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Abstract—Increased serum level of tumor necrosis factor oo (TNFa) causes endothelial dysfunction and leads to serious vas-
cular pathologies. TNFa signaling is known to involve reactive oxygen species (ROS). Using mitochondria-targeted antiox-
idant SkQR1, we studied the role of mitochondrial ROS in TNFa-induced apoptosis of human endothelial cell line
EAhy926. We found that 0.2 nM SkQRI1 prevents TNFa-induced apoptosis. SkQR1 has no influence on TNFa-dependent
proteolytic activation of caspase-8 and Bid, but it inhibits cytochrome c release from mitochondria and cleavage of caspase-
3 and its substrate PARP. SkQ analogs lacking the antioxidant moieties do not prevent TNFa-induced apoptosis. The anti-
apoptotic action of SKQRI1 may be related to other observations made in these experiments, namely SkQR1-induced
increase in Bcl-2 and corresponding decrease in Bax as well as p53. These results indicate that mitochondrial ROS produc-
tion is involved in TNFa-initiated endothelial cell death, and they suggest the potential of mitochondria-targeted antioxi-

dants as vasoprotectors.
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Vascular endothelium performs numerous functions:
it controls the blood clotting system, vascular tone, tissue
perfusion, exchange of fluid and macromolecules
between the blood and tissues, and immune system devel-
opment and immune response [1]. Therefore, any dam-
age or excessive activation of the endothelium leads to
serious pathologies [2]. Various stimuli considered as car-
diovascular risk factors (e.g. tumor necrosis factor alpha

Abbreviations: C,R1, rhodamine 19 dodecyl ester; C;,TPP,
dodecyltriphenylphosphonium; NAC, N-acetylcysteine;
PARP, poly(ADP-ribose) polymerase; ROS, reactive oxygen
species; SkQs, conjugates of plastoquinone and penetrating
cations; SkQI, plastoquinonyl-10(6'-decyltriphenyl)phospho-
nium; SkQRI1, 10-(6'-plastoquinonyl)decylrhodamine 19;
TMRM, tetramethylrhodamine methyl ester; TNFa, tumor
necrosis factor a; zZVAD, N-benzyloxycarbonyl-Val-Ala-Asp-
trifluoromethyl ketone.
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(TNFa)) cause apoptosis of endothelial cells in vitro [3].
Moreover, apoptosis of endothelial cells was observed in
vivo in humans and other animals with various patholo-
gies and in old animals [3, 4]. One of the significant risk
factors for endothelial dysfunction is the increase in cir-
culatory inflammatory cytokines, particularly TNFa [5].

TNFa binding to its receptors on the cell surface
triggers a series of complex signaling cascades [6, 7] lead-
ing to different effects depending on the conditions and
type of cell. In endothelial cells, TNFa activates secre-
tion of blood coagulation factors, NO-synthase, expres-
sion of tissue factors, adhesion molecules, inflammatory
cytokines and chemokines, transendothelial vesicular
transport, cytoskeleton reorganization, disassembly of
cell—cell contacts, and cell death [5]. TNFa can initiate
endothelial cell apoptosis either due to direct activation
of caspase cascades [8] or due to release of mitochondri-
al proapoptotic proteins (cytochrome ¢, AIF, DIABLO,
etc.) [9].
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Reactive oxygen species (ROS) are important factors
modulating TNFa signaling. TNFa-induced ROS pro-
duction leads to signal amplification [10]. ROS are pro-
duced both by mitochondria and by the NOX family of
NADPH oxidases. Overexpression of the mitochondrial
superoxide dismutase MnSOD leads to suppression of
NFxB and MAPK activities [11] and of apoptosis [12],
indicating the important role of mitochondrial ROS. In
the present study, we utilized a different approach based
on the use of mitochondria-targeted antioxidants of the
SkQ family [13]. These compounds belong to a group of
penetrating cations. They are accumulated effectively in
mitochondria due to the high potential difference on the
inner mitochondrial membrane. At nanomolar concen-
trations, SkQs prevent cell death induced by oxidative
stress and modulate several signaling pathways [14-17].

Here we demonstrate that mitochondria-targeted
antioxidants prevent TN Fo-induced apoptosis. Probably,
the vasoprotective action of SkQ1 and SkQRI1 explains
the therapeutic effect of these compounds observed in
renal and brain failure animal models [18, 19].

MATERIALS AND METHODS

Cell line and reagents. Endothelial cell line EaHy926
was cultured in DMEM medium (Dulbecco’s modified
Eagle’s medium) (Gibco, USA) supplemented with 10%
fetal bovine serum (FBS) (HyClone, USA) and with
hypoxanthine and thymidine (PanEco, Russia) at 37°C in
5% CO, at 100% humidity [20]. The antioxidants or con-
trol compounds were added to the cells and incubated for
4 days. The medium was replaced with DMEM contain-
ing 0.2% FBS, and after 24 h human recombinant TNFa
(courtesy of L. Shingarova, Institute of Bioorganic
Chemistry, Moscow) was added (1-10 ng/ml) for 3-18 h
(for details, please refer to figure legends). In some exper-
iments, 15 min before the TNFa treatment 1 uM zVAD-
fmk (Sigma, USA) was added to the cells. SkQ1, SKQRI,
C,,TPP, and C,,R1 were synthesized by G. A. Korshunova
and N. V. Sumbatyan as described before [21, 22].

Western blot analysis. The cells were harvested,
washed with cold PBS, and lysed in sample buffer
(62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol,
50 mM DTT, 0.01% bromophenol blue). The lysates were
boiled for 3 min at 95°C. The proteins in the lysates were
separated by polyacrylamide gel electrophoresis and
transferred to PVDF-membrane (Amersham, USA). The
primary antibodies used were to cytochrome ¢, Bax, p53,
Bcl-2, PARP, as well as activated forms of caspase-3, cas-
pase-8, and Bid (Cell Signaling, USA). The secondary
anti-rabbit antibody conjugated with horseradish peroxi-
dase (HRP) was from Sigma-Aldrich (USA). ECL sub-
strate kit (Amersham) was used for HRP detection.
ImagelJ 1.44p software was used for densitometric analy-
sis.
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Subcellular fractionation and cytochrome ¢ determi-
nation. Subcellular fractions were collected as described
earlier [23]. Cells were collected, washed twice with cold
PBS, resuspended in homogenizing buffer (8.6% sucrose,
10 mM KCIl, 20 mM HEPES, 2 mM EDTA, 1 mM
MgCl,, 1 mM DTT, pH 7.4), and incubated for 25 min on
ice with occasional shaking. The cells were homogenized
with a glass homogenizer, centrifuged (1000g, 10 min),
and the supernatant was collected and centrifuged at
16,000g, 15 min. The supernatant was collected and
stored at —80°C.

Cytotoxicity test. Two days after TNFa treatment,
the cells were incubated in 0.5% solution of MTT (Sigma)
for 3 h. The medium was removed, and MTT-formazan
crystals were dissolved in DMSO (Sigma). Absorbance
was measured using a Thermo Labsystems Multiscan EX
plate colorimeter at wavelength 541 nm.

Detection of ROS. ROS production was measured
after loading the cells with 5 uM CM-DCF-DA (5-(-6)-
chloromethyl-2’,7'-dichlorodihydrofluorescein diac-
etate) (Molecular Probes, USA) for 15 min at 37°C. Flow
cytometric analysis was performed using a Beckman
Coulter FC500 system as described in [14].

Estimation of apoptosis. Two days after TNFa treat-
ment, the cells were collected, washed with cold PBS,
fixed with ice-cold mixture of PBS—ethanol (1 : 2), and
incubated overnight at 4°C. The cells were washed with
PBS and stained in PBS containing 30 pg/ml propidium
iodide (MP Biomedicals, France) and 10 ng/ml RNase A
(Fermentas, Lithuania) in the dark for 45 min at 37°C and
then analyzed with the Beckman Coulter FC500 flow
cytometer.

Visualization of mitochondria. Mitochondria were
visualized using MitoTracker Green (100 uM, 30 min)
(Molecular Probes), mitochondrial polarization was
determined using TMRM (100 uM, 30 min) (Sigma),
and accumulation of SkQR1 in mitochondria was also
examined [22, 24].

Statistical analysis. Statistical analysis was per-
formed using the Statistics 6.0 software. Data are present-
ed as means * standard error of the mean (SEM).
Statistical significance was calculated using the unpaired
Student’s ¢-test.

RESULTS AND DISCUSSION

The endothelial cell line EAhy926 was initially
obtained by fusion of human umbilical vein endothelial
(HUVEC) and human lung carcinoma cells (A549) [20].
This cell line is well characterized, retains essential char-
acteristics of endothelial cells, and is widely used to
study endothelial cells response to inflammatory stimuli
[25].

The cytotoxic effect of TNFo on endothelial cells
varies considerably among different cell lines and primary
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cultures. In some cases, TNFa alone can induce apopto-
sis [26], but in other cases additional cytokines or hydro-
gen peroxide are required [27, 28]. In our experiments,
TNFa caused a pronounced cytotoxic effect that reached
a maximum of 35-45% dead cells at the concentration of
5 ng/ml (Fig. 1a). The cell death had all the morphologi-
cal features of apoptosis: membrane blebbing; chromatin
condensation and fragmentation (not shown) accompa-
nied by proteolytic cleavage of Bid, caspase-8, -3, and
PARP (Fig. 2, aand b). Flow cytometric analysis revealed
a population of cells with reduced DNA content (sub-
G1) that allowed us to estimate the percentage of apop-
totic cells (Fig. 3a). The broad spectrum caspase inhibitor
zVAD-fmk prevented cell death and the appearance of
the sub-G1 population (Fig. 3b).

SkQR1 inhibited TNFa-induced apoptosis in
EAhy926 cells, being most effective at the concentration
of 0.2 nM (Fig. 1b). Another mitochondria-targeted
antioxidant SkQ1 also possessed antiapoptotic activity
(data not shown). The SKQR1 analog devoid of the plas-
toquinone antioxidant group (C,,R1) did not protect cells
from TNFo-induced apoptosis (Figs. 1b and 3b). The
same effect was observed with SkQ1, while its analog
devoid of plastoquinone (C,,TPP) did not prevent apop-
tosis (data is not shown). The antioxidants NAC and
Trolox prevented cell death at concentrations of 5 and
0.2 mM, respectively (Fig. 1a).

In various cellular models, TNFa induces a rapid
(during 5-15 min) transient increase in ROS production.
Then ROS level decreases and increases again in few
hours after TNFa treatment [29-31]. ROS measurement
using the fluorescent probe CM-DCF-DA revealed only
the late phase of ROS increase (~30% after 15 h of TNFa
treatment, data not shown). In this case the mitochon-
dria-targeted antioxidants, unlike NAC, did not reduce
ROS level. Perhaps mitochondrial ROS accumulated
only in the first phase of TNFa response and did not con-
tribute significantly to the steady-state level of hydrogen
peroxide. However, the antiapoptotic action of SkQ indi-
cates that TNFo-induced apoptosis is largely dependent
on mitochondrial ROS.

TNFa-induced apoptosis starts with the autocatalyt-
ic proteolysis of caspase-8, which is associated with
TNFa receptor and adapter proteins [32]. Cleavage of
caspase-8 was detected in EAhy926 cells after TNFa
treatment, and it was not affected by SkQR1 (Fig. 2, a
and b). Antioxidants also did not inhibit the next steps,
i.e. caspase-8-mediated cleavage and activation of the
Bid protein (Fig. 2, a and b). Activated Bid binds to mito-
chondria and triggers the release of proapoptotic proteins
from the intermembrane space [33]. Data presented in
Fig. 2c show that SkQRI1 inhibited TNFa-induced
cytochrome c¢ release. SKQR1 also inhibited the next sig-
naling steps: cleavage of caspase-3 and its substrate PARP
(Fig. 2, aand b). Thus, it can be assumed that the protec-
tive effect of SkQ compounds is directed at the compo-
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nents of mitochondria responsible for release of proapop-
totic proteins.

The most likely candidate as an SkQ target is mito-
chondrial lipid cardiolipin, which is very prone to perox-
idation. Its oxidation may serve as a trigger to start mito-
chondrial membrane lipid peroxidation and ROS genera-
tion [13, 34]. Cardiolipin acts as an anchor for
cytochrome c at the outer surface of the inner mitochon-
drial membrane [35]. Cardiolipin oxidation promotes
release of cytochrome c into the cytoplasm during apop-
tosis [36]. In turn, solubilized cytochrome ¢ functions as
cardiolipin peroxidase, promoting further cardiolipin
oxidation [37]. In isolated mitochondria, mitochondria-
targeted antioxidants effectively inhibit cardiolipin perox-
idation during oxidative stress [13, 24]. Thus, cardiolipin
appears to be a very likely candidate for the primary mito-
chondrial ROS target in TNFa-induced apoptosis.

It is noteworthy that contrary to NAC and Trolox, the
antiapoptotic action of SkQRI1 is developed only after 4-
day preincubation with cells (data not shown). However,
fluorescent SKQR1 accumulated in cells within 1-2 h [38].
The delay in the appearance of the protective effect may be
due to the existence of a small fraction of mitochondria
with low potential and hence slow accumulation of SkQ
cationic antioxidants [39]. Using a combination of
MitoTracker Green and TMRM, we revealed a significant
fraction of depolarized mitochondria located near the cell
nucleus in EAhy926 cells (Fig. 4a; see color insert). It can
be suggested that these mitochondria produce excessive
ROS, which leads to the increased oxidation of cardiolipin
that in turn accelerates and simplifies cytochrome c¢
release from mitochondria under various stimuli.
Presumably these mitochondria indeed determine the fate
of cells when exposed to TNFa or other apoptotic stress-
es. The in vitro studies with SKQR1 revealed the popula-
tion of mitochondria with absence of SKQR1 (Fig. 4b; see
color insert). Upon prolonged incubation, the mitochon-
dria-targeted antioxidants may accumulate in the mito-
chondria due to fluctuations of the membrane potential
and fusion/fission of mitochondrial reticulum.

Along with the proposed explanation, we cannot
exclude the possibility of induction of protective systems
by mitochondria-targeted compounds. We have observed
an increase in antiapoptotic protein Bcl-2 content with
corresponding decrease in proapoptotic proteins Bax and
p53 in cells treated with SKQR1 (Fig. 5) or SkQ1 (data
not shown). NAC induced the same changes at 5 mM
(Fig. 5), while the analogs of SkQR1 and SkQ1 devoid of
the plastoquinone did not cause these effects (not
shown). The Bcl-2 family proteins control cytochrome ¢
release from mitochondria [40]. It was shown that inhibi-
tion of MnSOD resulting in mtROS production makes
cells more sensitive to apoptotic stimuli via regulation of
Bcl-2 family proteins [41]. ROS-dependent increase in
proapoptotic protein Bcl-2 family members (e.g. Bax)
and decrease in antiapoptotic ones (e.g. Bcl-2) were

BIOCHEMISTRY (Moscow) Vol. 79 No. 2 2014



Viability, %

MITOCHONDRIA-TARGETED ANTIOXIDANTS AS VASOPROTECTORS 127

a b
TNFa, 5 ng/ml
100
90 1
80 1
70 1
60 1
50 T T T 1 50'—// T T T '
0 1 5 10 50 0 0.02 0.2 2 20
TNFa, ng/mi SkQR1 or C;,R1, nM
-+-control & SkQR1 - NAC -# Trolox -+ SkQR1 -+ C,,R1

Fig. 1. SkQR1 (4-day pretreatment), but not C;,R1, reduces the cytotoxic activity of TNFa (48 h). Cell viability was estimated by the MTT
test. a) Effect of SKQR1 (2 nM), N-acetylcysteine (NAC) (5 mM), and Trolox (0.2 mM) on viability of TNFa-treated cells; b) cytotoxic
action of TNFa (5 ng/ml) on SKQR1 or C,R1 pretreated cells; * p < 0.05; *** p < 0.0002 compared to control without these substances.
Control, vehicle only. This data is representative of eight independent experiments.
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Fig. 2. SKQRI1 (20 nM, 4 days) suppresses TNFa-induced (50 ng/ml, 8 h) release of cytochrome ¢ and cleavage of caspase 3 and PARP but
does not affect the cleavage of caspase 8 and Bid. a) Detection of components of cleaved proapoptotic proteins and PARP in total lysates. The
result of a typical experiment is shown; b) densitometric analysis of Western blot experiments; * p < 0.05; ** p < 0.002; ¢) detection of
cytochrome c in cytoplasmic fraction. Tubulin amount was measured as a load control. The result of a typical experiment is shown.
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Fig. 5. SKQR1 (20 nM, 4 days) and NAC (5 mM, 4 days) induce
Bcl-2 and decrease Bax and p53 expression in EAhy926 cells.
Control, vehicle. The result of a typical experiment is shown.

inhibited by various antioxidants, as shown before [42-
44]. ROS-induced upregulation of p53 is well document-
ed [41]. SkQ probably decreased the ratio of Bax/Bcl-2
and downregulated p53 due to lowering of basal mtROS
level and, as a consequence, suppressed the TNFo-
induced apoptosis.

The high efficiency of mitochondria-targeted
antioxidants of the SkQ family in protection of endothe-
lial cells against TNFa-induced apoptosis allow consid-
ering these substances as potential vasoprotectors.
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a

TMRM MitoTracker Green Overlay

b

SkQR1 MitoTracker Green Overlay

Fig. 4. (I. 1. Galkin et al.) Mitochondria with low potential in EAhy926 cells. Accumulation of TMRM (100 pM, 30 min) (a) and SkQRI1
(20 nM, 2 h) (b) in mitochondria stained with Mitotracker Green (1 uM, 30 min). The arrows indicate mitochondria with low membrane
potential and SKQR1 content. The bar size is 15 um. The result of a typical experiment is shown.
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