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Characterization of the Electrochemical Oxidation of Peroxynitrite:
Relevance to Oxidative Stress Bursts Measured at the Single Cell Level
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Abstract: The electrochemical signa-
ture of peroxynitrite oxidation is report-
ed for the first time, and its mechanism
discussed in the light of data obtained
by steady-state and transient voltam-
metry at microelectrodes. Peroxynitrite
is an important biological species gen-
erated by aerobic cells presumably via
the near diffusion-limited coupling of

apoptosis, ageing, carcinogenesis, Alz-
heimer disease, AIDS, etc.). However,
this could only be inferred on the basis
of characteristic patient metabolites or
through indirect detection, or by obser-
vation of follow-up species resulting
supposedly from its chemical reactions
in vivo. In this work, thanks to the
independent knowledge of the electro-

chemical characteristics of ONO,~ oxi-
dation, the kinetics and intensity of this
species released by single human fibro-
blasts could be established directly and
quantitatively based on the application
of the artificial synapse method. It was
then observed and established that fi-
broblasts submitted to mechanical
stresses produce oxidative bursts, which

nitric oxide and superoxide ion. Its
production by living cells has been
previously suspected during cellular ox-
idative bursts as well as in several human
pathologies (arthritis, inflammation,
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Introduction

Aerobic cells actively produce reactive oxygen and nitrogen
species when their integrity is threatened by environmental
hazards such as infectious entities (e.g. viruses, bacteria),
xenobiotics (e.g. water and air pollutants), and physical agents
(e.g. high-energy radiation, UV light, mechanical intrusion).
Such an increase in oxidizing species is generally compensated
for by reducing substances (vitamins, glutathion, catalase,
superoxide dismutase (SOD), and so on). When this delicate
balance is upset, a metabolic condition known as oxidative
stress prevails.[']

This situation is supposed to originate from an increased
production of superoxide ion (O,*~) and nitrogen monoxide
(NO°) by cells. Superoxide is constantly generated by aerobic
cells as an unwanted side product (6-8% of metabolic
oxygen) during their normal metabolism.[" “° Under oxida-
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involve the release within less than a
tenth of a second of a complex cocktail
composed of several femtomoles of
peroxynitrite, hydrogen peroxide, nitric
oxide, and nitrite ions.

tive stress conditions, much more significant quantities of O,"~
may be produced through the involvement of NADPH-
oxidase type enzymes [Eq. (1)].0")

20,+NADPH — 20, +NADP*+H" 1)

Under normal conditions, most of this hazardous species is
readily scavenged through its fast disproportionation into
hydrogen peroxide and oxygen [Egs. (2)—(4)].

0, + H*=HOO" (K ;< 1) @)
HOO'+ 0, — HOO" + 0, (fast) ©)
HOO +H' —s H,0, (fast) @)

In living aerobic cells, this fast process is even accelerated
by its catalysis by superoxide dismutase (SOD, rate constant:
ksop=2.5x10°m s~ at pH=7) [Eq. (5)].l"

20,7 (+ 2H)puy — H0,+0, Q)

The release of NO-° is thought to originate from the
activation of cell NO-synthases [Eq. (6)].01" 12!

L-arginine + 2NADPH+20,+2H" —

6
NO-* +citrulline + 2NADP* +2H,0 ©
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Moreover, O, and NO* couple at a rate constant close to
the diffusion limit (=2 x 10"m~1s~1)[¥ to form peroxynitrite
ion, ONO,™ [Eq. (7)].

NO* 40, — ONO," )

Peroxynitrite is a short-lived species under physiological
conditions (¢,,~1s at T=25°C for pH = 7.4) since it decom-
poses via the intermediate formation of its conjugated acid
ONO,H (pK,=6.8) into nitrate and nitrite ions.['¥] However,
it displays a wide range of biochemical reactivity since it has
been shown:

1) to nitrate proteins (tyrosine residues), carbohydrates, and
nucleic acids;

2) to oxidize lipids, thiol groups, Fe/S and Zn/S centers,'* and
oxyhemoglobin to methemoglobin;

3) to freely cross the cytoplasmic membrane of red blood
cells when protonated.['”]

Also, it readily reacts with CO, to form nitrosoperoxycar-
bonate, ONO,CO,~, which is supposed to be a very efficient
nitrating species!!® 7 although it rapidly decays to CO, and
NO;~. As a consequence, peroxynitrite has been associated
with several pathological conditions such as arthritis, inflam-
mation, apoptosis, ageing, carcinogenesis, strokes, Alzheim-
er’s, Huntington and Parkinson’s diseases, AIDS, and acute
ischemia-reperfusion injury.!8-21

So far, the involvement of ONO,™ in these oxidative stress
processes has been only indirectly inferred from patients’
metabolites and by detecting species supposedly resulting
from its chemical action: free radicals studied by chemilumi-
nescence;? increase of the methemoglobin/oxyhemoglobin
ratio as measured by spectrophotometry;?* 24 presence of
nitrated amino acids as detected spectrophotometrically and
by Western blot analysis.”l An indirect amperometric detec-
tion method based on the reduction of ONO,~ by using a
redox mediator has also been recently described®! but, to the
best of our knowledge, no data have ever been reported on the
direct electrochemical oxidation of ONO,".

Here, we present a real-time, electrochemical investigation
of ONO," production and release during an oxidative burst at
the level of a human cell (fibroblast). This work is based on
the use of an artificial synapse method (Figure 1).2% One half
of the synapse is composed of a single living cell, which is
stimulated by the fast pricking of its membrane with a sealed
micropipette (1 um radius) to elicit the oxidative burst by
mechanical stimulation. A platinized carbon microelectrode
placed 5 um above the puncture hole constitutes the other half
of the synapse. The extremely minute release of chemicals
that occurs within the artificial cleft after the cell stimulation
may then be analyzed in real time with subfemtomole,
subsecond resolution.?” 28l

Recent results obtained by this method have shown the
complexity of the cellular burst response.?> This is com-
posed of several species resulting from the initial production
of NO* and O,~. The results presented below for the
oxidative burst reveal the presence of at least three different
electrochemical waves, which were compared with the known
oxidation waves of the species thought to be involved in the
response, namely H,0,, NO-, and NO,". The short response
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Figure 1. Optical microscopic view and schematic side view showing a
human fibroblast in a Petri dish and the positioning of a microelectrode
(black shadow on right) which constitute together a semiartificial synapse.
A glass micropipette (white shadow on left) used to trigger the oxidative
stress response is also seen. The microelectrode and the micropipette
appear as shadows on the optical microscopic view because they are out of
focus and are located above the cell plane (see scheme).

time of our setup (x0.1s) allowed us to consider the
involvement of unstable species like peroxynitrite. However,
before assigning ONO,~ to one of these waves, its electro-
chemical signature had first to be obtained. This was inves-
tigated at the same platinized carbon fiber disks that were
used in our cell experiments. Yet, at high scan rates, when
capacitive currents would have altered the voltammetric
information at these dendritic electrodes, regular platinum
disk microelectrodes were used instead. The chemical fate of
the ONO," radical generated after the one-electron oxidation
of peroxynitrite is discussed on the basis of the electro-
chemical results.

Results and Discussion

Electrochemical monitoring of superoxide and nitric oxide
derivatives at the single cell level: Oxidative stresses induced
in human fibroblasts (used as models of skin carcinogenesis in
our studies)P! may be investigated electrochemically through
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the artificial synapse method described above (Figure 1). The
electrodes consisted of carbon disks of approximately 10 um
diameter obtained from the cross section of a carbon fiber
sealed into a thin soft glass case.’l The exposed carbon disk
was beveled, polished, and platinized so as to increase its
electrochemical activity towards small oxygen-containing
molecules expected to be released in oxidative bursts (vide
supra). The electrode was placed in the desired position above
an isolated living cell with a micromanipulator under optical
microscopy control (Figure 1).2¢

Oxidative bursts were stimulated by the fast pricking of the
cell membrane with a sealed micropipette (ca. 1 um radius) con-
trolled with a second micromanipulator.?! We checked that
this method did not cause lethal damage to the examined cells.
In fact, its more drastic consequences ought to be less pro-
nounced than those of (nowadays) common biological experi-
ments involving the direct delivery of biochemical or genetic
materials into cells’ inner compartments through the use of
identical micropipettes. The oxidative stress response is presum-
ably stimulated by the instant depolarization of the cell mem-
brane provoked by the rapid interconnection of the two different
double layers built up on each face of the cell membrane.

Because of the dendritic electrode surface platinization
required to obtain decent electrochemical responses,?! the
ultramicroelectrode capacitances are excessively large, and so
are capacitive currents. On the other hand, pricking the cell
membrane creates a connection between its cytosol and the
extracellular fluid where the electrode is positioned. This
induces significant diffusional fluxes of nonelectroactive ions
to and from the electrode surface. Thus, double-layer
capacitances and therefore capacitive currents are expected
to vary significantly following the membrane intrusion. Both
features prevent the use of transient methods such as chrono-
amperometry or even moderately fast cyclic voltammetry
(viz., ca. 50—100 V s7!) to investigate the nature of the products
released by the cell during oxidative bursts.*] Slow voltam-
metric scans (viz., at scan rates of a few volts per second or
less) would be compatible since the capacitive currents would
be small enough, but they could not be used here because the
potential scan durations would then be comparable to the
signal half-widths (compare Figure 2a), which would thus
alter the observed voltammetric measurements.

Any electrochemical analysis of oxidative bursts requires
then a series of independent measurements performed at a set
of different constant potentials. Such collections of indepen-
dent measurements are necessarily obtained from a series of
different cells, namely, one cell per potential investigated.
This built-in requirement introduces another great difficulty,
which is among the largest in any bioelectrochemical inves-
tigation involving isolated living cells. Indeed, in essence, cell
responses exhibit a strong variability. Thus, the parameters
featuring two events recorded for two different cells cannot be
directly compared even when performed under identical
conditions. Any comparison of responses obtained at different
potentials thus requires that a statistically significant popula-
tion of cells is investigated at each potential so that a statistical
analysis may be performed. In our experiments, this neces-
sitated the averaging of 25-40 individual cell responses at a
given electrode potential depending on the cell culture
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Figure 2. Oxidative cellular bursts monitored in vivo. a) Time dependence
of the anodic currents monitored at different potentials after the
stimulation of a human fibroblast by the micropipette, when the electrode
(10 um radius) is positioned at # =5 pum above the cell. From bottom to top:
the constant electrode potential £ was changed from 300 to 850 mV vs.
SSCE in steps of 50 mV. Each curve represents the average of 25-40 in-
dividual events recorded at each constant potential in order to be
statistically significant; b) Normalization of the traces shown in a) relative
to their individual maximum current values (/***!)...; c) Variations of
(1", .x» the maximum current intensity of the spikes shown in a) as a
function of the electrode potential (circles, squares, and triangles; different
symbols are used to help to distinguish the three waves I-III; one data
point every 25 mV). Solid curves: voltammogram reconstructed (unlabeled
curve) by arithmetic addition of the individual steady-state voltammo-
grams (noted a, B, v, and 0, and shown at the bottom of the same panel)
obtained at the same electrodes for (o) H,O, (1.4 um), (f) ONO,™ (1.7 um),
(v) NO (19 um), and (8) NO,~ (4 um) (see text); d) Correlation (slope 0.99;
correlation coefficient =0.989; 25 data points) between the reconstructed
and experimental voltammograms shown by the unlabeled solid curve
shown in c) (see text).

examined. Then the standard deviations were small enough
for observing reproducible (i.e., culture-to-culture and day-
to-day) and meaningful electrochemical data (i.e., with a
+5% precision at 70% confidence, or £10% at 95%
confidence).’ For example, the set of data shown in Fig-
ure 2a represents more than 500 individual experiments. All
the data shown hereafter have been obtained through this
long, repetitive, but necessary procedure. Since fibroblasts
need to be examined in a biologically compatible aerobic
environment [air-saturated PBS (phosphate buffer saline) in a
Petri dish at 25 °C], they are necessarily surrounded by a large
concentration of oxygen (0.24 mm). The presence of the highly
reducible oxygen molecule at such a high concentration
forbids any investigation of cathodic potential ranges to avoid
blasting the cell with significant quantities of superoxide and
hydrogen peroxide prior and during the experiments. So,
the analytical detection and identification of species released
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by the cell have to be performed far from the very foot
of the oxygen reduction wave, that is, at potentials larger
than 0.275 V versus SSCE (saturated sodium calomel elec-
trode).

Figure 2a shows the significant variations of the oxidative
stress amplitude in terms of the corresponding oxidation
current, I°t as a function of the detection potential over the
electrochemical window of interest. Interestingly, when each
of these current traces is normalized to its current maximum,
namely, upon plotting [Pvst/(f*wst)  as performed in Fig-
ure 2b, they can almost be superimposed, which shows that
their time courses are extremely similar. Despite this close
current—time behavior, plotting the current maxima,
(1°%Y),.x» as a function of the detection potential (Figure 2¢)
demonstrates the presence of at least three different electro-
chemical waves (labeled I to III).

From now on, it is necessary to identify the species leading
to each wave by comparing the electrochemical signature of
the oxidative stress response to that of each different species
which may be involved in the response. Waves II and III are
characteristic of NO° (waveIl: E;,=0.555+0.010V vs.
SSCE; one-electron oxidation) and NO,~ (wave III: E,,=
0.730£0.010 V vs. SSCE; two-electron oxidation) oxidations
respectively at our electrodes as demonstrated by their perfect
matches to the steady-state voltammograms of authentic bulk
solutions of these species obtained under identical conditions
(PBS solutions) at the same electrodes (compare with the
voltammograms labeled y and 8 shown in Figure 2c).

The first oxidation wave (I), with an apparent half-wave
potential at 0.290 +0.010 V versus SSCE, does not correspond
to any expected species (vide supra), and moreover is
noticeably more sluggish than waves II and III. Furthermore,
based on collection-efficiency measurements as a function of
the cell-electrode distance,® the diffusion coefficient(s)
relative to the species oxidized at this wave is (are)
comparable (i.e. ca. 2x 107 cm?s™') to those of NO,™ or
H,0, in the PBS. This demonstrates that the molecule(s)
giving rise to wave I is (are) comparable to NO,™ or H,0, in
terms of size (viz., molecular weight) and interactions with the
PBS medium. This establishes in particular that wave I cannot
feature at all the oxidation of proteins or of larger biological
molecules released by the cell through the puncture made in
its membrane. Most of all, the time course of the released flux
corresponding to this wave is extremely similar to those
observed for NO* and NO,~ (Figure 2b).

All these independent features strongly suggest that the
species oxidized at wave I is (are) closely related—molecu-
larly speaking—to H,0O, or NO,~. This points to the involve-
ment of ONO, ", O,"~, or H,0, (vide supra). The involvement
of O, per se can be easily ruled out because wave I is by far
too anodic. In PBS, authentic samples of H,O, are oxidized
almost in the correct potential range (E,;,=0.250+0.005 V
vs. SSCE; two-electron wave) at our platinized carbon
electrodes, and yet they give rise to a better-defined and less
anodic wave (compare with wave a in Figure 2c). This
prompted us to examine and characterize in vitro the ONO,~
oxidation electrochemical wave in order to be able to assess
its possible involvement in the oxidation process(es) detected
at wave L.

4174

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Voltammetric study of peroxynitrite solutions (in vitro)

Steady-state response (low scan rates): The electrochemical
behavior of peroxynitrite solutions could not be investigated
under physiological conditions (i.e., pH = 7.4 in PBS) since its
decomposition kinetics are too fast at this pH (#,,~1s at T=
25°C)13l to allow the preparation of stock solutions. Note
however, that in vivo, the diffusion time from the cell to the
electrode surface is within the millisecond timescale so that if
ONO," is produced, less than 10% of the amount released
should decompose during the time taken to the electrode
surface. However, this does not apply during in vitro experi-
ments because of the necessity to prepare stock solutions. We
needed then to define experimental conditions so that bulk
solutions of peroxynitrite could be investigated without
significant decomposition during the analytical measurement.

The decomposition of peroxynitrite in dilute solution is
highly sensitive to pH as a result of the central involvement of
its transient protonated form (pK,=6.8).['3 14 3] Therefore,
the kinetics could be considerably slowed down by performing
the experiments at basic pHs. pHs > 12 could not be used with
platinized carbon fiber electrodes, since their surfaces under-
went a rapid loss of sensitivity, possibly resulting from their
alteration by formation of oxides.’* %l In vitro voltammetric
experiments were then performed in moderately basic
aqueous media, in which the peroxynitrite concentration did
not reasonably evolve (¢, ranging from a few minutes at
pH~9 to one hour at pH=~12). The synthesis of stock
solutions of peroxynitrite was achieved by ozonation of
slightly alkaline azide solutions, a method which provided
concentrated solutions (ranging from 30 to 80mm) virtually
devoid of hydrogen peroxide and of metal complexes, which
are both electroactive species that would interfere with the
oxidation mechanism and the analysis.’®! Diluted peroxyni-
trite solutions were subjected to linear sweep voltammetry at
low sweep rates (v <50 mV s~! where v is the voltammetric
scan rate), which led to steady-state voltammetric responses
at our microelectrodes. Under these conditions, two well-
defined oxidation waves (labeled O, and Og) were observed
on platinized carbon fiber microelectrodes at E;,=0.35+
0.02V and 0.72+0.01 V versus SSCE, respectively (Fig-
ure 3b).

During the reaction time (ca. ~1h) required for the
synthesis of peroxynitrite, aliquots of the reaction mixture
were collected and tested both electrochemically with plati-
nized carbon fiber microelectrodes and spectrophotometri-
cally. The magnitude of the plateau currents of the waves O,
and Oy increased with time (Figure 3b) following for wave O,
a strict correlation with the absorbance of the respective
solution measured at A, =302nm (Figure 3a), which is
characteristic of the peroxynitrite anion.®! The spontaneous
decomposition kinetics of peroxynitrite solutions at several
pHs were analyzed by both methods. A good correlation
between the decay rate constants of wave O, plateau current
and that of the absorbance at 302 nm was again obtained
(Figure 3c). Conversely, wave Oy did not significantly change
with time after completion of the synthesis. The first-order
kinetics rate constants determined from wave O, decay are
close to those reported in the literature for peroxynitrite: that
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Figure 3. Peroxynitrite production during the ozonation of an azide
solution (pH =12) followed by: a) spectrophotometry (4,,,, =302 nm) or
b) steady-state electrochemistry (20 mV s™!). Measurements were taken at
0 (1), 10 (2), 30 (3), 50 (4), 55 (5; bold curves in a,b), and 60 (6) minutes
after the beginning of ozonation. Waves O, and Og correspond to the
oxidation of ONO,  and NO,, respectively, at platinized carbon-fiber
microelectrodes (10 um diameter); c) Correlation (five data points repre-
senting the average of three different experiments each) between the
decomposition rate constants of peroxynitrite solutions followed by UV
spectrophotometry (log k,,; cell thermostated at 22°C) and electrochem-
istry (log ke..; unthermostated cell, see Experimental Section) at several
pH values (from 8.7 up to 10.2 from right to left). A dashed line with unity
slope is shown to help the comparison; d) Evidence for the absence of any
correlation between E;, of wave O, and pH over the range 8.8 < pH < 10.2.
All electrochemical experiments shown in this figure were carried out with
platinized carbon fiber microelectrodes (10 pm diameter) in phosphate
buffer solutions of ONO, .

is, k=8x107s™' (pH=12), to be compared with k=
1x1075s7! (as calculated at pH=12 in ref. [35]) or k=
8x 1073 s7! (pH=11 in ref. [39]). All these features strongly
suggest that the species oxidized at wave O, is the peroxyni-
trite anion, while that detected at wave Oy is a side product
formed in parallel with ONO,™ during the in situ synthesis of
stock solutions. The latter is presumably NO,™ in agreement
with its known oxidation potential and previous re-
ports.[33% 401 Furthermore, additions of aliquots of concen-
trated nitrite solutions to the peroxynitrite solution propor-
tionally increased the magnitude of the plateau current of this
wave. This came as no surprise, since Pryor et al. had already
shown that nitrite ions were produced during the synthesis of
ONO,"~ according to the method employed in the present
work.¥! Once nitrite ions were formed, they did not undergo
any further homogeneous chemical transformations over the
timescale of the experiments at the alkaline pH values
considered here, in agreement with the fact that the plateau
current of wave Og remained constant.

Chem. Eur. J. 2001, 7, No. 19
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Figure 3d demonstrates the absence of any correlation
between the half-wave potential of wave O, and the pH over
a range confined to basic conditions (see above). E,,
remained around 0.35+0.03 V versus SSCE in the range
8.8 <pH < 10.2 despite a significant scatter and poor repro-
ducibility of the data (i.e., within the precision of their
determination). This scattering and poor reproducibility are
presumably due to uncontrolled alterations of the platinized
surfaces of the electrodes in these basic media since, as will be
established below, this FE;, value reflects not only the
thermodynamics but is strongly controlled by the kinetics of
the initial electron transfer. Therefore, it is likely that this
value (i.e., within the precision of its determination) strongly
depends on the electrode surface properties, which are
affected by exposure to basic solutionsP® 3 (note that the
platinized electrode surfaces were checked to be stable at
neutral pH upon using the H,O, oxidation wave so this poor
accuracy could not affect the in vivo results). Because of this
accuracy problem, and since it affected only the heteroge-
neous rate constant of electron transfer, the electrochemical
signature for peroxynitrite oxidation at our platinized electro-
des was obtained by averaging all the independent steady-
state voltammograms (whose E;, values are represented in
Figure 3d) after translating numerically their individual
potential scales so that their translated E;, values all
coincided with the average value of 0.35V versus SSCE
established above. This led to the voltammogram labeled {3 in
Figure 2c.

The absence of any systematic dependence of E,,, on the pH
indicates that the electrochemical process does not involve
protons.*! This implies that wave O, represents the direct
oxidation of ONO,~ (viz., not of its conjugate acid, through a
CE (chemical-electrochemical reaction sequence),*!! which is
consistent with the fact that pH > pK,=6.8 over the range
investigated. Furthermore, since the maximum oxidation
degree of nitrogen is +vI as it is in ONO,",®! this implies
that the primary redox reaction is then necessarily a one-
electron process giving rise to ONO," as the primary
intermediate.

It then follows that the two electrochemical processes at
waves O, and Oy may be represented by the following
primary Equations (8) and (9).

Wave O,: ONO, —e~ — ONO," — etc. 8)

Wave Og: NO,”+20H  —-2e~ — NO; +H,0 9)

Equation (9) involves the formation of nitrate ions. How-
ever, these are not electroactive at our electrodes either in
these in vitro experiments or during the in vivo ones. In
particular, if nitrate ions were released by the cell during
oxidative bursts, this would remain undetected by our
method.

Transient voltammetry (high scan rates): This series of experi-
ments was aimed at detecting possible short-lived intermedi-
ates formed upon the electrochemical oxidation of peroxyni-
trite and at estimating the kinetic parameters of their
reactions. Transient voltammetry was conducted on bare
platinum microelectrodes of 125 and 500 um diameters. They

0947-6539/01/0719-4175 $ 17.50+.50/0 4175



FULL PAPER

C. Amatore et al.

were used and preferred to platinized carbon-fiber micro-
electrodes since their capacitance was much smaller, leading
to better-defined Faradaic voltammograms at sweep rates
higher than 1 V s~!. The two waves O, and Oy described in the
previous section were again observed with these pure
platinum microelectrodes. The most anodic of them (wave Og,
data not shown) agreed again with the transient voltammetric
oxidation of nitrite into nitrate [Eq. (9)]. Wishing to focus our
investigations on the peroxynitrite response (wave O,), we
then limited the voltammetric potential window between
—0.2 and 0.8V versus SSCE in the subsequent studies
(Figure 4a,b), therefore obviating any eventual interference
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Figure 4. Transient cyclic voltammetry of ONO,~ (12mm) oxidation in
vitro (phosphate solutions, pH =10.5) at platinum disk microelectrodes
[125 um diameter in a), b); 125 to 500 um diameters in c), d)]. a),
b) Transient voltammograms recorded at 1 (a) or 30 (b) V s7!; ¢) Variations
of the peak current intensity (/0*) with the scan rate (slope 0.5, correlation
coefficient=0.998, five data points representing the average of three
different experiments each); d) Variations of the peak potential (EP*) with
the scan rate (slope 0.067 V, correlation coefficient =0.998, seven points,
three experiments for each point).

due to oxygen at more cathodic potentials and excluding the
nitrite wave Og and its oxidation products from the voltam-
metric window. However, in some experiments, the potential
window corresponding to the oxygen reduction range was
voluntarily explored voltammetrically to ascertain that O, was
not produced within our voltammetric timescales as a follow-
up product of ONO,~ oxidation (vide infra).["3]

Peroxynitrite oxidation experiences a diffusional control as
revealed by the 1/2 slope value of the log(/,,,) versus log v plot
(i.e., I, ocv2# Figure 4c). The slope of the E,, vs. logv

4176 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

variations was close to 67 mV (Figure 4d), an expected feature
for overall kinetics controlled by the initial electron-transfer
kinetics (a,, = 0.45).[* Figure 4a and 4b show transient cyclic
voltammograms obtained with peroxynitrite solutions at 1
and 30 V s7!, respectively. In the former case, no reverse step
was detected in the potential window of interest, while in the
latter a well-defined reduction wave R, was observed upon
scan reversal. Clearly, the species giving rise to the reduction
wave R, was formed during the oxidation process at wave O,,
but underwent further chemical transformations so that its
reduction could no longer be detected at smaller scan rates. Its
lifetime was approximately 0.1 s judging from the onset of its
wave when scanning at 10 V s7L. To investigate some elements
relating to the nature of the species detected at the reduction
wave R, associated with the oxidation wave O,4, the following
experiments were performed: i)the scan rate was set at
100 V s7! so that the reduction wave R, was fully developed;
ii) the potential scan was continuously cycled between a fixed
value (E,,=0.7 V vs. SSCE) located on the plateau of wave
O, and a variable more cathodic potential (E ). When E_,,
was too anodic to encompass wave R, , the current intensity of
wave O, dropped rapidly during the first few repetitive scans,
and this showed that ONO,™ could not be regenerated in the
diffusion layer under these conditions. Conversely, when E,q,
was set at a more negative value so as to encompass increasing
fractions of wave R, the decay of wave O, with the number
of repetitive scans was slower. When E_,, reached the
diffusion limit of wave R,, the system of waves Oj/R,
remained steady upon continuous cycling. This behavior is
characteristic and demonstrates that the reduction of the
species observed at wave R, regenerates quantitatively the
peroxynitrite ion within the diffusion layer. This and the fact
that the half-sum of the peak potentials of waves O, and R, is
independent of the scan rate, of the pH, and of the
peroxynitrite concentration, points out that the tandem of
electrochemical waves O,/R, represents the slow charge-
transfer process in Equation (10).

ONO, —e ==ONO,’ (10)

Simulations of these voltammograms allowed the determi-
nation of the following characteristics of the peroxynitrite
electrochemical oxidation: E°=0.2740.02 V versus SSCE
for the couple ONO, /ONO,™; transfer coefficient, o, = 0.45;
heterogeneous rate constant, k¢, =103 cms~'. These values
are consistent with the plots in Figure 4c, d, as well as with
control of the wave by the kinetics of the heterogeneous
electron transfer [Eq. (10)] under steady-state conditions (see
above). The existence of the nitrosyldioxyl radical, ONO,",
was postulated to account for the previous observation of an
identified intermediate during the reaction of NO* with O, in
the gaseous phase, although it has been suggested more
recently that the detected species was a NO*/O, adduct and
not ONO,".* In aqueous solutions, ONO," has been consid-
ered as an intermediate in the autoxidation mechanism of
NO-".™ Finally, a formal reduction potential has been
calculated for the couple ONO,/ONO,~ on the basis of
thermodynamic considerations by Koppenol et al., namely,
E°=0.43 £0.13 V versus a normal hydrogen electrode (NHE)
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(i.e., E°=0.194+0.13V vs. SSCE).’) This predicted range
encompasses reasonably well the value determined in the
present work, £°=0.27 £0.02 V versus SSCE [Eq. (10)].

Follow-up kinetics of ONO,": Bearing in mind that the radical
ONO,", unless quickly re-oxidized, spontaneously decompos-
es so that wave R, is not observable, we can therefore best
explain the whole process at wave O, by an EC electro-
chemical scheme.*!] The follow-up chemical step may be a
first-order (or pseudo first-order) process [Eq. (11)] or a
second-order homogeneous reaction as suggested previously
[Eq. (12)].13

ONO," — etc. (11)

20NO,” — etc. (12)

Occurrence of the reactions in Equations (11) or (12) can
be distinguished based upon the dependence of the current
peak intensity of wave R, at a given scan rate on the
concentration of the substrate. Indeed, upon increasing the
concentration, the current peak intensity of wave R, relative
to that of wave O, should remain constant for a first-order
reaction [Eq. (11)].Y Conversely, it should decrease in
relative value for second-order kinetics [Eq. (12)].* Exper-
imentally, the current ratio was found to be independent of the
concentration (tested from 6 to 20mwm) so that a second-order
reaction such as that in Equation (12) is definitely ruled out.

Therefore, the most plausible sequence of events is repre-
sented by Equation (10) at higher sweep rates (v >10 V s7!),
or Equations (10) and (11) at lower sweep rates (v <1V s7!).
The mechanisms postulated in the literature for the decom-
position of ONO," include an overall decay to O, and NO-,
thought to occur either directly or via a short-lived dimer
intermediate.l'3] The direct path may be excluded, since the
reduction wave of O, was not observed (note that in vitro
experiments were conducted in deaerated solutions, so
formation of O, within voltammetric times would have been
detected if this was produced upon oxidation of peroxyni-
trite). This clearly establishes that the first-order decay of
wave R, (#,,~0.1s) does not correspond at all to a direct
decomposition of ONO," into O, and NO". It cannot yield its
previously postulated dimer on the way to O, and NO-
formation either since this would correspond to a second-
order process. Therefore, Equation (11), which takes place
within the short voltammetric timescale may only be ration-
alized upon considering a different first-order decay, presum-
ably involving an isomerization of the primary radical ONO,*
formed, according to Equation (13).

ONO,” — [ONO,7* (13)
This isomerized species may then well dimerize, as sug-
gested previously for ONO,*,['3 to eventually decay, yielding

O, and NO, at markedly longer times than available with
voltammetric investigations [Eq. (14)].

20NO," —2[ONO,J* — [(ONO,"),]* — O,+2NO, (14)
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Such a mechanism would indeed respect the observed first-
order kinetics for ONO," decay, while affording a second-
order rate for the ultimate production of O, and NO, as
postulated previously.!'3]

To conclude this section, we wish to discuss several possible
structures for the isomerized species noted as [ONO,']* in
Equations (13) and (14). Since ONO," exists as two isomeric
forms, cis and trans [Eq. (15)], the most stable being the cis
form, one may then tentatively propose that the isomerization
in Equation (13) features a similar cis—trans process occur-
ring at the level of the radical.

(15)

cis trans

However, this appears extremely unlikely on the basis of
the previously reported quantum chemical investigation.*] A
third isomer ought then to be considered, for example, the
tentative structure shown in [Eq. (16)], which does not appear
unreasonable considering those disclosed in ref. [35].

_0
ONOO* —"O—N_ | (16)
~0

Relevance to cellular oxidative bursts: We established above
the electrochemical characteristics of a molecule of great
biological interest, the peroxynitrite ion ONO, . We have
shown that ONO," can be oxidized at the surface of platinized
carbon fiber or bare platinum microelectrodes. An experi-
mental value of E°=0.27+0.02V versus SSCE could be
derived from fast-scan cyclic voltammograms of the ONO,*/
ONO,™ redox couple. It was also established that ONO,~
oxidation follows an EC mechanism, in which the electro-
chemical process is the rate-limiting step. The follow-up
chemical reaction involving ONO," was found to be a first-
order process presumably leading to the isomerization of the
initially formed radical with #,,~0.1s.

Our goal in undertaking this study of ONO,™ electro-
chemical oxidation was to characterize the steady-state
voltammograms of peroxynitrite solutions on platinized
carbon fiber microelectrodes so as to compare them to the
waves recorded in vivo during cell experiments. Peroxynitrite
samples are oxidized in the potential range of wave I (Fig-
ure 2¢) giving a slightly more anodic wave (wave f§ in
Figure 2c: E,,=0.350£0.020 V vs. SSCE, 1-electron wave;
vs. E;,=0290V vs. SSCE for wave I). Conversely, H,O,
samples give rise to a slightly less anodic wave (wave labeled
o in Figure 2¢, E,,=0.250+0.005V vs. SSCE, 2-electron
wave). Such close oxidation waves, that is, with half-wave
potentials located on each side of wave I strongly suggest that
the slowly developing oxidation wave detected for cells may
not be a single wave at all but may actually result from the
accidental convolution of those of H,O, and ONO,". To test
this hypothesis, we examined therefore if the in vivo oxidation
current, [***t observed at wavel (i.e., between 0.275 and
0.475 V vs. SSCE; Figure 2c, solid circles) could be described
as a linear combination of the oxidation currents /, and I
measured in vitro for authentic solutions of H,O, and ONO,~
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in PBS at the same electrodes. Thus, the experimental in vivo
oxidation current was arbitrarily decomposed as in Equa-
tion (17).

Pst=fx e x I, + (1 —¢) x I] 17)

In the above equation, fis a scaling factor, and ¢ a weighting
factor. The factors f and ¢ do not have the same effect on the
wave, and they are independent parameters. Indeed, ¢ affects
the shape of the “reconstructed” wave, while f only scales its
intensity. Since I and (/,— ;) have known values at each
potential as deduced from the in vitro experiments, ¢ was
readily obtained through a linear correlation procedure by
rewriting Equation (17) as Equation (18).

s o [T+ % (I, — Ip)] (18)

This procedure afforded £¢=0.45 (slope 2.10, correlation
coefficient 0.994, nine data points) for the conditions shown in
Figure 2c; f=2.1 was then obtained at once from the slope of
the ensuing linear correlation. This treatment led to an
experimentally “reconstructed” voltammogram (unlabeled
solid line in Figure 2c) based on a mixture of H,O, and
ONO,™ and of NO* and NO,™ as determined above. This
“reconstructed” voltammogram neatly agreed with the ex-
perimental set of waves I-III recorded during oxidative
bursts, as attested also by the excellent correlation in Fig-
ure 2d (slope 0.99; correlation coefficient=0.989; 25 data
points).

Conclusion

The direct, unmediated electrochemical signature of peroxy-
nitrite, ONO,™, an important biologically active species
resulting from the near diffusion-limited reaction between
NO-" and O,'", is reported for the first time. This species is
oxidized at platinum surfaces to the peroxynitryl radical,
ONO,", which can either be reduced back to peroxynitrite (at
scan rates larger than 10 Vs™!), or decay by a first-order
process with an EC mechanism to product(s) still to be
characterized (at scan rates smaller than 1Vs™!). The
electrochemical parameters (E°=0.27V vs. SSCE, a. =
0.45, k&, =103 cms™!) have been determined, as well as an
estimate (¢,,~0.1s) for the lifetime of the electrogenerated
ONQO;" radical in PBS.

This allowed, for the first time, the direct characterization
of ONO,™ in the oxidative burst emitted by human fibroblasts
upon mechanical stimulation, together with H,0,, NO-, and
NO,". This was achieved by the deconvolution of the
amperometric responses obtained by application of the
semiartificial synapse method based on microelectrodes. Such
results, especially taking into account the rather short
duration of the activation time (less than a tenth of a second),
appear extremely important owing to the likely involvement
of peroxynitrite in several human pathological conditions. The
fast production, detected within less than a tenth of a second,
of ONO," by living cells submitted to an oxidative stress
implies therefore the rapid action of pre-assembled enzymatic
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systems. Owing to the rapid formation of peroxynitrite by
coupling of NO" and O,"7, it is acceptable to assume that NO-
synthase and NADPH-oxidase, two enzymes responsible for
the synthesis of NO* and O,'~, are simultaneously triggered
immediately after the rapid cell membrane depolarization.

Experimental Section

Single cell experiments: All the experiments have been performed at 25°C
in Petri dishes placed on the stage of an inverted microscope. The electrode
and micropipette were positioned with respect to the cell with two
micromanipulators. All the details, including those concerning the plati-
nized carbon fiber microelectrodes construction, electrochemical appara-
tus, PBS solutions, or cell culture, and handling have been reported
previously.? The fibroblasts used in this study came from a control human
cell line (198VI) established from a skin biopsy and were kindly provided
by Dr. A. Sarasin (UPR CNRS2169, Villejuif, France). Cells were grown in
MEMF12 medium (GibcoBRL) with fetal calf serum (10%) in an
incubator (5% CO,, 37°C). Confluent monolayers of fibroblasts were
harvested by trypsination. From 1000 to 2000 cells were then re-suspended
in Petri dishes (3.5 cm diameter, Costar3035) and stored in the incubator
for 48 h during which they spontaneously adhered to the Petri dish bottom.
Cells were then washed three times in PBS buffer before experiments,
which were only performed with isolated cells to avoid biochemical
interference between them through local diffusion of products released
during oxidative bursts.

In Vitro Voltammetric experiments: All reagents except peroxynitrite and
nitric oxide were purchased from Sigma. Aqueous solutions were prepared
with water obtained from a Millipore Milli-Q system. The in vitro test
experiments were carried out in deaerated PBS (phosphate buffer saline,
10mMm Na,HPO,/NaH,PO,, 137mm NaCl, and 2.7mm KCI) containing
either NaNO, (10 mm), ONO,~ (6 to 20mm), H,0O, (1mm), or NO* (2mm
saturated solutions). In the latter case, NO* (I'Air Liquide, 99.99 %) was
passed through NaOH (4M) in order to scavenge any NO, impurities and
bubbled (with great caution under a fumehood) through thoroughly
deaerated PBS buffer. Peroxynitrite was synthesized by ozonation of
slightly alkaline azide solutions according to the procedure developed by
Pryor et al.l’¥! Briefly, ozone was generated by passing oxygen through an
ozonator (Welsbach) undergoing a silent electrical discharge (120 V). The
gas stream from the ozonator, containing ~1% O; in oxygen, was
continuously bubbled through a glass-frit in an aqueous solution of sodium
azide (100 mL, 0.1-0.2m) and NaOH (10mm), chilled at 0°C in an ice bath.
Unreacted ozone was trapped in a solution of potassium iodide (10%) in
water. The peroxynitrite concentration was spectrophotometrically moni-
tored (e=1.670Mm 'cm™! at A, =302 nm; Beckman DU-7400) by collect-
ing aliquots (1 mL) of the reaction mixture at intervals of 5 to 10 min, and
after dilution (8 to 12-fold) in NaOH (10mm). The ozonation was stopped
once the absorption maximum was detected (reached after 55 minutes in
Figure 3a,b; in a general case usually between 40 to 80 minutes, depending
on the ozonation conditions and the initial concentration of azide). Indeed,
continuing ozonation after this point would have resulted in a progressive
scavenging of peroxynitrite to form nitrite. This method led to peroxynitrite
solutions containing just traces of azide (<3%o) and devoid of H,0,.*!
Stock solutions of peroxynitrite (concentrations ranging from 30 to 80 mm)
were frozen and stored at —20°C and used within 2 weeks, a period during
which they did not decompose. During the experiments, the defrosted
solutions were kept at 0°C in an ice bath to minimize the spontaneous
peroxynitrite decay.

Bare platinum and platinized carbon-fiber microelectrodes were used for
the electrochemical measurements.?* %] Platinum disk electrodes were
made from cross-sectioned glass-encased platinum wires (10, 125, or
500 pm diameter, Goodfellow), which were polished with fine sand papers
(P1200 and P4000, Presi, France) and diamond paste (1 um, Presi) before
use.[*! Platinized carbon-fiber microelectrodes were fabricated as previ-
ously described.”! In the present experiments (in vitro and in vivo), the
electrodeposition of platinum on the carbon microelectrodes was limited at
a maximum charge of 90 pC. All potentials referred to a saturated sodium
chloride calomel electrode SSCE (Tacussel-Radiometer, France; E vs.
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SSCE =E vs. SCE+5mV, 25°C) unless otherwise indicated, since the
conventional SCE reference electrode could not be used in biological
systems as a result of possible alteration of cellular activity by potassium
ion leakage. In vitro voltammetric experiments were performed at 25°C in
a conventional three-electrode electrochemical cell equipped with a
homemade potentiostat with electronic ohmic drop compensation.[*’]
Amperometric experiments (E=40.5V vs. SSCE) used in the study of
the peroxynitrite decomposition rate (Figure 3c) were carried out in a
miniaturized cell constructed within an Eppendorf tip (500 uL). This
allowed very quick mixing (just a few seconds) of the stock solution of
peroxynitrite at pH = 12 with the buffer at a desired pH and allowed us to
work under similar conditions to those for the spectrophotometric analysis
(however, this miniaturized cell could not be thermostated; since the UV
cell was thermostated at 22 °C, this may well explain why the correlation in
Figure 3c has the correct slope of unity but not a zero intercept). Digital
voltammetric simulations were carried out using Digisim 2.1 (Bioanalytical
Systems Inc., West Lafayette, USA).

The UV detection of the peroxynitrite decomposition was carried out with
the cell thermostated at 22°C. Owing to the biological relevance of
peroxynitrite, biologically compatible buffers such as PBS, TRIS [Trizma
base, Tris(hydroxymethyl)aminomethane, 0.1m], and CAPS [3-(cyclohex-
ylamino)-1-propanesulfonic acid, 0.1m] were chosen according to their
useful pH range (PBS: 7-8; TRIS: 7-9; CAPS: 9.7-11.1) and used in the
electrochemical and spectrophotometric studies. Some experiments were
carried out in phosphate solutions at pH > 9.5, which were prepared from
the PBS buffer by adjusting the pH with concentrated NaOH.
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