
Mast cells (MCs) are one of the most important cell

populations in connective tissue. They maintain local tis�

sue homeostasis and participate in multiple processes,

such as regulation of vascular permeability and blood

clotting, innate and adaptive immunity, and allergic

response [1�3]. The properties of MCs are determined by

a broad array of biologically active compounds that are

stored in the MC intracellular granules and released fol�

lowing MC activation. MCs are key initiators and regula�

tors of inflammation; they secrete inflammatory mediator

molecules, the most important of which is histamine.

Histamine increases vascular permeability and causes

edema of surrounding tissues, thereby promoting migra�

tion of leukocytes to a site of inflammation [4�6].

Recent studies have demonstrated that reactive oxy�

gen species (ROS) play and important role in various

aspects of MC physiology [7�10]. The release of inflam�

matory mediators from MC granules induced by chemi�

cal agents and physiological stimuli is accompanied by

ROS generation [10, 11]. However, the sources of ROS

and the involvement of ROS in intracellular signaling in

MCs are still poorly studied [10]. Mitochondria are one

of the sources of ROS. The role of mitochondrial ROS

(mtROS) in intracellular signaling has been studied using

mitochondria�targeted antioxidants that are selectively

accumulated in mitochondria due to the presence of

membranophilic cations. One of the best�studied mito�

chondria�targeted antioxidants is 10�(6′�plasto�

quinonyl)decyltriphenylphosphonium bromide (SkQ1)

[12].
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Abstract—The therapeutic effect of mitochondria�targeted antioxidant 10�(6′�plastoquinonyl)decyltriphenylphosphonium

bromide (SkQ1) in experimental models of acute inflammation and wound repair has been shown earlier. It was suggested

that the antiinflammatory activity of SkQ1 is related to its ability to suppress inflammatory activation of the vascular

endothelium and neutrophil migration into tissues. Here, we demonstrated that SkQ1 inhibits activation of mast cells (MCs)

followed by their degranulation and histamine release in vivo and in vitro. Intraperitoneal injections of SkQ1 in the mouse

air�pouch model reduced the number of leukocytes in the air�pouch cavity and significantly decreased the histamine con�

tent in it, as well as suppressing MC degranulation in the air�pouch tissue. The direct effect of SkQ1 on MCs was studied in

vitro in the rat basophilic leukemia RBL�2H3 cell line. SkQ1 inhibited induced degranulation of RBL�2H3 cells. These

results suggest that mitochondrial reactive oxygen species are involved in the activation of MCs. It is known that MCs play

a crucial role in regulation of vascular permeability by secreting histamine. Suppression of MC degranulation by SkQ1 might

be a significant factor in the antiinflammatory activity of this mitochondria�targeted antioxidant.
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SkQ1 exhibits therapeutic effect in many disorders

associated with chronic or acute inflammation [13�21].

Thus, SkQ1 prevents death of mice after intravenous

injection of a lethal dose of tumor necrosis factor (TNF)

[22]. This model partially reproduces systemic the

inflammatory response syndrome that is one of the major

causes of death of intensive care patients [23]. SkQ1

accelerates the healing of full�thickness dermal wounds in

aged and diabetic mice mostly via accelerated resolution

of the inflammatory phase of wound healing [16, 19]. The

SkQ1 analog SkQR1, that differs from SkQ1 in its cation

fragment, prevents development of pyelonephritis in mice

[15] and displays therapeutic effect after ischemia/reper�

fusion in kidneys and brain [24, 25]. Long�term applica�

tion of SkQ1 sufficiently suppresses inflammatory activa�

tion (expression of adhesion molecules) of endothelium

in aortas of old mice [20], which indicates an important

role of mtROS in chronic inflammation. SkQ1 downreg�

ulates the TNF�induced expression of E�selectin and

adhesion molecules ICAM�1 and VCAM�1 in cultured

endothelial cells, thereby inhibiting adhesion of neu�

trophils to the endothelial cell monolayer [20]. In the

same experimental model, SkQ1 decreased secretion of

proinflammatory cytokines IL�6 and IL�8 [20] and pre�

vented deterioration of cell–cell contacts [21, 22, 26] and

apoptosis [27]. It was suggested that the excessive activa�

tion antiinflammatory activity of SkQ1 is realized

through suppression of the vascular epithelium. Also,

SkQ1 downregulates activation of neutrophils by the N�

formyl�methionyl�leucyl�phenylalanine (fMLP) peptide

typical for bacterial cell wall proteins. The mtROS are

involved in degranulation of neutrophils and activation of

NADPH oxidase, which serves as the main source of ROS

and determines the antibacterial activity of these cells

[28].

To study the anti�inflammatory activity of SkQ1,

we used a model of carrageenan�induced inflammation

in the subcutaneous air�pouch in mice. In this model,

leukocyte mobilization to the inflammation site is pre�

dominantly caused by cytokines produced by macro�

phages, fibroblasts, and MCs residing in the air�pouch

wall [29]. Carrageenan increases the number of MCs in

the air�pouch tissues and activates their degranulation

[30]. Inflammation induction by carrageenan in the

MC�deficient WBC6F1/J�Sl/Sl(d) mice results in a

considerable (40%) decrease in the number of leuko�

cytes in the exudate [31]. Using this model, we showed

that SkQ1 significantly decreased the number of cells in

the exudate [21]. In this work, we studied the effect of

SkQ1 on the content and status of MCs in the air�pouch

walls and on the concentration of histamine and the

number of cells in the air�pouch lavage fluid in the

absence of proinflammatory stimulation by car�

rageenan. The direct effect of SkQ1 on MCs was studied

in vitro in the rat basophilic leukemia RBL�2H3 cell

line.

MATERIALS AND METHODS

Male mice (F1 hybrids of CBA × C57Bl/6 crossing)

used in in vivo experiments were kindly provided by the

Animal Facility of the Institute of Mitoengineering,

Lomonosov Moscow State University. All procedures

were done in accordance with Directive 2010/63/EU of

the European Parliament and the Federation of European

Laboratory Animal Science Associations (FELASA).

When necessary, the animals were anesthetized with

Zoletil (40 mg/kg body weight; Virbac).

SkQ1 (10�(6′�plastoquinonyl)decyltriphenylphos�

phonium bromide) was kindly provided by the Institute of

Mitoengineering, Lomonosov Moscow State University.

Effect of intraperitoneally injected SkQ1 on the MC
population in subcutaneous air�pouch model. All experi�

ments were performed in 18�month�old mice. To create

the air pouch, 4 ml of sterile air was injected subcuta�

neously between the scapulae; the injection was repeated

with 2 ml of air 4 days later [32]. Control mice (n = 5)

were then injected intraperitoneally with 0.9% NaCl

(physiological saline); experimental animals were inject�

ed intraperitoneally with SkQ1 solution in physiological

saline (250 nmol/kg body weight). These injections

(5 ml/kg body weight) were performed daily for 7 days

starting from the time of air�pouch formation. On day 7,

2 ml of phosphate buffered saline (PBS) containing

5.4 mM EDTA was injected into the air pouch, and the

content of the pouch was aspirated. The volume of the

aspirated fluid was measured, and the number of cells in

it was determined using a cell�counting chamber. To esti�

mate the intracellular histamine content, the aspirate was

centrifuged for 5 min at 1100g at 4°C, and the pellet was

lysed by adding 250 μl of 0.1% Triton X�100 in PBS and

incubating for 15 min at 37°C. The lysates were cen�

trifuged at 4390g for 7 min at 4°C, and the histamine con�

tent in the supernatant was determined.

The content of the air�pouch cavity was analyzed for

the presence of MCs. MCs were identified in dried smears

after fixation with 10% formalin and staining with 0.1%

toluidine blue by the presence of specific metachromati�

cally�stained granules and counted (out of 1000 cells ana�

lyzed) under a Leica DM1000 microscope.

The histamine content in the supernatant and cell

lysate was determined by reaction with orthophthalic

aldehyde according to a standard method [33]. Aliquots

(100 μl) of analyzed samples were placed into wells of a

96�well plate and mixed with 20 μl of 1 M NaOH and

then with 5 μl of 1% orthophthalic aldehyde (Sigma,

USA). The formed fluorophore was stabilized with 3 M

HCl, and its fluorescence was measured at 460 nm with a

Thermo Fluoroskan Ascent spectrofluorometer (λex =

355 nm).

For histological analysis, the wall of the air pouch was

cut out immediately after aspiration, fixed in 10% forma�

lin in PBS for 24 h, subjected to routine histological treat�
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ment, and embedded in paraffin. Histological sections

(4�μm thick) were stained with 0.1% toluidine blue and

assayed for the presence of MCs. MCs were counted in the

outer (upper) wall of the air pouch in 20 fields of vision (10

in the dermis and 10 in the subdermal layer) using a ×40

objective. To estimate the functional state of the MC pop�

ulation, two groups of cells were analyzed: “dark” cells

densely populated with metachromatic granules that were

poorly distinguishable from each other, and “light” cells

with sparsely located and clearly distinguishable granules

(Fig. 1). The ratio between these two types of cells was

determined by analyzing 100 cells in total using a ×100

objective. The percentage of degranulating MCs surround�

ed by the metachromatic granules was also estimated.

Effect of intraperitoneally injected SkQ1 on popula�
tion of peritoneal MCs. All experiments were performed

in 16�week�old mice (n = 22).

In the first group of experiments, experimental mice

(n = 4) were injected intraperitoneally with SkQ1 in phys�

iological saline (250 nmol/kg body weight); control mice

(n = 3) were injected with physiological saline (5 ml/kg

body weight). Six hours after injection, peritoneal cells

were isolated from both groups of animals.

In the second group of experiments, mice from the

experimental group (n = 8) received daily intraperitoneal

injection of SkQ1 in physiological saline (250 nmol/kg

body weight) for 7 days; animal of the control group (n =

7) were injected with physiological saline (5 ml/kg body

weight). On day 8, the animals were euthanized, and 5 ml

of PBS containing 5.4 mM EDTA was injected intraperi�

toneally. After massaging the abdominal wall, the abdom�

inal cavity was open and peritoneal fluid was collected.

The volume of the peritoneal fluid was determined, and

the cells in it were counted using a cell�counting cham�

ber. Smears of the peritoneal fluid were prepared, and the

number of MCs was counted on slides after their fixation

with 10% formalin and staining with 0.1% toluidine blue.

Histamine content in the liquid portion of the peri�

toneal lavage fluid and cell lysates was determined by

reaction with orthophthalic aldehyde as described above.

Effect of SkQ1 on degranulation of RBL�2H3 cells.
The effect of SkQ1 on functional activity of MCs was

investigated by assaying its ability to induce MC degranu�

lation. As a model of MCs, we used the RBL�2H3 cell

line (kindly provided by E. V. Kiseleva, Laboratory of Cell

Biology, Koltsov Institute of Developmental Biology,

Russian Academy of Sciences), which is close to MCs in

its functional properties. This commercially available cell

line was derived from the peripheral blood of Wistar rats

with chemically induced basophilic leukemia and is wide�

Fig. 1. Histological sections of air�pouch wall in control (physiological saline) and experimental (SkQ1) mice. Toluidine�blue staining; black

and red arrows, MCs with dense and sparse metachromatic granules, respectively.

50 μm50 μm

SkQ1Control
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ly used as an experimental model in studies of activation

mechanisms in MCs and basophils [34].

RBL�2H3 cells were grown in cell culture flasks in α�

MEM medium supplemented with 2 mM L�glutamine

and 10% heat�inactivated fetal bovine serum (HI�FBS)

(PanEko, Russia). The cells were passaged every 3 days at

1 : 4 to 1 : 8 dilution. For experiments, the cells were plat�

ed in 24� and 48�well plates at 100,000 cell/ml. After cell

attachment to the well, SkQ1 was added to the culturing

medium at final concentrations of 0.2, 2, 20, 200, or

400 nM, and the cells were grown in an incubator for 4

days at 37°C in 5% CO2. MC degranulation was induced

by two different methods. In the first case, 50 nM phorbol

ester (PMA; Sigma) and 1 μM calcium ionophore A23187

(Sigma) were added to the culturing medium on day 5,

and the cells were cultured for another 24 h. In the second

case, the cells were sensitized on day 5 with 0.4 μg/ml

anti�DNP IgE (mouse anti�dinitrophenol IgE antibodies;

Sigma) for 16 h. The antibodies were then washed off, and

the cells were activated with 0.1 μg/ml DNP�BSA (DNP�

conjugated bovine serum albumin; Molecular Probes,

USA) in Tyrode buffer (135 mM NaCl, 5 mM KCl,

20 mM HEPES, 1.8 mM CaCl2, 1 mM MgCl2, 6 mM

glucose, 1 mg/ml BSA, pH 7.4) for 18 min [35]. Four

hours before conducting the experiment, the culturing

medium was replaced with serum�free medium (in the

case of PMA and A23187 stimulation) or fresh medium

(in the case of cell sensitization with anti�DNP IgE fol�

lowed by stimulation with DNP�BSA).

The extent of degranulation of the activated RBL�

2H3 cells was estimated from the activity of β�hex�

osaminidase in the conditioned medium or in the cell

lysate by the release of p�nitrophenol from the substrate

4�nitrophenyl N�acetyl�β�D�glucosaminide (Sigma) by a

standard method [36]. After activation of degranulation,

the culturing medium was aspirated. The cells were lysed

with an equal volume of 0.1% Triton X�100 in the serum�

free medium or Tyrode buffer and incubated for 15 min at

37°C. The conditioned medium was centrifuged for 5 min

at 4390g at 4°C. The supernatant was assayed for β�hex�

osaminidase activity after adding substrate. The reaction

was stopped in 2 h with 0.2 M glycine�NaOH buffer, and

absorbance of the samples was measured with an iMARK

Microplate Reader at 410 nm. The relative content (%) of

β�hexosaminidase in the samples was determined using

the formula A/(A + B) × 100%, where A is optical densi�

ty of the conditioned medium, and B is optical density of

the cell lysate.

Cytotoxic activity of SkQ1 was estimated in the

MTT test. RBL�2H3 cells were plated in 96�well plates at

100,000 cells/ml medium. After the cells attached to the

plate, SkQ1 was added to the culturing medium in at con�

centrations from 0.02 to 2000 nM, and the cells were

incubated at 37°C under 5% CO2 for another 4 days. On

day 5, 20 μl of MTT (3�(4,5�dimethylthiazol�2�yl)�2,5�

diphenyltetrazolium bromide (Chem Impex Intl Inc,

USA)) was added to 5 mg/ml, and the cells were incubat�

ed for 3 h at 37°C under 5% CO2. The precipitate was dis�

solved in 100 μl DMSO. The absorbance of the samples

was determined with the iMARK Microplate Reader at

540 nm.

The data were analyzed statistically with the STA�

TISTICA 8.0 program package; graphs were plotted with

the GraphPad Prism6 program. The significance of dif�

ferences between groups was estimated using the two�

tailed nonparametric Mann–Whitney test; differences at

p < 0.05 were considered significant; differences at p < 0.1

were considered trends. Data in all graphs are presented

as median with upper and lower quartiles (in several

cases, as the interquartile range) or as maximal and min�

imal values in the sample (not shown in some cases).

RESULTS

Effect of intraperitoneal injections of SkQ1 on the
MC population in the air�pouch model. As shown earlier,

MCs play a key role in formation of inflammatory exu�

date in the air�pouch model of carrageenan�induced

inflammation in mice [21]. The structure of the pouch

wall greatly determines the character of the inflammatory

response to the irritant [29]. Earlier, we found that SkQ1

significantly decreases the number of cells in the inflam�

matory exudate from the subcutaneous air pouch after

carrageenan�induced acute inflammation in mice [21].

Based on these observations, we suggested that one of the

mechanisms of the antiinflammatory activity of SkQ1

might be its action on the MCs in the air�pouch wall. To

test this hypothesis, we investigated the effect of SkQ1 on

activation of MCs in the air�pouch wall in the absence of

carrageenan stimulation.

Studying lavage fluid from subcutaneous air pouch in

mice injected with SkQ1 in comparison to the control ani�

mals revealed a trend for decrease (1.4�fold, p = 0.08) in

absolute number of cells in this fluid (Fig. 2a). Morpho�

logical analysis of the exudate showed the presence of neu�

trophils, lymphocytes, monocytes/macrophages, and an

insignificant number of erythrocytes and platelets. No

MCs were found in samples from either control or experi�

mental groups.

The histamine content in supernatant of the air�

pouch lavage fluid was two times lower in the experimen�

tal group (p = 0.02) than in the control animals (Fig. 2b),

which might be related to suppression of MC degranula�

tion in the pouch wall (see below). Histamine was also

present, although in insignificant amounts, in the cell

lysates (Fig. 2c) due, probably, to the ability of

macrophages and neutrophils to phagocytize histamine�

containing granules from MCs [37] or to histamine�syn�

thesizing activity of platelets [38]. The content of hista�

mine in cell lysates from the control and experimental

groups was the same (Fig. 2c).
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Counting MCs in histological sections of the pouch

wall revealed no significant difference between control and

experimental groups of mice (Fig. 2d); however, the num�

ber of “dark” MCs densely populated with poorly distin�

guishable granules was considerably higher, and therefore

the number of “light” MCs with sparse well�distinguishable

granules was lower in the experimental group (p = 0.01)

(Fig. 2e). The number of degranulating cells surrounded by

metachromatic granules was two times lower in the experi�

mental mice than in the control animals (p = 0.04) (Fig. 2f).

These data show that daily intraperitoneal injection

of SkQ1 at dose 250 nmol/kg body weight for 7 days did

not affect the number of MCs in the air�pouch wall, but it

considerably suppressed degranulation of these cells,

thereby decreasing the levels of histamine and the number

of leukocytes in the air�pouch cavity.

Effect of intraperitoneal injection of SkQ1 on popula�
tion of peritoneal MCs. In the above�described air�pouch

model, as well as in some other in vivo models [15, 21,

22], SkQ1 is injected intraperitoneally at dose

Fig. 2. MC content and histamine levels in lavage fluid from subcutaneous air pouch and estimation of MC population state in the air�pouch

wall in control (physiological saline, n = 5) and experimental (SkQ1, n = 5) mice: a) absolute number of MCs in 1 ml of lavage fluid; b) his�

tamine content in 1 ml of lavage fluid; c) histamine content in cell lysate. MCs in the air�pouch wall: d) total number of MCs; e) percentage

content of “dark” and “light” MCs; f) percentage content of degranulating MCs. Asterisk (*), significant difference from control group

(p < 0.05); #, trend to difference (p < 0.1). Data in Fig. 2e are shown as median and interquartile range.
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Fig. 3. Histamine content in peritoneal lavage fluid in control (n = 3) and experimental (n = 4) mice 6 h after single intraperitoneal injection

of SkQ1 (experimental animals) and physiological saline (control animals): a) in 1 ml of supernatant; b) in peritoneal cell lysate. Asterisk, sig�

nificant difference with control group (p < 0.05).

Fig. 4. Absolute number of cells, MC content, and histamine levels in peritoneal lavage fluid in control (physiological saline; n = 7) and exper�

imental (SkQ1; n = 8) mice on day 8 after seven days of daily intraperitoneal injections: a) absolute number of cells in 1 ml of peritoneal lavage

fluid; b) absolute number of MCs in 1 ml of peritoneal lavage fluid; c) histamine content in peritoneal cell lysate; d) average histamine con�

tent in one MC; e) histamine content in 1 ml of supernatant. Asterisk, significant difference with control group (p < 0.05).
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250 nmol/kg body weight, so that considering the amount

of injected SkQ1 (10 nmol), volume of injected solution

(200 μl), and average volume of the peritoneal fluid

(∼20 μl), the calculated concentration of injected SkQ1 at

the time of injection is ∼44 μM [39]. Six hours after SkQ1

injection, the histamine levels in the peritoneal fluid

increased slightly (Fig. 3a), probably due to MC degran�

ulation or MC death resulting from relatively high local

dose of the antioxidant. No significant decrease in hista�

mine content in cell lysates from control mice was found,

presumably because of insufficient number of animals

tested (Fig. 3b). The number of mature MCs (with

metachromatic granules) in the peritoneal cavity of ani�

mals injected daily for 7 days with SkQ1 significantly

decreased (p = 0.006) (Fig. 4b). The histamine levels in

peritoneal cell lysates also decreased (p = 0.002) (Fig. 4c).

However, no differences in the histamine content per MC

(Fig. 4d), as well as in histamine levels in the peritoneal

lavage fluid supernatants (Fig. 4e) were observed.

The population of peritoneal fluid cells in animals,

including mice, is characterized by the presence of a

small number of MCs and leukocytes [40]. In our experi�

ments, MCs comprised on average 2.3% of the total cell

population; hence, the decrease in their content in exper�

imental animals only slightly affected total number of

cells in the peritoneal lavage fluid (Fig. 4a).

Therefore, intraperitoneal injection of SkQ1 in high

concentrations did not significantly decrease total num�

ber of cells in peritoneal fluid but selectively affected the

subpopulation of MCs.

Effect of SkQ1 on degranulation of RBL�2H3 cells.
To determine if the observed suppression of MC degran�

ulation in vivo might result from direct action of SkQ1 on

these cells, we studied the effect of SkQ1 on spontaneous

and induced degranulation of rat basophilic leukemia

RBL�2H3 cells. This cell line is commonly used as a

model for studying MC activation. Signaling mechanisms

that regulate degranulation of RBL�2H3 cells and con�

tent of their secretory granules are almost identical to

those in primary MCs and basophils [41]. β�

Hexosaminidase, an enzyme that is used as a degranula�

tion marker, is present in the same secretory granules as

histamine.

First, we estimated cytotoxic effect of various SkQ1

concentrations on RBL�2H3 cells and found that SkQ1 at

concentrations of 800 nM and higher considerably

decreases cell survival (Fig. 5). Therefore, the concentra�

tions of SkQ1 that were used in the experiments on the

influence of SkQ1 on RBL�2H3 cell degranulation were

within the range that produced no cytotoxic effect on the

cells.

SkQ1 at concentrations from 0.2 to 400 nM pro�

duced no visible effect on spontaneous degranulation of

RBL�2H3 cells (Fig. 6a). However, when degranulation

was induced by 1 μM calcium ionophore A23187 in com�

bination with 50 nM phorbol ester (PMA), SkQ1 at con�

centrations of 2 or 200 nM suppressed degranulation 2�

fold (Fig. 6b). SkQ1 (0.2, 20, and 200 nM) considerably

(by 20�30%) inhibited antigen (DNP�BSA)�stimulated

degranulation of cells sensitized with anti�DNP IgE

(Fig. 6c).

DISCUSSION

Studying the antiinflammatory action of the mito�

chondria�targeted antioxidant SkQ1 in the air�pouch

model in mice showed that intraperitoneal injection of

SkQ1 causes a trend toward decrease in total number of

cells (neutrophils, lymphocytes, and monocytes/

macrophages) in the air pouch cavity (Fig. 2a). These

results correlate well with our earlier observations that

SkQ1 suppresses acute inflammation induced by intro�

duction of carrageenan into the air pouch [21]. We found

that SkQ1 does not affect the number of MCs but

decreases the extent of their degranulation and histamine

concentration in the exudate (Fig. 2b). Together with

published data on the important role of MCs in the devel�

opment of carrageenan�dependent inflammation in the

air pouch model [30, 31], the results of our experiments

suggest that the effect of SkQ1 on MC activation might

represent of one of the mechanisms of antiinflammatory

activity of SkQ1.

According to data accumulated so far, intraperi�

toneal injections of SkQ1 and its analogs produce signifi�

cant therapeutic effect in models of various pathological

conditions related to acute and chronic inflammation

[14�25]. The dose and manner of SkQ1 application in our

experiments were chosen based on data of previous stud�

ies [15, 21, 22]. However, it is possible that intraperitoneal

injection creates high concentrations of SkQ1 in the peri�

toneal cavity, which might affect the state of cells that

populate the peritoneal cavity and the peritoneum. We

found that SkQ1 injection only slightly changes total

number of cells in the peritoneal cavity but considerably

decreases the content of mature MCs in it (Fig. 4b).

Fig. 5. Cytotoxic effect of various SkQ1 concentrations (n = 3).

Asterisk, significant difference from control group (p < 0.05).

Data are shown as median and interquartile range.
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Perhaps MCs are much more sensitive to the possible cell

toxicity of SkQ1 than leukocytes.

We also observed increase in histamine concentra�

tion in peritoneal lavage fluid 6 h after intraperitoneal

injection of SkQ1 (Fig. 3a), as well as decrease in content

of mature peritoneal MCs after a week of daily intraperi�

toneal injections of SkQ1 (Fig. 4b). This might indicate

that SkQ1 intraperitoneal injections at dose 250 nmol/kg

body weight cause degranulation of peritoneal MCs

and/or their death, which eventually leads to depletion of

the pool of mature MCs. The absence of mature (i.e. able

to degranulate) peritoneal MCs in our studies might be

beneficial in the case of intraperitoneal inflammation

because of leukocyte infiltration suppression [42] and

decrease in levels of proinflammatory cytokines and

chemokines, especially TNF [43]. The absence of peri�

toneal MCs was also found to promote survival in a model

of bacterial sepsis in mice [44].

However, it should be noted that the decrease in con�

tent of peritoneal MCs could not explain the antiinflam�

matory properties of SkQ1 in various models not related to

the initiation of inflammatory processes in the peritoneal

cavity. In several studies, SkQ1 suppressed infiltration of

neutrophils into a wound when applied orally for a long�

term period [16, 19], as intraperitoneal injections [14], or

in the content of wound coverings (data not shown). These

methods of application do not create high local concen�

trations of the antioxidant in the peritoneal cavity, and

therefore they do not affect the number of peritoneal

MCs. Despite this and the absence of visible negative side

effects of the intraperitoneal injections of SkQ1 and its

analogs, the ability of SkQ1 to decrease the content of

mature peritoneal MCs (and probably some other cell

subpopulations in peritoneal fluid) should be considered

when choosing the mode of antioxidant application.

The effects of intraperitoneal injection of SkQ1 on the

population of peritoneal MCs might be related to its influ�

ence on survival of these cells. This hypothesis is corrobo�

rated by results of our in vitro studies, which demonstrated

that SkQ1 concentrations exceeding 800 nM exhibit cyto�

toxic activity toward RBL�2H3 cells, as well as by earlier

published data on the important role of ROS in MC sur�

vival [7�9]. SkQ1 might also modulate production of regu�

latory factors required for MC survival by cells of peri�

toneal exudate and peritoneum. Thus, fibroblast�produced

TGF�β1 decreases MC survival in vivo [45]. At the same

Fig. 6. Effect of SkQ1 concentration on (a) spontaneous and (b, c) induced degranulation of RBL�2H3 cells (n = 3) in the presence of (b)

50 nM PMA and 1 μM A23187 for 24 h or (c) 0.4 μg/ml anti�DNP IgE for 16 h and 0.1 μg/ml DNP�BSA for 18 min. Asterisks, significant

difference between degranulation levels (p < 0.05). Data are shown as median and interquartile range.



SkQ1 INHIBITS MAST CELL DEGRANULATION 1501

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  12   2017

time, SkQ1 promotes biosynthesis of active TGF�β1 by

fibroblasts in vitro [13]. Our results might also be explained

by stimulation of peritoneal MC degranulation by high

doses of SkQ1. This suggestion correlates well with data on

possible prooxidative activity of high SkQ1 concentrations

[12] and observations that induced oxidative stress can

cause MC degranulation [46]. Perhaps intraperitoneally

injected SkQ1 directly affects the cells that migrate into

the peritoneal cavity from blood. Thus, after rat peritoneal

cells had been lysed with distilled water, a small number of

immature MC precursors containing no metachromatic

granules appeared in the peritoneal cavity two days after

the lysis. More mature granule�containing MCs were

observed on day 6, while complete restoration of the

mature MC populations happened only 10 days after the

lysis [47] or even later [44]. This gives us reason to believe

that SkQ1 can regulate migration of peritoneal fluid cells,

especially in MCs. However, this hypothesis should be

tested in further experiments on the dynamics of MC pop�

ulation restoration after treatment with SkQ1.

To study the direct effect of SkQ1 on MCs, we used

the rat basophilic leukemia cell line RBL�2H3. SkQ1 at

concentrations from 0.2 to 400 nM produced no effect on

spontaneous degranulation of RBL�2H3 cells (Fig. 6a),

but it inhibited degranulation stimulated by combined

application of calcium ionophore A23187 and phorbol

ester (PMA) (Fig. 6b). SkQ1 within a broad range of con�

centrations also suppressed degranulation of cells sensi�

tized with anti�DNP IgE and then activated with DNP�

BSA (Fig. 6c). Increase in SkQ1 concentration over

800 nM decreased RBL�2H3 cell survival (Fig. 5), which

correlated with data on high sensitivity of MCs to toxic

action of SkQ1 in the peritoneal cavity (Fig. 5b).

MC degranulation is accompanied by ROS genera�

tion; however, data on sources and role of ROS in MC acti�

vation are contradictory [10, 48]. Our results showed that

low SkQ1 concentrations inhibit MC degranulation in vivo

and in vitro, which correlates with earlier published data on

suppression of MC degranulation in the presence of vari�

ous ROS inhibitors and antioxidants [49�53]. The role of

mtROS in activation of MCs is of great interest. Thus,

thapsigargin (a compound that stimulates MC degranula�

tion) induces an increase in ROS intracellular content

directly via production of superoxide anion O 2
� in mito�

chondria. mtROS generation is closely associated with

Ca2+ entry into mitochondria [11]. Moreover, mtROS

affect histamine synthesis in MCs. For example, MCs from

bone marrow of Ucp2�deficient mice (Usp2 is a mito�

chondrial inner membrane protein that regulates mtROS

production) contain elevated levels of histamine, which

could be lowered by the superoxide dismutase mimetic

MnTBAP preferentially accumulated in mitochondria

[54]. It should be noted that MC degranulation is accom�

panied by translocation of mitochondria to the plasma

membrane and by their fragmentation mediated by the

antioxidant protein Drp1 [55]. mtROS generation might

also be related to fragmentation of mitochondria [56, 57].

Besides, mitochondria�produced ROS, as well as ROS

produced in other cell compartments, might directly affect

the FcεRI signaling pathway that plays an important role in

MC activation [10]. Therefore, mtROS might be involved

in the MC activation through regulating histamine synthe�

sis, mitochondrial concentration of Ca2+, translocation

and fragmentation of mitochondria, and FcεRI signaling.

Based on the existing data, we can conclude that

mtROS play an important role in MC activation that leads

to MC degranulation and histamine release. Because his�

tamine increases vascular permeability and promotes

leukocyte migration to an area of inflammation, suppres�

sion of MC activation by the mitochondria�targeted

antioxidant SkQ1 might contribute to the antiinflammato�

ry activity of SkQ1. This effect, as well as earlier described

suppression of inflammatory activation of endothelial cells

[20, 22, 26, 27] and neutrophils [28], might underlie the

therapeutic effect of SkQ1 and its analogs in models of

inflammation�associated pathologies.
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