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Abstract

As superoxide anion is of keen interest in biomedical research, it is highly desirable to have a technique
allowing its detection sensitively and specifically in biological media. If electron paramagnetic
resonance (EPR) techniques and probes have been individually described in the literature, there is
actually no comparison of these techniques in the same conditions that may help guiding researchers
for selecting the most appropriate approach. The aim of the present study was to compare different
EPR strategies in terms of sensitivity and specificity to detect superoxide (versus hydroxyl radical).
Three main classes of EPR probes were used, including paramagnetic superoxide scavengers (such as
nitroxides TEMPOL and mitoTEMPO as well as trityl CT-03), a spin trap (DIPPMPO), and diamagnetic
superoxide scavengers (such as cyclic hydroxylamines CMH and mitoTEMPO-H)*We analyzed the
reactivity of the different probes in the presence of a constant production of, stperoxide or hydroxyl
radical in buffers and in cell lysates. We also assessed the performancesfof the different probes to
detect superoxide produced by RAW264.7 macrophages stimulated by phorbel12.myristate 13-acetate
(PMA). In our conditions and models, we found that nitroxides were"not'specific for superoxide. CT-03
was specific, but the sensitivity of detection was low. Comparatively, we found that nitrone DIPPMPO
and cyclic hydroxylamine CMH were good candidates to sepSitively and specifically detect superoxide

in complex biological media, CMH offering the best sensitivity:
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Introduction

Reactive oxygen species (ROS) including superoxide are produced during normal aerobic metabolism
in cells and are known to play a key role in the regulation of physiological processes such as cell signaling and
cellular defense against pathogens. Physiologically, ROS production is tightly regulated to low/moderate levels
by enzymes such as superoxide dismutase (SOD), catalase and by the antioxidant system [1,2]. However, under
pathological circumstances, regulatory systems can become deficient and/or ROS production is exacerbated
[3-7]. The superoxide radical is a reactive species formed by the one-electron reduction of oxygen. It is mainly
produced when electrons leak from complexes | and lll of the mitochondrial electron transport chain and by
NADPH oxidases. Roles of superoxide are presently investigated in pathologies such as hypertension and cancer
metastasis [3,8-10]. Since superoxide and its production are potential pharmacological targets, it is crucial to
validate analytical tools that allow specific and sensitive detection of the radical. Nowadays, thes\most common
techniques used for this purpose are fluorescence and electron paramagnetic resopance (EPR).

Fluorescent techniques are inexpensive, fast, easy and widely used in Biomedical, research. However,
the value of fluorescent probes to measure superoxide is controversial [11£13]. Most €ommonly used probes
are dihydroethidium (HE) and its mito-derivatives mito-HE and mito-SOX, dichlarodihydrofluorescein diacetate
(DCFH-DA) and ferricytochrome c. The reaction between superoxide afid HE)generates fluorescent product 2-OH-
E*. However, other oxidation products are generated in cellular anhd bielogical systems. Therefore, superoxide-
specific products can only be reliably identified by HPLC [11{22,14,15]..As the chemical reactivity of mito-HE
and mito-SOX is similar to the reactivity of HE, all limitations and récommendations are applicable to these
mito-derivatives as well [11,14,15]. DCFH-DA is a cell-permeable probe that is hydrolyzed intracellularly, and the
DCFH carboxylate anion is trapped inside cells. DEGFH reacts®with many oxidants to form an intermediate DCF°
radical that then reacts with oxygen to form superoxide. The dismutation of superoxide leads to an artefactual
amplification of the fluorescence [11,16]. In“addition, the release of cytochrome c during apoptosis and the
presence of redox-active metals may also pra@miote DCFH oxidation [11]. The reduction of ferricytochrome c is
another widely used method to detect extracellular superoxide production. However, it is not highly sensitive,
it cannot detect intracellular superoxide production and cytochrome c could be oxidized by H202and other
compounds [12].

EPR is an alternative of choice because it allows a sensitive detection of free radicals in biological media.
The superoxide radical is atshort-lived species that cannot be directly detected by EPR. In order to detect
superoxide, sevefah EPR.methods have been developed. They are inherently linked to the nature of the probe
that is used (Fig.1). Currently, three main classes of EPR probes are used to detect superoxide: spin traps,
paramagnetic supefoxide scavengers (such as nitroxides and trityls) and diamagnetic superoxide scavengers
(such as cyclic hydroxylamines).

Spin traps (nitrones and nitroso compounds) are stable diamagnetic species that produce
paramagnetic compounds after their reaction with short-lived radicals (Fig.1). Nitrone spin traps such as 5-
diisopropoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DIPPMPOQO) allow the detection of oxygenated radicals
such as the hydroxyl radicaland superoxide. The stable spin adduct presents an EPR spectrum that is a fingerprint
of the trapped free radical. Despite several drawbacks, it is often recognized as a "gold standard" to measure the
type of ROS produced [17]. Spin traps have already been tested to measure superoxide in cells [18] and in intact
mitochondria [19].

Paramagnetic superoxide scavengers are molecules that react with superoxide to form diamagnetic
species. Nitroxides such as 4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) and (2-(2,2,6,6-
tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride (MitoTEMPQO) provide a



three-lines spectrum. The reaction of nitroxides with superoxide leads to a decrease in their EPR signal
(Fig.1)because of the formation of an oxoammonium transient species that is further reduced in hydroxylamine
in the presence of other reductants, such as NADH [20]. MitoTEMPO is reported to be a specific
mitochondrial superoxide scavenger and is often used to target mitochondrial superoxide production [3,9,21].
Tetrathiatriarylmethyl (or TAM or trityl) radicals belong to another class of paramagnetic superoxide scavengers.
They are characterized by a single EPR line with a narrow linewidth (Fig.1). It has been reported that they react
with superoxide and peroxyl radicals [22]. As an example, TAM OX063 has been used to detect superoxide in
stimulated polymorphonuclear neutrophils [23].

Diamagnetic scavengers (such as cyclic hydroxylamines) share with spin traps their ability to form
paramagnetic species after their reaction with ROS (Fig.1). In the presence of free radicals, they undergo a non-
specific oxidation process to form their corresponding nitroxides. A three-lines EPR spectrum is produced after
reaction with several free radicals and oxidative species but not with H202. Many studies’have‘been performed
using this class of molecules to detect free radicals in vitro, mainly superoxide [24-26}.

As there exists a high interest in superoxide anion and its implications{in pathogenesis, it becomes
mandatory to have a technique allowing its detection sensitively and specifieally in‘biological media. While the
EPR techniques and probes have been described individually in the literature;jno systematic comparison was
realized to highlight which EPR probes ones should use for a define puspose.)The aim of the present study was to
compare the different EPR strategies in terms of sensitivity and specifigity to detect superoxide (versushydroxyl
radical). For that purpose, we first incubated the different probes ingoufferin the presence of different fluxes of
superoxide (using variable concentration of xanthine oxidaseX0)'5,.2.5/0r 1 mU/mL) or hydroxyl radical. We then
incubated the probes in cell lysates while producing superoxideg(X0, 5 mU/mL) or hydroxyl radical to compare
their performances in media containing reductantsfand enzymeés. Finally, we assessed the performances of the
different probes to detect superoxide produced by RAW264.7 macrophages stimulated by phorbol 12-myristate
13-acetate (PMA), a NOX2 activator [27].

Material and methods

Reagents

DIPPMPO (5-diisopropoxyphosphoryl-5-methyl-1-pyrroline N-oxide) was purchased from Radical Vision
(Marseille, Frafice) %andg4 from Enzo Life Science (Antwerpen, Belgium). CMH (1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine), TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl),
mitoTEMPO ((2-(2)276,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride)
and mitoTEMPO-H (1-hydroxy-4-[2-(triphenylphosphonio)-acetamido]-2,2,6,6-tetramethylpiperidine) were
from Enzo Life Science. CT-03 (Finland radical) was synthesized as previously described[28,29]. Catalase
conjugated with polyethylene glycol (PEG-CAT), superoxide dismutase conjugated with polyethylene glycol (PEG-
SOD), superoxide dismutase (SOD), catalase (CAT), xanthine oxidase (XO), hypoxanthine (HX), hydrogen peroxide,
ferric sulfate, diethylene triamine pentaacetic acid (DTPA), cytochrome ¢ oxidase and phorbol 12-myristate
13-acetate (PMA) were from Sigma-Aldrich (Overijse, Belgium). Dulbecco’s modified Eagle medium (DMEM),
(catalogue number: 41966029) and phosphate buffered saline solution (PBS), (catalogue number: 10010023)

were from ThermoFisher.

Superoxide and hydroxyl production in PBS and in lysates



The concentrations of the different reagents and probes were selected according to literature. PBS concentration
was 0.01 M, pH 7.4. SiHa cells were cultured in T-75 flask up to confluence and were then lysed by sonication
(20's, Labsonic U, B. Braun). Superoxide was produced using a XO/HX system: XO (final concentration: 5 mU/mL)
was added to a PBS solution (or lysate) containing HX (1 mM) and DTPA (1 mM). Other superoxide fluxes were
also tested in PBS (XO: 2.5 and 1 mU/mL) to compare the sensitivity of the different EPR probes. Superoxide
production rate was measured by the cytochrome c assay. Briefly, the reduction of 50 uM ferricytochrome c to
ferrocytochrome c with various enzyme concentrations was monitored by measuring the absorption at 550 nm
using a SpectraMax M2 spectrophotometer (Molecular Devices, Wokingham, UK): the slope of the concentration
of cytochrome c oxidized as function of time provides the production rate of superoxide. In our experimental
conditions, the measured rates of superoxide production were 1.97, 1.01 and 0.44 pM/min using 5, 2.5 and 1
mU/ml XO, respectively. We selected 10 minutes as end point to quantify the performances of the probes in
PBS and lysates experiments. The hydroxyl radical was produced with the Fenton reactionp® hydrogen peroxide (1
mM) was added to a PBS solution (or lysate) containing DTPA (0.1 mM) and FeSO# (0»1 mM). Concentrations of
the probes were selected according to literature and absence of cell toxicity: spingrap BDIPPMPO (50 or 10 mM),
diamagnetic scavengers mitoTEMPO-H (0.5 mM) and CMH (0.5 mM), paramagnetic scavéngers trityl CT-03 (30
puM), TEMPOL (30 uM) and mitoTEMPO (30 uM) [9,18,22,24,26,30]. Whefi nitroxides were used as superoxide
scavenger in PBS buffer, NADH 1 mM was added to media. To assessgthe specificity of the reactions, SOD (300
U/mL) or catalase (300 U/mL)were added to experimental mediagThelpH of the different media were checked
(mean pH measured: 7.4).

Culture and stimulation of RAW 264.7 macrophages

RAW 264.7 were purchased from the AmericanglypejCulture Collection (ATCC) and cultured in DMEM
supplemented with 10% fetal bovine serum and' 1% penicillin/streptomycin under 5% CO?2 at 37°C. Confluent
cells were stimulated with 5 uM of PMA during 20yminfat 37°C. Cells were then washed with PBS, harvested
and resuspended in PBS to perform EPR experiments: RAW264.7 macrophages (20x10¢cells/ml) were incubated
with EPR probes for the EPR measurément. Control experiments were carried out in the presence of PEG-SOD
(200 U/mL), PEG-CAT (100 U/mL)orSOD (100 U/mL).

EPR settings

EPR measurements wereperforméd using a Bruker EMX-Plus spectrometer (Bruker, Rheinstetten, Germany),
operating in X-band{9.85 GHz) and equipped with a PremiumX ultra low noise microwave bridge and a SHQ high
sensitivity resonatog

Typical settings were asfollows: microwave power: 2.518 mW (for experiments in PBS and lysates) and 20 mW for
cells (to provide a higher signal); modulation frequency: 100 kHz; modulation amplitude: 0.1 mT (for all probes)
or 0.03 mT (for CT-03); time constant: 20.48 ms; conversion time: 23.34 ms; sweep width: 15 mT for DIPPMPO,
5.3 mT for nitroxides and cyclic hydroxylamines, 2.5 mT for CT-03.

EPR experiments

Superoxide or hydroxyl were produced in PBS or lysates as described above then aspirated into a gas-permeable
polytetrafluoroethylene (PTFE) tubing that was placed in a quartz tube opened at both ends. The tube was
directly inserted into the cavity. The EPR cavity was heated at 310 K with air during all experiments. A first EPR
measurement was performed2 min after the reaction has started. Cell viability was verified after all experiments
(trypan blue assay). All experiments were done in triplicates except the controls on cells.Computer simulations
were performed using the Bruker Xenon Spin fit program.

Presentation of the data



Data are represented as means + SEM. The results are expressed in UM thanks to calibration curves. All
experiments were performed in triplicates, except controls on cells.One-way ANOVA test was performed to
compare the yield of the superoxide trapped.



Results
Paramagnetic scavenger: nitroxides

We first tested the reactivity of two nitroxides (mitoTEMPO and TEMPOL) towards the superoxide anion

(XO: 5 mU/mL) and the hydroxyl radical in PBS buffer. As described in the literature, addition of NADH to the
media was required to promote hydroxylamine formation in the presence of superoxide [20,30,31] (Fig.S1).
The concentration of TEMPOL significantly decreased by 16.4 uM after 10 min (p<0.001) in the presence of
superoxide production (XO: 5 mU/mL). In the presence of SOD, no decrease of nitroxide concentration was
observed (Fig. 2A). We also tested our molecules in the presence of two other superoxide fluxes to test their
sensitivity (Fig. S2A and S2B). A decrease by 3.7 uM and 0.5 uM TEMPOL concentration (6.46 uM and 1.16 uM
for mitoTEMPO) was observed after 10 min when using 2.5 and 1 mU/ml of XO, respectively (Fig. S2A and S2B).
In the presence of the hydroxyl radical, the initial concentration of TEMPOL remained unchafged with or without
NADH (Fig. 2A).Similar results were obtained for mitoTEMPO (Fig. S3A).
In cell lysates, the reactivity of the probes towards superoxide and the hydroxyl raflicalwasim@nitored without
addition of NADH. When superoxide was produced (XO 5 mU/mL), the concentratiomef TEMPOL and mitoTEMPO
decreased by 9.7 uM and 6.88 uM after 10 min, respectively. More surgrisingly, they also reacted with the
hydroxyl radical and lost about 3 uM of their initial concentrations aftes@min ofipcubation. This decrease was
significant compared to catalase (p<0.001) (Fig. 2B and Fig. S3B). SOD‘and€atalase inhibited the hydroxylamines
formation induced by the production of superoxide and hydroxyl, respectively (p<0.001) (Fig. 2B).

In macrophages stimulated by PMA, the initial concentration of FEMPOL decreased by 7.87 uM whereas
in the presence of unstimulated cells only 1.75 uM was Igst after 10'min (Fig. 2C). In the presence of SOD or PEG-
SOD, the nitroxide concentration decrease was 3.2 M and 3 WM after 10 min, respectively, meaning that the
main part of the signal decrease was caused by superoxides We also observed that PEG-CAT partially reduced the
concentration decrease observed with PMA (only 6juM after 10min), suggesting that superoxide was not the sole
factor responsible for the loss of paramagnetic spéeies (Fig. 2C). Similar results were obtained with mitoTEMPO,
except that the nitroxide concentration decrease induced by PMA-stimulated cells was not inhibited by PEG-CAT,

thus suggesting that superoxide wasjthe only cause of the signal decrease for this compound (Fig. S3C).

Paramagnetic scavenger: trityl

In PBS buffer, CT-03 decreased by 7.6 uM after 10 min when superoxide was produced (XO 5 mU/mL) (Fig. 3A).
When incubated in the presence of SOD, no significant decrease of trityl concentration was observed (Fig. 3A).
CT-03 concentratiomydecredsed by 3.4 uM and 2.73 uM after 10 min using 2.5 and 1mU/mL, respectively (Fig.
$2C). In the presence of the hydroxyl radical, the initial trityl concentration remained stable (Fig. 3A).

In cell lysates, CT-03 concentration also decreased in the presence of superoxide but to a much lower extent
than in PBS. This decrease was significant compared to SOD (p<0.001). As expected, the concentration of CT-03
remained stable in the presence of the hydroxyl radical and did not show any decrease (Fig3B).

CT-03 did almostnot react with superoxide in the presence of unstimulated macrophages. When macrophages
were stimulated by PMA, the concentration decreased by 3 uM of its initial signal intensity compared to 0.35
MM in unstimulated cells after 10 min. PEG-SOD inhibited this decay (decrease of trityl concentration by 0.44 uM
after 10 min) whereas PEG-CAT had almost no impact. This suggests that the trityl concentration decrease was

caused only by superoxide (Fig. 3C).

Spin trap: DIPPMPO
Among potential spin traps, we decided to investigate DIPPMPO because this compound presents a higher

membrane permeability compared to other nitrones and because its adduct with superoxide has been shown



to be more stable than other spin traps [32]. In the presence of superoxide, an EPR spectrum corresponding to
the DIPPMPO-OOH adduct rapidly appeared in PBS buffer (Fig. 4A), and the superoxide adduct concentration
increased until it reached a steady-state level (Fig. 4A). Indeed 12.6 uM of DIPPMPO superoxide adduct was
formed in 10 minutes. Simulation of the spectrum confirmed its correspondence with the DIPPMPO-superoxide
adduct (Fig. S4A). Same results were obtained with the two other superoxide fluxes but to a lower extent: 8.07
uM and 3.6 uM after 10 min at 2.5 and 1 mU/mL XO respectively (Fig. S2D). In the presence of SOD, no EPR
signal appeared (Fig. 4A). When the hydroxyl radical was produced in PBS buffer, the EPR signal obtained was
characteristic of the DIPPMPO-0OH adduct, as confirmed by our simulation (Fig. 4A and S4B).

When superoxide was produced in cell lysates, the observed EPR spectrum was a mix between DIPPMPO-
OH and DIPPMPO-0OO0H adducts, according to our simulations (Fig. 4B). Of note, this EPR signal changed over
time. It was completely inhibited by SOD but not by catalase, suggesting that both adducts originated from
superoxide production. Concentration of superoxide adduct raised during about one houf'andreached 5.55 uM
after 10 min incubation. When the hydroxyl radical was produced, the spin trap providedyonly a'spectrum that
was consistent with the production of DIPPMPO-OH, as confirmed by simulatio$. This§’signal was inhibited by
catalase but not by SOD (Fig. 4B).
DIPPMPO provided a non-detectable EPR signal when incubated in the présence,of unstimulated macrophages.
When incubated with PMA-stimulated cells, an EPR spectrum corresp@nding mainly to the DIPPMPO-OH adduct
appeared. This concentration of spin adduct was 3.1 uM after 10 min, wassSignificantly decreased in the presence
of PEG-SOD(1.2 uM after 10 min), thus demonstrating that superoxidé’'wasthe main contributor to the EPR signal
observed. PEG-CAT partially inhibited the signal observedgwith PMA-stimulated macrophages (2.6 uM after 10
min) suggesting that a small part of the signal was caused\by the hiydroxyl radical. In addition, we found that SOD
inhibited the signal to a lower extent than PEG-SOD"the c¢encentrations of spin adduct were 1.87 uM and 1.2
KM after 10 min, respectively. The association of PEG-SOD and PEG-CAT further decreased the signal compared
to PEG-SOD alone (Fig. 4C).

Cyclic hydroxylamines

Among cyclic hydroxylamines, wefselected CMH (a 5-membered ring known to be membrane permeable) [24]
and mitoTEMPO-H (a six-membéred ringyinked to a triphenylphosphonium moiety)[24]. When superoxide was
produced in PBS in the presente of one of these two molecules, we observed the appearance of a three
line-spectrum typical of atnitroxide [24]. As expected, the increase in nitroxide formation of both molecules
was completely inhibited by SOD (Fig. 5A and S4A). Interestingly MitoTEMPO-H only produced 6 uM nitroxide
compared to CMH that fofmed 21.3 uM nitroxide in 10 min (Fig. 4A and S5A). At 2.5 and 1 mU/mL of XO, CMH
formed 11.2 uM and 3,64 uM nitroxide compared to 4 uM and 2 uM nitroxide with mitoTEMPO-H after 10min
(Fig. S2E and S2F). When the hydroxyl radical was produced in PBS, both cyclic hydroxylamines provided a larger
increase in nitroxide concentration compared to the one observed in the presence of superoxide. With CMH, the
increase in nitroxide concentration reached a "plateau" after 15 min. This was not observed with mitoTEMPO-
H. Surprisingly, the addition of catalase only partially inhibited this increase in signal intensity (p<0.001) (Fig. 5A
andS5A).

In cell lysates, nitroxides were formed from cyclic hydroxylamines in the presence of superoxide (8 uM for CMH
and 1.6 uM for MitoTEMPO-H after 10min), which was completely inhibited by SOD (Fig. 5B and S5B). In addition,
we observed that the conversion of CMH to its nitroxide analogue was larger compared to mitoTEMPO-H (about
five times larger after 10 min) (Fig. 5B and S5B). However, it was smaller than in PBS for both molecules. In the

presence of the hydroxyl radical, CMH was more slowly converted into nitroxide than what was observed in PBS,



but reached a plateau at the same nitroxide concentration (Fig 5B). Similar results than those obtained in PBS
were recorded for mitoTEMPO-H (Fig. S5B).

An increase in nitroxide was observed when CMH was incubated in the presence of PMA-stimulated
macrophages: after 10 min, the concentration was 17.63 uM in PMA-stimulated macrophages compared to 3.58
MM in unstimulated cells. Concentration of nitroxide apparition with PEG-SOD was about the same than observed
in unstimulated cells (Fig. 5C). Interestingly, SOD was less efficient in inhibiting the nitroxide formation (8.5 uM
after 10 min) compared to PEG-SOD (4.9 uM after 10 min) (Fig. 5C), suggesting that intracellular and extracellular
superoxide were at the origin of the EPR signal recorded. PEG-CAT had a very small inhibitory effect on nitroxide
formation (16.57 uM after 10 min) (Fig.5C),furthersuggesting a limited contribution of the hydroxyl radical to
oxidize the hydroxylamine. Similar results were observed for mitoTEMPO-H (Fig.5C and S5C).

Discussion
While superoxide plays a key role in physiology and pathophysiology [3,8-10]#it is still\challenging to

detect this species with high sensitivity and high specificity. Several promising EPR méthodsthave'been described
to quantify superoxide production. As these methods have been developed independently of each others, it
could be interesting for researchers in the field to have elements of compagison thatimay help them to choose
the most adapted method for a given research purpose. A previous EPR.study frem Dikalov already compared
two spin traps (EMPO and DEPMPO) together with diamagnetic supefoxide scavenger CMH [26]. Another study
compared the ability of different spin traps (DMPO, BMPO, DEPMPO, DIPPMPO) to detect superoxide [18]. Our
present study extends the comparison by including paramagnetie superoxide scavengers (nitroxides TEMPOL and
mitoTEMPO, and trityl radical CT-03), spin trap DIPPMPQfand diamagnetic scavengers (CMH and mitoTEMPO-
H). Our purpose was a practical approach using conditions that have been used and optimized in the literature
rather than addressing a mechanistic approach, which has beénalready described for most probes[20,22,32,33].
Comparison was done in media of increasing complexity: simple PBS buffer, cell lysates (containing redox
modulators, such as chemical reductants and“enzymes) and cells. It focused on the sensitivity of the methods
and the specificity of detection regarding theigfeactivity towards different radicals (superoxide vshydroxyl) and
our ability to specifically inhibit thefreactivity of the probes using specific enzymes.

Figure 6 provides a direct comparison in terms of sensitivity and specificity. This figure represents the %
of superoxide effectively trapped.by,the EPR probes (which was inhibited by SOD) in PBS (Fig. 6A) and lysates (Fig.
6B)after 10 mincomparedto the amount of superoxide produced in our system as measured by the cytochrome
C assay.

In PBS, theysensitivity of detection of superoxide was significantly better for CMH and for nitroxides
(mitoTEMPO and TEMPOL) compared to other probes (Fig. 6A). In PBS buffer, the reactivity of nitroxides was
fully inhibitable by SOD (Fig. 2A, S3A). For the spin trap, the EPR spectrum of the spin adduct was the fingerprint
of the radical produced (Fig. 4A). Superoxide adduct formation rapidly increased before reaching a plateau after
20 min.For hydroxylamines we found that the formation of the nitroxide after reaction of CMH or mitoTEMPO-H
with superoxide was completely abolished in the presence of SOD (Fig. 5A and S5A). Of note, those probes are
not intrinsically specific for superoxide. When the hydroxyl radical was produced in PBS, we observed a higher
EPR signal compared to the situation where superoxide was produced for both compounds. Intriguingly, the
signal recorded in the presence of hydroxyl production was only partly inhibitable by catalase.

In cell lysates, the sensitivity of all the probes to detect superoxide anion was lower than in PBS
(Fig. 6B). TEMPOL significantly provided the best performances in these conditions (Fig. 2B, 6B). Of note, the
reaction of the hydroxyl radical with nitroxides (TEMPOL and mitoTEMPO) in lysates also led to a decrease of
nitroxides initial concentrations (Fig. 2B, S3B),suggesting a non-specificity of nitroxides for superoxide. These

results are consistent with previous reports [33,34]. Importantly, we noticed that, in cell lysates, using TEMPOL



and mitoTEMPO, the formation of diamagnetic species due to superoxide was only partially inhibitable by SOD
(Fig. 2B, S3B). The decrease in the initial radical concentration of CT-03 in the presence of superoxide was much
lower than for nitroxides (Fig. 3B). However, this decay was fully inhibitable by SOD contrarily to nitroxides
highlighting the specificity of the reaction of CT-03 towards superoxide. For the spin trap, spectrum arising from
a mixture of superoxide and hydroxyl adducts was obtained (Fig. 4B) in the presence of superoxide. Importantly,
the suppression of that signal by SOD, but not by catalase, indicated that the signal was due to the transformation
of the superoxide adduct into the hydroxyl adduct or that superoxide anion is the source of the hydroxyl radical
adduct detected. For the cyclic hydroxylamines, a similar observation than in PBS was done in cell lysates where
we observed a higher performance of CMH comparedto mitoTEMPO-H to detect superoxide (Fig. S6, 6B). SOD
inhibited nitroxides formation for both compounds (Fig. 5B and S5B). Again, the hydroxyl radical produced in cell
lysates provided a higher yield in nitroxide formation compared to superoxide, that could not be fully inhibited
by catalase.

In RAW 264.7 cells stimulated by PMA, it has previously been described that syperaxide is produced both
extracellularly and intracellularly, as it is produced by membrane-bound enzyme NOX-2418]. Therefore, we used
PEG-SOD that could induce the dismutation of superoxide in both compartmehts.To'‘compare the performances
of the probes in RAW 264.7 macrophages, we did not use the cytochréme ‘gassay as because it measures
superoxide only in the extracellular compartment. We used the PEG-S@D inhibitable superoxide trapped to allow
the comparison (Fig. 7). We observed that CMH presented the highest senSitivity to detect superoxide compared
to all other probes. Of note, PEG-CAT partially inhibited theddecrgase in TEMPOL concentration induced by
PMA suggesting that a part of the signal decrease of thismitroxide #nay also be due to the hydroxyl radical
(Fig.2C). This is consistent with the fact that trace formation of hydroxyl radical could occur in these stimulated
cells [18]. Overall, these results are in agreementyWith the,experiments carried out on lysates demonstrating
the non-specificity of the detection of superoxide by TEMPOL. This observation on cells was not found when
using mitoTEMPO (Fig. S3C), thus showing arbetterspecificity of mitoTEMPO for superoxide in such conditions.
PEG-SOD and SOD completely inhibited the'trityl décrease, whereas PEG-CAT had no effect. These enzymatic
experiments confirmed that CT-03 4§ able to detect superoxide specifically in cells. In stimulated RAW 264.7
cells, the EPR spectrum obtained with DIPPMPO was the one of the hydroxyl adduct (Fig. 4C). It has been
previously shown that DIPPMPO-OOH adduct (peroxide) is converted to DIPPMPO-OH (alcohol) by peroxidases
(e.g. glutathione peroxidase¥(GPx)) [17]. This is consistent with the inhibition of DIPPMPO-OH by SOD that we
observed. Consistently withythésfesults obtained by Abbas et al. [18], we found that this signal was inhibited
by PEG-SOD andpartially by/PEG-CAT meaning that the larger part of the signal originated from a superoxide
production.PEG-SOD%was slightly more efficient than SOD in the inhibition of the adduct formation, indicating
that DIPPMPO wasgable to trap superoxide in intracellular and extracellular compartments. The small effect
of CAT could potentially be explained because CAT and PEG-CAT can down regulate superoxide production
due to redox dependence of superoxide sources such as mitochondria and NADPH oxidase [35]. Several
studies described superoxide production using cyclic hydroxylamines in both stimulated and unstimulated cells
[24-26,36]. Here, we found that CMH sensitively detected the superoxide anion in PMA-stimulated cells. PEG-
SOD and SOD (to a smaller extent) inhibited the apparition of their corresponding nitroxide (Fig.5C and S5C).
As PEG-SOD inhibited the signal apparition to the level of unstimulated cells, and as PEG-CAT had almost no
influence on the EPR signal, we concluded that the nitroxide obtained was almost exclusively due to the presence
of superoxide. Of note, we also observed in this study that mitoTEMPO-H was less sensitive than CMH (Fig.
$6), results that are consistent with previous results [37]. At this stage, it is difficult to know whether the lower

sensitivity of the mito-targeted compounds is due to the triphenylphosphonium moiety (responsible for different



localization and/or reactivity) or to the stability of their structure as the piperidinoxyl radicals are known to be
more sensitive to bioreduction than the pyrrolidinoxyl radicals [38].

Based on our systematic comparison in different media, some lessons may be taken to guide the choice
of the probes that can be useful for a specific cellular detection of superoxide. While the decay of nitroxides
is sensitive to the presence of superoxide, it should be emphasized that the reaction is shared with other ROS
(namely the hydroxyl radical), that it was not possible to fully reverse the reaction using specific superoxide
inactivators such as SOD or PEG-SOD. Moreover, the concentration of reductants present in cellular media
is a factor that also contributes to the decay of nitroxides signal intensity. Therefore, nitroxides should be
considered as redox-sensitive probes in general, but are not advised for a specific detection of superoxide. Among
paramagnetic scavengers, we found that CT-03 could be a valuable probe as we observed a high specificity of the
probe: no cross reactivity with the hydroxyl radical was found, and the use of SOD or PEG-SOD unambiguously
demonstrated the involvement of superoxide in cellular measurements. However, the sensitivity of detection
was low compared to other probes (Fig.6). For this reason a CT-03 based biradical has’been recently developed,
enabling the measurement of 02~ by following the increase of the EPR signal cefrespondingto a CT-03 based
monoradical. However, this probe has not been used in cellular systems yet [39]. Spintrap PIPPMPO was sensitive
to superoxide production.It should be noticed that the EPR signals obtained in cells and lysates were, not per se,
a signature of superoxide, as we observed a small to large contribution’of the hydroxyl radical adduct. However,
as extensively documented by Abbas [18] who used PMA-stimulated RAW 264.7 macrophages, it is possible to
assign the origin of the signal by using appropriate controls with PEG-SOD and catalase. Among diamagnetic
scavengers, CMH offered the highest sensitivity in all conditionsitested, including in cellular systems. In PMA-
stimulated RAW 264.7 macrophages, the involvement of{superoxitle was unambiguously ascribed. However, one
should always keep in mind that other ROS, such assthé hydroxyl radical, may also contribute to the appearance
of the EPR signal, therefore requiring the use of appropriate controls to exclude their potential involvement.
Our “practical approach” study suffers from@etentiahlimitations that should be emphasized. The concentrations
of the probes that were used were based on existing literature. Also, we monitored the production of free radicals
in a rather short time window. We gannot exclude that the reactivity of the probes could be different at other
concentrations and using a longeftimewindow. It is also important to note that reactivity was measured under a
continuous air flow equilibratéd at 310 K;'and it is likely that our results could not directly be extrapolated to other
conditions. Finally, our cenclusion is likely limited to the probes that we used in the comparison. Some lessons
obtained with a particularfprobe®can not be directly extrapolated to others, even within the same structural
family. Still, we believe,that our systematic comparison will be very helpful for researchers who will use these
probes in their reseanch, and that our procedure for qualifying (or disqualifying) probes could be used when

validating other potential EPR candidates for measuring superoxide.

Conclusion

EPR is a highly performant and sensitive tool to detect superoxide production. Our results suggest that, in
our conditions and models, the classical nitrone DIPPMPO as well as the cyclic hydroxylamine CMH are good
candidates to sensitively and specifically detect superoxide in complex biological media when used with the
appropriate controls. Therefore, these probes could be further used as tools to measure and quantify ROS,
provide the nature of the radicals implicated, their localization and could help to better understand the

pathological conditions in which ROS are thought to be involved.



Acknowledgments

The authors thank Thibaut Vazeille for the preparation of cell lysates and Prof Fabienne Peyrot for her advice
on the cells to be used for superoxide measurements. Samantha Scheinok is a Televie PhD fellow and Pierre
Sonveaux is Senior Research Associate of the Belgian Fonds National de la Recherche Scientifique (F.R.S. -FNRS).
Work was supported by an Action de Recherche Concertée from the Communauté Frangaise de Belgique (ARC
14/19-058) and by F.R.S.-FNRS grant CDR J.0209.16. This research used the EPR facilities of the technological
platform “Nuclear and Electron Spin Technologies” of the Louvain Drug Research Institute. Benoit Driesschaert
is a National Institutes of Health (USA)/NIBIB K99 awardee EB023990. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the NIH.

Declaration of interest statement

The authors report no conflict of interest.

A



References
1. Valko M, Leibfritz D, Moncol J, et al. Free Radicals and Antioxidants in Normal Physiological Functions and Human

Disease.Int J Biochem Cell Biol. 2006; 39 :44-84.

2. Banerjee R. Introduction to the Thematic Minireview Series: Redox metabolism and signaling. J Biol Chem.
2017;292:16802-16803.

3. Dikalova AE, Bikineyeva AT, Budzyn K, et al. Therapeutic Targeting of Mitochondrial Superoxide in Hypertension.
Circ Res. 2010; 107(1): 106-116.

4. Jin H, Kanthasamy A, Ghosh A, et al. Mitochondria-Targeted Antioxidants for Treatment of

Parkinson’s Disease: Preclinical and Clinical Outcomes. Biochim Biophys Acta. 2014; 1842(8): 1282-

1294.

5. Wilcox CS. Effects of Tempol and Redox-Cycling Nitroxides in Models of Oxidative Stress. Pharmacol Ther. 2010;

126(2): 119-145.

6. Ishikawa K, Takenaga K, Akimoto M, et al. ROS-Generating Mitochondrial DNA Mutations Can Regulate Tumor Cell Metastasis.
Science. 2008; 320(5876): 661-664.

7. Li X, Fang P, Mai J, et al. Targeting Mitochondrial Reactive Oxygen Species as Novel Therapy ferfinflammatory
Diseases and Cancers. J. of Hematol Oncol. 2013; 6(19).

8. Zhelev Z, Bakalova R, Aoki |, et al. Imaging of Superoxide Generation in the Dopaminergic Area of the Brain in
Parkinson’s Disease, Using Mito-TEMPO. ACS Chem. Neurosci. 2013; 4(11): 1439-1445,

9. Porporato PE, Payen VL, Pérez-Escuredo J, et al. A Mitochondrial Switch Promotes Tumog/Metastasis. Cell Rep.
2014; 8(3): 754-766.

10. Miriyala S, Spasojevi |, Tovmasyan A, et al. Manganese Superoxide Dismutase; MinSOD awd Its Mimics. Biochim
Biophys Acta.2011; 1822(5):794-814.

11. Kalyanaraman B, Darley-Usmar V, Davies K.J.A., et al. Measuring Reactivé Oxygen and Nitrogen Species with
Fluorescent Probes: Challenges and Limitations. Free Radic Biol Med:2012;52(1) :1-6.

12. Dikalov SI, Harrison DG. Methods for Detection of Mitochondrial and Cellidlar Reactive Oxygen Species. Antioxid
Redox Signal. 2014; 20(2):372-382.

13. Kalyanaraman B, Cheng G, Hardy M, et al. Teaching the basics of feaCtive6xygen species and

their relevance to cancer biology: Mitochondrial reactive oxygen species,détection, redox

signaling, and targeted therapies. Redox Biol. 2018 May; 15:347-362.

14. Zielonka J, Kalyanaraman B. Hydroethidine- and MitoSOX-derivedsed fluorescence is not a reliable indicator
of intracellular superoxide formation: another incgnvenienti®réith. Free Radic Biol Med. 2010 Apr
15;48(8):983-1001.

15. Kalyanaraman B, Hardy M, Podsiadly R, et al. Recentidevelopments in detection of superoxide

radical anion and hydrogen peroxide: OpportunitiesSpehallenges, and implications in redox

signaling. Arch Biochem Biophys. 2017 Mar 1; 617:38447.

16. Bonini MG, Rota C, Tomasi A, et al. Thesoxidation of 2',7'-dichlorofluorescin to reactive oxygen

species: a self-fulfilling prophesy? Free Radic Biol Med. 2006 Mar 15;40(6):968-75.

17. Davies MJ. Detection and Charactefisation of Radicals Using Electron Paramagnetic Resonance (EPR) Spin
Trapping and Related MethodsmsMethods. 2016 Oct 15; 109:21-30

18. Abbas K, Hardy M, Poulhés F, gt al. Detection of Superoxide Production in Stimulated and Unstimulated Living
Cells Using New Cyclic NjtronesSpin TTraps. Free Radic Biol Med. 2014; 71: 281-290.

19. Hardy M, Rockenbauer A, Vdsquez-Vivar J, et al. Detection, Characterization, and Decay Kinetics of ROS and Thiyl
Adducts of Mito-DERMPO Sgin Trap. Chem Res Toxicol. 2007; 20(7): 1053—-1060.

20. Krishna MC, AmransSamuni DA, Mitchell JB, et al. Oxoammonium Cation Intermediate in the Nitroxide-Catalyzed
Dismutation of SuperoxidesProc. Natl. Acad. Sci. USA 1992; 89(12): 5537-5541.

21. Nazarewicz RR, DikalovapA, Bikineyeva A, et al. Does Scavenging of Mitochondrial Superoxide Attenuate Cancer
Prosurvival Signaling Pathways? Antioxid Redox Signal. 2013; 19(4):344-349.

22. Liu Y, Song Y, De Pascali F, et al. Tetrathiatriarylmethyl Radical with a Single Aromatic Hydrogen as a Highly
Sensitive and Specific Superoxide Probe. Free Radic Biol Med. 2012; 53(11): 2081-2091.

23. Rizzi C, Samouilov A, Kumar Kutala V, et al. Application of a Trityl-Based Radical Probe for Measuring Superoxide.
Free Radic Biol Med. 2003; 35(12):1608—-1618.

24. Dikalov SlI, Kirilyuk IA, Voinov M, et al. EPR Detection of Cellular and Mitochondrial Superoxide Using Cyclic
Hydroxylamines. Free Radic Res.2011; 45(4): 417-430.

25. Dikalov SI, Dikalova AE, Mason RP. Noninvasive Diagnostic Tool for Inflammation-Induced Oxidative Stress Using
Electron Spin Resonance Spectroscopy and an Extracellular Cyclic Hydroxylamine. Arch Biochem Biophys.
2002; 402(2): 218-226.

26. Dikalov SI, Li W, Mehranpour P, et al. Production of Extracellular Superoxide by Human Lymphoblast Cell Lines:
Comparison of Electron Spin Resonance Techniques and Cytochrome C Reduction Assay. Biochem Pharmacol.
2007; 73(7): 972-980.

27. Tauber Al. Protein Kinase C and the Activation of the Human Neutrophil NADPH-Oxidase. Blood. 1987; 69(3):
711-720.

28. Reddy TJ, Iwama T, Halpern HJ, et al. General synthesis of persistent trityl radicals for EPR imaging of biological
systems. J Org Chem. 2002 Jul 12; 67(14):4635-9.

29. Driesschaert, B., Levéque, P., Gallez, B., et al. Tetrathiatriarylmethyl radicals conjugated to an RGD-
peptidomimetic, Eur J Org Chem. 2014; 36: 8077.



30. Takeshita K, Saito K, Ueda J, et al. Kinetic study on ESR signal decay of nitroxyl radicals, potent redox probes for
in vivo ESR spectroscopy, caused by reactive oxygen species. Biochem Biophys Acta. 2002; 1573(2): 156-164.

31. Zhang R, Goldstein S, Samuni A. Kinetics of Superoxide-Induced Exchange among Nitroxide Antioxidants and
Their Oxidized and reduced Forms. Free Radic Biol Med. 1999; 26(9-10): 1245-1252.

32. Chalier F, Tordo P. 5-Diisopropoxyphosphoryl-5-Methyl-1-Pyrroline N-Oxide, DIPPMPO, a Crystalline Analog
of the Nitrone DEPMPO: Synthesis and Spin Trapping Properties. J. Chem. Soc., Perkin Trans. 2002; 2; 2110—-
2117.

33. Samuni A, Goldstein S, Russo A, et al. Kinetics and mechanism of hydroxyl radical and OH-adduct radical
reactions with nitroxides and with their hydroxylamines. J Am Chem Soc. 2002; 124(29): 8719-8724.

34, Saito K, Takeshita K, Ueda J, et al. Two Reaction Sites of a Spin Label, TEMPOL (4-Hydroxy-2,2,6,6-
Tetramethylpiperidine-N-Oxyl), with hydroxyl radical. J Pharm Sci. 2003; 92(2): 275-280.

35. Dikalov SI, Nazarewicz RR, Bikineyeva A, et al. Nox2-induced production of mitochondrial superoxide in
angiotensin ll-mediated endothelial oxidative stress and hypertension. Antioxid Redox Signal. 2014;
20(2):281-94.

36. Berg K, Ericsson M, Lindgren M, et al. A High Precision Method for Quantitative Measurements of Reactive
Oxygen Species in Frozen Biopsies. PLoS One. 2014; 9(3).

37. Dikalov S, Polienko YF and Kirilyuk I. Electron Paramagnetic Resonance Measurements of\Reactive
Oxygen Species by Cyclic Hydroxylamine Spin Probes. 2017 Antioxidants & Redox Signaling, 15:
1433-1443.

38. Soule BP, Hyodo F, Matsumoto K, Nicole L, et al. The Chemistry and Biology of Nitroxidé Compounds.

Free Radic Biol Med. 2007; 42: 1632-1650.

39. Poncelet M., Driesschaert B., Bobko AA. et al. Triarylmethyl-Based Biradical @s a'Superoxide Probe. Free Radic
Res. 2018; 52(3) :373-379, 2018.



Figure captions

Figure 1
Structures of the EPR-based superoxide sensors used in the present study (top), expected EPR signal (center) and
expected evolution of the EPR signal intensity over time (bottom).

Figure 2

Evolution of TEMPOL concentration in the presence of free radicals in different media.

A) Evolution of the EPR signal intensity of the low component of TEMPOL (30 uM) in the presehce ofisuperoxide and
NADH (1 mM) in PBS buffer, in the presence (blue) or absence (green) of SOD (300 W/mL). Stability of TEMPOL
concentration when incubated with the hydroxyl radical in PBS (pH 7.4) in the presencef(black) or absence (red)
of catalase (300 U/mL). Superoxide was generated using HX (1 mM), DTPA (LmM) and X@(5 mU/mL). Hydroxyl
radical was produced with DTPA (0.1 mM), FeSO* (0.1 mM) and hydrogen peroxide (1mM).

B) Sensitivity for superoxide and specificity towards hydroxyl of TEMPOLn lysates. Evolution of TEMPOL (30 uM)
concentration in the presence of superoxide (green), superoxide and'SOD 300 U/mL (blue), hydroxyl (red) and
hydroxyl radical with catalase 300 U/mL (black). Superoxide was genératedusing HX (1 mM), DTPA (1 mM), and
XO (5 mU/mL). Hydroxyl radical was produced with DTPA {@xt mM), FeéS04 (0.1 mM) and hydrogen peroxide (1
mM).

C) Detection of superoxide in PMA-stimulated cells withFEMPQOL,ats30 UM (green), in the presence of PEG-CAT 100
U/mL (blue), or PEG-SOD 200 U/mL (red) or SOD 100 U/mL (purple) or PEG-CAT 100 U/mL+ PEG-SOD 200 U/mL
(black) or in the presence of unstimulated cells (lightsblle). Experiments were performed with 20x106cells/mL
and 1 mM DTPA in PBS (pH 7.4).

Figure 3

Evolution of CT-03 concentration if'the presence of free radicals in different media.

A) Sensitivity for superoxide alones(green) or in the presence of SOD 300 U/mL (blue) and specificity towards the
hydroxyl radical alone (red)er with catalase 300 U/mL (black) of CT-03 (30 uM) in PBS (pH7.4). Superoxide was
generated using HX (TymM),/DTPA (1 mM), and XO (5 mU/mL). Hydroxyl radical was produced with DTPA (0.1
mM), FeSO4 (0.1 mM)and hydrogen peroxide (1 mM).

B) Evolution of the EPR signal of CT-03 (30 uM) in lysates when incubated with superoxide in the presence (blue) or
absence (green) of SOD (300 U/mL) or incubated with the hydroxyl radical in the presence (black) or absence
(red) of catalase (300 U/mL). Superoxide was generated using HX (1 mM), DTPA (1 mM), and XO (5 mU/mL).
Hydroxyl radical was produced with DTPA (0.1 mM), FeSO4 (0.1 mM) and hydrogen peroxide (1mM).

C) Detection of superoxide in PMA-stimulated cells with CT-03 30 uM (green), in the presence of PEG-CAT 100 U/mL
(blue), or PEG-SOD 200 U/mL (red) or SOD 100 U/mL (purple) or PEG-CAT 100 U/mL + PEG-SOD 200 U/mL (black)
or in the presence of unstimulated cells (light blue). Experiments were performed with 20x106cells/mL and 1
mM DTPA in PBS (pH 7.4).

Figure 4:



A) Appearance of the specific EPR signal of DIPPMPO (50 mM) in the presence of superoxide (green), no apparition
of the spectrum with SOD 300 U/mL (blue). Specific spectrum in the presence of the hydroxyl radical (red).
Superoxide was generated using HX (1 mM), DTPA (1 mM), and XO (5 mU/mL). Hydroxyl radical was produced
with DTPA (0.1 mM), FeSO4 (0.1 mM) and hydrogen peroxide (1 mM).

B) Apparition of a mix of DIPPMPO-OO0H and DIPPMPO-OH adducts in the presence of superoxide produced in lysates
(green) and no EPR spectrum observed in the presence of SOD 300 U/ml (blue). Specific spectrum in the presence
of the hydroxyl radical (red). Superoxide was generated using HX (1 mM), DTPA (1 mM), and XO (5 mU/mL).
Hydroxyl radical was produced with DTPA (0.1 mM), FeSO* (0.1 mM) and hydrogen peroxide (1ImM).

C) Detection of superoxide in PMA-stimulated RAW264.7 macrophages with DIPPMPO 10 mM (green), in the presence
of PEG-CAT 100 U/mL (blue), or PEG-SOD 200U/mL (red) or SOD 100 U/mL (purple) or PEG-CAT 100 U/mL + PEG-
SOD 200 U/mL (black) or in the presence of unstimulated cells (light blue). Experiments were performed with
20x106cells/mL and 1 mM DTPA in PBS (pH 7.4).

Figure 5:

Evolution of the apparition of CMH corresponding nitroxide in the presence of fregfradicals indifferent media.

A) Appearance of nitroxide in the presence of superoxide with (blue) or withéut S@D 300 U/mL (green), or in the
presence of the hydroxyl radical with (black) or without catalase 300 U/mL (red) of CMH (0. 5mM) in PBS (pH7.4).
Superoxide was generated using HX (1 mM), DTPA (1 mM), and X@ (5"mdd/mL). Hydroxyl radical was produced
with DTPA (0.1 mM), FeSO* (0.1 mM) and hydrogen peroxide (1gnM)q

B) Evolution of the EPR signal of CMH (0.5 mM) in lysates whenpgificubated mith superoxide in the presence (blue) or
absence (green) of SOD (300 U/ml) or incubated with the hydroxylgadical in the presence (black) or absence (red)
of catalase (300 U/ml). Superoxide was generated using HX¥1.mM), DTPA (1 mM), and XO (5 mU/mL). Hydroxyl
radical was produced with DTPA (0.1 mM), FeSO4 (0.1 mM)and hydrogen peroxide (1 mM).

C) Detection of superoxide in PMA-stimulated cellsywith €MH0.5 mM (green), in the presence of PEG-CAT 100 U/mL
(blue), or PEG-SOD 200 U/mL(red) or SOD 100.U/mL{purple) or PEG-CAT 100 U/mL + PEG-SOD 200 U/mL (black)
or in the presence of unstimulated cells (light blue). Experiments were performed with 20x1086cells/ml and 1 mM
DTPA in PBS (pH 7.4).

Figure 6:
% of superoxide detected by ouriprobes after 10 min compared to the quantity of superoxide produced in the media
(Superoxide flux: 1.97 oM /min). Superoxide was generated using HX (1 mM), DTPA (1 mM), and XO (5 mU/mL).

A) In PBS: CMH (black), MitoTEMPO-H (red), DIPPMPO (blue) MitoTEMPO (light grey), TEMPOL (grey), CT-03 (green).
B) In lysates: CMH (black), MitoTEMPO-H (red), DIPPMPO (blue), MitoTEMPO (light grey), TEMPOL (grey), CT-03

(green).

The letters correspond to a significant difference (p< 0.05) Anova one-way with CMH (A), MitoTEMPO-H (B), DIPPMPO
(C), mitoTEMPO (D), TEMPOL (E), CT-03 (F).

Figure 7:
PEG-SOD inhibitable superoxide trapped after 10 min in PMA-stimulated cells (20x106cells/ml) and 1 mM DTPA in PBS
(pH 7.4). CMH (black), MitoTEMPO-H (red), DIPPMPO (blue) MitoTEMPO (light grey), TEMPOL (grey), CT-03 (green).



The letters correspond to a significant difference (p< 0.05) Anova one-way with CMH (A), MitoTEMPO-H (B), DIPPMPO
(C), mitoTEMPO (D), TEMPOL (E), CT-03 (F).
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