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ABSTRACT: Overproduction of reactive oxygen species (ROS) in vivo can result in damage associated with many aging-
associated diseases. Defenses against ROS that have evolved include antioxidant enzymes, such as superoxide dismutases,
peroxidases, and catalases, which can scavenge ROS. In addition, endogenous and dietary antioxidants play an important role in
moderating damage associated with ROS. In this study, we use four common dietary antioxidants to demonstrate that, in the
presence of copper (cupric sulfate and cupric gluconate) and physiologically relevant levels of hydrogen peroxide, these
antioxidants can also act as pro-oxidants by producing hydroxyl radicals. Using electron spin resonance (ESR) spin trapping
techniques, we demonstrate that the level of hydroxyl radical formation is a function of the pH of the medium and the relative
amounts of antioxidant and copper. On the basis of the level of hydroxyl radical formation, the relative pro-oxidant potential of
these antioxidants is cysteine > ascorbate > EGCG > GSH. It has been reported that copper sequestered by protein ligands, as
happens in vivo, loses its redox activity (diminishing/abolishing the formation of free radicals). However, in the presence of
hydrogen peroxide, cysteine and GSH efficiently react with cupric sulfate sequestered with bovine serum albumin to generate
hydroxyl radicals. Overall, the results demonstrate that in the presence of copper, endogenous and dietary antioxidants can also
exhibit pro-oxidative activity.
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Bl INTRODUCTION nucleic acids,"® modulation of gene expression through
Reactive oxygen species (ROS) are byproducts of cellular activation of redox-sensitive transcription factors,"”'® and
oxidative metabolism, much of which occurs in the modulatfi;on of inflammatory responses through signal trans-
mitochondria of cells. Biologically relevant ROS include duction.” Enzymatic defenses have evolved to protect against
hydrogen peroxide (H,0,), superoxide, hydroxyl radicals, and these harmful biological oxidants. Superoxide dismutases,
singlet oxygen. In addition to cellular metabolism, there are peroxidases, and catalases are some of the prominent and
several other biological reactions that can generate ROS in vivo. extensively studied antioxidant enzymes. Antioxidants also play
Transition metals such as copper and iron are essential dietary an important role in preventing/limiting the damage caused by
minerals that play important roles in enzyme activity and ROS.
oxygen transport. However, they can also participate in one- The hydroxyl radical possesses the highest one-electron
electron oxidation—reduction reactions, leading to the for- reduction potential of all the physiologically relevant ROS 1anz(3
mation of ROS. They are therefore usually sequestered by is extremely reactive with almost every type of biomolecule."”
protein ligands in vivo to limit their redox activity. The presence and pathological role of hydroxyl radicals in vivo
Reactive oxygen species play a dual role, being both has been demonstrated. Targets for hydroxyl radicals include
beneficial and harmful.' ™ They play beneficial physiological proteins and nucleic acids.'®*! Because of their reactivity and
roles in cellular signaling systems and induction of mitogenic ability to damage biological targets, hydroxyl radicals can serve
responses.z’3 However, overproduction of ROS can induce as a representative ROS for investigating dietary antioxidants
oxidative stress, which is associated with many age-related for their potential to react directly with and to quench free
degenerative diseases.”*”® These degenerative diseases have radicals, as well as to protect important biomolecules from
major public health significance and include cardiovascular radical-mediated damage. Growing evidence suggests that
disease,” inflammation,® Alzheimer’s disease,” Parkinson’s
disease,'® diabetes,'! and cancer.'> The mechanisms underlying Received: November 17, 2011
the involvement of ROS and oxidative stress in disease Revised:  January 23, 2012
development may include oxidative modification of proteins,”* Accepted: February 17, 2012
oxidation of lipids,13'_15 DNA strand breaks and modification to Published: February 17, 2012
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dietary antioxidants may play an important role in limiting
oxidative damage and reducing the risk of numerous chronic
diseases related to advancing age.””** There is as yet no known
enzymatic reaction that can detoxify the hydroxyl radical in
vivo. The only known defense against hydroxyl radicals is from
antioxidants.

Many antioxidants are reducing agents; they participate in
redox reactions by donating electrons or hydrogen atoms.
There are several biologically relevant antioxidants that act to
restore oxidative balance in the cellular environment. For
example, vitamin C (ascorbate, AscH™), can neutralize free
radicals by donating a hydrogen atom, forming the ascorbyl
radical, which readily reacts with NADH or NADPH-
dependent reductases to regenerate ascorbate.”* Similar to
ascorbate, reduced glutathione (GSH) can reduce free radicals
by hydrogen atom donation.” Similarly, because of the ability
of thiols to undergo redox reactions, cysteine exhibits
antioxidant properties by hydrogen atom donation. However,
by virtue of their reducing ability, these beneficial antioxidant
compounds can also activate transition metal ions (e.g.,, Fe** to
Fe’* or Cu®* to Cu"), making them behave as pro-oxidants.
This may proceed in a cyclical manner (redox cycling), leading
to a continuous stream of ROS that can cause damage to DNA
and other biomolecules.

Recent research has focused mostly on discovering
antioxidant compounds for use in foods, cosmetics, and other
products. There is less literature on the possible crossover effect
from antioxidant to pro-oxidant activity that may be attributed
to many biologically relevant antioxidants. A review of
ingredients in marketed dietary supplements reveals a growing
trend where antioxidants and redox active metals (e.g,
chromium, cobalt, copper, and iron) are present in the same
formulation. These metals may participate in the formation of
free radicals by a Fenton-like reaction mechanism (M** + H,0,
— M** + OH® + OH", where M is a transition metal).2°
The presence of antioxidant reducing agents together with
redox active metals may lead to pro-oxidant activity. Most
evidence for the pro-oxidant effect of antioxidants in the
presence of redox active metals comes from in vitro studies.
However, there is some evidence that this effect may occur in
vivo. It has been shown that hydroxyl radicals can be detected
in the bile of rats following intragastric administration of copper
sulfate and ascorbic acid.””*® Slivka and Kang have provided
evidence that hydroxyl radicals are generated in the gastro-
intestinal tract following oral administration of ferrous sulfate
and ascorbic acid to rats.”® Naito et al.** have shown that
injection of ferrous sulfate and ascorbic acid into the gastric wall
of rats results in gastric ulcers. While it is generally accepted
that antioxidants can act as pro-oxidants under certain
conditions, there is no clear delineation of what these
conditions are, how they differ among antioxidants, and how
the adverse pro-oxidative effect can be avoided.

In the current study, we have focused on copper as a redox
active metal which is present in many dietary supplements.
Copper is an essential trace element having a recommended
dietary allowance for adults of 900 pg/day.*' In vivo, most
copper is bound securely to ceruloplasmin, which renders it
inactive in Fenton-like reactions. However, about 5 to 15% is
loosely bound to plasma albumin and other small molecules.**
This copper has been termed free copper, and there is concern
that free copper, in the presence of biological reducing agents,
may increase the formation of free radicals. It has been
previously shown that inorganic copper (e.g., copper present in
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drinking water and dietary supplements) is processed differ-
ently than organically complexed copper (i.e., copper present in
food).** Inorganic copper when ingested in large part bypasses
the liver, ending up in the bloodstream and contributing to the
free copper pool* Dietary supplements contain primarily
inorganic copper and, therefore, may increase free copper levels
in the body, increasing the risk of free radical formation. The
role of copper as a catalyst for free radical generation is well
established. In fact, copper (Cu*") has been found to be a much
more redox active metal than iron (Fe*") in many in vitro
systems.>” Free radical generation involving copper is thought
to be associated with the development of some types of cancer
and the acceleration of aging and age associated degenerative
diseases.>>*

L-Ascorbic acid (Vit. C), L-cysteine, L-glutathione (GSH,
reduced), and (—)-epigallocatechin gallate (EGCG) are
biological antioxidants commonly present in dietary supple-
ments. Many such dietary supplements also contain transition
metals like iron and copper. This combination raises the
question of the potential generation of free radicals in a Fenton-
type reaction. In this study, we examined free radicals generated
via a copper-based Fenton-type reaction. We determined if, and
under what conditions, the selected antioxidants quench and/or
promote radical formation. Conditions simulating the physio-
logical pH of the stomach (pH 1.2) and of cells and tissues (pH
7.4) were investigated. We also investigated whether albumin-
bound copper can be redox activated by the presence of these
antioxidants.

B MATERIALS AND METHODS

General Materials and Instrumentation. Bovine serum albumin
(BSA), v-ascorbic acid (Vit. C), L-cysteine, L-glutathione (GSH,
reduced), (—)-epigallocatechin gallate (EGCG), copper sulfate, copper
gluconate, hydrogen peroxide (30 wt %), and $,5-dimethyl-1-
pyrroline-N-oxide (DMPO) were purchased from Sigma (St. Louis,
MO). Distilled deionized water (18.2 MQ.cm) from a Milli-Q water
purification system was used in all experiments. ESR spectra were
recorded with a Bruker EMX ESR spectrometer (Bruker Biospin,
Billerica, MA).

Chemical Reaction Preparation. Two sources of copper
commonly found in dietary supplements (the sulfate and gluconate
salts of copper) were used. Four water-soluble antioxidants of
biological importance were used (Vit. C, GSH, cysteine, and
EGCG). These were selected based on their presence in dietary
supplements and/or prevalence in biological systems. Samples were
tested at different pH values (1.2 and 7.4) to simulate gastric and
intracellular conditions, respectively. The spin trap, DMPO, was
purified by charcoal decolorization and vacuum distillation. The
purified DMPO did not contain any ESR detectable impurities.
Phosphate buffered saline (PBS, pH 7.4, SO mM phosphate, and 137
mM NaCl) and an HCI/KCI (50 mM KCI) solution (pH 1.2) were
used to simulate intercellular and stomach conditions, respectively. All
the buffers used were treated with Chelex 100 (Bio-Rad Inc., Hercules,
CA) to remove transition metal ion contaminants.

Fenton-Like Reaction. Reactions were conducted in PBS, pH 7.4,
or HCI/KCI, pH 1.2, and contained 10 yL of 1 mM Cu** (as copper
sulfate or copper gluconate), 10 uL of either 10 or 100 mM
antioxidant, and 20 pL of 250 mM DMPO. Ten microliters of 10 mM
H,0, was added to initiate the reaction. The final volume was made
up to 100 uL with the appropriate pH 7.4 buffer or pH 1.2 solution.
The final concentrations of the reactants were 0.1 mM Cu**, 1 or 10
mM antioxidant, 50 mM DMPO, and 1 mM H,0,. Fifty microliter
aliquots of the samples were put in glass capillary tubes with internal
diameters of 1 mm, placed in the ESR cavity, and the spectra recorded
1, 5, 10, and 15 min after the addition of H,0,. ESR instrument
settings were 20 mW microwave power, 1 G field modulation, 9.76
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GHz microwave frequency, 6.32 X 10* receiver gain, 100 kHz
modulation frequency, 40.96 ms time constant, and 100 G sweep
width. All measurements were taken in duplicate at room temperature
(23 °C). The time dependence of the ESR signal intensity was
obtained by measuring the peak-to-peak height of the second line of
ESR spectrum of the hydroxyl radical adduct with DMPO.

Copper—Albumin Complex. To determine whether copper—
protein complexes may participate in redox reactions and to determine
if these reactions generate harmful free radicals, copper was complexed
with albumin.** This complex was prepared by dissolving CuSO, in a
pH 7.4 phosphate buffered solution of BSA to prevent the
precipitation of Cu(OH),** The spectrum of the paramagnetic
Cu?**—albumin complex was recorded at room temperature after 30
min. The complex was then mixed with different concentrations of the
antioxidants (final concentration 0.25 mM copper to 0.375 mM BSA
in each reaction mixture) to determine if the Cu®* in the complex
could be reduced to the diamagnetic Cu®. ESR instrument settings
were 20 mW microwave power, 1 X 10* receiver gain, 100 kHz
modulation frequency, 7.94 G modulation amplitude, 3029 G center
field, and 1000 G scan range with 81.98 ms scan time constant. To
further confirm the reduction of the complex and whether this
reduction made the complex redox active, 50 mM DMPO and 1 mM
H,0, were added to the mixture containing the Cu/BSA complex and
antioxidant, and the reaction was monitored for radical generation in
real time using ESR. DMPO was used as the spin trap. The ESR
instrument settings were 20 mW microwave power, 1 G field
modulation, and 100 G scan range. All experiments were repeated at
least twice and where appropriate reported as mean =+ standard
deviation.

B RESULTS AND DISCUSSION

In this study, two different sources of copper (copper sulfate
and copper gluconate) were used. The ESR results obtained
using copper sulfate and copper gluconate were not
significantly different (the results using copper gluconate are
not shown). Consequently, copper sulfate was used to obtain
the results presented here. To participate in a typical Fenton-
like reaction, the cupric cation (Cu®*) of copper sulfate must
first be reduced to Cu*, which can then react with H,O, to
produce the observed hydroxyl radicals.*® The resulting
hydroxyl radicals react with the spin trap DMPO to form the
stable DMPO—OH adduct, identified by a characteristic four
line spectrum with 1:2:2:1 hyperfine splitting.** Ascorbate can
reduce the cupric cation to the cuprous (Cu*) cation, which
may then react with hydrogen peroxide to generate hydroxyl
radicals (Scheme 1).

Scheme 1. In the Presence of Cupric Ion, Ascorbate Can Act
as a Pro-Oxidant

Cu* +AscH —> Cu’ + Asc + H'

Fenton-like Reaction

Cu' + H,0, —> Cu*" +'OH + OH"

Anti- and Pro-Oxidant Activity of Reducing Agents in
the Presence of Higher Concentration of Cu?*. Figure 1
shows the results obtained when a 10 to 1 molar ratio of
antioxidant (1 mM) to CuSO, (0.1 mM) was used. Samples
containing DMPO (50 mM) and, H,0, (1 mM), without
CuSO,, showed no radical production (data not shown). A
weak ESR spectrum, characteristic of the spin adduct between
DMPO and the hydroxyl radical, was observed when DMPO
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was mixed with solutions containing CuSO, and any of the
antioxidants (data not shown). This observation is consistent
with previous reports that Cu’* can catalyze the oxidation of
Vit. C, GSH, cysteine, and EGCG with concomitant formation
of hydrogen peroxide and, subsequently, the hydroxyl
radical ¥* =%’

Figure 1A and B shows the ESR spectra and time
dependence for the ESR signal intensity obtained for solutions
with pH 1.2. The ESR spectra shown in Figure 1A contain four-
lines, having relative intensities of 1:2:2:1 and hyperfine
splitting parameters a" = a" = 14.9 G, and g = 2.005. This
ESR spectrum is characteristic for the spin adduct between
DMPO and the hydroxyl radical (DMPO—OH). The spin
adduct, DMPO—OH, was observed 1 min after the addition of
H,0, (1 mM) to the control sample, containing CuSO, (0.1
mM) and DMPO (50 mM). Formation of DMPO—OH is
attributable to the reduction of Cu** by H,O,. The resulting
Cu* can then react with another H,O, molecule to produce a
hydroxyl radical and, subsequently, DMPO—OH.**** When
one of the antioxidants is additionally present, an increase in
the ESR signal intensity is observed (Figure 1A and B). This
increase can be attributed to the antioxidants acting as pro-
oxidants by reducing Cu** to the redox active Cu’. All four of
the antioxidants elicited increases in the formation of DMPO—
OH measured 1 min after the addition of H,0, (Figure 1A).
The time dependence for the intensity of the ESR signal is
shown in Figure 1B. When antioxidants were present, the major
formation of DMPO—OH occurred within 1 min after the
addition of H,0, with gradual increases in levels of DMPO—
OH generally observed thereafter (Figure 1B). At 15 min after
the addition of H,0,, cysteine was observed to elicit the largest
increase in the formation of DMPO—OH, followed by Vit. C,
and EGCG. At 15 min following addition of H,O,, the signal
intensity observed for samples containing GSH was similar to
that observed for the control (Figure 1B).

Pro-oxidant activity was also observed for solutions
containing antioxidants at pH 7.4 (Figure 1C and D). The
signal intensities for all samples tested at pH 7.4 were
significantly lower than samples tested at pH 1.2. This may
be due to the poor solubility of Cu** at pH 7.4. The ESR
spectra depicted in Figure 1C are consistent with enhanced
hydroxyl radical formation in the presence of the antioxidants.
An additional pair of lines appears in the ESR spectrum when
samples contained Vit. C. These lines can be assigned to the
ascorbyl radical (a™ = 1.8 G, g = 2.005) resulting from the one
electron reduction of Vit. C (Scheme 1). The ascorbyl radical is
not observed in the ESR spectra obtained at pH 1.2 (Figure
1A). It has previously been reported that the ESR signal
intensity for the ascorbyl radical is pH dependent, with an
optimum pH range of 7.2—7.4.° The low ESR signal intensity
for the ascorbyl radical at low pH has been attributed to
disproportionation of the ascorbyl radical in acidic solutions to
form Vit. C and dehydroascorbic acid.>"** Neither of these
products can be detected by ESR. The time dependence for the
intensity of the ESR signal at pH 7.4 is shown in Figure 1D.
Similar to the trend observed at pH 1.2, hydroxyl radical
production is evident 1 min after the addition of H,0,, with
only gradual increases thereafter. The relative pro-oxidant
activities, observed 15 min after the addition of H,0O,, are the
same as those observed at pH 1.2: cysteine > Vit. C > EGCG.
The addition of GSH produced no significant effect on the ESR
signal intensity, even after 15 min.
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Figure 1. Activity of antioxidants at concentrations comparable to that of copper (10:1). Final concentrations were S0 mM DMPO, 0.1 mM CuSO,,
1 mM antioxidant, and 1 mM H,0,. Reactions were conducted in buffered solutions with (A) pH 1.2 and (C) pH 7.4. ESR spectra were recorded
after 1 min of sample mixing. Panels B and D show the effect of time on the progress of the reaction at pH 1.2 and 7.4, respectively. ESR instrument
settings were 20 mW microwave power, 1 G field modulation, and 100 G scan range. Measurements were taken at room temperature (23 °C). The
time dependence of the ESR signal intensity was obtained by measuring the peak to peak height of the second line of the ESR spectrum of the

hydroxyl radical adduct with DMPO. Error bars represent + SD.

The results shown in Figure 1 demonstrate that crossover
from antioxidant to pro-oxidant activity can occur for several
antioxidants widely found in foods and in dietary supplements.
Much is understood about the chemistry underlying the pro-
oxidant activity of these antioxidants. The pro-oxidant activity
of thiol compounds, such as cysteine and glutathione, results
from the stable complexes formed between thiol groups and
redox active transition metal ions, such as Cu®* and Fe’*, and
the reductive potential of the thiol group. Mechanistic studies
of Cu**-dependent oxidation of cysteine demonstrate that the
formation of a Cu**—cysteine complex is followed by reduction
of Cu** to Cu*. Subsequent formation of H,0, is observed and
is thought to involve the reduction of O, by the thionyl radical
formed during the reduction of Cu?*.*® Both efficient reduction
of Cu®* to Cu" and subsequent production of H,0, contribute
to the pro-oxidant activity of cysteine by supplying the reactants
needed for a Fenton-like reaction. We found that cysteine, both
in samples having pH of 1.2 and 7.4, had higher pro-oxidant
activity than glutathione. This observation is consistent with
reports that Cu*'-catalyzed oxidation of cysteine occurs more
readily than Cu’'-catalyzed oxidation of glutathione. ***?
Copper-dependent oxidative damage to DNA is also enhanced
more by cysteine than glutathione.>* In addition, in media
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supplemented with Cu®', cytotoxicity elicited by cysteine
(added as N-acetylcysteine) is greater than that elicited by
GSH.* The relatively low pro-oxidant activity of GSH has been
attributed to stabilization of Cu® when complexed to GSH.
This stable complex limits the reaction of Cu* with H,0, and
reduces the formation of hydroxyl radical.’ It is perhaps this
property that allows GSH to function as the primary
intracellular transporter of Cu® without concomitant Cu'-
catalyzed oxidative damage to cellular components.®”

We also observed pro-oxidant activity for Vit. C in samples
having pH 1.2 and 7.4. The pro-oxidant activity of Vit. C in the
presence of redox active metal ions is well documented. As with
thiol antioxidants, complex formation between the metal ion
and Vit. C is an early event in the sequence of steps leading to
Vit. C’s pro-oxidant activity. We observed pro-oxidant activity
both at pH 7.4 and pH 1.2, which is well below the pK, for Vit.
C (4.2). This result indicates that both undissociated ascorbic
acid and the monobasic ascorbate ion can associate with Cu®*
to initiate free radical production. Reduction of Cu** to Cu* by
Vit. C is accompanied by production of the ascorbyl radical. In
contrast to the analogous radical (thionyl radical) formed when
cysteine reduces Cu®’, the ascorbyl radical is relatively stable
and does not readily react to form ROS.*®> When formed in
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vivo, the ascorbyl radical can react with NADH or NADPH-
dependent reductases to regenerate ascorbate.”*

The results in Figure 1 also show that EGCG, which is
abundant in green tea and is available in dietary supplements,
can exhibit pro-oxidant activity. This observation is consistent
with previous reports describing the in vitro pro-oxidant activi
of EGCG under a variety of experimental conditions.**%~¢!
EGCG readily forms a complex with Cu*.** Subsequent
reduction of complexed Cu®* to Cu*, results in the formation of
a semiquinone radical due to oxidation of EGCG.®> This
semiquinone radical, though relatively stable, has been shown
under aerobic conditions to reduce O, to ultimately form
H,0,. Hayakawa et al.*’ have reported that EGCG has the
lowest pro-oxidant activity of several catechins found in green
tea. They have attributed this lower activity to the radical
scavenging and metal chelating properties and of the additional
gallate moiety in EGCG.

Anti- and Pro-Oxidant Activity of Reducing Agents in
the Presence of Lower Concentration of Cu®*. Figure 2
shows the results obtained when a 100 to 1 molar ratio of
antioxidant (10 mM) to CuSO, (0.1 mM) was used. At pH 1.2,
Vit. C and GSH inhibited the formation of the spin adduct,
DMPO—-OH, measured 1 min after the addition of H,0, (1
mM) (Figure 2A and B). Addition of EGCG had little effect on
the formation of DMPO—OH (Figure 2A). Antioxidant
property in samples having pH 7.4 was also observed for Vit.
C, GSH, and EGCG (Figure 2C and D). A pH dependent
variation in the antioxidant properties of GSH and EGCG was
observed. A larger antioxidant effect was observed for GSH at
pH 1.2 than at pH 7.4. In contrast, EGCG elicited a greater
antioxidant effect at pH 7.4 than at pH 1.2. In general, the
antioxidant property we observed may arise in two distinct
ways. First, the antioxidant may reduce the formation of
hydroxyl radicals by limiting the redox cycling of Cu**. This
effect has been reported for the GSH radical.>® Alternatively, if
the concentration of an antioxidant is sufficiently high, the
antioxidant can intercept hydroxyl radicals before they reach
other targets of oxidative damage (e.g, DMPO under our
experimental conditions). In some instances, both modes of
antioxidant property may be important. The concentration
dependence for the pro-oxidant and antioxidant properties we
observed may give some indication of the mechanism of
antioxidant properties for GSH, Vit. C, and EGCG in the
experimental system we have used. For GSH, we observed a
low level of pro-oxidant activity when the molar ratio of GSH
to Cu?* was 10 and modest antioxidant property when the
molar ratio was 100. The observed low level of pro-oxidant
activity would suggest that GSH limits redox cycling of Cu*".
Stabilization of Cu® by GSH, as reported by Hanna and
Mason,*® may be the mechanism underlying this limitation of
redox cycling. At higher concentrations, both stabilization of
Cu" and scavenging free hydroxyl radicals may contribute to
the antioxidant property of GSH. In contrast, the pro-oxidant
activity observed for Vit. C and EGCG (Figure 1) suggests that
Vit. C and EGCG do not limit hydroxyl formation. Their
antioxidant properties, observed when the molar ratio of
antioxidant to Cu?** was 100, would appear to derive from
interception of hydroxyl radicals and prevention of the
formation of DMPO—OH.

Cysteine was unique among the antioxidants studied because
it showed pro-oxidant activity under all the described
experimental conditions. Figure 2A and C shows that addition
of cysteine (10 mM) to samples containing Cu** (0.1 mM) and
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Figure 2. Activity of antioxidants at a higher concentration relative to
copper (100:1). Samples contained 50 mM DMPO, 0.1 mM CuSO,,
10 mM antioxidant, and 1 mM H,0,. Reactions were carried out in
buffered solutions with (A) pH 1.2 and (C) pH 7.4. ESR spectra were
recorded after 1 min of sample mixing. Panels B and D show the effect
of time on the progress of the reaction at pH 1.2 and 7.4, respectively.
Panel E depicts the time dependence of the ESR signal for samples
containing 10 mM cysteine at pH 1.2 and pH 7.4. ESR instrument
settings were 20 mW microwave power, 1 G field modulation, and 100
G scan range. Measurements were taken at room temperature (23 °C).
The time dependence of the ESR signal intensity was obtained by
measuring the peak-to-peak height of the second line of the ESR
spectrum of the hydroxyl radical adduct with DMPO. Error bars
represent + SD.
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H,0, (1 mM) at pH 1.2 and 7.4, respectively, results in a
dramatic increase in the intensity of the ESR signal for
DMPO—OH. Therefore, we observed cysteine’s pro-oxidant
activity when it was present both at a 10 to 1 (Figure 1) and
100 to 1 molar ratio to Cu®*. Heinecke et al.** have reported
similar results for Cu’*-dependent oxidation of low density
lipoproteins. They observed that, unlike other antioxidants
which exhibit pro-oxidant activity at low concentrations and
antioxidant property at high concentrations, cysteine maintains
its pro-oxidant activity over a wide concentration range. Figure
2E shows the time dependence for the ESR intensity for
samples containing 10 mM cysteine at pH 1.2 and pH 7.4. The
highest ESR intensity was observed 1 min after the addition of
H,O0, indicating rapid formation of the hydroxyl radical. This
observation is consistent with that of Patterson et al.®® These
investigators found that within 2 min after mixing Cu®** (10
uM) and cysteine (100 M), approximately 75% of Cu®' is
reduced to Cu' followed by minimal reduction thereafter.
Similar results have been reported by Pecci et al® in
experiments involving 0.2 mM Cu®" and 2 mM cysteine. In
the presence of H,0,, one would therefore expect concomitant
rapid formation of the hydroxyl radical through a Fenton-like
mechanism. These results demonstrate that cysteine has pro-
oxidant activity over a wider range of concentrations than Vit.
C or EGCG.

Effect of Cu?* on Reducing Agents in the Form of the
Copper—Albumin Complex. It has been reported that 85—
95% of copper in serum is tightly bound to ceruloplasmin and
is unlikely to undergo Fenton-like reactions.**” The remaining
copper is loosely bound to proteins and small molecules and
may undergo redox cycling producing ROS. To better
understand the reactivity of this Cu** loosely bound to BSA
(Figures 3 and 4), we studied aqueous solutions of the copper—
albumin complex (final concentration 0.25 mM copper to 0.375
mM BSA). The ESR spectrum (Figure 3) obtained for this
complex reflects slow tumbling of BSA resulting in a spectrum

Cu*'/BSA complex
g=2.139 control
+ EGCG
B r—————
TS+ Vit C

W+GSH

e

100G

+ Cysteine

Figure 3. Effect of antioxidant on the Cu**/albumin complex. ESR
spectra of Cu**—albumin complex without (control) antioxidants in
aqueous solutions (pH 7.4). Final concentrations were 0.25 mM Cu**,
0.375 mM BSA albumin, and 10 mM antioxidant. ESR instrument
settings were 20 mW microwave power, 6.79 G field modulation, and
1000 G scan range. The measurements were taken at room
temperature (23 °C).
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Figure 4. Radical generation by the Cu**—albumin complex on
addition of antioxidants. Samples contained 50 mM DMPO, 0.25 mM
Cu?*, 0.375 mM BSA albumin, 1 mM H,0,, and 10 mM antioxidant in
50 mM PBS (pH 7.4). ESR instrument settings were 20 mW
microwave power, 1 G field modulation, and 100 G scan range. All
measurements were taken at room temperature (23 °C).

for the Cu®* intermediate between four lines characteristic for
Cu* bound to a fast tumbling site and the completely
immobilized cation.”® When 5 mM EGCG was added to the
solution, no change in the spectrum was observed (Figure 3).
However, addition of equimolar concentrations of Vit. C, GSH,
or cysteine caused a significant decrease in signal intensity,
suggesting the reduction of the paramagnetic Cu** to the
diamagnetic Cu’, which is ESR silent. Only a small residual
signal was observed after the addition of these antioxidants.
After the addition of Vit. C, a trace free radical signal
attributable to an ascorbyl radical was observed (data not
shown). To further confirm that the changes observed in the
ESR spectra resulted from the reduction of Cu** to Cu*, and to
determine whether the Cu*—albumin complex thus formed
could participate in redox reactions, 1 mM hydrogen peroxide
and 50 mM DMPO were added, and the production of free
radicals was monitored. The Cu"—albumin complex did not
generate any radicals. Addition of GSH and cysteine resulted in
increased production of hydroxyl radicals, while addition of Vit.
C generated only the ascorbyl radical (Figure 4). These results
are consistent with the observations of Ozawa et al.** that the
Cu**—albumin complex reacts with cysteine, in the presence of
H,0,, to yield the hydroxyl radical. As expected from our
previous observation that EGCG did not reduce Cu** when it is
bound to albumin (Figure 3), EGCG also had no significant
effect on radical production by the albumin-bound complex in
the presence of H,0,. Our findings indicate that in the
presence of some antioxidants, copper sequestered to albumin
may still generate radicals at physiologic pH through the
reduction of Cu®* to Cu’. These results also suggest that the
physiological effects of dietary supplements, which increase
levels of blood borne copper and antioxidants, warrant further
investigation.

Our concept of the physiological role of antioxidants has
evolved throughout the last decades of research. Presently, it is
clear that antioxidants have broad physiological activities which
include intercepting free radicals and direct activation of gene
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expression through antioxidant response elements.”” Our study
has investigated another role of antioxidants, their pro-oxidant
activity. We have found that pro-oxidant activity can be
observed over a wide range of pH, from the pH in the stomach
to that in tissues and cells. Our results also indicate that for
some antioxidants, such as Vit. C, the pro-oxidant activity
associated with redox cycling is evident when the ratio of
antioxidant to metal ion is relatively low. For other antioxidants,
such as cysteine, the pro-oxidant activity can be observed over a
wide range of concentrations. Therefore, one should be
cautious in making generalizations about the crossover from
antioxidant to pro-oxidant activity for antioxidant ingredients
used in dietary supplements. Currently, most experimental and
clinical studies are designed to evaluate the risks and benefits of
individual ingredients in dietary supplements. Our results and
those of other investigators indicate that there is also a need to
investigate interactions between ingredients found in dietary
supplements. The results we have obtained will hopefully help
frame questions about risks associated with combining
antioxidants and transition metals in dietary supplements, and
encourage further research to answer some of these questions.
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