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ABSTRACT: In this article, we demonstrate the existence of an endogenous mitochondrial azoreductase (AzoR) activity that can
induce the cleavage of N=N double bonds of azobenzene compounds under normoxic conditions. To this end, 100% OFF-ON azo-

based fluorogenic probes derived from 4-amino-1,8-naphthalimide fluorophores have
been synthesized and evaluated. The in vitro study conducted with other endogenous
reducing agents of the cell, including reductases, demonstrated both the efficacy and
the selectivity of the probe for AzoR. Confocal experiments with the probe revealed
an AzoR activity in the mitochondria of living cells under normal oxygenation con-
ditions, and we were able to demonstrate that this endogenous AzoR activity appears
to be expressed at different levels across different cell lines. This discovery provides
crucial information in our understanding of the biochemical processes occurring
within the mitochondria. It thus contributes to a better understanding of its function,

which is implicated in numerous pathologies.

INTRODUCTION

The mitochondrion is the energy center of the cell. Because
of its central role in the effective function of the cell, its dys-
function is linked with a variety of pathologies.! This organelle
plays a key role in the development of multiple cancers>* and
neurodegenerative diseases®®. More recently, the role of mito-
chondria has also been demonstrated in the development of di-
abetes’ or non-alcoholic hepatic steatosis'®, which are regretta-
bly increasingly prevalent around the world and will represent
major public health issues in the coming years. Mitochondrial
dysfunction can also result in cardiovascular disorders'' and
was recently demonstrated to be involved in cardiac failure in
COVID-19 patients.'? The observation of this organelle is there-
fore particularly relevant to improve our understanding of its
functioning and thereby prevent any potential dysfunction. For
decades now, a growing number of tools have been dedicated
to the observation of mitochondria using fluorescence imaging.
Murphy demonstrated that a lipophilic cation could be used to
vectorize a given molecule into the mitochondrial matrix, tak-
ing advantage of the mitochondrial membrane potential.'3*

Although the generality of this approach remains to be demon-
strated, an ever-increasing number of articles describe success-
ful uses of cationic units such as triphenylphosphonium (TPP)'
for the delivery of a wide range of agents (fluorescent probes or
drugs).'*!'” Numerous fluorogenic probes have been designed,
enabling the observation of a wide range of intramitochondrial
biological processes.'®?° In this context, recent interest has
emerged in the visualization of enzymatic activities, in particu-
lar reductases. The role of some of them remains unclear; also
we can plausibly speculate that they are essential modulators in
maintaining the redox equilibrium of the mitochondrial machin-
ery.?'"2* The first evidence of such activity dealt with mitochon-
drial thioredoxin reductase activity.>>® We have also demon-
strated the presence of a mitochondrial nitroreductase (NTR)
activity capable of reducing the nitro function to the corre-
sponding amine under normoxic conditions.?* Several applica-
tions have followed using this mitochondrial NTR3*34 such as
two-color, three-dimensional, single-molecule fluorescence mi-
croscopy’!, proximity-based protein labeling*, or activatable
prodrugs for mitochondrial redox homeostasis disruption.*®
More recently, quinone reductases**3® and methionine reduc-
tase® activities have also been reported. To the best of our



knowledge, no fluorogenic probe has so far demonstrated any
mitochondrial azoreductase (AzoR) activity in normoxic condi-
tions. AzoR enables the breaking of the N=N double bond of an
azobenzene unit thereby separating the two constituent parts by
producing the corresponding anilines. This activity has mainly
been observed in bacterial cultures by monitoring the decolori-
zation of azo dyes.*’ Fluorogenic detection of AzoR-mediated
reduction of azobenzene-modified fluorophores has also been
implemented in this context.*** In mammalian cells, this AzoR
activity is mainly considered to be sensitive to oxygen and has
therefore often been used as a marker of cellular hypoxia.**
By analogy with our previous results on NTR, we consider the
visualization of mitochondrial AzoR activity under normal ox-
ygenation conditions. To our knowledge, this activity has never
been reported under such conditions.

EXPERIMENTAL SECTION

Synthesis of Compound 4a. NOBF4 (6.70 mg, 57.4 mmol,
1.10 eq.) was slowly added to a cooled solution of compound
2a (14.0 mg, 52.2 pmol, 1.00 eq.) in of dry CH3CN (2.00 mL)
and stirred under argon at 0 °C for 30 min. After completion of
the reaction (monitored by TLC), a solution of N,N-dimethyl-
aniline (7.90 pL, 62.6 umol, 1.20 eq.) in dry CH3CN (500 uL)
was slowly added dropwise. The reacting mixture was allowed
to warm to room temperature and then stirred for another hour.
The mixture was diluted in CH2Cl» (20.0 mL) and washed with
saturated aqueous NH4Cl solution (3 x 10.0 mL). Organic phase
was dried over MgSOs4 and solvents were evaporated under re-
duced pressure. The residue was purified by chromatography on
silica gel (Hept/EtOAc, 85/15, v/v), giving 4a as a dark purple
solid (11.2 mg, 53%). '"H NMR (500 MHz, CDCl3) § 9.23 (d, J
=8.3 Hz, 1H), 8.65 (t,J=7.2 Hz, 2H), 8.04 (d, /= 9.1 Hz, 2H),
7.96 (d, J= 8.0 Hz, 1H), 7.83 (t, /= 7.8 Hz, 1H), 6.80 (d, J =
9.1 Hz, 2H), 4.21 (t, J = 7.4 Hz, 2H), 3.16 (s, 6H), 1.74
(qt, J=7.4 Hz, 2H), 1.47 (sx,J=7.5Hz, 2H), 0.99 (t, J =74
Hz, 3H). °C NMR (126 MHz, CDCls) § 164.5, 164.1, 153.4,
151.9, 144.7, 131.8, 131.3, 130.6, 129.3, 129.2, 126.7, 126.4
(20), 122.6, 122.1, 112.3, 111.6 (2C), 40.3, 40.3 (2C), 30.3,
20.4, 13.8. HRMS (ESI-MS) m/z: [M + H]+ Calcd for
C24H25N402 401.1974, found 401.1978.

General procedure for the synthesis of azo-based probe
4b-d through Path A. NaNO: (1.10 eq.) was added to a cooled
0.5 M HCl(aq) solution (400 pL) at 0 °C and the resulting mix-
ture was stirred for 1 hour. A solution of ANI-based fluorophore
2(1.00 eq.) in CH3CN (100 pL) was added slowly dropwise and
the resulting mixture was stirred at 0 °C until complete for-
mation of diazonium salt (monitored by TLC). A solution of
N,N-dimethylaniline (1.2 eq.) in CH3CN (1.00 mL) was then
slowly added at 0 °C. The reaction medium was then allowed
to warm to room temperature and stirred for another 2 h. After
completion of the reaction mixture, it was diluted in DCM (10.0
mL), washed with NH4Cl aqueous sat. solution (3 x 10.0 mL).
The organic phase was dried over MgSOs, and the solvent was
removed by evaporation under reduced pressure. The residue
was purified by chromatography on silica gel. When reversed
phase purification was needed, the mixture was directly diluted
in water (2.00 mL) then purified by C18-reverse phase silica gel
column chromatography using appropriate eluting solvent mix-
ture to afford the desired pure product. All data relating to the
preparation and purification of probes 4b-d including com-
pounds characterization are available in Supporting Information

General Procedure for the synthesis of azo-based probe
4e-f through Path B. To a suspension of 6-((4-(dimethyla-
mino)phenyl)diazenyl)-1H,3H-benzo[de]isochromene-1,3-di-
one (3) (1.00 eq.) in absolute EtOH (0.1 M) was added corre-
sponding amine (2.00 eq.). The resulting reaction mixture was
heated at 90 °C overnight. After the reaction was completed
(monitored by TLC), the reaction mixture was cooled to room
temperature and the solvents were evaporated under reduced
pressure. The residue was purified by flash chromatography on
silica gel or by C18-reverse phase silica gel column chromatog-
raphy, using an appropriate eluting solvent mixture to afford the
desired pure product. All data relating to the preparation and
purifications of probe 4e-f including compounds characteriza-
tion are available in supporting information

In vitro enzymatic activation assays. Kinetics assays were
performed using a SpectraMax iD3 plate reader at 37°C. A
stock solution of 50 mM potassium phosphate buffer pH 7.7
with 5% glycerol was made. This stock solution was used as
buffer for all the test performed in 96 Well Costar Flat Bottom
assay plates for fluorescence assays and 96 Well Greiner Bio-
One ELISA Microlon® 200 microplates for absorbance assays.
Enzyme were solubilized and stocked in 10% glycerol, 50.0
mM potassium phosphate buffer pH 7.7, at -80°C. 2.00 mM of
DTT was added in the case of NQO1 and NQO2 stock solu-
tions. Reactions were initiated by the addition of enzyme. The
final assay solution contained a total volume of 200 pL. All as-
says have been performed in triplicate. Time-dependent fluo-
rescence measurements were carried out to monitor release of
the free fluorophore 2 (Aex =430 nm and Aem = 540 nm). Back-
ground measurements were taken in the absence of enzyme or
reducers for each assay, also in triplicate. Background values
were subtracted from the values obtained in presence of en-
zyme/reducers

Cell Culture. Human cancer cell lines were obtained from
the American type Culture Collection (ATCC, Rockville, USA)
and were cultured according to the supplier’s instructions. U87-
MG glioblastoma and Mia-Paca-2 pancreatic carcinoma cells
were grown in Dulbecco minimal essential medium (DMEM)
containing 4.50 g/L glucose supplemented with 10% FCS and
1% glutamine. MCF7 breast carcinoma, K562 myelogenous
leukemia, A549 lung carcinoma and HeLa cervical carcinoma
cells were grown in RPMI 1640 containing 10% FCS and 1%
glutamine. HCT116 colorectal carcinoma cells were grown in
McCoy containing 4.50 g/L glucose supplemented with 10%
FCS and 1% glutamine. All cell lines were maintained at 37 °C
in a humidified atmosphere containing 5% CO?2. For live cells
fluorescence microscopy, an Ibidi® pSlide 8 Well high Glass
Bottom plate was seeded with 15 000 cells/well and then main-
tained at 37 °C in a humidified atmosphere containing 5% CO2
for 24h to 48h.

Confocal Microscopy. Fluorescence images were acquired
using a Leica SP8-X inverted confocal microscope with a 63x
oil immersion objective (HC PL APO CS2 Leica). Excitation
was performed using a White light laser pulsed at 80MHz and
a Diode 440 nm LDH-P-C-440B pulsed at 40 MHz. Detection
was carried out by using PMT detector (Hamamatsu 6357) col-
lecting photons, or GaAsP Hybrid (Hamamatsu) collecting
photons over the appropriate emission wavelength window as
specified in the figures captions.

RESULTS AND DISCUSSION



For this purpose, we have synthesized a series of naph-
thalimide-based fluorophores. This dye is commonly used in
fluorescence microscopy since its photophysical properties are
compatible with cell imaging (good QY, green emission). Its
main advantage lies in the presence of the aniline, which con-
stitutes a functionalizable fluorogenic center to design respon-
sive sensors.*->° Furthermore, the alkylation of the imide nitro-
gen constitutes an easy way to modulate its physicochemical
properties, such as water solubility, or its mitochondria-target-
ing ability. In addition to the commonly used butyl naph-
thalimide, we synthesized a set of fluorophores with various R
substituents. Besides the fluorophores described in part in the
literature,*'>* we included two original structures. ANI 2¢ fea-
tures a pyridinium group, providing both water solubility and
mitochondrial targeting ability.

Scheme 1. Synthesis of 4-ANI fluorophores (2a-f) and correspond-
ing azo-based probes (4a-f). “"Method A was used for the prepara-
tion of the diazonium salt. "Method B was used for the preparation
of diazonium salt. °Probe obtained from anhydride 3

°
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Fluorophore 2f, on the other hand, constitutes a non-targeted
analog with enhanced aqueous solubility thanks to the presence
of the PEG2-amine moiety. Azobenzene derivatives of naph-
thalimides have almost never been reported in the literature. A

a. b.

single article documents the spectrophotometric properties of
aryl-azo derivatives of naphthalimides, with a lack of details re-
garding their synthesis.** We thus designed a synthetic route to
such compounds (Scheme 1).The 4-arylazo-1,8-naphthalimides
4a-d were obtained from the 4-Amino-1,8-naphthalic anhy-
dride 1 through either first the formation of the imides 2, fol-
lowed by that of the azo bound or in the reverse order via the 4-
azo anhydride 3. The azo bond was formed by a two steps pro-
cess involving first the synthesis of a diazonium salt that can be
achieved using two methods (Path A or Path B), followed by a
SE4 reaction of N,N-dimethylaniline. The first strategy was
found more efficient and more convenient for the 4-arylazo-1,8-
naphthalimides 4a-d while the second was preferred for the
preparation of probes 4e and 4f carrying a primary amine on the
R chain that could interfere with the nitrosylation agent All ANI
fluorophores (2a-f) and corresponding azo-based probes (4a-f)
were fully characterized and their structure was unambiguously
confirmed by a set of structural analyses including NMR and
HRMS (all data are accessible in the Sup Info file). We then
proceeded with the photophysical characterization of all fluor-
ophores (2a-f) and corresponding azo-based probes (4a-f) (See
Tables S1 and S2). As expected, the measurements confirmed
the complete absence of fluorescence from azo compounds 4a-
g (Cf Figure. S1-S2). This absence of fluorescence is mainly
due to the prominence of the nonradiative deactivation related
to photochemical isomerization or a rotation mechanism around
the N=N double bond.*® This characteristic of azobenzenes jus-
tifies their use in the design of fluorogenic sensors.”’ Also, a
non-radiative and unreactive nnt* pathway has recently been
claimed as a possible quenching mechanism of azobenzenes.*®
Azo-based compounds 4a-f display a broad absorbance spec-
trum covering blue—orange (ca. 450—600 nm) part of the visible
spectrum with an absorption maximum centered at around 535
nm in DMSO (Cf. Figure S5).

O _N_O

N

Probe 4 at 20 uM in PB buffer
AzoR 0.04 pg
FMN 0.05 pM, NADH 0.5 mM

NH,
.ol

&

Fluorescence Intensity (
5

Noy
4
/N\

.
_

Wavelength (nm)

Probe 4c after s 2 ac

activation with 0 min

AzoR

Probe 4c before

activation with 5mi

AzoR I\ min

o\ 20 min
i s gt B A Co-injection (2¢ + 5)
700 200 000 | off 100 150 | 200 250 300 35 | ap a0 500 50 s0o

ns

I —

i 1.0x107
1.5x107 2c oox106
1 x10%]

1.0x107- 6.0x106]

1 4.0x108]
5.0x10%]

2.0x108]

| 5 2 0 L,
400
C. 16000000 -
z d.
3 14000000
2 3 1.5x107 I
£ 12000000 o a0 3
3 - 4c >
£ 10000000 - A 2
3 €
£ 8000000 - £ 107
o £
£ 6000000 8
o c
H g
T 4000000 £ oo
H
= 2000000 S
=
o] 5
i : : : : : ; s 0
0 20 40 60 80 100 120
Time (min)

==
T T T T T
AzoR NQO1 NTR NQO2 GSH Cysteine

vvvvvvv [OY UL TR R —
20000 40000 600.00  800.00

Figure 1. In vitro study of Azo-based probes activation by AzoR. a. Schematic representation of enzymatic reaction with pictures reflect-
ing the color change of the solution (top vials) and the green fluorescence emission appearance with activation by AzoR (bottom vials). b.
Emission spectra (AExc = 430 nm) of probe 4¢ were recorded at 37 °C in PB buffer before and after 2h of activation by AzoR. ¢. Kinetic
monitoring of AzoR activation of probes 4b, 4¢ and 4e, the fluorescence was recorded over time at 540 nm with excitation fixed at 420 nm.
d. Comparison of fluorescence intensity recorded after 30 min of incubation with multiple reducing agents at 37 °C (see supporting infor-
mation). e. UPLC-MS chromatograms of the AzoR-mediated transformation of probe 4¢ giving corresponding fluorophore 2¢ together with
aniline 5. MS spectra of the peaks detected on the UPLC-MS chromatograms corresponding to the compounds 2¢ and 4¢



A hypsochromic shift of the absorbance maximum was ob-
served in PBS (Table S1 and Figure S6), that might be attributed
to an aggregation of these compounds in aqueous media. This
hypothesis seems plausible in the view of additional measure-
ments in PBS containing 5% BSA, used here as a surfactant to
avoid aggregation.’” They displayed red-shifted absorbance
spectra (Cf Figure. S7) close to those measured in DMSO, to-
gether with a substantial increase in the molar extinction coef-
ficient that reflects a much better solubility (Table S1). How-
ever, the absorbance spectra of azo probes 4b, 4¢, and 4e in PBS
buffer remain very similar to those measured in DMSO, with
no requirement for supplementation with BSA, attesting to their
suitable water solubility for use in biological media. We also
evaluated the fluorescence properties of fluorophores 2a-f.
Overall, comparable values were observed for the majority of
fluorophores (Cf. Table S2). Absorption maxima were located
around 438 nm in DMSO, with green emission recorded be-
tween 550 and 560 nm. Fluorescence quantum yields appeared
more irregular, fluctuating between 0.14 and 0.62, the lowest
values being associated with the most lipophilic compounds.
However, these values remain relatively acceptable for fluores-
cence imaging purposes. In PBS buffer, QY values drop as ex-
pected, but still provide acceptable brightness values for use in
confocal microscopy (All spectra are present in Figures. S3-S4).
Also note that fluorophore 2¢ exhibited quite good resistance to
photobleaching as more than 60% of residual signal was ob-
served after 2h of irradiation at 300 mW.cm? (Cf. Figure. S9).
We then assessed the turn-on response efficiency of our probes
toward azoreductase. The AzoR was produced from E. Coli.®
Tagged AzoR (EcAzoR-His6) was overexpressed in a culture
of Rosetta (DE3) E. coli cells harboring pMADG600, then puri-
fied and isolated for in vitro activation assays (See Supporting
Information for more details). The AzoR activity was first
checked by monitoring the reduction of methyl red as a model
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substrate (See Figure. S10). We then investigated its action on
fluorogenic probes 4a-f. Figure 1c depicts the kinetic monitor-
ing results obtained with probes 4b, 4¢ and 4e which were found
to be the most soluble in aqueous media. Each probe features an
increase in fluorescence intensity at 530 nm over time, reflect-
ing the formation of the ANI fluorophores and therefore the
azoreductase-mediated reduction of the N=N double bond. The
total absence of fluorescence of the azobenzene probes, leads to
a considerable exaltation factor after AzoR-mediated activa-
tion, as we can see in Figure 1b. This constitutes an obvious
benefit of this fluorogenic detection strategy. Note that the most
efficient probe is the pyridinium-substituted azo-based probe 4¢
for which a plateau is reached within 20 min. The activation of
the TPP derived probe 4b is less straightforward. This can be in
part explained by its lower solubility limiting its effective con-
centration, but also by partial enzyme inhibition caused by the
released fluorophore 2b. Indeed, inhibition of AzoR-mediated
reduction of methyl red was observed in the presence of fluor-
ophore 2b (See Figure. S11a), whereas no such effect was wit-
nessed using fluorophore 2¢ (See Figure. S11b) or p-dimethyl
amino aniline 5 (See Figure. S11c¢). This result further justifies
the design of original fluorophores, such as pyridinium-ANI 2¢
in this case, which is more soluble and less inhibitory than fluor-
ophore 2b, while maintaining effective mitochondrial targeting.
All the other tested probes were not activated in vitro by AzoR
(data not shown). Considering the excellent response efficiency
of probe 4¢, we evaluated its selectivity for AzoR by exposing
it to other potent endogenous reducing agents (Figure 1d). After
checking their effective activity on models substrates (Cf Fig-
ure. S12), nitroreductase (NTR) and quinone reductases (NQO1
and NQO?2) were tested, as well as biothiols such as glutathione
and cysteine that are highly present in cells and reported in the
literature as able to reduce azobenzene.”
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Figure 2. Confocal microscopy experiments reveal an endogenous mitochondrial AzoR in live cells. a. Confocal microscopy experi-
ments with azo-based probes 4b, 4¢ and 4e incubated with A459 live cells for 3h at 0.5 pM (AExc: 440 nm, AEm: 450 to 600 nm) in the
presence of MitoView™ 633 at 0.1 uM for 15 min (AExc: 630 nm, AEm: 650 to 750 nm), Scale Bar 20 um. b. Plot profile of probe 2¢ and
of MitoView 633™ recorded using the JAcOP plugin of Imagel. c. Colocalization analysis using Van Steensel Cross-correlation functions
(CCFs) demonstrating strong co-localization of 4¢ and MitoView™ 633 fluorescent signals (using JAcOP plugin of Imagel). d. Overlap of
emission spectra of fluorophore 2b and activated azo-based probe 4¢ recorded in live cell mitochondria.



To our delight, none of the tested reducers demonstrated any
significant action after 30 min incubation (Figure 1d), a time at
which the plateau is reached with AzoR. This indicates a high
selectivity of probe 4¢ for AzoR. In addition, the monitoring of
enzymatic conversion of probe 4c by UPLC-MS analysis (Fig-
ure le) confirmed the formation of fluorophore 2¢ and aniline
5, thus attesting to the complete reduction of azobenzene by
AzoR undergoing the rupture of the N=N bond. All these data
suggest that the selective activation of 4¢c by AzoR activity leads
to the release of the fluorophore 2¢, which can be further ob-
served using fluorescence microscopy. To investigate this, we
conducted confocal imaging experiments in live A549 lung can-
cer cells. The fluorophores 2a-f were first evaluated for their
toxicity on A549 human cells (Cf. Figure S13), and then, incu-
bated at a non-toxic concentration for 3 h. Co-localization ex-
periments in confocal microscopy using MitoVew™ 633 con-
firmed the ability of 2b and 2¢ to accumulate in mitochondria
(Cf. Figures S16 and S17). Note that prolonged illumination
tends to induce the translocation of fluorophores 2b and 2c re-
spectively from mitochondria to the plasmic membrane (Figure
S21) or the nucleus (Figure S22). This phenomenon might be
attributed to the production of ROS by the fluorophore in the
excited state. As already observed in previous studies,® This,
can induce depolarization of the mitochondrial double mem-
brane, and result in the fluorophore's exit. We also observed in
live cell microscopy experiments a better signal quality with
non-targeted fluorophores 2a and 2e, suggesting their better cell
permeability. (See Figures S15 and S19). As expected, none of
these two dyes accumulated in the organelle, supporting their
use as non-mitochondria-targeted control compounds. We then
selected a set of azo-based probes for further studies, based on
their solubility, the ability of their fluorophore to penetrate the
cell, and their response to AzoR during in vitro assays. Two
mito-targeted probes (4b and 4c¢) were thus selected as well as
the non-targeted control probe 4e. These probes were incubated
at non-toxic concentrations (Cf Figure S14) with A549 human
cells. As we can see in Figure 2a, no fluorescent signal was de-
tected with the non-mitochondrial-targeted probe 4e, indicating
the absence of activation occurring outside the mitochondria. In
contrast, incubation of the pyridinium-bearing probe 4c¢ resulted
in the appearance of a strong green fluorescent signal within a
few hours, and this at a low sub-micromolar concentration. Co-
localization experiments performed with a NIR mitochondrial
marker (MitoView™ 633) confirmed that activation of the 4¢
probe had indeed occurred within mitochondria.

min I max

Figure 3. SIM high-resolution imaging of mitochondrial AzoR
in living cells. A459 live cells were incubated for 2 h with probe
2¢ at 0.5 uM (AExc: 405 nm). Emission recorded using a multi
Band-Pass filter (495-550nm, 570-620nm)

This was undoubtedly confirmed by the plot profile experi-
ment (Figure 2b) and Van Steensel Cross-correlation functions
(Figure 2¢). We then recorded the emission spectrum of the sig-
nal resulting from the activation of probe 4¢ in the cell and com-
pared it with the one acquired with the native fluorophore
2¢.The excellent overlap between the two emission spectra dis-
played in Figure 2d demonstrates the nature of the released
fluorophore, and by extension, the intra-mitochondrial cleavage
of the N=N double bond. In addition, two control experiments
conducted with markers for the lysosome (Figure S23) and nu-
cleus (Figure S24) confirmed the absence of signal in these two
compartments of the cell. However, a very low and almost un-
detectable signal was observed with mito-targeted probe 4b. In
our opinion, this may be attributed to the deleterious contribu-
tions of both low solubility and partial inhibition of enzymatic
activity, as observed in the in vitro tests. This example contrib-
utes to warning on the fact that the effectiveness of the TPP mo-
tif in targeting mitochondria may not be systematic and should
be considered with caution. We also performed structured illu-
mination microscopy (SIM) using probe 2c.
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Figure 4. Variation in mitochondrial AzoR expression in differ-
ent cell lines. a. Confocal microscopy experiments in different cell
lines with Azo probe 4¢ (0.5 uM). (AExc: 440 nm, AEm: 450 to 550
nm), Scale bar: 10 um. b. Fluorescence intensity measured in dif-
ferent regions of interest of the same size in mitochondria from dif-
ferent cell lines with average values calculated with n = 10 meas-
urements (See Table S3).



The high resolution images displayed in Figure 3 provides
clear evidence of a signal exclusively contained in mitochon-
dria, attesting once again to the intra-mitochondrial nature of
probe activation by AzoR activity.

In summary, using probe 4¢ we observed here a non-oxygen-
sensitive intramitochondrial azoreductase activity, which is the
first evidence of mitochondrial AzoR activity under normoxic
conditions.This important discovery led us to investigate the
possible extension of this biochemical process in multiple cell
lines. We, therefore, replicated this imaging experiment on mul-
tiple cell lines, while strictly maintaining the same acquisition
parameters during the confocal microscopy equipment. The im-
ages displayed in figure 4a were acquired after incubation with
the same batch of probe 4¢ under identical conditions (concen-
tration, time, temperature) so that the results obtained can be
compared. This experiment showed systematic activation of the
probe. However, variable fluorescence intensities were ob-
served reflecting a fluctuating degree of activation. This sug-
gests different levels intramitochondrial AzoR activity accord-
ing to the cell line. Nevertheless, these data should be cautiously
considered. AzoR activity with different substrate specificity
and the relative ability of probe 4c¢ to penetrate the different
types of cells may also be contributing factors to the variation
in fluorescence signal.

CONCLUSION

In conclusion, this work reveals for the first time the presence
of an endogenous mitochondrial Azoreductase activity operat-
ing under normoxic conditions. To our knowledge, no existing
study has ever evidenced the intramitochondrial metabolism of
azobenzenes by rupture of the N=N double bond. In the future,
this natural metabolism of azobenzenes could inspire research-
ers to develop new therapeutic strategies, through the produc-
tion of pro-drugs, as has already been proposed with other en-
zymatic activities such as nitroreductase. The observed differ-
ential expression of this enzymatic activity depending on the
cell line, could offer prospects for cell differentiation. In our
opinion, this is a breakthrough that contributes to a better un-
derstanding of the functioning of mitochondria, a cellular orga-
nelle now considered a key target for multiple therapeutic strat-
egies
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