetry (ITC) was also chosen as a means of probing metal ion interactions with the
antioxidant. ITC allows for the direct measurement of thermodynamic interaction
parameters via the measurement of the heat generated or absorbed when metal ions were
allowed to interact with the antioxidant of interest in this study or GSH. The measurements
taken from these experiments allows for the measurement of various independent
parameters including the binding affinity constant (K,), the binding enthalpy (4H,), and
the binding stoichiometry (n) [64] of the interactions of interest. These parameters can then
be seen as the first steps necessary for providing evidence in support of or against whether

the sulfur-based antioxidant GSH is capable of ameliorating the damaging effects of ROS
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in oxidative DNA damage via metal binding. These parameters can also be used in
Equations la and 1b to calculate the dependent variables representing Gibbs free energy

(4G) and the binding entropy (45S,).

AG = —RT InK, (1a)

AG = AH, — TAS, (1b)

The binding enthalpy shows whether the binding reactions are endothermic
(positive value) or exothermic (negative value). The magnitude of the binding affinity
constant indicates how strongly the titrant and titrand are interacting or simply put how
strongly the metal ion of interest interacts with the GSH. The binding stoichiometry value
is the ratio of the moles of the metal ion being bound to each mole of GSH. Finally, the
binding entropy provides insight into the disorder of the system. For example, an increase
in entropy or disorder (4S, > 0) does not provide evidence of metal binding occurring while
a decrease in the entropy or disorder (4S5, < 0) potentially points to some sort of
coordination event occurring since the reaction system is becoming more ordered as the
metal binds to the antioxidant. The Gibbs free energy can be calculated to provide a
measure of the available energy that can be used to do useful work or how effective the

binding processes are for this system.
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4.2 Description of GSH and DMSO Concentration Studies

After consulting the literature on the experimental concentrations used in previous
studies utilizing GSH and the oxidized form of glutathione (GSSG) [9], as well as typical
intracellular concentrations of this naturally occurring biological antioxidant [3], a
concentration study was performed. This study serve as a sensitivity analysis for the
optimal concentration of GSH that could be used in this study that would allow for
quantifiable data to be garnished concerning the reductive effects that GSH had against
ROS.

Using a gradually increasing concentration scheme, GSH concentrations ranging
from 1.0 uM to 1.0 mM were explored. Each reaction mixture was a total of 500 pL in
volume and contained Millipore-grade ultrapure water (resistivity of 18.2 MQ-cm at 25°C).
Each reaction mixture contained 250 pL of 1.0 mg/mL of calf thymus DNA in 240 mM
NaCl and 40 mM Tris (pH = 7.0). The metal ions of interest (Cu(I), Cu(Il), and Fe(Il) in
this study) were added at a concentration of 25 pM and the reaction mixtures were allowed
to incubate at 37°C for 30 minutes. In the case of the production of the Cu(I) metal ion,
sodium ascorbate (NaAsc) and Cu(Il) were combined at a 1.25:1 molar ratio. After the
incubation step, the corresponding GSH concentrations were added to the reaction

mixtures. The last step was the addition of H,O, followed by another incubation period of
1 hour at 37°C.
Catalase (1.0 pL) was added to the reaction mixtures to decompose the H,O, to

water and oxygen and quench the reaction. Then 100 pL of a sodium acetate buffer (pH =
5.0) was added to the reaction vessel to prepare the DNA for digestion process for the

chromatographic analysis. The DNA was then denatured at 95°C for 5 minutes followed
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by rapid cooling on ice. Then 5.0 uL of 1.0 mg/mL P nuclease was added to the reaction

mixtures and allowed to incubate overnight at 37°C in order to cleave the phosphodiester
bonds in the DNA biopolymer. The reactions were then adjusted to a pH of 8.0 using a Tris
buffer and incubated for 8 hours with 1.0 puL of alkaline phosphatase in order to hydrolyze
the phosphate groups within each nucleotide.

After analyzing the results of the various concentrations set up for this
concentration study, it was determined that the antioxidant concentration that would
provide the most biologically relevant results and give a detectable signal would be 0.05
mM of GSH. The DMSO experimental trials also underwent the same type of concentration
study. Analysis of the DMSO concentration study showed that the optimal concentration
necessary to provide a biologically relevant result was 250 mM of DMSO in each reaction

mixture.
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4.3 Description of Experimental Procedures for HPLC Studies with GSH
Using the results from the previous concentration study, a set of reactions was run
with the optimal GSH concentration. As described in the previous section, each reaction
mixture was a total of 500 uL in volume and contained Millipore-grade ultrapure water
(resistivity of 18.2 MQecm at 25°C). Each reaction mixture contained 250 pL of 1.0 mg/mL
of calf thymus DNA in 240 mM NaCl and 40 mM Tris (pH = 7.0). Under reaction scheme
1 (Reaction d), the metal ions of interest were then added to the DNA solution and then the

reaction mixtures were allowed to incubate at 37°C for 30 minutes.

Condition 1: DNA + M™* + preincubation + GSH + H,0, + incubation (d)

Condition 2: GSH + M™* + preincubation + DNA + H,0, + incubation (e)

For the Cu(II) and Fe(II) metal ions, this step was achieved by the addition of 12.5 pL of a
1.0 mM metal solution. In the case of the Cu(I) metal ion, the 12.5 pL. of a 1.0 mM Cu(Il)
and 15.6 pL of a 1.0 mM sodium ascorbate solution had to be combined and allowed to
react for five minutes before the addition of the calf thymus DNA. The final concentrations
of the metal ions in all the reaction mixtures were 25 uM. The Fe(Il) metal solution was
freshly made before every experiment using the ferrous iron due to the highly oxidizable
nature of the divalent form of iron. After the incubation step, 25 pL of a 1.0 mM GSH
solution was added to each reaction vessel, excluding the control reactions, to bring the
final concentration of GSH in the reaction mixture to 0.05 mM. Following the addition of

GSH, 20 uL of 3% H,0, was added to all the necessary reaction vessels and incubated for
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1 hour at 37°C, making the final concentration of hydrogen peroxide in the reaction mixture
35.3 mM.

For reaction scheme 2 (Reaction e), the GSH was allowed to interact with the metal
ions of interest during the first incubation step before the DNA was added to the reaction
containers. The reaction schemes allowed for an examination of the possibility of metal
coordination. If metal coordination was occurring in the reactions, then the reactions run
using the second set of conditions would yield a statistically significant decrease in the
amount of the site-specific damage marker, 8-OH-dG, detected by the HPLC.

The decomposition of the hydrogen peroxide in the reaction mixtures followed the
same procedure described in section 4.2. Once the reaction mixtures were ready for
chromatographic analysis, 500 pL of each reaction solution was injected into Whatman®
Mini-Uniprep ™ 0.2-pum syringeless propylene HPLC filter tubes. The use of such a filter
ensured that no particulates would clog the HPLC column during the chromatographic
separations. All chromatographic separations and analysis for the aforementioned
experimental description were performed using a Shimadzu VP Series liquid
chromatograph. The setup consisted of a LC-10AT dual pump, a FCV-10AL quaternary
low pressure solvent mixer, a SIL-20A HT autosampler, and a SPD-10A dual channel
variable wavelength absorption detector (254 nm and 297 nm were the wavelengths of
analysis for this study). An ESA Coulochem III ECD at a potential of 280 mV was used to
provide on-line electrochemical detection of the 8-OH-dG DNA damage marker. The
column used in this study was a Beckman Coulter™ Ultrasphere octadecylsilane (ODS)
(45 x 4.6 mm, 5.0 pm particle diameter) with an ODS guard cartridge (4.0 mm x 3.0 mm).

The reaction sample injections were 50 pL with a mobile flowrate of 1.0 mL/min and a
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24.5-minute sample analysis time. The initial mobile phase composition was 100% water
for 30 seconds to focus the sample at the head of the column followed by a linear step
gradient to 85 mM ammonium acetate containing 3% acetonitrile. After 7.5 minutes the
acetonitrile component was increased to 100% linearly over a 5-minute time period and
held at 100% acetonitrile for 4.5 minutes. The mobile phase was then switched back to
100% water for the remaining 7.5 minutes of the sample run in preparation for the next
sample injection. The data collected from these experiments was analyzed using the

Shimadzu VP Series EZStart software version 7.4.
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4.4 Description of Experimental Procedures for HPLC Studies with DMSO

Using the results from the results from the previous concentration study, a set of
HPLC reactions were run with the optimal DMSO concentration. As described in section
4.3, the same HPLC experimental reaction schemes were used once more with the
exception that DMSO was the antioxidant analyzed. To achieve the optimal concentration,
each reaction mixture contained a total of 25 pL of a 5.0 M DMSO to a 500 pL total
reaction volume. The chromatographic analysis was performed using the same
experimental setup and parameters described in section 4.3. The only difference being that
the Fe(II)-DMSO experimental trial data was analyzed using an upgraded Shimadzu

LabSolutions HPLC analysis software package.

4.5 Description of Experimental Procedures for Fluorescence Studies with DMSO

Fluorescence spectroscopy was used to probe the in vitro environment to assess

how many ROS were being produced when the DMSO was allowed to react with the H,O,

in the presence and absence of Cu(Il), Fe(Il), and Cu(I) using the fluorescent marker 2°,7’-
dichlorofluorescein (DCF). The fluorescent marker DCF is actually the oxidized form of
the native compound dihydrodichlorofluorescein diacetate (DCF-DA), which is a colorless
and non-fluorescent molecule [6]. DCF-DA reacts with the ROS in the reaction vessels and
is oxidized to form the fluorescent DCF tag. The measure of the fluorescent intensity from
these experiments allows for a quantitative measure of the amount of ROS produced when

metal ions react with H,O, in the presence and absence of the GSH and DMSO

antioxidants.
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For the fluorescence studies, each reaction mixture was a total of 1000 pL in
volume and contained Millipore-grade ultrapure water (resistivity of 18.2 MQecm at 25°C).
Each reaction mixture contained 500 pL of 1.0 mg/mL of calf thymus DNA in 120 mM
NaCl and 20 mM Tris (pH = 7.0). A stock solution of the DCF-DA in DMSO (5.0 mg/mL)
was diluted by a factor of 2 down to an experimental concentration of 2.5 mg/mL using an
equal volume of 0.02 M NaOH. This dilution step allowed the DCF-DA to be properly
hydrolyzed by taking off the acetate groups before the fluorescence generating oxidation
reactions began. A set of positive control reactions were run first with DNA being
combined with the metal ion and incubated at 37°C for 30 minutes before the addition of
the DCF-DA hydrogen peroxide. The concentrations of Cu(Il), Fe(Il), and Cu(I) used were

all 25 uM, and the concentration of the H O, was 0.88 mM. As mentioned in the previous

section, Cu(I) was formed by combining 1.0 mM Cu(Il) with 1.0 mM sodium ascorbate at
a 1.25:1 molar ratio. To prevent photo-oxidation from occurring, all the reactions were run
in the absence of direct light.

Under reaction condition 1, the metal ions of interest were added to the DNA
solution and the reaction mixtures were allowed to incubate at 37°C for 30 minutes. As
previously mentioned, the Fe(II) metal solution was freshly made before every experiment
using the ferrous iron due to the highly oxidizable nature of the divalent form of iron. After
the incubation step, DMSO was added to each reaction mixture at a concentration of 500
mM followed by the addition of H,O, at a concentration of 0.88 mM. The reaction
mixtures were allowed to interact for 1 hour at 37°C. For reaction condition 2, the DMSO

was allowed to interact with the metal ions of interest during the first incubation step before

the DNA was added to the reaction containers. After the second incubation step, 1.0 uL
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catalase was added to the reaction mixtures in order to decompose the H,O, to water and

oxygen and quench the reaction.

To carry out fluorescence measurements, each reaction mixture was diluted by a
factor of 10. Due to the transient nature of fluorescence, the fluorescence intensity
measurements were taken immediately after the catalase was added to the reactions. These
measurements were collected using a PerkinElmer LS50B spectrofluorometer. The
fluorescence intensity measurements were taken at an excitation wavelength (Aex) of 503

nm and an emission wavelength (Aem) of 512 nm with a spectral bandwidth of 2.5 nm.

4.6 Description of Experimental Procedures for Fluorescence Studies with GSH

As described in section 4.5, the same fluorescence spectroscopy experimental
procedures were used once again with the exception that the antioxidant being used was
the GSH. The key difference between the GSH and DMSO fluorescence trials was the GSH
concentration which was 50 pM for the GSH case. The fluorescence intensity
measurements were performed using the same experimental setup and parameters

described in section 4.5.

4.7 Description of Experimental Procedures for ITC Studies with GSH

Isothermal titration calorimetry (ITC) was used to detect the binding interactions
of the metals Cu(Il), Fe(II), and Cu(I) with the antioxidant GSH. For the ITC measurements
both the sample and reference cells contained a total volume of 350 pL and were all run on
a TA Instruments Nano ITC Low Volume Isothermal Titration Calorimeter. The ITC

instrument was allowed to thermally equilibrate before every experimental run, and each
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reaction mixture (reference, sample, and metal titrant) was degassed under vacuum before
being placed into the instrument.

After the ITC instrument had been properly cleaned, a volume of 350 pL of
Millipore-grade ultrapure water (resistivity of 18.2 MQecm at 25°C) was injected into the
reference cell. Then a volume of 300 uL of 0.9 mM GSH in 100 mM Tris (pH = 7.0) was
added to the sample cell. The instrument volume injection cap was then placed on the
instrument and locked without a titrating syringe in place. The TA Instruments Launch ITC
Run software package was loaded and automatically recalibrated the zero of the instrument
to prevent all of the titrant volume from being injected at once when the experimental trials
began. The volume injection cap was fitted with a titrating syringe filled with 50 pL the
metal titrant of interest and locked back into place on the instrument. This metal titrant
consisted of a 3.2 mM metal solution in 100 mM Tris (pH = 7.0). In the case of the Cu(I)
experimental trials, the metal solution consisted of 3.2 mM Cu(Il), 4.0 mM sodium
ascorbate (NaAsc) in 100 mM Tris (pH = 7.0) in order to keep the aforementioned 1.25:1
molar ratio. The sample cell also contained 0.3 mM GSH and 4.0 mM NaAsc in 100 mM
Tris (pH = 7.0) under the Cu(]) trials. The use of the same concentration of NaAsc in the
titrant and the titrand allowed for a minimization of unaccounted sources that could
contribute to the thermodynamic parameters being measured.

ITC experimental parameters were all specified on the TA Instruments /7CRun
software package. The experimental setup was run in Incremental Titration mode. This
mode had a total of 20 titrant injections separated by a 300 second time interval with each
increment consisting of a 2.49 uL injection volume. The stirring rate was 250 rpm with a

temperature set-point of 20°C. The program ran auto-equilibrating mode before starting
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the experimental trial. This auto-equilibrating mode was used to optimize the slope and
standard deviation of the titration isotherm curve to an acceptable limit (m = 0.10 pW/h
and st.dev = 0.01 pW). The analysis of the generated isotherms was run using the TA

Instruments NanoAnalyze software package.

Hydrolyzed and digested DNA samples were analyzed by HPLC. This HPLC-
based method measured the radical damage marker, 8-OH-dG, with an electrochemical
detector (ECD) and total 2’-deoxyguanosine (dG) with a UV detector (254 nm).
Chromatographic analysis was also used to measure the non-radical damage marker, dA
N-1 oxide, and total 2’-deoxythymidine (dT) via the UV detector (254 nm) as well. The
peak area ratio of the 8-OH-dG to dG provides a quantitative and normalized fashion of
measuring radical-induced DNA damage, with the larger value indicating a larger amount
of that type of damage. Whereas the peak area ratio of the dA N-1 oxide to dT can be used
to quantify the amount of non-radical induced damage as well as act as a probe for the
amount of unreacted H,O, in the reaction vessel. The larger this ratio value, the more non-
radical damage accumulated in the system. This type of damage may be accompanied with
a large amount or smaller amount of radical-induced damage, depending on the metal ion

and reaction condition being used.

Fluorescence spectroscopy experiments were used to probe the in vitro
environment to assess how much -OH (a ubiquitous member of the free radical oxygen
species group) was being produced when Cu(Il), Fe(Il), and Cu(I) were allowed to react

with the H,O, in the presence and absence of the GSH and DMSO using the fluorescent

marker 2°,7’-dichlorofluorescein (DCF). Lastly, isothermal titration calorimetry (ITC) was
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used to detect the binding interactions of the metals Cu(Il), Fe(Il), and Cu(I) with the

antioxidant GSH.

Each of the experimental trials involving HPLC were run in sets of five while the
fluorescence and ITC experiments were run in triplicate. Each experiment set had standard
deviations calculated as well as a two sample two-tailed #-test at a 95% confidence interval
(assuming equal variances) to determine if sample mean differences were statistically

significant.
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S. RESULTS

5.1 Results of HPLC Studies with GSH

In Figure 3, the peak area ratio for the GSH under experimental conditions 1 and 2 with

Cu(Il), Fe(IT), and Cu(I) are compared to the untreated DNA control conditions with H,O,. The

peak area ratio is defined as the ratio of the peak area of the radical-induced oxidative DNA
damage marker 8-OH-dG to that of the undamaged dG. The area of the peak is proportional to the
number of molecules generating the signal. The same definition is applied to the non-radical
induced damage peak ratio, wherein the ratio measures DNA damage marker dA N-1 oxide to the

undamaged dT.

As can be seen in Panel A of Figure 3, both conditions 1 and 2 yield a drastic reduction in
the amount of radical-induced oxidative DNA damage when compared to the control not
containing any antioxidant. Though all the metal ions tended to yield comparable decreases in the
damage marker under both experimental conditions, the Fe(II) experiments tended to form the
smallest amount of the 8-OH-dG damage marker even under the untreated experimental

conditions.

Panel B of Figure 3 illustrates the amount of non-radical damage (and therefore a probe for
the amount of unreacted H,O,) that occurs both in the presence and absence of GSH under
experimental conditions 1 and 2 for the Cu(Il), Fe(Il), and Cu(I) metal ions. While both conditions
1 and 2 tended to increase the amounts of non-radical damage for all the metal systems when
compared to the control, the Fe(II) system yielded the least pronounced increase but largest overall

amount of the non-radical damage marker dA N-1 oxide.
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Figure 3. Peak area ratios calculated from HPLC chromatograms show relative molar amounts of 8-OH-dG/dG (panel
A) and dA N-1 oxide/dT (panel B) remaining in the reaction vessels after the reactions were allowed to run their course
under both experimental conditions. The amounts of the 8-OH-dG/dG decrease for all metals when the antioxidant
GSH is used for both experimental conditions 1 and 2. Under Condition 1 the DNA and metal ion of interest were
allowed to interact before the addition of the GSH and HO.,. Under Condition 2 the GSH and metal ion of interest

were allowed to interact before the addition of the DNA and H202. For the 8-OH-dG/dG measurements, conditions 1

and 2 did not lead to a statistically significant difference in the amount of DNA damage amelioration. Panel B illustrates
the degree to which the GSH/Fe(II) system tended to generate the most non-radical damage when compared against
the Cu(Il) and Cu(I) metal ions using the dA N-1 oxide/dT ratio as a probe of the remaining HZO2 in the reactions. The

first bar under each metal was included as a negative control for comparative purposes illustrating the amount of HZO2

in the reactions before the addition of metal ion. This result is the exact opposite of what can be seen in Panel A when
comparing the radical induced damage amongst all the metal ions. The uncertainty bars represent the standard deviation
of the average peak area ratio obtained from five trials for each metal ion system.
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5.2 Results of HPLC Studies with DMSO

In Figure 4, the peak area ratio for the DMSO under experimental conditions 1 and 2 with

Cu(Il), Fe(IT), and Cu(I) are compared to the untreated DNA control conditions with H,O,. The

peak area ratio is defined as previously stated in section 5.1. As can be seen in Panel A of the
figure, both conditions 1 and 2 yield a marked reduction in the amount of radical-induced oxidative
DNA damage when compared to the control, yet not as dramatic of a decrease as was seen in the
GSH trials. Panel B of Figure 4 gave a quantitative measurement of the non-radical DNA damage

and thus the amount of unreacted H,O, via the dA N-1 oxide damage marker. It can be seen that

in a similar fashion as the GSH experiments, the DMSO tended to form a larger amount of the dA
N-1 oxide marker with the Fe(Il) metal ion, though not to as drastic a degree as can be seen in

Figure 3.

Though all the metal ions tended to yield comparable decreases in the 8-OH-dG damage
marker under both experimental conditions, the Fe(Il) experiments did tend to form the smallest
amount of the damage marker even under the untreated experimental conditions. This result was
reflected in the non-radical damage experiments that are summarized in Panel B. By comparing
the both the DMSO and GSH trials, it can be seen that the DMSO was not as effective at decreasing

the radical-induced DNA damage as GSH when Fe(Il) was the metal ion of interest.
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Figure 4. Peak area ratios calculated from HPLC chromatograms show relative molar amounts of 8-OH-dG/dG (panel
A) and dA N-1 oxide/dT (panel B) remaining in the reaction vessels after the reactions were allowed to run their course
under both experimental conditions. The amounts of the 8-OH-dG/dG decrease for all metals when the antioxidant
DMSO is used for both experimental conditions 1 and 2. Under Condition 1 the DNA and metal ion of interest were
allowed to interact before the addition of the DMSO and H202. Under Condition 2 the DMSO and metal ion of interest

were allowed to interact before the addition of the DNA and H202. For the 8-OH-dG/dG measurements, conditions 1

and 2 did yield a statistically significant difference in the amount of DNA damage amelioration for the Cu(Il) and
Fe(II) metal ions but not for the Cu(I) metal ion. Panel B shows the level to which the metal-DMSO systems tended to
generate non-radical DNA damage using the dA N-1 oxide/dT ratio as a probe of the remaining HO, in the reactions.

The first bar under each metal was included as a negative control for comparative purposes illustrating the amount of
HO, in the reactions before the addition of metal ion. These results tended to reciprocate the results from Panel A —

i.e. a smaller amount radical-induced damage correlated with a larger amount of non-radical damage. The uncertainty
bars represent the standard deviation of the average peak area ratio obtained from five trials for each metal ion system.
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The results from all the HPLC radical-induced damage measurements (for both GSH and
DMSO) are summarized in Table 1 shown below. Under conditions 1 and 2, the GSH performed
very comparably in terms of 8-OH-dG reduction. However, the DMSO performed better under
condition 2 than condition 1 for the Cu(Il) metal ion experiments to a statistically significant level
(51 £+ 25% versus 28 + 13% respectively). While the opposite occurred for the Fe(Il) metal ion
experiments, where DMSO performed to a statistically significant level under experimental
condition 1 than condition 2 (50 + 13% versus 32 £+ 13% respectively). The peak area ratios

reported in the table are multiplied by a factor of a 1000 for scaling purposes.

Table 2 below summarizes the results from all the HPLC non-radical induced damage
measurements for both GSH and DMSO. Under conditions 1 and 2, the DMSO performed very
comparably in terms of the dA N-1 oxide generation for the Cu(Il) and Fe(Il) metal systems.
However, the DMSO did not generate a statistically significant amount of the dA N-1 marker under
condition 1 than condition 2 for any of the metal ion experiments (-75 + 22% versus -25 + 21%
respectively). The GSH tended to generate comparable amounts of the dA N-1 oxide marker for
all the metal systems and yielded no statistically significant differences in the non-radical damage

marker under each reaction scheme for all metal ion systems.
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Table 1.
Effects of GSH and DMSO on radical-induced oxidative DNA damage for the reactions using Cu(Il),
Fe(lI), and Cu(I) with H O,. The peak area ratios of the 8-OH-dG/dG x 1000 are reported. Values in

parentheses indicate the percentage decrease of the peak area ratio using GSH or DMSO relative to the
untreated (M"" + H,0,) control reaction condition.

a b
Controls Condition 1 Condition 2
Mn+ +HO' Mn+ +HO” GSH DMSO GSH DMSO
) 272
Cu(Il) 278 £ 14 275 £25 175 +13 197 +30° 180 + 37 135 + 46
(B7+7%) (28 +13%) (35+17%) (51 +25%)
Fe(II) 50 =2 126 + 34 34+38 634 9° 36+ 4 86+ 13°
(32+19%) (50 + 13%) (28 £10%) (32 £ 13%)
Cu(l) 283+ 13 332+ 14 144 + 17 210+ 43 159 £ 13 198 + 13
(49+11%) (37 + 17%) (44+8%) (41 +6%)

¢ Experimental Condition 1: DNA + M"" + GSH or DMSO + HO,
b Experimental Condition 2: GSH or DMSO + M"" + DNA + HZO2

¢ Indicates that there was a statistically significant difference between experimental conditions 1 and 2 using DMSO
¥ Control values from GSH experiments
* Control values from DMSO experiments

Table 2.

Effects of GSH and DMSO on non-radical induced oxidative DNA damage for the reactions using Cu(Il),
Fe(Il), and Cu(I) with H O,. The peak area ratios of the dA N-1 oxide/dT are reported. Values in
parentheses indicate the percentage decrease of the peak area ratio using GSH or DMSO relative to the
untreated (M™" + H202) control reaction condition.

a b
Controls Condition 1 Condition 2
Mn+ +HO' M“+ +HO” GSH DMSO GSH DMSO
22 272

Cu(Il) 0.50+0.11 0.15+0.03 0.90+0.23 0.16 £0.06 0.73+£0.17 0.13+0.05
(-80 £20%) (-7 +27%) (-46 + 19%) (13 + 28%)

Fe(I) 1.78 £0.02 0.21+0.11 1.81 £0.03 0.19£0.10 1.81 £0.01 0.24 +0.09
(-2+£2%) (10 +34%) (-:2+1%)  (-14+27%)

Cu(l) 0.51+0.46 0.12+0.10 0.81 +£0.42 0.21 £0.06 0.69+0.09 0.15+0.04
(-59 +34%)  (-75 +22%) (-35+12%)  (-25+21%)

¢ Experimental Condition 1: DNA + M"" + GSH or DMSO + HO,
b Experimental Condition 2: GSH or DMSO + M"" + DNA + HZO2

¥ Control values from GSH experiments
* Control values from DMSO experiments
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5.3 Results of Fluorescence Studies with GSH

Figure 5 illustrates the relative fluorescence of the fluorescent probe DCF in reactions
involving DNA and the metal ions Cu(II), Fe(II), or Cu(]I) in the presence and absence of GSH and

activated with H,O,. The goal of the experiment was to probe the reaction environment and

observe the relative amounts of ROS production and correlate them with the HPLC studies. In
these sets of studies, the larger relative fluorescence intensity values were indicative of more ROS
being generated under the experimental condition being examined. As can be seen in the figure,
both conditions 1 and 2 yield a pronounced reduction in the amount of ROS produced when
compared to the control for the Cu(Il) and Cu(I) metal ions. The copper metal systems tended to
form the largest amounts of oxidative DNA damage which was consistent with the results from

the HPLC trials.

Although the Fe(Il) experiments did tend to form the smallest amount of the damage
marker even under the untreated experimental conditions, the trials did seem to exhibit a strange
phenomenon wherein the relative DCF fluorescence intensity actually increased when treated with
GSH as compared to the control. Overall, experimental conditions 1 and 2 did yield a statistically

significant difference for this phenomenon as well as the other metal ions when treated with GSH.
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Figure 5. DCF fluorescence intensities show relative amounts of ROS in the reaction vessels after the
reactions were allowed to run their course under both experimental conditions. The ‘no metal’ reaction
conditions were negative controls used to give a measure of drastic the effects of metal-mediated
oxidative damage were on ROS production. As can be seen, the amounts of the ROS generated
decreased when GSH was added to the Cu(Il) and Cu(l), but actually increased when the metal of
interest was Fe(II) for both experimental conditions 1 and 2. Under Condition 1 the DNA and metal ion
of interest were allowed to interact before the addition of the GSH, DCF and H202. Under Condition 2

the GSH and metal ion of interest were allowed to interact before the addition of the DNA, DCF and
H O,. For the GSH fluorescence experiments conditions 1 and 2 did yield a statistically significant
difference in the amount of DNA damage amelioration for the Cu(Il), Fe(Il), and the Cu(I) metal ions.
For comparison purposes, the GSH experimental results were performed by another individual in the
lab. The uncertainty bars represent the standard deviation of the average DCF fluorescence obtained
from five trials for each metal ion system.
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5.4 Results of Fluorescence Studies with DMSO

Figure 6 illustrates the relative fluorescence of the fluorescent probe DCF in reactions
involving DNA and the metal ions Cu(Il), Fe(II), and Cu(]) in the presence and absence of DMSO

and activated with H,O,. As can be seen in the figure, both conditions 1 and 2 yield a pronounced

reduction in the amount of radical-induced oxidative DNA damage when compared to the control
for the Cu(Il) and Cu(I) metal ions and an even more drastic reduction in the Fe(Il) metal system.
The copper metal systems tended to form the largest amounts of oxidative DNA damage which

was consistent with the results from the HPLC trials.

However, comparing the both the DMSO and GSH trials, it can be seen that the DMSO
was actually more effective at decreasing the radical-induced DNA damage than the GSH which
is in stark contrast to the results obtained from the HPLC experiments. For both oxidation states
of the copper metal, a statistically significant difference could be seen in the reduction of the ROS
generation under Condition 2 compared to Condition 1 (52 + 11% versus 13 £ 3% for Cu(Il) and

13 + 4% versus 11 £ 1% for Cu(I) respectively).
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Figure 6. DCF fluorescence intensities show relative amounts of ROS in the reaction vessels after the
reactions were allowed to run their course under both experimental conditions. The ‘no metal’ reaction
conditions were negative controls used to give a measure of drastic the effects of metal-mediated
oxidative damage were on ROS production. As can be seen, the amounts of the ROS generated
decreased when GSH was added to the Cu(II) and Cu(l), and significantly decreased when the metal of
interest was Fe(II) for both experimental conditions 1 and 2. Under Condition 1 the DNA and metal ion
of interest were allowed to interact before the addition of the GSH, DCF and H202. Under Condition 2

the DMSO and metal ion of interest were allowed to interact before the addition of the DNA, DCF and
H,O,. For the DMSO fluorescence experiments conditions 1 and 2 did yield a statistically significant

difference in the amount of DNA damage amelioration for the Cu(Il) and Cu(I) metal ions but not for
the Fe(Il) metal ion. The uncertainty bars represent the standard deviation of the average DCF
fluorescence obtained from five trials for each metal ion system.
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The results from all the fluorescence trials (for both GSH and DMSO) are summarized in
Table 3 shown below. Under conditions 1 and 2, the GSH performed comparably in terms of ROS
reduction for all metals except the Cu(I) metal ion. While the GSH did have a statistically
significant difference under conditions 1 and 2 for all metal ions, it had a marked difference for
the Cu(l) ion (7 = 7% versus 1 = 1% respectively). Only when the metal ion being used was the
Fe(Il) did the GSH actually seem to actually raise ROS levels relative to the control for both
experimental conditions. However, the DMSO performed slightly better under condition 1 than
condition 2 for the Fe(I) metal ion experiments (79 + 9% versus 51 £ 10% respectively). While
the opposite occurred for the Cu(Il) metal ion experiments, where DMSO performed significantly
more favorably under experimental condition 2 than condition 1 (52 + 11% versus 13 + 3%
respectively). The ROS levels are reported as relative levels of DCF fluorescence intensity for all

experimental conditions for both the GSH and DMSO antioxidants.
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Effects of GSH and DMSO on DCF fluorescence intensities for the reactions using Cu(Il), Fe(Il), and
Cu(I) with H,O,. The DCF fluorescence intensities reported represent the relative ROS levels left in the
reaction after the experiment. Values in parentheses indicate the percentage decrease or increase in the
ROS levels using GSH or DMSO relative to the untreated (M"™ + DCF + H,0,) control reaction

condition.
a b
Controls Condition 1 Condition 2
M+ DCF + HZOZy M +DCF + Hzozz GSH DMSO GSH DMSO

Cu(In) 535+27 508 +21 481410 442412 462+22° 450+ 13
(10+£2%) (13 +3%) (14+5%) (52 +11%)

Fe(II) 156 +9 260+ 14 ]77i6c 119+ 12 183i80 127 £ 14
(-13+£3%) (79 +9%) (-17£4%) (51 + 10%)

Cu(l) 5545 476 + 57 514439 42646 54747 416+ 16
(7 +7%) (11 + 1%) 1+1%) (13 +4%)

¢ Experimental Condition 1: DNA + M"" + GSH or DMSO+ DCF + HZO2
b Experimental Condition 2: GSH or DMSO + M"" + DNA + DCF + HZO2
¢ Indicates there was a statistically significant difference between experimental conditions 1 and 2 using GSH

4 Indicates that there was a statistically significant difference between experimental conditions 1 and 2 using DMSO
¥ Control values from GSH experiments

* Control values from DMSO experiments
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5.5 Results of GSH Metal Binding Studies using ITC

Though the HPLC and fluorescence results were consistent with each other for both the
antioxidants of interest in this study, concluding whether GSH behaves as a radical scavenger or
uses a metal coordination scheme is difficult to say unequivocally. If metal ion binding is the
mechanism of execution, one would expect condition 2 would yield a statistically significant
difference in the lowering of radical-induced damage marker over condition 1. This expectation
would stem from the fact that the GSH is allowed to interact with the metal ion of interest during

the pre-incubation step before the DNA and H,O, are introduced into the system. Such an outcome

was not observed from the HPLC experiments suggesting that metal binding may not be the
mechanism by which GSH is able to alleviate the damaging effects of radical-induced oxidative

DNA damage.

Thus, isothermal titration calorimetry (ITC) experiments were used to interrogate the GSH
ameliorating effects against metal-mediated oxidative damage and explore whether the antioxidant
had a positive binding interactions with the metal ions of interest. ITC serves as a method of

providing a more independent interpretation of whether metal binding is occurring with GSH.

In Figures 7-9 overleaf, ITC binding studies were conducted for the Cu(Il), Fe(Il), and
Cu(I) metal ion systems with the antioxidant GSH. The mole ratios reported are those of the metal
ion to antioxidant (i.e. M"":GSH). Each set of ratios begin at low dilutions and are increased until
the solubility limit is reached. Each experiment consisted of consisted of 20 titrant injections of a
3.2 mM metal solution into a 0.9 mM GSH solution, which resulted in the isotherms that can be
seen in Panel A in all the following figures. The NanoAnalyze software package was then used to
fit the data to the Independent binding model using a non-linear least squares method. This binding

model was then used to generate the best-fit values for the binding stoichiometry (#), binding
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affinity constant (K,), enthalpy of binding (4H,), and entropy of binding (4S,) [65—67]. Since all
the binding studies were run in triplicate, a representative isotherm and binding model fit are

presented for each metal system.
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Figure 7. Representative ITC binding curve for the experimental run with 20 equal injections of
a 3.2 mM Cu(Il) solution being titrated into 0.9 mM GSH titrand solution run at 20°C. Panel A
displays the raw ITC isotherm after the buffer heat effects are subtracted from the raw data. Panel
B illustrates the non-linear least squares fit of the peak area data from Panel A to the Independent
binding model. Panel B also contains the independent thermodynamic parameters, n, K,, AH, and
the dependent parameter, 4S, with their associated standard deviations from the triplicate
experimental run.
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Figure 8. Representative ITC binding curve for the experimental run with 20 equal injections of
a 3.2 mM Fe(Il) solution being titrated into 0.9 mM GSH titrand solution run at 20°C. Panel A
displays the raw ITC isotherm after the buffer heat effects are subtracted from the raw data. Panel
B illustrates the non-linear least squares fit of the peak area data from Panel A to the Independent
binding model. Panel B also contains the independent thermodynamic parameters, n, K,, AH, and
the dependent parameter, 4S, with their associated standard deviations from the triplicate
experimental run.
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Figure 9. Representative ITC binding curve for the experimental run with 20 equal injections of
a 3.2 mM Cu(l) solution being titrated into 0.9 mM GSH titrand solution run at 20°C. Panel A
displays the raw ITC isotherm after the buffer heat effects are subtracted from the raw data. Panel
B illustrates the non-linear least squares fit of the peak area data from Panel A to the Independent
binding model. Panel B also contains the independent thermodynamic parameters, n, K,, AH, and
the dependent parameter, 4S, with their associated standard deviations from the triplicate
experimental run.
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Table 4 below summarizes all the independent variables (n, K,, and 4H,) calculated from
the Independent binding model for the Cu(Il), Fe(Il), and Cu(Il) metal ions with the GSH
antioxidant binding studies. The dependent variables for the binding entropy (4S,) and the Gibbs
free energy (4G) are also reported. The AS, values were calculated using the Independent binding
model while the AG values were calculated using Equation la. Standard deviations for each

parameter are also reported.

Table 4.

Binding parameters from the ITC metal coordination studies using the Cu(Il), Fe(Il), and Cu(I) metal
titrant with the GSH titrand are summarized. The binding stoichiometry (), binding affinity constant (X,),
enthalpy of binding (4H,), entropy of binding (4S,) and Gibbs free energy of binding (4G) are reported
with their associated errors. All values reported are from experiments run in triplicate at an experimental
temperature of 20°C.

n K. (M) AH, (kJ/mol)  AS, (J/mol'’K)  AG ( kJ/mol)

Cu(Il) 0.10 % 0.00 3.47x10° + 1.71x10° -78.84+30.91 -147.54+93.71  -35.59 +3.47

Fe(Il) 2.04+2.29 6.01x10% + 5.30x10° -8.52+£3.90  115.09+41.46 -42.26+13.82

Cu(l) 0.17+0.03 1.21x10° + 6.20x10° 94.07+8.79 -20524+29.86 -33.91+1.29
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6. DISCUSSION

In order to provide an easier method of evaluating the results from the HPLC and
fluorescence studies, Tables 5, 6, and 7 summarize the trends observed in the 8-OH-dG levels and
ROS production. To this end, an upwards pointing arrow and a downward pointing arrow are used
to represent when the result of the particular experiment lead to a statistically significant (unless
otherwise marked) increase or decrease in the parameter being evaluated when compared to the
untreated control conditions. Any statistically significant differences between experimental

conditions 1 and 2 for the HPLC and fluorescence studies are also reported.

Tables 56 provide a qualitative interpretation of the trends that emerged from the radical-
induced and non-radical induced oxidative DNA damage trials using chromatographic analysis
from the HPLC experiments (i.e. Figures 3—6). Experimental conditions 1 and 2 were interrogated
for both the radical-induced (8-OH-dG) and the non-radical induced (dA N-1 oxide) damage cases
for both the GSH and DMSO. The next table (Table 7) illustrates the trends in overall ROS
production based on the fluorescence studies. The arrow directions in the table correspond to the
relative fluorescence intensity of the DCF-DA, which is the fluorescent probe that is used to
quantify how much ROS are being generated under each experimental condition in the presence

and absence of the antioxidant of interest.
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Table S.
Qualitative look at the effects of GSH and DMSO on radical-induced oxidative DNA damage due to
metal ion mediation in the presence of H O,. The directions of the arrow indicate whether the

antioxidant of interest decreases or increases the amount of the radical damage marker 8-OH-dG.

GSH DMSO

a b a b
Condition 1 Condition 2 Condition 1 Condition 2

N T T
ST |
w b [ |

¢ Experimental Condition 1: DNA + M"" + GSH or DMSO + HO,

b Experimental Condition 2: GSH or DMSO + M"" + DNA + HZO2

" Indicates that condition 1 lowered the amount of 8-OH-dG generation to a statistically significant lower level
than condition 2 using DMSO

! Indicates that condition 2 lowered the amount of 8-OH-dG generation to a statistically significant lower level
than condition 1 using DMSO
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Table 6.

Qualitative look at the effects of GSH and DMSO on non-radical induced oxidative DNA damage due
to metal ion mediation in the presence of H ,O,. The directions of the arrow indicate whether the
antioxidant of interest decreases or increases the amount of the non-radical damage marker dA N-1
oxide.

GSH DMSO

a b a b
Condition 1 Condition 2 Condition 1 Condition 2

Cu(Il)

Fe(Il)

Cu(l)

¢ Experimental Condition 1: DNA + M"" + GSH or DMSO + HO,
b Experimental Condition 2: GSH or DMSO + M"" + DNA + HZO2

" Indicates that the experimental condition did not increase or decrease the dA N-1 oxide to a statistically
significant level when compared against the untreated DNA control
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Qualitative look at the effects of GSH and DMSO on free radical species -OH via relative fluorescence
intensity. The directions of the arrow indicate whether the antioxidant of interest decreases or increases

the amount of the relative DCF fluorescence intensity.

GSH DMSO

a b a b
Condition 1 Condition 2 Condition 1 Condition 2

*

Y | U1
ST B | [

*

w § Py

¢ Experimental Condition 1: DNA + M"" + GSH or DMSO+ DCF + HZO2
b Experimental Condition 2: GSH or DMSO + M"" + DNA + DCF + HZO2
" Indicates that condition 1 increased or lowered the amount of DCF fluorescence to a statistically significant

lower level than condition 2 using the antioxidant of interest

" Indicates that condition 2 lowered the amount of DCF fluorescence to a statistically significant lower level
than condition 1 using the antioxidant of interest
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The tables from the last few pages serve a few purposes. First, they strive to answer the
overarching question of this study concerning the antioxidant mechanism of the reduced form of
glutathione: does GSH behave similarly to DMSO (i.e. as a free radical scavenger)? Or is the
method of amelioration of the oxidative DNA damage due to metal coordination? Closer
examination of the trends that arose from each of the experiments may provide evidence
supporting that GSH may behave as a free radical scavenger with some metal systems while using
metal coordination with other metal ions. It is also possible that the true mechanism will possibly

be a combination of these two methods.

The general trend that one would expect from these experiments would include a reduction
in the 8-OH-dG generation, which would correspond to ‘down’ arrows in Table 5. The 8-OH-dG
is a damage marker due to ROS producing oxidative damage at or near the guanine base. Therefore,
one would expect that any ‘down’ arrow from Table 5 would correspond to a ‘down’ arrow in
Table 7 since the fluorescence studies were a way to measure the ROS production in the reaction
vessel. Table 6 looks at the non-radical damage trends. Therefore, one would expect that a lower
value or a ‘down’ arrow in Table 5 could possibly correspond to an ‘up’ arrow in Table 6 if the
antioxidant is only able to prevent the metal ion of interest from interacting with the peroxide and
generating the harmful ROS but not completely stopping DNA damage from occurring. An ‘up’
arrow in Table 6 also demonstrates that excess peroxide is available for causing non-radical

damage, which should correlate with less radical-induced damage.

Upon examination of Table 5 and 7, it can be seen that when the antioxidant was GSH,
condition 2 lowered the DCF fluorescence by a statistically significant level when compared to
condition 1 for the Cu(Il) metal ion. This is consistent with Cu(II) forming a coordination complex

with GSH and behaving as an antioxidant by decreasing metal-mediated ROS production. For the
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Cu(I) metal ion system, the opposite trend was observed, with condition 1 yielding the statistically
significant difference in the lowering of the ROS production. The Fe(Il) metal ion system yielded
a different observation with the addition of the GSH actually increasing the ROS production to a
statistically significant level for condition 2. This result could be viewed as evidence that at the
concentration of GSH being used for the Fe(Il) system, GSH actually displays pro-oxidant
capabilities. For the DMSO fluorescence experiment, lowered ROS production was observed for
all metal systems, with reaction scheme 1 lowering the observed DCF fluorescence to a statistically
significant level for Cu(Il) while reaction scheme 2 did so for the Cu(I) metal system. The Fe(II)
system did not generate a statistically significant lower signal under either reaction condition for

any of the metal systems.

The ROS production experiment results are in stark contrast to Table 5, where conditions
1 and 2 did not yield a statistically significant difference in the reduction of the 8-OH-dG damage
marker for the GSH, suggesting that metal coordination might not be the main mechanism by
which GSH operates. When the antioxidant being used was DMSO, only conditions 2 for Cu(II)
and 1 for Fe(Il) lead to a statistically significant decrease in the 8-OH-dG marker. Such opposing
results raise an interesting point about how metal-dependent the free radical scavenging
mechanism is when it comes to ameliorating the damaging effects of radical-induced oxidative

DNA damage.

Examination of Table 6 reveals that neither the GSH nor DMSO antioxidants generated a
statistically significant increase in the dA N-1 oxide non-radical damage marker for either of the
two reaction schemes. One would expect that if the antioxidant were preventing the metal ions
from being activated by the hydrogen peroxide by coordinating to the metal ion, then the decrease

in radical-induced damage would correlate to an increase in the non-radical damage marker
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observed since there would be unreacted H,O, left in the system. Since such an event was not

observed for either antioxidant, it could not be conclusively stated that the GSH was lowering the

radical-induced oxidative DNA damage via a metal coordination mechanism.

Based on the results from the oxidative damage marker studies with GSH and DMSO, there
is evidence that metal coordination may not be a method by which GSH ameliorates the damaging
effects of free radical production, or at the very least, not the main technique the antioxidant uses.
However, DMSO did have a few cases in which there was a statistically significant decrease in the
8-OH-dG levels between conditions 1 and 2 (i.e. Cu(Il) and Fe(II)). These differences for DMSO
were surprising since DMSO tends to behave as a radical scavenger, yet these results appear to
indicate that DMSO may use metal coordination in conjunction with radical scavenging for the

Cu(II) metal ion in order to prevent the ROS formation.

The results from the ITC studies sought to provide a more concise and independent
evaluation of possible metal coordination interactions with GSH. In chapter 5, Figures 7-9
illustrated the thermodynamic binding behavior of each metal ion from this investigation with the

antioxidant GSH.

For the Cu(Il) metal ion, the raw isotherm indicates that some sort of metal interaction is
occurring with the GSH since the isotherm exothermic heat spike decreases significantly after
fourth titrant injection before eventually tapering out for the remainder of the experiment. The
Fe(II) metal ion isotherm from Figure 8 provides strong evidence supporting the notion that metal
coordination is not occurring between the iron and the glutathione. Indication of this behavior is
clearly seen in the raw isotherm that displays full peak heat spikes over the entire experimental run
with no diminution to indicate metal binding had occurred between the metal titrant and

antioxidant titrand.
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In Figure 9 involving the Cu(I) metal ion and GSH, strong evidence is shown supporting
the possibility of metal coordination. The raw isotherm data displays the tell-tale curve of an
exothermic binding event. The high degree of fit of the binding model as well as the small standard
deviations associated with the thermodynamic parameters is also indicative of a metal coordination

event occurring. Investigations are ongoing since these preliminary results are promising.
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7. CONCLUSIONS & FUTURE WORKS

Both the reduced form of glutathione (GSH) and dimethyl sulfoxide (DMSO) reduce the
metal-mediated radical-induced oxidative DNA damage in reactions involving Cu(II), Fe(Il), and

Cu(D) with H,O,. While previous work had determined that DMSO achieved this effect through a

radical scavenging scheme, the exact mechanism by which the sulfur based antioxidant GSH
ameliorated the effects of radical-induced oxidative DNA damage has yet to be clearly elucidated.
This study sought to address the question of which specific mechanism GSH used to mitigate the
damaging effects of ROS — whether it is through via ROS scavenging, DNA adduction, or metal

coordination.

The GSH concentration study demonstrates that an increased amount of the antioxidant
leads to a direct decrease in the radical-induced site-specific DNA damage marker 8-OH-dG. The
oxidative damage marker experiments involving GSH suggest that the antioxidant has roughly
comparable detoxifying effects against metal-mediated oxidative DNA damage involving Cu(Il),
Fe(I), and Cu(I). However, in the chromatographic studies involving both GSH and DMSO, the
Fe(Il) metal ion tended to generate the least amount of the radical-induced 8-OH-dG damage
marker. This effect correlates with the Fe(Il) generating the largest amount of the non-radical
induced dA N-1 oxide marker. Such a consistent result could be a result of differential metal-sulfur
binding interactions, metal-DNA binding or a combination thereof. The 8-OH-dG levels in the

Fe(Il) trials may also be affected by the air oxidation that Fe(Il) undergoes to Fe(III).

DCF-DA fluorescence studies suggest that the DMSO has comparable ROS reduction
capabilities for the Cu(Il), Fe(II), and Cu(I) metal systems. For the GSH experiments the DCF
fluorescence supported the results for the Cu(Il) and Cu(I) trials. However, the Fe(Il) metal system

actually exhibited an increase in ROS production when GSH was being used. These results suggest
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that inorganic selenium compounds [6] may not be the only members of the chalcogen family that
exhibit concentration-dependent anti- and pro-oxidant capabilities in the presence of redox-active

metal ions.

The results from the ITC metal-GSH binding studies provide strong evidence that metal
binding is not the mechanism of operation for the Fe(II) metal ion. However, the results for the
Cu(Il) trials suggest that some interaction may be occurring between the metal and the GSH. The
Cu(]) trials provide the strongest evidence for metal coordination between the Cu(I) and GSH as a

means of detoxifying the damaging effects of oxidative DNA damage.

The concentrations of the metals, DMSO, and H O, were not strictly indicative of

physiological concentrations but they were optimized to provide a reasonably quantitative method
of measuring the damaging effects of metal-mediated oxidative DNA damage. However, these
species in conjunction with the GSH (which was investigated at a biologically relevant
concentration) do help start to establish a more concise picture of the pro- and/or antioxidant
capabilities of sulfur compounds by investigating how GSH behaves when compared against a

known free radical scavenger in a battery of DNA damage marker and metal coordination studies.

The trends from Tables 5-7 do not exactly indicate that GSH behaves in a similar enough
manner to DMSO to be considered a free radical scavenger. The marked differences in GSH and
DMSO raise a few questions as to what differences can be expected between metal coordinating
and radical scavenging antioxidants. These and other questions raised by the results from oxidative
damage marker and fluorescent studies will likely be the focus of future studies involving the
sulfur-based antioxidant GSH and the metal ions investigated in this study. In conclusion, the

results from these experiments exploring metal-mediated oxidative DNA damage serve as a
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starting point for establishing the basic science needed to help develop therapies for ailments that

arise because of oxidative DNA damage.

The results from the present study did provide strong evidence supporting that the sulfur-
based antioxidant, reduced glutathione or GSH, may be able to mitigate the toxic effects of Cu(I)-
initiated oxidative DNA damage via metal coordination. Yet, due to the scope of the present work,
a few limitations arose that would need to be addressed in future works before more conclusive

determination can be drawn.

One major limitation that would need to be addressed in future works is the development
of a method to determine the quantity of the Cu(II) that reduced to the Cu(I) oxidation state. This
issue occurred when running the HPLC oxidative damage marker studies since copper compounds
are known to undergo very efficient redox cycling [68] and thus make determination of the metal

ion’s oxidation state difficult.

Due to the inefficiencies in the chromatographic method, slight side-oxidation of the
normal DNA bases may occur [46]. Such inefficiencies may add errors to the retention times of
the peak fractions for the DNA strands. Issues such as these may be resolved with the use of the
chromatographic in conjunction with DNA repair glycosylases with the Comet assay [46]. These
techniques would yield a more precise way of monitoring the oxidized bases of interest, such as

the guanine base in the 8-OH-dG marker.

The use of spin-trapping experiments via electron paramagnetic resonance (EPR)
spectroscopy and various spin trapping agents would help identify and monitor the various reactive
radical species being generated during the experiments [69]. Future studies could then be

developed to investigate how the identity of the radical species plays into the amount of damage
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that is seen. Such experiments would further confirm if the hydroxyl radical is truly being formed

in the DCF-DA fluorescence studies.

To establish more quantitative base measurements of the radical scavenging mechanism of
DMSO, an electron spin resonance (ESR) spin trapping-based multiple free-radical scavenging
(MULTIS) experiment [70] can be performed. The experiment would provide baseline
measurements for a known radical scavenger, such as DMSO, against different radical species
such as hydroxyl radical, superoxide anion, and singlet oxygen. These values would then serve as
targets that the GSH could possibly achieve if radical scavenging was truly its mechanism of

operation.

The possibility of the antioxidant binding to the DNA to form some sort of adduct which
in turn prevents the oxidation of the nucleobases, especially the guanine, is a method by which the
antioxidant could detoxify the damaging effects of oxidative DNA damage. To confirm if this
option is a viable mechanism, a high-throughput fluorescent intercalator displacement (HT-FID)
assay with a high-resolution (HR) crystallographic method could be used [71]. This ethidium
bromide assay would have varying degrees of fluorescent intensity to correspond to the possible

binding event between the DNA and antioxidant.
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