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ARTICLE INFO ABSTRACT
Keywords: The compromised viability and function of cardiovascular cells are rescued by small molecules of triazole de-
Mitochondria rivatives (Tzs), identified as 3a and 3b, by preventing mitochondrial dysfunction. The oxidative phosphorylation
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F,Fo-ATPase
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improves the respiratory control rate in the presence of Tzs independently of the substrates that energize the
mitochondria. The FiFo-ATPase, the main candidate in mitochondrial permeability transition pore (mPTP)
formation, is the biological target of Tzs and hydrophilic F; domain of the enzyme is depicted as the binding
region of Tzs. The protective effect of Tz molecules on isolated mitochondria was corroborated by immortalized
cardiomyocytes results. Indeed, mPTP opening was attenuated in response to ionomycin. Consequently,
increased mitochondrial roundness and reduction of both length and interconnections between mitochondria. In
in-vitro and ex-vivo models of cardiovascular pathologies (i.e., hypoxia-reoxygenation and hypertension) were
used to evaluate the Tzs cardioprotective action. Key parameters of porcine aortic endothelial cells (pAECs)
oxidative metabolism and cell viability were not affected by Tzs. However, in the presence of either 1 pM 3a or
0.5 pM 3b the impaired cell metabolism of pAECs injured by hypoxia-reoxygenation was restored to control
respiratory profile. Moreover, endothelial cells isolated from SHRSP exposed to high-salt treatment rescued the
Complex I activity and the endothelial capability to form vessel-like tubes and vascular function in presence of
Tzs. As a result, the specific biochemical mechanism of Tzs to block Ca?*-activated F;Fo-ATPase protected cell
viability and preserved the pAECs bioenergetic metabolism upon hypoxia-reoxygenation injury. Moreover,
SHRSP improved vascular dysfunction in response to a high-salt treatment.

1. Introduction morphological variations within cell caused by pathological conditions
[1,2]. The main mitochondrial phenomenon responsible to trigger
Mitochondrial disorders are often linked to structural and different forms of regulated cell death is loss of mitochondrial
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permeability transition (mPT). The biological event of mPT is mediated
by the opening of a high conductance channel named mitochondrial
permeability transition pore (mPTP) [3]. The F1Fo-ATPase is a unique
bifunctional enzyme in biology that support ATP synthesis/hydrolysis
exploiting the feature of energy-transducing membranes of the chemi-
osmotic theory [4,5]. The Fo domain and the hydrophilic F; domain
form F1Fo-ATPase and these rotary motors are functionally and struc-
turally coupled by a central rotor and a peripheral stator [6,7]. The Fo
domain is a dissipator of the protonmotive force (Ap) through the inner
mitochondrial membrane (IMM) by torque generation. The rotation
drives the mechanical-power transmission of F; domain producing ATP
with high kinetic efficiency [8]. The H'-translocating F1Fo-ATPase can
also work in reverse to energize the IMM. In an energy-consuming
process, the F; domain uses the free energy of ATP hydrolysis to
power the Fo domain acting as an H™ pump [9]. The mitochondria can
undergo the mPT when Ca?* concentration abruptly increases. Herein,
Ca?" binding to FiFo-ATPase can replace the natural cofactor Mg?*
bound in the catalytic sites into the F; domain by supporting ATP hy-
drolysis but not ATP synthesis of the enzyme [10]. According to the
proposed “bent-pull-twist” model of c-subunit channel gating of mPTP
opening [11], the monofunctional activity of Ca?*-activated F1Fo-AT-
Pase hydrolyzes ATP and triggers the formation of the mPTP phenom-
enon [12,13].

Triazole derivatives (Tzs) are small molecules currently known as
novel potent inhibitors of the mPTP [14,15]. Tzs are obtained by
replacing the isoxazole with triazole core in analogue compounds. Tzs
used in the present work (3a and 3b) are obtained via eliminative azi-
de-olefin cycloaddition reaction, starting from arylnitroolefins 1 as
dipolarophile, benzylazide 2 as dipole and a Lewis Acid/Ionic Liquid
system as an eco-sustainable catalyst (Scheme 1) [16,17].

Tz structural portion enhances the chemical interactions with the
mitochondrial target(s). Furthermore, the presence of substituents al-
lows forming of interactions with the biomolecules [18]. In addition, the
further insertion of functional groups will allow the realization of di- and
trisubstituted Tzs with particular structural geometry that will make
more selective their ability to interact with the biological target [19].
Structure-activity relationship optimization studies around the 1,2,3-tri-
azole scaffold have highlighted that only F1Fo-ATPase activity sustained
by Ca?' can be selectively inhibited with either 3a (1-Benzyl-5--
phenyl-1,2,3-triazole) or 3b (1-Benzyl-5-(2-nitrophenyl)— 1,2,3-tri-
azole) compounds [14].

Ca®*-activated F1Fo-ATPase is the lethal functional mode of the
mitochondrial enzyme that triggers mPTP. The promising in vitro
pharmacological profile of bioactive Tzs counteracts the mPTP forma-
tion [20]. Medical chemistry insights can address drug design to target
the F1Fp-ATPase in human pathologies in which dysfunction of mtPTP
plays a key role [21]. Cardiovascular diseases (CVDs) are sustained by
mitochondrial dysfunction and the risk of deleterious cardiovascular
events increases when mPTP forms. Moreover, F1Fo-ATPase can confer a
molecular mechanism of cardioprotection to myocardial ischemia
blocking mPTP formation by protein dephosphorylation linked to G
protein-coupled receptor signalling [22,23]. Remarkable protection in
heart injury induced by ischemia-reperfusion is influenced by mPTP
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desensitization. The first attempt to inhibit mPTP by targeting the ¢
subunits of the membrane Fo domain using small molecules has pro-
vided relevant therapeutic insights into reperfusion injury in myocardial
infarction [24].

Specifically, mPTP inhibition by Tzs and the identification of the
binding region on Ca?*-activated F1Fg-ATPase might corroborate the
link between the mPTP phenomenon and the enzyme. Our studies aimed
to endorse the protective effect of Tzs on impaired mitochondria in
different contexts starting from the molecular mechanism of mPTP
formation in mitochondria and cardiomyocytes to in vitro and ex vivo
models of cardiovascular pathologies (hypoxia-reoxygenation and hy-
pertension). Event of hypoxia-reoxygenation and hypertension condi-
tion promoting stroke were studied on porcine Aorta Endothelial Cells
(pAECs) line and cerebral Endothelial Cells (ECs) of Spontaneously
Hypertensive Stroke Prone Rat (SHRSP), respectively. In both models,
cell death would lead to the phenomenon of mPTP formation. Overall,
our work shows that specific biochemical mechanism of Tzs to block the
mPTP on isolated mitochondria and cardiomyocytes versatility coun-
teracts the post-ischemic reperfusion injury and hypertension-related
vascular damage.

2. Materials and methods
2.1. Preparation of the mitochondrial fraction

Swine hearts were collected in a local abattoir and transported to the
laboratory within 2 h at 0-4 °C. After removing the fat and blood clots,
approximately 30-40 g of heart tissue was rinsed in ice-cold Tris-HCl
wash buffer (medium A) consisting of 0.25 M sucrose, 10 mM Tris
(hydroxymethyl) - aminomethane (Tris), pH 7.4, and chopped into fine
pieces with scissors. Once rinsed, the tissues were gently dried on
absorbent paper, weighed and homogenized in a buffer (medium B)
consisting of 0.25M sucrose, 10 mM Tris, 1 mM EDTA (free acid),
0.5 mg/mL BSA and pH 7.4 with HCl in a ratio of 10 mL medium B per
1 g of fresh tissue. After a delicate preliminary break by Ultra-Turrax®
T25 to 8000 r/min to fragment the heart’s fibrous tissue and then the
fabric was carefully homogenized by a motorized Teflon pestle ho-
mogenizer (Braun Melsungen type 853202) at 650 rpm with three
strokes up and down. Subsequently the mitochondrial fraction was ob-
tained by gradual centrifugation as detailed in Nesci et al. [25].

2.2. F; domain purification

After thawing, the mitochondrial suspensions of the swine heart
were diluted with 50 mL of medium A to obtain a concentration of
20 mg/mL of protein, sonicated on ice with Sonicator MSE Soniprep 150
to an amplitude of 210 um by 3. minutes three times with 30 s intervals
and centrifuged at 10,000 xg for 10 min. The supernatant from this first
centrifugation was further centrifuged at 100,000 xg for 2 h. All these
centrifugation steps were performed at 4 °C. The pellet was resuspended
in medium A plus 4 mM NapATP, the pH was adjusted to 9.2 by adding
small aliquots of 20% (w/w) NH40OH solution and stored overnight at
4 °C. The next day, the suspension, in which the pH was brought back to

N Bn
NO, Z \,~
X ~ e @ ILILA N N
| + _N—N=N ———
®/ / Bn A
1a:R=H
1:: R = 2-NO, / \

®/_

3a: R=H
3b: R=2-NO,

Scheme 1. Synthetic approach to the formation of Tzs 3a and 3b.
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8.0 by adding small aliquots of aqueous solution of 2 N HCl, was soni-
cated at an amplitude of 210 pm for 5 min and then centrifuged at
300,000 xgfor1 h [26]. The resulting pellet was resuspended in 9 mL of
medium A plus 2 mM EDTA, pH 7.6. After the addition of 4.5 mL of
chloroform, the resulting mixture was vigorously vortexed for 15 s and
centrifuged at 600 xg for 10 min to allow for separation of the two
phases. The upper aqueous phase was collected and further centrifuged
at 100,000 xg for 1 h. The obtained pale yellow supernatant was sup-
plemented with adequate aliquots of freshly prepared ATP solution to
obtain a final 4 mM ATP concentration and with a 2 N NaOH solution to
adjust pH to 8.0. After the dropwise addition of saturated solution
(NH4)2S04 plus 5 mM EDTA under continuous stirring to obtain a
saturation of 37% and a pH adjustment to 8.0 with a 1 N KOH solution
[26], the suspension was centrifuged at 10,000 xg for 15 min. Pellet was
discarded and the collected supernatant was brought to 60% saturation
with solid (NH4)2SO4; the mixture was then adjusted to pH 8.0 with a
1 N solution of KOH and kept overnight at 4 °C [26]. Finally, pellet from
the last centrifugation at 150,000 xg for 90 min, was resuspended by
gentle homogenization using a Potter Elvehjem Teflon homogenizer in a
small volume of medium containing 100 mM Tris/H2SO4, 1 mM EDTA
and 50% glycerol, pH 8.0, constituted the partially purified F; fraction
[13,26]. Protein concentration was determined according to the Brad-
ford colourimetric method by Bio-Rad Protein Assay kit II using BSA as
standard [27]. Once it was verified that in the partially purified F;
fraction, ATPase activity, supported by Ca%" or Mg?", was completely
insensitive to 1 ug/mL of oligomycin, thus demonstrating the detach-
ment of the Fq sector, the partially purified F; fraction was then pre-
served in liquid nitrogen and no further purification was carried out.

2.3. F-ATPase activity assay

Immediately after thawing, the mitochondrial preparations were
used for the F-ATPase activity assays. The capacity of ATP hydrolysis
was evaluated in a reaction medium (1 mL) containing 0.15 mg of
mitochondrial protein and ethanolamine-HCl buffer 75 mM pH 9.0,
NapATP 6.0 mM and MgCly 2.0 mM for Mgztactivated F1Fo-ATPase
assay and a buffer test itself at pH 8.8 plus 3.0 mM NaATP and 2.0 mM
CaCl, for Ca®*-activated F1Fo-ATPase assay as detailed in Nesci et al.
[28].

2.4. F;-ATPase activity assay

Immediately after thawing, partially purified F; domains were used
for Fi-ATPase activity assays. The capability of ATP hydrolysis was
assayed in a reaction medium (1 mL) containing 0.15 mg F; purified
protein and 75 mM ethanolammine-HCI buffer pH 9.0, 6.0 mM NasATP,
and 2.0 mM MgCl, or 2.0 mM CaCl; for Mg2+—activated F1Fo-ATPase
and Ca?*-activated F1Fo-ATPase assays, respectively. The methods and
parameters of ATP hydrolysis and Pi detection were the same as those
used for the mitochondrial F-ATPase activity assays. The sensitivity to
1 ug/mL oligomycin was tested to verify the detachment of Fo domain
[13].

2.5. SDS-PAGE and western blot assay

For SDS-PAGE assay, aliquots containing 5 pg of partially purified F,
domain proteins were separated on BoltTM 4-12% bis-Tris Plus (Life
Technologies Ltd., Paisley, UK) for 55 min at 165 volts. At the end of the
electrophoresis, the gel was washed three times at room temperature
with deionized water for 5 min with each wash. The gels were then
stained with SAFE BLUE (Coomassie blue) for 1 h with gentle agitation
and bleached according to manufacturer’s instructions.

For the western blot test, proteins separated from SDS-PAGE were
electrophoretically transferred onto a nitrocellulose membrane using
the semi-dry TurboTM Blot System (Bio-Rad Laboratories Inc., Berkeley,
CA). The stain was washed in PBS and the protein transfer was checked
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by staining the nitrocellulose membranes with 0.2% Ponceau Red. Non-
specific binding on nitrocellulose membranes was blocked with 5% milk
powder in PBS-T20 (phosphate buffered saline + 0.1% Tween-20) for
1 h at room temperature. The membrane was then incubated overnight
at 4 °C with a 1:1000 dilution of anti-ATP5B rabbit polyclonal antibody
(Aviva Systems Biology) in PBS-T20. After several washes with PBS-T20,
the membrane was incubated with the biotin-conjugated secondary
antibody (goat anti-rabbit IgG antibody) and then with a 1:1000 dilution
of an anti-biotin horseradish peroxidase-bound antibody. Western blots
were developed using a chemiluminescent substrate (Clarity Western
ECL Substrate) according to the manufacturer’s instructions. The
chemiluminescent signal intensity of the resulting bands was acquired
by a Fluor-ST MultImager using Quantity One software (Bio-Rad Labo-
ratories Inc.).

2.6. Kinetic analysis

Kinetic studies have been conducted on the mutual exclusion of
different inhibitors on the same F-ATPase activity. These analyzes aimed
to shed light on the possible interaction on the F; domain between
compounds 3a and 3b and resveratrol or NBD, between 3b and tetra-
nitromethane between 3a and azide. To build Dixon-like graphs, in
which reciprocal data on enzymatic activity (1/v) (y-axis) versus
resveratrol, NBD, tetranitromethane and azide (x-axis) concentration, F-
ATPase activity were plotted was analyzed without and with specific
concentration of 3a and 3b and at constant concentration of ATP sub-
strate. According to the graphical method [29] employed, when the
straight lines show different slopes and intersection points, the enzyme
inhibition mirrors the combined effect of two inhibitors. When F-ATPase
is inhibited by two non-mutually exclusive compounds, for example 3a
or 3b (I;) plus F; inhibitor (Iy), the enzyme can combine with both in-
hibitors to produce the EL1Is [30] quaternary complex. The value of
-aK’;, which represents the dissociation constant of the quaternary
complex ELI5, was calculated from the abscissa (changed to positive) of
the intersection point of the two lines obtained in the presence and
absence of F; inhibitor. The interaction constant o« was then calculated
from the ratio between aK’; and K’;.

2.7. Docking studies

The study was performed using the crystal structures of ATP synthase
retrieved from the Protein Data Bank (http://www.rcsb.org/). Molecu-
lar docking was performed with AutoDock Vina, [31] bykepting the
docking parameters at default values. The geometries of 3a and 3b were
previously optimized using quantum mechanics. Geometry optimiza-
tions and frequency calculations for stationary point characterization
were carried out with Gaussian16 using the M06-2X hybrid functional
[32], the 6-31 G(d,p) basis set, and ultrafine integration grids. Bulk
solvent effects in water were considered implicitly through the IEF-PCM
polarizable continuum model [33]. The protein structures were pro-
cessed with AutodockTools-1.5.6rc3 [34] to toggle problems of incom-
plete structures due to missing atoms or water molecules. Ligand and
protein structure files were converted to PDBQT (Protein Data Bank
Partial Charge and Atom Type) and the docking was executed using the
Lamarckian algorithm. A grid box was then constructed to define
docking spaces.The position of the grid box was set on the plausible site
of interaction of the Tzs, which for 3a was the active site of the enzyme
without the azide inhibitor (PDB code: 2CK3), and for 3b the interacting
site of NBD-Cl (PDB code: 1INBM). The grid box consisted of 25 grid
points in all three dimensions (X, Y, and Z) separated by a distance of 1 A
between each one. The docking protocol was also validated by simu-
lating the pose of resveratrol (RES) in the crystal structure (PDB code:
2J1Z), obtaining a low discrepancy between the pose of the docked
ligand and the pose of the crystallographic ligand. The crystallographic
ligand was docked after adding hydrogen atoms with
AutodockTools-1.5.6rc3 [34] and without optimizing its geometry. For
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all the simulations, the protein was kept rigid.
2.8. Oxidative phosphorylation assay

Respiratory activity on freshly isolated mitochondria was evaluated
polarographically by a Clark-type electrode using a thermostatted
Oxytherm system (Hansatech Instruments, King’s Lynn, United
Kingdom) in terms of oxygen consumption at 37 °C in a 1 mL polaro-
graphic chamber. The reaction mixture, kept at a fixed temperature and
continuously stirred, contained 0.25 mg/mL mitochondrial suspension,
40 mM KCl, 0.2 mg/mL fatty acid-free BSA, 75 mM sucrose, 0.5 mM
EDTA, 30 mM Tris-HCl, pH 7.4 and 5 mM KH3POy, plus 3 mM MgCl,.
The reaction was carried out at a fixed temperature and under constant
stirring. The assessment of the rate of oxygen consumption was carried
out in the presence of specific substrates. Concerning complex I, the
substrates were glutamate/malate in a ratio of 1:1; for complex II, the
substrate was succinate. Furthermore, complex I was inhibited by 1 pg/
mL of rotenone, while inhibition of complex III was obtained by 1 pM of
antimycin A. The oxidation of glutamate/malate allowed to determine
NADH ubiquinone oxidoreductase activity, on the other hand, oxidation
of succinate represented the multicomponent pathway of succinoxidase,
ie. the flow of electrons in respiratory chain through complex II. By
adding 1 uM of antimycin A to the respective tests with glutamate/
malate and succinate, it was possible to evaluate the non-specific oxygen
consumption. To evaluate the coupling between respiratory activity and
phosphorylation, 150 nmol of ADP at state 2 of respiratory mitochondria
was added [35]. The respiratory control ratio (RCR) of OXPHOS was
evaluated as the ratio of state 3 (when ATP is synthesized) to state 4
(when ATP is not synthesized). To evaluate the effects of compounds 3a
and 3b, mitochondrial suspensions were added simultaneously with
1.0 uM and 0.5 pM of solution of 3a or 3b, respectively to the polaro-
graphic chamber before starting the reaction at 37 °C. Respiratory ac-
tivities were expressed as nmoles of protein Ojemg ‘emin~!. The
experimental protocol involved the injection (in a very precise order) of
reagents into the polarographic cell using a syringe. In particular, to the
mitochondrial protein suspensions, in the presence and absence of
compounds 3a and 3b, the following were added: inhibitors of the
previous passages of the respiratory chain (when required), substrate
(s), ADP, and inhibitors (rotenone for glutamate/malate-stimulated and
antimycin A for succinate-stimulated respiration). The rate of oxygen
consumption was evaluated in the presence of the specific substrates,
glutamate/malate for complex I and succinate for complex II. Polaro-
graphic assays were performed at least in triplicate.

2.9. mPTP and membrane potential evaluation in mitochondria

Swine heart mitochondria (1 mg/mL) were suspended and energized
in assay buffer (130 mM KCl, 1 mM KH3PO4, 20 mM HEPES, pH 7.2 with
Tris) incubated at 37 °C with 1 ug/mL of rotenone and 5 mM succinate
as a respiratory substrate. The opening of mPTP was induced by the
addition of low concentrations of Ca®t (20 uM) at fixed time intervals
(1 min). Calcium retention capacity (CRC) was evaluated spectro-
fluorophotometrically in the presence of 0.8 uM of Fura-FF. The probe
has different spectral properties in the absence and presence of Ca®*, i.e.
it shows excitation/emission spectra of 365/514 nm in the absence of
calcium (Fura-FF low Ca2+) and moves to 339/507 nm in the presence of
calcium concentrations (Fura-FF high Ca?"). PTP opening, implying a
decrease in CRC, was detected by increasing the fluorescence intensity
ratio (Fura-FF high Ca2+)/ (Fura-FF low Ca2+). Membrane potential (Ag)
was evaluated in the presence of 0.5 uM JC-10. In polarized mitochon-
drial membranes, this probe selectively generates an orange JC-10
aggregate (excitation/emission spectra of 540/590 nm). The JC-10
monomers, generated when A¢ decreases, cause a green shift (excita-
tion/emission spectra of 490/525 nm). Consequently, membrane de-
polarization (decrease in A¢) attributed to mPTP formation was
detected by the increase in the fluorescence intensity ratio, which
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corresponds to an increase in the aggregate JC-10/monomers JC-10
ratio [13]. All measurements were processed by LabSolutions RF
software.

2.10. Mitochondrial membrane potential measurements in cells

For experiments in intact AC16 cells, mitochondrial membrane po-
tential was measured by loading cells with 100 nM tetramethyl rhoda-
mine methyl ester (TMRM) for 30 min at 37 °C and then imaged over
time using a 3D Cell Explorer-fluo microscope (Nanolive, Switzerland)
as previously described [36]. Basal levels were normalized on fluores-
cence in presence of FCCP (carbonyl cyanide ptri-
fluoromethoxyphenylhydrazone, 10 pM), a strong uncoupler of
oxidative phosphorylation.

2.11. Quantitative evaluation of nitrotyrosine and dityrosine

The possible formation of nitrotyrosine and dithyrosine in the pres-
ence of compound 3b as a post-translational modification was evaluated
spectrophotometrically [37]. Increasing amounts of compound 3b (0 -
0.5 — 1.0 and 2.0 umol) were added in medium A to 300 pg of mito-
chondrial suspensions and incubated for 30 min at room temperature. In
each series of experiments, the same volume of medium A without
compound 3b was added in parallel with the sample in the absence of Tz
used as controls. Then, aliquots of pre-incubated mitochondrial sus-
pensions were added to 75 mM ethanolamine-HCI buffer, pH 11.0 to
produce a final volume of 2.0 mL in the quartz cuvette. After 1 min of
acclimatization at 37 °C under magnetic stirring, the absorbance was
read on the spectrophotometer. On the same sample, automatically by
changing the absorption wavelength, the nitrotyrosine content was
evaluated by detecting the absorbance at 430 nm, while the formation of
dithyrosine was calculated from the increase in absorbance at 330 nm.
In each experimental set, according to the Lambert-Beer law, the
absorbance values were converted into concentration values using the
nanomolar extinction coefficients (e¢) of nitrotyrosine (€430 nm=
4400 M ! em™) and dithyrosine (€330 nm= 4000 Mt cm’l), respec-
tively. All data were expressed as nmol nitrotyrosine or dithyrosine/pg
mitochondrial protein [25].

2.12. Cell culturee

AC16 human cardiomyocyte cell line was grown in DMEM/F12
containing 2 mM L-glutamine, 12.5% FBS and 1x PS solution. Cells were
only used up to passage 10.

Primary cell cultures of pAECs were isolated and maintained as
previously described [38]. All experiments were performed using pAECs
between passages 3-8. The cells were seeded and routinely cultured in
T25 or T75 primary culture flasks (2 x10% cells/cmz) in a human
endothelial serum-free medium (hESFM) with 5% FBS and
1 xantibiotic/antimycotic solution in a 5% COy atmosphere and
38.5 °C.

Cerebral ECs were isolated from brains of neonatal (days 1-3) SHRSP
using mechanic and enzymatic digestions followed by a CD31 + mag-
netic positive selection (Miltenyi Biotec, Bergisch Gladbach, Germany).
ECs were cultured as previously reported [39]. Cells between passages
1-4 were used for all experiments.

2.13. Mitochondrial morphology analysis

AC16 cells, grown onto 13-mm coverslips were washed with PBS and
fixed in 4% formaldehyde for 10 min at room temperature. After
washing three times with PBS, cells were permeabilized with 0.1%
Triton X-100 in PBS (PBS-T) for 10 min at room temperature and then
blocked with PBS-T containing 5% BSA at room temperature for 1 h.
Cells were then incubated with TOMM20 primary antibodies (Cat #
HPAO011562; RRID:AB_1080326), overnight at 4 °C, to detect the
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mitochondrial network. Then, cells were washed 3 times with PBS-T,
and incubated with the appropriate isotype matched, AlexaFluor-
conjugated secondary antibodies. Coverslips were mounted with Pro-
Long Gold Antifade reagent (Thermo Fisher Scientific) at room tem-
perature, and images were acquired with confocal microscope (Zeiss
LSM510) using a 63 x 1.4 NA Plan-Apochromat oil-immersion objec-
tive. The analysis were conducted using the plugin “Mitochondria
Analyzer” [40,41], available on Fiji.

2.14. Calcein-cobalt quenching assay

AC16 cells were seeded onto 24-mm glass coverslips and the day
after were loaded with calcein loading solution (1 mM calcein acetox-
ymethyl ester, 2 mM Co?*, and sulfinpyrazone 200 uM) for 15 min at
37 °Cin a 5% CO, atmosphere [42]. Cells were washed three times and
image acquisition was performed with 3D Cell Explorer-fluo microscope
(Nanolive, Switzerland). The mPTP activity was measured as the drop in
calcein fluorescence before and after 10 min of 1 uM ionomycin.

2.15. Cell death assay

AC16 cell death was quantified using a Tecan Infinite 200 Pro
microplate reader. Cell death assays were performed in medium w/o
HCOj3 supplemented with 2% FBS. Acl6 cells were seeded at the same
number (5000 cells x well) on 96 well black/clear bottom plates, loaded
with the cell impermeable dye SYTOX™ Green Nucleic Acid Stain (final
concentration: 1 uM) and treated for 1 h with 1 M ionomycin or
250 },lM H202.

2.16. In vitro hypoxia/reoxygenation

To analyse the effect of the 3a and 3b on cell viability, pAECs were
seeded in 96-well plates at a density of 1 x 10 cells/well, and, the day
after, were exposed to increasing doses of 3a and 3b (0.1, 0.5, 1, 5, 10,
20, 30, 40, 50 uM) for 1 h.

The protective effect of the Tzs: 3a and 3b (0.1, 0.5, 1 pM) was
assayed by a model of in vitro hypoxia/reoxygenation on pAECs: pAECs
culture medium was replaced by an acid buffer (137 mM NaCl, 12 mM
KCl, 0.9 mM CaCly, 0.49 mM MgCly, 4 mM HEPES and 20 mM sodium
DL-lactate at pH 6.2) then cells were placed in a modular incubator
chamber (Billups-Rothenberg USA) containing a gas mixture (1% Oa,
5% CO3 and 94% Ny) for 13 h, after that, the normoxic conditions and
the complete culture medium were restored for 24 h (reoxygenation)
before the cell viability assay and cell metabolism analysis. Control
group (CTR) was represented by pAECs cultured in normoxic conditions
and in cell culture medium with vehicle DMSO (0.01%).

2.17. Cell viability

To analyse the effect of the 3a and 3b on cell viability, pAECs were
seeded in 96-well plates at a density of 1 x 10* cells/well, and, the day
after, were exposed to increasing doses of 3a and 3b (0.1, 0.5, 1, 5, 10,
20, 30, 40, 50 uM) for 1 h. ECs were treated with 20 mM NaCl for 72 h
either in the presence or in the absence of 3a (1 pM) or 3b (0.5 pM).

Cell viability in treated pAECs or ECs was evaluated by 3-(4,5-
dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium bromide (MTT) assay
(Sigma Aldrich, M5655) as previously described (Algieri et al., 2022)
Briefly, MTT substrate was added to the culture medium for 3 h after
that the MTT solubilization solution was added to dissolve the formazan
crystals. The formazan absorbance was measured at a wavelength of
570 nm, using Infinite® F50/Robotic absorbance microplate readers
from TECAN (Life Sciences). The background absorbance of multiwell
plates at 690 nm was also measured and subtracted from the 570 nm
measurements.
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2.18. Cell metabolism

Using Seahorse XFp analyzer (Agilent, USA), oxygen consumption
rate (OCR), cellular respiration index (pmol/min) and the extracellular
acidification rate (ECAR), glycolysis index (mpH/min) were measured.

PAECs (20 x10%/well) were cultured in XFp cell culture mini-plates
(Agilent, USA) for 24 h. On the day of the experiment, the cells were
switched to a freshly made DMEM Seahorse XF medium of pH 7.4
supplemented with 10 mM glucose, 1 mM sodium pyruvate and
2 mM L-glutamine. The analyzes were carried out in the absence (con-
trol) and in the presence of 0.5 pM and 1 pM of both compounds 3a and
3b for the ATP Rate Assay and for the Cell Mito Stress Test using kits
form Agilent. In the I/R model, 1 uM of compound 3a and 0.5 pM
compound 3b for the Mito Stress Test was evaluated. OCR and ECAR
were measured with the ATP Rate Assay and Cell Mito Stress Test pro-
grams after the plates were incubated for 45 min at 37 °C in air. In
addition, the injection ports of XFp sensor cartridges were hydrated
overnight with the XF calibrant at 37 °C; they were subsequently loaded
with 10 times the concentration of inhibitors, as indicated by the in-
structions for the Seahorse XFp ATP Rate assay Test and the Cell Mito
Stress Tes. Final concentrations of 1.5 pM oligomycin (port A) and
0.5 pM rotenone (Rot) plus 0.5 pM antimycin A (AA) (port B) were used
for the ATP Rate Assay. Instead, for the Cell Mito Stress Test, the final
concentrations were 1.5 pM oligomycin (olig) (port A), 1.0 pM carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) (port B) and
0.5 puM of rotenone plus antifungal A (port C) [43].

The ATP Rate Assay allows deriving bioenergetic parameters used to
characterize the cellular production of ATP, i.e. the speed of ATP pro-
duction, correlated to the conversion of glucose into lactate in the
glycolytic pathway (glycoATP production rate) and to mitochondrial
OXPHOS (production rate of mitoATP). Consequently, the ratio of
mitoATP production rate to glycoATP production rate (ATP rate index)
is currently considered a valuable parameter for detecting changes and
differences in metabolic phenotype (a ratio > 1 means primarily via
OXPHOS; ratio < 1 mainly means glycolytic pathway).

The Mito Stress Test allows obtaining the following parameters on
mitochondrial respiration: basal respiration (basic OCR before the
addition of oligomycin); minimal breathing (OCR in the presence of
oligomycin); maximum respiration (OCR after the addition of FCCP).
The so-called proton escape (difference between basal respiration and
respiration in the presence of oligomycin or minimal respiration) in-
dicates the re-entry of H' into the intermembrane space independently
of ATP synthase. Non-mitochondrial respiration, assessed as OCR in the
presence of rotenone plus antimycin A (respiratory chain inhibitors),
was subtracted from all the above parameters. Turnover of ATP, or
oligomycin-sensitive respiration, was obtained from the difference be-
tween basal respiration and minimal respiration (OCR in the presence of
oligomycin). Finally, the difference between maximal and basal respi-
ration provided reserve capacity, which represents the ability to respond
to increased energy demand and can be considered a measure of the
flexibility of OxPhos machinery.

2.19. NAD:NADH ratio

NAD" and NADH levels were measured in SHRSP ECs by using
commercially available colorimetric kits (Abcam ab65348). NAD™ and
NADH values were read at 450 nM by a microplate reader and NAD™:
NADH ratio was calculated as reported by the manufacturer’s protocol.

2.20. In vitro angiogenesis assay

Angiogenesis was performed by Matrigel assay. Briefly, Matrigel
matrix growth factor reduced (BD Biosciences) was seeded in a 96 multi-
well and allowed to solidify for 1 h at 37 °C. 1 x 10* ECs collected after
each specific treatment were seeded on top of the Matrigel layer and
incubated for 5h. Images were taken with an optical inverted
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microscope (Zeiss, Jena, Germany) fitted with a digital camera, and the
number of master junctions was quantified using ImageJ software (Na-
tional Institutes of Health, Bethesda, MD) and Image J plugin Angio-
genesis analyzer.

2.21. Vascular reactivity experiments
Male SHRSP were fed with JD as previously reported for 4 weeks. At

the end of the treatment, rats were sacrificed and mesenteric arteries
were isolated. To perform the vascular reactivity experiments, the
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with Krebs solution. Vasorelaxation was assessed by measuring the
dilatory responses of mesenteric arteries to cumulative concentrations of
acetylcholine (from 10°° M to 10~° M) in vessels precontracted with
phenylephrine as previously described [44]. Responses were assessed
after incubation with or without 3a (1 pM) or 3b (0.5 pM) treatment for
1 h. All studies involving animals were performed in accordance with
the Italian and European Community (Directive 2010/63/EU) for ani-
mal experiments, and the protocol was approved by IRCCS Neuromed
OPBA (Organismo Preposto al Benessere Animale) and by the Italian
Ministry of Health (authorization n. 1086,/2020).

mesenteric arteries were placed in a pressure myograph system filled
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Fig. 1. Mitochondrial sensitivity to the 3a and 3b Tz derivatives and druggable structures. A) Tzs effects on selected oxidative phosphorylation parameters: state 3
and 4 respiration and their ratio. Glutamate/malate- and Succinate-stimulated mitochondrial respiration in the absence and in the presence of 1.0 mM 3a and
0.5 mM 3b. B) Chemical structures of the compounds 3a and 3b and structure of the mammalian mitochondrial F;Fo-ATPase have been obtained by ChemDraw and
Chem3D software, respectively. The enzyme subunit composition is drawn as ribbon representations obtained from modified PDB ID code: 6TT7. The letter colours
are the same as those of the subunits to which the structures belong. C) F;-ATPase activity was evaluated in the absence or presence of the inhibitors: 3 ug/mL
oligomycin; 1.0 mM 3a, 0.5 mM 3b, 75 uM NBD-Cl, 0.8 mM resveratrol, and 0.2 mM piceatannol. On the right hand, the p subunit band was identified by western
blot assay. F; structure bound to resveratrol (RES) (D) or NBD (E) and multiple inhibitor analysis by Dixon plots for the 3a and 3b compounds. F) Mutual exclusion
test 3b and TNM evaluation of tyrosine post-translational modifications by the formation of nitrotyrosine or dityrosine. G) Azide bound to the F; domain and in-
hibition analysis of azide and 3a mutually exclusive. RES, NBD, Tyr-311, azide, and ADP are illustrated as a ball-and-stick model. The data expressed as column charts
(A,C) or points (D,E,F,G) represent the mean+SD (vertical bars) from at least three experiments carried out on different mitochondrial preparations. * indicates
significant differences from control (none) at P < 0.05.
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2.22. Statistical analysis

Statistical analyses were performed by SIGMASTAT software. Each
treatment was replicated three or eight times (viability test) in three
independent experiments. The data were analyzed by the Student’s t test
or by one-way analysis of variance (ANOVA) followed by Stu-
dents-Newman-Keuls’ test when F values indicated significance
(P <0.05) was applied. The analysis of variance followed by Stu-
dents—-Newman-Keuls’ test when F values indicated significance
(P < 0.05) was applied. Percentage data were arcsin-transformed before
statistical analyzes to ensure normality.

3. Results

3.1. The effect of 3a and 3b compounds on oxidative phosphorylation and
the interaction with the F; portion of Ca®*-activated F1Fo-ATPase

To validate the protective effect of Tzs on mPTP opening corrobo-
rated by the absence of negative effects on the mitochondrial bio-
energetics, oxidative phosphorylation (OXPHOS) was evaluated in the
presence of glutamate/malate or succinate as substrates for the Complex
I (C-I) or Complex II (C-II), respectively. State 3 respiring (ADP-stimu-
lated) mitochondria and State 4, obtained when added ADP is phos-
phorylated maximally to ATP in State 3, were unaffected by Tzs
independently of the substrate to the C-I or C-II. However, only the
coupling between glutamate/malate oxidation and ADP phosphoryla-
tion, evaluated as the state 3/state 4 ratio, was improved by Tzs.
Regarding the glutamate/malate oxidation, RCR value increased by 22%
and 32% with 1 pM 3a and 0.5 uM 3b, respectively (Fig. 1A).

3a and 3b compounds (Fig. 1B) differ for a nitro group and together
with the phenyl rings are suitable for forming n-n and dipole-dipole
interactions with biomolecules. Different small molecules can bind F;
domain (Fig. 1B) and the F1Fo-ATPase, which is the main candidate
component of mPTP, might be the mitochondrial target of Tzs. The
inhibitory effects of 1 uM 3a, 0.5 uM 3b, and of F; domain-specific in-
hibitors (i.e. 75 pM NBD-Cl, 0.8 mM resveratrol, and 0.2 mM picea-
tannol) on Ca?"-dependent F-ATPase activity were documented in
partially purified F; domain obtained from swine heart mitochondria
(Fig. 1C). Conversely, 3 ug/mL oligomycin, a specific inhibitor of Fg
domain, was unable to block the ATP hydrolysis in the purified F;
domain. ATP hydrolysis insensitive to oligomycin on the purified F;
domain confirmed that the hydrophobic Fo domain was not functionally
and structurally linked to the hydrophilic F;. Moreover, the identifica-
tion of the  subunit (MW 51.7 kDa) by western blot analyses confirmed
the presence of F; domain (Fig. 1C), whereas the ATPase (in)sensitivity
to specific inhibitors of F1Fo-ATPase established that the purified frac-
tion containing the F; domain was detached from the membrane-
embedded Fo domain.

Tzs compounds can bind the F; domain. Mutual exclusion analyses
were performed with binary mixtures of 3a or 3b plus an inhibitor of F;
domain (iF) to identify the binding region of Tzs compounds. Tz plus iF;
can combine with the enzyme (E) to form the ternary E-Tz-iF; complex
or only the binary complex if Tz and iF; are mutually exclusive, indi-
cating that one inhibitor prevents the binding of the other inhibitor on
F1Fo-ATPase. Resveratrol (RES) is a phytopolyphenol that interacts with
the hydrophobic pocket of F; domain formed by the y subunit and the
Brp subunit as depicted in the position of the RES in the crystal structure
[45] (Fig. 1D). The reciprocal of F1Fo-ATPase activity in the presence or
in the absence of fixed RES concentrations was plotted as a function of
increasing 3a or 3b concentrations. In each plot, two straight lines
intersecting above the x axis in the presence of 3a or 3b were obtained
(Fig. 1D). This result depicts a simultaneous interaction of 3a or 3b and
RES with the enzyme, and, therefore, the formation of the ternary
complex (E-Tz-RES). The intercept of the straight lines represents the
values of aK’j, i.e. the dissociation constant of the ternary complex. The
interaction constant (o) between two different compounds bound to the
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enzyme obtained from the aK’; to K’; ratio indicates whether the binding
of one iF; affects (« { 1) or does not affect (o« = 1) Tzs binding to E. The
a < 1 suggests a synergistic effect between RES and 3a or 3b (Fig. 1D).
Therefore, one Tz increases the binding constant for the RES.

To verify the possible interaction of Tzs with the catalytic sites of the
F; domain, binaries mixtures of 3a or 3b and NBD-Cl were performed
(Fig. 1E). The inhibitory mechanism carries out with NBD-Cl covalent
bond to Tyrs;; of B subunit in empty conformation, without bound
nucleotide, can form a NBD-binding pocket within the structure of F;
domain [46] Fig. 1E. Inhibition kinetic analysis highlighted a different
effect of Tzs compounds. The simultaneous interaction of 3a and NBD-Cl
with the F1Fo-ATPase formed the ternary E-3a-NBD complex and the o
constant obtained from the aK’; value indicates a mutually cooperative
inhibitors binding. Conversely, 3b and NBD-Cl were mutually exclusive
inhibitors in the interaction with the enzyme. The plot depicted parallel
straight lines in which the slopes were independent of the presence or
absence of 3b compound (Fig. 1E). Tyr residues could be the molecular
target of 3b. Tetranitromethane (TNM) is a nitrating reagent for Tyr and
it has been tested to verify the inhibitory effect of 3b with and without
TNM (Fig. 1F). 3b and TNM were mutually exclusive. Thus, the
F1Fo-ATPase can combine with either 3b or TNM, but not with both.
Modification of Tyr residues by 3b has been evaluated based on the
formation of nitrotyrosine and/or dityrosine. We evaluated both nitro-
tyrosine and dityrosine contents in mitochondria incubated with
increasing 3b concentrations. A significant formation of dityrosine
above 1.7 nmol 3b/ug mitochondrial protein was promoted, whereas
the level of nitrotyrosines was undetectable (Fig. 1F).

Docking analysis of azide binding site filled with 3a or 3b suggested
the propensity of 3a to interact with the azide binding region (Fig. 2).
Indeed, azide structure partially resembles the triazole core of com-
pound 3a. Binary mixtures of 3a plus azide showed a Dixon-like plot
with parallel straight lines according to mutual exclusion (Fig. 1G).
Therefore, 3a displaces the azide from its binding site.

3.2. The 3a and 3b compounds inhibit the mPTP opening

Next, we aimed to address the functional consequences of the specific
Tzs binding to the F; domain of Ca®*-activated F1Fo-ATPase, in terms of
mPTP inactivation. Ca®>" retention capacity (CRC) decreased when the
mPTP opened and was revealed by an increase in fluorescence intensity.
Likewise, the mitochondrial transmembrane potential (A¢) was
abruptly dissipated by mPTP opening and was detected by the JC-10
ratio increase. CRC and A¢ were evaluated upon subsequent 10 pM
Ca?* additions at 1 min intervals to succinate-energized freshly-pre-
pared mitochondrial suspensions (Fig. 3 A). In control mitochondria, the
rise in the Fura-FF ratio was obtained when the threshold matrix Ca®*
concentration load formed mPTP. Similarly, A¢ collapse in Ca*-treated
mitochondria reflected the membrane depolarization ascribed to mPTP
opening. CRC and A¢ decreased before the third Ca?* pulse in control
mitochondria. Conversely, mPTP formation detected by simultaneous
measurement of these two different mitochondrial parameters, which
were altered when mPTP opened, pointed out that 1 mM 3a or 0.5 mM
3b desensitized mPTP formation to Ca?* (Fig. 3 A). Specifically, in
isolated mitochondria, 3b inhibited mPTP more than 3a.

Then, we wanted to confirm the inhibitory effects of Tzs on mPTP
activity observed in isolated mitochondria also in intact AC16 cells,
through multiple approaches [42]. Firstly, we monitored A¢ following
addiction to the calcium ionophore ionomycin. Untreated cells showed a
gradual decrease in mitochondrial transmembrane potential in response
to ionomycin, which reflected the opening of mPTP, whereas both 3a
and 3b completely prevented Ca?*-dependent mitochondrial depolari-
zation (Fig. 3B,C,D), thus indicating inhibition of mPT. Standard
cobalt-calcein assay confirmed that both 3a and 3b attenuate mPTP
activation in response to ionomycin (Fig. 3E). Moreover, analysis of the
mitochondrial network showed that mPTP opening induced drastic
morphological changes, as evidenced by increased mitochondrial
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Azide bincl_ing region

Fig. 2. The docking model of 3a fitted in the azide binding region of the F; domain. The divalent cofactor is represented as a green ball, whereas ATP and 3a are in
stick mode. The a (violet) and p (teal) subunits are drawn by modifying PDB ID code 2CK3.

roundness and reduction of both length and interconnections between
mitochondria (Fig. 3 F,G). Pre-treatment with 3a and 3b strongly
limited the ionomycin-induced morphological rearrangements
(Fig. 3F-G), suggesting the protective role of Tzs. Accordingly, 3a and 3b
confer resistance to Ca®*-induced mPT and cell death (Fig. 3H). How-
ever, using a pro-oxidant agent (hydrogen peroxide) to promote mPTP
functions, we observed a slight effect of 3b compound in defending from
cell death (Fig. 4 A) or inhibiting mPTP opening (Fig. 4B), and it failed to
preserve the normal mitochondrial morphology (Fig. 4 C,D), whereas 3a
fully maintained its protective role (Fig. 4 A,B,C,D). These data indicate
that the intracellular redox status might weaken the binding of 3b Tz
with the F; domain, thereby loosening its regulatory role on mPTP
activity.

In summary, we showed that Tzs inhibit mPT and cell death by
limiting the mPTP opening, especially induced by Ca?* ions, and mini-
mizing mitochondrial damage.

3.3. Tzs protect viability and metabolism of vascular endothelial cells
upon hypoxia-reoxygenation

Porcine aortic endothelial cells (pAEC) viability was evaluated in the
presence of increasing doses of 3a and 3b after 1 h of incubation. MTT
results showed a significant reduction of cell viability (about 35% vs
CTR) when cells were exposed to 3a starting from the dose 1 uM. No
effect on cell viability was detected in cells exposed to increasing doses
of 3b (Fig. 5A,B). The OXPHOS and glycolysis ATP production in the
presence of 3a or 3b were evaluated under basal metabolic conditions
by measurement of OCR and ECAR values to obtain mitoATP and gly-
coATP production rate, respectively (Fig. 5C). Tzs did not modify the
ATP synthesis of pAECs. Also the ratio between mitoATP Production
Rate and glycoATP Production Rate (ATP Rate Index) was always > 1,
ensuring a propensity toward mitochondrial oxidative metabolism
independently of Tzs treatment (Fig. 5D). The two concentrations used
for 3a and 3b compounds did not affect the profile and function of
cellular respiration of pAECs (Fig. 5E). The key parameters of cell
metabolism, which were obtained from OCR values of functional
metabolic profile, either in the presence or in the absence of Tzs at the
tested concentrations, did not differ from the control (Fig. 5F).

The protective effect of Tzs on pAECs’ viability was investigated after
the in vitro hypoxia/reoxygenation (H/R) injury. H/R injury caused a
significant decrease of pAEC viability. MTT results showed that lower
doses of both 3a (0.1 and 0.5 pM) and 3b (0.1 uM) were not sufficient to
recover cell viability after H/R. In contrast, higher doses of both 3a
(1 uM) and 3b (0.5 and 1 uM) were able to restore significantly cell
viability, even though this parameter remained below the control group

(Fig. 5G). The impact of H/R on pAECs was characterized by considering
the mitochondrial bioenergetic metabolism and highlighting a reduction
of OCR value compared with control (in the absence of H/R). Notably,
H/R-injured pAECs restored a respiratory profile similar to that of
control in the presence of either 1 uM 3a or 0.5 uM 3b (Fig. 5H). All key
parameters of mitochondrial activities, except the spare respiratory ca-
pacity, were decreased upon H/R compared to control. Of interest, we
detected an increase of 120% or 93% for basal respiration, of 110% or
95% for proton leak, of 123% or 100% for maximal respiration, and of
130% or 92% for ATP turnover, respectively, in the presence of 1 uM 3a
or 0.5 uM 3b compared with H/R alone. However, Tzs did not allow to
reach the OCR values of the control mitochondrial parameters in H/R
injured cells. Conversely, the spare respiratory capacity was only
increased by 170% and 150% with 3a or 3b, respectively, as compared
to baseline metabolism in control or H/R alone (Fig. 5I).

3.4. Tzs counteract saline load-induced injury in SHRSP cerebral
endothelial cells

We tested the effects of 3a and 3b in primary cerebral endothelial
cells (ECs) isolated from the stroke-prone spontaneously hypertensive
rat (SHRSP), a suitable model for the study of hypertension-related
stroke [47-49]. We exposed ECs to high-salt treatment (20 mM NaCl
for 72 hrs) either in the presence or in the absence of 3a or 3b. We first
investigated mitochondrial function by assessing the activity of mito-
chondrial C-1. High-salt exposure decreased the NAD":NADH ratio, as an
index of mitochondrial C-I dysfunction, similarly to previous evidence
obtained in the SHRSP [39,50]. Both 3a and 3b were able to rescue C-I
activity in ECs exposed to NaCl (Fig. 6 A).

We also found that 3a and 3b improved the cell viability in ECs
exposed to high-salt treatment (Fig. 6B). Both 3a and 3b also showed
protective effects toward the high-salt dependent impairment of angio-
genesis. In fact, we found that 3a and 3b rescued the endothelial
capability to form vessel-like tubes on a matrigel substrate in the pres-
ence of high-salt loading (Fig. 6 C,D).

Finally, we tested whether 3a and 3b were able to restore vascular
function in vessels isolated from SHRSP fed for 4 weeks with a high-salt
Japanese style diet (JD). The latter is a dietary regimen able to accel-
erate stroke occurrence in the SHRSP [39,44,48] by promoting vascular
dysfunction [49]. To this aim, vessels isolated from the JD-fed SHRSP
were exposed ex-vivo with either 3a or 3b (Fig. 6E). We observed that JD
impaired endothelial-dependent vasorelaxation, in line with our previ-
ous evidence [44,49]. Both 3a and 3b were able to rescue vascular
function in vessels from JD-treated SHRSP (Fig. 6E,F).

Overall, our data suggest that both 3a and 3b represent a valid
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Fig. 3. 3aand 3b compounds attenuate mPTP activation. A) Representative plots reporting the Eevaluation of the mPTP opening and membrane potential in isolated
mitochondria. The CRC and A¢ expressed as the Fura-FF ratio (Fura-FF high Ca®'/Fura-FF low Ca®") and JC-10 ratio (JC-10 aggregate/JC-10 monomers),
respectively, were evaluated in response to subsequent 10 uM CaCl, pulses (shown by the triangles) in untreated mitochondria (control), and in the presence of 2 mM
MgADP, 1.0 mM compound 3a, 0.5 mM compound 3b. N = 3 independent experiments. B) Representative images of AC16 cells loaded with the mitochondrial
membrane potential sensitive fluorescent probe TMRM and then treated with 1 uM ionomycin; where indicated, cells were pre-treated for 30 min with 1 uM 3a or 3b,
before addiction of ionomycin. Scale bar: 10 um C) Kinetics of time-dependent changes of TMRM signal, related to Fig. 3B. N = 4 independent experiments; mean
+SEM. D) Statistical analysis of the experiments showed in Fig. 3B-C, reporting the normalized TMRM values at different time points upon addiction of ionomycin.
N = 4 independent experiments; mean+SD. E) Calcein-cobalt quenching assay of AC16 cells, for which mPTP activity is reported as the drop in calcein fluorescence
before and after 10 min of 1 uM ionomycin. N = 3 independent experiments (>20 fields per condition); mean+SD. F) Representative morphological images of the
AC16 mitochondria treated or not with 1 uM ionomycin. Where indicated, cells were pre-treated for 30 min with 1 uM 3a or 3b. The white boxes indicate a specific
region of the mitochondrial network magnified in the insets shown at the bottom. Scale bar: 10 um. G) Analysis of mitochondrial morphology, evaluated through
comparison of mitochondrial morphometry parameters (aspect ratio and form factor) and mitochondrial network connectivity (branches per mitochondria and
branches lenght). N = 3 independent experiments (>35 cells per condition); mean=£SD. H) Cell death quantification of AC16 cells after 1 h of treatment with 1 uM
ionomycin, pre-treated or not with 3a or 3b at the indicated concentrations. N = 3 independent experiments; mean=+SD.
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Fig. 4. 3b triazole showed lower protective effects in response to hydrogen peroxide. A) Cell death quantification of AC16 cells after 1 h of treatment with
250 uM H,0,, pre-treated or not with 3a or 3b at the indicated concentrations. N = 3 independent experiments; mean+SD. B) Calcein-cobalt quenching assay of
AC16 cells, for which mPTP activity is reported as the drop in calcein fluorescence before and after 10 min of 250 uM H»0,. N = 3 independent experiments (>25
fields per condition); mean=+SD. C) Representative morphological images of the AC16 mitochondria treated or not with 250 uM H30,. Where indicated, cells were
pre-treated for 30 min with 1 uM 3a or 3b. The white boxes indicate a specific region of the mitochondrial network magnified in the insets shown at the bottom. Scale
bar: 10 pm. D) Analysis of mitochondrial morphology, evaluated through comparison of mitochondrial morphometry parameters (aspect ratio and form factor) and
mitochondrial network connectivity (branches per mito and branches length). AC16 cells were treated or not with 250 uM H,0,; where indicated, cells were pre-
treated for 30 min with 1 uM 3a or 3b. N = 3 independent experiments (>35 cells per condition); mean=+SD.

intervention to improve endothelial function in a model of stroke asso-
ciated with hypertension. The observed improvement of NAD":NADH
ratio following either 3a or 3b administration also confirms that mito-
chondrial impairment represents a key molecular determinant of
endothelial dysfunction in response to the high-salt treatment.

4. Discussion

Our results demonstrate that 1,5-disubstituted-1,2,3-triazoles inhibit
mPTP opening by acting on F;Fo-ATPase and protect vascular cells from
damage.

Mitochondrial dysfunction is a typical feature of CVDs, although the
available information does not allow a conclusive elucidation of causal
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relationships. The essential functions of mitochondria in eukaryotic cells
support ATP synthesis, calcium homeostasis, oxidative stress response,
and regulated cell death [51]. In the pathophysiology of CVDs, damaged
mitochondria could cause serious consequences and even lead to cell
death [52]. Mitochondrial homeostasis or dysfunctions are dependent
on short/long-lasting mPTP opening events [53]. In the attempt to
identify possible clinical applications that block mPTP formation, we
need also to consider the potential adverse effects of prolonged mPTP
inhibition in failing hearts [54]. Indeed, mPTP opening rises as the
initial compensation or the eventual deregulation events that bear to the
structural/functional alterations in CVDs [55]. Recent results on mPTP
assert the existence of two channels. The long-standing hypothesis that
the mPTP could form from the adenine nucleotide translocator (ANT)
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Fig. 5. Evaluation of cell viability and cell metabolism in the presence of Tz compounds and protective effect from hypoxia/reoxygenation (H/R) injury. Cells were
treated with different doses of 3a (A) or 3b (B). C) The real-time ATP production rate in pAECs. Evaluation of ATP production rate by mitochondrial OXPHOS (blue)
or by glycolysis (red) in Tzs-treated cells. D) The ATP rate index is shown on the y-axis (logarithmic scale) in pEACs treated without (control) and with the Tzs. E) The
mitochondrial respiration profile was obtained from the OCR without and with Tzs under basal respiration conditions and after the addition of 1.5 pM oligomycin
(olig), 1.0 pM FCCP, and a mixture of 0.5 pM rotenone plus antimycin A (Rot+AA). Inhibitor injections are shown as dotted lines. F) Mitochondrial parameters (basal
respiration, ATP production, proton leak, maximal respiration, spare respiratory capacity, non-mitochondrial oxygen consumption, ATP turnover) in the absence or
in the presence of 3a or 3b. G) Effect of the 3a and 3b on H/R injured pAEC’s viability and morphology. Scale bar (—) 100 um. Different letters above the bars indicate
significant differences (P < 0.05, one-way ANOVA, post hoc Tuckey comparison test) between H/R treatment with and without Tzs and the control (CTR) group. H)
H/R effect on mitochondrial respiration profile and (I) on mitochondrial parameters in the absence or in the presence of 3a or 3b. Data expressed as column charts (A,
B,C,D,F,G,I) or points (E,H) represent the mean+SD (vertical bars) from four experiments carried out on different cell preparations. Different letters indicate sig-
nificant differences (P < 0.05) among treatments within the same parameter from at least five experiments carried out on different cell preparations.

has been re-evaluated. Indeed, the ANT-dependent mPTP activity can be
activated independently of cyclophilin D (CyPD), a key modulator of
mPTP, in response to higher mitochondrial matrix Ca* levels [56]. This
channel has a significantly lower conductance compared with
CyPD-sensitive pore [57]. Conversely, a large conductance channel ac-
tivity might originate from Ca?"-dependent conformational change of
the F1Fo-ATPase [58,59]. Cryo-EM of Ca’*-activated F1Fo-ATPase has
led to a model of mPTP formation. After several disputes, the c-ring of
the enzyme has been suggested to house the leak channel of the mPT
[57,58,60-62]. In mitochondrial biology, a new scenario for the
F1Fo-ATPase has started and the multiple enzyme functions dwell in the
membrane-embedded Fp domain [63]. The model asserts mPTP opening
with the displacement of F; from Fg in Ca?*-activated F1Fp-ATPase
oligomeric state. Ca%* bound to the catalytic sites of the enzyme induces
conformational changes in the F; domain that are transmitted through
the peripheral stalk to the Fo domain. The subsequent structural con-
formations might pull out/displace the lipid plugs from the hole of the
c-ring. The c-ring lumen expands during these events and mPTP opens.
Electrophysiological studies have defined the gating mechanism of the
cring in mPTP formation with the proposal of the “bent-pull-twist”
model confirming the role of the enzyme in the mPTP formation [11].
The pharmacophores approach, aiming at selecting the molecular fea-
tures of compounds recognized by specific biological macromolecules,
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reveals the inhibition of Ca®*-activated F1Fo-ATPase to block mPTP
formation without affecting the activity of ATP synthesis sustained by
Mg?"-activated enzyme [64].

The mPTP opening implies that the IMM integrity is lost and mito-
chondria do not retain the ion homeostasis. The ability of 3a and 3b
compounds to counteract the mPTP formation in isolated heart mito-
chondria is evaluated using the CRC, which measures the capability of
intact mitochondria to accumulate Ca®*, and the detection of A¢p —
known as the electrical component of the mitochondrial protonmotive
force — (Fig. 3 A). In general, Tz compounds are counted as potential
mPTP inhibitors [14,15,20,65] and the F1Fo-ATPase has been identified
as the molecular target. As a component of the OXPHOS system, the ATP
synthesis could be impaired in the presence of Tzs. However, it was
ascertained that 3a or 3b did not significantly affect the mitochondrial
respiration in glutamate/malate- or succinate-energized mitochondria
[14] and Tzs cannot reduce the electron flow in the OXPHOS system.
The Tzs interaction with Mg2+-activated F1Fo-ATPase takes place
without affecting ATP synthesis. Moreover, the coupling between glu-
tamate/malate oxidation and ADP phosphorylation, evaluated as the
state 3/state 4 ratio, was improved by Tzs (Fig. 1A). The results
corroborate the hypothesis that specific inhibition of Ca®*-activated
F1Fo-ATPase and the refractivity to the Tz compounds of the F1Fo-AT-
Pase activated with the natural cofactor Mg?", highlight the link
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between Ca’'-activated F1Fo-ATPase and mPTP formation [13,66].
Understanding the molecular mechanism of action of Tzs on Ca?*-acti-
vated F1Fo-ATPase/mPTP axes is needed to succeed in identifying the
possible binding region of compounds. Significant enzyme inhibition
has been detected on Ca®*-activated F;Fo-ATPase by 3a or 3b, whereas
the same compounds did not affect Mg?*-activated enzyme [14]. The
different effects on the two differently activated F;Fo-ATPases could be
attributed to enzyme conformations promoted by Ca®* or Mg?* cofactor
bound to the catalytic and/or noncatalytic sites of the F; domain. Thus,
the F; might be the binding region of Tzs. Indeed, Ca?*-dependent ATP
hydrolysis of the purified F; domain was sensitive to Tzs. In order to
establish the possible binding sites(s) of 3a and 3b compounds, multiple
inhibition analyses with binary mixtures of Tzs and inhibitors of the F;
domain, with known binding sites, were performed. As a result, 3a or 3b
and RES did not mutually exclude and can form the ternary E-Tz-RES
complex (Fig. 1D). Therefore, Tzs bind to a different site from the RES in
the F; domain. NBD-Cl and TNM, two different Tyr-reagents, were
mutually exclusive inhibitors with 3b. The inhibition caused by either
NBD-CI or TNM was prevented by 3b since Ca?*-activated F1Fo-ATPase
can combine with Tyr-reagent or 3b but not with both (Fig. 1E,F). The
main difference between 3a and 3b is the presence of nitrite group of the
latter. Modification of tyrosine residues by nitrite can lead to the for-
mation of nitrotyrosine and/or dityrosine [67] and 3b only promotes a
significant formation of dityrosine (Fig. 1F). Therefore, the putative
Tyr-311 covalently bond with NBD-Cl [46] and Tyr-349 or Tyr-372
nitrated by TNM could be modified by 3b. The ditryrosine 3b-depen-
dent post-translational modification (PTM) might arise between Tyr
residues that show electron tunnelling redox distance less than 14 A
needed to support electron transfer [68]. Nitrite would possess both
anti- and pro-oxidant activities and nitrite group of 3b could transfer one
electron to the enzyme to form two adjacent tyrosyl radicals bound
together to form dityrosine [25]. Candidate Tyr residues to support PTM
in the NBD-CI binding region with a distance lower than 14 A might be
Tyr-335 or Tyr-281 of a and B subunits, respectively (Fig. 7A). TNM can
interact with Tyr-349 or Tyr-372 of the p subunit, but only the former
has a Tyr residue (Tyr-462) that supports the electron tunnelling
(Fig. 7B).

Docking analysis suggests that the active site of azide fits the struc-
ture of 3a (Fig. 2). Likewise, multiple inhibition analyses with binary
mixtures of azide, known to block ATP hydrolysis when Pi leaves the
catalytic site [69], and 3a indicated that the compounds are mutually
excluded (Fig. 1G). Therefore, 3a can overlap the azide binding region in
the catalytic sites of the F; domain.

Using different experimental approaches, we showed that Tzs are
able to inhibit mPTP activation, limiting mitochondrial membrane po-
tential dissipation and avoiding mitochondrial swelling, thus preserving
normal mitochondrial morphology. All these events concur to protect
cardiomyocytes from extensive cell death induced by calcium agents
(Fig. 3). Intriguingly, 3b compound is less effective when mitochondria
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are exposed to oxidative stress (Fig. 4). This event might be explained, at
least in part, by the redox activity of the nitrite group of 3b. The com-
pound interacting with the hydrogen peroxide might produce a scav-
enger effect that allows the dityrosine formation. Indeed, nitrite group of
3b compound upon oxidative stress might accept one electron from ROS
to form the radical-NO,, which can nitrate tyrosine residues and form
other radical species [70] (e.g, tyrosyl radical). During ATP hydrolysis
two adjacent tyrosyl radicals bind together and can form dityrosine
[67]. The dityrosine formation seems to be especially deleterious for
ATPase activity sustained by Ca’*-activated F1Fo-ATPase [25] that,
consequently, blocks mPTP formation [13].

PAECs represent a good translational model to study the endothelial
dysfunction related to impaired mitochondrial physiology during CVDs.
Endothelial cells contain fewer mitochondria than cardiomyocytes, and
several of the pathological alterations during H/R injury involve mito-
chondria. The infarct zone is determined by vascular obstruction and
endothelial cell injury may occur earlier than in cardiomyocytes [71].
Anaerobic metabolism of the endothelial cells allows for tolerating pe-
riods of ischemia. Otherwise, this feature makes the endothelial cells
particularly vulnerable during reperfusion when mitochondrial ho-
meostasis is disrupted, even if the reintroduction of oxygen could restart
OXPHOS. Nevertheless, the mitochondrial electron transport chain,
increasing the generation of ROS and mitochondrial Ca?* overload,
compromises cellular energetics with the mPTP opening [72]. The
capability of Tzs to prevent mPTP formation has been exploited to verify
the cardiovascular protective function of these compounds. However,
before testing Tzs effects on in vitro H/R damage, the cytotoxic analysis
of cell viability and cell metabolism was evaluated in order to verify the
absence of the inhibitory effect of Tzs on cell metabolism at the con-
centration used to perform the H/R experiments. As a result, cell
viability under Tzs treatment was structure- and dose-dependent with an
unfavourable response at increasing 3a concentrations. To examine cell
metabolism toxicity, we analyzed the OCRs using Seahorse XFp extra-
cellular flux analyzer and evaluated the ATP production and the mito-
chondrial bioenergetic parameters. Importantly, 3a or 3b did not exhibit
any adverse effects on pAECs metabolism (Fig. 5A-F). Together, these
results demonstrated that Tzs were not toxic to mitochondria activity or
cell energy metabolism. The in vitro evaluation of the H/R effect on cell
viability highlighted the injury occurring during reperfusion. On the
other hand, cell viability was preserved in the presence of 3a or 3b
(Fig. 5G). The detrimental effect of H/R on cell viability might be
correlated with the impaired bioenergetics of cell metabolism since the
decrease in mitochondrial parameters was joined to OXPHOS dysfunc-
tion. Indeed, mitochondria respiration and ATP synthesis decreased as a
possible consequence of mPTP formation. However, 3a or 3b preserved
the basal and maximal respiration, the proton leak and the ATP turnover
or improved spare respiratory capacity (Fig. 5H,I) suggesting that the
mitochondria are the molecular targets of Tzs compounds in pAECs.

The SHRSP represents a well characterized suitable model for studies

Fig. 7. The spatial arrangement of Tyr residue
of F; domain candidate to support the dithy-
rosine adduct. A) The panel illustrate the fTyr-
311 and the putative pTyr-281 or aTyr-311 able
to form dithyrosines. B) The panel highlight
pTyr-462 that might interact with PTyr-349.
The calculated distances between the aromatic
ring of Tyr residues are reported as green lines.
The a (violet) and f (teal) subunits are drawn
by modifying PDB ID code 6TT7. Tyr residues
are drawn in the ball and stick model.
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on human hypertensive disease and related vascular damage [73]. In
particular, this model accelerates stroke occurrence under a
high-salt/low potassium diet, and develops, at the molecular level, a
severe mitochondrial C-I dysfunction due to Ndufc2 subunit inhibition
[50]. To mimic the in vivo condition, we exposed primary cerebral ECs
obtained from SHRSP pups to saline load and detected an impaired C-I
mitochondrial function, reduced cell viability and endothelial cell tubes
formation on Matrigel assay. Exposure to 3a and 3b resulted in signifi-
cant protection from the high-salt induced cell injury (Fig. 6); indeed, 3a
and 3b promoted the OXPHOS in isolated mitochondria during gluta-
mate/malate oxidation (Fgure 1 A). In accordance, Tzs restored in a
significant manner the impaired endothelial-dependent vascular relax-
ation in high-salt fed SHRSP rats. The whole set of data performed in this
experimental context, while further underlying the pathogenetic role of
C-I dysfunction in stroke-related vascular abnormalities and mPTP for-
mation in regulated cell death [50,74], underscores the key role of Tzs as
an intriguing promising tool for prevention and treatment. Based on
these relevant results, the potential beneficial effects of 3a and 3b on
stroke survival need to be tested in-vivo in the SHRSP.

On balance, we have identified the catalytic activity of the F;Fqo-
ATPase stimulated by Ca®* as the molecular event counteracted by Tzs
to block mPTP formation. The regulation of this biological phenomenon
by small molecules can avoid the cardiovascular dysfunction raised by
dysfunctional and damaged mitochondria and encourage drug discovery
based on the possible bioarchitecture of mPTP [64].
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