
Wound healing is a complex reaction of the organism

to injury. Various cell types including leucocytes, epithe�

liocytes, fibroblasts, and macrophages and humoral fac�

tors (cytokines) are involved in this process [1]. Three

major phases of wound healing are distinguished: inflam�

mation, regeneration (formation of granulation tissue),

and tissue remodeling (epithelization and scar forma�

tion). Neutrophils migrate to the wound during the first

hours, while monocytes and tissue macrophages migrate

later. Formation of granulation tissue begins after cessa�

tion of inflammation and cleaning of the wound. This tis�

sue is formed mostly by fibroblasts that differentiate to

myofibroblasts in the wound [2, 3]. This phase is followed

by vascularization of granulation tissue and epithelization

of the wound. The latter process depends on migration,

proliferation, and differentiation of epithelial cells.

Production of reactive oxygen species (ROS) in the

wound plays an important bactericidal role as well as a

role in cell signaling [4�7]. The concentration of hydro�

gen peroxide reaches hundreds of micromoles per liter

and then slowly declines. In the regeneration phase for�

mation of granulation tissue and vascularization are stim�

ulated by ROS at low concentration. Decline of ROS is

not effective in chronic inflammation, and this is one of

the major reasons for unhealed wound formation in dia�

betes, atherosclerosis, and in elderly patients. Unhealed

and chronic wounds accompanying various pathologies

remain a serious medical problem. In some cases (in dia�

betes, in particular [8]) antioxidants stimulate wound

healing. Development of a new wound cover with antiox�

idant activity is an important direction in wound therapy.

This cover causes cessation of inflammation at an early

phase and stimulates regenerative processes at the later

phase of wound healing.
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Abstract—It is shown that the novel mitochondria�targeted antioxidant SkQ1, (10�(6′�plastoquinonyl) decyltriphenylphos�

phonium) stimulates healing of full�thickness dermal wounds in mice and rats. Treatment with nanomolar doses of SkQ1 in

various formulations accelerated wound cleaning and suppressed neutrophil infiltration at the early (7 h) steps of inflam�

matory phase. SkQ1 stimulated formation of granulation tissue and increased the content of myofibroblasts in the beginning

of regenerative phase of wound healing. Later this effect caused accumulation of collagen fibers. Local treatment with SkQ1

stimulated re�epithelization of the wound. Lifelong treatment of mice with SkQ1 supplemented with drinking water strong�

ly stimulated skin wounds healing in old (28 months) animals. In an in vitro model of wound in human cell cultures, SkQ1

stimulated movement of epitheliocytes and fibroblasts into the “wound”. Myofibroblast differentiation of subcutaneous

fibroblasts was stimulated by SkQ1. It is suggested that SkQ1 stimulates wound healing by suppression of the negative effects

of oxidative stress in the wound and also by induction of differentiation. Restoration of regenerative processes in old animals

is consistent with the “rejuvenation” effects of SkQ1, which prevents some gerontological diseases.
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NADPH oxidase of phagocytes is the major source of

extracellular ROS during inflammation [9, 10]. Oxidative

stress induced by exogenous oxidants results in endoge�

nous ROS formation predominantly in mitochondria [11].

The new efficient mitochondria�targeted antioxidants

(SkQ family) have been developed recently by Professor V.

P. Skulachev and coworkers [12�15]. These compounds

consist of an antioxidant part (plastoquinone) and a pen�

etrating cation (“Skulachev ion”). The cation drives selec�

tive accumulation of SkQ in mitochondria and imparts

high efficiency to these antioxidants at extremely low con�

centrations. High efficiency of SkQ was confirmed in

experiments with cell cultures [13, 16] and with the ani�

mals [17�19]. The new antioxidants demonstrated signifi�

cant therapeutic action in model pathologies of heart, kid�

ney, brain, and eye. Clear geroprotective effects of SkQ

were shown in experiments with invertebrates (Cerio�

daphnia and Drosophila) and with mice [19].

In the present work the effect of mitochondria�tar�

geted antioxidant SkQ1 (10�(6′�plastoquinonyl) decyl�

triphenylphosphonium) on healing of full�thickness der�

mal wounds in animals was studied.

MATERIALS AND METHODS

Wound healing was studied in three series with differ�

ent SkQ1 applications in mice and rats. Full�thickness

dermal wounds were made under ether anesthesia or after

intraperitoneal injection of ketamine (80 mg/kg) and

xylazine (10 mg/kg). Animals were kept in plastic cages

under standard temperature, light, and feeding regimes.

In the first series of experiments, outbred white rats

(170�200 g) were daily injected subcutaneously around

the wound with 200 nM SkQ1 solution in 50 µl of 0.9%

NaCl. In the control group animals were injected with

0.9% NaCl. Samples for histological analysis were col�

lected after 7 h, 1�3, 5, and 14 days.

In the second series of experiments in Sprague–

Dawley rats (450�520 g) wounds were treated with film

cover Bioplen [20] containing SkQ1 (0.019 µg per g film).

The cover was changed every three days during 14 days. In

control group wounds were treated with the same cover

but without SkQ1. The samples for histological analysis

were collected after 14 days.

In the third series of experiments old (28 months)

BALB/c mice were administered SkQ1 in drinking water

(200 nM, equivalent to daily dose 30 nmol/kg) starting from

three months. The control groups contained young (three

months) and old (28 months) mice not treated with SkQ1.

Samples for histological analysis were collected after nine days.

Wound surface area was measured in photographs

using ImageJ (National Institutes of Health (NIH);

http:/rsb.info.nih.gov/ij/).

For histological analysis tissue samples were fixed with

Bouin’s fixative, dehydrated, and embedded in paraffin.

Cross�sections (4 µm width) were stained with hematoxylin

and eosin (Mallory’s connective tissue stain). Neutrophils

were counted in 100 fields of vision. For immunostaining,

slices were treated with 3% H2O2 for 10 min to suppress

endogenous peroxidase, treated with monoclonal antibod�

ies against smooth muscle α�actin (DAKO, USA) and

biotinylated horse antibodies against mice IgG (Vector,

USA), and stained with avidin–peroxidase conjugate

(Vector) diaminobenzidine solution (Vector). Images were

analyzed with a Leica DM 5000 B (Germany) microscope

equipped with Leica DFC 320 (Germany) digital camera.

Model of aseptic inflammation. CD1 mice (35�40 g)

were supplied with SkQ1 (200 nM, equivalent to daily

dose 30 nmol/kg) for three weeks before operation and

then for up to three days of experiment. Inflammation

was induced by intrusion of round cover glass (12 mm

diameter; Fisher, USA) in the interscapular region.

Glasses were removed after 12 h and 2 and 3 days.

Cell culture of rat IAR2 epitheliocytes (a kind gift from

Dr. P. Montesano [21]) and human subcutaneous fibro�

blasts (Russian Cell Culture Collection, Institute of Medical

Genetics, Russian Academy of Sciences) were grown in

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

USA) supplemented with 10% fetal calf serum (Hyclone,

USA), penicillin (100 U/ml), and streptomycin (100 U/

ml) at 37°C in a humidified atmosphere containing 5%

CO2. Cells were incubated with 20 nM SkQ1 for seven days

and transferred to Petri dishes with cover glasses in the same

medium without SkQ1. Conditioned medium was collect�

ed three days after the transfer. Cells on the cover glasses

were grown to form monolayers. Then half of the monolay�

er was removed, cells were washed with PBS and placed in

the growth medium for 24 or 48 h. The conditioned medi�

um was diluted three times with the growth medium and

added to the cells after preparation of the “wound”. The

samples were fixed with 2% paraformaldehyde in DMEM

(pH 7.2) and then with methanol (–20°C). For immuno�

staining monoclonal antibodies against smooth muscle α�

actin (DAKO) and rabbit antibodies against actin (Sigma,

USA) were applied. Secondary goat antibodies against

mouse IgG were conjugated with rhodamine or with fluo�

rescein (Sigma). Images were analyzed with an Axiovert

microscope (Carl Zeiss, Germany) equipped with Axiocam

camera (Carl Zeiss) using ImageJ (National Institutes of

Health (NIH); http:/rsb.info.nih.gov/ij/).

Statistical analysis was done with STATISTICA 7.0

software. The data were expressed as mean ± standard

deviation. Student’s unpaired t�test and Mann–Whitney

U�test were conducted for comparisons, and significance

was set at level p < 0.05 (*) or p < 0.001 (**).

RESULTS

SkQ1 accelerates healing of full�thickness dermal
wounds. The effect of SkQ1 on wound healing was studied
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in two models with different methods of drug delivery (see

“Materials and Methods”). SkQ1 incorporated in film

wound covering Bioplen significantly accelerated wound

healing at every phase of the process. Significant acceler�

ation of wound closure was observed at the fourth and

seventh day of the experiment (Fig. 1a). Injections of

SkQ1 (200 nM) also accelerated wound closure observed

at the fifth day (Fig. 1b).

Myofibroblasts play an important role in the forma�

tion of granulation tissue; they express smooth muscle α�

actin and produce an excess of extracellular matrix pro�

teins [2, 3]. Independently from the method of delivery,

SkQ1 caused 3�fold increase (p < 0.05) in myofibroblast

content in granulation tissue (Fig. 2; see color insert).

Histological analysis of protracted wounds on the 14th

day of the experiment demonstrated that SkQ1 incorpo�

rated in the film wound covering increased the size of col�

lagen fibers (not shown). This could be the result of

myofibroblast activity.

Effect of SkQ1 on inflammatory phase of wound heal�
ing. Visual observations of the wounds of animals revealed

a pronounced weakening of the signs of inflammation in

both models of SkQ1 delivery. Accelerated wound clean�

ing and decrease of edema were observed at the early

phase of wound healing (not shown). Analysis of neu�

trophil infiltration revealed more than 2�fold increase

(p < 0.05) in neutrophil content at 7 h after operation in

SkQ1 treated animals (Fig. 3a). The neutrophil content

dropped to the initial level 24 h after the operation.

The effect of SkQ1 on neutrophil infiltration was

studied in more detail in the model of aseptic inflamma�

tion where a sterile cover glass was introduced subcuta�

neously. Treatment with SkQ1 (30 nmol/kg per day with

drinking water) decreased 2�fold (p < 0.05) the neutrophil

content in the inflammation area 14 h after operation

(Fig. 3b). Thus in both models SkQ1 suppressed neu�

trophil infiltration at the early stages of inflammation.

Lifelong treatment with SkQ1 accelerates wound
healing in aged mice. The aged are characterized by a vio�

lation of the repair processes. Wound healing is accompa�

nied with prolonged inflammation and takes much more

time than in young counterparts. It was shown earlier that

lifelong treatment with SkQ1 decelerated development of

various features of aging and increased lifespan of mice

[19]. We have studied the effect of lifelong treatment with

SkQ1 (30 nmol/kg per day with drinking water) on wound

healing in old (28 months) mice. It was shown that clo�

sure of the wound after 24 h was significantly (p < 0.05)

more pronounced in SkQ1 treated mice than in control

mice of the same age (Fig. 4, a and b; see color insert).

Unfortunately, poor survival of the aged mice did not

allow statistical analysis at the later stages, but significant

acceleration of wound healing in SkQ1 treated mice was

clearly visible. The maximal effect was observed at the

ninth day after operation. Histological analysis of the

wound in old mice without SkQ1 treatment revealed the

absence of granulation, neutrophil infiltration, and poor

epithelization on the ninth day after operation, while in

SkQ1 treated mice complete epithelization and formation

of connective tissue was observed. Collagen fibers were

pronounced but less mature than in the healed wounds of

young mice (Fig. 4c; see color insert).

SkQ1 stimulates healing of “wound” in in vitro mod�
els. To study the molecular mechanisms of SkQ1 action,

we have studied the effects of SkQ1 in the model of wound

in cultures of fibroblasts and epithelial cells.

It was shown that SkQ1 (20 nM) significantly (2�

fold) stimulates movement of human subcutaneous

fibroblasts into the “wound” made in a cellular monolay�

er. In the presence of SkQ1 the content of myofibroblasts

(cells expressing smooth muscle α�actin) was increased,

especially near the “wound” (Fig. 5; see color insert).

These data are in complete agreement with increased

accumulation of myofibroblasts in wounds of SkQ1 treat�

ed animals (Fig. 2).

Significant acceleration of cell movement into the

“wound” was shown in monolayer of immortalized rat

IAR2 epithelial cells treated with SkQ1 (Fig. 6, a and b).

In this model, “wound” closure depended on prolifera�

tion as well as on migration of the cells. It was shown that

SkQ1 did not increase the content of cells in metaphase of

mitosis (2.9 vs. 2.5% in control vs. SkQ1 treated cells).

These data indicate that stimulation of “wound” closure

Fig. 1. SkQ1 stimulated healing of full�thickness dermal wounds.

Rats were treated with SkQ1 incorporated in film covering (0.019 µg

per g of film) (a) or injected (200 nM) in the wound area (b). The

size of wounds was determined from photographs. * p < 0.05.
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in monolayer of epithelial cells by SkQ1 was mediated by

accelerated movement of the cells.

It was found that the conditioned medium of IAR2

cells treated with SkQ1 also stimulated closure of the

“wound” (Fig. 6c) indicating that the effect of SkQ1 was

mediated by increased production or activity of some

cytokines in the growth medium.

DISCUSSION

The data presented above indicated that local treat�

ment with low (nanomolar) doses of mitochondria�tar�

geted antioxidant SkQ1 stimulated wound healing.

Significant effects of SkQ1 were observed at the early

inflammatory phase and the phase of regeneration

including formation of granulation tissue and epitheliza�

tion. In the models of full�thickness dermal wound and in

the model of aseptic inflammation, SkQ1 significantly

decreased the content of neutrophils in the area of

inflammation at the early stages (7�12 h) of the process

(Fig. 3). This effect could be mediated by suppression of

inflammation or with acceleration of the inflammatory

phase. It is known that inflammation is accompanied with

increase in ROS content in the wound [4�7]. The main

source of ROS during inflammation is NADPH�oxidase

in plasma membrane of neutrophils and macrophages [9,

10]. ROS produced by these cells exert bactericidal action

and support the process of inflammation by transmitting

intercellular signals [6, 7, 22�30]. Traditional antioxidants

suppress neutrophil infiltration by scavenging of extracel�

lular ROS in the wound. The possible role of mitochon�

drial ROS production in inflammation remains unex�

plored. Recently in two groups it was found that mito�

chondrial ROS were involved in inflammatory signaling

in cells of vascular endothelium [31, 32]. It was shown

that mitochondria�targeted antioxidant MitoQ (10�(6′�
ubiquinonyl) decyltriphenylphosphonium) (similar in

action to SkQ1) inhibited accumulation of ROS and

secretion of inflammatory cytokines (IL�1β, IL�6, IL�8)

in animal model of sepsis [31]. Expression of ICAM1

(intercellular adhesion molecule�1) in endothelial cells

treated with inflammatory cytokine TNFα (tumor necro�

sis factor α) was suppressed by 3�10 nM MitoQ [32].

Higher doses of MitoQ (30�100 nM) enhanced the effect

of TNFα, probably, due to the prooxidant action of this

compound. It was shown earlier that traditional antioxi�

dants suppressed expression of adhesion molecules

(ICAM1, VCAM1 (vascular cell adhesion molecule�1),

E�selectin) and chemokines (IL�8) during inflammation

[33�37]. These effects were mediated by inhibition of

redox�sensitive signaling pathways, which resulted in

activation of stress�kinases (p�38, JNK) and transcription

factor NF�κB [33�37]. It can be suggested that the effect

of SkQ1 on inflammation was mediated by the same sig�

naling during wound healing.

Treatment with SkQ1 significantly decreased the

size of the wound at the stage of formation and matura�

tion of granulation tissue (fifth day) (Fig. 1).

Histological analysis of the wound tissues revealed accel�

erated myofibroblast differentiation of subcutaneous

fibroblasts and migration of epithelial cells into the

wound (epithelization) induced by SkQ1. Similar effects

of SkQ1 were observed in the “wound” model in vitro in

cell cultures. It is known that myofibroblasts differenti�

ate from the tissue fibroblasts and from the progenitors

that migrate into the wound. These cells perform three

main functions during wound healing: contraction of the

wound edges due to high contractility of actin stress�

fibers and strong attachment to the extracellular matrix,

scar formation due to increased production of collagen,

and secretion of the growth factors and cytokines [2, 3].

The content of myofibroblasts in the wound on the fifth

day after operation was significantly higher in rats treat�

ed with SkQ1 than in the control group (Fig. 2). An

increase in content and size of the collagen fibers in

Fig. 3. SkQ1 affected neutrophil infiltration in the inflammatory focus: a) dermal wound; b) aseptic inflammation. The content of neutrophils

was compared to the maximal value in both models. * p < 0.05.
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Fig. 6. SkQ1 (20 nM) stimulated migration of IAR2 rat epithelial cells into “wound” made in the cellular monolayer. a) Migration of cells 24

and 48 h after “wounding” (phase contrast). Arrows indicate the directions of migration. Bar, 100 µm. b) Morphometric analysis of zone of

migration. c) Effect of conditioned medium (c.m.) from cells treated with SkQ1 on migration of naive cells into the “wound”. ** p < 0.001.
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wounds treated with SkQ1 was observed on the 14th day

(not shown) and probably was related to activity of

myofibroblasts. One can suggest that early appearance of

myofibroblasts in SkQ1 treated wounds depended on

shortening of the inflammatory phase, but the experi�

ments with the culture of subcutaneous fibroblasts

demonstrated that SkQ1 could directly stimulate myofi�

broblast differentiation.

It was shown that SkQ1 stimulated the formation of

myofibroblasts at the edge of the “wound” in cellular

monolayer (Fig. 5). Moreover, SkQ1 stimulated migra�

tion of fibroblasts into the “wound” in vitro. It is known

that myofibroblasts have large area of attachment and

developed focal adhesions that decrease individual motil�

ity of these cells [38, 39]. It could be suggested that accu�

mulation of myofibroblasts at the edge of the “wound”

resulted in expulsion of the cells from monolayer into the

“wound”, accelerating their directed movement.

Accumulation of myofibroblasts is a temporary event dur�

ing normal wound healing. Defects in elimination of

myofibroblasts result in excessive accumulation of colla�

gen and formation of hypertrophic scars. Future studies

are necessary to clarify the effect of SkQ1 at the later steps

of wound healing.

In the culture of IAR2 epithelial cells, SkQ1 also

stimulated migration of the cells into the “wound” (Fig.

6) in agreement with accelerated epithelization of wounds

in animal models. Accelerated movement in the culture

of IAR2 was not accompanied by decomposition of

epithelial layer. The experiments with conditioned medi�

um demonstrated that SkQ1 induced production by

epithelial cells of some cytokines that stimulated their

movement (Fig. 6). We found earlier that SkQ1 stimulat�

ed activity of TGFβ1 (transforming growth factor β1) in

culture of human subcutaneous fibroblasts that resulted in

myofibroblast differentiation (Popova et al., unpub�

lished). However, in experiments with epithelial cells

neutralization of TGFβ1 in the growth medium did not

block the stimulatory effect of SkQ1 (not shown). No

signs of mesenchymal differentiation of epithelial cells

treated with SkQ1 (which are inherent to the action of

TGFβ1 [40]) were observed. Moreover in SiHa carcino�

ma cells and in IAR2 cells transformed with oncogene N�

Ras, SkQ1 induced restoration of some features of epithe�

lium (cell morphology, E�cadherin containing intercellu�

lar contacts) [16]. These data indicated that SkQ1�stimu�

lated migration of epithelium into the wound was mediat�

ed by some unknown cytokines rather than by TGFβ1.

Wound healing in aged animals is greatly hampered

due to prolonged inflammatory phase and decelerated

reparation. Our experiment with 28�month�old mice has

confirmed these observations. Lifelong treatment of the

old mice with SkQ1 (30 nmol/kg daily) strongly stimulat�

ed wound healing (Fig. 4). Histological analysis revealed

significant violations of the process of wound healing in

old mice. In the old mice treated with SkQ1, in contrast,

the complete epithelization and formation of connective

tissue without leukocyte infiltration was observed. It was

shown earlier that treatment with SkQ1 prevented devel�

opment of various age�dependent pathologies [17�19].

This could be related to prevention of oxidative damage

that accumulated in the organism with age. This explana�

tion seems probable in the case of wound healing. On the

other hand, it was found that SkQ1 treatment led to a sig�

nificant slowdown in the development of signs of “healthy

aging” [19]. These observations favored the hypothesis of

cancellation of the program of aging by mitochondria�

targeted antioxidants suggested by V. P. Skulachev [15].

From this point of view the described effect of SkQ1

could be one of the manifestations of prevention pro�

grammed decline in reparation processes during aging.

In conclusion, it was shown that local treatment with

SkQ1 incorporated in synthetic coverings or injected in

the wound area stimulated wound healing. The novel

antioxidant suppressed inflammation and stimulated

reparation processes at extremely low doses. The effect

was directed on migration of leucocytes into the inflam�

matory focus, on myofibroblast differentiation, and

epithelization of the wound. These data indicated an

important role of mitochondrial ROS production in reg�

ulation of cell and tissue homeostasis. Future studies in

various cellular and animal models are necessary to clari�

fy the precise mechanisms of action of mitochondria�tar�

geted antioxidants on the processes of inflammation and

reparation. The data presented above give hope for suc�

cessful application of these compounds in therapy of

poorly healing wounds of various etiology.
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