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Abstract—An elevated level of circulatory interleukin 6 (IL-6) is a biomarker for cytokine storm of various eti-
ologies, including COVID-19, and contributes to poor prognosis. Vascular endothelial cells are one of the
main targets of pathological action of IL-6. IL-6 activates the trans-signaling pathway via the formation of
the IL-6/sIL-6Ra/gp130 receptor complex and subsequent activation of the JAK/STAT3 signaling pathway
and PI3K/AKT and MEK/ERK kinases in some cases. Previously, it was shown by the authors' group and
other researchers that reactive oxygen species (ROS), including mitochondrial ROS (mito-ROS), contribute
to the induction of IL-6 expression in the endothelium, mainly due to increased activation of the transcrip-
tion factor NF-kB. We have also shown that the mitochondria-targeted antioxidant SkQ1 (Plastoquinolyl-
10(6'-decyltriphenyl)phosphonium) prevented tumor necrosis factor (TNF)-induced cytokine storm and
death in mice. In the aortas of these animals, SkQ1 also prevented the increase in the expression of NF-kB-
dependent genes, including the cytokine IL-6 and the chemokine MCP-1. In the current work, the hypoth-
esis of mito-ROS involvement in the IL-6-signaling-mediated proinflammatory gene expression in endothe-
lial cells is tested. SkQ1 suppressed the expression and secretion of the MCP-1 chemokine, induced by IL-6
in combination with sIL-6-Ra, but not the expression of ICAM-1 adhesion molecules in EA.hy926 human
endothelial cells. Using specific inhibitors, the authors have shown that, in EA.hy926 cells, IL-6-induced
expression of MCP-1 and ICAM-1 depends on the signaling protein and transcription activator STAT3 and,
in some cases, on JNK, PI3K, and MEK1/2 kinases and is independent of p38 kinase. In this model, IL-6
induced rapid STAT3 activation, while ERK1/2 activation was less pronounced, and there was no IL-6 effect
on Akt and JNK activation. SkQ1 partially suppressed STAT3 and ERK1/2 activation. Thus, we have shown
that SkQ1 suppresses not only NF-kB-dependent expression of IL-6 and other proinflammatory genes but
also IL-6-induced activation of JAK/STAT3 and STAT3-dependent expression of MCP-1, which probably
contributes to the overall therapeutic effect of SkQ1.
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INTRODUCTION
Interleukin-6 (IL-6) is a multifunctional pleiotro-

pic cytokine, the main source of which is monocytes
and macrophages and which can be secreted by
many other cell types. A constant increase in the
level of IL-6 accompanies the development of cardio-
vascular diseases as well as chronic inflammatory,
autoimmune, and oncological diseases [1, 2]. In acute
systemic inflammation, excessive production of IL-6
is a biomarker of cytokine storm [3]. Cytokine storm is
an excessive unbalanced immune response that can
result from infection with pathogenic bacteria or
viruses or be noninfectious in nature, for example,
trauma, ischemia, graft versus host disease, autoim-
mune diseases, consequences of engineered T-cell
therapy in patients with leukemia, etc. [4]. During a

cytokine storm, a large number of various active
inflammatory mediators, such as cytokines, chemok-
ines, and some growth factors, are produced, which
contributes to the progression of concomitant diseases
[4]. IL-6 occupies a central place Among cytokines,
the level of which is elevated in patients with a poor
prognosis of COVID-19 [5]. An elevated level of IL-6
is a predictor of severe course and death in COVID-19
[6–8].

To date, both the blockade of IL-6 itself and the
suppression of IL-6R signaling are used in the treat-
ment of a number of chronic inflammatory diseases
[3]. Numerous clinical trials are currently underway to
evaluate the effectiveness of tocilizumab (humanized
antibodies against IL-6R) for the treatment of compli-
184
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cations of COVID-19, but the results of these trials are
very controversial [9].

Among the targets of IL-6, a special place is occu-
pied by the vascular endothelium, which regulates the
permeability of blood vessels and the migration of cells
from blood to tissues, and is also involved in the regu-
lation of blood coagulation and vascular tone. IL-6
acts on endothelial cells by forming a complex with the
soluble form of the receptor (sIL-6R) and receptor
glycoprotein 130 (gp130 or CD130), which is
expressed in all cell types.

Receptor complexes with gp130 usually activate the
JAK/STAT signaling pathway, but PI3K/AKT or
MEK/ERK can also be activated in different cell types
[1, 3]. It has been reported that IL-6 causes an
increase in the permeability of the vascular endothe-
lium [10, 11] and an increase in the expression of
adhesion molecules ICAM-1, VCAM-1, and E-selec-
tin, as well as the cytokine IL-6 and a number of
chemokines: CXCL10/IP-10, CCL4/MIP-1β,
CCL5/RANTES, CCL11/Eotaxin-1, CCL17/TARC,
CCL2/MCP-1, and CXCL8/IL-8, which promotes
leukocyte infiltration of organs [12–16]. It has also
been shown that IL-6 stimulates the expression of
PAI-1 (plasminogen activator inhibitor-1; inhibitor of
plasminogen activator-1), which enhances coagula-
tion [17]. Abnormal activation of the endothelium
leads to its dysfunction, which is directly related to the
development of cardiovascular and metabolic dis-
eases, and is also a frequent complication of cytokine
storms [18, 19]. In COVID-19, profound endothelial
dysfunction and vascular endothelial injury is the
main cause of both acute respiratory distress syn-
drome (ARDS) and extrapulmonary complications,
such as acute myocardial injury, renal failure, or
thromboembolic complications [20–23].

Reactive oxygen species (ROS), including those
produced by mitochondria (mito-ROS), play an
important role in the physiology and pathophysiology
of the vascular system [23–25]. ROS are involved in
the production of IL-6 in response to cytokines (TNF,
IL-1b, IL-4), angiotensin-2, and also under hypoxic
conditions [26–30]. We have previously shown that a
decrease in the level of mito-ROS with the help of the
mitochondria-targeted antioxidant SkQ1 (10-(6'-
Plastoquinonyl)decyltriphenylphosphonium) leads to
the suppression of TNF-stimulated IL-6 secretion
and the expression of a number of proinflammatory
genes in cultured endothelial cells as well as expression
of a number of proinf lammatory genes, including
IL-6 in the aortas of mice injected with lethal doses of
TNF [31, 32]. Moreover, SkQ1 prevented the death of
these animals [32]. The action of the antioxidant was
mainly associated with associated with the suppression
of the activation of the transcription factor NF-kB,
which regulates the expression of many proinflamma-
tory genes, including IL-6. At the same time, it was
reported that IL-6 itself can induce ROS generation,
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which contributes to the development of endothelial
dysfunction [15, 33]. However, there are very few such
studies, and nothing is known about the involvement
of mito-ROS in IL-6 trans-signaling. In the present
work, we assessed the possible involvement of mito-
ROS in IL-6-induced expression of proinflammatory
genes in endothelial cells using SkQ1.

MATERIALS AND METHODS

Materials. SkQ1 was synthesized by G.A. Kor-
shunova and N.V. Sumbatyan at the Belozersky
Research Institute of Physical and Chemical Biology.
Reagents produced by Sigma (United States) and cul-
ture plastic produced by Costar (United States) were
used in the work, except when otherwise indicated.

Cells and scheme of experiments. Human endothe-
lial cells of the EA.hy926 line (ATCC CRL-2922)
were grown in DMEM medium with 4.5 g/L glucose
(PanEco, Russia) containing 10% fetal calf serum
(Hyclone, United States), 100 μM hypoxanthine, and
20 μM thymidine (PanEco, Russia). Antioxidants
(100 μM Trolox, 20 nM SkQ1) were added to cells
placed in 12-well plates (100000 cells per well) after
attachment and spreading. After 4 days, the medium
was changed to a new one containing 0.2% fetal calf
serum, and antioxidants were added again. After 12–
15 h, recombinant human IL-6 (GenScript, United
States) mixed with sIL-6Ra (GenScript, United
States) (concentrations and exposure times are indi-
cated in the figure captions) was added. Inhibitors of
STAT-3 (Stattic, 10 μM; Apex Bio, United States),
JNK (SP600125, 20 μM; Enzo, United States), PI3K
(LY294002, 10 μM; Cell Signaling, United States),
and MEK1/2 (UO126, 10 μM; Cell Signaling, United
States) and p38 (SB203580, 5 μM; Cell Signaling,
United States) were added 15 min before the mixture
of IL-6 with sIL-6Ra.

Determining MCP-1 concentration in the growth
medium. The concentration of MCP-1 in the growth
medium was determined using the MCP-1-ELISA-
BEST kit (Vector-BEST, Russia) according to the
manufacturer’s protocol.

RNA isolation, reverse transcription and real-time
polymerase chain reaction (PCR). Total RNA was iso-
lated from cultured cells using an RNA isolation kit
(Zymo Research; Quick-RNA MiniPrep, United
States) according to the manufacturer’s protocol.
DNA was destroyed by treating the samples with
DNase (Thermo Fisher Scientific, United States),
RNA was precipitated with alcohol, washed, dried,
and dissolved in water. cDNA was obtained using the
RevertAid RT Kit (Thermo Fisher Scientific, United
States) according to the manufacturer’s protocol.
Quantitative real-time PCR was performed using the
PCR-Mix reaction mixture with EVA Green and ROX
(Synthol, Russia).
ETIN  Vol. 77  No. 3  2022
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Table 1. Primer sequences used for quantitative PCR

Target gene Forward (5'-3') Reverse (5'-3')

hIL-6 GACAACTCATCTCATTCTG CCATTAACAACAACAATCTG
hIL-8 CAGTGAAGATGCCAGTGAA TTAACCAGGAATCTTGTATTGC
hICAM-1 TGTCATCATCACTGTGGTAGC CTTGTGTGTTCGGTTTCATGG
hPAI CACATTGCCATCACTCTTG CATTCACTCTGCCACCTG
hCCL2 (hMCP-1) CAGAAGTGGGTTCAGGATT ATTCTTGGGTTGTGGAGTG
hCCL5 (hRANTES) AAGAAATGGGTTCGGGAGTA TAGGACAAGAGCAAGCAGAA
hRPL32 CATCTCCTTCTCGGCATCA AACCCTGTTGTCAATGCCTC
cDNA was obtained using the RevertAid RT Kit
(Thermo Fisher Scientific, United States) according
to the manufacturer’s protocol. Quantitative real-time
PCR was performed using the PCR-Mix reaction
mixture containing EVA Green and ROX (Synthol,
Russia). The reaction was carried out in an iCycler iQ
amplifier (Bio-Rad, United States) under the follow-
ing conditions: 95°C for 3 min. → (94°C for 15s →
56°C for 20s →72°C for 20s) ×40. Relative gene
expression was calculated using the 2-ΔΔCt quantifi-
cation method. The mRNA expression values of the
target genes were normalized to the expression values
of the reference RPL32 gene. Primer sequences are
listed in the Table 1.

Western blot. Immunoblotting was performed as
described previously [31]. To visualize the total protein,
0.5% (V/V) 2,2,2-Trichloroethanol was incorporated
into the gel [34]. Antibodies against the following
human proteins were used: STAT3 (#CB10245, Cell
Applications, United States) and phospho-STAT3
(Tyr705; #MA5-15193; Invitrogen, United States), Akt
(#2967), phospho-Akt (Ser473; #4051), ERK1/2
(#4695), phospho-ERK1/2 (Thr202/Tyr204; #4370),
p38 (#4631), phospho-p38 (Thr180/Tyr182; #9212),
SAPK/JNK (#9258), phospho-SAPK/JNK
(Thr183/Tyr185; #4668S; Cell Signaling, United
States), as well as horseradish peroxidase-labeled anti-
bodies against rabbit or mouse immunoglobulins. To
visualize the peroxidase reaction, the SuperSignal
West Dura kit (Thermo Fisher Scientific, United
States) was used in accordance with the manufac-
turer’s protocol. Images were obtained using the
ChemiDoc™ MP System (Bio-Rad, United States).
The obtained images were analyzed using ImageLab
software (version 5.2.1, Bio-Rad, United States).

Statistical processing. Data are presented as mean ±
standard deviation. Groups were compared using two-
way analysis of variance (ANOVA, Sidak multiple
comparison test) using GraphPad Prism 6 software
(GraphPad Software, United States).

RESULTS AND DISCUSSION

IL-6 (400 ng/mL) in combination with sIL-6Ra
(400 ng/mL) significantly stimulated the expression of
MOSCOW UNIVERSITY BIOLOG
MCP-1, ICAM-1, and IL-6 (Fig. 1a) in human endo-
thelial cells of the EA.hy926 line. Peak expression of
these proinflammatory genes was observed 1 h after
the addition of IL-6 in combination with sIL-6Ra. We
also observed an increase in the level of MCP-1 in the
growth medium of EA.hy926 cells after the addition of
IL-6 together with sIL-6Ra (Fig. 1b). The peak of
MCP-1 secretion occurred 8 h after the addition of
IL-6 in combination with sIL-6Ra.

An increase in the expression of PAI-1, IL-8, and
RANTES mRNA under the action of IL-6 in combi-
nation with sIL-6Ra was not noted by us in EA.hy926
cells (Fig. 1a). Obviously, this is due to the fact that the
EA.hy926 cells lack some of their endothelial proper-
ties.

The mitochondria-targeted antioxidant SkQ1 and
the classical antioxidant Trolox (a water-soluble ana-
logue of vitamin E) statistically significantly sup-
pressed the increase in the content of MCP-1 in the
growth medium and the increase in the expression of
MCP-1 mRNA caused by the addition of IL-6 in com-
bination with sIL-6Ra (Figs. 1b, 1c). No significant
suppression of ICAM-1 expression was observed in
this model, which indicates the existence of differ-
ences in the regulation of the expression of these genes
(Fig. 1d).

Using chemical inhibitors, we evaluated the contri-
bution of JAK/STAT, PI3K/AKT, and MEK/ERK
signaling pathways to IL-6-induced stimulation of
MCP-1 and ICAM-1 mRNA expression together with
sIL-6Ra in EA.hy926 cells (Figs. 2a, 2b). The expres-
sion of MCP-1 and ICAM-1 was suppressed to the
greatest extent by the STAT3 inhibitor. The effect of
JNK, PI3K, and MEK1/2 inhibitors was less pro-
nounced. The p38 inhibitor did not suppress the
expression of MCP-1 and ICAM-1.

Under our experimental conditions on endothe-
lial cells of the EA.hy926 line, IL-6, together with
sIL-6Ra, caused a rapid and pronounced activation of
STAT3 (phosphorylation of Tyr705) and a less notice-
able activation of ERK1/2 (phosphorylation of
Thr202/Tyr204) but did not affect the activation of
Akt-1 (phosphorylation of Ser473) and SAPK/JNK
(phosphorylation of Thr183/Tyr185) (Figs. 2c, 2d).
SkQ1 partially suppressed STAT3 phosphorylation
ICAL SCIENCES BULLETIN  Vol. 77  No. 3  2022
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Fig. 1. Antioxidants SkQ1 and Trolox inhibit IL-6-induced MCP-1 mRNA expression and secretion of this chemokine.
Cells were treated with SkQ1 (20 nM) and Trolox (100 μM) antioxidants; after 4 days, a mixture of IL-6 with sIL-6Ra
(400 ng/mL) was added. Expression of mRNA of proinf lammatory genes was determined 1 h later and MCP-1 secretion
8 h after the addition of a mixture of IL-6 with sIL-6Ra. (a) Effect of IL-6 on mRNA expression of proinf lammatory genes
in EA.hy926 cells. (b–d) Effect of antioxidants SkQ1 (20 nM, 4 days) and Trolox (100 μM, 4 days) on (b) IL-6-induced secre-
tion of MCP-1 and (c) expression of MCP-1 mRNA and (d) ICAM-1 mRNA. N ≥ 4, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤
0.0001 compared to treated with IL-6 alone with sIL-6Ra cells.
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and, to a lesser extent, ERK1/2 phosphorylation
(Figs. 2c, 2d). Thus, mito-ROS enhance the expres-
sion of MCP-1 mRNA to a large extent by increasing
the activation of STAT3.

IL-6 is an important inflammatory mediator which
elevated level is associated with cardiovascular and
chronic inflammatory diseases as well as cytokine
storms of various etiologies and their poor outcomes
[2, 3]. ROS, including mito-ROS, increase the
expression of IL-6, which contributes to increased
inflammation and the development of pathologies
[26–30]. There are also few reports on the involve-
MOSCOW UNIVERSITY BIOLOGICAL SCIENCES BULL
ment of ROS in the transmission of inflammatory sig-
nals from the IL-6-sIL-6Ra-gp130 receptor complex
[15, 33]. It has been shown that IL-6 is able to induce
oxidative stress in cultured vascular smooth muscle
cells and mouse vessels by stimulating the expression
of the angiotensin II receptor type 1 [33]. Resveratrol
(a red wine polyphenol with antioxidant properties)
has also been reported to suppress IL-6-induced
Rac1-dependent ROS generation and ICAM-1
expression in the endothelium [15]. We have shown
that the mitochondria-targeted antioxidant SkQ1 and
the classical antioxidant Trolox equally suppress IL-6-
sIL-6-R1-induced mRNA expression and secretion of
ETIN  Vol. 77  No. 3  2022
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Fig. 2. Decreased expression of MCP-1 mRNA under the action of the antioxidant SkQ1 is at least partly due to its ability to sup-
press STAT3 activation. Cells were treated with antioxidants and a mixture of IL-6 with sIL-6Ra, as indicated in the caption to
Fig. 1. Inhibitors were added 15 min before the IL-6/sIL-6Ra mixture. Samples for PCR were collected 1 h later; those for West-
ern blots: 7–60 min after the addition of a mixture of IL-6 with sIL-6Ra. (a, b) Effect of STAT-3 (static, 10 μM), JNK (SP600125,
20 μM), PI3K (LY294002, 10 μM), and MEK1/2 (UO126, 10 μM) and p38 (SB203580, 5 μM) inhibitors on induced IL-6 with
sIL-6Ra mRNA expression of (a) MCP-1 and (b) ICAM-1. (c, d) Effect of SkQ1 (20 nM, 4 days) and Trolox (100 μM, 4 days)
on the activation (phosphorylation) of STAT3, ERK1/2, Akt, and SAPK/JNK under the action of IL-6 with sIL-6Ra (7–
60 min). (c) Images of typical Western blots; (d) densitometric analysis for Western blots. N ≥ 3, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001 compared to treated with IL-6 alone with sIL-6Ra cells.
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the MCP-1 protein (Figs. 1b, 1c). This indicates the
involvement of mito-ROS in the transmission of the
inflammatory signal from the IL-6-sIL-6Ra-gp130
receptor complex in endothelial cells. 

Using chemical inhibitors, we have shown that
expression of MCP-1 in EA.hy926 cells, stimulated by
IL-6 in combination with sIL-6Ra, depends on
STAT3 and, to a lesser extent, on PI3K and MEK1/2
as well as on JNK but not on p38 (Fig. 2a), which cor-
MOSCOW UNIVERSITY BIOLOG
responded to the data obtained on other endothelial
cultures [1, 3]. In endothelial cells of the EA.hy926
line, IL-6, together with sIL-6Ra, caused a rapid and
pronounced activation of STAT3 and a slight activa-
tion of ERK1/2 but did not affect the activation of
Akt-1 and JNK (Fig. 2c). We also showed that SkQ1
suppresses STAT3 and, to a lesser extent, ERK1/2
activation (Figs. 2c, 2d). Thus, in the model used, the
mechanism of the anti-inflammatory action of SkQ1
ICAL SCIENCES BULLETIN  Vol. 77  No. 3  2022
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was largely associated with the suppression of STAT3
activation.

Previously, resveratrol was shown on to sup-
press IL-6-induced ICAM-1 expression by preventing
STAT3 phosphorylation in bovine aortic endothelium
[15]. Analysis using chemical inhibitors revealed the
same major expression regulators for MCP-1 and
ICAM-1 in our model (Figs. 2a, 2b). However, to our
surprise, neither Trolox nor SkQ1 affected IL-6-
induced expression of ICAM-1 mRNA in EA.hy926
cells (Fig. 1d). This indicates the existence of differ-
ences in the redox regulation of the expression of these
genes in different species.

Antioxidants, including mitochondria-targeted
ones, showed a pronounced therapeutic effect in some
models of sepsis and systemic inflammatory response
syndrome in animals [32, 35, 36]. However the antiox-
idants SkQ1 and  mito-Tempo were ineffective in a
model of sepsis caused by ligation and puncture of the
caecum in mice [37]. We have previously shown that
SkQ1 prevents the temperature drop and death of mice
injected with lethal doses of TNF and suppresses the
expression of NF-kB regulated genes (VCAM-1,
ICAM-1, MCP-1, and IL-6) in the aortas of these
mice. [32].

In endothelial cells in vitro, SkQ1 suppressed
TNF-stimulated activation of the transcription factor
NF-kB and, as a consequence, NF-kB-dependent
expression of ICAM-1, VCAM-1, E-selectin, and
MMP-9 as well as the secretion of IL-6 and IL-8 [31,
32]. Using transgenic mice, it has been shown that
suppression of NF-kB transcription factor activation
in the endothelium prevents endothelial dysfunction
in models of lipopolysaccharide-induced sepsis or by
caecal ligation and puncture [38].

However, the therapeutic effect of SkQ1 does not
appear to be limited to inhibition of NF-kB activation.
SkQ1 has a complex angioprotective effect on the vas-
cular endothelium: it suppresses TNF-induced adhe-
sion of HL-60 promyelocytic leukemia cells to the
endothelium [31], disassembly of intercellular con-
tacts, and an increase in the permeability of the endo-
thelial barrier [32, 39, 40] as well as apoptosis of endo-
thelial cells [41]. In the first two cases, the action of
SkQ1 was largely associated with the prevention of
NF-kB activation, while the suppression of apoptosis
and caspase-dependent destruction of intercellular
contacts and endothelial permeability was associated
with the prevention of the release of cytochrome c
from mitochondria. In addition, SkQ1 inhibited mast
cell degranulation in vivo and in vitro, which could
also contribute to a decrease in endothelial activation
during acute inflammation [42, 43]. We have now sup-
plemented this picture with the data that SkQ1 sup-
presses not only NF-kB-dependent expression and
secretion of IL-6 but also IL-6-induced activation of
JAK/STAT3 and, as a consequence, expression of
MOSCOW UNIVERSITY BIOLOGICAL SCIENCES BULL
MCP-1, which may contribute to the overall therapeu-
tic effect of SkQ1.

STUDY LIMITATIONS

The work was performed on the EA.hy926 cell line,
which is a hybrid primary culture of human umbilical vein
endothelial cells (HUVEC) and A549 human lung tissue
adenocarcinoma.
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