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Abstract

Mitochondrial permeability transition pore (mPTP) opening is a critical event leading to cell
injury during myocardial ischemia-reperfusion but having a reliable cellular model to study
the effect of drugs targeting mPTP is an unmet need. This study evaluated whether the Ca?*
electrogenic ionophore ferutinin is a relevant tool to induce mPTP in cardiomyocytes. mPTP
opening was monitored using the calcein/cobalt fluorescence technique in adult
cardiomyocytes isolated from wild-type and cyclophylin D (CypD) knock-out mice.
Concomitantly, the effect of ferutinin was assessed in isolated myocardial mitochondria. Our
results confirmed the Ca?* ionophoric effect of ferutinin in isolated mitochondria and
cardiomyocytes. Ferutinin induced all the hallmarks of mPTP opening in cells (loss of calcein,
of mitochondrial potential and cell death), but none of them could be inhibited by CypD
deletion or cyclosporine A, indicating that mPTP opening was not the major contributor to the
effect of ferutinin. This was confirmed in isolated mitochondria where ferutinin acts by
different mechanisms dependent and independent of the mitochondrial membrane potential.
At low ferutinin/mitochondria concentration ratio, ferutinin displays protonophoric-like
properties, lowering the mitochondrial membrane potential and limiting oxidative
phosphorylation without mitochondrial swelling. At high ferutinin/mitochondria ratio, ferutinin
induced a sudden Ca?* independent mitochondrial swelling, which is only partially inhibited
by cyclosporine A.

Together, these result show that ferutinin is not a suitable tool to investigate CypD-
dependent mPTP opening in isolated cardiomyocytes because it possesses other
mitochondrial properties such as swelling induction and mitochondrial uncoupling properties

which impede its utilization.
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1. Introduction

The mitochondrial permeability transition is a critical event in cell death. It corresponds to an
increase in the permeability of the inner mitochondrial membrane and is mediated by
opening of the permeability transition pore (MPTP). mPTP contributes to cell injuries in a
number of diseases and more particularly during myocardial ischemia—reperfusion [1].
Despite a considerable number of studies, the molecular structure of this channel remains
unknown, potential constitutive proteins having been ruled out by genetic modulation. In
recent years, experimental evidence suggest that ATP synthase participates to the formation
of the pore [2]. However, there is also a common agreement to consider that excess
intramitochondrial Ca?* is a crucial factor to trigger mPTP opening [3] and that cyclophilin D
(CypD), a soluble protein located within the mitochondrial matrix, is a key regulator as it

lowers the Ca?* threshold triggering mPTP formation [4].

The critical role of mMPTP opening in cell death suggests that its inhibition may represent an
effective therapeutic approach in several pathological conditions. Therefore, the identification
of novel mPTP inhibitors should be considered with great interest but, currently, a convenient
and reliable cardiomyocyte model is lacking to study potential inhibitors.

As Ca?* plays a major role in mPTP opening, we previously explored the effect of three Ca?*
ionophores (A23187, ionomycin, and ETH129) as possible inductors of mPTP opening with
the objective to develop such a model in primary cardiomyocytes where Ca?* fluxes have a
fundamental role. We demonstrated that they were not suitable to induce mPTP opening in
adult murine cardiomyocytes because their mechanism of Ca?* transport was not effective
enough or they displayed effects independent from mPTP opening [5]. The Ca?" ionophore

strategy remains, however, an interesting approach.

In the present study, we investigated the effect of ferutinin, jaeschkeanadiol p-
hydroxybenzoate, for its Ca?* ionophore properties. Ferutinin was shown to mobilize Ca?* in
cells, to increase mitochondrial Ca2* permeability and to induce mitochondrial Ca?* loading
and depolarization [6]. Opening of the mPTP appeared as a possible mechanism of this
depolarization [7], and several studies demonstrate that ferutinin possesses antiproliferative
effects through the activation of the intrinsic apoptotic pathway and mPTP opening [8-11]. A
recent study also showed that ferutinin induces mPTP opening in liver mitochondria [12].
Unlike A23187 and ionomycin, which equilibrate Ca?* concentrations between cell
compartments and the extracellular space in an electroneutral manner, ferutinin is an
electrogenic Ca?* ionophore. This mechanism could be more appropriate to promote a
physiological model of mitochondrial Ca?* overload [7].Therefore, using the calcein loading

CoCl; quenching technique [13], we investigated the effect of ferutinin on mPTP opening in



81  primary cardiomyocytes isolated from adult mice and we examined its effect on isolated

82  myocardial mitochondria.
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2. Materials and Methods
2.1. Animals

All animal procedures used in this study were in accordance with the Directives of the
European Parliament (2010/63/EU-848 EEC) and the recommandations of the French
Ministére de I'Agriculture. Male C57BL/6J mice (8 to 10 week-old) were purchased from
Janvier (Le Genest-St-Isle, France). CypD knock-out mice (Ppif’- mice) were obtained from
Jackson Laboratories (Bar Harbor, Maine, USA). Mice were housed in an air-conditioned
room with a 12 h light—dark cycle and received standard rodent chow and drinking water ad

libitum.
2.2. Isolation of cardiac mitochondria

Mitochondria were isolated as described previously [14]. Briefly, hearts were scissor minced
and homogenized in a buffer (220 mM mannitol, 70 mM sucrose, 10 mM HEPES, 2 mM
EGTA, pH 7.4 at 4°C) using a Potter-Elvehjem glass homogenizer in a final volume of 10 mL.
The homogenate was filtered and centrifuged at 1000g for 5 min at 4°C. The supernatant
was centrifuged at 10000g for 10 min at 4°C. The mitochondrial pellet was resuspended in
50 uL of homogenization buffer without EGTA and protein concentration was determined
using the advanced protein assay reagent (Sigma catalog number #57697). In experiments
requiring a lot of mitochondria, mitochondrial preparations from two to three hearts were
pooled.

2.3. Measurement of mitochondrial respiration

Mitochondrial oxygen consumption was measured at 30°C with a Clark-type electrode
(Hansatech Instruments Ltd, Norfolk, UK). Mitochondria (0.4 mg protein/mL) were incubated
in a respiration buffer containing 100 mM KCI, 50 mM sucrose, 10 mM HEPES and 5 mM
KH2PO4, pH 7.4 at 30°C. Respiration was initiated by addition of 5 mM glutamate/ 5 mM
malate (state 2, substrate dependent respiration rate). Then, ATP synthesis was induced by
adding 0.4 mM ADP (state 3, ADP-dependent respiration rate, V3). The rate of state 4
respiration was measured either after exhaustion of ADP (V4) or after addition of 1 uM of
carboxyatractyloside (V4cart) and the respiratory control ratio (state 3/state 4) was evaluated.

When tested, ferutinin was added 1 min after the beginning of state 2 respiration.
2.4. Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (W) was evaluated by the uptake of the fluorescent dye
rhodamine 123, which accumulates electrophoretically into energized mitochondria in

response to their negative-inner membrane potential. The respiratory substrates
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glutamate/malate (5/5 mM) and rhodamine 123 (0.2 uM) were added to 1 mL of respiration
buffer into the cuvette maintained at 30°C. Fluorescence was monitored over time using a
Perkin-Elmer SA LS 50B fluorescence spectrometer (excitation wavelength = 503 nm,
emission wavelength = 527 nm). After 40 s of initial monitoring, mitochondria (0.2 mg/mL
protein) were added and the effect of ferutinin on membrane potential was examined
following addition of the compound at t = 120-150 s. When used, carboxyatractyloside (1 pM)
was added before ferutinin. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 1
MM) was added to depolarize the mitochondrial membrane potential thus acting as internal

reference.
2.5. Mitochondrial swelling assays

Mitochondrial swelling was assessed by measuring the change in absorbance at 540 nm
using a Jasco V-530 spectrophotometer equipped with magnetic stirring and thermostatic
control. Mitochondria energized with glutamate/malate (5 mM each) were incubated 30 s at
30°C in the respiration buffer before the induction of swelling with ferutinin.

In de-energized conditions, mitochondria were incubated 30 s at 30°C without substrate in
the respiration buffer including 1 uM rotenone and 1 uM antimycin at pH 7.4 before inducing
swelling with ferutinin. In both conditions, cyclosporine A (1 uM) was introduced at the onset

of the incubation period.

In some experiments, respiration buffer was replaced by a sucrose-HEPES buffer containing
250 mM sucrose and 10 mM HEPES at pH 7.4.

Swelling experiments were analyzed by measuring the initial rate of swelling which was

expressed as change in absorbance/s.
2.6. Measurement of intra-mitochondrial calcium

Intra-mitochondrial Ca?* was evaluated in isolated mitochondria using the non-fluorescent
probe Rhod-2/AM, which is converted to fluorescent Rhod-2 via the action of esterases.
Isolated mitochondria (= 15 mg/mL) were incubated under stirring with Rhod-2/AM (30 uM)
for 30 min at 25°C in 500 pL of homogenization buffer devoid of EGTA. The suspension was
then diluted 30-fold with the homogenization buffer at 4°C and after centrifugation (10 min,
10000g) the pellet containing loaded mitochondria was resuspended in 100 pL of

homogenization buffer.

Rhod-2-loaded mitochondria (0.5 mg/mL) were incubated in the respiration buffer (1 mL)

maintained at 30 °C under constant agitation. Intra-mitochondrial Ca?* was monitored over
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time by following Rhod-2 fluorescence using a Perkin EImer LS50B spectrofluorometer

(exciting wavelength 552 nm; emission wavelength 581 nm).

2.7. Measurement of intra-mitochondrial pH

Intra-mitochondrial pH (pHi) was evaluated in isolated mitochondria using the non-
fluorescent probe BCECF-AM, which is converted to fluorescent BCECF via the action of
esterases. Isolated mitochondria (15 mg/mL) were incubated under stirring with BCECF-AM
(30 uM) for 30 min at 25°C in the homogenization buffer devoid of EGTA. The suspension
was then diluted 30 fold with the homogenization buffer at 4°C and after centrifugation (10
min, 10000g) the pellet containing loaded mitochondria was resuspended in 100 pL of

homogenization buffer.

BCECF-loaded mitochondria (0.2 mg/mL) were incubated in the respiration or in the sucrose-
HEPES buffer (1 mL) maintained at 30 °C under constant agitation. Fluorescence was
followed using a temperature-controlled spectrofluorometer (Jasco FP-6300) using an
excitation ratio technique (dual excitation wavelength 439 and 488 nm and fixed emission
wavelength at 525 nm). The signals at 439 and 488 nm correspond to the isosbestic point
and to the maximal sensitivity of the probe, respectively. When used, rotenone (1 pM),
antimycin (1 uM) and cyclosporine A were introduced at the beginning of the experiment.

2.8. Measurement of mitochondrial potassium flux.

Mitochondrial potassium flux was assessed with the fluorescent probe PBFI [15,16]. Isolated
mitochondria (= 15 mg/mL) were incubated under stirring with 30 uM of the potassium
fluorescent indicator acetoxymethyl ester (PBFI, AM) in 500uL of homogenization buffer
devoid of EGTA for 20 min at 25°C. Before incubation, PBFI-AM was mixed with the nonionic
surfactant pluronic F-127 (2:1 ratio, vol/vol) to improve the aqueous solubility of the probe
and thus its mitochondrial loading. After incubation, the suspension was diluted 30-fold with
the homogenization buffer at 4°C, and after centrifugation (10 min, 10000 g) the pellet

containing loaded mitochondria was resuspended in 100 pL of homogenization buffer.

PBFI-loaded mitochondria (0.2 mg/mL) were incubated in the respiration buffer (1 mL)
maintained at 30 °C under constant agitation. Fluorescence was followed using a
temperature-controlled spectrofluorometer (Jasco FP-6300) using an excitation ratio
technique (dual excitation wavelength 340 and 380 nm and fixed emission wavelength at 525
nm). The signals at 340 and 380 nm correspond to the maximal sensitivity and to the
isosbestic point of the probe, respectively. When used, rotenone (1 pM), antimycin (1 puM)

and cyclosporine A (1 uM) were added at the beginning of the experiment.
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2.9. Isolation of primary adult mouse cardiomyocytes

Ventricular cardiomyocytes were isolated from mice by an enzymatic technique. The heart
was retrogradely perfused for 15 min at 37°C with a stock perfusion buffer bubbled with
95%0,/5%CO; containing 133 mM NacCl, 4.7 mM KCI, 0.6 mM KH>POa, 0.6 mM Na;HPO,,
1.2 mM MgSQOg4, 12 mM NaHCOs, 10 mM KHCO3, 10 mM HEPES, 30 mM taurine, 0.032 mM
phenol red, 5.5 mM glucose, 10 mM 2,3butanedionemonoxime pH 7.4 to wash out blood.
After 2 min of perfusion, liberase (Blendzyme 10 mg/100 mL, Roche Applied Science,
Mannheim, Germany), trypsin EDTA (14 mg/100 mL) and 12.5 yM Ca?* were added to the
buffer. After approximately 8-9 min of perfusion, the heart was placed in the same buffer
containing 10% bovine serum albumin pH 7.4 at 37°C to stop the digestion. Ventricles were
then cut into small fragments and cells isolated by stirring the tissue and successive
aspirations of the fragments through a 10 mL pipette. After 10 min, the supernatant was
removed and the remaining tissue fragments were re-exposed to 10 mL of the same buffer.
Then, the cells were suspended in the same buffer and Ca?* was gradually added to 1 mM
into an incubator at 37°C. Finally, the cardiomyocytes were suspended in culture medium
M199 supplemented with 1% Insulin-Transferrin-Selenium. They were seeded on 35 mm
Petri dishes (150000 cells/dish) precoated with 10 pg/mL sterilized laminin and incubated for
90 min before being used.

2.10. Measurement of mPTP opening, membrane potential, cell death and

mitochondrial calcium in cells

mMPTP opening was assessed by means of the established loading procedure of the cells
with calcein acetoxymethyl ester (calcein-AM) and CoCl; resulting in mitochondrial
localization of calcein fluorescence [13,17]. Cells were loaded with 1 uM calcein-AM for 30
min at 37°C in 2 mL of M199, pH=7.4, supplemented with 1 mM CoCl; after 20 min of

incubation.

They were then washed free of calcein-AM and CoCl, and M199 was replaced by Tyrode’s
buffer (NaCl 130 mM; KCI 5 mM; HEPES 10 mM; MgCl; 1 mM; CaCl, 1.8 mM, pH 7.4 at
37°C). To determine cell death, cells were co-loaded with 1.5 pM propidium iodide, which
permeates only the damaged cells. When the mitochondrial membrane potential was
monitered, cardiomyocytes were loaded with 20 nM tetramethylrhodamine methyl ester
(TMRM) for 30 min at 37°C and then rinsed with Tyrode’s solution. To monitor mitochondrial
Ca?*, cardiomyocytes were loaded with 1.5 uM Rhod-2 AM (Thermofisher Scientific, Villebon-
sur-Yvette, France) for 30 min at 37°C and then washed free of Rhod-2/AM.

The cardiomyocytes were placed into a thermostated (37°C) chamber (Warner Instruments

Inc, Connecticut, USA) which was mounted on the stage of a IX81 Olympus motorized
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inverted microscope, were perfused with Tyrode’s solution at a rate of 0.5 ml/min and were

paced to beat by field stimulation (5 ms, 0.5 Hz).

Cardiomyocytes were imaged with the microscope equipped with a mercury lamp as a
source of light for epifluorescence illumination and with a cooled CCD Hamamatsu ORCA
ER digital camera. For detection of calcein fluorescence a 460- to 490nm excitation and a
510 nm emission filters were used. Propidium iodide and TMRM fluorescence were excited
at 520-550 nm and recorded at 580 nm. For the detection of Rhod-2 a 525- to 550nm
excitation and a 580- to 635nm emission filter were used. Images were acquired every 30 or
60 s within the first 30 min and then every 5 min after an illumination time of 25 ms (calcein)
and 70 msec (propidium iodide, TMRM and Rhod-2). Images were analyzed using a digital

epifluorescence imaging software (XCellence, Olympus, Rungis, France).

First, for each experiment, the change of fluorescence was observed from a single
cardiomyocyte. Fluorescence was integrated over a region of interest (= 80 yum?) and a
fluorescence background corresponding to an area without cells was substracted. Then, the
global response was analysed by averaging the fluorescence changes obtained from all the
cardiomyocytes (20-30 cells) contained in a single field. For comparative purposes, the
fluorescence intensity minus background was normalized according to the maximal
fluorescence value (initial value for calcein, TMRM, and Rhod-2, final value for propidium
iodide). The time necessary to induce a 50% decrease in calcein fluorescence ([Tcalcein50])
and to induce a 50% increase in propidium iodide fluorescence (time to 50% cell death [Tcell

death50]) were determined.
2.11. Statistical analysis

Statistical analysis was performed with GraphPad Prism 9.1.2 (Graph Pad Software, USA).
Data were presented as the means * standard error of mean (SEM). Statistical significance
of differences between two groups was determined using an unpaired two-tailed t-test.
Significant differences between more than two groups were evaluated by one-way analysis
of variance (ANOVA) analysis followed by a Tukey’s post test if ANOVA produced a
significant value of F (p < 0.05). Statistical parameters and significance are reported in the

figures and the figure legends.

3. Results

3.1. Ferutinin displays calcium ionophoretic properties
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First, we verified the Ca?" ionophoretic properties of ferutinin in isolated cardiac mitochondria.
Fresh isolated mitochondria were loaded with the Ca?* sensitive fluorescent dye Rhod-2 as
its acetoxymethyl esters Rhod-2/AM. Rhod-2/AM is hydrolyzed by mitochondrial esterase
and Rhod-2 is entrapped in the mitochondrial matrix space as reported for others
acetoxymethyl ester dyes [18,19]. This allows the monitoring of mitochondrial free Ca?*
concentration. When mitochondria were energized by the addition of respiratory substrates
(pyruvate/malate), the addition of Ca?* in the medium induced a rapid and concentration
dependent increase in fluorescence. This effect was strongly inhibited by the presence of the
Ca?* uniporter blocker ruthenium red, demonstrating the validity of the method (Fig. 1A).
Then, cardiac mitochondria were incubated in the same buffer in the presence of rotenone
and antimycin to inhibit respiration and therefore the uniporter complex dependent Ca?*
influx. In these deenergized conditions, ferutinin caused a concentration-dependent Ca?*
entry into mitochondria, which was not inhibited by ruthenium red confirming the ionophoretic
properties of the drug (Fig 1B). On the contrary, ruthenium red stimulates mitochondrial Ca?*
uptake, which may be due to the blockade of the uniporter complex avoiding a Ca?* efflux
[20]

Then we verified the ability of ferutinin to cause mitochondrial Ca?* influx in isolated
cardiomyocytes. Mitochondrial compartment of cardiomyocytes were loaded with 1.5uM
Rhod-2/AM and then supplemented with increasing concentrations of ferutinin. Ferutinin
induced a time-dependent increase in mitochondrial Ca?* confirming the ionophoretic
properties of the drug (Fig 1C).

3.2. Ferutinin and mPTP opening in isolated adult cardiomyocytes.

We next investigated the ability of ferutinin to induce mPTP opening in isolated mouse adult
cardiomyocytes. Cells were coloaded with calcein in the presence of CoCl; and TMRM to
monitor mPTP opening and mitochondrial potential, respectively. Figure 2A shows that the
addition of 25 puM ferutinin decreased both calcein and TMRM fluorescence concomitantly in
a time-dependent manner, which may be the signs of mPTP opening. Next, we verify if the
mitochondrial calcein loss induced by ferutinin was associated with cell death. We coloaded
mitochondria with calcein/CoCl; and propidium iodide before adding ferutinin. As shown in
Figures 2B and 2C, the decrease in calcein fluorescence was associated with an increase in
propidium iodide fluorescence and these effects were concentration-dependent. At 5 uM, the
effect of ferutinin was weak: The loss of calcein fluorescence and cell death were only partial

at 60 min.

To confirm the occurrence of mMPTP opening in the effect of ferutinin, similar experiments

were performed on cardiomyocytes isolated from CypD knock-out mice which are protected
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from mPTP opening [21]. CypD deletion slightly delayed both the loss of calcein and the
increase in propidium iodide fluorescence but after 25 min, all the cells lost their calcein and
died (Figures 3A and 3B). Similar results were found at a lower concentration of ferutinin and
in the presence of cyclosporine A, a well-known de-sensitizer of mPTP opening (Figure 3C).
It should be noted that the times necessary to induce a 50 % decrease in calcein (Tcaiceinso)
and a 50 % increase in cell death (Tcen deathso) Were not statistically different (Figure 3D). This
suggests that mPTP opening is not the major contributor to the effect of ferutinin and that
other mechanisms contribute to mitochondrial calcein loss, mitochondrial membrane
potential disruption, and cell death in cardiomyocytes. To decipher these mechanisms, we
next investigated isolated cardiac mitochondria.

3.3. Ferutinin and mPTP opening in cardiac mitochondria isolated from mice.

To investigate the effect of ferutinin on mPTP opening we examined whether ferutinin could
induce mitochondrial swelling. As depicted in Figure 4A, ferutinin induced a concentration-
dependent swelling in mitochondria energized with glutamate/malate as attested by the
decrease in absorbance of the mitochondrial suspension. The swelling is strongly dependent
on the ferutinin/mitochondria concentration ratio. Under 80 nmol ferutinin/mg mitochondrial
protein, no swelling could be detected. For example, 25 uM ferutinin did not induce swelling

at a mitochondrial protein concentration of 0.4 mg/mL (Figure 4A).

Cyclosporine A prevented the swelling induced by ferutinin, highlighting the role of the mPTP
in the swelling process but the inhibition was only partial (Figure 4B) implying the intervention
of other mechanism(s). Surprisingly, the swelling was obtained without Ca®* addition, a
critical factor for mPTP opening. Drugs acting on Ca?* such as the Ca?* chelator EGTA or the
mitochondrial Ca?* uniport ruthenium red had no effect on the swelling (Figure S1). This
indicates that part of the swelling of the organelles is due to the formation of a nonspecific

cyclosporine A insensitive permeability of the inner membrane.

Similar swelling induction and cyclosporine A inhibition were observed under de-energized
conditions, that is, in the absence of substrate and in the presence of rotenone and antimycin
that fully block the respiratory chain (Figure 4C). This confirms the non-necessity of Ca?* and
indicates that mitochondrial membrane potential does not play any role in the swelling
induced by ferutinin. Similarly, the absence of phosphate in the incubation medium (not
shown) did not alter the swelling whereas the utilization of a minimal sucrose-hepes buffer
(devoid of potassium) slowed down the rate of the swelling suggesting the involvement of

potassium in the kinetic of the swelling process (Figure 4C).

3.4.Ferutinin inhibits oxidative phosphorylation and mitochondrial membrane potential

11
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To further understand the mechanism by which ferutinin alters mitochondrial function, we
studied the effect of increasing concentration of ferutinin on the rate of oxygen consumption
in myocardial mitochondria energized with glutamate/malate. Ferutinin increased state 4 and
decreased state 3 respiration rate, resulting in a total inhibition of the respiratory coefficient
ratio at 25 uM ferutinin (Figure 5A). This effect was significant even at low uM
concentrations. It was independent from mPTP opening as cyclosporine A was devoid of
effect and the concentrations of ferutinin tested (6.25-25 pM) did not induce mitochondrial
swelling at 0.4 mg/mL of proteins (Figure 4A). It should be noted that a clear difference was
observed when state 4 respiration value was measured either after exhaustion of ADP (V4)
or by addition of carboxyatractyloside (V4car). Carboxyatractyloside limited the increase in
V4 value and thus the decrease in respiratory control ratio. The effect of carboxyatractyloside
is clearly observed in figure 5B showing the basal rate of oxygen consumption by
mitochondria energized with glutamate/malate. Whether introduced before or after ferutinin,

carboxyatractyloside inhibited oxygen consumption induced by ferutinin.

Ferutinin stimulation of respiration was associated with a concentration-dependent decrease
in the membrane potential monitored by the mitochondrial release of rhodamine 123 (Figure
5C). This effect was not altered in the presence of cyclosporine A (Figure S2) and was
obtained in a Ca?*-free medium, ruling out the roles of mPTP and of a Ca?* ionophoretic
property of the drug in this effect. Ferutinin behaved like the uncoupling agent carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), a protonophore which enters
mitochondria in the protonated form, discharging the pH gradient and destroying the
membrane potential. Here again, carboxyatractyloside modulated the effect of ferutinin as it

limited the release of rhodamine 123 at low ferutinin concentrations (Figure 5D).
3.5. Ferutinin modulates mitochondrial matrix pH.

To verify a potential protonophore effect of ferutinin, we studied its effect on matrix pH (pHi)
using the BCECF method. This represents an interesting approach to study uncoupling
agents as most of them recycle protons across mitochondrial inner membranes, disrupting
proton gradient and decreasing pHi. As shown in Figure 6A, feeding the electron transport
chain via complex | with glutamate/malate increased pHi as the electron transport chain
extruded protons. The complex | inhibitor rotenone and FCCP abolished the gradient of

protons and thus decreased pHi confirming the relevance of this method.

Addition of low ferutinin concentrations (6.25 and 12.5uM) were also followed by a slow
matrix acidification confirming the protonophoric-like effect of the drug (Figure 6B). At higher
concentrations, ferutinin, unlike FCCP, increased pHi with a marked effect at 50 uM (Figure

6B). This increase in pHi persisted under de-energized conditions, and was concentration

12
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dependent (Figure 6C) but was not observed when a minimal sucrose-hepes buffer devoid of
potassium, which maintains an acidic matrix pH, was used (Figure 6D). In this minimal buffer,
ferutinin induced alkalinization was partially restored by the selective addition of cations
including Na* or K" in the medium (Figure 6D). This is in accordance with previous data
showing that the acidic matrix pH maintained by nonrespiring mitochondria in sucrose can be
raised by the mitochondrial uptake of cations counteracting the pH-driven proton diffusion
potential [22]. Interestingly, cyclosporine A slightly inhibited the rate of alkalinization of the
mitochondrial matrix induced by high ferutinin concentrations, suggesting the contribution of
mPTP opening in this effect (Figure 6D).

3.6. Ferutinin induces potassium transport

As potassium influenced the effect of ferutinin on mitochondrial swelling and pHi, we
measured changes in matrix potassium by loading mitochondria with the potassium selective
probe PBFI. Energization of mitochondria with glutamate/malate generates the electrical
membrane potential, which drives mitochondrial potassium influx [23] (Figure 7A). In these
conditions, addition of low ferutinin concentrations (6.25-25uM) was without effect (Figure
7A). Deenergized conditions, however, revealed a marked uptake of potassium into
mitochondria elicited by the same concentrations of ferutinin (6.25-25uM). This effect is
probably masked in energized conditions because PBFI is saturated by the entry of
potassium generated by the membrane potential. Indeed, determination of mitochondrial
potassium with PBFI exhibits a limited resolution for increases in matrix mitochondria
because the mitochondrial concentration of potassium is high (= 150 mM) and PBFI displays
a lower Kd value [16]. Thus, any increase in mitochondrial PBFI fluorescence can only be
relatively small. By contrast, high ferutinin concentrations (> 25uM) elicited a release of
potassium from mitochondria whatever the experimental conditions. The rate of this release

was slow down by cyclosporine A without reduction of the extent of the release (Figure 7B).

4. Discussion

It is now well-established that mPTP opening plays a key role in numerous diseases [24].
Thus mPTP inhibition possesses a high therapeutic potential but the identification of novel
inhibitors is limited by the undefined molecular identity of the pore and by the lack of cellular
models able to evaluate the effect of the inhibitors. Although it is easy to monitor mPTP
opening in isolated mitochondria, the evaluation of mPTP opening in cells is more complex
since it is regulated by many factors. The development of the calcein loading CoCl;
guenching technique was an important step, allowing to investigate the regulation of the pore

and to examine mPTP opening in living cells [25]. However, we currently do not have an
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easy-to-use tool to induce mPTP in primary cardiomyocytes and to identify potential mPTP
inhibitors, which is an important step to develop cardioprotective agents. In a previous work,
we demonstrated that three Ca?* ionophores, which were used to trigger mPTP opening in
different cell types, were not effective in primary cardiomyocytes [5]. The only experimental
protocol we found suitable to induce mPTP opening in primary cardiomyocytes is a model of
hypoxia-reoxygenation [5,26-28]. However, this model involves a complex and long protocol,
which is inappropriate to easily screen and identify novel mPTP inhibitors.

Here, we examined the effect of ferutinin because this drug demonstrated Ca?* ionophoretic
properties and was able to induce apoptosis in cell lines. Furthermore, it was suggested to
trigger mitochondrial Ca2* overload and mPTP opening [7,12]. Using Rhod-2, we confirmed
the Ca?* ionophoretic effect of ferutinin since it induced a rapid elevation of matrix Ca2* in
isolated cardiac mitochondria and cardiomyocytes. This is in line with the data observed in
Jurkat T-cells where ferutinin mobilized Ca?* by both mechanisms, a release of Ca?* from

intracellular stores and a cellular entry of extracellular Ca?*[8].

To assess whether ferutinin could represent an interesting tool to monitor mPTP opening in
cardiomyocytes, we used freshly isolated murine adult cardiomyocytes, which represent a
more physiological setting than cultured cells because they are fully differentiated and can be
electrically paced. Using a direct measurement of mPTP opening by mean of the
calcein/cobalt protocol, we observed a rapid and large calcein loss in cardiomyocytes
challenged with increasing concentrations of ferutinin. Cyclosporine A and CypD deletion
slightly delayed but did not prevent the loss of calcein and the associated cell death,
indicating that mitochondrial depolarization and cell death is not only related to a CypD-

related pore.

This is confirmed by the experiments performed in isolated myocardial mitochondria. The
effect of ferutinin is more complex than a sole Ca?* ionophore effect since it is able to induce
mitochondrial swelling and depolarization in a free Ca?* medium. Ferutinin acts by different
mechanisms at mitochondrial level, dependent and independent of the mitochondrial
membrane potential. At low ferutinin/mitochondria ratio, ferutinin displays protonophoric-like
properties, lowering the mitochondrial membrane potential and limiting oxidative
phosphorylation without mitochondrial swelling. Both parameters were partially restored by
carboxyatractyloside suggesting the involvement of the adenine nucleotide translocase in the
effect of ferutinin. Ferutinin may act on adenine nucleotide translocase to transfer proton
inside mitochondria and the adenine nucleotide translocase blocking effect of

carboxyactyloside would inhibit the depolarizing effect of ferutinin. This is in line with old but
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also recent observations that adenine nucleotide translocase can mediate proton transport

across the inner mitochondrial membrane [29,30].

The impairment of mitochondrial potential by ferutinin may also reflect the movement of
potassium across the mitochondrial inner membrane since we showed that low ferutinin
concentrations induced a potassium influx into mitochondria. This is compatible with the
ionophoric properties of ferutinin, which is not uniquely selective for Ca?*but is able to
increase, to a lesser extent, the permeability of mitochondrial membrane to monovalent
cations [6,31].

At high ferutinin/mitochondria concentration ratio, ferutinin induced a sudden mitochondrial
swelling, which is independent of mitochondrial membrane potential. This swelling is inhibited
by cyclosporine A and is accelerated by the presence of potassium in the extramitochondrial
medium. This is indicator of the participation of mPTP opening [1]. However, the mechanism
by which ferutinin induces mPTP opening is different to those described so far since it occurs
in absence of elevated intramitochondrial Ca?* concentration and of other factors that
modulate its sensitivity such as oxidative stress or phosphate concentrations. In addition,
cyclosporine A inhibition is only partial and extramitochondrial potassium is not essential,

indicating the contribution of an additional mechanism.

The suddenness of the swelling, which is accompanied by a release of potassium in the
extramitochondrial medium and a concomitant complete inhibition of mitochondrial function
suggest that starting at a certain ferutinin/mitochondria concentration ratio, the interaction of
ferutinin with the mitochondrial membrane might alter the topology of the membrane. This
effect could reflect a structural reorganization of the mitochondrial inner membrane induced
by the ferutinin-mediated increase in membrane permeability. This is in line with the results
of Gao et al [10] showing that at high concentrations ferutinin is able to permeabilize the
membrane of red blood cell ghosts in a way similar to digitonin. This mechanism will require

further investigation.
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5. Conclusion

In conclusion, this study shows that ferutinin is not a suitable tool to assess mPTP opening in
our model of isolated cardiomyocytes. The direct measurement of mPTP opening by means
of the calcein/cobalt protocol demonstrates that this is not the predominant factor leading to
the depolarization of mitochondria and to cell death at the concentrations of ferutinin.
Ferutinin possesses other mitochondrial properties such as induction of swelling and
mitochondrial uncoupling properties. These findings impede its utilization for investigating

mMPTP opening in isolated cardiomyocytes.
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Legends for Figures

Figure 1: Ferutinin induces mitochondrial Ca?* uptake in isolated mouse mitochondria and
cardiomyocytes.

Ca?" uptake was assessed by measuring the change in fluorescence in mitochondria and
cardiomyocytes preloaded with Rhod-2.

A: Representative experiment showing mitochondrial uptake of increasing concentrations of
Ca?* in the absence or in the presence of 5 uM ruthenium red (RR). Mitochondria (0.4 mg/mL)
were incubated in a respiration buffer and energized with glutamate/malate (G/M). Then
increasing concentrations of Ca?* (40, 60 and 100 uM) were added in the absence or in the
presence of RR.

B: Representative experiment showing the effect of ferutinin in deenergized mitochondria.
Mitochondria (0.4mg/mL) were incubated in the presence of rotenone. At t=25 s, 60 uM Ca?*
were added. Then, increasing concentrations of ferutinin (FE) 25, 50 and 75 uM were added
in the absence or in the presence of RR.

C: Rhod2-loaded cardiomyocytes were incubated in Tyrode’s buffer for 4 min and then ferutinin
was added. Fluorescence values were obtained by averaging pixel intensities after background
substraction in an area containing 25-30 cells and were normalized as a percentage of the
initial value. Each trace represents the mean + SEM of four to seven experiments. The ordinate
of the bar graph is the value of Rhod-2 fluorescence observed at 12 min in the figure. p<0.05
versus 0 and 5 uM ferutinin.

AU: arbitrary units.

Figure 2: Effect of ferutinin on mitochondrial calcein, TMRM and propidium iodide (PI)
fluorescence in isolated adult cardiomyocytes.

Isolated adult cardiomyocytes were incubated in Tyrode’s buffer at 37 °C and co-loaded with
calcein, CoCl, and TMRM (A) or calcein, CoCl; and PI (B,C). After 5 min incubation ferutinin
or vehicle was added to the medium. Fluorescence values were obtained by averaging pixel
intensities after background substraction and were normalised as a percentage of the maximal

value. Each trace represents the mean + SEM of four to seven experiments.

Figure 3: Effect of CypD deletion and cyclosporine A on ferutinin-induced mitochondrial
calcein loss and propidium iodide fluorescence increase in mouse cardiomyocytes.

A and B: Time course of calcein (A) and propidium iodide (PI) fluorescence (B) in WT and
CypD-KO mouse cardiomyocytes after ferutinin exposure (arrow; 25 pM). Each trace

represents the mean + SEM of six experiments.
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C: CypD deletion and cyclosporine A did not prevent the effect of 12.5 uM ferutinin on calcein
loss and PI fluorescence increase. Each trace represents the mean +SEM of four to six
independent experiments and the corresponding mean times for loss of calcein and cell death

are shown in D.

Figure 4: Ferutinin induces mitochondrial swelling in isolated mouse cardiac mitochondria.

A: representative experiments and corresponding bar graphs showing swelling assessed by
measuring the absorbance of the mitochondrial suspension at 540 nm. Mitochondria (0.2
mg/mL (red curves) and 0.4 mg/mL (blue curves) were incubated in the respiration buffer
including 5 mM glutamate/malate and increasing concentrations of ferutinin (arrow) were

added at 40 s. Curves are representative of at least four independent experiments.

B: representative experiments and corresponding bar graphs showing swelling assessed as

in (A) with mitochondria (0.2 mg/ml). When used cyclosporine A (CsA, 1uM) was

. _— . #
introduced at the beginning of the experiment. *p<0.05 vs 25 uM; p<0.05 vs 50 uM.

Curves are representative of at least four independent experiments.

C: representative experiments and corresponding bar graphs comparing mitochondrial
swelling in the respiration (RB) or in a sucrose-hepes buffer (SHB). Mitochondria (0.2
mg/mL) were incubated in the respiration buffer (RB) or in a sucrose-hepes buffer
(SHB) in the presence of rotenone (1uM) and antimycin (1 pM) in order to inhibit
respiration. Ferutinin (50 pM) was added at 40 s. When used CsA (1pM) was
introduced at the beginning of the experiment. *p<0.05 versus RB.

Curves are representative of at least four independent experiments.

Figure 5: Effect of ferutinin on mitochondrial oxygen consumption and membrane potential in
isolated mouse heart.

A: Ferutinin inhibits mitochondrial oxygen consumption in a concentration-dependent
manner. State 3 (V3) and state 4 (V4) respiration rates were measured. V4 was evaluated
either after exhaustion of ADP (V4) or after addition of 1 uM of carboxyatractyloside (CAT;
V4CAT) and the corresponding respiratory control ratios (RCR and RCRCAT) were evaluated.

Each value represents the mean + S.E.M. of at least four independent experiments. p<0.05
versus 0 uM ferutinin value for V3 (8), V4(*), V4CAT (1), RCR (+) and RCRCAT #.

B: Typical experiment and corresponding bar graph showing the effect of
carboxyatractyloside (CAT) on the substrate-dependent respiration rate induced by ferutinin.

Oxygen consumption was induced by glutamate/malate. Addition of ferutinin (25 pM)
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stimulates oxygen consumption which was reversed by addition of CAT (1 uM). Oxygen
consumption rates (nmol/mL/min) are indicated in parentheses next to the curve.

Bar graph: Each value represents the mean = SEM of at least six independent preparations.

*p < 0.05 versus basal; §P < 0.05 versus respective ferutinin value.

C: Representative experiment and corresponding bar graph showing changes in
mitochondrial membrane potential (ym) recorded over time by measuring the uptake/release
of the fluorescent dye rhodamine 123. Increasing concentrations of ferutinin (6.25, 12.5,
17.5, 25 and 50 pM) were added at 140 s. FCCP (1 uM) was used for comparison. Control,
no addition. Curves are representative of at least four independent experiments. Bar graphs
represent changes in fluorescence between 100 and 200 s. *p < 0.05 versus FCCP value.
D: Typical experiment and corresponding bar graph showing the effect of
carboxyatractyloside (CAT) on the decrease in membrane potential induced by ferutinin.
Bar graph represents changes in fluorescence between the addition of FCCP or ferutinin and
the end of the experiment (200 s). Each value represents the mean + SEM of at least six
independent preparations.

*p < 0.05 versus respective ferutinin value.

Figure 6: Ferutinin modulates mitochondrial matrix alkalinization

A: Mitochondrial pHi was studied by following BCECF fluorescence. Mitochondria were
incubated in the respiration buffer until signal stabilization. Curve a: the addition of
glutamate/malate (G/M) at 50 s generated membrane potential, thus matrix alkalinization.
Addition of FCCP decreased pHi. Curve b: the addition of 1 pM rotenone from the beginning
of the experiment inhibited the effects of G/M and FCCP.

B: Effect of increasing concentrations of ferutinin on pHi. Experimental conditions were
similar to A and FCCP (1 uM) or ferutinin (6.25, 12.5, 25 and 50 uM) were added at 250 s.
C.: Effect of increasing concentrations of ferutinin on pHi in deenergized conditions.
Mitochondria were incubated in the respiration buffer in the presence of rotenone and
antimycin. After 40 s increasing concentrations of ferutinin (12.5, 25 and 50 uM) were added.
0: no ferutinin addition.

D: comparison of the effect of 50 uM ferutinin on pHi in the respiration (RB) and the sucrose-
Hepes (SHR) buffers supplemented or not with NaCl 200mM, KCI 100mM or cyclosporine A
(CsA) 1 pM.

Figure 7: Effect of ferutinin on mitochondrial potassium flux. Mitochondrial potassium was

studied by following PBFI fluorescence.
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A: Representative experiment showing the effect of increasing concentrations of ferutinin
(12.5 and 25 uM (added at 75 s) and 50 pM (added at 100s)) after energization of
mitochondria by addition of glutamate/malate (G/M). 0: no addition.

Curves are representative of at least four independent experiments.

B: Representative experiment and corresponding bar graph showing the effect of ferutinin in
deenergized conditions (without addition of substrate and in the presence of rotenone +
antimycin). After 40 s of stabilization, increasing concentrations of ferutinin (6.25, 12.5, 25,
37.5, 50 pM and 50 uM ferutinin + 1uM cyclosporine A (CsA)) were added. CsA was added
at the beginning of the experiment. Curves are representative of at least four independent
experiments. Bar graph represents changes in fluorescence between 30 and 150 s. *p < 0.05

vs control.
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Supplementary material

Opening of mitochondrial permeability transition pore in cardiomyocytes:
Is ferutinin a suitable tool for its assessment?

Juliette Bréhat, Mathieu Panel, Bijan Ghaleh, Didier Morin

INSERM U955-IMRB, team Ghaleh, UPEC, Ecole Nationale Vétérinaire d'Alfort, Créteil,
France.
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Figure S1.

Ferutinin induces mitochondrial swelling is not inhibited by EGTA and ruthenium red in
isolated mouse cardiac mitochondria. Swelling was assessed by measuring the
absorbance of the mitochondrial suspension at 540 nm. Mitochondria (0.2 mg/mL) were
incubated in the respiration buffer in the presence of rotenone (1 pM) and antimycin (1
uM). Ferutinin (50 uM) was added at 40 s. When used, EGTA (100 uM) and ruthenium
red (RR, 5 uM) were introduced at the beginning of the experiment. Control: no addition
of ferutinin. Curves are representative of at least four independent experiments.
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Figure S2.

Representative experiment showing the lack of effect of cyclosporine A on the
decrease in membrane potential induced by ferutinin. Changes in membrane potential
(p) was recorded over time by measuring the uptake/release of the fluorescent dye
rhodamine 123. Cyclosporine A (CsA, 1 uM) was added at the beginning of the
experiment and ferutinin (FE, 12.5 and 25 uM) at 140 s. Control: no addition. Curves
are representative of at least four independent experiments.



