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Abstract—Novel mitochondria-targeted compounds composed entirely of natural constituents have been synthesized and
tested in model lipid membranes, in isolated mitochondria, and in living human cells in culture. Berberine and palmatine,
penetrating cations of plant origin, were conjugated by nonyloxycarbonylmethyl residue with the plant electron carrier and
antioxidant plastoquinone. These conjugates (SkQBerb, SkQPalm) and their analogs lacking the plastoquinol moiety
(C10Berb and C10Palm) penetrated across planar bilayer phospholipid membrane in their cationic forms and accumulated
in isolated mitochondria or in mitochondria in living human cells in culture. Reduced forms of SkQBerb and SkQPalm
inhibited lipid peroxidation in isolated mitochondria at nanomolar concentrations. In isolated mitochondria and in living
cells, the berberine and palmatine moieties were not reduced, so antioxidant activity belonged exclusively to the plasto-
quinol moiety. In human fibroblasts, nanomolar SkQBerb and SkQPalm prevented fragmentation of mitochondria and
apoptosis induced by exogenous hydrogen peroxide. At higher concentrations, conjugates of berberine and palmatine
induced proton transport mediated by free fatty acids both in model and in mitochondrial membrane. In mitochondria this
process was facilitated by the adenine nucleotide carrier. As an example of application of the novel mitochondria-targeted
antioxidants SkQBerb and SkQPalm to studies of signal transduction, we discuss induction of cell cycle arrest, differentia-
tion, and morphological normalization of some tumor cells. We suggest that production of oxygen radicals in mitochondria
is necessary for growth factors—MAP-kinase signaling, which supports proliferation and transformed phenotype.
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The idea of Peter Mitchell [1] on a key role of trans-  idea of E. A. Liberman and V. P. Skulachev [2] to apply
membrane electric potential (Ay) in coupling of respira- membrane penetrating artificial ions for measurement of
tion and ATP synthesis has revolutionized the field of Ay in mitochondria resulted in experimental evidence of
bioenergetics since the 1960s. After almost a decade, the =~ Mitchell’s hypothesis. Applications of penetrating ions in

Abbreviations: ANT, adenine nucleotide translocase; AMVN, 2,2'-azodi(2,4'-dimethylvaleronitrile); BLM, bilayer phospholipid
membrane; C10Berb, 13-(decyloxycarbonylmethyl)berberine; CM-DCF-DA, 5-(-6)-chloromethyl-2’,7’-dichlorodihydrofluores-
cein diacetate; C10Palm, 13-(decyloxycarbonylmethyl)palmatine; C12TPP, dodecyltriphenylphosphonium; FA, fatty acid; FCCP,
trifluoromethoxycarbonylcyanide phenylhydrazone; ROS, reactive oxygen species; SkQ1, 10-(6'-plastoquinonyl)decyltriphen-
ylphosphonium; SkQBerb, 13-[9-(6’-plastoquinonyl)nonyloxycarbonylmethyl]berberine; SkQPalm, 13-[9-(6’-plastoquin-
onyl)nonyloxycarbonylmethyl|palmatine; SkQR1, 10-(6'-plastoquinonyl)decylrhodamine 19; TPP*, triphenylphosphonium; Ay,
transmembrane electric potential difference.
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the new millennium flourished with the development of a
new class of compounds that selectively accumulate in
mitochondria of living cells (for review see [3]). Rapid
progress in this field allows us to hope that the new mito-
chondria-targeted drugs will be effective in treatment of a
variety of human pathologies including diseases of the
elderly and aging in particular [4].

The most popular representative of the family of
penetrating ions has been and remains the
tetraphenylphosphonium cation. Its main advantages: (i)
high permeability through lipid bilayer in combination
with high solubility in water; and (ii) low reactivity and
low sorption the cell components. Tetraphenylphospho-
nium and its derivatives — conjugates of triphenylphos-
phonium (TPP*) — are widely used to measure mem-
brane potential and for delivery to mitochondria of vari-
ous compounds. Among the “cargo” to be delivered to
the mitochondria the most often used are various antiox-
idants and indicators of reactive oxygen species (ROS).
This focus is based on the idea that mitochondria are a
major source of ROS in the cell, and excessive production
of ROS causes the development of various pathologies
and aging. The mitochondria-targeted antioxidants,
TPP* conjugates to ubiquinone (MitoQ) [5], plasto-
quinone (SkQ) [6], tocopherol (MitoVitE) [7], lipoic
acid (MitoL) [8], ebselen (MitoPeroxidase) [9], and to
spin traps (MitoPBN, MitoCP, Mito-TEMPO) [10-12]
have been studied in various models. Mitochondria-tar-
geted ROS indicators are represented by TPP* conjugates
with dihydroethidine (MitoSOX) [13] and boronate
derivatives (MitoPY) [14].

In the second place in popularity are derivatives of
rhodamines — fluorescent penetrating cations introduced
into the practice of bioenergetics by Lan Bo Chen [15]
and by V. P. Skulachev [16]. Various rhodamines and their
esters are widely used for visualization of mitochondria
and measurement of Ay in cells. Rhodamine-19 conju-
gated decylplastoquinone (SkQR1) is one of the most
effective antioxidants in vivo [17]. Dihydrorhodamine is
used to measure mitochondrial ROS, but it acquires a
positive charge and accumulates in the mitochondria only
after oxidation, making difficult interpretation of its
effects [18]. In 2005, compounds bearing two or more
guanidine groups were proposed as mitochondria-target-
ed cations [19]. The mechanism of accumulation of these
substances in the mitochondria is not clear, and probably
some carrier proteins are involved in their transport since
the permeability of multicharged ions through the lipid
bilayer is extremely small [20].

In conclusion of this historical overview, it should be
noted that the family of penetrating cations includes: fus-
cin, Janus green, Cristal violet, and other histological
dyes that were used for visualization of mitochondria
from the middle of the XIX century. Their direct descen-
dants are the various MitoTracker dyes, which are widely
used (for the same purpose) in modern studies.

CHERNYAK et al.

Recently the ability of TPP* and rhodamine conju-
gates to catalyze transfer of protons across the lipid bilay-
er was described [21]. In the case of TPP™ derivatives, this
effect was related to acceleration of transport of fatty acid
(FA) anions, which limited protonophorous activity of
FA in phospholipid membranes. A similar effect of
tetraphenylphosphonium (at much higher concentra-
tions) has been known for almost 20 years [22].
Protonophorous activity of rhodamine-19 derivatives did
not depend on FA and was related to protonation-depro-
tonation of the rhodamine residue [23]. Cations in use as
mitochondria-targeted uncouplers of oxidative phospho-
rylation are of great interest as a possible tool to treat obe-
sity. The main advantage of the cations over conventional
protonophores is dependence of their activity on Awy. It
could be expected that the decrease in Ay by the cationic
uncouplers will be limited since at the same time the driv-
ing force for their accumulation in mitochondria will be
decreased.

Neither the derivatives of TPP* nor rhodamines are
natural compounds. This fact was important for their
application for measurements of Ay, as it excluded par-
ticipation of specific mechanisms of transport through
the mitochondrial membrane. Now, when the possibility
of long-term use of derivatives of these cations becomes
real, their artificial nature is a matter of concern. In
search of natural penetrating cations our attention was
attracted by berberine and palmatine, which are iso-
quinoline alkaloids derived from plants of the
Berberidaceae family. Extracts containing berberine and
palmatine have been used in traditional Chinese medi-
cine for many centuries. Pharmacological studies of these
alkaloids revealed their therapeutic effects against dia-
betes, inflammatory disorders, arrhythmia, hypertension,
etc. Anticancer activity of berberine mediated by its
antiproliferative and antiangiogenic properties was also
reported [24]. The mechanisms of therapeutic action of
the alkaloids are not known, but in vivo studies have
shown a pronounced antioxidant effect of berberine [25]
or its metabolites [26]. In cell-free models, berberine
inhibits lipid peroxidation, but only in the reduced form
[27]. It was shown that berberine can accumulate in mito-
chondria of living cells. Experiments on bilayer phospho-
lipid membranes (BLM) have shown that berberine and
palmatine penetrate the bilayer in the cationic form [28].

In 2010, we synthesized conjugates of berberine and
palmatine with decylplastoquinone (SkQBerb and
SkQPalm), as well as their analogs lacking the quinone
residue, C10Berb and C10Palm (Fig. 1). The conjugates
with different length of aliphatic chain -(CH2),, where n
ranged from 4 to 10, were also synthesized. Lipophilicity
of these compounds was estimated using reversed-phase
chromatography (HPLC). Previously it was shown that
this analysis gave results corresponding to the partition
coefficients in the octanol—water system for conjugates of
TPP* (SkQ1 and MitoQ) [30]. SkQBerb and SkQPalm,
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Fig. 1. Chemical structures of the studied compounds.

as well as C10Berb and C10Palm, were selected as the
closest to SkQ1 in lipophilicity (partition coefficient in
the octanol—water system in the range 2000-3000 : 1).
The results of studies of berberine and palmatine
conjugates were published in part by us [29]. The goal of
the present work was to describe a complete experimental
system for testing of such substances in vitro in models
with increasing complexity from BLM and liposomes to
living cells. We would like to stress that these studies are a
logical extension of ideas of Yefim Arsentievich
Liberman, to whose blessed memory we dedicate it.

ARTIFICIAL LIPID MEMBRANES

Tests for permeability of BLM for alkaloid conju-
gates were performed using the method developed with
direct participation of E. A. Liberman as described in
detail previously [31]. The BLM was formed from a solu-
tion of Escherichia coli lipids in decane at the aperture
(0.6 mm) in a Teflon wall separating the chamber into two
compartments. When gradient of penetrating ion between
the compartments was created, the electrical potential
difference (Ay), which is measured by the electrometer,
appeared across the BLM. In theory (according to the
Nernst equation) the value of Ay is 60 mV for a tenfold
gradient of a singly charged ion. In practice, this value is
usually lower because at a low rate of ion transfer the
effect is blunted by ions in the medium (K*, CI7), whose
permeability is very low, but their concentration is high.
As can be seen from Fig. 2a, Ay, generated by a gradient
of SkQBerb or SkQPalm, was significantly below the the-
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oretical and somewhat lower than that observed for SkQ1.
Thus, permeability of the BLM for the alkaloid conju-
gates was slightly lower than for similar derivatives of
TPP*.

A similar approach was used to assess the
protonophorous activity of the berberine and palmatine
conjugates. In the same chamber, when a pH gradient was
created between the compartments, addition of
protonophore caused the formation of Ay (“minus” in
the compartment with lower pH). The protonophorous
effect of SkQBerb, SkQPalm, C10Berb, and C10Palm (as
in the case SkQ1) was observed only when the fatty acid
(palmitate) was added to the BLM. Again, as in the
experiment in Fig. 2a, the activity and SkQBerb and
SkQPalm was lower than that of SkQ1 (Fig. 2b). A simi-
lar difference was observed between C10Berb and
Cl10Palm on one side and CI2TPP on the other.
Apparently, the lower protonophorous activity of the
berberine and palmatine conjugates was related to their
lower permeability in comparison with derivatives of
TPP*.

Induction of proton conductivity by the new com-
pounds was investigated also in liposomes as described
previously [32]. Liposomes were loaded with K and
treated with the selective K* ionophore valinomycin in a
medium without this ion. The Ay generated by the exit of
K* from the liposomes was measured using the fluores-
cent dye DiS-C3-(5). Conjugates of berberine and
palmatine induced slow decrease in Ay in liposomes but
only in the presence of palmitate, indicating that their
protonophorous activity was mediated by transfer of FA
(not shown).



986 CHERNYAK et al.
a b
Nernst 60 SkQ1
404 /-——-"'!\
|
:
> SkQBerb
IS
= 207 Skat SkQPalm
< SkQBerb 20
SkQPalm
0 T L T T 0 L] T L L L
1077 1076 0 1000 2000

Concentration, M

Concentration, nM

Fig. 2. Tests of the novel mitochondria-targeted compounds in BLM. a) Permeability of BLM for the tested compounds. Two compartments
of the experimental chamber separated by a BLM initially contained equal concentrations (10~ M) of the cations. Ay was measured after
addition of increasing cation concentration into one compartment. The theoretical dependence of Ay on the gradient of a monovalent pene-
trating cation is shown. b) Protonophorous activity of the tested compounds in BLM. The BLM was formed from synthetic diphytanoylphos-
phatidylcholine (DPhPC) and contained 1 mg palmitate per 20 mg of lipid. The compartments of the chamber contained equal concentra-
tions of the cations. Ay was measured after shift of pH from 7.0 to 8.0 by addition of KOH on one side of the BLM.
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Fig. 3. Antioxidant activity of SkQBerb, SkQPalm, and C10Palm in liposomes (following the method used in [29]). Liposomes were prepared
from a mixture of phosphatidylcholine and cardiolipin in proportion 4 : 1 w/w. Lipid oxidation was induced by the azo-initiator AMVN
(0.25 mM) and monitored as a decrease in fluorescence of BODIPY 581/591 C11 at 60°C, pH 7.4. The conjugates of berberine and palma-
tine (2 puM final concentration) were reduced with NaBH, at neutral pH. The curves with reduced and oxidized compounds are indicated as

“red” and “ox”, respectively.

Also, liposomes were used for testing of the antioxi-
dant activity of the berberine and palmatine conjugates. It
was found previously that oxidation of cardiolipin plays a
key role in oxidative damage to mitochondria. In experi-
ments with isolated mitochondria, it was shown that cardio-
lipin was oxidized significantly earlier than the other phos-
pholipids, and SkQ1 effectively protected it from oxidation

[6]. Lipid peroxidation in liposomes containing 20% cardi-
olipin was induced with the azo-initiator AMVN and
measured with lipophilic fluorescent probe BODIPY
581/591C11 as described previously [33]. Oxidized
SkQBerb and SkQPalm had no effect on lipid peroxida-
tion, and oxidized SkQI1 was ineffective as well. After
reduction with NaBH,, SkQBerb and SkQPalm inhibited
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peroxidation of liposomes, and their effect was even more
pronounced than in the case of reduced SkQ1 (Fig. 3).
These data suggest that the berberine and palmatine
residues as well as quinol exhibited antioxidant activity.
Indeed, it was found that reduced C10Berb and C10Palm
effectively inhibited lipid peroxidation in the same model.
Thus, both of the components of the new compounds in
reduced form demonstrate antioxidant activity.

ISOLATED MITOCHONDRIA

Berberine and palmatine fluoresce brightly at
530 nm (excitation at 350 nm), and upon reduction their
fluorescence drops sharply. Taking advantage of this prop-
erty, we estimated both the kinetics of accumulation of
berberine and palmatine conjugates in mitochondria and
their possible reduction. It was found that all the conju-
gates accumulated in mitochondria of rat heart (in the
presence of respiratory substrates), and the process was
completed within 15-20 min. Dissipation of membrane
potential using the uncoupler FCCP significantly
reduced accumulation of the conjugates, which con-
firmed the electrophoretic nature of their accumulation.
Incomplete inhibition of accumulation was apparently
related by the high distribution coefficient of these com-
pounds in the membrane—water system.

The possibility of reduction of berberine and palma-
tine residues was studied under conditions of maximal
reduction of the respiratory chain and matrix components
of mitochondria. To do this, mitochondria were incubat-
ed with NAD-dependent substrates of respiration (pyru-
vate, glutamate, malate) or succinate in the presence of
rotenone or cyanide, but no decrease in the fluorescence
of alkaloids was observed, i.e. they were not reduced. The
reduction of plastoquinone residues of SkQBerb and
SkQPalm (analyzed at 274 nm) appeared with the same
kinetics as in the case of SkQ1 [29]. Thus, the antioxidant
action of these compounds in mitochondria could be
associated only with the plastoquinone residues.

To evaluate the antioxidant activity of berberine and
palmatine conjugates in mitochondria, we measured
accumulation of lipid peroxidation products (mainly
malondialdehyde) reacting with thiobarbituric acid
(TBARS). Oxidation was induced by Fe?* in the presence
of ascorbate. We previously observed rapid oxidation of
cardiolipin under these conditions and strong protective
effect of SkQ1 [6]. It is evident from Fig. 4 that SkQBerb
and SkQPalm were almost as effective as SkQ1 in this
model. The uncoupler FCCP inhibited the effect of
SkQBerb and SkQPalm, consistent with the potential-
dependent accumulation of these compounds in mito-
chondria. C10Berb and C10Palm, conjugates lacking a
plastoquinone residue, did not inhibit lipid peroxidation,
confirming the absence of reduction of berberine and
palmatine residues in mitochondria (Fig. 4).
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Fig. 4. Antioxidant activity of SkQBerb and SkQPalm in isolated
mitochondria [29]. Mitochondria were isolated from rat heart
and incubated with the antioxidants for 20 min. Lipid peroxida-
tion was initiated by addition of 10 mM ascorbate and 0.1 mM
FeSO,. Accumulation of TBARS was measured and expressed as
nanomoles of malondialdehyde (MDA) per mg protein. FCCP
(I uM) was added where indicated simultaneously with
SkQBerb.

Protonophorous action of the conjugates in the
mitochondria was assessed by measuring respiration. In
the absence of ADP (substrate of phosphorylation), pro-
tonophores stimulate respiration. This effect was pro-
nounced in the case of SkQBerb and SkQPalm, and was
slightly weaker for C10Berb and C10Palm (Fig. 5a). At
higher concentrations of these compounds decreased the
rate of respiration, which is typical also for SkQ1 [21],
SkQR1 [23], and for almost all protonophoric uncou-
plers. When succinate was replaced by a mixture of NAD-
dependent substrates, inhibition of respiration by berber-
ine and palmatine conjugates was significantly increased.
These results are consistent with data on the inhibition of
complex I of the respiratory chain by berberine [34].
Stimulation of respiration by SkQBerb and SkQPalm was
also observed in mitochondria of the yeast Yarrowia
lipolytica, which contains highly active NADH-quinone
oxidoreductase (complex I) in the respiratory chain [35].
SkQBerb and SkQPalm strongly stimulated oxidation of
NAD-dependent substrates, while C10Berb and
Cl0Palm (as in heart mitochondria) were less effective
(Fig. 5b). Measurements of mitochondrial membrane
potential demonstrated that in heart mitochondria as well
as in mitochondria of yeast, the different conjugates
induced similar decreases in Ay (Fig. 6, a and b). Thus,
we assume that Cl10Berb and Cl10Palm have similar
protonophorous activity, but more effectively inhibit res-
piration than SkQBerb and SkQPalm.

Experiments with phospholipid membranes revealed
that protonophorous activity of berberine and palmatine
conjugates was pronounced only in the presence of fatty
acids. One might suppose that in mitochondria (as well as
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Fig. 5. Stimulation of respiration in isolated mitochondria by SkQBerb, SkQPalm, C10Berb, and C10Palm. Respiration was measured as oxy-
gen consumption using a Clark electrode. a) Mitochondria from rat heart were in medium supplemented with 5 mM succinate, 2 uM
rotenone, and 1 pg/ml oligomycin. b) Yeast mitochondria were incubated in medium supplemented with 20 mM pyruvate and 5 mM malate.
The ratio of stimulated rate of respiration (V) to the initial rate (¥;) is shown.

in BLM) cationic conjugates stimulate transfer of FA
anion through the membrane and thus facilitate transport
of protons on the protonated form of FA. However, in
mitochondrial membrane transport of FA anions is cat-
alyzed by adenine nucleotide translocase (ANT), and (to a
lesser extent) by other anion transporters [36].
Experiments on heart mitochondria showed that the selec-
tive inhibitor of ANT carboxyatractyloside (CATR) par-
tially restored the membrane potential, reduced by the
conjugates (Fig. 6¢). This effect decreased with increasing
concentration of the conjugates. Apparently, at low con-
centrations they stimulate transport of FA anions mediat-
ed by ANT, while at higher concentrations dominated
transport of FA through the bilayer. The ability to stimulate
ANT-dependent transport of FA has been shown previ-
ously for tetraphenylphosphonium [37]. It can be assumed
that penetrating cations form ion pairs with FA anions and
stimulate their binding to the positively charged residues in
the nucleotide-binding site of ANT. The X-ray structure of
ANT [38] indicates that the access to this center is open
primarily from the aqueous phase. Perhaps the cations
contribute to release of FA from the membrane bilayer and
thus accelerate their binding to ANT. It is possible also that
the cations neutralize the negative charges at the surface of
ANT that prevent penetration of FA anions into the
nucleotide-binding site. One way or another, the described
effect of CATR indicated that protonophorous action of
the berberine and palmatine conjugates in mitochondria
depends on transfer of FA anions.

CELLS IN CULTURE

Accumulation of the berberine and palmatine conju-
gates in cells was measured taking advantage of the fluo-

rescence of these compounds. It was shown that all of the
conjugates accumulated in the cells within 1-1.5 h, and
the fluorescence did not change for following incubation,
indicating that the alkaloid residues were not reduced in
the cells as well as in isolated mitochondria. Uncoupler
FCCP prevented the accumulation of the conjugates in
the cells and accelerated their release into the medium
(Fig. 7a). Thus, Ay at the mitochondrial membrane was
the main driving force for accumulation of these com-
pounds in the cell. Fluorescence microscopy demonstrat-
ed mitochondrial localization of the berberine and
palmatine conjugates (Fig. 7b), as their fluorescence was
co-localized with the fluorescence of MitoTracker red. It
is important to note that the conjugates almost complete-
ly left the cell, indicating the absence of irreversible bind-
ing to cellular components.

In Hela carcinoma cells accumulation of the
berberine and palmatine conjugates was stimulated after
inhibition of P-glycoprotein with verapamil or other spe-
cific inhibitors. The effect of verapamil was not observed
in normal human fibroblasts, where the content of P-gly-
coprotein was very low. The conjugates are apparently
substrates of multidrug resistance enzyme(s) (MDR),
which pump out of the cell compounds of various struc-
ture including chemotherapeutic drugs. Previously we
showed that SkQ1 and SKQRI1 are also substrates of MDR
enzyme [39].

To study the antioxidant activity of the new com-
pounds, we used a model of oxidative stress induced by
hydrogen peroxide. Previously we have shown that mito-
chondria are the main source of endogenous ROS under
these conditions [6, 40]. Cultivation of cells in medium
without serum served as another model of oxidative stress.
The data on the nature of oxidative stress in this model
were contradictory. We found (Fig. 8) that SkQBerb (but

BIOCHEMISTRY (Moscow) Vol. 77 No. 9 2012
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Fig. 6. Decrease in membrane potential difference by SkQBerb, SkQPalm, C10Berb, and C10Palm. Ay was measured by the optical density
of safranin O at 555 nm (reference at 523 nm). a, ¢) Mitochondria from rat heart were incubated in the same medium as in Fig. 5a. b) Yeast
mitochondria were incubated in the same medium as in Fig. 5b. Additions of 5 uM SkQBerb, 1 uM CATR, and 40 uM 1,4-dinitrophenol

(DNP) were made as indicated.

not C10Berb) at a concentration of 2 nM prevented the
accumulation of ROS (measured using fluorescent probe
CM-DCF-DA) in carcinoma RKO cells and in human
fibroblasts under these conditions. Thus, ROS production
in mitochondria underlies the oxidative stress induced by
deprivation of growth factors in normal as well as in can-
cer cells.

One of the earliest effects of oxidative stress is exten-
sive fragmentation of mitochondria. We previously
showed that SkQ1 at nanomolar concentrations prevent-
ed fragmentation of mitochondria induced by hydrogen
peroxide [6]. This effect was also observed during the tests
of SkQBerb and SkQPalm (Fig. 9a), and they were as
effective as SkQ1. C10Berb and C10Palm (as previously
found for CI12TPP) did not protect mitochondria.
SkQBerb and SkQPalm protected cells from death

BIOCHEMISTRY (Moscow) Vol. 77 No. 9 2012

induced by hydrogen peroxide, and again their effective-
ness differed little from that of SkQI1 (Fig. 9b).
Interestingly, for the protection of the mitochondria 2 h
preincubation with the antioxidants was sufficient,
whereas prevention of ROS accumulation (measured by
CM-DCF-DA in cytoplasm) and protection against cell
death required at least 24 h. We suggested that fragmenta-
tion of mitochondria is the result of oxidation of some
components of the inner membrane, which depends on
accumulation of ROS in mitochondria. At the same time,
cell death was initiated only after the accumulation of
ROS in cytoplasm. Delayed protective effect of the mito-
chondria-targeted antioxidants may be due to their slow
redistribution through the mitochondrial population in
the cell. A small fraction of mitochondria with low poten-
tial could slowly accumulate cationic conjugates and at
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Fig. 7. Accumulation of SkQBerb in HeLa cells [29]. a) Cells were incubated with 0.5 uM SkQBerb for 60 min and with 200 nM MitoTracker
Red for 15 min, and then analyzed with the fluorescence microscope. b) Cells were incubated with 5 uM SkQBerb. Verapamil (50 uM) or 10
uM FCCP was added 15 min before SkQBerb where indicated. After 2 h the medium was changed to similar medium but without SkQBerb
(indicated with vertical line). Fluorescence was measured after lysis of the cells with a detergent mixture.
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Fig. 8. Antioxidant action of SkQBerb in cells upon serum starvation. Colon carcinoma RKO cells (a, b) and human fibroblasts (c) were cul-
tivated with 2 nM SkQBerb for 48 h and transferred into medium without serum for the next 24 h. The cells were incubated with 5 uM CM-
DCF-DA (15 min at 37°C) and analyzed by flow cytometry. a) Fluorescence of CM-DCF in RKO cell population. /) Control; 2) without
serum; 3) without serum plus SkQBerb. b, ¢) Mean values of CM-DCEF fluorescence.

the same time produce (under oxidative stress) the bulk of
ROS in the cell [41]. These “bad” mitochondria probably
determined the fate of cells under stress.

An alternative explanation for the slow development
of the protective effect is based on possible induction of
expression of endogenous antioxidant systems by the
mitochondria-targeted antioxidants. This effect is typical
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of various prooxidants. Mitochondrial antioxidants of the
SkQ family (including SkQBerb and SkQPalm) exhibit
prooxidant properties at much higher (micromolar) con-
centrations than their antioxidant action. No significant
increase in ROS was found and no induction of expres-
sion of antioxidant enzymes was detected at nanomolar
concentrations of SkQBerb and SkQPalm.
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EXAMPLES OF APPLICATIONS

One of the main areas of application of mitochon-
dria-targeted compounds in cell biology is studies of the
role of mitochondria in intracellular signaling. Below we
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present examples illustrating the possibility of application
of berberine and palmatine conjugates to studies on the
role of mitochondrial ROS production in physiology of
cancer cells. It is known that the level of ROS in trans-
formed cells is significantly elevated. These cells are

b
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Fig. 9. Protective action of the novel mitochondria-targeted compounds against oxidative stress in human fibroblasts [29]. a) SkQBerb and
SkQPalm prevent fragmentation of mitochondria in fibroblasts treated with 0.4 mM H,0, for 3 h. The cells were preincubated with antioxi-
dants for 2 h. Mitochondria were visualized with MitoTracker Green, and cells with elongated mitochondria were counted. b) SkQBerb and
SkQPalm prevented cell death of fibroblasts treated with 0.4 mM H,O, for 24 h. Cells were preincubated with the antioxidants for 24 h. Cell
viability was determined with CellTiter-Blue reagent (Promega, USA).
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Fig. 10. SkQBerb induces changes in the cell cycle of fibrosarcoma HT1080 cells. The cells were incubated with 20 nM SkQBerb for 4 days.
Cell cycle phases were analyzed by flow cytometry after staining of DNA with propidium iodide. The fraction of cells at G,, S, and G,/M phas-

es and polyploid cells are shown.
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Fig. 11. SkQBerb induces “normalization” of cervical carcinoma SiHa cells. Cells were incubated with 20 nM SkQBerb for 7 days. a) SkQBerb
induces increase in E-cadherin content. Western blotting. b) Level of E-cadherin relative to tubulin content.

adapted to such state and perhaps even depend on con-
tinuous endogenous oxidative stress. These considera-
tions were confirmed by numerous experiments in which
various antioxidants inhibited proliferation of tumor (and
to a lesser extent normal) cells.

The role of mitochondrial ROS in cell cycle regula-
tion was studied in fibrosarcoma cell line HT1080. These
cells bear a mutant form of the oncogene N-ras, and for
this type of transformation antiproliferative and “normal-
izing” effects of antioxidants were first demonstrated [42,
43]. The traditional antioxidant N-acetylcysteine (NAC)
inhibited cell proliferation at millimolar concentrations,
while SkQBerb and SkQPalm caused a similar effect at
concentrations of 100,000 to 1 million times lower.
C10Berb and Cl10Palm did not have this effect. Cyto-
metric analysis of the cell cycle revealed accumulation of
cells with doubled DNA content (Fig. 10). Microscopic
analysis showed that this population consisted of binu-
clear cells, and dynamic observations indicated that they
were arrested at the exit from mitosis. The exit from mito-
sis could be affected by modification of anaphase-pro-
moting complex (APC), which is sensitive to redox regu-
lation [44]. It can be assumed that mitochondrial ROS
are required for the functioning of APC in fibrosarcoma
cells.

Cervical carcinoma cells SiHa represent a model
where SkQBerb and SkQPalm not only inhibit prolifera-
tion, but also change the morphology of the cells. The
cells largely regained the morphology of normal epitheli-
um: they lose their individual mobility, restore the circu-
lar bundle of actin filaments, and form typical epithelioid
isles. Expression of E-cadherin, a major protein of
epithelial cell—cell contacts, was increased, and this pro-
tein was localized at intercellular contact sites (Fig. 11).
In general, the observed changes indicate differentiation
of carcinoma cells and their partial normalization.
C10Berb and C10Palm did not cause such changes, and
the traditional antioxidant NAC had a similar effect but

BIOCHEMISTRY (Moscow) Vol. 77 No. 9 2012

only at much higher (millimolar) concentrations. SkQ1
and SKQR1 in nanomolar concentrations induced similar
changes in carcinoma cells [45].

Thus, it can be assumed that mitochondrial ROS in
carcinoma cells are involved in maintenance of trans-
formed phenotype. Further experiments showed that the
effects of mitochondria-targeted antioxidants are associ-
ated with inhibition of signaling pathways initiated by
extracellular growth factors. These molecules bind to
receptors on the cell surface and activate the cascade of
kinases (MAP kinases), which define fast proliferation
and dedifferentiation of cells. It was activation of MAP
kinases that was one of the first established signaling
pathways critically dependent on intracellular ROS [46].
These signaling pathways are targeted by a variety of mod-
ern anticancer drugs such as Iressa (Gefitinib).
Differentiation cancer therapy and chemoprevention has
attracted growing interest among oncologists in recent
years. Our data suggest that mitochondria-targeted
antioxidants may be an important component of compre-
hensive anticancer therapy.
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