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Quantifying antioxidant activity of
hydrophobic compounds using
metal-mediated DNA damage

Andrea A. E. Gaertner, Nathan R. Perron,
Heeren M. G. Anderholm, Daniel C. Whitehead and
Julia L. Brumaghim*

Department of Chemistry, Clemson University, Clemson, SC, United States

Cellular damage and death caused by oxidative stress by reactive oxygen species
play an important role in disease development. Testing the ability of hydrophobic
compounds to prevent radical-generated oxidative stress typically involves
radical scavenging assays; however, these oxidative stress assays often do not
accurately reflect biological outcomes. We present an in vitro assay that
quantifiably evaluates the ability of hydrophobic compounds to prevent DNA
damage, a biological endpoint that is linked to disease development. This gel
electrophoresis assay enables evaluation of a wide range of hydrophobic
compounds for metal-mediated hydroxyl radical damage prevention by using
high-ethanol concentrations in electrophoretic conditions, and the effects of
these high-ethanol conditions on iron- and copper-mediated DNA damage are
established. This assay was used to compare the effects of metal-mediated DNA
damage and its prevention by polyphenols, bipyridine, and selone antioxidant
compounds as well as the radical scavenger edaravone. We also demonstrated
that the well-studied glutathione peroxidase mimic ebselen and a group of
ebselen derivatives prevent copper-mediated DNA damage with 1Csq values in
the 280-450 pM range. These same compounds do not inhibit iron-mediated
DNA damage under similar conditions. This DNA-damage assay allows
determination of antioxidant properties for hydrophobic antioxidants and
drugs using a model system based on metal-mediated oxidative DNA damage,
a primary cause of cell death.
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1 Introduction

Oxidative stress is the increased production or decreased elimination of reactive oxygen
species (ROS), such as hydrogen peroxide (H,0,), superoxide (O,") and hydroxyl radical
(*OH). ROS control physiological responses such as inflammation, changes in gene
expression, apoptosis, and cell proliferation (Alfadda and Sallam, 2012). Increased ROS
levels also play an important role in disease development, including atherosclerosis,
neurodegenerative diseases, cancer, and aging (Alfadda and Sallam, 2012; Collin, 2019;
Yang and Lian, 2020). Halliwell (2000) and Halliwell and Aruoma (1991) emphasized that
DNA is a primary target for cellular ROS damage, making oxidative DNA damage an
important biomarker for oxidative stress.

Cellular dioxygen (O,) is converted to H,O, and O," by direct oxidation of
flavoproteins, and H,O, is also produced by superoxide disproportionation (Fridovich,
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Structures of (A) Trolox and edaravone, known radical scavengers; (B) DPPH and ABTS radicals commonly used in antioxidant assays; (C) various
selones and pyridine derivatives; and (D) ebselen (E = Se) and ebsulfur (E = S) derivatives.

1999).
transition metals, particularly iron and copper, also play an

1989) and cellular respiration (Duthie, Redox-active
essential role in ROS production (Angelé-Martinez, Goodman
and Brumaghim, 2014). Iron and copper react with hydrogen
peroxide to produce “OH (Dixon and Stockwell, 2014; Linder,
2012) (Equation 1) that can oxidize DNA bases or abstract a
hydrogen atom from deoxyribose (Park and Imlay, 2003) to
break the DNA backbone, in addition to oxidizing cellular lipids,
proteins, and small molecules (Dixon and Stockwell, 2014).
Oxidized Fe** or Cu®" can be reduced by nicotinamide adenine
dinucleotide (NADH) (Imlay and Linn, 1988) or ascorbic acid (B.
Halliwell and Aruoma, 1991) making cellular “OH generation
catalytic. In fact, iron-mediated DNA damage by “OH is the
primary mechanism for cell death in both prokaryotes and
eukaryotes (B. Halliwell and Aruoma, 1991; Imlay and Linn,
1988) highlighting the biological importance of metal-mediated
radical generation.

Fe** /Cu* + H,0, — Fe’*/Cu®* + "OH + OH (1)

For decades, measuring the antioxidant abilities of dietary
antioxidants in a variety of foods has been an active research area.
Recently, many drugs have also been designed to have
antioxidant properties, including edaravone (Figure 1A) for
treating ALS (Homma, S., Sato, and J., 2019). For many of
these drugs, their hydrophobicity allows them to more readily
cross the blood-brain-barrier as well as cellular and nuclear
membranes. Thus, it is of significant interest to establish the
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ability of these more hydrophobic compounds to prevent
DNA damage.

Duthie (1999) described the ability of antioxidants to prevent
oxidation by three mechanisms: 1) coordination to transition metals
to prevent radical formation, 2) decreasing localized O,
concentrations to reduce oxidation reactions, and 3) scavenging
radicals that can abstract H® from molecules. Common in vitro
assays for screening antioxidant activity primarily focus on radical
scavenging ability. Radicals in these assays include 2,2’-diphenyl-1-
picryl-hydrazyl (DPPH) and 2,2'azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid (ABTS; Figure 1B) (Schaich, Tian and Xie, 2015).
DPPH and ABTS form stable organic radicals with very different
properties compared to small, oxygen-based ROS. In addition,
DPPH and ABTS scavenging assays are typically performed in
organic solvents (Pérez-Jiménez and Saura-Calixto, 2006).

Separate assays are also performed to evaluate the ability of
antioxidants to reduce Fe’* or Cu™, including the ferric reduction
antioxidant power (FRAP) assay (Benzie and Devaki, 2018) or the
cupric reducing antioxidant capacity (CUPRAC) assay (Ozyiirek et al.,
2011). Whereas CUPRAC assays are performed at pH 7, FRAP assays
are conducted at a non-biological pH of 3.6. Collectively, these measures
used to determine antioxidant radical inhibition typically only examine
a single potential mechanism of action and do not reflect biological
endpoints such as DNA damage (Frankel and Meyer, 2000).

The inadequacy of such antioxidant assays to mirror biological
endpoints is highlighted by the failure of the oxygen radical
absorbance capacity (ORAC) assay that measured scavenging of
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Structures of selected polyphenol compounds examined in
this study.

singlet oxygen, peroxynitrite, hydroxyl radical, and superoxide
radical (Cao, Alessio and Cutler, 1993) using standard protocols
adaptable for both aqueous and organic solvents (Cao, Verdon, Wu,
Wang and Prior, 1995). From 2007 to 2012, the United States
Department of Agriculture (USDA) published tables of ORAC
values to enable comparison of the antioxidant activity of various
foods and food additives (Bank and Schauss, 2004; Singh and Singh,
2008). Due to the lack of correlations between ORAC results and
observed biological effects, as well as incorrect methodology, the
USDA entirely discontinued the use of this assay and deleted the
ORAC database in 2012 (Schaich et al., 2015). No other standard
assay or method of evaluating and comparing antioxidant activity
has been put into place since 2012.
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To increase the biological relevance of antioxidant
determinations, cell survival assays are also used to establish and
compare antioxidant ability (Lopez-Alarcéon, 2013). These assays are
very relevant because they explore antioxidant behavior in living
systems, but they have drawbacks for screening antioxidant efficacy.
The use of a wide variety of cell lines for these assays limits the ability
to compare results, and toxicity issues prevent the screening of many
compounds (Singh and Singh, 2008). All these radical scavenging,
metal reduction, and cellular assays generate different scales of
antioxidant activity because they are based on different
underlying mechanisms for antioxidant activity, and many use
different conditions for the same assay, further complicating
antioxidant comparisons.

Our hydrophobic DNA damage assay overcomes many
limitations of these antioxidant assays by using an in vitro assay
with DNA damage as an endpoint. We use ethanol to dissolve
hydrophobic antioxidants in these DNA electrophoresis studies and
report the effects of high ethanol in gel electrophoresis studies.
Adding ethanol allows dissolution of hydrophobic compounds, and
these electrophoretic methods provide a quantitative method to
directly compare antioxidant efficacy for polyphenol antioxidants
(Figure 2) as well as a variety of water-insoluble antioxidant
compounds that act through radical inhibition and/or metal
binding mechanisms, including edaverone, ebselen, and ebselen

derivatives (Figures 1A,C,D).

2 Materials and methods

2.1 Materials

Water was deionized (diH,0) using a Nano Pure DIamond
Ultrapure  H,0 (Barnstead  International).  3-
(N-Morpholino)  propanesulfonic acid (MOPS; Sigma), 2-
(N-morpholino) ethanesulfonic acid (MES; BDH), NaCl (99.999%
Alfa Aesar), CuSO, (Fisher), FeSO, (Acros), H,O, (30% w/v,
Fisher), DMPO (Cayman Chemicals), ascorbic acid (Alfa Aesar),
DPPH (Alfa Aesar), edaravone (Acros), Trolox (Acros), methanol
(Sigma-Aldrich),
gallic acid (Acros), epicatechin (Sigma), tannic acid (Sigma Aldrich),

system

pyridine (Alfa Aesar), bipyridine (Chem-Implex),

protocatechuic acid (Frontier Scientific), epigallocatechin (TCI),
epigallocatechin gallate (Enzo), agarose (Sigma Life Science),
Chelex (Sigma), and ebselen (Acros) were used as received.

2.2 EPR spectroscopy to measure radical
generation

To prepare EPR samples, Cu(SO,),*3H,0 (300 uM), ascorbic
acid (375 uM), and H,0, (2.5 mM), and indicated ethanol
concentrations were added to an aqueous solution of MOPS
buffer (pH 7, 10 mM) containing DMPO (30 mM) as a spin
trap. Iron-containing samples were prepared with FeSO,4
(300 uM), H,0, (2.5 mM) and DMPO (30 mM) with indicated
ethanol concentrations in MES buffer (pH 6, 10 mM). All samples
were diluted with the appropriate buffer solution to achieve a final
volume of 500 uL. EPR spectra were measured on a Bruker EMX
spectrometer at room temperature in a quartz flat cell. Spectra
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FIGURE 3

Dose-response curves for iron-mediated DNA damage with
10 mM (diamonds) and 1.7 M ethanol (circles) with increasing Fe?*
concentrations in the presence of H,O, (50 uM).

centered at 3,431.24 G were acquired with a sweep width of 100 G.
The modulation amplitude was 2.00 G with time and conversion
constants of 81.92 s, and microwave power and frequency were
1.99 mW and 9.756 GHz, respectively. EPR spectra can be found in
Supplementary Figures S1-S6 in the Supplementary Material.

2.3 Plasmid DNA transfection, amplification,
and purification

Plasmid DNA (pBSSK) was purified from DHI1 E. coli
competent cells using a Zyppy™ Plasmid Miniprep Kit
(400 count, Zymo Research). Tris-EDTA buffer (pH 8.0) was
used to elute the plasmid DNA from the spin columns. Plasmid
was dialyzed against 130 mM NaCl for 24 h at 4 °C to ensure all Tris-
EDTA buffer and metal contaminates were removed, and plasmid
concentration was determined by UV-vis spectroscopy at a
wavelength of 260 nm. Absorbance ratios of A,g/Az30 > 2.0 and
Ass0/Asgo = 1.8 were determined for DNA used in all experiments.
Plasmid purity was determined through digestion of plasmid
(0.1 pmol) with Sac 1 and Kpnl restriction endonucleases at
37 °C for 90 min. Digested plasmid was compared to undigested
plasmid and a 1 kb molecular weight marker using gel
electrophoresis.

2.4 DNA gel electrophoresis studies

DNA electrophoresis samples were prepared in acid-washed
(1 M HCl for 1 h) microcentrifuge tubes that were triple-rinsed with
DI water and dried. MOPS (10 mM, pH 7.0 for copper studies) or
MES (10 mM, pH 6 for iron studies to prevent precipitation) buffer
was treated with Chelex resin prior to preparing the samples. For
low-ethanol gels, ethanol was added to achieve a final concentration
of 10 mM, and the antioxidant compound was added in the
indicated concentrations in buffer solution. For high-ethanol gel
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FIGURE 4
(A) EPR spectra of Fe?*, H,O,, and DMPO in MES buffer (10 mM,

pH 6) with 1.7 M ethanol after 1) 5 min and 2) 30 min; with 425 mM
ethanol after 3) 5 min and 4) 45 min; and without ethanol after 5) 5 min
and 6) 45 min (due to signal overload, spectra without ethanol
were collected with lower receiver gain of 10° versus 10° for all other
spectra). (B) EPR spectra of Cu?* ascorbate, H,O,, and DMPO in MOPS
buffer (10 mM, pH 7) with 1.7 M ethanol after 1) 5 min and 2) 40 min and
without ethanol after 3) 5 min and 4) 45 min. EPR spectra under all
conditions followed for up to 115 min are provided in Supplementary
Figures S1-S6.

samples (10% v/v, 1.7 M), the antioxidant compound to be tested
was dissolved in cold absolute ethanol and added to the buffer
solution to achieve the indicated final concentrations. Then
CuSO4*5H,0 and ascorbate (1.25x the copper concentration, to
reduce Cu** to Cu") were added at the indicated concentrations to
the antioxidant solution and the samples were allowed to stand for
5 min at room temperature. Plasmid (pBSSK, 0.1 pmol in 130 mmol
NaCl) was then added and samples again were allowed to stand for
5 min at room temperature. H,O, (50 pM) was added to start
hydroxyl radical generation, and samples were allowed to stand at
room temperature for 30 min. EDTA (50 uM) was added after
30 min to stop radical generation by chelating the metal ions. For the
Fe** DNA damage experiments, the indicated concentrations of
freshly prepared FeSO,*7H,O and MES (10 mM, pH 6.0) buffer
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FIGURE 5

Gel electrophoresis images showing tannic acid (TA) prevention

of iron-mediated DNA damage. MW: 1 kb molecular weight marker;
lane 1: plasmid DNA (p); lane 2: p + H,O5; lane 3: p + 20 uM TA + H,0,
+ 1.7 Methanol; lane 4: p + Fe?* (2 uM) + H,O, + ethanol (10 mM);

lane 5: p + Fe?* (15 uM) + H,O, + ethanol (1.7 M); lanes 6-12: Fe?*
(15 M) + H,05 + ethanol (1.7 M) + TA (0.1, 1, 2.5, 5,7.5, 10, and 20 uM,
respectively).

were used to prevent iron precipitation, and no ascorbate was added.
For control samples without antioxidant, metal, and/or H,O,,
additional buffer was added to make up the missing volume. All
sample concentrations are reported as final concentrations ina 10 L
volume, and final samples were mixed with 2 uM of 6x loading dye
(1.59 mL diH,0, 2.08 mL 1% xylene cyanol FF solution, 2.08 mL
0.5% bromophenol blue solution, and 3.75 mL of 80% glycerol).

Samples were loaded into a 1% agarose gel in a TAE running
buffer (50x), and damaged (nicked) and undamaged (supercoiled)
plasmid was separated by horizontal gel electrophoresis (140 V for
60 min). Gels were stained using ethidium bromide and imaged
using UV light for comparison to published results using this
staining method. It is possible to use safer alternatives to
ethidium bromide, such as SYBR dyes (Bourzac, LaVine and
Rice, 2003; Dragan et al., 2012), for DNA visualization.

The amounts of nicked (damaged) and
(undamaged) DNA were analyzed using a gel imager and
UViProMW software (Jencons Scientific Inc.). The intensity of
the supercoiled plasmid band was multiplied by 1.24, due to its

supercoiled

lower binding affinity of ethidium bromide compared to nicked
1982; Lloyd, Haidle and
Robberson, 1978). Intensities of the nicked and supercoiled bands

plasmid (Hertzberg and Dervan,

were normalized for each lane so that % nicked + % supercoiled =
100%. All nicked band intensities were corrected for residual nicked
DNA in the DNA-only control lanes prior to calculation. Results
were obtained in triplicate for all experiments, and standard
deviations are represented as error bars. The plots of percent
DNA damage versus log concentration of copper or iron were fit
to a variable-slope sigmoidal dose-response curve using SigmaPlot
(v. 11.0, Systat Software, Inc.).

2.5 IC5q value determination

Plots of percent inhibition of DNA damage versus log
concentration of the indicated compound were fit to a variable-
slope sigmoidal dose-response curve using SigmaPlot, version 11
(Systat Software, Inc.), and ICs, values with standard deviations
were determined from the best-fit dose-response curves. Statistical
significance was determined by calculating p values at 95%
confidence (p < 0.05 indicates significance) (Perkowski and
Perkowski, 2007). Data from all DNA damage assays are
provided in Supplementary Tables S1-S33.
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ICso plots for prevention of iron-mediated DNA damage in the
presence of 10 mM and 1.7 M ethanol for tannic acid.

2.6 DPPH assay studies

DPPH solutions (1.2 mg in 30 mL methanol, 100 uM) were
prepared fresh before each experiment: 0.5 mL of antioxidant
sample in methanol at various concentrations were combined
with 1 mL of DPPH solution (100 uM) with a final
concentration of 67 pM DPPH in methanol. Antioxidant
concentration ranges tested varied by DPPH scavenging ability
and appropriate ranges were selected to obtain ICs, plots. The
samples were incubated for 30 min in the dark, and spectra were
taken at 515 nm on a Thermo Electron Corporation BioMate3 UV-
visible spectrometer. Percentages of DPPH scavenging were
calculated using the equation %DPPH scavenged = ((A-A)/
(A1-Ap))*100, where A is the absorbance of the incubated sample
and DPPH, A, is the absorbance of DPPH in methanol, and A+ is the
absorbance of DPPH incubated with 50 uM Trolox. DPPH assay
results and antioxidant concentration ranges can be found in
Supplementary Tables S34-S46; Supplementary Figures S19-S30
in the Supplementary Material.

3 Results and discussion

3.1 DNA gel electrophoresis with
hydrophobic compounds

Our hydrophobic DNA gel electrophoresis assays determine the
ability of compounds to prevent copper- or iron-mediated plasmid
DNA damage by hydroxyl radical (Equation 1) at pH 7 for copper
and pH 6 for iron (to prevent precipitation). To generate damaging
hydroxyl radical, Cu* or Fe** and hydrogen peroxide were used in
low micromolar concentrations (6 and 15 uM, respectively). Using
gel electrophoresis, supercoiled (undamaged) and nicked (damaged)
plasmid DNA was separated, allowing a quantitative analysis of
antioxidant activity.

To enable DNA damage prevention studies with hydrophobic
compounds, ethanol was added to the DNA-damaging reactions.
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TABLE 1 IC5q values for polyphenol prevention of iron-mediated DNA damage under high (1.7 M) and low (10 mM) ethanol conditions and polyphenol

scavenging of DPPH.

Compound Fe?* ICso [uM] high ethanol Fe?* ICsq [uMI low ethanol DPPH ICsq [uM]
TA 227 + 0,01 03 +0.1° 1.00 + 0.01
GA 82.0 £ 02 152 + 0.1° 10.44 £ 0.02
PCA 281 £1 347 +0.3° 1242 £ 0.1
EGC 723 +2 11.6 + 0.2 3.38 £ 0.01
EGCG 14.0 £ 0.1 1.10 £ 0.04° 3.40 £ 0.01
EC 1432 + 3 589 + 0.5 28.97 + 0.02

“ICs values from reference (Perron, 2008).
*ICsp values from reference (Perron et al., 2008).

Ethanol was selected as the organic solvent because double-stranded
DNA is most stable in low-dielectric solvents such as ethanol
(Nakano and Sugimoto, 2016). Hydrophobic
compounds were dissolved in 100% ethanol and 1 uL of this
stock solution was added to the aqueous reagents (9 pL),
resulting in a 10% (v/v; 1.7 M) final ethanol concentration.
Ethanol is not commonly added to plasmid DNA gel-
electrophoresis studies, and we report the effects of ethanol
addition in these experiments. Few reports of ethanol or
methanol addition in these types of assays exist (Battin,
Zimmerman, Ramoutar, Quarles and Brumaghim, 2011; Briviba,
Roussyn, Sharov and Sies, 1996; Henle et al., 1999; Roussyn, Briviba,
Masumoto and Sies, 1996) and only one focused on antioxidant
prevention of DNA damage. Sies et al. (Roussyn et al, 1996)
evaluate peroxynitrite-induced DNA damage

antioxidant

attempted to
prevention by the hydrophobic antioxidant ebselen in aqueous
methanolic solutions, but analysis of the results was problematic
because radical scavenging by methanol was not accounted for, only
one concentration (50 uM) of ebselen was tested, and necessary
controls were missing.

3.2 Effects of increased ethanol
concentration on DNA damage

Ethanol is a known radical scavenger, and Linn et al. (Henle
et al.,, 1999; Linn, 2015) studied the effect of ethanol on DNA
damage caused by iron and hydrogen peroxide (Equation 1). In
the presence of Fe** and H,0,, they identified modes of DNA
damage by °OH: Mode I damage occurs at low H,0,
concentrations, is caused by Fe’* loosely bound to DNA, and
is moderately reduced by ethanol scavenging; Mode II damage
occurs at higher H,0, concentrations, results from Fe**
coordinated to DNA bases,
scavenging. The ethanyl radical, like other alkyl radicals, can
lead directly or indirectly to the production of DNA-derived
radicals, DNA single-strand breaks, and 8-alkylguanine adducts
(Nakao, Fonseca and Augusto, 2002).

A previous report from this laboratory (Perron et al., 2010)

and is resistant to ethanol

tested the antioxidant activity of water-soluble compounds using
similar plasmid DNA damage assays with a lower concentration
of ethanol (10 mM) added to mimic naturally occurring organic
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compounds in cells that act as radical scavengers. When we tested
our hydrophobic antioxidant assay with higher-ethanol
conditions (10% v/v; 1.7 M), this 1700-fold increase in ethanol
showed no effect on copper-mediated DNA damage with the
same Cu' (6 uM) and H,O, (50 uM; pH 7) conditions: 93 + 4%
and 94 + 4% DNA damage at 10 mM and 1.7 M ethanol,
respectively.

In contrast, prevention of iron-mediated DNA damage is
dependent upon ethanol concentration. Under low-ethanol
conditions (10 mM), 2 pM Fe®" in the presence of H,0,
(50 uM) results in 92 + 3% DNA damage, but under high-
ethanol conditions (1.7 M), no DNA damage is observed at
this Fe** Increasing DNA damage with
increasing Fe®" concentration is observed under both ethanol

concentration.

concentrations (Figure 3), but more Fe’" is required to damage
the same percentage of DNA under high-ethanol conditions. This
concentration effect of ethanol on DNA damage has not been
previously determined.

A concentration of 15 puM Fe’* was chosen for our gel
electrophoresis studies under high-ethanol conditions, since the
percentage of DNA damage (~90%) at this concentration of iron
was similar to the DNA damage percentage under low-ethanol
conditions with 2 uM Fe?*. This higher Fe** concentration is
equal to the labile Fe>* pools in E. coli (15-30 pM) (Park and
Imlay, 2003; Woodmansee and Imlay, 2002) and in mammalian cells
(30-210 uM) (Jhurry, Chakrabarti, McCormick, Holmes-Hampton
and Lindahl, 2012).

Differences between ethanol effects on copper- and iron-
mediated DNA damage is likely due to these metals producing
different damaging species. Fe** transfers an electron directly to
H,0, to produce “OH (Floyd and Lewis, 1983; B. Halliwell and
Gutteridge, 1992), as has been thoroughly established in vitro and in
cells (Burkitt and Mason, 1991). In contrast, the precise DNA-
damaging species produced by Cu® is a topic of current debate.
Although many studies propose direct *OH generation from the
reaction of Cu* with H,O, (Aruoma OI et al.,, 1991), other studies
suggest at least initial formation of a separate reactive species
1989), such as inner sphere
complexation of copper to H,O,. It is clear, however, that

(Yamamoto and Kawanishi,
compared to Fe** in the presence of H,O,, Cu’ forms a more

stable oxidant that is much less susceptible to ethanol radical
scavenging (Stoewe and Priitz, 1987).
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FIGURE 7
Correlation of polyphenol ICsq values for prevention of DNA

damage in the presence of high and low ethanol concentrations
(R? value for linear fit is 0.87). Error bars are within the data symbols.

3.3 Electron paramagnetic
spectroscopy studies

EPR experiments of these reaction mixtures were conducted in
the presence of the spin trap 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) were conducted to further explore the influence of
ethanol concentration on copper- and iron-generated radical
species. Both Cu* (300 uM) and Fe* (300 uM) react with H,O,
(2.5 mM) to generate 1:2:2:1 four-line EPR signals typical of the
DMPO-OH adduct, although signals were more intense for the iron
system. High-ethanol concentrations (1.7 M) inhibit formation of
the DMPO-OH adduct (Taniguchi and Madden, 2000). When the
ethanol concentration is reduced, DMPO-OH resonances appear
(Figure 4A), indicating that high-ethanol concentrations inhibit
°OH generation.

3.4 Effects of ethanol on antioxidant DNA
damage prevention assays

To evaluate the impact of high-ethanol concentration on
antioxidant prevention of iron-mediated DNA damage, a set of
six polyphenols (Figure 2) were tested for their ability to prevent
DNA damage under high- and low-ethanol conditions. Polyphenol
antioxidant activity has been extensively studied, and previous
research from this laboratory (Perron and Brumaghim, 2009;
Perron, Hodges, Jenkins and Brumaghim, 2008) established that
polyphenol compounds prevent iron-mediated DNA damage under
low-ethanol conditions by coordinating iron, making them ideal for
a comparison study. These DNA electrophoresis assays were
conducted with Fe** (2 and 15 pM for low-ethanol and high-
ethanol conditions, respectively) plus H,O, (50 uM) and either
10 mM or 1.7 M ethanol. Increasing concentrations of polyphenol
antioxidants were added to these basic reaction conditions.

Tannic acid (TA) in the presence of H,O, did not damage DNA
(Figure 5, lane 3), but Fe**/H,0, caused over 90% damage in the
presence of 10 mM ethanol (Figure 5, lane 4). The same percentage
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of DNA damage occurred with Fe**/H,0, in the presence of 1.7 M
ethanol (Figure 5, lane 5). Adding increasing concentrations of TA
up to 20 uM prevented this iron-mediated DNA damage (Figure 5,
lanes 6-12).

The plasmid DNA band intensities were quantified, and the
resulting data were fit with a dose-response curve to determine the
TA concentration required to inhibit 50% DNA damage (ICs, value;
Figure 6). ICsy value for TA prevention of iron-mediated DNA
damage with 1.7 M ethanol is 2.27 + 0.01 uM, 7.6 times higher than
the ICsy value of 0.3 + 0.1 uM determined under low-ethanol
conditions (Table 1). This increase in ICs, value with increased
ethanol concentration is expected, since iron concentrations are
7.5 times higher in the high-ethanol than in the low-ethanol assay
conditions (15 and 2 pM Fe*, respectively) due to the susceptibility
of iron-generated "OH to ethanol scavenging. This trend of higher
ICs values for iron-mediated DNA damage prevention under high-
ethanol  conditions is observed for all the tested
polyphenols (Table 1).

To investigate the correlation between polyphenol ICs, values
from plasmid DNA assays under low- and high-ethanol conditions,
the log ICs values were plotted together (Figure 7). The graph is
linear, and can be fit with a best-fit line with an R? value of 0.87.
Since polyphenols exhibit both antioxidant and prooxidant behavior
in DNA damage prevention assays with copper under low-ethanol
conditions (Perron, Garcia, Pinzén, Chaur and Brumaghim, 2011)
similar correlations with polyphenol effects on copper-mediated
DNA damage ICs, values under high- and low-ethanol conditions
were not explored.

3.5 Comparing the ability of metal binding
and radical scavenging on DNA damage

Since studies with polyphenols reinforced the importance of
metal interaction for the observed DNA damage prevention, we
chose five additional compounds that systematically differ in their
metal-coordination properties to test and compare the effects of
metal chelation on DNA damage under high-and low-ethanol
conditions. N,N’-dimethylimidazole selone (dmise) is an
imidazole selone well-studied for its ability to coordinate
copper and iron through selenium (Kimani et al, 2015;
Stadelman, Kimani, Bayse, McMillen and Brumaghim, 2016),
and ethyl-bis(imidazole) selone (ebis) is a bidentate ligand,
binding metals through both selenium atoms (Stadelman et al.,
2016). Pyridine and 2,2'-bipyridine (bipy) are extremely well-
studied nitrogen-containing ligands for iron and copper
(Figure 1C; Fabidn, 1989). The selenium and nitrogen metal-
binding  motifs are  combined in  (2-mercapto-1-
methylimidazolyl) pyridine selone (sepyMe), a bidentate ligand
that can coordinate through the selone Se and the pyridine N
atoms. Pyridine and bipy are borderline bases and are expected to
coordinate more strongly to borderline Fe*" than to soft Cu".
Selones, one the other hand, are soft bases and therefore bind
more strongly to Cu* than Fe?*. In addition, bidentate ligands,
such as bipy and ebis, should coordinate more strongly to metals
than their monodentate analogs. If metal coordination plays a
significant role for the DNA damage prevention abilities of these
compounds, these trends should be reflected in their IC5, values.
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TABLE 2 IC5q values for metal-mediated DNA damage prevention and DPPH scavenging of selones and ebselen and ebsulfur derivatives (NS = IC5q value not
obtained due to solubility issues, NA = ICsq value not tested).

Compound Cu* ICs0 [UM] high  Cu* ICsg [uM] low  Fe?* ICsq [uM] high  Fe?* ICsg [uM] low
ethanol ethanol ethanol ethanol
Dmise 3128 £ 0.7 ~240° 658 + 2 3.68 + 0.01* 199.7 £ 0.1
Ebis 8.20 = 0.02 13.09 + 0.03* 140.5 £ 0.3 32+ 09" 1.12 + 0.01
Sepy™¢ 2.31 + 0.01 11.85 + 0.01* 603 + 1 44.7 £ 0.1* 107.4 £ 0.1
Bipy 2.56 + 0.01 NS 22.18 £ 0.04 NS no inhibition
0.1-1000 uM
Pyridine NA NA no inhibition NA no inhibition
1-2000 uM 0.1-1000 uM
Ebselen 280.7 £ 0.8 NS no inhibition NS no inhibition
1-400 uM 0.1-500 uM
Ebselen-N-acetic acid 581 + 4 NS no inhibition NS NA
1-700 uM
Ebselen-7-carboxylic acid 2133 £ 0.6 NS 2353 + 0.6 NS NA
Ebselen-7-carboxylic acid 512+ 0.1 NS no inhibition NS NA
methyl ester 1-700 uM
Ebsulfur-N-acetic acid no inhibition 1-700 uM NS no inhibition NS NA
1-700 uM
Ebsulfur-7-carboxylic acid no inhibition 1-400 uM NS no inhibition NS NA
methyl ester 1-400 uM
Edaravone no inhibition NS no inhibition NS ~3.08*
1-1000 uM 1-1000 uM
Trolox no inhibition no inhibition no inhibition 7285 + 24 6.82 + 0.01
1-1000 uM 1-1000 uM 1-1000 uM

“ICsq values from reference (Zimmerman, 2014).

Increasing the ethanol concentration increases copper-mediated
DNA damage prevention ICs, value of dmise from ~240 to 312.8 +
0.7 uM (Table 2). For iron-mediated DNA damage prevention, the
dmise ICs, value increases from 3.68 + 0.01 to 658 + 2 pM,
respectively, a 179-fold difference (Table 2). For ebis, IC5, values
for copper-mediated DNA damage decrease somewhat with
increasing ethanol concentration: 820 * 0.02 and 13.09 *
0.03 uM, respectively, for high- and low-ethanol conditions.
Similar to dmise, the ebis ICs, value for iron-mediated DNA
damage prevention increases more dramatically with increasing
ethanol concentrations (ICs, values of 3.2 + 0.9 and 140.5 *
0.3 pM, respectively).

The increase in ICsy values for iron-compared to copper-
mediated DNA damage prevention is consistent with the
expected trend of favored selenium-copper over selenium-iron
coordination. In addition, ICs, values for the bidentate ebis
compared to the monodentate dmise are 38- and 18-fold higher
for prevention of copper-mediated DNA damage under high and
low ethanol concentrations, respectively, and 5-fold higher for
prevention of iron-mediated DNA damage under high ethanol
concentrations.

The same denticity trends hold true for monodentate and
bidentate nitrogen donor ligands: pyridine does not exhibit any
iron-mediated DNA damage prevention (1 - 2000 uM), but bipy has
ICs values of 2.56 + 0.01 and of 22.18 + 0.04 uM for copper- and
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iron-mediated DNA damage prevention under high-ethanol
conditions, respectively (no low-ethanol ICs, values could be
obtained due to the poor water solubility of bipy). For the
mixed-donor, bidentate sepyMe, ICs, values are 44.7 + 0.1 and
603 + 1 uM for iron-mediated DNA damage prevention under low-
and high-ethanol conditions, respectively. The ICs, value for
sepyMe is smaller than that determined for dmise, indicating that
addition of the pyridine substituent increases iron-mediated DNA-
damage prevention, consistent with metal-binding being a factor in
these high-ethanol DNA damage assays. This differs from the
copper-mediated DNA damage prevention for sepy™, 11.85 +
0.01 and 2.31 + 0.01 for low and high ethanol, respectively, a 5-
fold decease upon increasing the ethanol concentration.

In addition to well-established metal binding ligands, the well-
known radical scavengers edaravone and Trolox (Figure 1A) were
tested to establish the importance of radical scavenging in this assay.
Edaravone, a substituted 2-pyrazolin-5-one, was approved by the
Federal Drug Administration (FDA) in 2017 as the first drug for the
treatment of amyotrophic lateral sclerosis (ALS) (Homma et al.,
2019). The exact mechanism of action of edaravone in the treatment
of ALS is unknown, but it is thought to be a radical scavenger in vivo,
and edaravone is soluble in ethanol, but poorly soluble in water
(Cruz, 2018). In contrast, Trolox (Figure 1A), is a fairly water-
soluble vitamin E derivative that is also a well-studied radical
scavenger (Alberto, Russo, Grand and Galano, 2013; Oliveira,
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FIGURE 8

Gel electrophoresis images showing ebselen prevention of (A)
copper- and (B) iron-mediated DNA damage. MW: 1 kb molecular
weight marker; lane 1: plasmid DNA (p); lane 2: p + H,O, and (A) lane 3
p + 400 uM ebselen + H,O, + 1.7 M ethanol; lane 4: p + Cu?*

(6 uM) + ascorbate (7.5 uM) + H,O, + ethanol (10 mM); lane 5: p + Cu?*
(6 uM) + ascorbate (7.5 uM) + H,O, + ethanol (1.7 M); lanes 6-12: Cu?*
(6 uM) + ascorbate (7.5 pM) + H,O, + ethanol (1.7 M) + ebselen (1, 10,
50, 100, 200, 300, and 400 pM, respectively). (B) lane 3: p + 400 uM
ebselen + H,O, + 1.7 M ethanol; lane 4: p + Fe** (2 uM) + H,O, +
ethanol (10 mM); lane 5: p + Fe?* (15 uM) + H,O, + ethanol (1.7 M);
lanes 6-12: Fe?* (15 uM) + H,O; + ethanol (1.7 M) + ebselen (1, 10, 50,
100, 200, 300, and 400 pM, respectively).

Geraldo and Bento, 2014). It is commonly used as a standard against
which antioxidant activity is compared in ROS scavenging assays,
expressed as Trolox equivalents (TE) (Huang et al., 2005). Neither
edaravone nor Trolox coordinate metals, so we compared results of
our DNA gel electrophoresis assays under high-ethanol conditions
to those of the DPPH radical scavenging assay to determine the
effects of radical scavenging abilities in our assay.

Edaravone does not prevent copper- or iron-mediated DNA
damage but scavenges DPPH with an ICs, value of 3.08 uM
(Table 2), consistent with reported results (Tokumaru et al, 2018;
Wang and Zhang, 2003). Trolox also does not prevent copper- or iron-
mediated DNA damage under high-ethanol conditions, but it does have
a very high ICs, value of 728 pM for iron-mediated DNA damage
prevention under low-ethanol conditions. These results highlight a
shortcoming with the use of Trolox as a gold standard for antioxidant
assays: comparing every antioxidant to a compound that primarily
scavenges radicals could result in the neglect of other potential
antioxidant mechanisms such as metal chelation.

3.6 Examining DNA damage prevention
abilities for hydrophobic ebselen derivatives

Hydrophobic antioxidants have significant potential, especially
for neuropharmaceuticals, where biodistribution of drugs is limited
by the blood-brain barrier (BBB) that prevents transit of >98% of
small molecules. Water-soluble drugs can be structurally modified to
become lipid-soluble drugs that can cross the BBB, but issues arise
with in vitro screening since current models vary greatly in cost,
technical demands, and intended applications (Pardridge, 2007).

The hydrophobic antioxidant drug ebselen is another example of
how an assay to evaluate hydrophobic compounds for their abilities
to prevent DNA damage could benefit development of more potent
antioxidant drugs. Ebselen (Figure 1D) was developed in the early
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1980s by Sies et al. (Pigtka-Ottlik et al., 2008) as a glutathione
peroxidase (GPx) mimic to prevent oxidative damage by hydrogen
peroxide, and these GPx-mimic measurements were performed in
organic solvents due to ebselen’s poor water solubility (Azad and
Tomar, 2014; Zade, Panda, Tripathi,
Wolmershauser, 2004).

Ebselen also prevents oxidative stress in cultured cells as well as

Singh  and

in Se-deficient mice, an effect independent of endogenous GPx
expression (Steinbrenner and Brigelius-Floh, 2015). In the 1980s
and 1990s, ebselen was examined in clinical trials for treatment of
brain ischemia during stroke, and pproved in Japan for this purpose
(Yamaguchi et al., 1998). In the U.S., ebselen has failed in clinical
trials for treatment of asthma, atherosclerosis, cerebral infarction,
myocardial ischemia, peptic ulcer, rheumatic disorder, and
moderate and severe COVID-19 due to insufficient efficacy
compared to placebo and concerns regarding its toxicity (Kil
et al., 2017; Sies and Parnham, 2020). Ebselen is currently in
Phase II clinical trials for hearing loss and tinnitus and in phase
I/IT trials for Meniere’s disease, tobramycin-induced ototoxicity,
chemotherapy-induced hearing loss, and as a treatment for bipolar
disorder (Azad and Tomar, 2014; Kil et al., 2017; Parnham, 1990).

Despite its setbacks in clinical trials, ebselen continues to be the
standard for measuring small-molecule GPx-like activity, and it is a
well-established ROS scavenger (Fujisawa and Kadoma, 2005;
Maiorino, Roveri, Coassin and Ursini, 1988; Masumoto and Sies,
1996; Sies 1997),
mechanisms are not firmly established. One major issue

and Masumoto, although its biological
preventing examination of the antioxidant activity of ebselen and
ebselen derivatives is very limited water solubility (up to 13.6 pg/mL;
50 uM). Our high-ethanol DNA damage prevention assay is capable
of testing DNA damage prevention for hydrophobic compounds
such as ebselen with water solubilities of as little as 25 pM,
depending on their antioxidant potencies.

Sies et al. (Roussyn et al., 1996) tested the ability of ebselen to inhibit
peroxynitrite-induced DNA damage in a 1% methanol system (0.2 M).
Since methanol scavenges radicals similarly to ethanol, the DNA-
damage control lane exhibited only 25% damage in this study.
Although it was reported that 50 uM ebselen inhibits 43% of DNA
damage caused by peroxynitrite (100 uM) (Roussyn et al., 1996), this
translates to prevention of damage to only 14% of the DNA. Due to this
small difference in DNA damage inhibition, it is not clear that the
observed inhibition is significantly different from the control. Thus, it
was worthwhile to retest ebselen activity in our hydrophobic assay for
DNA damage.

Under high-ethanol conditions, ebselen and H,0, alone do not
damage DNA (Figure 8A, lane 3), but Cu” and H,0, cause 86 + 4%
DNA damage, similar to damage observed for the same Cu* and
H,O, concentrations under low-ethanol conditions (85 + 2%;
Figure 8A, lanes 5 and 4, respectively; ascorbate is added to
reduce Cu® to Cu" in situ). In the presence of Cu" and H,O,,
increasing ebselen concentrations up to 400 pM (Figure 8A, lanes
6-13) prevent copper-mediated DNA damage. At the same
concentrations, ebselen prevents no iron-mediated DNA damage.
Even under these more hydrophobic conditions, the upper
concentration range for these DNA damage assays is limited by
ebselen’s solubility in aqueous ethanolic solution.

These ebselen gel data were fit with a dose-response curve
(Figure 9), and the ICs, value for ebselen prevention of copper-
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FIGURE 9
Dose-response curve for ebselen prevention of copper-

mediated DNA damage under high-ethanol conditions.

mediated DNA damage was found to be 280.7 + 0.8 uM. Due to
ebselen’s low water solubility, our method is the first to determine an
ICs value for its ability to prevent copper-mediated DNA damage.
Under these conditions, ebselen shows only limited ability to
prevent metal-mediated DNA damage in this assay.

The ability to test hydrophobic compounds such as ebselen for
their ability to prevent metal-mediated DNA damage opens up a
new area of antioxidant investigations, including development of
ebselen derivatives that may act through metal binding. Using our
high-ethanol DNA damage assay, we tested a series of five new
ebselen derivatives (Gordhan et al., 2016) that had structural
features that might enhance metal coordination (Figure 1D).
Similar to ebselen, most of the tested ebselen derivatives more
effectively prevent copper-mediated DNA damage than iron-
mediated damage, with only ebselen-7-carboxylic acid able to
prevent iron-mediated DNA damage (ICs, of 2353 + 0.6 pM;
Table 2). Ebsulfur-N-acetic acid and ebsulfur-N-carboxylic acid
methyl ester prevent neither copper- nor iron-mediated damage.
As expected, the selenium-containing ebselen derivatives are more
effective than their sulfur analogs, highlighting the importance of
selenium for antioxidant activity of these ebselen derivatives.

Adding a carboxylate group to the nitrogen atom in the scaffold
in ebselen-N-acetic acid decreases its ability to prevent copper-
mediated DNA damage relative to ebselen, perhaps due to the
acetate substituent creating a potentially competing, bidentate
metal binding site with the keto group on the other side of the
ring from Se. Addition of a carboxylate group near the Se, but
without creating a potentially competing metal binding site, results
in a lower ICs, value for copper-mediated DNA damage prevention
for ebselen-7-carboxylic acid compared to ebselen (213.3 + 0.6 and
280.7 + 0.8 uM, respectively). The methyl ester of ebselen-7-
carboxylic acid is by far the most effective at preventing copper-
mediated DNA damage, with an ICs, value of 51.2 + 0.1 pM, an
over-four-fold increase in activity compared to ebselen-7-
carboxylic acid.

Ebselen-7-carboxylic acid (Figure 1D) is also the only ebselen
derivative that prevents iron-mediated DNA damage, likely due to
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the potentially bidentate carboxylate oxygen and selenium binding
site. Blocking this carboxylate oxygen with a methyl group as in
ebselen-7-carboxylic acid methyl ester prevents all activity,
supporting this theory. Ebselen and its derivatives
effectively prevent copper-over iron-mediated DNA damage, a
result that likely arises because of the soft selenium more

more

strongly interacting with the soft Cu* than the borderline Fe*',
although adding a hard oxygen donor near the selenium site with the
potential for bidentate binding makes ebselen-7-carboxylic acid
nearly equivalent in its ability to prevent copper- and iron-
mediated DNA damage.

3.7 Implications of a DNA gel electrophoresis
method for hydrophobic compounds

Our DNA damage prevention assay permits assessment of
hydrophobic antioxidants, including edaravone, ebselen, and
ebselen derivatives, that cannot otherwise be investigated using
other DNA-based methods. Since we are examining DNA
damage prevention directly, this assay avoids the need to extend
hydrophobic radical scavenging results to the more complex system
of DNA damage prevention. Typical DNA damage assays have been
limited to examination of very water-soluble compounds, so for
hydrophobic compounds, results of hydrophobic radical assays such
as DPPH and ABTS have been correlated with biological outcomes
such as DNA damage prevention without testing the compounds
directly with DNA. We present the first gel electrophoresis assay that
allows direct evaluation of copper- and iron-mediated DNA damage
for hydrophobic compounds. Our electrophoresis and EPR results
show that iron-mediated DNA damage is much more susceptible to
radical scavenging by increased ethanol concentrations compared to
copper-mediated DNA damage, illustrating the differences between
the reactive species generated by these two metals.

Metal-antioxidant interactions play a major role in this
hydrophobic gel electrophoresis assay, as highlighted by the
trends observed for polyphenol prevention of iron-mediated
DNA damage, since iron binding is an established antioxidant
mechanism for these compounds. The importance of metal
coordination was also demonstrated by examining the ICs, value
trends of a group of nitrogen- and selenium-containing ligands for
prevention of copper- and iron-mediated DNA damage. Edaravone
and Trolox, radical scavengers that do not coordinate metals, show
no activity in this assay. Although edaravone is used to treat ALS
that has been associated with elevated copper concentrations, our
results suggest that edaravone’s mechanism of action likely does not
involve copper coordination.

This assay allowed DNA damage prevention testing for ebselen
and ebselen derivatives, compounds with limited water solubility.
Ebselen prevents only copper-mediated DNA damage, but addition
of a carboxylate group to form a potential metal chelating site allows
ebselen-7-carboxylic acid to prevent both copper- and iron-
mediated DNA damage. This more hydrophobic DNA damage
prevention assay is a significant step forward that will allow
screening of hydrophobic compounds for their metal-binding
antioxidant activity, an antioxidant mechanism that is not
examined by common radical-scavenging methods. By testing a
variety of potential antioxidants using this hydrophobic DNA
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damage assay, we demonstrated that it can be used to evaluate and
compare new classes of compounds, give insight into mechanisms
for antioxidant behavior, and aid in the development of
hydrophobic antioxidants and drugs that cross the blood-brain
barrier for treatment of Alzheimer’s, Parkinson’s, and other
diseases caused by oxidative stress.
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