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Abstract—The ascorbate free radical (A’ 7) is a resonance-stabilized tricarbonyl species that is readily formed from the one-
electron oxidation of ascorbate, AH™. Because of the low reduction potential of the A’ “/AH™ couple, E* = +282 mV, nearly
every oxidizing radical that can arise in a biological system will bring about the one-electron oxidation of AH™, forming A’ .
Thus, the steady-state concentration of A’ ~ can be used as a measure of oxidative stress in chemical, biochemical, and biological
systems. In this article, we discuss the energetics of ascorbate free radical reactions and demonstrate that the A"~ electron
paramagnetic resonance (EPR) signal intensity can serve as a marker for the degree of oxidative stress occurring in a system.
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INTRODUCTION

Free radicals are in general short-lived paramagnetic
species. It is now realized that free radicals play a role
in the metabolic and chemical changes that occur in
biological systems, which may result in, or be the re-
sult of, disease states. Because of their high reactivity,
absolute bimolecular rate constants for free radical
reactions are most often in 10°-10° M~' s™! range.
Thus, radicals usually have short lifetimes, t,, ~
1073-107% s, making them difficult to detect. Because
of the reactive nature of free radicals, a myriad of
methods has been developed to monitor and identify
these species.! The techniques range from various che-
miluminescence and UV-spectrophotometry meth-
ods to EPR. EPR is the only direct method to detect
free radicals; however, as a result of working with

Address correspondence to: Garry R. Buettner, ESR Facility, 68
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* Ascorbate free radical dismutes with a second-order rate constant
of approximately 2.0 X 10° M~ s~ at pH 7.4. Thus, if [A’ 7] = 1077
M, then t,, would be 50 s, assuming no other decay processes. In
contrast, the very reactive HO' has a rate constant of approximately
10** M~! 57! with nearly all organic substrates.® Thus, the half-life
of HO' generated in the presence of 1 M substrate will be approxi-
mately 107° s,
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room-temperature aqueous solutions, EPR has limita-
tions. EPR spin-trapping techniques that have been
developed to overcome these problems do so by ex-
tending the lifetime of free radicals.? For example, the
HO’ radical is not detectable by EPR in room-tem-
perature aqueous solution because of its broad line-
width and short lifetime, t,, ~ us-ns. However, the
hydroxyl radical reacts with a commonly used spin
trap 5,5-dimethyl-1-pyrioline-N-oxide (DMPO) to
produce the spin adduct DMPQO/"OH, which has a
relatively narrow linewidth, AH,, ~ | G, and long
lifetime, t,,, =~ seconds to hours, depending on experi-
mental conditions. These characteristics allow easy
EPR detection and quantitation of DMPQO/ "OH. The
integrative nature of spin trapping has provided a
wealth of information on free radical processes in the
chemical, biochemical, and biological sciences.>?
The ascorbate anion, AH™, is an endogenous
water-soluble antioxidant that is present in biological
systems. The one-electron oxidation of ascorbate pro-
duces the ascorbate free radical, A *~, which is easily
detectable by EPR even in room-temperature
aqueous solution. The ascorbate radical has a rela-
tively long lifetime compared to other free radicals,
such as hydroxyl, peroxyl, alkoxyl, and carbon-cen-
tered lipid free radicals.* The purpose of these experi-
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Fig. 1. Background [A "] vs. [Ascorbate]: The solutions contained various concentrations of ascorbate in phosphate buffer pH
7.4. The points represent the A "~ concentration observed in the second of two scans, where the values had a standard deviation
of less than 1 nanomolar. Inset: An example of the ascorbate radical doublet EPR signal observed in pH 7.4 buffer.

ments is to demonstrate that the ascorbate free radical
EPR signal intensity can serve as a marker for the
degree of ongoing free radical oxidative stress.

MATERIALS AND METHODS

Hypoxanthine, xanthine oxidase, ascorbic acid,
DMPO, desferoxamine mesylate, chelating resin, and

riboflavin were from Sigma Chemical Co., St. Louis,
MO. The DMPO was purified with charcoal and
stored as a 1.0 M aqueous solution.* 2,2'-Azobis(2-
amidinopropane)dihydrochloride (AAPH) was ob-
tained from PolySciences Company, Warrington, PA.
All buffers were treated with chelating resin using the
batch method;> absence of adventitious catalytic
metals was verified with ascorbate.’
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Fig. 2. Background {A "~] vs. pH: The solutions contained 500 uM ascorbate, 50 mM phosphate buffer, and 50 uM deferoxa-
mine mesylate. The points represent the A’~ concentration observed in the second of three scans, where the values had a
standard deviation of less than 1 nanomolar. [J, left ordinate scale; A, right ordinate scale.
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Fig. 3. Xanthine oxidase-produced radicals: A*~, A, and DMPQ/
‘OOH, 0, EPR signal height (arbitrary units) versus XO concentra-
tion. The solutions contained 500 uM ascorbate or 50 mM DMPO;
500 uM hypoxanthine; 500 uM or 250 uM DETAPAC; and various
concentrations of XO in 50 mM phosphate buffer, pH 7.8 for
DMPO or pH 7.4 for A"~. Each curve represents the median of
three separate experiments. The results have been normalized to
the highest value of each curve ([A"7] = 53 nM at 100; [DMPO/
"OOH] = 2.0 uM at 100). At least three consecutive EPR spectra
were collected for each solution. The plotted data represent signal
height for the high field line of DMPO/"OOH or A"~ from the
second scan of each sample.

The concentrations of A~ and DMPQ/ 'OOH
were determined by double integration of the EPR
spectra using 3-carboxy proxyl (Aldrich Chem. Co.,
Milwaukee, WI) as a standard. The spectra were ob-
tained with the same instrument settings as used in
collecting the experimental spectra, except for re-
ceiver gain. Saturation effects were accounted for as
necessary.’ EPR spectra were collected with a Bruker
ESP 300 ESR spectrometer (Bruner Instruments;
Karlsrube, Germany), using a TM,,, cavity and
aqueous flat cell.

Ascorbate radical background signals

In the experiments where the [A "] was deter-
mined with varying amounts of ascorbate, the solu-
tions contained 50 mM phosphate buffer, pH 7.4; 50
#M deferoxamine mesylate; and various concentra-
tions of ascorbate. The deferoxamine mesylate was
present in the buffer overnight to ensure complete
chelation of adventitious iron.” In the experiments

where the [A "] was determined at various pH values,
the solutions contained 50 mM phosphate buffer, 50
M deferoxamine mesylate (overnight), and 500 uM
ascorbate.

For the detection of the ascorbate free radical, EPR
instrument settings were modulation amplitude, 0.71
G; scan rate, 6.0 G/84 s; time constant, 1.3 s; power,
40 mW; and receiver gain, 5 X 10°.

Xanthine oxidase

In the experiments where xanthine oxidase (XO)
was used as a source of oxyradicals, the solutions con-
tained 500 uM ascorbate or 50 mM DMPO; 500 uM
hypoxanthine; 50 uM or 250 uM diethylenetriamine
pentaacetic acid (DETAPAC); and various concen-
trations of XO in 50 mM phosphate buffer, pH 7.8,
for DMPO or pH 7.4 for A",

EPR spectral scans were initiated approximately 1
min after addition of XO. For the DMPO spin-trap-
ping experiments, instrument settings were modula-
tion amplitude, 0.96 G; scan rate, 80 G/168 s; time
constant, 0.33 s; power, 40 mW,; and receiver gain, 5
X 10°. For the detection of the ascorbate free radical,
instrument settings were modulation amplitude, 0.71
G; scan rate, 6.0 G/84 s; time constant, 1.3 s; power,
20 mW; and receiver gain, 5 X 10°.

Riboflavin

In the experiments where riboflavin and light were
used as a source of oxyradicals, the solution contained
500 uM ascorbate or 50 mM DMPO; | mM DETA-
PAC; various concentrations of riboflavin in 50
mM phosphate buffer, pH 7.8, for DMPO or pH 7.4
for A",

EPR spectra were collected at the same instrument
settings as the XO experiment except for receiver
gain. The light source was a 100-W tungsten micro-
scope light focused on the TM, , cavity grid. The light
fluence rate at the sample, as measured using a Yellow
Springs Instrument (Yellow Springs, OH) model 65A
radiometer with a 6551 probe, was ~ 150 Wm™2, as-
suming the cavity grid transmits 75% of the incident
light. Infrared radiation from the light was removed
by a 3-cm water filter.

Azo initiator, AAPH

In the chemical system where AAPH was used as a
source of oxyradicals, the solution contained 500 uM
ascorbate or 50 mM DMPO, 50 uM DETAPAC, and
various concentrations of AAPH in 50 mM phos-
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Fig. 4. Xanthine oxidase: A'~, A, and DMPO/"OOH, O, EPR signal height (arbitrary units) versus time in minutes. The
solutions contained 500 uM ascorbate or 50 mM DMPO; 500 uM hypoxanthine; 50 uM or 250 uM DETAPAC; and 25 mU/ml
of XO in 50 mM phosphate buffer, pH 7.8 for DMPO or pH 7.4 for A *~. Each curve shows the temporal steady-state EPR signal
intensity of the radical signal after the introduction of XO. Spectra were acquired approximately every 2 min.

phate buffer, pH 7.4. In the experiment using human
plasma, the concentration of ascorbate was 58 uM.

EPR spectra were collected at the same settings as
the XO and riboflavin experiments except for receiver
gain. EPR spectra were collected 10 min after the in-
troduction of AAPH in the chemical system and 6
min after in the plasma system.

RESULTS

The DMPO nitrone spin-trapping system is EPR
silent in the absence of impurities or a free-radical-
generating system. However, background levels of the
ascorbate radical are observable in an ascorbate solu-
tion even in metal-free pH 7.4 buffer.” This back-
ground A '~, produced by the one-electron oxidation
of ascorbate, is thought to arise from the autooxida-
tion of the ascorbate dianion;’ thus, the A"~ concen-
tration will vary as a function of ascorbate concentra-
tion and pH.

At pH 7.4, the concentration of A"~ increases as
the concentration of ascorbate is increased (Fig. 1). At
low concentrations of ascorbate (i.e., less than ~ 100
uM) the [A"7], varies =~ exponentially, whereas
above 100 uM, [A 7], varies ~ linearly, within the
noise of the experiment.

Each line of the ascorbate radical doublet (Fig. 1,
inset) is actually a triplet of doublets; in aqueous solu-
tion the EPR spectral parameters of A "~ are g value =
2.00518;a" = 1.76 G; a"%(2) = 0.19G;a"* = 0.07G.®
However, our instrument settings were chosen for

maximum sensitivity; thus, the hyperfine splittings
for H5 and H6 are within the linewidth, and only a
doublet with a™ =~ 1.8 G is observed.®

Ascorbic acid is a diacid with pK, = 4.2 and pK, =
11.6.° As the pH rises, the concentration of the dian-
ion will increase, resulting in an increase in the rate of
ascorbate oxidation. This higher rate of ascorbate au-
tooxidation will yield a higher steady state level of A"~
(Fig. 2). At pH values greater than ~ 8, there is signifi-
cant background ascorbate oxidation, which may
limit the use of [A '], as a measure of oxidation
stress. At near neutral pH, the background [A "] is
minor; however, if the pH is held constant, then
[A "] can be used as a marker of oxidative stress.

Xanthine oxidase

Xanthine oxidase catalyzes the oxidation of hypo-
xanthine to uric acid producing hydrogen peroxide
and superoxide, O;". The flux of superoxide in this
system can be varied by changing the concentration of
xanthine oxidase while holding the other variables
constant. As seen in Fig. 3, when the concentration of
xanthine oxidase is increased, producing more super-
oxide, we see nearly parallel increases in both the
ascorbate free radical and DMPO/ QOOH EPR sig-
nals. Both the ascorbate free radical and DMPO/
*OOH EPR signal intensities vary with time (Fig. 4).
Naturally, the form of these curves will change as a
function of the XO concentration (not shown).
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Riboflavin

Riboflavin is a photosensitizer that produces a
strongly oxidizing triplet. This triplet is reduced by
electron donors; both ethylenediaminetetraacetic
acid (EDTA) and DETAPAC can be oxidized by the
triplet state of riboflavin. The reduced riboflavin can
in turn convert dioxygen to superoxide. Thus, ribofla-
vin can serve as a source of superoxide but will only
generate superoxide in the presence of light. The flux
of superoxide can be varied in a riboflavin system by
changing the riboflavin concentration while holding
the other variables and light fluence rate constant. Us-
ing riboflavin in the presence of light as a source of
superoxide, we observed nearly parallel increases in
both A"~ and DMPO/ ‘OOH EPR signal intensity as
the amount of riboflavin was increased (Fig. 5).

Azo initiator, AAPH

The free radical initiator AAPH undergoes thermal
decomposition at a constant rate, producing carbon-
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Fig. 5. Riboflavin-produced radicals: A "~, &, and DMPO/ OOH,
0, EPR signal height (arbitrary units) versus riboflavin concentra-
tion. The solution contained 500 uM ascorbate or 50 mM DMPO;
I mM DETAPAC; various concentrations of riboflavin in 50 mM
phosphate buffer, pH 7.8 for DMPO or pH 7.4 for A"~ Each data
point of each curve represents the median of three separate experi-
ments. For each experiment, the EPR signal height was determined
as the average of two consecutive scans, using the high field lines of
DMPO/ "OOH or A "~ Each curve represents the median of three
experiments where the results were normalized to the highest value
of each curve (JA "] = 30 nM at 100; [DMPO/ ‘OOH] = 1.8 uM at
100).

SIGNAL HEIGHT (A.U.)

125

o
o
»

~

w
|

o

(8}
o

N
()
[m]

0 25 50 75 100 125

[AAPH] (mM)

Fig. 6. Azo initiator-produced radicals in buffer; A°~, A, and
DMPO/ "OH, O, EPR signal height (arbitrary units) versus AAPH
concentration. The solutions contained 500 xM ascorbate or 50
mM DMPO; 50 uM DETAPAC, and various concentrations of
AAPH in 50 mM buffer, pH 7.4. Each curve represents the median
of three separate experiments. The results have been normalized to
the highest value of each curve ([A""] = 36 nM at 100; [DMPO/
"OH] = 2.3 uM at 100).

centered sigma radicals that react with O, at nearly
diffusion-controlled rates yielding peroxyl radicals.'®
Thus, AAPH, in an oxygen-containing system, pro-
duces a constant flux of oxidizing free radicals that
can oxidize ascorbate or produce spin adducts with
DMPO. When using AAPH as a source of oxidizing
radicals in simple buffer solution, we observed nearly
linear increases in both the DMPO/ "OH adduct, aN =
a" = 14.8 G, and ascorbate free radical EPR signal
intensities as the concentration of AAPH was in-
creased (Fig. 6). In the experiment using plasma con-
taining 58 uM ascorbate, a value typical of physiologi-
cal conditions, the A *~ EPR signal intensity was also
found to increase as the concentration of AAPH in-
creases (Fig. 7).

DISCUSSION

Ascorbate free radical has been observed by EPR in
numerous chemical and biological studies. For exam-
ple, in biological systems, A “~ has been observed in
lyophilized tissue,!' xenobiotic metabolism in the
liver,'> and myocardial ischemia/reperfusion stud-
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Fig. 7. Azo initiator-produced A '~ radicals in plasma: A*~, o, EPR
signal height (arbitrary units) versus AAPH concentration. The so-
lutions contained 58 uM ascorbate in plasma and various amounts
of AAPH.

ies.!>! Since the first EPR observations of A~ pro-
duced by oxidative enzymes,'®!” the ascorbate radical
has been used as an indicator of oxidative events. For
example, increased A *~ concentrations have been ob-
served in photochemical systems containing AH™,'8
photosensitized reactions,'*?° skin,'® X-irradiated tis-
sue,2! and in organ endotoxic shock.??

In general, quantitative aspects of A~ generation
and decay have been limited principally to fast kinetic
studies.?*?* These studies have demonstrated that A *~
decays by a pH-dependent second-order dismutation
process, k° (pH 7) = 2 X 10° M~! 57! (Ref. 23). A
recent study has demonstrated that the steady-state
level of A", as observed by EPR, can be used as a
marker for the rate of the metal-catalyzed oxidation
of ascorbate.”

Ascorbate has many functions in living systems,
but a key feature is its ability to serve as a water-solu-
ble antioxidant.? In fact, ascorbate is the most effec-
tive water-soluble antioxidant in human blood
plasma.?®?” These observations are consistent with
the thermodynamic properties of the ascorbate radi-
cal/ascorbate couple (Table 1). Because of the low re-
duction potential of A", ascorbate will react as an
antioxidant with nearly every oxidizing radical that
could arise in a biological system. This one-electron
oxidation of AH™ results in the production of A",

R "+ AH > A™ + R-H AE”" >0

a resonance stabilized tricarbonyl species that is easily
observable by EPR.

In our experiments, using three different free-radi-
cal-generating systems, we have found that the EPR
signal height of A "~ correlates with the flux of initiat-
ing free radicals. However, it must be kept in mind
that there is always a background oxidation of ascor-
bate yielding a low level of A "7 This background
A" signal intensity is a function of pH, catalytic
metal concentration, oxygen concentration, and
ascorbate concentration. As demonstrated in our ex-
periments, when these variables are controlled, the
steady-state A"~ EPR signal intensity serves as a
marker for the degree of free radical oxidative stress in
the system.

In a biological system, it may be difficult to control
all the variables that influence the A"~ EPR signal
intensity. Thus, it is important that control experi-
ments be carefully planned; a paired comparison de-
sign would be ideal.

EPR spin trapping is a widely used technique that
has provided both structural and quantitative infor-
mation about reactive free radical formation, whereas
the ascorbate free radical does not provide structural
information on the precursor radicals. However, spin
traps must be added to the system being measured
and may be toxic to living species when used at the
concentrations of typical biochemical investigations.
In addition, they are relatively expensive, whereas
ascorbate is a natural, nontoxic endogenous biologi-
cal compound. Because of the limitations of spin trap-
ping, there is a need for complementary methods to
detect oxidative radical production.

We propose that ascorbate (i.e., the ascorbate free
radical), which is naturally present in biological sys-
tems, can be used as a noninvasive indicator of oxida-
tive stress. The ascorbate radical is a relatively stable,
nontoxic radical species that is easily detectable. As
oxidative stress increases in a system, the steady-state

Table 1. One-Electron Reduction Potentials

Couple E®/mV Ref.
HO", H*/H,O 2310 28
RO’, H*/ROH (aliphatic alkoxyl radical) 1600 29
ROO®, H*/ROOH (alkyl peroxyl radical) 1000 29
GS'/GS™ (glutathione) 920 30
PUFA®, H*/PUFA-H (polyunsaturated

fatty acid, bis-allylic-H) 600 29
a-chromanoxyl’, H*/«-tocopherol

(TO®, H*/TOH) 480 31
Ascorbate™, H*/ascorbate monoanion 282 32
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~ concentration increases. Thus, the EPR intensity

of this radical signal can serve as an indicator of the
degree of free radical oxidative processes taking place
in chemical, biochemical, or biological systems.
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ABBREVIATIONS

~—monodehydroascorbate radical

[A T],—steady-state A~ concentration
AAPH--2,2-azobis(2-amidinopropane)dihydrochlo-

ride

AH™—ascorbate monoanion
DETAPAC—diethylenetriaminepentaacetic acid
DMPO—S5,5-dimethylpyrroline-1-oxide

O3—the equilibrium mixture of OO, and HO,
XO—xanthine oxidase



