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Abstract—In endothelial cells, mitochondria play an important regulatory role in physiology as well as in pathophysiology
related to excessive inflammation. We have studied the effect of low doses of mitochondrial uncouplers on inflammatory
activation of endothelial cells using the classic uncouplers 2,4-dinitrophenol and 4,5,6,7-tetrachloro-2-trifluoromethylbenz-
imidazole, as well as the mitochondria-targeted cationic uncoupler dodecyltriphenylphosphonium (C,,TPP). All of these
uncouplers suppressed the expression of E-selectin, adhesion molecules ICAM1 and VCAM1, as well as the adhesion of
neutrophils to endothelium induced by tumor necrosis factor (TNF). The antiinflammatory action of the uncouplers was at
least partially mediated by the inhibition of NFxB activation due to a decrease in phosphorylation of the inhibitory subunit
IkBa.. The dynamic concentration range for the inhibition of ICAM1 expression by C,,TPP was three orders of magnitude
higher compared to the classic uncouplers. Probably, the decrease in membrane potential inhibited the accumulation of
penetrating cations into mitochondria, thus lowering the uncoupling activity and preventing further loss of mitochondrial
potential. Membrane potential recovery after the removal of the uncouplers did not abolish its antiinflammatory action.
Thus, mild uncoupling could induce TNF resistance in endothelial cells. We found no significant stimulation of mitochon-
drial biogenesis or autophagy by the uncouplers. However, we observed a decrease in the relative amount of fragmented
mitochondria. The latter may significantly change the signaling properties of mitochondria. Earlier we showed that both
classic and mitochondria-targeted antioxidants inhibited the TNF-induced NFxB-dependent activation of endothelium.

The present data suggest that the antiinflammatory effect of mild uncoupling is related to its antioxidant action.
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Enhanced level of tumor necrosis factor (TNF) in
blood causes abnormal activation and damage of
endothelium (endothelial dysfunctions) [1-4]. One of the
basic mechanisms of endothelial activation under the

Abbreviations: C;,TPP, dodecyltriphenylphosphonium; DNP,
2,4-dinitrophenol; FCS, fetal calf serum; mtDNA, mitochon-
drial DNA; NAC, N-acetylcysteine; nDNA, nuclear DNA;
ROS, reactive oxygen species; SkQI1, plastoquinolyl-10(6’-
decyltriphenyl)phosphonium; TMRM, tetramethylrhodamine
methyl ester; TNF, tumor necrosis factor; TTFB, 4,5,6,7-tetra-
chloro-2-trifluoromethylbenzimidazole.
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influence of inflammatory cytokines consists in the
induction of expression of adhesion molecules (such as
ICAM1 and VCAMI1) and selectins (such as E-selectin
and P-selectin) on the endothelial cell surface. These
molecules ensure the adhesion and subsequent transmi-
gration of leukocytes across the vascular barrier into tis-
sues [5]. The major regulator of the expression of adhe-
sion molecules under the influence of TNF is transcrip-
tion factor NF«kB [6].

The studies of recent years have shown that mito-
chondria modulate the response of different cells to
inflammatory stimuli [7-9]. In endothelial cells, mito-
chondria, not being the main source of ATP [10], play the
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most important signaling role in both normal and patho-
logical states of endothelium [9, 11-13]. It is supposed
that the mitochondria of endothelial cells are homeostat-
ic regulators of the calcium signaling system [14], as well
as NO and reactive oxygen species (ROS) generation
[15]. It has been shown that TNF-induced endothelial
activation decreases under the influence of the inhibitor
of the first complex of the mitochondrial respiratory
chain and the inhibitors of mitochondrial pore opening
[16]. ROS play a key role in vascular physiology and
pathophysiology [17]. Previously, we have shown that
mitochondrial ROS in endothelial cells transmit the sig-
nal of apoptosis induced by high doses of TNF [18]. It is
known that TNF induces the production of ROS, includ-
ing mitochondrial ROS [19, 20]. Recently, we have shown
[21] that the expression of adhesion molecules in aortas is
reduced in old mice administered for a long time with the
mitochondrial-targeted antioxidant SkQ1 (plastoquin-
olyl-10(6’-decyltriphenyl)phosphonium). In endothelial
cells, SkQI, as well as classic antioxidants in 1000-fold
higher concentrations, inhibited the TNF-dependent
activation of NFxB [21]. The activation of NF-«xB can be
regulated by different redox-sensitive components of the
signaling pathways; however, contradictory data obtained
in different laboratories prevent obtaining a complete pic-
ture of what is going on here [22].

It is known that a slight decrease in mitochondrial
membrane potential without stopping ATP synthesis (so-
called “mild” uncoupling) can substantially reduce ROS
generation in mitochondria [23-25]. In endothelial cells,
both the uncouplers of oxidative phosphorylation and the
enhanced expression of mitochondrial uncoupling pro-
teins (UCPs) decreased ROS generation by mitochondria
[26-29]. In an ex vivo model on the coronary arteries of
old rats, the uncoupler carbonyl cyanide p-trifluo-
romethoxyphenylhydrazone (FCCP) reduced the mito-
chondrial oxidative stress and NFkB-dependent expres-
sion of adhesion molecules [30]. It is supposed that
uncouplers may act in the cells, first, by preventing hyper-
polarization of mitochondria and thereby suppressing
ROS generation [25] and, second, by inducing the
expression of antioxidant enzymes [31].

Previously, it has been shown that penetrating
cations can demonstrate the properties of “mild” mito-
chondrial-targeted uncouplers [24, 25]. These com-
pounds contribute to the cyclic transmembrane transfer
of fatty acids, so stimulating their protonophoric activity.
The decrease in membrane potential reduces the accu-
mulation of cations in mitochondria and thereby reduces
their uncoupling activity. Thus, lipophilic cations acquire
the properties of self-regulated uncouplers, causing limit-
ed depolarization of the mitochondrial membrane over a
wide range of concentrations.

The goal of this work was to study the mechanism of
action of mitochondrial-targeted uncouplers on inflam-
matory activation of endothelial cells. We show that the
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long-term treatment with lipophilic cation C;,TPP (dode-
cyltriphenylphosphonium) as well as with classic uncou-
plers DNP (2,4-dinitrophenol) and TTFB (4,5,6,7-tetra-
chloro-2-trifluoromethylbenzimidazole) results in the
suppression of NFxB-dependent expression of adhesion
molecules and decreases neutrophil adhesion to the sur-
face of TNF-stimulated endothelial cells.

MATERIALS AND METHODS

Cell cultures. Human endothelial EA.hy926 cells
were grown on DMEM medium (Gibco, USA) contain-
ing 10% fetal calf serum (FCS) (HyClone, USA) and
HAT (hypoxanthine/aminopterin/tyrosine) (Sigma,
USA). Primary endothelial cells of human umbilical vein
(HUVEC) kindly provided by M. A. Lagarkova (Institute
of General Genetics, Russian Academy of Sciences) were
grown on medium for primary endothelial cell cultures
with all necessary additives (EGM-2 BulletKit; Lonza,
USA) and used in the experiments in passages 2-4. The
culture mats and plates used for HUVEC were pretreated
with 2% aqueous solution of gelatin (Sigma). Human
promyelocytic lymphoma HL-60 cells were grown in
RPMI 1640 medium (Gibco) containing 10% FCS
(HyClone). All cells were cultivated at 37°C in the pres-
ence of 5% CO,.

The penetrating cations (C,;,TPP and SkQ1; synthe-
sized by G. A. Korshunova and N. V. Sumbatyan,
Belozersky Institute of Physico-Chemical Biology,
Lomonosov Moscow State University), uncouplers
(DNP and TTFB), oligomycin, and deoxyglucose
(Sigma) were added to the completely confluent mono-
layer of EA.hy926 cells 3 h before the measurement of
mitochondrial membrane potential or 12 h before the
measurement of ATP content. In all other experiments,
endothelial cells were cultivated to a completely conflu-
ent monolayer (3 days) in the presence of penctrating
cations, uncouplers, and antioxidants, followed by
replacement of the culture medium by a new one con-
taining 0.2% FCS, with the addition of TNF (kindly pro-
vided by L. N. Shingarova, Institute of Bioorganic
Chemistry, Russian Academy of Sciences) after 12 h.

Assessment of mitochondrial membrane potential.
Mitochondrial membrane potential was assessed with
TMRM (tetramethylrhodamine methyl ester) fluorescent
probe (Sigma), which electrophoretically accumulates in
mitochondria. The cells were incubated with TMRM
(100 nM, 15 min) and removed from the plates with
trypsin-EDTA solution (Gibco); fluorescence was meas-
ured with a flow cytofluorimeter (Beckman Coulter
Cytomics FC 500; Beckman Coulter, USA).

Measurement of ATP content in cells. The content of
ATP in the cells was measured with a CLS II ATP
Bioluminescence Assay Kit (Hoffmann-La Roche,
Switzerland). The samples were prepared according to
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the manufacturer’s instructions. The measurements were
made with a plate luminometer (Victor X5; PerkinElmer,
USA).

DNA/RNA isolation and reverse transcription. DNA
and RNA were isolated with DNeasy Blood & Tissue
(Qiagen, USA) and RNeasy Mini Kit (Qiagen), respec-
tively. The quality of isolated RNA was assessed by spec-
trophotometry, measuring the A,z /A, and A,e/As3
absorption ratios. RNA was treated with DNase
(Fermentas, Lithuania). cDNA was obtained as follows:
2 ug of denatured RNA, 0.1 pug of random hexamer
primers, 0.2 pg of oligo(dT), and 0.5 mM of dNTP was
incubated in 1x buffer (Invitrogen, USA) with 200 U of
Superscript 111 revertase for 50 min at 43°C.

Real-time PCR was carried out in an iCycler iQ
amplifier (Bio-Rad, USA). The expression of the target
genes was determined using EVA Green mixture (Sintol,
Russia) according to the manufacturer’s instructions. The
primer sequences are given in the table.

Before the reaction, the mixture was heated at 95°C
for 3 min. PCR was carried out according to the protocol
(45 cycles): denaturing (95°C), 15 s; annealing (56°C),
30 s; elongation (72°C), 30 s. Fluorescence intensity was
recorded at the stage of elongation. After the completion
of PCR, reaction specificity was assessed by melting curve
analysis in the range of 55-95°C. The experiments were
repeated three times for each DNA or cDNA sample. The
efficiency of amplification with the selected pairs of
primers was 95-102%. The level of expression was calcu-
lated with allowance for amplification efficiency of the
primers. The mRNA expression values of the target genes
were normalized for the expression values of the RPL32
genes; the relative level of mtDNA/nDNA was deter-
mined analogously.

Assessment of neutrophil adhesion to endothelium.
The EA.hy926 cells were incubated with 5 ng/ml of TNF
for 8 h, twice washed with fresh RPMI 1640 medium, and
incubated for 30 min at 37°C with the suspension of HL-
60 cells labeled with BCECF-DA (Molecular Probes,
USA). The unbound cells were washed off with RPMI
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1640, the preparation was fixed with 2% paraformalde-
hyde, and images were obtained using an Axiovert 250
fluorescence microscope (Carl Zeiss, Germany).

Western blot. Immunoblotting was performed as
described [18] using primary antibodies against p-IkBa,
GAPDH, COXIV (Cell Signaling, USA), and tubulin
(Sigma). Horseradish peroxidase-labeled antibodies
against rabbit or mouse immunoglobulins (Sigma) were
used as secondary antibodies. Visualization was per-
formed with ECL (Amersham, USA) according to the
manufacturer’s instructions.

Assessment of number of autophagosomes and mito-
chondrial reticulum structure. Autophagosomes were visu-
alized in living cells with Cyto-ID® Autophagy Detection
Kit (Enzo, USA) according to the manufacturer’s instruc-
tions. Simultaneously, mitochondria were detected with
200 nM MitoTracker Red (Molecular Probes) added to
the cells. The images were obtained with the Axiovert 250
microscope. The number of autophagosomes and the
length of mitochondria in the cells were determined auto-
matically with MotionTracking 8.84.3 (http://motion-
tracking.mpi-cbg.de). Mitochondria were considered as
fragmented if their length was less than 2 pm.

Statistical processing of results. The images were
analyzed using ImagelJ (http://imagej.nih.gov/). The
results were statistically processed with Statistica 6.0 soft-
ware. The data in all histograms and diagrams are pre-
sented as the mean values and standard error of the mean.
Statistical significance was determined by Student’s #-cri-
terion.

RESULTS AND DISCUSSION

Effects of penetrating cations and classic uncouplers
on mitochondrial membrane potential and ATP synthesis.
Previously, it has been shown that penetrating cations of
the SkQ family are mitochondria-targeted uncouplers of
oxidative phosphorylation [24, 25]. Now we have con-
firmed that the lipophilic cations C,,TPP and SkQl

Primers for determination of mRNA content by real-time PCR

Primers
Target
direct reverse
RPL32 5'-CATCTCCTTCTCGGCATCA-3' 5'-AACCCTGTTGTCAATGCCTC-3'
1CAM 1 5'-TGTCATCATCACTGTGGTAGC-3' 5'-CTTGTGTGTTCGGTTTCATGG-3'
E-selectin 5-TGGTTGAGTGTGATGCTGTG-3' 5'-CGTTGGCTTCTCGTTGTCC-3'
VCAM1 5'-CTTCTCGTGCTCTATTTTG-3' 5S-TTGACTTCTGTGCTTCTAC-3'
MnSOD 5'-CGTGACTTTGGTTCCTTTG-3' 5'-GCTCCCACACATCAATCC-3'
nDNA 5'-ACCTGCTCCTGAATGACTA-3' 5'-GATTCTGGTATGTGGTGTCTT-3'
mtDNA 5'-ACCCTATGTCGCAGTATCTGTC-3' 5'-ATGATGTCTGTGTGGAAAGTGG-3'
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Fig. 1. Effects of penetrating cations and classical uncouplers on mitochondrial membrane potential in EA.hy926 cells. Mitochondrial depo-
larization: a) under the influence of penetrating cations (C,,TPP (1), SkQ1 (2)); b) under the influence of uncouplers (TTFB (3), DNP (4)).
¢) Oligomycin (5 pg/ml) prevents mitochondrial depolarization induced by low doses of C,,TPP (0.2 nM), DNP (5 uM), and TTFB

(0.1 uM); d) effects of oligomycin (5 pg/ml) and deoxyglucose (5 mM) on ATP content in the cells.

reduce mitochondrial membrane potential in EA.hy926
cells (Fig. 1a) just as classic uncouplers do (Fig. 1b). It is
interesting that C,,TPP in this cell model proved to be a
more effective uncoupler than SkQ1, which contradicts
the data obtained previously in isolated mitochondria
[24]. Probably, the presence of reactive quinone residue
in SkQ1 molecules results in its partial binding to cellu-
lar structures and reduces the efficiency of accumulation
in mitochondria. We found that a slight (by 7-10%)
decrease in membrane potential under the influence of
low concentrations of cationic compounds and classic
uncouplers was not accompanied by complete cessation
of oxidative phosphorylation in EA.hy926 cells. This
conclusion is based on the fact that the inhibitor of
mitochondrial ATP-synthase, oligomycin (5 pg/ml),
increased membrane potential in the presence of
C,,TPP (0.2 nM), DNP (5 uM), and TTFB (0.1 uM)
(Fig. 1c¢).
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It should be noted that even the complete block of
mitochondrial ATP-synthase by oligomycin had no sub-
stantial effect on the level of ATP in EA.hy926 cells, and
only the suppression of glycolysis by the addition of 5 mM
deoxyglucose resulted in its decrease (Fig. 1d). These
results are in good agreement with the literature data
showing that ATP in endothelium is produced mainly due
to glycolysis [10]. Thus, both penetrating cations and
classic uncouplers at the selected concentrations induce
“mild” uncoupling by decreasing the mitochondrial
membrane potential without complete cessation of oxida-
tion phosphorylation and without a drop in the level of
ATP.

“Mild” uncoupling suppresses NFxB-dependent acti-
vation of TNF-stimulated endothelial cells. We have used
the in vitro approaches with TNF activation of the cells to
study the effect of “mild” uncoupling on the inflammato-
ry response of endothelial cells (EA.hy926 and HUVEC)
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Fig. 2. Penetrating cations, classic uncouplers, and antioxidants suppress TNF-induced activation of endothelial cells. a-c) Expression of
ICAMI1 mRNA in EA.hy926 cells after TNF stimulation (0.25 ng/ml, 4 h): 1) SkQI; 2) C,,TPP; 3) TTFB; 4) DNP. d) Expression of ICAM1,
VCAMI, and E-selectin mRNA in HUVEC cells. e) Adhesion of HL-60 cells to EA.hy926 cells activated by TNF (5 ng/ml, 12 h).
Concentrations of added compounds (c-e): SkQ1 (0.2 nM), C,,TPP (0.2 nM), DNP (5 uM), TTFB (1 uM), NAC (5 mM), and Trolox

(200 pM). N> 4, * p < 0.05, ** p < 0.01, *** p < 0.001.

[21]. The assessment criteria of activation were enhanced
expression of mRNA of adhesion molecules (ICAM1 and
VCAMI1) and E-selectin and increase in promyelocytic
leukemia HL-60 cell adhesion to the endothelial cell
monolayer. Previously, we have shown that TNF stimu-
lates expression of mRNA and accumulation of adhesion
molecules on the cell surface and the secretion of proin-
flammatory interleukins-6 and -8 in these cells [21]. The
data in Fig. 2a show that the penetrating cations C,,TPP
and SkQI in EA.hy926 endothelial cells suppress the
expression of ICAM 1 over a broad range of concentrations
(0.2-20 nM) with similar efficiency. DNP and TTFB at
the concentrations causing mitochondrial depolarization
by no more than 7-10% also suppressed the expression of
ICAMI, but a slight increase in the concentration of the
uncouplers eliminated or even reversed this effect

(Fig. 2b). The range of effective concentrations for the
classic uncouplers was considerably (by three orders of
magnitude) narrower than for the penetrating cations
C,,TPP and SkQ1 (Fig. 2, a and b). The differences
between the two types of uncouplers are probably
explained by the fact that the decrease in membrane
potential is accompanied by the reduction of accumula-
tion of penetrating cations in mitochondria, which
reduces their uncoupling activity and leads to stabilization
of the potential. It is important to note that the penetrat-
ing cations and uncouplers suppress ICAM1 expression to
the same extent as the classic antioxidants (Fig. 2c).
“Mild” uncoupling also inhibited other indicators of
endothelial activation under the influence of TNF. In the
HUVEC, the penetrating cations C,,TPP (0.2 nM) and
SkQ1 (0.2 nM) and classic uncouplers DNP (5 uM) and

BIOCHEMISTRY (Moscow) Vol. 80 No. 5 2015
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TTFB (0.1 uM), together with ICAMI1, suppressed the
expression of E-selectin and VCAMI1 (Fig. 2d).

The adhesion molecules and selectins stop the rolling
and promote lymphocyte attachment to vascular endothe-
lium, which is necessary for lymphocyte transmigration
into tissues [5]. We studied the adhesion of human
promyelocytic leukemia HL-60 cells (these cells express
the ligands for adhesion molecules and selectins on their
surface) to the monolayer of EA.hy926 cells to assess the
functional activity of adhesion molecules. Both penetrat-
ing cations and classic uncouplers suppressed the adhesion
of HL-60 cells to the surface of endothelial cells (Fig. 2e).

The major regulator of adhesion molecule expression
during endothelial activation by TNF is the transcription
factor NFxB [6]. Previously, we have shown that the inhi-
bition of NFxB in EA.hy926 cells considerably sup-
pressed the TNF-stimulated expression of ICAM1 [21].
The activation of NF«xB under the influence of TNF
includes phosphorylation followed by proteolysis of the
inhibitory subunit Ik Ba., which retains NFkB in the cyto-
plasm [32]. All of the used uncouplers suppressed the
phosphorylation of IxkBa at the same concentrations that
suppressed the expression of ICAM1 (Fig. 3).

Thus, it has been shown that long-term “mild”
uncoupling of oxidative phosphorylation results in the
suppression of NFkB-dependent activation of endothe-
lial cells under the influence of TNFE

“Mild” uncoupling can induce mechanisms of
endothelial cell resistance to the activating effect of TNF.
The antiinflammatory effects of penetrating cations
C,, TPP and SkQ1 manifested themselves only after a
long-term (3-day) treatment of the cells with these
cations. We have observed such delayed effect of SkQI1
previously in many cell models [18, 33-35]. We revealed
that the removal of both penetrating cations (C,,TPP,
SkQ1) and classic uncouplers (DNP and TTFB) from the
medium 12 h before the addition of TNF had no effect on
their ability to suppress the expression of ICAM1 and
other inflammatory markers (see “Materials and
Methods”). Using high concentrations of the uncouplers,
we showed that the mitochondrial membrane potential
was completely recovered upon removal of DNP (400 uM)
from the medium, but the mitochondria remained depo-
larized for at least 12 h upon removal of C,TPP
(1 uM). This indicates that classic uncouplers are able to
induce mechanisms inhibiting the proinflammatory
effect of TNF in the absence of uncoupling. At the same
time, the action of penetrating cations can be additional-
ly ensured by their direct uncoupling effect.

One of the major inducible mitochondrial antioxidant
enzymes is manganese superoxide dismutase (MnSOD).
We checked the possibility of its induction but found no
stimulation of its expression by uncouplers (Fig. 4a).

Potential mechanisms for induction of antiinflammato-
ry effects of “mild” uncoupling. Weak mitochondrial stress-
es such as partial membrane depolarization, inhibition of
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Fig. 3. Penetrating cations, classic uncouplers, and antioxidant
suppress TNF-stimulated phosphorylation of IxBa. EA.hy926
cells were stimulated by TNF (0.5 ng/ml, 15 min).
Concentrations of the added compounds are as in Fig. 2, c-¢. a)
Results of typical Western blotting; b) results of densitometric
analysis of Western blots; N =5, * p < 0.05.

ATP synthesis, intensification of ROS generation, and
excessive accumulation of Ca?" can induce the mecha-
nisms of intensification of bioenergetic functions, quality
control, and antioxidant protection of mitochondria,
which leads to the intensification of cell adaptation to
unfavorable conditions [31]. For example, the long-term
administration of low DNP doses in mice extended their
mean lifespan, suppression of oxidative damage to mem-
branes, proteins, and DNA, and stimulation of mitochon-
drial biogenesis in muscles and adipose tissue [36, 37].

We estimated the effect of long-term “mild” uncou-
pling on the quantity and structure of mitochondria, as
well as on general autophagy and mitochondrial-specific
autophagy (mitophagy). In EA.hy926 cells, the uncou-
plers did not induce any substantial changes in the con-
tent of mtDNA (Fig. 4b) and the expression of an inner
membrane marker protein — cytochrome ¢ oxidase sub-
unit IV (COXIV) (Fig. 4, ¢ and d). It may be supposed
that the partial uncoupling under these conditions does
not trigger the mechanisms of “retrograde signaling”,
which are activated, e.g. during starvation, and stimulate
mitochondrial biogenesis, because the level of ATP in
these cells was actually independent of oxidative phos-
phorylation (Fig. 1d).

The “mild” uncoupling can contribute to improve-
ment of mitochondrial population quality by stimulating
the mechanisms for quality control and elimination of
damaged organelles. At high concentrations, the uncou-
plers cause intensive accumulation of autophagosomes
[38]. At the same time, the long-term incubation with low
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expression of MnSOD in endothelial cells. a) Expression of mRNA of MnSOD in HUVEC; b) content of mtDNA in EA.hy926 cells. The
content of COXIV in EA.hy926 cells; c) typical Western blot; d) densitometric analysis of Western blots, N = 3. Concentrations of added com-

pounds are as in Fig. 2, c-e.

concentrations of the uncouplers inducing antiinflamma-
tory effect did not intensify lipidization of the LC3 pro-
tein, which is necessary for autophagy induction (Fig. 5,
a and b), and had no effect on the content of autophago-
somes in these cells (Fig. 5, ¢ and d). The findings
demonstrate the absence of stimulation of bulk autophagy
during “mild” uncoupling but do not allow the estimation
of mitophagy. We analyzed this process by simultaneous
staining of mitochondria and autophagosomes, but we did
not observe substantial colocalization of autophagosomes
and mitochondria either in the initial cells or after the
incubation with the uncouplers (data not shown).

The long-term “mild” uncoupling, not increasing the
content of mitochondria in endothelial cells, caused
structural changes of the mitochondrial reticulum (Fig. 5,
c and e). Previously, we have shown that the mitochondria
in EA.hy926 cells, which form a completely confluent
monolayer, are extremely heterogeneous. Among them,
there was a marked population of fragmented mitochon-
dria with low potential [18]. Analogous mitochondrial
heterogeneity was also observed in fibroblasts [34]. As a
result of long-term (4-day) treatment of endothelial cells
with low concentrations of C,TPP (0.2 nM) or DNF

(5 uM), the quantity of completely fragmented mitochon-
dria in the cells decreased (Fig. 5, ¢ and e). These changes
could be a consequence of simultaneous activation of
mitochondrial biogenesis and selective mitophagy without
changing the total number of mitochondria. On the other
hand, the influence of long-term “mild” uncoupling on
mitochondrial structure could be a result of antioxidant
effect. Previously, we have shown that mitochondria are
sensitive sensors of oxidative stress in cells. Prooxidants
induced the fragmentation of elongated mitochondria,
while antioxidants (both classic and mitochondria-target-
ed) prevented this effect [39]. It can be supposed that the
decrease in the fraction of fragmented mitochondria with
a low potential contributes to decrease in mitochondrial
production of ROS. The main indication of potential
association between the mechanism of proinflammatory
effects of the uncouplers and the decrease in content of
ROS is the fact that the classic antioxidants NAC (1-
5 mM) and Trolox (100-200 uM) noticeably suppress the
TNF-induced activation of NFxB (Fig. 3) and the expres-
sion of ICAM1 in EA.hy926 cells (Fig. 2a).

The findings indicate that the long-term “mild”
uncoupling of oxidative phosphorylation induces resist-
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ance of endothelial cells to the proinflammatory action of
TNF activating the NFxB-dependent signaling pathway.
Probably, one of the causes of these antiinflammatory
effects is reduced ROS generation in mitochondria. It is
known that the enhanced level of TNF in blood is a con-
comitant of many pathological states, as well as aging
[40]. The main target of the damaging effect of TNF is
endothelium, the dysfunctions of which result in the
development of various cardiovascular pathologies [41].
Previously, models of renal and cerebral ischemia demon-
strated high therapeutic efficiency of cationic uncouplers
[42]. We assume that the basic mechanism determining
the therapeutic effect of uncouplers is their antiinflam-
matory effect on vascular endothelium.

We have discovered for the first time that even a
minor decrease in mitochondrial membrane potential
can alter the physiological state of endothelium and pro-
tect it from destructive effects of proinflammatory
cytokines. These results open prospects for using “mild”
mitochondria-targeted uncouplers as effective angiopro-
tectors in therapy for different pathologies associated with
excessive inflammation.
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