ISSN 0006-2979, Biochemistry (Moscow), 2014, Vol. 79, No. 10, pp. 1081-1100. © Pleiades Publishing, Ltd., 2014.
Published in Russian in Biokhimiya, 2014, Vol. 79, No. 10, pp. 1332-1354.

Prevention of Peroxidation of Cardiolipin Liposomes
by Quinol-Based Antioxidants

A. V. Lokhmatikov'%, N. E. Voskoboynikova', D. A. Cherepanov®,
N. V. Sumbatyan*, G. A. Korshunova®, M. V. Skulachev®,
H.-J. Steinhoff!, V. P. Skulachev?®, and A. Y. Mulkidjanian'->3*

School of Physics, University of Osnabruck, D-49069 Osnabruck, Germany; E-mail: amulkid @uni-osnabrueck.de
2School of Bioengineering and Bioinformatics, Lomonosov Moscow State University, 119991 Moscow, Russia
3Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences,

Leninsky pr. 31, 119991 Moscow, Russia
“School of Chemistry, Lomonosov Moscow State University, 119991 Moscow, Russia
3Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University, 119991 Moscow, Russia
®Institute of Mitoengineering, Lomonosov Moscow State University, 119991 Moscow, Russia

Received March 11, 2014
Revision received May 28, 2014

Abstract—In mammalian mitochondria, cardiolipin molecules are the primary targets of oxidation by reactive oxygen
species. The interaction of oxidized cardiolipin molecules with the constituents of the apoptotic cascade may lead to cell
death. In the present study, we compared the effects of quinol-containing synthetic and natural amphiphilic antioxidants on
cardiolipin peroxidation in a model system (liposomes of bovine cardiolipin). We found that both natural ubiquinol and syn-
thetic antioxidants, even being introduced in micro- and submicromolar concentrations, fully protected the liposomal car-
diolipin from peroxidation. The duration of their action, however, varied; it increased with the presence of either methoxy
groups of ubiquinol or additional reduced redox groups (in the cases of rhodamine and berberine derivates). The concen-
tration of ubiquinol in the mitochondrial membrane substantially exceeds the concentrations of antioxidants we used and
would seem to fully prevent peroxidation of membrane cardiolipin. In fact, this does not happen: cardiolipin in mitochon-
dria is oxidized, and this process can be blocked by amphiphilic cationic antioxidants (Y. N. Antonenko et al. (2008)
Biochemistry (Moscow), 73, 1273-1287). We suppose that a fraction of mitochondrial cardiolipin could not be protected by
natural ubiquinol; in vivo, peroxidation most likely threatens those cardiolipin molecules that, being bound within com-
plexes of membrane proteins, are inaccessible to the bulky hydrophobic ubiquinol molecules diffusing in the lipid bilayer of
the inner mitochondrial membrane. The ability to protect these occluded cardiolipin molecules from peroxidation may
explain the beneficial therapeutic action of cationic antioxidants, which accumulate electrophoretically within mitochon-
dria under the action of membrane potential.
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Organisms that dwell in oxic environments constant-
ly encounter the problem of neutralizing reactive oxygen
species (ROS) that can form upon metabolic reactions
[1]. The ROS include such products of partial reduction

of oxygen as superoxide anion (O%) and hydrogen perox-
ide (H,0,) [2, 3]. The most devastating are hydroxyl rad-
icals (OH") formed upon the metal-catalyzed cleavage of
hydrogen peroxide; the rate of oxidation of organic mol-

Abbreviations: AAPH, 2,2'-azobis(2-aminopropane)dihydrochloride; BHT, 2,6-di-tert-butyl-4-methylphenol; CL, cardiolipin;
C11-BODIPY 581/591, 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid; decPQH,,
decylplastoquinol; decUQH,, decylubiquinol; HPMC, 6-hydroxy-2,2,5,7,8-pentamethylbenzochroman; MeO-AMVN, 2,2'-azo-
bis(4-methoxy-2,4-dimethylvaleronitryl); MitoQH,, 10-(2,3-dimethoxy-5-methyl-1,4-benzoquinonyl-6)decyltriphenylphospho-
nium; ML, methyl linoleate; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; POPG, 1-palmitoyl-2-oleoylphosphatidylglycerol;
Q¢H,, ubiquinol-6; Q,,H,, ubiquinol-10; ROS, reactive oxygen species; SkQ, compounds composed of penetrating cation and
quinone; SkQH,, reduced (quinol) forms of SkQ; SkQ1H,, 10-(plastoquinonyl-6)decyltriphenylphosphonium; SkQ3H,, 10-
(methylplastoquinonyl-6)decyltriphenylphosphonium; SkQBerbH,, 13-[9-(6-plastoquinonyl)nonyloxycarbonylmethyl]dihydrober-
berine; SKQT1H,, 10-(p-toluquinonyl)decyltriphenylphosphonium; SkQR1H,, 10-(plastoquinonyl-6)decyldihydrorhodamine 19.
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ecules by such radicals is limited only by the diffusion
rate. ROS may damage key components of the cell
including membrane lipids (Fig. 1) and DNA molecules
[1] and lead to cell death and tissue degradation [3-5].
Therefore, the increase in ROS level in the cell serves as
one of the main signals for apoptosis — programmed cell
death — aimed at eliminating cells incapable of normal
metabolism [6-8].

Mitochondria are the primary source of ROS in
eukaryotic organisms [1]. About 2% of the oxygen mole-
cules that are consumed by mitochondria under physio-
logical conditions are converted to ROS as a result of one-
electron reduction [9]. The main producers of mitochon-
drial ROS are the proton-pumping NADH:ubiquinol oxi-
doreductase (complex I) and the ubiquinol:cytochrome ¢
oxidoreductase (cytochrome bc; complex, complex III)
[10-15]. However, complex I produces ROS under condi-
tions of reverse electron flow (from ubiquinol to NAD™)
[16-18]. In contrast, complex III generates ROS under
conditions of “direct” electron flow, upon ubiquinol oxi-
dation. This oxidation occurs in two steps and involves
formation of an anionic ubisemiquinone radical, which is
capable of one-electron reduction of oxygen to superoxide
in a side reaction [19, 20].

Accumulation of ROS in the cell can be prevented by
mitochondria-targeted antioxidants. Studies on such sub-
stances are being performed in several groups [21-29].
For example, at the Lomonosov Moscow State University
antioxidants of this kind have been developed on the basis
of penetrating cations [30]. Such cations, termed
“Skulachev ions” by D. Green [31], penetrate through
biological membranes in the charged state and distribute
according to the transmembrane difference of electrical
potentials [32, 33]. Due to the ability to selectively accu-
mulate in energized mitochondria, which are charged
negatively relatively to the cell cytoplasm, such com-
pounds can be used as “locomotives” for delivery of drugs
into mitochondria [34, 35]. So far, we have synthesized
and tested a series of mitochondria-targeted antioxidants
that feature constructs comprised of a penetrating cation
and an antioxidant, usually a quinol group, separated by a
C-10 linker, which is reflected in the title name of the
whole lineage of preparations — SkQ ions, i.e. conjugates
of penetrating Skulachev ions (Sk) and quinols (Q) [36-
38]. Initially, a triphenylphosphonium group was used as
the penetrating cation [32, 33]. Later, other compounds
were also used as penetrating cations, both of synthetic
(rhodamine 19 in the case of SKQR1) [36] and of natural
(berberine in the case of SkQBerb) [39] origin.

The plastoquinol (2,3-dimethyl-1,4-benzoquinol)
group or its analogs have been routinely used as antioxi-
dants in SkQ ions. The reduced quinol form of an SkQ
ion (SkQH,) is a typical chain-breaking antioxidant. The
partition coefficient for SkQ1 in the “octanol—water”
system is about 10,000 [40-42], so such ions specifically
accumulate in the lipid bilayer, protecting its components
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from oxidation. In mitochondria, SkQH, ions act as
renewable antioxidants since they can be constantly
“recharged” by the respiratory chain [36, 37, 40, 43].

The investigations of SkQ ions have shown their abil-
ity to protect cells in culture from ROS-induced apopto-
sis and, particularly, to prevent the fragmentation of
mitochondria [36, 37, 39, 42, 44-51]. In vivo, several
cases of prevention of the symptoms of cardiovascular
[52], tumor [53], and ocular [54] diseases were reported;
in addition, SkQ ions increased the life span of many
organisms including mice [55].

The main targets for antioxidants in the inner mito-
chondrial membrane are seemingly cardiolipin molecules
[40, 56], which are composed of two phosphatidylglycerol
residues linked together by an additional glycerol mole-
cule via the phosphate groups (Fig. 1). Cardiolipin that is
derived from mammalian muscles contains mostly linole-
ic acid esters (18:2) (Fig. 1) with two unsaturated bonds
[57]. In brain cells the composition is more diverse, with
increasing ratio of polyunsaturated fatty acids such as
arachidonic (20:4) and docosahexaenoic (22:6) acids [29,
58]. The presence of multiple unsaturated bonds makes
cardiolipin molecules perfect targets for ROS. Due to
their enhanced oxidizability, cardiolipin molecules are
considered to be the key players during the initial phases
of apoptosis [59, 60]. In particular, one of the important
stages in the apoptotic mechanism is the release of
cytochrome ¢ molecules from mitochondria and their
interaction with molecules of apoptotic protease-activat-
ing factor 1 (Apaf-1). The oxidation of cardiolipin was
shown to precede the release of cytochrome ¢ to the cyto-
plasm, and the interaction of oxidized cardiolipin with
cytochrome ¢ was shown to lead to partial denaturation of
the latter and to activation of peroxidase activity of the
heme of cytochrome ¢ [56, 61, 62].

Since cardiolipin is the first lipid that is oxidized
under oxidative stress [29, 37, 40], protection of cardio-
lipin molecules from oxidation should protect also all the
other compounds of the mitochondrial membrane from
oxidation by ROS. Therefore, in parallel with studies on
the influence of quinol-based mitochondria-targeted
antioxidants on cardiolipin oxidation [30, 37], other
approaches towards preventing the peroxidation of car-
diolipin have been tested. Specifically, phenolic antioxi-
dants, such as propofol [63] or nitroxyl radical-based
antioxidants [24-26] were shown to prevent cardiolipin
oxidation. Hemigramicidin S was used for directed deliv-
ery of antioxidants into mitochondria [27-29]. In addi-
tion, possibilities for blocking the interaction of the
cytochrome ¢ heme with cardiolipin molecules were
exploited [64]. A review of different approaches can be
found in [65].

In sum, both the mechanisms of cardiolipin peroxi-
dation and its quenching by antioxidants are worth inves-
tigating. However, in comparison with the numerous
studies of cardiolipin oxidation in isolated mitochondria
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Fig. 1. Scheme of a chain peroxidation reaction of lipid polyunsaturated fatty acid on the example of tetralinoleylcardiolipin. Peroxyl radical
(ROO"), which may belong to other lipid molecule or have another origin (for instance, hydrogen peroxide), attacks the hydrogen atom at the
bis-allylic carbon atom of the fatty acid resulting in a formation of a conjugated radical n-system on the fatty acid comprised of five carbon
atoms. Addition of an oxygen molecule yields a peroxyl radical, whereas the configuration of the double bonds rearranges into the form of a
conjugated diene. The newly formed peroxyl radical is able to attack a new substrate (LH) via the chain mechanism. The hydrophilic perox-
ide group of cardiolipin can then move towards the membrane surface (dashed line), interact with the heme-binding cleft of cytochrome ¢
and contribute to the partial denaturation of the latter and to activation of peroxidase activity of the heme of cytochrome ¢ [56, 61].

or in vivo, there are only a few studies of cardiolipin oxi-
dation in chemical model systems, and their results are
contradictory. Particularly, the monitoring of Fe**-
induced peroxidation of asolectin liposomes by the fluo-
rescent probe C11-BODIPY revealed that the addition of
0.5 uM SkQ1H, almost completely quenched the fluores-
cence response of the probe, while introduction of oxi-
dized SkQ1 had no effect on peroxidation [66]. However,
when peroxidation within micelles that were built of
Triton X-100 and methyl linoleate was induced by AAPH
(2,2'-azobis(2-aminopropane)dihydrochloride) and was
followed polarographically, addition of SkQ1H, only par-
tially prevented the consumption of oxygen; the reactivi-
ty of SkKQ1H, in these experiments exceeded the reactivi-
ty of the respective ubiquinol derivative MitoQH, by a
factor of four [66]. Similar partial inhibition of oxygen
consumption by SkQ1H, ions was observed in experi-
ments with micelles that were built of Triton X-100 and
cardiolipin [67].

Comparison of studies on inhibition of cardiolipin
oxidation in micelles by SkQ1H, ions and a water-soluble
analog of vitamin E, HPMC (6-hydroxy-2,2,5,7,8-pen-
tamethylbenzochroman), respectively, revealed that oxy-
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gen consumption was much higher in the presence of
SkQH, ions [67, 68]. This might indicate that SKQH,
ions, contrary to HPMC, were not fully inhibiting oxida-
tion of cardiolipin in the Triton X-100 micelles. As the
hydrophobic antioxidant BHT (2,6-di-tert-butyl-4-
methylphenol), similarly to SkQ1H,, only partially sup-
pressed oxygen consumption during AAPH-induced car-
diolipin oxidation in Triton X-100 micelles [68], the mol-
ecules of water-soluble HPMC, most likely, prevented the
initiation of peroxidation in micelles by “catching” radi-
cals of the water-soluble initiator AAPH, as formed out-
side micelles, more efficiently than the more hydrophobic
molecules of SKQH, and BHT. Incomplete inhibition of
peroxidation by SkQH, ions in model micellar systems
[66-68] is in a certain contradiction both with the C11-
BODIPY fluorescence data and in vivo and in situ data on
protection of cardiolipin from oxidation by SkQH, ions
[37, 40] and other mitochondria-targeted antioxidants
[21, 24, 26, 69].

The above-mentioned discrepancies in the data
obtained on model systems together with unique role of
cardiolipin in mitochondria necessitated studying cardio-
lipin peroxidation and the effect of mitochondria-target-
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ed antioxidants on this oxidation in a simple model sys-
tem. Here we have monitored the peroxidation in lipo-
somes made of pure cardiolipin and have studied the
impact of quinol-containing antioxidants on this process.
To be more accurate in analyzing the effect of the
lipophilic ions, we followed the peroxidation reaction not
by oxygen consumption, but by following conjugated
dienes formed during the reaction of lipid peroxidation.
We showed that quinol-based antioxidants, in micro- and
even submicromolar concentrations, fully protected the
liposomal cardiolipin from peroxidation by functioning as
chain-breaking antioxidants. The duration of their
action, differed however, increasing substantially in pres-
ence of a ubiquinol methoxy group, as well as additional
reduced redox groups (in cases of rhodamine and berber-
ine derivates). We propose that the therapeutic action of
SkQ ions and, perhaps, other mitochondria-targeted
antioxidants can be explained by their ability to specifi-
cally protect from oxidation the cardiolipin molecules
bound within membrane protein complexes.

MATERIALS AND METHODS

Chemicals and equipment. Cardiolipin (CL) from
bovine heart, 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC), 1-palmitoyl-2-oleoylphosphatidylglycerol (POPG),
and yeast ubiquinone-6 (Q,) were obtained from Avanti
Polar Lipids Inc. (USA). The phospholipids were pur-
chased in the form of lyophilized powder. Chemicals for
buffer solutions were from Sigma-Aldrich (USA) or Roth
(Germany). Azo initiator 2,2'-azobis(4-methoxy-2,4-
dimethylvaleronitryl) (MeO-AMVN) was from Wako
Pure Chemical Industries (Japan). Decylplastoquinone
(decPQ), decylubiquinone (decUQ), 5(6)-carboxyfluo-
rescein, and Triton X-100 were from Sigma-Aldrich, and
sodium borohydride from Roth. The substances from the
“Skulachev ions” lineage were synthesized as described
earlier [36, 39, 51].

Preparation of liposomes. Lipids in the form of
lyophilized powder were taken as a starting material. The
dry lipids were weighted and suspended in 50 mM sodium
phosphate buffer (pH 7.4) containing 100 uM diethyltri-
aminopentaacetic acid, a chelator of heavy metals. The
final concentration of lipids in the suspension was usual-
ly 3 mg/ml. After adding the pH buffer to the sample tube
containing the lipid, the suspension was intensively mixed
for 3-5 min until homogeneity. Liposomes were obtained
with a mini-extruder equipped with two syringes (Avanti),
each of 1 ml volume, and a membrane with pore diame-
ter of 100 nm (Avanti). The suspension was passed
through the membrane 19 times. The liposome samples
were stored on ice until use within the same day.

Measuring particle size distribution. The size of the
particles in a liposome suspension was measured by
dynamic light scattering using a Zen 3600 Zetasizer
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device (Malvern Instruments Ltd, UK). The final con-
centration of cardiolipin during the measurement was 50-
100 uM. Size distribution was obtained by averaging the
results of three experiments.

Transmission electron microscopy. For visualization
by transmission electron microscopy (TEM), 5-ul sam-
ples of liposomes containing 3 mg/ml of cardiolipin were
placed for 2 min on copper grids with single mesh covered
by formvar (Agar Scientific, UK). Excess surface water
was removed from the grid with filter paper, and then the
grid was air-dried. Electron micrographs were recorded
with a Zeiss EM 902 A transmission electron microscope
(Carl Zeiss, Germany) operating at 50 kV.

Checking of liposome integrity. Cardiolipin lipo-
somes were investigated for integrity by the carboxyfluo-
rescein release method [70]. Liposomes were prepared in
a sodium phosphate buffer, pH 7.4, that contained
100 uM diethyltriaminopentaacetic acid and 100 mM
5(6)-carboxyfluorescein. After extrusion, the external
carboxyfluorescein was removed by passage through a
Sephadex G-25M PD-10 column (Pharmacia, Sweden).
The liposomes were diluted to lipid concentration
1.5 mg/ml and placed into an LS 55 spectrofluorimeter
(Perkin Elmer, USA). The measurement was performed
at excitation and emission wavelengths of 430 and
520 nm, respectively. The release of carboxyfluorescein
was induced by addition of 0.3% Triton X-100 to the lipo-
some suspension.

Preparation of reduced quinol-containing antioxi-
dants. Before use, the quinol-based antioxidants were
reduced by intensive mixing of the stock solution (usually
at 1 mM) with 2-3 mg of dry sodium borohydride for
1 min. Then a small amount (5-10 pl) of fuming
hydrochloric acid was added to the solution to eliminate
the reductant. After the pH value of the solution was
brought to approximately 3.0, sodium borate was removed
by two consecutive centrifugations at 15,800g for 10 min
each (at 4°C). This procedure leads to full reduction of
quinone groups [67]. The reduced preparations were
stored at —80°C. The concentration of the antioxidants
was determined spectrophotometrically by absorbance at
290 nm. The following extinction coefficients were used:
4140 M~'cm™! for ubiquinol-containing substances, and
3540 M~'cm™ for antioxidants based on plastoquinol,
methylplastoquinol, or toluquinol [71]. The structures of
the reduced forms of antioxidants are shown in Fig. 2.

Initiating oxidation of cardiolipin in liposomes and
investigating effect of antioxidants. For initiation of the
chain peroxidation reaction, the hydrophobic azo initia-
tor MeO-AMVN was used [72]. The azo initiator in the
form of an ethanol solution was added to a liposome sus-
pension with the total amount of introduced ethanol not
exceeding 1% of the sample volume. Quinols used as
antioxidants were routinely added to the liposomes as
ethanol solutions 30 min after starting the peroxidation by
the azo initiator.

BIOCHEMISTRY (Moscow) Vol. 79 No. 10 2014
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Fig. 2. Structures of the quinol forms of the antioxidants used in the study. In the cases of SkQBerbH, and SkQR1H,, the structures show not
only the reduced quinone moieties, but also reduced berberine and rhodamine groups, respectively. In the experiments on biological systems,
the reduction of quinol groups is not accompanied by the reduction of the low-potential berberine or rhodamine moieties, so that the mole-

cules remain positively charged independently of the redox state of the quinone group [44, 121].

The UV- and visible spectra were measured with a UV-
2450 spectrophotometer (Shimadzu, Japan). The investigat-
ed suspension was incubated in a 3-ml quartz cuvette in a
thermostatted cell holder. The optical absorbance of the
sample was measured in comparison to the reference
cuvette, to which all the components were added successive-
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ly, except for the azo initiator solution, which was replaced
by a same volume of ethanol. Oxidation of cardiolipin in the
liposomes was monitored by tracing the accumulation of
conjugated dienes in the fatty acid “tails” of cardiolipin. The
formation of conjugated dienes was followed by measuring
the absorbance in the UV region where conjugated dienes
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show a broad peak with maximum at 234 nm (with molar
extinction coefficient of 28,000 M~!-cm™ [73]).

RESULTS

Characterization of cardiolipin liposomes. Suspen-
sions of cardiolipin liposomes obtained by extrusion were
investigated by electron microscopy, which demonstrated
the presence of round particles with thin walls about
100 nm in diameter (Fig. 3, a and b). These images indi-
cated that the extrusion performed on a cardiolipin sus-
pension resulted in formation of liposomal structures.

The dynamic light scattering method, which allows
recording particle size distribution in a suspension (Fig.
3c), showed that the diameter of the resulting liposomes,
90 nm on average, corresponded to the filters used during
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extrusion with a pore diameter of 100 nm. Upon addition
of the azo initiator MeO-AMVN to the liposomes, the
average liposome size remained unchanged, which indi-
cated the absence of any influence of the initiator on the
structure of the particles (Fig. 3c).

The standard carboxyfluorescein release test was used
for checking liposome integrity [70, 74]. Liposomes were
prepared in a buffer with high carboxyfluorescein concen-
tration, and then the dye was removed from the external
medium by gel chromatography. At carboxyfluorescein
concentration of 100 mM, the fluorescence of the dye was
low because of self-quenching. Fluorescence intensity was
not increasing with time, which indicated that liposomes
were impermeable for the dye. The addition of Triton X-
100 detergent disrupted the membrane structures and led
to the increase in fluorescence signal in the sample due to
dilution of the carboxyfluorescein (Fig. 3d).
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Fig. 3. Characterization of particles obtained by extrusion of a cardiolipin (CL) suspension. a, b) Electron micrographs of liposomes. c)
Distribution of particle volumes as a function of their sizes as measured by dynamic light scattering. d) Fluorescence of 100 mM of 5(6)-car-
boxyfluorescein restricted in liposomes of cardiolipin (100 pM) before and after addition of 0.3% Triton X-100. Excitation and emission wave-

length were 430 and 520 nm, respectively.
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Monitoring of cardiolipin oxidation in liposomes. We
followed the oxidation of cardiolipin in liposomes by
measuring the formation of conjugated dienes according
to the mechanism depicted in Fig. 1. The peroxidation of
cardiolipin was initiated by the hydrophobic azo initiator
MeO-AMVN [72]. As depicted in Fig. 4, the azo initia-
tor decays spontaneously at a constant rate forming two
carbon-centered radicals (R") that further react with
oxygen at a diffusion-limited rate to give peroxyl radicals
(ROO"), which can then propagate in a chain reaction
(Figs. 1 and 4). A formed ROO " radical attacks a hydro-
gen atom at the bis-allylic (i.e. adjacent to two double
bonds) carbon atom (LH) yielding a lipid radical L", as
shown in Figs. 1 and 4. The lipid radical L" interacts with
an oxygen molecule to form a peroxide radical LOO",
which could turn into a peroxide group LOOH after
abstracting a hydrogen atom from another lipid molecule
and producing thus a further radical L"; in this way the
classical peroxidation chain reaction is launched [75,
76]. As a rule, after several dozens of oxidation cycles, a
termination of the reaction occurs due to collision of two
radical products. Figure 4 shows that the propagation of
a chain reaction can be inhibited by an antioxidant pres-
ent in the chemical system. In particular, antioxidants
that possess quinol group(s) (QH,) interact with LOO"
and ROO" radicals much faster than lipid molecules,
breaking thus the chain reaction. For polyunsaturated
linolenic acid, the rate constant of radical formation is
60 M~!s7!, whereas the quinol groups interact with per-
oxides much faster, with a rate constant of about
10> M~1s7! [75-77]. One-electron oxidation of a quinol
QH, yields a semiquinone radical Q(H) " which, depend-
ing on pH value, can exist either as a protonated radical
(QH") or as an anion-radical (Q 7). A semiquinone rad-
ical can, in principle, quench another peroxide radical of
lipid or of initiator, being oxidized to quinone Q, if it
does not lose its electron beforehand as a result of inter-
action with an oxygen molecule [76]. The possible con-
versions of a semiquinone radical are described by the
following reactions.

Quenching of a lipid radical:

QH" + LOO" > Q + LOOH;
Quenching of an initiator radical:

QH" + ROO"— Q + ROOH;
Disproportionation of semiquinones:

2QH — Q + QH,;

Interaction with oxygen:

QH +0,»>Q+ O; + H".
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Fig. 4. Scheme of chemical processes that occur upon azo com-
pound-induced initiation of a chain radical reaction of lipid
polyunsaturated fatty acid moieties in the presence of an inhibitor
of quinol nature according to [75]. The main stages of the process
are indicated by respective rate constants: R;, rate constant of
thermal decay of the initiator; &, rate constant of interaction of a

carbon-centered radical with oxygen; k,, chain propagation rate

constant; k;,,, rate constant of interaction of a peroxyl radical
with a quinol.

It is noteworthy that in the studied model system the
interactions between azo initiator radicals and molecules
of amphiphilic quinols should have occurred both in the
lipid and water phases of the sample. However, the molar
concentrations of both quinols and azo initiator, due to
their high affinity to the lipid phase, should have differed
in water and membrane phases by several orders of mag-
nitude.

In Fig. 5a, the results of the control measurements
are presented, where the UV-spectra of the liposome sus-
pension of cardiolipin (100 uM) were recorded each
5 min after the addition of 50 pM MeO-AMVN at 40°C.
The absorbance increase at 234 nm reflected the forma-
tion of conjugated dienes as primary products of peroxi-
dation (Fig. 1). The chosen method of generation of per-
oxyl radicals, as follows from the presented data, led to a
linear increase in absorbance at 234 nm, which reflected
accumulation of conjugated dienes with a constant rate.
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For the experimental investigation of the properties of
antioxidants, we first had to select an optimal reaction
rate. Too slow oxidation would lead to a low signal-to-
noise ratio upon measuring the absorbance of conjugated
dienes, whereas too fast oxidation would quickly lead to
large values of optical absorbance at 234 nm, exceeding
the limit of linearity of the spectrophotometer. To choose
the optimal conditions, the experiments were made at
various temperatures and concentrations of MeO-
AMVN. Based on the measured data at three different
temperatures (Fig. 5b), the average rates of increase in
absorbance at 234 nm (A4,3) were calculated and then
plotted in Arrhenius coordinates 1/T — In(1/k) (Fig. 5¢).
Using the Arrhenius equation, the effective activation
energy of oxidation of liposomal cardiolipin in our model
system was calculated as approximately 73 kJ/mol.

a
0-457 — O min
0-401 40°C - - 5min
0.351 + 10 min
o 0.30 1 —+= 15 min
(@]
S 0.254 =+ 20 min
o
§ 0.20 1 === 25 min
2 o154 .0 -y 30 min
] -== 35 min
0.10 — 40 min
0.05-:‘ SN
O T T T T - T =
210 220 230 240 250 260 270 280 290 300
Wavelength, nm
C
5.2' 35°C
5.0 1
. 4.81
< 40°C
c 4.67
4.4 A
1 45°C
4.2 1
0.00316 0.00320 0.00324
1/T, K

LOKHMATIKOV et al.

The experimental conditions for the further experi-
ments were chosen so that (1) the temperature would be
close to physiological and (2) the concentration of the
initiator would not be too high, so that the contribution of
the absorption of the initiator in the UV range and its pos-
sible destabilizing effect on the liposomes would be avoid-
ed. After performing experiments under different condi-
tions, we chose the following parameters as standard con-
ditions: cardiolipin concentration of 100 pM, initiator
concentration of 50 uM, and temperature of 40°C; the
lipid oxidation experiments described below were usually
performed under these conditions.

In the simplest case, the rate of product formation in
the net reaction described by the equations above is pro-
portional to the concentration of the substrate (hydrogen
atom of the bis-allylic group) [75, 78]. We compared for-
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Fig. 5. Oxidation of cardiolipin in liposomes in response to the addition of MeO-AMVN. Determination of temperature and concentration
dependences. a) Absorbance spectra as measured when the oxidation of 100 uM of liposomes made of pure cardiolipin was initiated by the
addition of 50 uM of MeO-AMVN at 40°C. b) Changes in the absorbance at 234 nm with time on oxidation of liposomal cardiolipin (for con-
ditions see Fig. 5a) as measured at temperatures of 35, 40, and 45°C. c) The rate of 4,4 increase (k) as function of temperature (7). The trend
line was used to calculate the effective activation energy. d) Oxidation of cardiolipin in liposomes of mixed content (POPC + CL, filled
squares) and in liposomes of pure CL (unfilled squares). The values of the 4,3, increase rate per minute are given as a function of the final con-

centration of CL in the sample.
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mation of conjugated dienes in liposomes made of pure
cardiolipin and of a mixture of CL and POPC, respec-
tively. The POPC contained no polyunsaturated fatty acid
residues, and thus could not be a target for peroxidation.

To elucidate the dependence of the reaction rate on
the cardiolipin concentration in the sample, we performed
two series of measurements. In the first case, the lipo-
somes were prepared of pure cardiolipin with various final
lipid concentrations from 10 to 100 uM (or from 15 to
150 pg of cardiolipin per ml). In concurrent experiments,
the same amount of cardiolipin was mixed with POPC at
different ratios to yield the same resulting final concentra-
tions of cardiolipin as in the first series of experiments.
The total concentration of lipid in the mixture of CL and
POPC was 150 pg/ml. With these samples, we measured
the increase in absorbance at 234 nm (after the addition of
MeO-AMVN) as a function of time; for the time interval
from 5 to 30 min after the addition, we plotted a linear
regression and determined the rate of A,;, increase per
minute. The comparison of the rates, which were propor-
tional to the rates of conjugated dienes formation, is made
in Fig. 5d. The two dependences nearly matched; appar-
ently, the rate of conjugated diene formation in liposomes
depended only on CL amount, and dilution of cardiolipin
by the inert lipid up to 10-fold had no effect on the perox-
idation rate within the membrane (Fig. 5d).

Testing effect of antioxidants on cardiolipin peroxida-
tion in liposomes. After selecting the optimal temperature
and concentration of initiator (40°C, 50 uM MeO-
AMVN), we tested substances from the SkQ lineage for
their ability to prevent oxidation of cardiolipin molecules
in the liposomal membranes. The studied substances dif-
fered in the structures of the penetrating group (tri-
phenylphosphonium, berberine, or rhodamine 19) and in
the side groups of the quinol moiety (Fig. 2).

Figure 6a contains the absorption spectra in the UV
region for a typical experiment where peroxidation was
initiated by MeO-AMVN and an antioxidant (I uM
SkQ1H,) was added 30 min later. The addition of the ini-
tiator led to the appearance of the steadily growing char-
acteristic absorbance peak with maximum at 234 nm.
Immediately after the addition of SkQ1H,, the growth of
the 234 nm signal stopped, but resumed after a certain
time. The moment when the formation of conjugated
dienes resumed probably represented the full oxidation of
the quinol form of the antioxidant to quinone form
(SkQ1). Thus, SKQ1H, quenched peroxyl radicals in the
system and protected cardiolipin from oxidation. Even at
a concentration of 1 uM, SkQ1H, completely prevented
the formation of conjugated dienes for approximately 1 h
(Fig. 6, aand b).

With SkQIH,, we studied the dependence of the
kinetics of cardiolipin oxidation on the amount of the
antioxidant added. The results are shown in Fig. 6b. As
follows from the kinetic curves, larger amount of antioxi-
dant prolonged the lag phase that reflected the prevention
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of cardiolipin oxidation by quinol moieties. With increas-
ing concentration of antioxidant, the difference between
the rates of accumulation of conjugated dienes before the
addition of the antioxidant and after the end of the lag
phase, respectively, increased. Only in the case of 0.3 uM
SkQ1H,, the rate of conjugated dienes formation after the
lag phase was apparently the same as before the addition
of the antioxidant (squares in Fig. 6b).

In a control experiment, an ethanol solution that was
treated by sodium borohydride as in the procedure of
quinone reduction (see “Materials and Methods”) but
lacking antioxidants was added to the sample instead of
the active substance. The introduction of this solution into
the reaction mixture did not change the rate of conjugated
diene formation (the “control” curve in Fig. 6b), which
meant that the excess of sodium borohydride, also a
potential antioxidant, was completely removed by the pro-
cedure used (see “Materials and Methods”), and that the
prevention of cardiolipin peroxidation in our experiments
was due exclusively to the action of the added quinols.

During the oxidation of quinols, their optical
changes in the 200-300-nm range also occurred, but these
were hardly resolvable on the background of the pro-
nounced absorbance peak of conjugated dienes. To meas-
ure the oxidation kinetics of the quinol group, the meas-
urements were performed with an inert lipid, POPG, to
which SkQ1H, was added 30 min after the azo initiator.
Figure 6 shows the UV spectra of the suspension after
addition of 1 uM of the antioxidant (Fig. 6¢), as well as
the kinetic curves of absorbance at 260 nm (absorbance
maximum for oxidized SkQ1 [36]) for three different
concentrations of the antioxidant (Fig. 6d). The time of
complete oxidation of SkQ1H, correlated with the end of
the lag phase of conjugated diene formation during oxi-
dation of cardiolipin (compare Figs. 6¢ and 6d with Figs.
6a and 6b), with the rate of SkQ1H, oxidation decreasing
with diminishing concentration of SkQ1H, in the cuvette.
Importantly, since the initial source of all the radicals is
the azo compound (Fig. 4), the oxidation kinetics of the
antioxidant in the system with an inert lipid has to be sim-
ilar to the kinetics of its oxidation in the presence of lipid
with polyunsaturated lipid “tails”, such as cardiolipin.

The studies of other plastoquinol-containing antiox-
idants, SkQR1H, and SkQBerbH, (Fig. 2), which con-
tain alternative penetrating cations instead of tri-
phenylphosphonium group, namely rhodamine 19
(SkKQRI1H,) and berberine group (SkQBerbH,), respec-
tively (Fig. 2), showed that these substances also hindered
the oxidation of cardiolipin in the liposomes (Figs. 7, 8a,
and Fig. S1a (see Supplement to this paper on the website
of the journal at http://protein.bio.msu.ru/biokhimiya)).

In contrast to SkQ1H,, the positively charged groups
of both these compounds are redox-active and should
have been reduced upon the reduction of the plastoquinol
group by sodium borohydride. Addition of SkQRI1H, to
the cardiolipin liposomes led to emergence of a lag phase
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Fig. 6. Effect of SkQ1H, on reactions in liposomes as induced by 50 uM MeO-AMVN at 40°C. In all experiments, the antioxidant was added
30 min after the start of the reaction (the time of addition is marked by an arrow). a) Absorbance changes in the suspension of cardiolipin lipo-
somes (100 uM) in the course of peroxidation reaction and after the addition of 1 uM of SkQ1H,. b) Kinetic curves for absorbance change at
234 nm at different concentrations of added SkQ1H,. In the control experiment, pure ethanol treated with sodium borohydride was added to
the liposomes. ¢) Changes in the absorbance of the suspension of liposomes made of the inert lipid POPG (200 M) upon addition of the ini-
tiator. SkQ1H, (1 pM) was added 30 min after the start of the experiment. The corresponding areas in the spectra of conjugated dienes (Fig.
6a) and of oxidizing quinol (Fig. 6¢) are indicated by ovals. d) Kinetic curves for absorbance at 260 nm (maximum for SkQ1) in the experi-
ment with the inert lipid (POPG) and various concentrations of SkQ1H,.

in the formation of conjugated dienes that was distinc-
tively longer than with SKQ1H, (cf. Figs. 6 and 7); the
antioxidative action was accompanied by the oxidation of
the rhodamine group, which could be followed by
appearance of the strong rhodamine absorption in the vis-
ible spectral range (absorbance maximum at 533 nm)
(Fig. 7, a and c). In the case of the berberine-containing
substance SkQBerbH,, the lag phase was also long; the
transition at the end of the lag phase was smoother than
when SkQ1H, was added (cf. Figs. 6 and 7, see also Fig.
Sla and “Discussion”).

The other group of substances that we tested for antiox-
idant properties differed from SkQ1H, not by the penetrat-

ing cation, but by the type of the attached quinol. This group
included MitoQH, (ubiquinol), SkQ3H, (quinol with three
methyl substituting groups, or methylplastoquinol), and
SkQT1H, (toluquinol) (Fig. 2). In experiments where these
substances were used at the concentration of 1 uM, the lag
phase duration for SkKQ3H, and SkQT1H, was comparable
to that observed for SkQ1H, (Fig. 8b and Fig. S2, a-c (see
Supplement)). In the case of MitoQH,, the lag phase was
approximately two times longer.

Since the membranes in our experiments were not
energized, the influence of the penctrating cation on the
rate of antioxidation reactions was expected to be negligi-
ble. To test this hypothesis, we used decylplastoquinol
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Fig. 7. Effect of SkQR1H, on peroxidation of cardiolipin in liposomes induced by 50 uM MeO-AMVN at 40°C. SKQR1H, was added 30 min
after start of the experiment (as marked by arrow). a) Absorbance changes of the suspension of cardiolipin liposomes (100 uM) in the course
of peroxidation reaction and in response to the addition of 1 pM of SKQR1H,. The UV spectra are shown on the left panel; the spectra in the
region of rhodamine absorbance are shown on the right panel. The dashed arrows indicate that the resumption of the formation of conjugat-
ed dienes (~270 min after the beginning of the experiment) matches the end of oxidation of the rhodamine group of SKQRI1. b) Kinetic curves
for the absorbance at 234 nm at different concentrations of the introduced SKQR1H,. ¢) Changes in absorbance during the oxidation of the
rhodamine group of SKQR1 (maximum at 533 nm) in the experiment. For conditions, see Fig. 7a.

(decPQH,) and decylubiquinol (decUQH,), the synthet-
ic analogs of the natural plastoquinol and ubiquinol. The
kinetic curve for decPQH, as an antioxidant almost com-
pletely matched the respective curve for SkQ1H, (Fig. 8c
and Fig. S1c (Supplement)). In the case of decUQH,, the
lag period, as in the case of MitoQH,, was about two
times longer than for decPQH, and SkQ1H, at the same
concentration (Fig. 8¢ and Fig. S1d (Supplement)).
Thus, for the same 1-uM concentration of antioxi-
dant, the duration of the lag phase in the reaction of car-
diolipin peroxidation changes in the series MitoQH, =
decUQH, > SkQT1H, > SkQ3H, = SkQ1H, = decPQH,;
the lag phase was much longer when the equivalent con-
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centrations (1 uM) of SKkQR1H, and SkQBerbH, were
added.

As shown in Fig. 8d and Fig. S1b (Supplement), the
natural yeast ubiquinol-6 (Q4H,) added at the concentra-
tion of 5 uM fully blocked the oxidation of cardiolipin.
However, the duration of inhibition was even shorter than
for the other antioxidants tested at 1-uM concentration.

DISCUSSION

In the present study, we established a novel method
of testing cardiolipin peroxidation in liposomes. Bovine
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Fig. 8. Effect of various quinols on peroxidation of cardiolipin in liposomes induced by 50 uM MeO-AMVN at 40°C. The moments of addi-
tion of antioxidants are marked by arrows (30 min after the start of the experiment). Kinetic curves for the absorbance changes at 234 nm. The
following antioxidants were tested: a) 0.3 and 1 uM SkQBerbH,; b) 1 uM SkQ3H,, 1 uM MitoQH,, 1 uM SkQT1H,; ¢) 1 uM SkQ1H,, 1 uM
decPQH,, and 1 uM decUQH,; d) 5 uM QgH,. For other experimental conditions see Fig. 6, a and b.

cardiolipin, which is analogous to human cardiolipin, was
studied in the experiments. Characterization of the sam-
ple showed that the suspension, as obtained via extrusion,
contained closed cardiolipin liposomes with average
diameter of about 100 nm (Fig. 3).

In the system chosen, the azo compound MeO-
AMVN was used so that the peroxidation proceeded
according to the aforementioned mechanism (Figs. 1 and
4) yielding peroxides and conjugated dienes. This allowed
quantitatively tracing the rate of accumulation of the pri-
mary product of the lipid peroxidation reaction by fol-
lowing the changes in absorbance of conjugated dienes in
the UV region at 234 nm. The high efficiency of the
hydrophobic initiator MeO-AMVN at low temperatures
[72] allowed us to use low amounts of the initiator, which

decreased the possible influence of the initiator on the
structure of the liposomes (Fig. 3¢). Given that the parti-
tion coefficient hydrophobic phase—water for MeO-
AMVN is about 1500 [79], we estimate that, within the
lipid bilayer, one molecule of initiator was present, on
average, per each 50 linoleic acid “tails”; the majority of
the initiator molecules (circa 90%) resided in the water
phase. Addition of the azo initiator had no effect on the
size of the liposomes (Fig. 3c). Upon the fission of the
initiator molecules into two more polar radicals (Fig. 4),
the concentration of the azo initiator within the mem-
brane should have diminished.

The method we used is a direct method, and, along
with polarography [75, 78, 80], can be used for continu-
ous tracing of the peroxidation (see the present study and
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previous works [81, 82]). In some experimental systems,
the mechanisms of reactions beyond the formation of
conjugated dienes were described including the formation
of oxodienes, cleavage of the part of fatty acid residue,
and formation of covalent bonds between adjacent lipid
“tails” [83-85]. Since oxygen is consumed in these sec-
ondary reactions and the quantity of the primary product
of lipid oxidation decreases, several studies were aimed at
estimating the relation between the observed quantities of
consumed oxygen and formed conjugated dienes and
determining the respective correcting coefficients. The
difference in the measured rates of oxygen consumption
and accumulation of conjugated dienes, respectively, did
not exceed 10-20% [86, 87]. Since we followed the
absorbance changes in the whole UV and visible range,
we can assume that the formation of side products of
degradation of lipid peroxides occurred far more slowly
than the formation of dienes, and the percentage of con-
jugated dienes having undergone further oxidation should
have been lower than the spread in the values of molar
extinction coefficients of those dienes (the respective
numbers from the literature vary between 25,000 [86] and
29,500 [82] M~tcm™!). Hence, the spectrophotometric
method can provide accuracy of the measurements of
lipid oxidation that is comparable to the accuracy of the
measurements of oxygen consumption. The advantage of
the spectrophotometric approach is the ability to simulta-
neously trace both the accumulation of the reaction prod-
ucts and the depletion of the antioxidant, which is essen-
tial for kinetic analysis of peroxidation.

The temperature dependence of the chain reaction
could be described by the Arrhenius equation, and the
effective activation energy of formation of conjugated
dienes was estimated to be about 70 kJ/mol (Fig. 5, b and
¢). The relatively prompt generation of peroxide radicals
by MeO-AMVN already at physiological temperatures
allowed us to use less initiator than in an earlier study
[66], thereby diminishing the impact of the absorbance of
the azo compound in the investigated UV range.

Using the developed experimental setup for tracing
oxidation of cardiolipin molecules within the membrane
bilayer, we tested mitochondria-targeted antioxidants
from the SkQ ion lineage (Fig. 2). The dynamics of oxi-
dation of the quinol group could be judged by the increase
in absorbance at 260 nm in the case of SkQ1 (Fig. 6, b and
d), and performing the experiment with the inert lipid
POPG helped to discriminate the contribution of oxidiz-
ing SkQ1H, molecules, which otherwise would be hardly
distinguishable on the background of the broad
absorbance band of conjugated dienes in case of cardio-
lipin liposomes. Immediately after the addition of SkQ
ions, the rate of oxidation of the quinol group was the
fastest and then it smoothly slowed. Despite this, the
experimental data, as obtained with various quinol
antioxidants, demonstrated that the majority of them,
even if added at small concentrations (0.3 uM), were
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effective in protection of cardiolipin from oxidation until
the full exhaustion of the antioxidant molecules.

While comparing the duration of the lag phase of
inhibition for various concentrations of SkQI1H,, we
noticed the absence of a clear linear dependence between
the amount of introduced substance and duration of inhi-
bition. We suppose that the mismatch might be caused by
incomplete solubility of the antioxidants. The critical
micelle concentration determined for SkQ1 is equal to
1.1 uM [36]; hence, at higher concentrations of SkQ1 a
significant part of the antioxidant could have formed
micelles after addition. Micelles could slowly exchange
antioxidant molecules with lipid membranes. This slow
exchange, most likely, accounted for the distinct decrease
in the rate of formation of conjugated dienes after the end
of the lag phase as compared with the rate of their forma-
tion before the addition of antioxidant. Only when
SkQ1H, was added at 0.3 uM, which is less than the crit-
ical micelle concentration, the rates of formation of con-
jugated dienes before addition of the antioxidant and after
its oxidation were virtually the same (Fig. 6b, squares).
The latter observation also indicates that the antioxidant
activity of the oxidized SkQ1 molecules is below our
detection limit, in good accordance with both the litera-
ture data that claim negligibly low antioxidative activity of
quinones [88] and the absence of antioxidant activity of
SkQ1, as observed in the experiments where the oxidation
of asolectin liposomes was traced by C11-BODIPY fluo-
rescence [66].

The substances with a triphenylphosphonium moiety
as a penetrating cation, but different antioxidative groups,
differed in the duration of the lag phase for the same
amounts of the introduced quinol (Fig. 8 (b-d) and
Figs. S1 (b-d) and S2). Particularly, ubiquinol-containing
antioxidants MitoQH, and decUQH, provided longer lag
phase than the other studied quinols. This could have sev-
eral reasons. First, the longer action of ubiquinol-con-
taining antioxidants, as compared to other antioxidants,
may be caused by lower reactivity of the ubiquinol moiety
towards peroxyl radicals (both of lipid and of initiator),
which could have diminished the expenditure of antioxi-
dant due to its non-productive interaction with radicals of
the azo initiator outside of the membrane. The specific
structural feature of ubiquinols is the presence of methoxy
groups, the oxygen atoms of which are capable of forming
intramolecular hydrogen bonds with phenolic groups.
Kramer and colleagues showed that oxidation of deuter-
ated analogs of ubiquinol was characterized by a lower
activation energy as compared to protonated analogs,
while the activation energies of oxidation of deuterated
and protonated quinols lacking methoxy group showed
no difference [89, 90]. This very unusual phenomenon
was observed for oxidation of ubiquinol by cytochrome
bc, complex, as well as for oxidation of ubiquinol by
ruthenium complex in a nonpolar solvent. As long as the
rate of oxidation of a quinol group is determined by the
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rate of the loss of proton/hydrogen atom (depending on
the polarity of the environment) [91-94], the peculiar
dependence of activation energy on H/D replacement in
the case of ubiquinols, as described by Kramer and col-
leagues [89, 90], might indicate that the rate of oxidation
of ubiquinol analogs was determined by the disruption
rate of intramolecular hydrogen bond [95, 96]. In the case
of a D for H substitution, the length of the bond between
the oxygen atom and proton in the phenolic group should
decrease. Correspondingly, the length of the bond to the
methoxy oxygen atom should increase, i.e. this bond
should be weaker in the case of deuterated molecules,
which could account for the experimental observations
[89, 90]. No need to break the intramolecular hydrogen
bond might explain the higher kinetic efficiency of
SkQ1H, as compared to MitoQH, [66]. The higher reac-
tivity should also manifest itself in faster depletion of the
antioxidant upon non-productive reactions, e.g. those
occurring outside the membrane, and, accordingly, in the
shorter duration of the antioxidant action.

Second, the available data [97, 98] indicate that the
radicals of ubisemiquinone are more resistant to oxida-
tion by oxygen (see reaction (4) in the “Results” section)
than the radicals of the quinones lacking methoxy groups.
In the case of plastoquinone radical, this might be due to
its relatively low redox potential [98]. More generally, the
methyl of the o-methoxy group should stabilize the radi-
cal oxygen [95] and increase thus the effective redox
potential of the semiquinone. In addition, steric con-
straints on binding of an oxygen molecule from the oxy-
gen atoms of methoxy groups may serve as an additional
retarding factor [99]. If less vulnerable to oxidation by
oxygen, the ubisemiquinone radicals may contribute
more to the quenching of peroxyl radicals according to
reactions (1)-(3) than the radicals of the other studied
quinones.

It is noteworthy that the ability to efficiently prevent
the oxidation of cardiolipin molecules is a more impor-
tant characteristics of an antioxidant in vivo than the
duration of action, since the quinol-based antioxidants
are regenerated by the mitochondrial respiratory chain
[36, 37, 40].

In our experiments, the effectiveness of inhibition of
peroxidation in the membrane by the molecules of
SkQR1H, and SkQBerbH, was slightly lower than for the
other tested antioxidants that contained triphenylphos-
phonium group as a penetrating cation. The slopes of the
curves of absorbance increase at 234 nm, which reflected
the relation between the rates of radical inhibition and
chain propagation in the peroxidation reaction, respec-
tively, were steeper for SKQRI1H, and SkQBerbH, than
for the other tested antioxidants. This observation contra-
dicts the results obtained in vivo, where SKQR1 appeared
to be the better antioxidant than SkQI [36, 52]. However,
this contradiction may be accounted for by the particular
procedure that we used to reduce antioxidants. Sodium
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borohydride, a strong reductant, should have reduced
both the rhodamine and berberine groups, in addition to
the quinone group, which was reflected by bleaching of
the antioxidant solution. In the case of SKQRI1H,, the
reduction should provide at least two additional electrons
on the rhodamine group [100], whereas berberine could
be, in principle, reduced either to a dihydroberberine
form (see the SkQBerbH, structure in the Fig. 2), orto a
tetrahydroberberine/canadine [101, 102]. Thus, upon the
reduction of SKQR1 and SkQBerb, the cation moiety was
reduced together with the quinol moiety resulting in the
loss of the electrical charge by the cation moiety and its
transition to a neutral form. Supposedly, loss of the posi-
tive charge and relatively high hydrophilicity of SkQR1H,
and SkQBerbH, could decrease their affinity to the nega-
tively charged cardiolipin liposomes and could diminish
thus the kinetic efficiency of inhibition. In this case, the
fraction of the bound SkQRI1H, and SkQBerbH, mole-
cules would then account for the strong inhibiting effect
at the beginning of the lag phase, while the molecules not
bound to liposomes could account for a less efficient, but
prolonged subsequent inhibition of cardiolipin oxidation
(Figs. 7 and 8a and Fig. S1a).

The action of SKQR1H, and SkQBerbH, (Figs. 7 and
8a) also differed from the effects of the other SkQ ions
containing the triphenylphosphonium group (Figs. 6 and
8b and Fig. S2, a-c) by the length of the lag phase. For
instance, the lag phase for 1 uM of SKQR1H, was twice as
long as the lag phase for 1 uM MitoQH,, and almost four
times longer than the lag phase that was measured with
1 uM of SkQ1H,. This was most likely due to the presence
of additional reducing equivalents, so that in the cases of
SkQR1H, and SkQBerbH, both the quinol group and the
rhodamine/berberine groups served as antioxidants.

It is noteworthy that the deviating kinetic character-
istics of SKQR1H, and SkQBerbH, are interesting mostly
from the chemical point of view. In in vivo experiments,
both berberine and rhodamine groups carried no addi-
tional reducing equivalents, remained positively charged,
and could specifically bind to cardiolipin molecules [36,
52].

In the case of ubiquinol Q¢H,, which possesses a
hydrophobic “tail” of 30 carbon atoms, the lag after the
addition of 5 uM of antioxidant (Fig. 8d) was shorter than
the duration of inhibition as caused by 1 uM of more
hydrophilic compounds (Figs. 6-8). As the solubility of
Q¢H, in water calculated by ALOGPS server
(http://www.vcclab.org/lab/alogps/) is about 0.5 uM, the
majority of hydrophobic molecules of Q4sH, should have
formed micelles where non-productive oxidation of
ubiquinol molecules by radicals of azo initiator could
occur, thereby reducing the effective concentration of the
antioxidant.

In sum, the tested cationic mitochondrial-targeted
antioxidants could effectively, i.e. fully block peroxidation
of cardiolipin molecules in the membrane bilayer, con-
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firming thus the results that had been obtained earlier by
tracing the changes in C11-BODIPY fluorescence in
response to SKQ1H, addition. Only partial inhibition of
peroxidation by SkQI1H, upon earlier polarographic
measurements [66, 67] could be most likely attributed to
the use of Triton X-100 micelles instead of phospholipid
membranes in those experiments. It could be envisioned
that amphiphilic SkQ ions, being bound at the lipid/water
interface, on one hand could not fully “quench” the rad-
icals of water-soluble azo initiator AAPH in the water
phase and, on the other hand, could not impede the per-
oxidation of molecules sequestered in the depth of
micelles and unreachable for positively charged SkQ ions.

Our data suggest that natural ubiquinols and SkQH,
ions equally successfully protect cardiolipin molecules
from oxidation. Although the ubiquinol-based antioxi-
dants are apparently oxidized somewhat more slowly than
the quinol antioxidants lacking methoxy groups, like SkQ
ions [66], the observed minor differences are insufficient
to explain the strong antioxidative action of SkQ ions, as
earlier described in in vivo systems, on the background of
large amounts of ubiquinol molecules constantly present
in mitochondrial membranes, namely ubiquinol-6 in
yeast or ubiquinol-10 in mammals; at the molecular level,
this effect was manifested in preventing the oxidation of
CL molecules [36, 37, 39, 42, 44-55].

To understand the putative action mechanism of
mitochondria-targeted antioxidants, the specific role of
cardiolipin in the mitochondrial membrane should be
considered. Cardiolipin molecules are remarkable for the
presence of four fatty acid “tails” and two neighboring
phosphate groups. Since the four fatty acid “tails” of car-
diolipin may bind to different proteins, cardiolipin mole-
cules were suggested to link functionally coupled mem-
brane enzymes together [103]. Indeed, cardiolipin mole-
cules were shown to be present in large amounts within
the energy-converting supercomplexes that are formed by
the NADH:ubiquinone oxidoreductase, cytochrome bc,
complex, and cytochrome ¢ oxidase (mitochondrial com-
plex 1, complex III, and complex IV, respectively), as
shown for mitochondria of yeast [104] and beef heart
mitochondria [105]. As demonstrated in vitro, in the
absence of cardiolipin mitochondrial complexes IIT and
IV dissociated during non-denaturing electrophoresis
[106].

Owing to the electrostatic interaction of the two
phosphate groups, one of them is titrated in the range of
pH values from 7.0 to 9.0, i.e. this group is characterized
by a pK, value that is close to the physiological pH value
[107]. Cardiolipin is supposed to participate in the trans-
fer of protons between the enzymes of the respiratory
chain and the ATP-synthases [108-110] and to act as a
proton trap; these putative functions might justify the
presence of cardiolipin molecules inside some energy-
converting membrane enzyme complexes [111-114], par-
ticularly within the cytochrome bc, complex [115]. All
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these features necessitate the presence of cardiolipin
within the coupling membranes of bacteria and eukary-
otes.

It was recently shown that distortions in the structure
of the cytochrome bc, complex induced by different fac-
tors, such as digestion with proteinase K or exposing to
elevated temperatures, enhanced the generation of super-
oxide anions [14]. It has been speculated that the increase
in the level of ROS in response to an in vivo damage to the
cytochrome bc; complex may result in oxidation of car-
diolipin molecules that are “trapped” within this enzyme
complex and, accordingly, in triggering the chain peroxi-
dation reaction [116]. In view of these considerations, the
reported pronounced impact of the SkQ ions in vivo
might be due to their greater mobility as compared to nat-
ural ubiquinols. Indeed, bulky ubiquinol-10 molecules
bear long hydrophobic “tails” which “anchor” them in
the middle of the lipid [117]. In contrast, small
amphiphilic SkQ ions, as suggested earlier [116, 118],
should be capable of “sampling” all regions of the mito-
chondrial membrane and, particularly, reaching those
molecules of cardiolipin that are tightly bound within the
membrane proteins [114, 115] and respiratory supercom-
plexes [104, 105, 119, 120]. Such an ability to protect
mitochondrial cardiolipin from oxidation, as already
mentioned, is not restricted to SkQ ions, but is also inher-
ent in other low molecular weight amphiphilic antioxi-
dants of various chemical nature [24-29, 63].

We propose that the therapeutic effect of SkQ ions
should be most apparent in the cases of acute, but tempo-
ral and reversible distortion of mitochondrial redox bal-
ance, which could happen in response to traumatic
injuries, heart attack, or stroke. In such cases, the mobile
antioxidants, including the SkQ ions, may “attenuate”
the moment of activation of the apoptotic cascade by pre-
venting oxidation of the cardiolipin molecules trapped
within protein complexes until the redox balance within
the cell/tissue is restored. Conversely, in cases of long-
lasting and irreversible breakdowns in the electron trans-
port chain, primarily in the cytochrome bc, complex [14,
116], causing irreversible enzyme distortions, the ROS
production would eventually exceed the threshold values
even in the presence of antioxidative defense, and thus the
cells that bear such defects would be removed by apopto-
sis.
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