
One of the most important functions performed by

vascular endothelium is the regulation of macromolecule

and cell transport from the blood flow to tissues.

Endothelial barrier dysfunctions are typical for a number

of pathologies associated with acute and chronic inflam-

mation [1-3]. They lead to edema, enhanced transmigra-

tion of leukocytes to tissues, and subsequently to organ

damage [1, 2]. The injection of recombinant Slit protein,

which interacts with Robo 4 receptor and thus stabilizes

intercellular contacts, decreases organ damage and

increases survival of animals challenged by sepsis and

viral infections [4]. Another way to lower endothelial

permeability is the inhibition of intercellular matrix met-

alloprotease 9 (MMP9) that cleaves both glycocalyx and

transmembrane intercellular junction proteins, namely

VE-cadherin, claudin-5, and others [5, 6]. Blood cells

and macromolecules migrate through the endothelium

cell layer using either (i) trans-cellular route through the

body of the endothelial cells by endocytosis and vesicular

traffic, or (ii) para-cellular through the gaps between

nearby endothelial cells formed due to the rearrange-

ment of intercellular contacts [7]. These two modes are
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Abstract—Prolonged or excessive increase in the circulatory level of proinflammatory tumor necrosis factor (TNF) leads to

abnormal activation and subsequent damage to endothelium. TNF at high concentrations causes apoptosis of endothelial

cells. Previously, using mitochondria-targeted antioxidants of SkQ family, we have shown that apoptosis of endothelial cells

is dependent on the production of reactive oxygen species (ROS) in mitochondria (mito-ROS). Now we have found that

TNF at low concentrations does not cause cell death but activates caspase-3 and caspase-dependent increase in endothelial

permeability in vitro. This effect is probably due to the cleavage of β-catenin – an adherent junction protein localized in the

cytoplasm. We have also shown that extracellular matrix metalloprotease 9 (MMP9) VE-cadherin shedding plays a major

role in the TNF-induced endothelial permeability. The mechanisms of the caspase-3 and MMP9 activation are probably not

related to each other since caspase inhibition did not affect VE-cadherin cleavage and MMP9 inhibition had no effect on

the caspase-3 activation. Mitochondria-targeted antioxidant SkQR1 inhibited TNF-induced increase in endothelial per-

meability. SkQR1 also inhibited caspase-3 activation, β-catenin cleavage, and MMP9-dependent VE-cadherin shedding.

The data suggest that mito-ROS are involved in the increase in endothelial permeability due to the activation of both cas-

pase-dependent cleavage of intracellular proteins and of MMP9-dependent cleavage of the transmembrane cell-to-cell con-

tact proteins.
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possibly linked to each other, since many effectors of

endothelial permeability stimulate both vesicular trans-

port and destruction of the integrity of intercellular con-

tacts [8]. Nevertheless, it is still unclear whether these

processes occur simultaneously in the same vessels or

they take place in various parts of the vascular system.

The mechanisms providing para-cellular transport are

linked to destabilization and rearrangement of protein

complexes of the intercellular contacts [7, 9, 10]. The

most common mechanisms involve stretching of nearby

cells due to Rho/MLC1-dependent contraction of acto-

myosin filaments attached to the contacts and dissocia-

tion of the protein complexes of the intercellular con-

tacts due to their phosphorylation and/or degradation [7,

9, 10]. TNF is known to induce Rho-dependent

cytoskeleton rearrangement [11, 12], phosphorylation of

adhesion junction proteins [13], and their cleavage by

caspases and intercellular matrix metalloproteases

(MMPs) [14].

Although mitochondria are not the main source of

ATP in endothelial cells [15], they execute important sig-

nal functions under both normal and pathological condi-

tions [16-18]. Mitochondria can influence intracellular

signaling in multiple ways. The most studied are: release

of proteins from the intermembrane space of mitochon-

dria; regulation of ATP, ADP, and AMP levels; regulation

of Ca2+ level in cytoplasm and regulation of ROS levels

[16]. With the use of mitochondria-targeted antioxidants

of the SkQ family, which are based on plastoquinone and

penetrating cations, we recently showed that mitochon-

dria-derived ROS (mito-ROS) participate in the induc-

tion of TNF-dependent endothelial permeability [19].

SkQ1 partially prevented the decrease in the intercellular

contact VE-cadherin protein. TNF is known to induce

shedding of the intercellular domain of this transmem-

brane protein via intercellular MMPs [14, 20]. On the

other hand, we have shown that mito-ROS participate in

signal transduction to caspases and in apoptotic stimula-

tion driven by high doses of TNF [21]. Caspase activation

may be caused not only by toxic but also by subtoxic con-

centrations of apoptotic inducers. Moreover, caspases can

have non-apoptotic activities: induce cell proliferation,

survival, and differentiation, regulate cell spreading and

migration, cytokine maturation, and receptor internal-

ization [22, 23]. There is no consensus on the role of cas-

pases in the regulation of endothelial barrier function.

There have been reports of involvement of caspases in the

cytokine-induced permeability [24-26], and simultane-

ously that caspases are dispensable for the cytokine-

induced alteration of endothelial barrier functions [27,

28].

In the current work, we estimated the contribution of

caspase-dependent pathways of β-catenin cleavage and

MMP9-dependent mechanisms of VE-cadherin shed-

ding in TNF-induced endothelial permeability and stud-

ied the role of mito-ROS in these processes.

MATERIALS AND METHODS

Materials. SkQR1 was synthesized by G. A.

Korshunova and N. V. Sumbatyan at the A. N. Belozersky

Institute of Physico-Chemical Biology [29]; human

recombinant TNFα was kindly procured by L. N.

Shingarova (Institute of Bioorganic Chemistry, Moscow).

All other reagents were from Sigma (USA). Laboratory

plastic ware and Transwell® plates were from Costar

(USA).

Cell cultures. Endothelial cell line EaHy926 (ATCC

CRL-2922) [30] was cultured in DMEM medium

(Dulbecco’s modified Eagle’s medium) (Gibco, USA)

supplemented with 10% fetal bovine serum (FBS)

(HyClone, USA) and with 100 µM hypoxanthine and

20 µM thymidine (HyClone). After cell attachment and

spreading, the antioxidants (5 mM NAC, 200 µM Trolox,

20 nM SkQR1) were added to the cells (105 cells per ml)

and incubated for 4 days. Then the medium was replaced

by fresh medium containing 0.2% FBS. After 24 h,

human recombinant TNF was added (concentrations and

incubation conditions are indicated in the figure legends).

For studies on caspase and MMP9 activities, total caspase

inhibitor ZVAD (1 µM), caspase-3 inhibitor DEVD

(1 µM), and MMP9 inhibitor GM6001 (Merck, USA)

(25 µM) were added 30 min prior to TNF treatment.

Estimation of apoptosis. Two days after TNF treat-

ment, the cells (including those that detached and emerged

from the bottom of the dish) were collected, washed with

cold PBS (2 mM KH2PO4, 10 mM Na2HPO4·7H2O,

137 mM NaCl, 2.7 mM KCl), fixed with ice-cold mixture

of PBS–ethanol (1 : 2), and incubated overnight at 4°C.

After this, the cells were washed with PBS and stained in

PBS containing 30 µg/ml propidium iodide (MP

Biomedicals, France) and 10 µg/ml RNase A (Fermentas,

Lithuania) in the dark for 45 min at 37°C and then ana-

lyzed with a Beckman Coulter FC500 flow cytometer.

Estimation of caspase-3 activation. After incubation

with the examined compounds and TNF, the cells were

lysed with lysis buffer (10 mM Tris-HCl, 5 mM EDTA,

320 mM sucrose, 1% Triton X-100, 1 mM PMSF, 1 mM

DTT) for 10 min at 4°C, then centrifuged at 14,000g for

5 min at 4°C. The supernatant was transferred into a 96-

well plate. An equal volume of reaction buffer (100 mM

HEPES, 10% sucrose, 0.2% CHAPS, 1 mM PMSF,

1 mM DTT, 100 µM caspase-3 fluorescent substrate AC-

DEVD-MCA (Peptide Institute, Inc., Japan)) was added.

The reaction was carried out for 1 h, 37°C. Caspase-3

activity was measured with a Fluoroskan Ascent plate flu-

orimeter at 355/460 nm (Thermo Fisher Scientific, USA).

Western blot analysis. Western blot analysis was per-

formed as described previously [21]. The antibodies used

were to human proteins: VE-cadherin (eBioscience,

USA, 14-1449-82), β-catenin (BD Transduction Labora-

tories, C19220), GAPDH (G8795) and horseradish per-

oxidase-conjugated antibodies to rabbit Ig (A0545) and
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mouse Ig (A9917). A SuperSignal West Dura kit (Thermo

Fisher Scientific) was used for HRP detection according

to manufacturer’s instructions. Images were obtained and

analyzed with a ChemiDoc™ MP System (Bio-Rad,

USA) under ImageLab 5.2.1 (Bio-Rad) software.

In vitro endothelial permeability. The level of

endothelial permeability was estimated as previously

described by Chen et al. [31]. The cells were cultured up

to 100% confluent monolayer in the upper chambers of

Transwell® Plates (pore diameter 0.4 µm). After 24 h of

incubation with TNF (10 ng/ml), a mixture of conjugates

of 65-85 kDa dextran with TRITC (TRITC-dextran,

1 mg/ml) was added to the upper chamber. The amount

of TRITC-dextran passed through the cell monolayer to

the lower chamber was measured 4 h later with the plate

fluorimeter at 485/590 nm.

Fluorescent microscopy. The cells were cultured on

coverslips placed into the wells of a culture plate. After

incubation with the examined compounds and TNF, the

cells were fixed with 2% paraformaldehyde (10 min, 37°C)

and permeabilized with 1% Triton X-100 (5 min, room

temperature). The reaction with antibodies to VE-cad-

herin (eBioscience, 14-1449-82) and β-catenin (BD

Transduction Laboratories, C19220) was carried for 12-

15 h, 4°C. The reaction with antibodies to mouse IgG

conjugated with Oregon Green 488 (Invitrogen, USA, O-

6380) or Texas Red (Molecular Probes, USA, T-2767) flu-

orophores, along with Hoechst 33342 (5 µg/ml), was car-

ried out for 30 min at room temperature. Images were

obtained using an Axiovert 200M fluorescence micro-

scope with AxioCAM HRM camera (Carl Zeiss,

Germany). To estimate the effect of TNF on the number

of attached cells, photographs of three cell fields were ran-

domly taken and the cell nuclei were counted. A lens with

20× amplification was used; the average number of cells in

a single field of view was 269. ImageJ 1.51d software was

used for cell counting and fluorescence profiling.

Statistical analysis. Data are presented as mean ±

standard deviation (SD). Statistical significance was cal-

culated using the Mann–Whitney criteria.

RESULTS AND DISCUSSION

The response of endothelial cells to apoptosis induc-

tion varies in different cell models. In some cases, TNF

alone can induce apoptosis [32], in other cases addition-

al co-simulation is required by either inflammatory

cytokines or hydrogen peroxide [33, 34]. We have shown

previously that TNF at high concentrations (>10 ng/ml)

induces apoptosis of more than 40% of EAhy926

endothelial cells [21] (Fig. 1, a, c, and d). TNF at 5 ng/ml

did not induce apoptosis (Fig. 1, a, b, and d) but led to the

remarkable changes in cell morphology. The cells became

stretched; the adhesion contacts proteins VE-cadherin

and β-catenin disappeared from the contacts; gaps

appeared between the cells (Figs. 2 and 3). This TNF-

dependent change in primary endothelial cell morpholo-

gy was observed earlier, and it was accompanied by the

suppression of cell proliferation and cell detachment

from the surface [35]. Incubation of EAhy926 cells with

TNF also led to a decrease in the number of attached cells

by 24%. The number of cells in S and G2/M-phase

increased after TNF incubation, probably because of cell

cycle arrest (Fig. 1, b and c). Moreover, we observed

three-fold increase in detached cells with non-fragment-

ed nuclei. Large amounts of circulating endothelial cells

are typical for various pathologies linked to systemic

inflammation [36, 37]. The content of apoptotic cells

among circulating endothelial cells is usually not high,

though endothelial cell detachment may cause their

apoptosis in vitro. This occurs due to the interruption of

the survival signaling induced by the integrins and inter-

cellular contacts. TNF treatment also promoted increase

in endothelial permeability for macromolecular (30-

75 kDa) dextran-TRITC conjugates (Fig. 4).

Low concentrations of TNF (<5 ng/ml) did not

cause apoptosis of EAhy926 cells but activated caspase-3

(Fig. 1e). Inhibition of the caspases by total caspase

inhibitor ZVAD led to small (10-15%) but statistically

significant decrease in TNF-stimulated endothelial per-

meability (Fig. 4). Additionally, ZVAD and caspase-3

inhibitor DEVD prevented TNF-dependent disappear-

ance of VE-cadherin and β-catenin from contact areas

and prevented formation of gaps (Figs. 2 and 3, data from

the experiments with ZVAD are shown). TNF-induced

β-catenin cleavage in the EAhy926 cells was blocked by

ZVAD (Fig. 5) in full accordance with published data

[14]. β-Catenin cleavage was also decreased in the pres-

ence of DEVD (Fig. 5), but this effect was weaker com-

pared to ZVAD treatment. This points out that not only

caspase-3 but also other caspases may participate in β-

catenin cleavage.

ZVAD completely inhibited TNF-induced decrease

in the number of monolayer cells. The detachment of

cells was probably promoted by β-catenin cleavage by

caspases and subsequent disruption of intercellular con-

tacts. Additionally, caspase-3 may inhibit cell prolifera-

tion by the cleavage of p27 and p21 [23]. Moreover, β-

catenin regulates endothelial proliferation and cell sur-

vival [38]. β-Catenin cleavage by caspases in cancer cells

leads to arrest of the cell cycle in the G2/M phase and

apoptosis due to suppression of c-Myc expression and

kinase Cdc2/cyclin B1 inactivation [39].

The role of caspases in the regulation of endothelial

barrier function is not completely clear. The data are lim-

ited and contradictory [24-28]. Adhesion contact pro-

teins β-catenin and plakoglobin were shown to be cleaved

by caspases in TNF treated endothelial cells [14]. The

data presented above show that the cleavage of cell pro-

teins by caspases makes a small but statistically significant

contribution to the TNF-dependent increase in perme-
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ability and disassembly of intercellular contacts in

endothelium. It may be assumed that the cleavage of β-

catenin and possibly other proteins of intercellular con-

tacts by caspases plays an important role in stimulation of

caspase-dependent permeability of endothelium.

Subtoxic TNF doses caused a decrease in total VE-

cadherin content in EAhy926 cells (Fig. 6). The inhibi-

tion of caspases had no effect on this process, while

MMP9 inhibition abrogated the effect of TNF (Fig. 6)

and prevented disassembly of the intercellular contacts

and gap formation (Figs. 2 and 3). It also completely

blocked TNF-dependent increase in endothelial perme-

ability for dextran-TRITC (Fig. 4). Thus, MMP9-driven

shedding of VE-cadherin (and, presumably, other pro-

teins) makes the most significant contribution to the

TNF-dependent increase in permeability. The increase in

endothelial permeability by shedding of transmembrane

proteins including VE-cadherin, as well as glycocalyx

proteins, has been reported for a number of pathologies

associated both with chronic and acute inflammation [20,

40-42].

Inhibition of MMP9 substantially prevented the

TNF-induced loss of adherent cells: the number of cells

in vehicle control was taken as 100%, TNF incubation –

76%, TNF + MMP9 inhibitor – 93.4%. VE-cadherin is

one of the key regulators of endothelial cell detachment

from the substrate [36, 37], and its cleavage by MMP9

may facilitate this process. Moreover, MMP cleaves other

intercellular matrix proteins – fibronectin, vitronectin,

and collagen [5, 6] – that are also involved in the adhe-

sion of endothelial cells [36, 37].

Caspases can regulate several signal transduction

pathways [22, 23]. This regulation mainly occurs via

NFκB transcription factor and mitogen-activated protein

kinases (MAPK) [22, 23]. For example, caspase-depend-

ent NFκB activation and expression of the adhesion mol-

ecules ICAM1 and VCAM1 were demonstrated in murine

kidney endothelium [43]. TNF may induce MMP9

expression via NFκB, Sp-1, and AP-1 activation [44, 45].

One can assume that MMP9-dependent shedding of VE-

cadherin is also connected with caspase activation.

However, the inhibition of caspases with ZVAD did not

prevent VE-cadherin cleavage (Fig. 6). In turn, inhibition

of MMP9 did not affect caspase-3 activation (Fig. 7).

Therefore, caspase-3 activation and MMP9-dependent

shedding of VE-cadherin are regulated independently. At

Fig. 1. TNF induces apoptosis (a-d) and caspase-3 activation (e) in EAhy926 endothelial cells. a-c) Typical results of cell cycle analysis; d)

statistical analysis. Apoptosis was measured 48 h after TNF treatment; caspase-3 activity was measured 12-15 h after TNF treatment. n � 5;

** p � 0.01, *** p � 0.001 for 5, 10, 50, and 100 ng/ml of TNF.
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Fig. 2. Mitochondria-targeted antioxidant SkQR1 (20 nM), caspase inhibitor ZVAD (1 µM), and MMP9 inhibitor (MMP9i, 25 µM) prevent

TNF-dependent (5 ng/ml, 24 h) VE-cadherin rearrangement in EAhy926 cells. Immunofluorescent staining of VE-cadherin is stained green,

and cell nuclei are stained cyan (Hoechst 33342 staining). Bar size – 15 µm. Oregon Green 488 fluorescence profiles containing cross sections

of the cells are shown for control and TNF-treated cells. Quantitative analysis of the distribution of VE-cadherin is shown.



MITOCHONDRIAL ROS AND ENDOTHELIAL PERMEABILITY 1193

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  10   2016

Fig. 3. Mitochondria-targeted antioxidant SkQR1 (20 nM), caspase inhibitor ZVAD (1 µM), and MMP9 inhibitor (MMP9i, 25 µM) prevent

TNF-dependent (5 ng/ml, 24 h) β-catenin rearrangement in EAhy926 cells. β-Catenin is stained green (immunofluorescent staining, mono-

clonal antibodies); cell nuclei are stained cyan (Hoechst 33342 staining). Bar size – 15 µm. Oregon Green 488 fluorescence profiles contain-

ing cross sections of the cells, which are shown for control and TNF-treated cells. Quantitative analysis of the distribution of β-catenin is shown.
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the same time, MMP9 inhibitor partially decreased cas-

pase-dependent cleavage of β-catenin (Fig. 5).

Destabilization of the protein complex that forms adhe-

sion contacts due to cleavage of VE-cadherin possibly

promotes β-catenin cleavage by caspases.

We have previously shown that apoptosis of EAhy926

cells induced by high TNF concentrations was prevented

by classical antioxidants (NAC and Trolox) as well as

mitochondria-targeted antioxidants, with SkQR1 being

the most efficient [21]. The experiments with subtoxic

TNF concentrations proved that SkQR1 (along with

NAC and Trolox) prevented the disassembly of intercellu-

lar adhesion contacts and endothelial permeability

caused by TNF (Figs. 2-4). Similar effects were earlier

observed in experiments with another mitochondria-tar-

geted antioxidant, SkQ1 [19]. SkQR1 inhibited caspase-3

activation caused by subtoxic TNF concentrations

(Fig. 7) and completely abrogated caspase-dependent

cleavage of β-catenin (Fig. 5). The effect of classical

antioxidants was less pronounced (Fig. 5). Moreover,

SkQR1 prevented the TNF-induced decrease in adherent

cells: the number of cells in vehicle control was taken as

100%, TNF incubation – 76%, TNF + SkQR1 – 86%.

We investigated the effect of SkQR1 on TNF-induced

apoptosis and found that SkQR1 did not influence cleav-

age of caspase-8 and its substrate proapoptotic protein

Bid, but it did inhibit cytochrome c release from mito-

chondria and cleavage (activation) of caspase-3 and its

substrate PARP. It can be assumed that non-apoptotic

subthreshold activation of caspase-3 also depends on

mitochondrial cytochrome c release with the participa-

tion of mito-ROS. This assumption points to the impor-

tant role of mitochondria in the non-apoptotic activation

of caspases that plays a crucial role in the regulation of

various physiological processes [22, 23].

It was shown recently that partial release of

cytochrome c into the cytoplasm from a small population

of mitochondria might lead to subliminal activation of

caspases, which does not induce apoptosis but provokes

genomic instability and cell transformation [46]. The

authors observed partial release of cytochrome c when

treating cells with ABT-737, which mimics the BH3

domain of the Bcl2 protein family, as well as at the condi-

tions of limited tBid protein expression carrying BH3

domain only. We observed TNF-induced activation of

Fig. 4. Effect of antioxidants SkQR1 (20 nM) and Trolox

(200 µM) and of the caspase inhibitor ZVAD (1 µM) and MMP9

inhibitor (25 µM) on TNF-dependent (5 ng/ml, 24 h) endothelial

cell monolayer permeability to TRITC-dextran. n � 5; ** p � 0.01.

Fig. 5. Effect of antioxidants, caspase inhibitors ZVAD and

DEVD (1 µM), and MMP9 inhibitor (25 µM) on TNF-depend-

ent (5 ng/ml, 24 h) cleavage of β-catenin in EAhy926 cells. a, b)

Representative Western blots; c) densitometric analysis of Western

blots; n = 3; & p � 0.01 for Control – TNF; * p � 0.05; ** p � 0.01

for TNF – antioxidants or inhibitors.
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exactly the same protein in our model, but it was not

dependent on mito-ROS [21]. Thus, mito-ROS possibly

play an important role in the non-apoptotic caspase acti-

vation by induction of partial release of cytochrome c

from mitochondria.

Our experiments have demonstrated that the main

impact on the TNF-dependent increase in endothelial

permeability is made by MMP9-dependent shedding of

transmembrane proteins of adhesion contacts, particular-

ly VE-cadherin (Fig. 6). SkQR1 suppressed VE-cadherin

cleavage (Fig. 6), and this effect was not linked to caspase

inhibition (Fig. 7). NFκB is the most important tran-

scription factor regulating TNF-induced MMP9 expres-

sion [44, 45]. We earlier showed that NFκB activation by

TNF in endothelial cells depends on mito-ROS [47]. We

can assume it is NFκB inhibition by SkQR1 that is

responsible for VE-cadherin cleavage protection.

Our data show that mito-ROS play a crucial role in

the TNF-induced increase in endothelial permeability.

Mitochondria of endothelial cells regulate both caspase-

dependent cleavage of intracellular proteins of adhesion

contacts and MMP9-dependent shedding of transmem-

brane proteins. The mito-ROS may also promote

endothelial cell detachment and/or decrease their prolif-

eration, which also seems to be induced by caspase and

MMP9 activation. Our data suggest that therapeutic

effects of mitochondria-targeted antioxidants in various

animal models are linked to the prevention of the increase

in endothelial permeability during inflammation. This

may help to extend possible applications of the mito-ROS

scavengers.
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