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Abstract

Modifications of cardiolipin (CL) levels or compositions are associated with changes in
mitochondrial function in a wide range of pathologies. We have made the discovery that
acetaminophen remodels CL fatty acids composition from tetralinoleoyl to linoleoyltrioleoyl-CL, a
remodeling that is associated with decreased mitochondrial respiration. Our data show that CL
remodeling causes a shift in electron entry from complex Il to the p-oxidation electron transfer
flavoprotein quinone oxidoreductase (ETF/QOR) pathway. These data demonstrate that electron
entry in the respiratory chain is regulated by CL fatty acid composition and provide proof-of-
concept that pharmacological intervention can be used to modify CL composition.
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1. Introduction

Cardiolipin (CL) is a diphosphatidylglycerol predominantly localized and exclusively
synthesized in the mitochondria (Schlame and Haldar, 1993 and Hatch, 1998) and comprised
of two diacylglycerol phosphate residues combined with four fatty acid chains (Sparagna et
al., 2007). The presence of four acyl chains suggests a great number of combinations of fatty
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acids and therefore a wide variety of CLs. However, the fatty acid composition of CLs in a
tissue may vary depending on the species (Schlame et al., 2005), or tissue type (Han et al.,
2006), and only a few species of CLs are present in a specific tissue, organ or cell type.
Indeed, in most mammalian tissues, CLs are principally composed of 18-carbon unsaturated
acyl chains and 80% are typically linoleic acid. For example, the fatty acyl chain
composition of CLs in the mammalian heart is highly specific, being predominantly
comprised of tetralinoleoyl-CL (L4CL) (Schlame et al., 2005).

CL is localized in the inner membrane of mitochondria and has multiple roles in a wide
range of mitochondrial functions, including apoptosis, mitochondrial dynamics and
structure, and bioenergetics (Houtkooper and Vaz, 2008, Schug and Gottlieb, 2009 and Ren
et al., 2014). Due to their localization to the inner mitochondrial membrane, CLs are well
positioned to influence the electron transport chain and facilitate mitochondrial function.
CLs play a role in the organization of the electron transport chain complexes by binding with
high affinity complexes I, 11, IV and V (Eble et a/, 1990, Pfeiffer et al., 2003, Sharpley et
al., 2006 and Arnarez et al., 2013) and by stabilizing complexes and ADP/ATP carrier in
multiple supercomplexes (Beyer and Klingenberg, 1985, Zhang et a/., 2002, Claypool et al.,
2008 and Mileykovskaya and Dowhan, 2014). Moreover, the presence of cardiolipin, is
critical for optimal activity of complex | (Fry and Green, 1981 and Paradies et a/., 2002),
complex Il (Schwall et al.,, 2012), complex 111 (Fry and Green, 1981 and Gomez and
Robinson, 1999), complex 1V (Robinson, 1993) and complex V (ATP synthase) (Eble et a/,
1990). This concerted evidence indicates that CLs are a key component of the respiratory
chain.

Abnormalities in CL fatty acid composition have been reported in multiple disorders such as
pulmonary hypertension (Saini-Chohan et a/., 2011), heart failure (Sparagna et a/., 2007 and
Saini-Chohan et al., 2009), acute myocardial ischemia and reperfusion (Lesnefsky et al.,
2001 and Petrosillo et al., 2003), and both insulin- and non insulin-dependent diabetes
mellitus (Han et a/., 2005 and Han et al., 2007). These modifications of CL levels or fatty
acid composition are associated with changes in mitochondrial function (Petrosillo et al.,
2003 and Heather et al., 2010). Furthermore, restoring normal CL content protects from
myocardial ischemia and reperfusion injury (Petrosillo et al., 2003), suggesting that
modification of CL content or composition may impact susceptibility to tissue injury
associated with these pathologies. Therefore, developing molecules that modulate CL
composition could represent a novel pharmacological approach to treat multiple diseases.

In a previous study, we showed that acetaminophen (ApAP), the most widely used pain
relieving and fever reducing drug in the world, potently prevents cardiolipin oxidation
induced by both cytochrome c/hydrogen peroxide in liposomes and tBid in mitochondria
isolated from mouse liver (Yin et al,, 2012). The most abundant cardiolipin species in liver
and in other organs with high metabolic rate is tetralinoleoyl-cardiolipin (L4CL) (Han et al.,
2006). Therefore, we selected Myeloid Progenitor Cells (MPCs) for cell culture
experiments, because of their high metabolic rate and because tetralinoleoyl (L4CL) and
linoleoyltrioleoyl-CL (LO3CL) are the most abundant CL species in these cells
(Supplementary Figure S1). While performing these experiments with the MPCs, we have
made the unexpected discovery that ApAP remodels CL fatty acids from L4CL to LO3CL.
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Using ApAP as a tool, we showed that CL rearrangement is associated with decreased
mitochondrial respiration. Because CL is required for coenzyme Q electron transfer activity
(Schwall et al., 2012 and Péyry et al., 2013), we investigated the effect of ApAP-derived CL
remodeling on electron entry point in the respiratory chain. Our data shows that this
modification in mitochondrial oxygen consumption level is due to a shift in electron entry
point from complex |1 to the f-oxidation electron transfer flavoprotein quinone
oxidoreductase (ETF/QOR) pathway, which is accompanied by reduced production of
mitochondrial superoxide.

2. Methods
2.1 Myeloid Progenitor Cells (MPCs)

Hox11-immortalized MPCs were cultured in IMDM medium (Invitrogen) supplemented
with 20% FBS (Gemini), 100 U/ml penicillin-streptomycin (Gibco), 2 mM glutamine
(Gibco), 0.1 mM p-mercaptoethanol (Sigma), and 10% conditioned medium from WEHI
cells as a source of IL-3 (Zinkel et al., 2003).

To determine the effect of acetaminophen, MPCs were incubated in the presence or absence
of 100 uM of ApAP for 2 hours. At this time, cells were harvested by centrifugation at 600
rcf for 10 minutes, and pelleted cells were used for CL extraction or for isolating
mitochondria as described below.

The antioxidant effect of Vitamin C was tested by preincubating the cells for 2 hours with its
precursor Dihydroascorbate (DHA) at 200 uM. Cells were harvested as described above for
APpARP. Intracellular concentration of ascorbate was measured by HPLC according to the ion-
pairing method of Pachla and Kissinger (1979) as modified for electrochemical detection
(May et al., 1998).

2.2 Cardiolipin quantitation by liquid chromatography-electrospray ionization tandem
mass spectrometry (LC/ESI/MS/MS)

Analysis of cardiolipin content was performed as previously described (Yin et al., 2012).
Briefly, lipids were extracted from 6 x 10° cells by addition of 0.75% NaCl and
chloroform:methanol (2:1, v:v) containing 0.1 mM butyrated hydroxytoluene, 0.1 mM
triphenylphosphine, and 2.5 pg tetramyristeoyl-cardiolipin (M4CL) as an internal standard.
The organic phase was evaporated and resuspended in methanol:acetonitrile:H,0 (60:20:20,
v:v:v) and stored at —80°C until analysis. The extracted lipids were separated online by
UPLC using a Waters Acquity UPLC system (Waters) using a Phenomenex Luna C18 (150
x 2.00 mm, 5 pm) column. Analysis was performed using a Thermo Quantum Ultra triple
quadrupole mass spectrometer (Thermo Scientific) operated in negative ion mode using
selective reaction monitoring (SRM). Nitrogen was used as the sheath gas at 38 p.s.i. and the
capillary temperature was 350°C. The spray voltage was 4.5 kV and the tube lens voltage
was 100 V. Data analysis was performed using Xcalibur software, version 2.0. The following
ions were monitored in SRM: M4CL, m/z 619.6-227.2; L,CL, m/z 723.6-279.2; and LO3CL,
m/z 729.6-281.2. To quantitate the relative amounts of CL species, the area under the curve
(AUC) was determined for M4CL, L4CL, and LO3CL and the AUC of L4CL or LO3CL were
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normalized to the AUC of M4CL. We present ratio (L4CL/M4CL and LO3CL/M4CL)
because the internal standard used, M4CL, is different from the CL species measured (L4CL
and LO3CL), and therefore, the difference in ionisation and fragmentation between the
different CL species, precludes exact quantitation. However, the ratio between the internal
standard and the CL species measured is preserved in each sample, allowing accurate
determination of the L4CL/LO3CL ratio. The normalized values represent the relative
abundance of L4CL and LO3CL within each sample, and normalized values were also used
to calculate the L,CL/LO3CL ratio.

2.3 Mitochondrial Respiratory Evaluation

Mitochondrial oxygen consumption was studied using an Oroboros O2K oxygraph (High-
resolution respirometer, Oroboros Instruments). Oxygen consumption rates (OCR) were
performed in 2 x 106 MPCs placed under continuous stirring in an oxygraphic cell
containing 2 ml of culture medium at 37°C. To determine basal respiration, the average OCR
was measured over an interval of stable oxygen flux following addition of cells to the
chamber.

The different electron entry points were assessed by measuring OCR in MPCs permeabilized
by exposure to digitonin. Cells were permeabilized by the addition of digitonin (15 pg/10°
cells) in MiRO5 buffer (110 mM sucrose, 60 mM K+-lactobionate, 0.5 mM EGTA, 3 mM
MgCl,, 20 mM taurine, 10 mM KHyPQOy4, 20 mM HEPES adjusted to pH 7.1 with KOH at
37°C). The mixture was incubated for 2.5 minutes at room temperature and the digitonin
was removed by two rinses in MiRO5 buffer containing 1 g/L BSA fatty acid free. OCR
were measured in MiRO5 buffer containing BSA and supplemented with 10 mM glutamate,
4 mM malate, 2 mM malonate and 2 mM ADP (CoQ/complex 1) or with 10 mM succinate, 1
UM rotenone and 2 mM ADP (CoQ/complex Il) or with 2 mM malonate, 1 uM rotenone, 20
UM palmitoylcarnitine and 2 mM ADP (CoQ/ETF/QOR).

2.4 Mitochondrial Isolation

Mitochondria were isolated from cells as described previously (Pallotti and Lenaz, 2001).
Briefly, 6 x 10 MPCs were washed with PBS, centrifuged at 600 rcf for 10 minutes and
resuspended in isolation solution (250 mM sucrose, 20 mM HEPES-KOH, pH 7.5, 10 mM
KCI, 1.5 mM MgCL, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.1 mM PMSF).
Suspended cells were homogenized with a glass-glass dounce homogenizer with 20 passes
of the pestle. The homogenized cells were centrifuged at 750 rcf for 10 minutes at 4°C and
the supernatant was collected. The pellet was resuspended in isolation solution and
centrifuged at 750 rcf for 10 minutes at 4°C. The two resulting supernatants were pooled and
centrifuged at 10,000 rcf for 15 minutes at 4°C. The mitochondrial pellet was then
resuspended in isolation solution and kept on ice.

2.5 ATP measurements

ATP was measured using the ATP Lite luminescence assay (Perkin Elmer) following the
manufacturer’s directions. The total intracellular ATP amount was evaluated in 10 000 cells
previously treated or not with ApAP.
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The rate of ATP production by mitochondria isolated from MPCs was also monitored using
the same luciferin—luciferase system. Isolated mitochondria were placed at 37°C in MiRO5
with 10 mM glutamate and 4 mM malate. Aliquots were taken every 10 seconds after
addition of 2 mM ADP, for a total analysis time of 60 seconds.

2.6 Superoxide Evaluation

Production of mitochondrial superoxide was measured in cultured MPCs using the
fluorescent probe MitoSOX (Ex/Em: 510/580 nm, Invitrogen). Cells were incubated with 2
UM MitoSOX for 20 minutes at 37° C in CO5 incubator (Nazarewicz et al., 2013). Following
treatment with APAP or vehicle, MPCs were washed with Krebs-Hepes buffer and incubated
with 2 uM/L MitoSOX for 20 minutes. Then media was aspirated and cells were collected
with rubber policemen and transferred into methanol for extraction of superoxide specific
product of MitoSOX, 2-OH-ethydium-mitoSOX (Zielonka and Kalyanaraman, 2010).
Production of mitochondrial superoxide was measured by accumulation of OH-ethydium-
mitoSOX using HPLC analysis as previously described (Dikolova et a/., 2010).

2.7 Cardiolipin liposome preparation and treatments

To prepare cardiolipin liposomes, purified bovine heart cardiolipin (Aventi Polar Lipids) and
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Aventi Polar Lipids) were combined in
a 1:1 molar ratio and dried under argon. Lipids were then resuspended in complete culture
medium (Fig. 5A and B) or in MiRO5 supplemented with specific substrates and inhibitors,
10 mM glutamate, 4 mM malate, 2 mM malonate and 2 mM ADP (CoQ/complex I) or 10
mM succinate, 1 uM rotenone and 2 mM ADP (CoQ/complex 1) or 2 mM malonate, 1 uM
rotenone, 20 uM palmitoylcarnitine and 2 mM ADP (CoQ/ETF/QOR) (Fig. 5C, D and E).
The suspension was sonicated using a misonix ultrasonic liquid processor on a setting of 3
with two 10 second pulses.

The effect of addition of CL-liposomes on CL composition was assessed. For this purpose,
liposomes were added to cells to a final CL concentration of 125 uM (125 uM CL.:125 pM
DOPC). After 30 minutes of treatment with CL-liposomes, MPCs were washed twice with
PBS to remove excess liposomes. Mitochondria were then isolated from cells (as described
above) before lipids extraction. CL composition was measured in mitochondria isolated
from MPCs by LC/ESI/MS/MS.

The effect of cardiolipin liposomes on mitochondrial function was studied by measuring
oxygen consumption rate 45 minutes after addition of 125 pM CL:125 uM DOPC to
permeabilized cells. The direct effect of DOPC on oxygen consumption rate was determined
by treatment with 125 pM DOPC liposomes alone (Fig. 5B).

2.8 Statistical Analysis

Graphs and statistical analysis were completed using GraphPad Prism software. Data were
analyzed by a Mann-Whitney test. For all figures: For statistical analysis of multiple means
and multiple grouping parameters, a two-way ANOVA with bonferroni’s post test was used.
* =P <0.05, ** =P <0.01, *** = P <0.005, ns = non-significant and errors bars indicate
SEM.
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3. Results

3.1 Acetaminophen modifies cardiolipin fatty acid composition in mouse myeloid
progenitor cells

Using LC/ESI/MS/MS, we investigated whether ApAP could modify cardiolipin
composition and levels in intact MPCs. We observed that ApAP treatment induces major
modifications in the composition of two of them, tetralinoleoyl-CL (L4CL) and
linoleoyltrileoyl-CL (LO3CL). Treatment of MPCs with 100 uM of ApAP for 2 hours
caused increased levels of both L4CL and LO3CL (Fig. 1A and 1B). However, the L4CL/
LO3CL ratio was decreased by 53 % and was almost complete after only 30 minutes (Fig.
1C), suggesting preclusion of gene transcription. Because ApAP has weak antioxidant
properties, we assessed whether the ubiquitous antioxidant, vitamin ¢, caused similar CL
remodeling. Our results indicate that treatment of MPCs with 200 uM of the vitamin ¢
precursor DHA, increased intracellular vitamin ¢ concentration by 1.69 folds but had no
effect on CL composition, indicating that ApAP mediated-CL remodeling is not due to an
antioxidant effect (Fig. 1D).

3.2 Rearrangement of CL induced by ApAP modifies mitochondrial respiration

Cardiolipin is known to be required for normal mitochondrial function. Therefore, we
investigated the consequence of the reduction in L4CL/LO3CL ratio induced by ApAP on
mitochondrial respiration and ATP production. MPCs treated with ApAP displayed reduced
basal oxygen consumption (Fig. 2A) without affecting ATP level measured in intact cells
(Fig. 2B). We also evaluated ATP production rates in mitochondria isolated from untreated
or ApAP treated MPCs, and showed that ATP production was not altered by ApAP (Fig.
2C). Because sustained ATP production following decreased respiration could be caused by
increased efficiency of the respiratory chain, we measured superoxide levels and showed that
they were decreased concomitantly with the reduction in oxygen consumption (Fig. 2D).
Taken together, these results suggest that ApAP increases respiratory chain efficiency.

3.3 ApAP induces a shift in the electron entry point from complex Il to ETF/QOR

CLs are known to associate with respiratory complexes and facilitate their interaction with
CoQ (Schwall et al., 2012 and Poyry et al., 2013). This evidence together with our data
showing that ApAP concomitantly modified CL fatty acid composition and respiration led
us to hypothesize that the contribution of the different complexes to respiration could be
regulated by ApAP. Accordingly, we used digitonin-permeabilized cells as well as specific
electron transport chain substrates and inhibitors, in the presence of ADP as a phosphate
acceptor (Hoffman and Brookes, 2009), to determine whether ApAP affected electron entry
in the respiratory chain (Fig. 3).

Respiratory rates measured in the presence of glutamate and malate as substrates were
similar in ApAP-treated and untreated MPCs (Fig. 4A), indicating that electron entry
through complex | is not affected by acetaminophen. Conversely, when feeding electrons
into complex Il using succinate as the respiratory substrate, ApAP treatment reduced oxygen
consumption as compared with untreated cells (Fig. 4B). In contrast, MPCs treated with
ApAP displayed a significant increase in oxygen consumption rate supported by
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palmitoylcarnitine (Fig. 4C). These data indicate that ApAP affects Complex Il and ETF/
QOR-supported respiration by shifting electron entry from complex Il to the ETF/QOR
pathway.

3.4 CL fatty acid remodeling composition mediates the changes in mitochondrial oxygen
consumption

To assess whether the ApAP-induced decrease in oxygen consumption is due to the
decreased L4CL/LO3CL ratio, we modified this ratio by the addition of exogenous L4CL.
Liposomes composed of a 1:1 molar ratio of CL and the synthetic phospholipid
dioleoylphosphatidylcholine (DOPC) were added to the culture medium for 30 minutes.
Levels of L4CL after incubation with CL-liposomes were measured by LC/ESI/MS/MS in
mitochondria isolated from untreated and ApAP-treated MPCs. Following addition of
exogenous L4CL, mitochondrial levels of L4CL increased by 4 folds but those of LO3CL
were unchanged (Supplementary Figure S2 and Fig. 1). Importantly, the L4CL/LO3CL ratio
in MPCs preincubated with CL-liposomes increased to levels similar between those in
untreated and ApAP-treated MPCs (Fig. 5A). The consequential modification in L,CL/
LO3CL ratio was associated with a normalization of the mitochondrial oxygen consumption
measured in digitonin-permealibilized cells (Fig. 5B, 5C, 5D and 5E). In contrast, DOPC-
liposomes did not induce a significant change in mitochondrial oxygen consumption (Fig.
5B) demonstrating that restoration of normal respiration rate in CL-liposomes treated MPCs
is CL-dependent.

The ratio of OCR between complex Il and ETF/QOR-supported respiration decreased from
12.7 £ 2.3t0 3.3 £ 0.5 when ApAP was added (Fig. 4D). By comparison this ratio is lower
in presence of exogenous L4CL (1.7 £ 0.1 in untreated cells and 1.8 + 0.1 in ApAP-treated
MPCs, Fig. 5F). The reduction of this ratio following L4CL addition indicates that CL
modulates the electron entry point in the respiratory chain.

4. Discussion

Previous reports demonstrated that ApAP can decrease infarct size following cardiac
ischemia/reperfusion (Merrill et al., 2001, Merrill and Goldberg, 2001, Merrill, 2002, Merrill
et al., 2004 and Rork et al., 2004). The current model is that ApAP protects the heart against
myocardial infarction via inhibition of the mitochondrial permeability transition pore and
consequent cell death (Hadzimichalis et a/., 2007). However, the mechanism of action of
ApAP remains unknown. ApAP can affect mitochondrial function by modifying oxidative
stress, protein modification, apoptosis or necrosis. In this manuscript, we describe a novel
mechanism by which ApAP modifies mitochondrial function. Our data show that ApAP,
independently of an antioxidant effect, causes profound remodeling of CL fatty acid
composition, which is associated with a modification of the electron transport path in the
mitochondria. Importantly, we have found that ApAP modulates CL composition at
concentrations within the therapeutic range in humans, and we demonstrate for the first time
that a pharmaceutical agent can affect CL fatty acid remodeling. Although the molecular
pathway prior to CL remodeling still needs to be identified, our results could be explained
by enhanced CL biosynthesis, impaired CL degradation, and/or modification of acyl chain
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remodeling. Moreover, given the specific mitochondrial localization of CL and its
importance for mitochondrial morphology, this specific lipid is likely to influence the
fluidity and the mechanical stability of the mitochondrial membrane. In particular, it has
been demonstrated that CL level modulates packing of phospholipids found in the
mitochondrial inner membrane (Unsay et al., 2013 and Zeczycki et al., 2014).

Our results showing that ApAP treatment reduces superoxide generation and increases
respiration chain efficiency are in line with previous findings associating mitochondrial
reactive oxygen species with increased proton (H+) leaks in the mitochondrial membrane,
and a decrease in the respiratory control ratio. Increased proton leaks lead to enhanced state
4 oxygen consumption, indicating a compensatory increase in electron transfer which is
however associated with the increased “electron leakage” from the electron transport chain
to oxygen producing superoxide (Dikalova et a/., 2010). ApAP improves cardiolipin
composition and reduces cardiolipin oxidation (Yin et al., 2012), which reduces proton leaks
and results in improved respiratory control ratio and diminished electron leakage to
superoxide formation (Dikalova et al., 2015).

We have found that ApAP-induced reduction in basal mitochondrial respiration has no
effects on ATP production or on total cellular ATP levels. This could be explained by the
fact that MPCs, which are not undergoing significant stress or damage, do not experience
changes in the ATP demand. However, in the context of oxidative stress or mitochondrial
dysfunction, where mitochondria are not capable of supplying cells with adequate ATP,
APpAP could have a beneficial effect on the cells by improving the respiratory chain
efficiency, thus leading to decreased superoxide production and increased mitochondrial
ATP production.

Loss of CL content, CL peroxidation, and changes in the CL acyl chain composition have
been linked to a large variety of pathologies. Modifications of CL levels are associated with
mitochondrial dysfunction and can have dramatic consequences on bioenergetics. CLs
regulate mitochondrial functions through numerous mechanisms, including modification of
respiratory complexes, membrane dynamics, supercomplex stabilization, and ATP synthase
regulation. Most studies have focused on CL levels; however, recent evidence indicates that
L4CL is important for complexes | and Il activities by facilitating electron transfer through
CoQ (Schwall et al., 2012 and Poyry et al., 2013), suggesting that CL fatty acid composition
may be as important as total CL levels. In this study, we show that, in MPCs, ApAP affects
CL species differently. Indeed, ApAP leads to a 1.5 fold increase of L,CL levels but to a 3
fold increase in LO3CL levels, causing a 2 fold decrease of the L4CL/LO3CL ratio.
Moreover, our results show that L4CL affects different respiratory complexes uniquely, and
that L,CL may be used by the cells to regulate electron entry in the respiratory chain.

Mitochondrial respiration is controlled by a plethora of factors such as oxygen, ADP, and
reducing equivalents (NADH, FADH,) availabilities. Our work demonstrates for the first
time that CL fatty acid composition also affects electron entry in the respiratory chain
through complex Il and the p-oxidation electron transfer flavoprotein quinone
oxidoreductase (ETF/QOR) pathway. Our results show that addition of exogenous CL
increases L4CL levels by 4 folds. In contrast, exogenous CL does not affect levels of LO3CL
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or complex I-supported respiration. However, exogenous CL does increase complex Il-
supported respiration by 1.5 folds while increasing ETF/QOR-supported respiration by 10
folds. Taken together, these findings support our conclusion that CL fatty acid composition
modulates electron entry in the respiratory chain through complex Il and ETF/QOR.
However, our results do not determine whether exogenous CL addition prevents ApAP
modulation of the different respiratory complexes by maxing out their activities or by
restoring a L4CL/LO3CL ratio similar to untreated cells.

In conclusion, our results provide proof-of-concept that pharmacological intervention can be
used to modify CL fatty acids composition. Importantly, our work describes a novel role of
cardiolipin in regulating the electron entry in the respiratory chain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

e Acetaminophen causes remodeling of cardiolipin fatty acid side chains
«  Cardiolipin fatty acids composition modulates respiration chain efficiency

» Cardiolipin fatty acids composition regulates electron entry in the respiratory

chain

» Cardiolipin fatty acids composition can be modified pharmacologically
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Figure 1. ApAP modifies cardiolipin composition in MPCs
L4CL (A) and LO3CL (B) levels and L4CL/LO3CL ratio (C) measured in untreated MPCs

and in MPCs treated with 100 pM of ApAP for 2 hours or for indicated time (n=6) or with
200 uM of DHA for 2 hours (D) (n=3). L4CL and LO3CL levels are expressed as the ratio to
the internal standard, M4CL. Statistical significance was analyzed by Mann-Whitney test
(error bars indicate SEM).
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Figure 2. ApAP decreases mitochondrial respiration in MPCs without altering ATP production
Oxygen consumption rate (A) and ATP level (B) in untreated MPCs and in MPCs treated

with 100 uM of ApAP for 2 hours (n=6). ATP production by mitochondria isolated from
untreated and treated MPCs (C) (n=3). Superoxide concentration (D) measured in untreated
MPCs and in MPCs treated with 100 uM of ApAP for 2 hours using fluorescent dyes
(MitoSox) (n=7). Statistical significance was analyzed by Mann-Whitney test (error bars

indicate SEM).
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Figure 3.
Electron transport chain in the mitochondria showing the 3 electron entry points at complex

I (1), complex Il (2) and the ETF/QOR complex (3) (modified from Hoffman and Brookes,
2009).
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Figure 4. ApAP shifts electron entry point from complex Il to ETF/QOR in MPCs
The different electron entry points were assessed by measuring oxygen consumption rate in

MiIRO5 supplemented with 2 mM of ADP and specifics substrates and inhibitors. O,
consumption rate evaluated in untreated permeabilized MPCs and in permeabilized MPCs
treated with 100 uM of ApAP for 2 hours incubated in presence of 10 mM glutamate, 5 mM
malate and 2 mM malonate (A) or in presence of 10 mM succinate and 1 uM rotenone (B) or
in presence of 2 mM malonate, 1 M rotenone and 20 pM palmitoylcarnitine (C). Ratio
between complex Il and ETF/QOR-supported respiration measured in untreated MPCs and
in MPCs treated with 100 uM of ApAP for 2 hours (D). Statistical significance was analyzed
by Mann-Whitney test (n=4, error bars indicate SEM).
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Figure 5. Addition of CL prevents modifications of oxygen consumption induced by ApAP
Mitochondrial L4CL/LO3CL ratio measured in untreated MPCs and in MPCs treated with

100 pM of ApAP for 2 hours preincubated with CL:DOPC liposomes (A). Oxygen
consumption rate in permeabilized MPCs treated or not with 100 uM of ApAP for 2 hours
before and after 45 minutes treatment with CL:DOPC liposomes or DOPC liposomes (n=4)
(B). O, consumption rates evaluated in untreated MPCs and in MPCs treated with 100 pM
of ApAP for 2 hours after 45 minutes of treatment with CL-liposomes in presence of 10 mM
glutamate, 5 mM malate and 2 mM malonate (C) or in presence of 10 mM succinate and 1
UM rotenone (D) or in presence of 2 mM malonate, 1 uM rotenone and 20 pM
palmitoylcarnitine (E) (n=5). Ratio between complex Il and ETF/QOR-supported respiration
measured in untreated MPCs and in MPCs treated with 100 pM of ApAP for 2 hours after
45 minutes treatment with CL:DOPC liposomes (F).Statistical significance was analyzed by
Mann-Whitney test (error bars indicate SEM).
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