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ARTICLE INFO ABSTRACT

Keywords: Because the precise site of ROS production plays a key role in cellular redox signaling and its (patho)physio-

EPR logical consequences, it is crucial to develop tools that enable site-specific detection of ROS in complex systems,

ES‘R . including in vivo. Here, we propose the use of Electron Paramagnetic Resonance (EPR) and dual nitroxide sensors
Il:lﬂlittrooc);:gz dria composed of mitoTEMPO and carbamoyl-proxyl (3CP) to probe ROS production in the mitochondrial and
ROS intracellular/extracellular compartments, respectively. For the proof-of-concept, the decay rates of the nitroxides
Cancer were measured in 4T1 breast tumor models, both in vitro and in vivo, using 9 GHz and 1 GHz spectrometers,
mitoTEMPO respectively. To modulate the level of ROS either in the cytosol or in the mitochondria, cells and mice were

treated with either the glutathione synthesis inhibitor L-Buthionine Sulfoximine (L-BSO) or Antimycin A, an
inhibitor of the complex III of the mitochondrial electron transport chain, or their appropriate controls. In mice,
an increase in relative decay rate was observed for 3CP, but not for mitoTEMPO, 1 and 2 days after starting L-
BSO treatment, while the opposite result was obtained after Antimycin A treatment. These observations were
consistent with results obtained on cells in vitro. Ex-vivo analyses of tumors, with or without ferricyanide that
converts hydroxylamines back to nitroxides, revealed non-significant changes in the total amount of nitroxide +
hydroxylamine, suggesting that the blood wash-out did not play a role in the decay of the nitroxide signal. In
addition, the use of genetically engineered 4T1 cells that overexpress the mitochondrial isoform superoxide
dismutase 2 (SOD2) allowed the assessment of the contribution of superoxide production to EPR signal decay.
Overall, this study identifies a new protocol to noninvasively discriminate the site of ROS production in vivo.

3-Carbamoyl-proxyl

1. Introduction

The distribution of reactive oxygen species (ROS) across subcellular
compartments controls specific ROS-mediated signaling pathways
[1-3]. Hence, a recent consensus expert recommendation advocated for
developing innovative tools that would enable site-specific ROS detec-
tion in cells and model organisms [2]. The most popular method for ROS
detection and the localization of their production site is the use of
redox-sensitive fluorescent dyes such as dichlorodihydrofluorescein
diacetate (DCFH-DA), hydroethidine (HE) and mitoSOX (whereby HE is
covalently bound to a triphenylphosphonium group for mitochondrial
accumulation) [4,5]. However, these probes lack specificity regarding

the species detected and therefore require the use of HPLC to discrimi-
nate between ROS adducts and self-oxidation products of the probe itself
[4,6,7]. In addition, due to depth penetration issues, in vivo applications
of these optical probes are limited. Electron paramagnetic resonance
(EPR) has the potential to assess ROS production both in vitro and in vivo
using spin traps or ROS scavengers. Spin traps (for example, nitrones)
are stable diamagnetic species that produce paramagnetic compounds
after their reaction with short-lived radicals. The stable spin adducts
present an EPR spectrum that is a fingerprint of the trapped free radical
[8]. However, the low yield in spin adducts formation and the instability
of the adducts strongly limit the capability to detect them noninvasively.
In contrast, the use of paramagnetic nitroxides offers an opportunity to
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detect ROS in vivo. In vivo, nitroxide reduction results from a combina-
tion of different pathways, whose relative contributions depend on the
nitroxide’s physicochemical properties and subcellular localization [9].
In most tissues, nitroxides can be reduced enzymatically via NAD(P)
H-dependent oxidoreductases or by glutathione (GSH)-mediated
enzymes [10,11]. A third but significant mechanism involves reactive
oxygen species (ROS). Superoxide (Oz), in particular, can oxidize
nitroxides into an oxoammonium cation (RoNt=0), which is then
rapidly reduced to the hydroxylamine (R;NHOH) by intracellular NADH
or NADPH:

eRyNO* + 05— RoNT=0
eRy;NT=0 + NAD(P)H — RoNHOH + NAD(P) ™"

This ROS-initiated two-step mechanism becomes especially relevant
under oxidative stress [12]. The hydroxyl radical (*OH) reacts with
nitroxides, leading to either oxoammonium cation formation or to
irreversible ring modifications depending on the nitroxide’s structure
and local environment [13]. Although *OH is highly reactive and has an
extremely short half-life it can still induce the nitroxide reduction.
Hydrogen peroxide (H303), in contrast, does not react directly with
nitroxides under physiological conditions, but it can significantly in-
fluence their redox state through indirect mechanisms. One major
pathway is the Fenton reaction, in which HyO, reacts with reduced
transition metals (notably Fe’ ) to generate hydroxyl radicals (*OH)
[14].

When administered in a tissue, nitroxides are mainly metabolized to
the corresponding hydroxylamine forms [15]. This intrinsic in vivo
one-electron reduction of the nitroxide can be modified (amplified or
delayed) by abnormal tissue redox conditions [15] such as oxidative
stress conditions accompanying ROS production (Fig. 1A). Therefore,
assessment of redox status in vivo can be achieved by monitoring EPR
signal decay of the nitroxide over time using low frequency EPR spec-
troscopy/imaging, or by a decrease in contrast in MRI or dynamic nu-
clear polarization (DNP)-MRI [16-18]. So far, most studies used non
targeted nitroxides to detect the redox status in vivo [16,19-24]. Mito-
TEMPO, a nitroxide that selectively accumulates in mitochondria [25,
26], has been used as a redox marker in vivo in a few studies in models of
kidney dysfunction and Parkinson’s disease [27,28]. Of note, while the
literature reports that hydrophilic nitroxides are reduced less efficiently
by mitochondria than lipophilic nitroxides such as mitoTEMPO [29,30],
the actual value of this sensor to selectively detect mitochondrial ROS
has never been firmly established. Indeed, this probe has not been
directly compared to nitroxides with a non-selective intracellular
distribution.

One of the most important fields of application of site-specific ROS
detection is oncology. In tumors, redox regulation modulates tumor
initiation, proliferation, metastasis, programmed cell death, autophagy,
and metabolic reprogramming [31]. Depending on the context, ROS
exert paradoxical effects on cancers. At an intermediate level, ROS
stimulate tumorigenesis and support the progression of cancer cells,
while an excessive concentration leads to cell death [32]. The upregu-
lated antioxidant defenses of cancer cells often limit ROS levels to a
tumor-promoting level [31-36]. Because mitochondria are major pro-
ducers of ROS in cells [37,38], the role of mitochondrial ROS (mtROS)
has received considerable attention in cancer research over the last years
[39]. The involvement of mtROS in the metastatic process [34,35] has
stimulated the development of selective mtROS scavenging approaches
to inhibit cell migration and invasion [40-42]. Opposingly, research has
been conducted to selectively boost the level of mtROS to achieve cancer
cell cytotoxicity [43-45]. In this context, it is of paramount importance
to be able to titrate and identify the origin of ROS production in bio-
logical media and in vivo.

The present study aims to assess the value of EPR spectroscopy using
a dual probe for site-specific ROS detection in vitro and in vivo. For this
purpose, we compared two nitroxides showing accumulation in different
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cellular compartments to determine the capacity of EPR spectroscopy to
discriminate the origin of ROS production within cells. We used two
commercially available nitroxides, the 3-Carbamoyl Proxyl (3CP), a
non-targeted hydrophilic nitroxide that distributes throughout both in
extra- and intra-cellular compartments [46] and has been used for the
global detection of ROS in vivo [16,19-21,23]. For specific mtROS
detection, we used mitoTEMPO, a mitochondria-targeted nitroxide [47]
(Fig. 1B). Of note, mitoTEMPO has never been used in tumors for mtROS
detection, and the respective value of both compounds has not been
compared in the literature. As a proof of concept, we modulated the level
of ROS in the cytosol by exposing cells or mice to glutathione depletion
(using 1-Buthionine Sulfoximine (L-BSO)) [20,22], or in mitochondria
by inhibiting the electron transport chain (using Antimycin A, an in-
hibitor of complex IIT) [48]. EPR signal decay was monitored over time
in breast cancer cells in vitro and in breast tumors in vivo, using 9 GHz
and 1 GHz EPR spectroscopy, respectively. Because EPR decay could be
influenced by probe wash-out via perfusion [49], we also assessed the
respective contribution of reduction and wash-out to EPR signal decay.
Finally, we genetically modified cancer cells to over-express superoxide
dismutase 2 (SOD2), the mitochondrial isoform of SOD [50], to assess
the contribution of mitochondrial superoxide to the EPR signal decay.

2. Materials and methods
2.1. Superoxide production by enzymatic assay

To produce superoxide, a Xanthine/Xanthine Oxidase system was
used. Xanthine (Sigma-Aldrich, Hoeilaart, Belgium) and Xanthine Oxi-
dase (Sigma-Aldrich) were added at the concentration of 1 mM and 5
mU/ml, respectively, to PBS buffer (Thermo Scientific, pH 7.4) with 1
mM of NADH (Sigma-Aldrich) and 1 mM of diethylenetriaminepenta-
acetic acid (DTPA, Sigma-Aldrich). This system allows a superoxide
production of 1.97 pM/min as described elsewhere [51]. The EPR probes
mitoTEMPO (CAS number: 1334850-99-5, Bio-Connect, Huissen, the
Netherlands) and 3-Carbamoyl-PROXYL (3CP, CAS number: 4399-80-8,
Sigma-Aldrich) were added at a final concentration of 20 pM, and the
mixture was transferred in a sealed hematocrit capillary and inserted
into a quartz tube. Superoxide dismutase (SOD, Sigma-Aldrich) at a
concentration of 200 U/ml was used as a control. The sample was placed
in the EPR cavity of a Bruker EMX-Plus spectrometer operating in
X-band (9.85 GHz) and equipped with a PremiumX ultra-low noise mi-
crowave bridge and a SHQ high sensitivity resonator, and an acquisition
was recorded every 40 s. The EPR parameters set in Bruker Xenon Spin
fit program were as follows: microwave power, 20 mW; frequency
modulation, 100 kHz; modulation amplitude, 0.1 mT; center field 336.5
mT; sweep width, 1.5 mT; sweep time 30.48s. Data were analyzed by
performing a double integration of the nitroxide middle peak to obtain
the intensity of the signal over time.

2.2. ROS measurements on whole cells exposed to redox modulators

4T1 mouse breast cancer cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in
culture in RPMI 1640 medium (Gibco, Thermo Scientific, Merelbeke,
Belgium) supplemented with 10 % heat-inactivated fetal bovine serum
(HI FBS, Gibco, Thermo Scientific). The day prior to acquisition, cells
were treated with either 25 pM 1-Buthionine Sulfoximine (L-BSO, Sigma-
Aldrich), 7.5 nM or 1 pM Antimycin A (Sigma-Aldrich) or the appro-
priate control (PBS for the L-BSO experiments and 0.1 % DMSO for the
Antimycin A experiments). On the day of acquisition, cells were har-
vested to obtain a solution of 25 x 10° cells/ml. A mixture was prepared
with 40 pL of cell suspension, 0.5 pL. DTPA (100 mM) and 7.5 pL PBS.
MitoTEMPO or 3CP were added to obtain a final concentration of 20 pM.
The mixture was transferred into a 12 cm long PTFA tube (inside
diameter 0.025 in, wall thickness 0.002 in). The tube was folded and
inserted into an open quartz tube. The sample was placed in the EPR
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Fig. 1. Principle of the assay. (A) Redox transformation of nitroxides in tissues. In vivo, nitroxides can be reduced to the corresponding hydroxylamines, or they can
be oxidized to an oxoammonium cation by ROS. The oxoammonium cation can be reduced back to the nitroxide by superoxide by a one-electron reduction, or to the
corresponding hydroxylamine by glutathione (GSH) by a two-electrons reduction. (B) Structures of MitoTEMPO and 3CP and their respective spectra, used as sensor
of ROS production in the mitochondria and intracellular/extracellular compartment, respectively.
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cavity of the spectrometer heated at 37 °C with a continuous gas flow
with 1 % of oxygen (concentration commonly found in tumors in vivo).
An acquisition was launched every 40 s. The EPR parameters used were
as previously described (see above section). ROS contribution in signal
intensity changes was calculated as the difference between the intensity
of the nitroxide peak for the last acquisition minus the intensity for the
first acquisition (AT = 15 min).

2.3. Tumor models and treatments

All experiments involving animals were allowed by the local ethics
committee (UCLouvain agreement reference: 2022/UCL/MD/33) and
performed in accordance with Belgian law for the protection and welfare
of animals. Six weeks old females BALB/cAnNRJ (Janvier Labs, France)
were housed under standardized light and temperature conditions of
light and temperature (12-h daylight cycle, 22 + 2 °C) before and during
the experiments. All animals had ad libitum access to chow pellets and
water. After acclimation, 2 x 10° 4T1 cells were inoculated in the right
hind leg muscle. Tumor sizes were monitored using an electronic
caliper. Tumor shape was assumed to be ellipsoidal; hence, the volume
was considered 1/6 x X x Y2, where X and Y are the two distances
measured (X < Y). When tumor size reached a diameter of 7 mm (& 250
mm?), mice were randomly allocated to experimental groups.

Mice were treated for 3 days with either 500 mg/kg of L-BSO, 0.3
mg/kg of Antimycin A or the appropriate controls (saline solution for L-
BSO experiment or DMSO for Antimycin A experiment). The treatment
was injected intraperitoneally by alternating the injection site.

2.4. In vivo L-band EPR

When tumor size reached a diameter of 7 mm (= 250 mm3), mice
were randomly allocated to four groups (n = 6/group). A first EPR
acquisition was done to obtain the basal decay rates of mitoTEMPO and
3CP. Mice were anesthetized with isoflurane. The induction was per-
formed with 3 % of isoflurane and anesthesia was maintained with 1.5 %
for 15 min to avoid perturbations in hemodynamics [52]. Mouse body
temperature was monitored and maintained with a warm blanket and
respiration rate was monitored during the whole acquisition. Then, 25
pmol/kg of mitoTEMPO or 3CP were injected in the tumor (50 pL,
multi-sites injection) and the mouse was placed in the EPR cavity with
the tumor in contact with the loop surface coil resonator (Fig. S1). The
nitroxide concentration has been chosen because it provides a good
signal to noise ratio while keeping a short acquisition time. Two minutes
after the injection, an EPR spectrum was recorded every 90 s using an
EPR spectrometer (electromagnet from Magnettech, Berlin, Germany;
electronic console from Clin-EPR, Lyme, NH, USA) with a low frequency
microwave bridge operating at 1.1 GHz (Fig. S1). EPR parameters were
as follows: power, 20 mW; frequency modulation, 100 kHz; modulation
amplitude, 0.1 mT; sweep time, 5s; sweep width 0.5 mT; number of
scans, 12. Nitroxides signal decay follows a one-phase exponential decay
and thus, the apparent signal decay rates were determined by the
following equation:

Ln(intensity T2) — Ln(intensity T1)
T2 -T1

Decay rate =

where T1 and T2 are signal intensities measured after 2 min and 10 min,
respectively.

After the first acquisition, mice were treated daily with either L-BSO,
Antimycin A or the appropriate control. Each day, a new EPR acquisition
was performed to study the evolution of nitroxides decay rates over
time.

2.5. Ex-vivo analysis

On the third day of treatment with L-BSO, Antimycin A or control, an
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ex-vivo analysis was performed to measure the concentration of nitro-
xides and hydroxylamines in tumors. To do so, mice were anesthetized
with isoflurane, as previously described. 50 pL of MitoTEMPO or 3CP
(25 pmol/kg) were injected in the tumors, which were harvested 2 min
(start of in vivo acquisition) or 10 min later and quenched in liquid ni-
trogen to stop metabolism. Then, the tumors were homogenized in PBS
using a mechanical lyser (TissueLyser II, Qiagen, Hilden, Germany). Half
of the homogenate was diluted in PBS (1:1 dilution) and the other half in
a solution of ferricyanide (2 mM, 1:1 dilution) to quantitatively convert
the hydroxylamine produced (due to in vivo reduction) back to the
nitroxide form [19]. The sample was transferred into a sealed hemato-
crit capillary and placed in the EPR cavity. EPR parameters were as
described previously. The concentration was calculated from a standard
curve of mitoTEMPO or 3CP dissolved in PBS with/without ferricyanide
(2 mM) (Fig. S2).

2.6. 4T1 cells transfection with SOD2

10° cells were seeded in a 6-well plate. Lipofectamine (Thermo Sci-
entific, Merelbeke, Belgium) was used in antibiotic-free media to
transfect a plasmid encoding SOD2 (Sino Biological, catalog #
HG12061-CY, Heschborn, Germany) according to the manufacturer’s
protocol. Two days after, the cells were expanded to 100 mm Petri
dishes. The next day, they were treated with 500 pg/ml of Hygromycin B
(Sigma-Aldrich). After 10 days of incubation with Hygromycin B, single
cell colonies were left to grow in antibiotic-free media. Cells were then
picked, expanded and a Western blot analysis was performed to confirm
SOD2 over-expression.

2.7. Western blotting

4T1 and 4T1-SOD2 cells were harvested from 100 mm Petri dishes
and lysed in RIPA buffer (Sigma-Aldrich) with 1 % Halt protease in-
hibitors and Halt phosphatase inhibitors (ThermoFisher). For PRX1 and
PRX3 immunoblotting, cysteine residues were alkylated (to determine
the oxidized and reduced isoforms) and proteins extracted using a non-
reducing environment as explained elsewhere [53]. 20 pg of proteins
were separated by SDS-PAGE and transferred to PVDF membranes
(Bio-Rad, Temse, Belgium). Membranes were incubated overnight with
primary antibodies. Anti-SOD2 rabbit monoclonal antibodies (#D3X8F;
Cell Signaling Technology, Leiden, The Netherlands) Anti-PRX1 rabbit
monoclonal antibodies (#EPR5433, Abcam, Cambridge, United
Kingdom), anti-PRX3 rabbit monoclonal antibodies (#EPR8114,
Abcam) and anti-HSP90 rabbit polyclonal antibodies (#E289; Cell
Signaling Technology) were diluted (1:1000) in Tris-buffered saline
Tween-20 containing 1 % of dry milk. Membranes incubated 1 h at room
temperature with second antibody Peroxidase AffiniPure™ Goat
Anti-Rabbit IgG from Jackson IR (Ely, United Kingdom). The revelation
was performed using chemiluminescent substrate SuperSignal® West
Pico (ThermoScientific) and quantified with ImageQuant LAS 500 (GE
Healthcare, Chicago, IL, USA). HSP90 expression levels served as a
loading control.

2.8. Mitochondrial nitroxide fraction quantification

20 x 106 cells were harvested, collected in eppendorfs tubes and left
incubated for 10 min with 1 mM of either 3CP or MitoTEMPO. The
mitochondria were isolated using the Mitochondria Isolation Kit for
Cultured Cells by Thermo Scientific following the manufacturer’s in-
structions. The mitochondria fraction was treated with ferricyanide (2
mM, 1:1 dilution) just prior quantification to convert the hydroxylamine
(due to nitroxide reduction) back to the nitroxide form. Nitroxide con-
centrations were measured with X-Band EPR with the same parameters
as previously described. The concentration was determined from stan-
dard curves.
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2.9. Statistical analysis

Statistical analysis was performed on Graph Pad Prism 9.5. All data
are shown means + SEM. The numbers of replicates and applied sta-
tistical tests are indicated in the legend of each figure.

3. Results and discussion

3.1. Invitro confirmation of site-specificity of ROS detection by the dual
probe

The implementation of the new toolbox to detect global ROS and
mtROS was performed by steps of increasing complexity. First, we
assessed that the decay of the EPR signal coming from both probes was
sensitive to the presence of ROS. An enzymatic system, xanthine/
xanthine oxidase, was first used as it is well known to produce super-
oxide radical in the presence of oxygen and NADH (Fig. 2A) [54]. DTPA
(1 mM) was added to the system to prevent unwanted Fenton’s reaction.
Superoxide produced by the enzymatic reaction reacted with the
nitroxides leading to a decrease in the EPR signal intensity over time
with a stabilization of the signal after 10 min probably due to the in-
hibition of XO by its product, the uric acid (Fig. 2B-E) [55,56]. To
confirm that the decay was well due to the presence of superoxide, SOD
was added to the mixture in control experiments. SOD consumed su-
peroxide before it reacted with the nitroxides and countered changes in
EPR signals (Fig. 2B and C).

Then, we tested the ability of the method to detect redox modulation
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in different compartments of cells. We hypothesized that mitoTEMPO is
more sensitive than 3CP to mitochondrial redox modulations. This is
thought to be due primarily to the better penetration and greater
accumulation of mitoTEMPO in mitochondrial lipid membranes. Our
results support this hypothesis, showing that mitoTEMPO accumulates
more efficiently in mitochondria than 3CP (Fig. S3). Of note, the dif-
ference in mitochondrial accumulation between MitoTEMPO and 3CP is
not as pronounced as reported in the literature. This may be due to the
high nitroxide concentration required to achieve a signal above the EPR
detection limit after mitochondrial isolation.

To assess the sensitivity of the two nitroxides for redox modulation in
different cellular compartments, 4T1 cells were exposed to either L-BSO,
an agent inducing glutathione depletion [20,22], or Antimycin A, an
inhibitor of mitochondrial complex III (increasing superoxide produc-
tion) [48], leading to ROS production in the cytosol and the mito-
chondria, respectively. We verified the compartmentalization of ROS
production induced by L-BSO and Antimycin A using immunoblot
analysis of Peroxiredoxins 1 (PRX1, cytosolic isoform) and 3 (PRX3,
mitochondrial isoform). Upon hydrogen peroxide exposure, PRX1 and
PRX3 become oxidized and form dimers, marker of localized oxidative
stress [53]. Treatment with L-BSO led to a decrease in intracellular
glutathione levels and a reduced GSH/GSSG ratio, consistent with an
increase in oxidative stress (Fig. S4A). This stress was predominantly
cytosolic, as indicated by the accumulation of oxidized PRX1 without
significant changes in PRX3 oxidation (Fig. S4B). In contrast, treatment
with low-dose Antimycin A triggered mitochondrial ROS production, as
evidenced by the selective oxidation of PRX3 (Fig. S4C). MitoTEMPO
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Fig. 2. In vitro characterization of nitroxide signal decay. (A) Xanthine (1 mM)/Xanthine (5mU/ml) oxidase system used to produce superoxide (1.97 uM/min). (B)
MitoTEMPO (20 pM) signal decay when superoxide was produced by the enzymatic system. Points represent means + SEM, n = 3. (C) 3CP (20 pM) signal decay
when superoxide was produced by the enzymatic system. Points represent means + SEM, n = 3. (D) Signal loss after 15 min when the cells were exposed to 25 pM of
L-BSO or PBS (control) for 24 h. Bars represent mean + SEM. n = 3 with 3 technical replicates, Nested one-way ANOVA, *; p < 0.05. (E) Signal loss after 15 min when
the cells were exposed to 7.5 nM of Antimycin A or 0.1 % DMSO (control) for 24 h. Bars represent mean + SEM. n = 3 with 3 technical replicates, one-way ANOVA,

** p < 0.01.
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and 3CP were added at a concentration of 20 pM on cells pretreated
previously for 24 h with either L-BSO or Antimycin A and EPR spectra
were recorded every 40 s for 15 min (Fig. S5). L-BSO (25 pM) induced
significant EPR signal loss after 15 min for 3CP, but not for mitoTEMPO*®
(Fig. 2D). In contrast, Antimycin A (7.5 nM) led to a significant signal
loss for mitoTEMPO?®, but not for 3CP (Fig. 2E). Overall, these results
demonstrate the capability of the assay to detect redox stress induced in
different compartments of the cells. Of note, when used at high con-
centration (1 pM), Antimycin A induced a significant signal loss for both
3CP and mitoTEMPO, likely due to a massive production of ROS that
may diffuse outside the mitochondria (Fig. S4D).

3.2. Noninvasive site-specificity of ROS detection in tumors in vivo by the
dual probe

For in vivo assays in 4T1 tumor-bearing mice, the basal kinetics of
EPR signal decay (without treatment) was first assessed in tumors with
L-Band (1 GHz) EPR spectroscopy. The signal intensity of both 3CP and
mitoTEMPO decreased monoexponentially (Fig. S6). To evaluate the
specificity of this method to differentiate cytosolic versus mitochondrial
ROS levels in tumors, the decay rates were daily measured for each
probe in mice that were treated with either L-BSO (500 mg/kg per day)
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or Antimycin A (0.3 mg/kg per day). The mitoTEMPO decay rate was
not significantly affected by L-BSO treatment that modulates ROS level
in the cytosol (Fig. 3A-E) but was significantly increased after Anti-
mycin A treatment that increases mtROS production (Fig. 3B-F). In
sharp contrast, the decay rate of 3CP significantly increased after L-BSO
treatment (Fig. 3C-E), while Antimycin A did not significantly alter the
decay rate of this probe (Fig. 3D-F). There were no differences in tumor
sizes between the groups, and the signal decay rates were not correlated
with tumor sizes (Fig. S5). These results demonstrated the ability to
discriminate between different sites of ROS production noninvasively in
tumors in vivo. The results not only recapitulated the results obtained in
vitro (Fig. 2D and E), but they also extended the applicability to in vivo
situations in tumors using low-frequency EPR spectroscopy.

3.3. Blood wash-out did not contribute significantly to the EPR signal
decay

While the previous results showed that L-BSO and Antimycin A
induced differing consequences on nitroxide decay kinetics, it was
important to check that this was due to different sites of ROS production
while removing confounding factors bias. For example, it has been
described that changes in perfusion/hemodynamics could play a role in
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Fig. 3. In vivo decay rates of nitroxides over time when mice were treated with different redox modulators. (A) Decay rate over time of MitoTEMPO (25 pmol/kg)
when mice were treated + 500 mg/kg of L-BSO. All data are shown as means + SEM. n = 6/group, one tailed paired t-test. ns = non significant (B) Decay rate over
time of MitoTEMPO (25 pmol/kg) when mice were treated with 0.3 mg/kg of Antimycin A. All data are shown as means &+ SEM. n = 6/group, one tailed paired t-test,
*;p < 0.05, **; p < 0.01. (C) Decay rate over time of 3CP (25 pmol/kg) when mice were treated with 500 mg/kg of L-BSO. All data are shown as means &+ SEM. n =
6/group, one tailed paired t-test, *; p < 0.05, **; p < 0.01. (D) Decay rate over time of 3CP (25 pmol/kg) when mice are treated with 0.3 mg/kg of Antimycin A. All
data are shown as means + SEM. n = 6/group, one tailed paired t-test. (E) Signal decay over time for mitoTEMPO and 3CP (25 pmol/kg) when mice were treated
with 500 mg/kg of L-BSO for 48 h. All data are shown as means + SEM. n = 6/group, two-way ANOVA, ***; p < 0.005. (F) Signal decay over time for mitoTEMPO
and 3CP (25 pmol/kg) when mice were treated with 0.3 mg/kg ofAntimycin A (AA). All data are shown as means + SEM. n = 6/group, two-way ANOVA, **; p

< 0.01.
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the wash-out of nitroxides [49]. Therefore, we elucidated the respective
contribution of nitroxide reduction by ROS and wash-out to EPR signal
decay. To assess this, the tumors were harvested 2 min or 10 min after
nitroxide injection and quenched in liquid nitrogen to stop further re-
actions. The respective ratios of nitroxides and hydroxylamines were
quantified by reconstitution in a ferricyanide solution that quantita-
tively converts produced hydroxylamines in vivo back to their nitroxide
forms [19]. Concentrations of the different forms, “nitroxide alone” and
“nitroxide + hydroxylamine”, measured in the different groups of mice
are presented in the top and bottom of Fig. 4, respectively. These ex-vivo
quantifications of nitroxide (Fig. 4, top) confirmed the changes observed
in vivo. A first observation was that, after L-BSO treatment, the nitroxide
form of 3CP significantly decreased compared to the untreated group,
while the decay of mitoTEMPO (nitroxide form) was not significantly
different from the control group (Fig. 4 A). Conversely, after Antimycin
A treatment, 3CP (nitroxide form) did not significantly decrease
compared to the untreated group, while the decay of mitoTEMPO was
significantly more pronounced compared to the control group (Fig. 4B).
Most importantly, when measuring the combined forms (nitroxides +
hydroxylamines, Fig. 4C), there was no significant change of the total
content over time (2-10 min after injection) in all groups of mice. This
meant that the concentrations of the probes remained stable over this
short period of time, establishing that wash-out through tissue perfusion
did not significantly contribute to the decay of the signals of the nitro-
xides, that were mainly due to their reduction in hydroxylamines. We
also established that the kinetics were independent on the tumor size
(Fig. S7).

3.4. Superoxide contributes partially to signal decay rate

Because superoxide is the primary ROS produced by mitochondria
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[37]1, we explored its contribution to nitroxide EPR signal decay. To
establish this, a plasmid encoding SOD2 (the mitochondrial isoform of
superoxide dismutase [35,50]) was transfected in 4T1 cells. SOD2
overexpression was confirmed by Western blot analyses during several
passages (passage 1 to 6), as shown in Fig. 5A. Of note, we observed that
the expression of SOD2 induced by transfection increased by about 40
%. As shown in Fig. 5B and C, the relative decay rate of mitoTEMPO was
significantly lower in tumors produced in mice using cells over-
expressing SOD2 compared to wild-type cells, while there was no sig-
nificant change for the 3CP decay rate (Fig. 5B and C). These results
established that mitochondrial superoxide contributed at least in part to
the ROS-dependent decay rate of mitoTEMPO. Of note, while superoxide
plays a significant role in the redox-dependent reduction of the nitro-
xide, it is unlikely that it is the sole factor contributing to the EPR signal
decay as, in vitro, overexpression of SOD2 did not fully abrogate the
decrease in EPR signal (Fig. S8). It is likely that nitroxides do not only
react with superoxide but also with other ROS, such as hydroxyl radical
and/or reactive nitrogen species (RNS). It is also established in literature
that lipophilic nitroxides such as mitoTEMPO can be reduced in vivo by
mitochondria ETC and thus the use of appropriate controls (such as
SOD) is required to differentiate the contribution of superoxide or
complex III in nitroxide bioreduction [29,57]. It is also noteworthy that
in vivo decay rates were measured over the whole tumor region, meaning
that our method is not capable of distinguishing between the different
types of cells present in the tumor microenvironment (cancer cells,
cancer associated fibroblasts, immune cells, ...) [58,59]. When we
compared tumors formed from wild-type cancer cells to tumor formed
from cancer cells overexpressing SOD2, it is likely that cancer cells
represented only a fraction of all the cells contributing to the reduction
of the nitroxides in tumors.

Overall, one of the main strengths of this assay resides in the fact that
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Fig. 4. Evolution of the concentration of the nitroxide form (top) and of the combined forms (nitroxide + hydroxylamine) (bottom) of 3CP and MitoTEMPO® in
tumors over time. (A) Nitroxide concentration after 2 or 10 min when mice were treated + 500 mg/kg of L-BSO. Bars represent mean + SEM. n = 3/group, two-way
ANOVA with Sidak’s correction, *; p < 0.05, ns; p > 0.05. (B) Nitroxide concentration after 2 or 10 min when mice were treated + 0.3 mg/kg of Antimycin A. Bars
represent mean + SEM. n = 3/group, two-way ANOVA with Sidak’s correction, **; p < 0.01, ns; p > 0.05. (C) Total product concentration (nitroxide + hydrox-
ylamine) after 2 or 10 min when mice were treated + 500 mg/kg of L-BSO or 0.3 mg/kg of Antimycin A. Bars represent mean + SEM. n = 3/group, two-way ANOVA

with Sidak’s correction, ns; p > 0.05.
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Fig. 5. Contribution of superoxide to the EPR signal decay rate in vivo. (A) Western blot of expression of SOD2 in wild-type 4T1 breast cancer cell and 4T1 cells
transfected with a plasmid encoding SOD 2, after passages 1, 4 and 6. Student’s t-test, n = 3, **; p < 0.01 (B) Decay rates of nitroxides in vivo for 4T1-SOD2 tumors
compared to wild-type 4T1 tumors. Bars represent means + SEM. n = 6/group, Student’s t-test, *; p < 0.05. (C) EPR signal decay of MitoTEMPO (25 pmol/kg) in vivo.
Points represent means + SEM. n = 6/group, two-way ANOVA with Sidak’s correction, *; p < 0.05.

EPR spectroscopy allows for noninvasive in vivo ROS detection with the
capacity to distinguish between the origins of ROS. This method is a
promising pre-clinical tool to study redox metabolism in tumors and to
analyze the role of different factors or treatments addressing different
subcellular compartments. The main limitation of this assay is that it
does not allow to distinguish specific ROS species originating from a
same location. In vitro, the identification of ROS responsible for probe
oxidation is possible thanks to scavengers of a given ROS [54]. In vivo,
these controls are difficult to apply. Here, we used genetically modified
models to assess the contribution of superoxide. However, as previously
discussed, the use of these models does not exclude that nonmalignant
cells within solid tumors also contribute to the redox state of the probes.

It is important to note that the reduction of nitroxides in biological
systems is shaped by the complex interplay between cellular oxidants
and the reductive capacity of each cell type. Rather than following a
single, universal mechanism, nitroxide bioreduction depends on the
relative abundance and activity of intracellular reductants such as GSH,
NADH, NADPH, as well as redox enzymatic systems whose expression
and activity vary across cell types [10,11]. The contribution of each
pathway can shift dynamically in response to oxidative stress or meta-
bolic perturbations. These considerations highlight the importance of
accounting for the reductive and enzymatic landscape of each cellular
model when interpreting nitroxide-based redox measurements [6].

For the future, it would be interesting to use the combination of the
two probes with imaging modalities, such as EPR imaging, MRI or DNP-
MR, to further investigate the heterogeneity of the redox response of
cancer cells to treatments.
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Noninvasive discrimination between mitochondrial ROS and global
ROS production in solid tumors using EPR spectroscopy
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Supplementary figures

Figure S1. Experimental set-up used for in vivo EPR spectroscopy.
(A): EPR spectrometer with an electromagnet from Magnettech and an electronic console from Clin-EPR.
(B): Mouse anesthetized with isoflurane. The body temperature was monitored and maintained with a warm
blanket. The respiration rate was monitored during the whole acquisition. A loop-gap surface coil resonator is
positioned over the tumor for EPR signal monitoring.
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Figure S2. Calibration curves of nitroxides for ex-vivo analyses.
The concentration was calculated from a standard curve of MitoTEMPO* or 3CP dissolved in PBS + ferricyanide (2
mM)
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Figure S3. Concentration of 3CP and mitoTEMPO in mitochondrial fraction of 4T1 cells.
Cells were incubated for 10 minutes with either ImM of 3CP or MitoTEMPO before mitochondria isolation and
treatment with ferricyanide (2mM). Concentrations were determined from calibration curves using X-Band EPR
spectrometer. Bars represent mean + SEM. n = 3 with 3 technical replicates, Student’s T-test, ***; p <0.001
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Figure S4.ROS production in different cellular compartments by L-BSO and Antimycin A in 4T1 cells.

(A) Total glutathione concentration and GSH/GSSG ratios in cells after L-BSO (25uM) treatment for 24 hours.
Bars represent mean + SEM. n=3 with 3 technical replicates, Student’s T-test. **; p < 0.01, ***; p <0.001

(B) Percentage of oxidation of PRX1 and PRX3 when cells are treated with L-BSO. CTR + B-ME = control group
with -mercaptoethanol pre-treatment. CTR= control group. L-BSO = treated group with 25uM of L-BSO
for 24 hours. Bars represent mean + SEM. n=3 with 3 technical replicates, one-way ANOVA. ns= non
significant, *; p < 0.05

(C) Percentage of oxidation of PRX1 and PRX3 when cells are treated with Antimycin A. DMSO + B-ME =
control group (0.001% of DMSO) with -mercaptoethanol pre-treatment. DMSO = control group (0.001%
of DMSO). AA 1puM-= treated group with 1uM of Antimycin A for 24 hours. AA 7.5nM= treated group with
7.5nM Antimycin A for 24 hours. Bars represent mean + SEM. n=3 with 3 technical replicates, one-way
ANOVA. ns= non significant, *; p <0.05, **; p< 0.01

(D) EPR signal loss after 15 minutes when 4T1 cancer cells were exposed to 1 uM of Antimycin A for 24 hours.
Bars represent mean + SEM. n =3 with 3 technical replicates, one-way ANOVA, ***; p <0.005, ****; p <0.001
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Figure S5. EPR signal decrease of 3CP and MitoTEMPO in 4T1 cells treated with L-BSO or Antimicyn A.

(A) Signal decay over time of MitoTEMPO and 3CP (20uM) when cells are treated with L-BSO (25uM) for 24
hours. n=3 with 3 technical replicates.

(B) Signal decay over time of MitoTEMPO and 3CP (20uM) when cells are treated with Antimycin A (AA,
7.5nM) for 24 hours. n=3 with 3 technical replicates.
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Figure S6. Kinetics of the decay of the EPR signal recorded in 4T1 tumors in mice (presented as the natural
logarithm of the intensity over time). Points represent means + SEM, n = 6/group.
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Figure S7. Absence of correlation between tumor size and EPR signal decay rate and tumor weights measured
between the different groups.
(A) Absence of correlation between MitoTEMPO signal decay rate and tumor size. n=50, Pearson's correlation

test

(B) Absence of correlation between 3CP signal decay rate and tumor size. n=50, Pearson’s correlation test
(C) Tumor weights after mice were treated 72 hours with L-BSO (500mg/kg) or Antimycin A (0,3mg/kg).

n=6/group. Student’s t-test, ns; p >0.05
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Figure S8. In vitro nitroxide signal loss of mitoTEMPO after 15 minutes for wild-type 4T1 cells and 4T1 cells
overexpressing SOD2. Bars represent means + SEM. N = 3, Student’s t-test, **; p <0.01.
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