
Ischemia–reperfusion injury and procedures for

their amelioration are important problems of contempo�

rary medicine and biology. In particular, such injuries are

responsible for low adaptability of organs such as liver

after transplantation. The procedure of liver preparation

in most cases includes hypothermic storage (HS) accom�

panied by the cold�induced ischemia, while after trans�

plantation, during return of the organ to normal temper�

ature and resumption of circulation, its re�oxygenation

takes place.

The search for efficient components of preservation

solutions facilitating prolonged safe storage of isolated

organs is a main direction of investigations in transplan�

tation.

It is known that in conditions of cold ischemia, func�

tioning of the mitochondrial respiratory chain, tricar�

boxylic acid cycle, and oxidative phosphorylation is dis�

turbed, which results in inhibition of ATP synthesis [1].

The result of respiratory chain disturbance is the single�

electron reduction of some oxygen in “parasitic” reactions

with formation of reactive oxygen species (ROS) – O2
–,

Н2O2, and НO•. The intensity of this process depends on

the potential on the internal mitochondrial membrane [2,

3]. The hypothesis of “mild uncoupling” [4] was based on

these data, according to which the decrease of “excessive”

membrane potential should decrease ROS production. We

have supposed, in turn, that the use of oxidative phospho�

rylation uncoupler 2,4�dinitrophenol (DNP) as a compo�

nent of solution for HS will make it possible to lower

oxidative injury of liver. In fact, this approach allowed us

to decrease the level of accumulation of lipid peroxidation

(LPO) products in liver, to prevent inhibition of antioxi�

dant enzyme activities, and to improve the morpho�func�
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ably higher, but reperfusion leveled this effect. At all stages of experiment the presence of SkQ1 did not prevent the decrease

of antioxidant enzyme activities such as catalase, GSH peroxidase, GSH reductase, and glucose�6�phosphate dehydroge�

nase. The addition of SkQ1 to the storage medium improved energetic function of the liver, as was revealed in increased res�

piratory control index of mitochondria and ATP level. SkQ1 exhibited positive effect on the liver secretory function and mor�

phology after HS as revealed in enhanced bile flow rate during reperfusion and partial recovery of organ architectonics and

state of liver sinusoids and hepatocytes. The data point to promising application of mitochondria�targeted antioxidants for

correction of the ischemia–reperfusion injury of isolated liver during long�term cold storage before transplantation.
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tional state of the organ after HS and following normo�

thermic reperfusion (NR). The protective effect of DNP

at the level of mitochondria involved decrease in respira�

tion rate in state 4, increase in respiratory control index,

and prevention of decrease in ATP level [5].

The encouraging results stimulated a search for com�

pounds capable of selective regulation of ROS production

by mitochondria. Studies by V. P. Skulachev et al., who

elaborated and synthesized compounds called SkQ,

attracted our attention. These compounds are antioxidant

plastoquinone derivatives conjugated with lipophilic

cations, which allows them to penetrate into mitochon�

dria [6]. The efficiency of mitochondrial antioxidants of

the SkQ group, and of SkQ1 (10�(6′�plastoquinonyl)decyl

triphenylphosphonium) in particular, was already shown

on experimental models accompanied by ischemia–

reperfusion injuries such as kidney and heart infarction

and ischemic stroke [7]. However, the possibility of using

SkQ as a component of solution for organ storage before

transplantation was not studied.

We recently carried out experiments on determina�

tion of optimal SkQ1 concentration in liver storage medi�

um. The effect of SkQ1 in final concentration 0.1�5 µM

on basal level and rate of malonic dialdehyde (MDA)

accumulation was estimated along with respiratory

parameters of mitochondria on the model of 18�h�long

HS in isolated rat liver. Dose�dependent effect of SkQ1

was shown: the basal level of MDA decreases beginning

from 1 µM, while the rate of induced LPO decreases

already beginning from 0.5 µM; the extent of mitochon�

dria coupling increases at concentrations 0.5 and 1 µM,

and increase in the SkQ1 concentration to 5 µM resulted

in inhibition of respiratory activity of mitochondria [8].

Overall, the results allowed us to choose for further exper�

iments the optimal final SkQ1 concentration of 1 µM.

The aim of this work was to study the effect of 1 µM

SkQ1 as a component of preservation solution on pro�oxi�

dant–antioxidant balance, respiratory activity of mito�

chondria, and secretory function and morphological state

of isolated liver after 24 h HS and following reperfusion.

MATERIALS AND METHODS

SkQ1 was provided through the courtesy of the

Mitoengineering Center of Moscow State University.

Experimental model. Experiments were carried out

on 200�250 g white mongrel female rats (n = 21). All

manipulations with the animals were carried out accord�

ing to requirements of the Institute Committee on Ethics

coordinated with the Rules of the European Convention

on Protection of Vertebrates Used for Experimental and

Other Purposes (Strasbourg, 1986). Diethyl ether was

used for narcosis.

The sucrose–saline solution developed at the

Institute for Problems of Cryobiology and Cryomedicine

was used as storage solution (250 mM sucrose, 1 mM

MgSO4, 0.5 mM CaCl2, 15 mM Na2HPO4, 30 mM

KH2PO4, 1% PEG 8000, pH 7.4) [5].

Isolated livers were divided to three groups (n = 7):

(1) control, freshly isolated liver; (2) livers stored in the

absence of SkQ1; (3) the SkQ1 group, livers were stored in

the presence of 1 µM SkQ1.

Abdominal cavities of anesthetized animals were

lanced, ligature was applied under v. porta, and a needle

was introduced and fixed in it. After the beginning of per�

fusion, the v. cava inf. was notched to provide for per�

fusate outflow from the liver. The blood was washed away

from the liver with cooled physiological solution (30�

50 ml) using a peristaltic pump. The livers were saturated

with 50 ml storage solution cooled to 4°C. After satura�

tion, v. porta and the common bile duct were cannulated

using different diameter polyethylene catheters for reper�

fusion and bile collection. The liver was isolated and

placed into a plastic weighing bottle with storage solution,

containing SkQ1 or without it, and stored at 0�4°C for

24 h. After HS, the liver was perfused in a recirculating

system at 37°C for 60 min. For NR, Krebs–Ringer bicar�

bonate solution was used (120 mM NaCl, 4.8 mM KCl,

25 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4,

2.6 mM CaCl2, 10 mM HEPES, 4.5 mM glucose,

pH 7.4), saturated for 5 min with CO2. Flow rate was reg�

ulated in the range of 3.0�4.5 ml/min per mg tissue at

hydrostatic pressure 30�40 mm H2O [5, 9]. Before and

after reperfusion, samples of liver tissue were taken for

biochemical and histological analyses.

For histological investigations, liver tissue was fixed

in 10% formaldehyde solution, and then the preparations

were washed, dehydrated in a series of alcohol solutions

of increasing concentrations, clarified in xylene, and

embedded in paraffin. Tissue slices 5�7 µm thick obtained

using an MPS�2 microtome were stained with hema�

toxylin and eosin. Microscopic analysis was carried out

under a Carl Zeiss (Germany) microscope.

Polarographic measurement of respiration in liver
homogenates. Respiratory parameters of mitochondria

were determined in 20% (w/v) liver homogenates

(homogenization medium consisted of 300 mM sucrose,

2 mM EDTA, 10 mM Tris�HCl, pH 7.4). The oxygen

absorption rate was determined using a Clark�type plat�

inum electrode in a thermostatically controlled chamber

of 1 ml at 26°C on a Rank Brother model 20 polarograph

(Great Britain) interfaced to a personal computer. The

respiratory substrate was succinate (8 mM). Oxidative

phosphorylation was initiated by addition of ADP

(250 µM) for stimulation of respiratory activity in state 3

(V3). Oxygen consumption rate at rest (V4) was measured

after exhaustion of the ADP. Respiration and phosphory�

lation were uncoupled (V3unc) by DNP (100 µM). The

measuring medium contained 200 mM mannitol, 50 mM

sucrose, 1 mM EDTA, 10 mM KH2PO4, 30 mM Tris�HCl

(pН 7.4) [9]. Oxygen consumption curves were calculated
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according to Estabrook as described in [10]. Respiratory

control index (RCI) was calculated as the ratio of V3 to V4.

Determination of spontaneous ROS production rate
based on rate of dihydrorhodamine 123 oxidation. The rate

of spontaneous ROS production in liver homogenates

(prepared as described above) was estimated by oxidation

rate of the fluorescent dye dihydrorhodamine 123

(DHR123) (Sigma, USA). The dye at final concentration

20 µM and mitochondrial suspension containing 0.2 mg

protein were introduced into measuring medium contain�

ing 125 mM KCl, 10 mM HEPES, and 10 mM KH2PO4,

pH 7.4. Measurements were carried out each 5 min dur�

ing a 20�min period in a 96�well plate on a Tecan GENios

spectrofluorimeter (Australia) at excitation and emission

wavelengths 488 and 525 nm, respectively [11, 12].

Biochemical analysis. Biochemical analysis was car�

ried out using a Cary spectrophotometer (Australia).

Liver homogenates (20% w/v) were prepared in 50 mM

Tris�HCl, 50 mM NaCl, pH 7.4.

The basal MDA level was estimated in liver

homogenates using a method [13] based on colorimetric

determination of absorption intensity of a complex of

LPO secondary products with thiobarbituric acid (TBA).

A 0.2�ml sample of homogenate was supplemented with

3 ml of 2% orthophosphoric acid, then 1 ml of 0.8% TBA

was added. Samples were boiled in water bath for 45 min.

After cooling, 4 ml of n�butanol was added, and the sam�

ples were mixed and centrifuged for 10 min at 3000 rpm.

Absorption intensity of the butanol fraction was com�

pared with that of a blank test at 535 nm.

Intensity of induced LPO was determined by the rate

of MDA accumulation during 10 min incubation at 37°C

of liver homogenates in pro�oxidant buffer containing

0.25 mM ascorbate and 12 µM FeSO4 [14]. Suspension

aliquots were taken at the beginning and end of incuba�

tion. The reaction was stopped by addition of 1 ml 30%

TCA on ice. Then 0.5 ml H2O was added, and the sample

was centrifuged for 10 min at 3000 rpm. The supernatant

was supplemented with 0.1 ml 5 M HCl and 1 ml 0.6%

TBA, and the mixture was placed into a boiling water bath

for 15 min. After cooling, absorption intensity was meas�

ured at 535 nm.

Activity of enzymes of the antioxidant defense sys�

tem in liver homogenates was measured with continuous

thermostatting and mixing. Determination conditions for

each enzyme were as follows: for catalase – 0.01 M K�

phosphate buffer, pH 7.4, 0.5 mM EDTA, 15 mM Н2O2

(T = 37°C, 240 nm) [15]; for GSH peroxidase – 0.3 M

KH2PO4, pН 7.0, 3 mM EDTA, 1.5 mM NaN3, 32.5 mM

GSH, 7.5 mM Н2O2 (T = 23°C, 260 nm) [16]; for GSH

reductase – 0.1 M K�phosphate buffer, pH 7.4, 0.1 mM

NADPH, 0.5 mM EDTA, 1 mM GSSG (T = 37°C,

340 nm) [17]; for glucose�6�phosphate dehydrogenase

(G6PDH) – 0.13 M Tris�HCl, pH 7.6, 80 mM MgCl2,

3.5 mM NADP+, 7.5 mM glucose�6�phosphate (T =

37°C, 340 nm) [18].

ATP content in liver homogenates was determined

by the method of Adams using a Sigma express kit [19].

The reduced glutathione content in liver was estimated by

intensity of its complex formation with alloxan having

absorption maximum at 305 nm [20]. Protein content in

liver homogenates was determined by the biuret method

with BSA fraction V (Sigma) as standard.

The results were statistically processed using software

packages Statistica v.5.5 and Origin 7.5. Data were esti�

mated using Student’s parametric (for mitochondrial res�

piratory activity) and non�parametric Mann–Whitney

criteria expressed as M ± m. Results at p < 0.05 were con�

sidered as significantly different.

RESULTS

Effect of SkQ1 on free radical processes and the system
of antioxidant protection in liver. Figure 1a shows data char�

acterizing the rate of DHR 123 oxidation, which is indica�

tive of the rate of spontaneous ROS production. Liver cold

storage resulted in three�fold increase of this parameter

compared to control, whereas following reperfusion caused

its further increase. The presence of SkQ1 in the storage

medium decreased the rate of change of fluorescence

intensity (∆F/min) by 1.4 and 2 times compared to the

group without antioxidant after HS and NR, respectively.

The basal level of MDA in liver increased 1.7�fold

after HS and remained at this level after reperfusion.

Addition of antioxidant to the storage solution had almost

no effect on this parameter: after HS only a slight tenden�

cy to decrease was observed (p = 0.057), whereas after NR

even this difference also disappeared (Fig. 1b).

The intensity of the Fe2+�ascorbate�induced MDA

accumulation more than doubled after HS and did not

change after reperfusion. The presence of SkQ1 in the

medium completely prevented this increase, the parame�

ter remaining at the control level both after HS and after

NR (Fig. 1c).

The reduced glutathione level in liver decreased after

HS and NR 1.6�2.0�fold compared to that in the control

(Table 1). The addition of SkQ1 to the solution restored the

GSH content to the control level after HS, but this effect

was leveled at the stage of reperfusion. The GSH peroxi�

dase activity decreased 1.8�fold after HS, and subsequent

NR had almost no further effect. The presence of SkQ1 in

the storage solution significantly decreased this parameter

with regard to the group without antioxidant after both HS

and NR. The GSH reductase activity decreased almost

2.5�fold after HS relative to the control and remained at

the same low level after NR. The introduction of SkQ1 to

the storage solution also resulted in additional decrease of

enzyme activity compared to the group without antioxi�

dant, but after NR this parameter reached values of the lat�

ter. Cold storage resulted in decrease of catalase and

G6PDH activities by 1.7� and 1.4�fold, respectively, while
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subsequent reperfusion did not cause additional changes in

activities of these enzymes. The presence of SkQ1 had no

effect on catalase and G6PDH activities at all stages of the

experiment (Table 1).

Effect of SkQ1 on respiratory activity of mitochondria
and ATP level in rat liver after HS and NR. HS of liver had

no effect on O2 consumption rates in state 3 and uncou�

pled respiration, but resulted in 1.7�fold increase of V4

and corresponding decrease of RCI (Table 2). After

reperfusion V3 and V3unc did not change, respiration rate

V4 increased by 1.4�fold compared to HS, while RCI

decreased by 20%. The presence of SkQ1 in the storage

solution prevented V4 increase after HS, which, in turn,

resulted in restoration of RCI to the control level. After

NR the situation changed: the rate in state 4 was as high

as in the group without SkQ1, but RCI was reliably high�

er owing to a 1.4�fold increase of V3. Besides, an increase

in the rate of uncoupled respiration was observed com�

pared to that both in the group without antioxidant (1.7�

fold) and in the control (2.2�fold).

In the control group the ATP level in liver was 5.18 ±

1.3 µmol/g tissue. Liver cold storage resulted in more than

50% decrease of this parameter, while subsequent perfu�

sion caused its further halving (Fig. 2). With the addition

of SkQ1 to the storage solution, the ATP content increased

1.4�fold after HS and almost doubled after NR compared

to the group without antioxidant, though in both cases it

remained reliably lower than control values (Fig. 2).

Effect of SkQ1 on secretory function and morphological
state of liver after HS/NR. Secretory function of liver after

storage was estimated by the rate of bile flow during reper�

fusion. For freshly isolated liver, this parameter was 16.0 ±
1.7 µl/h per g tissue (Fig. 3). HS of liver without SkQ1

almost halved this parameter relative to control. The pres�

ence of the antioxidant in the medium almost completely

prevented this decrease by 1.6�fold increase in the bile flow

rate compared to the group without SkQ1 (Fig. 3).

As seen in Fig. 4, in the control group the liver

parenchyma had normal architectonics of hepatic lobes

with somewhat dilated central veins, lumen of sinusoid

Fig. 1. Effect of SkQ1 on spontaneous ROS production (a), basal

MDA level (b), and intensity of induced LPO (c) in liver

homogenates after hypothermic storage and normothermic reper�

fusion. # p < 0.05 compared to control; * p < 0.05 compared to

group without SkQ1; ^ p < 0.05 compared to hypothermic storage.
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blood capillaries, and triad vessels. In hepatocytes the

nuclei were light and euchromatic, and binuclear cells

appeared as well.

After liver HS and NR, in the group without SkQ1, the

trabecular pattern in parenchyma was absent and there was

no well�defined structure in sinusoids. Central veins were

greatly dilated, and the sinusoidal capillaries were also

dilated. The liver parenchyma represented a combination

of hepatocytes with degenerative alterations: atrophic,

small hepatic cells were determined, necrotic cells without

nuclei or with sharp pycnotic nuclei were identified. In

hepatocytes, hydropic dystrophy was prevalent, trabecular

structure was observed in only 1/3 of lobes in a field of

vision. Along with islets of cells with large nuclei, regions of

necrosis with anuclear cells were revealed (Fig. 4).

After addition of SkQ1 to the storage solution, the

liver parenchyma returned to normal state manifested in

organization of liver lobes, increase in the number of sinu�

soids and moderately dilated vein type vessels, more or less

regular trabecular structure of parenchyma, as well as in

Parameter

GSH content, 
µmol/g tissue

GSH peroxidase 
activity, µmol 
GSSG/min 
per mg protein

GSH reductase 
activity, nmol 
NADPH/min
per mg protein

Catalase activity, 
µmol H2O2/min 
per mg protein

G6PDH activity, 
nmol NADPH/min 
per mg protein

+ SkQ1

4.14 ± 1.1#^

0.114 ± 0.01#*

8.4 ± 2.7#

70.1 ± 7.6#

14.9 ± 2.1#

Table 1. Effect of SkQ1 on state of the antioxidant defense system in liver after hypothermic storage and normother�

mic reperfusion (M ± m, n = 7)

– SkQ1

3.15 ± 1.3#

0.176 ± 0.01#

8.8 ± 3.0#

69.2 ± 9.6#

14.8 ± 3.3#

+ SkQ1

6.77 ± 1.3*

0.110 ± 0.03#*

6.1 ± 1.7#*

65.6 ± 12.2#

14.0 ± 2.5#

– SkQ1

4.15 ± 1.0#

0.165 ± 0.01#

9.0 ± 3.7#

71.5 ± 16.1#

12.6 ± 1.7#

Control

6.61 ± 1.2

0.296 ± 0.05

21.6 ± 2.9

123.2 ± 15.9

18.1 ± 3

HS + NR

# p < 0.05 compared to control.

* p < 0.05 compared to group without SkQ1.

^ p < 0.05 compared to hypothermic storage.

HS

Respiration
parameter

V4

V3

V3unc

RCI

+ SkQ1

3.67 ± 0.4#^

11.65 ± 0.8*^

16.81 ± 1.5#*^

3.56 ± 0.4#*

Table 2. Effect of SkQ1 on respiratory activity of liver homogenates after hypothermic storage and normothermic

reperfusion (nmol O2/min per mg protein) (M ± m, n = 7)

– SkQ1

3.37 ± 0.3#^

8.33 ± 0.9

9.68 ± 1.3

2.46 ± 0.1#

+ SkQ1

1.89 ± 0.2*

8.33 ± 0.8

10.62 ± 1.1

4.46 ± 0.2*

– SkQ1

2.45 ± 0.2#

7.18 ± 0.5

9.08 ± 1.3

2.98 ± 0.2#

Control

1.44 ± 0.1

7.02 ± 0.7

7.79 ± 0.4

4.86 ± 0.1

HS + NR

# p < 0.05 compared to control.

* p < 0.05 compared to group without SkQ1.

^ p < 0.05 compared to hypothermic storage.

HS
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tendency to correct organization of sinusoidal capillaries.

Central veins were significantly dilated and for the most

part they had clear lumen. In most cases hepatocytes were

of equal size with well�outlined nuclei. No dystrophic

alterations were identified in their cytoplasm (Fig. 4).

DISCUSSION

Our investigations have shown the efficiency of mito�

chondrial antioxidant SkQ1 as a component of solution for

HS of isolated liver. Decreased rates of spontaneous ROS

production and intensity of induced LPO in liver both

after 24 h HS and after NR are indicative of antioxidant

activity of SkQ1. It is necessary to stress that the model

used by us suggests the saturation of the organ with preser�

vation solution and following storage at temperatures

close to zero. Thus, despite inhibition of all active meta�

bolic and transport processes, we see that SkQ1 efficiently

enters liver cells. This positively characterizes this com�

pound as a component of solutions for organ cold storage.

In this case, upon restoration and re�oxygenation, in liver

stored without SkQ1 there is significant increase in spon�

taneous ROS production, unchanged in experimental

group to the end of the experiment. SkQ1 also stabilizes

intensity of induced LPO, which characterizes reactivity

and sensitivity of the pro�oxidant system. Although spon�

taneous ROS production remains above control values

despite the presence of antioxidant, the rate of MDA

accumulation completely returns to normal level. In this

case we did not reveal a significant effect of SkQ1 on basal

level of secondary LPO products, which remained practi�

cally unchanged compared to the group without antioxi�

dant, this possibly being indicative of significant contribu�

tion of non�mitochondrial free radical sources to oxida�

tive stress development upon ischemia. It should be point�

ed out that in our earlier experiments the storage term was

18 h rather than 24 h, and then we observed a decrease of

basal MDA level at the same SkQ1 concentration (1 µM)

[8]. This discrepancy can be explained by a change in the

ratio of contributions of different sources to total produc�

tion of free radicals, because it is known that it depends on

Fig. 3. Effect of SkQ1 on bile flow rate during normothermic

reperfusion after hypothermic storage of liver. # p < 0.05 com�

pared to control; * p < 0.05 compared to group without SkQ1.
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the duration of cold ischemia: the longer it is, the larger

the contribution of resident macrophages – Kupffer cells

[21, 22]. In these cells mitochondria are not the main

source of free radicals, but rather NADP oxidase localized

on plasma membrane, because the data probably indirect�

ly confirm the selectivity of effect of mitochondria�target�

ed antioxidants.

To our surprise, SkQ1 mediated no decrease on spon�

taneous ROS production via the state of the liver antioxi�

dant defense system. Moreover, in the experimental group

there was an additional decrease of GSH reductase activ�

ity after HS and GSH peroxidase activity at all stages of

the experiment. In most investigations, including those in

our laboratory, on application of direct antioxidants or

compounds potentially able to influence LPO processes,

the decrease of intensity of free radical processes allows

one to normalize or partially compensate inhibition of

antioxidant enzyme activities [5, 23]. However, in this

case only total content of GSH, which occupies an inter�

mediate position between non�enzymatic and enzymatic

units of the antioxidant system, in the presence of SkQ1

remained at control level after HS and decreased only

during reperfusion of the liver.

It should be noted that the main reason for develop�

ment of ischemia–reperfusion injuries during HS/NR is

a cooperative response of liver cells to stress. First peri�

portal hepatocytes suffer, forming a necrosis zone after

the disturbance of microcirculation [24]. Intercellular

signaling results in mass release of GSH from hepatocytes

for protection of liver sinusoid endothelial cells via sensi�

tization of parenchyma cells to free radical effects [25],

i.e. the hepatocyte injury in the case of HS/NR is of sec�

ondary character.

In this connection, the data collected can be inter�

preted as follows: in the group without antioxidant, GSH is

spent for neutralizing ROS during HS, but due to inhibi�

tion of antioxidant enzyme activities upon cold ischemia

[5, 23, 26, 27], its efficiency sharply decreases. In the SkQ1

group, glutathione is not spent due to the presence of the

antioxidant, as is confirmed by data concerning the ability

of the SkQ group members to prevent exhaustion of the

GSH pool [28]. It is necessary to stress again that this effect

takes place at temperatures close to zero. Therefore, some

increase in ROS production takes place also due to inacti�

vation of antioxidant enzymes. It was shown that plasto�

quinone derivatives exhibit pronounced ability to “break”

chain reactions of free radical formation, in particular by

formation of hydroperoxides [29] utilized in mitochondria

with involvement of the enzymatic GSH�dependent sys�

tem. The latter is “too much” inhibited in the presence of

SkQ1. It is quite probable that just the depressor effect on

the GSH utilizing systems is a mechanism of prevention of

GSH pool exhaustion by plastoquinone derivatives. Owing

to this, the detailed determination of the molecular mech�

anisms of the effect of SkQ1 towards the GSH�dependent

system undoubtedly requires further investigations.

It is found after normothermic reperfusion, despite

increased ROS production, the GSH content in the

absence of SkQ1 remains unchanged compared with that

during storage, while in the presence of the antioxidant it

decreases to values corresponding to those in the group

without SkQ1. We suppose that in this case GSH is spent

for support of endothelial cells of liver sinusoid, while

SkQ1 continues efficient restraint of spontaneous ROS

production and stabilizes the liver pro�oxidant system as

a whole. Keeping in mind that at the end of experiment

GSH content in both groups was at the same level, we

suppose that this is some “critical volume” of the glu�

tathione pool, the loss of which can result in cell death.

Our earlier experiments [5] and data from the litera�

ture [30�32] suggest that decrease of ROS production by

mitochondria, independently of approach, should posi�

tively influence functional condition of mitochondria.

Actually, SkQ1 prevented the increase in permeability of

internal membrane, one of reasons for uncoupling of

oxidative phosphorylation, and completely restored

mitochondrial RCI. After reperfusion SkQ1 also restored

the coupling degree of respiration and phosphorylation,

but this was not due to prevention of increased proton

permeability. In the presence of SkQ1 the rate of phos�

phorylating respiration increased, which can be due to

increased activity of ATP�synthase complex (this is con�

sistent with ATP content in liver tissue). However, along

with increase in V3 the rate of uncoupled respiration also

increased, which is indicative of the maximal activity of

the respiratory chain and is limited mainly by its kinetic

parameters and activity of appropriate substrate carriers.

This means that in the presence of SkQ1 the activity of

respiratory complexes is at a rather high level. This can be

due to the antioxidant ability to normalize production of

ROS, inhibiting activity of key enzymes of the Krebs

cycle and respiratory chain, in particular, of NADH

dehydrogenase and succinate dehydrogenase [33].

Besides, it is possible that prevention of decrease of activ�

ities of these enzyme results in enhanced formation of

endogenous succinate, whose oxidation efficiency much

exceeds that of succinate added to the measuring medium

due to nearness to the enzyme active centers [34].

Prevention of uncoupling of oxidative phosphorylation

and improvement of functional state of mitochondria

after HS and NR after SkQ1 addition to the solution, in

turn, had a positive effect on the content of the main

energy source in the cell – ATP.

The revealed alterations in redox and energy condi�

tions of the liver also influenced its morphological and

functional state. The rate of bile production is a very sen�

sitive indicator of liver function under various stresses,

including those in ischemia–reperfusion [35]. Besides,

ROS and other free radicals play in hepatocytes the same

important role in regulation of bile formation as in devel�

opment of ischemia–reperfusion injuries and in cell

death [35, 36]. We found that addition of SkQ1 to the stor�
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age solution almost completely normalizes the rate of bile

formation after 24 h HS. This alteration can be consid�

ered as argument in favor of increase of general integrity

of the organ as is also confirmed by improved hepatocyte

morphology in the SkQ1 group.

Morphological studies of the liver after 24 h HS and

reperfusion confirmed, on the whole, the data of bio�

chemical analysis. In the group without antioxidant there

were vast foci of necrosis with anuclear cells, disturbance

of organ architectonics, dilatation of central veins, and

disorganization of sinusoids, but in the presence of SkQ1

we observed restoration of the trabecular pattern and nor�

malization of sinusoid organization, as well as improve�

ment of morphology of parenchymatous cells against the

background of practically complete absence of features of

their dystrophy.

Thus the data show that the mitochondria�targeted

antioxidant SkQ1, used as a component of preservation

solution, is capable of efficient maintenance of isolated

liver during long�term cold storage owing to decreased

spontaneous ROS production and reactivity of the pro�

oxidant system, which has positive effect on respiratory

activity of mitochondria and morphological state of the

organ as a whole. In this case the SkQ1 effect is realized

both at temperatures close to zero and upon normother�

mic conditions during storage medium replacement by

solution without antioxidant. This is indicative of its

rather high ability to penetrate into liver cells independ�

ently of temperature.

Therefore, the model of cold ischemia and normo�

thermic re�oxygenation of isolated liver is a suitable test

system for screening the efficiency of compounds with the

SkQ1�like mechanism of action. Moreover, there is no

doubt that the use of mitochondria�targeted antioxidants

is promising for correction of ischemia–reperfusion

injuries in isolated liver during long�term storage in the

cold before transplantation.

REFERENCES

1. Mitchell, S. J., Churchill, T. A., Winslet, M. C., and Fuller,

B. J. (1999) Cryobiology, 39, 130�137.

2. Skulachev, V. P. (1999) Mol. Aspects, 20, 139�184.

3. Demin, O. V., Goryanin, I. I., Kholodenko, B. N., and

Westerhoff, Ch. V. (2001) Mol. Biol. (Moscow), 35, 1095�1104.

4. Skulachev, V. P. (1994) Biochemistry (Moscow), 59, 1433�

1436.

5. Petrenko, A. Y., Cherkashina, D. V., Somov, A. Yu.,

Tkacheva, E. N., Semenchenko, O. A., Lebedinsky, A. S.,

and Fuller, B. J. (2010) Cryobiology, 60, 293�300.

6. Skulachev, V. P. (2007) Biochemistry (Moscow), 72, 1385�

1396.

7. Bakeeva, L. E., Barskov, I. V., and Egorov, M. V. (2008)

Biochemistry (Moscow), 73, 1288�1299.

8. Petrenko, O. Iu., Sosimchyk, I. O., Cherkashyna, D. V.,

Semenchenko, O. A., and Skulachev, V. P. (2009) Ukr.

Biokhim. Zh., 81, 43�48.

9. Somov, A. Y., Semenchenko, O. A., Green, C. J., Petrenko,

A. Y., and Fuller, B. J. (2009) Cryo Lett., 30, 1�12.

10. Estabroo, R. W. (1967) in Methods in Enzymology

(Estabrook, R. W., and Pulman, M. E., eds.) Academic

Press, N. Y., pp. 41�47.

11. Henderso, L. M., and Chappell, J. B. (1993) Eur. J.

Biochem., 217, 973�980.

12. Sosimchik, I. A., Cherkashina, D. V., Somov, A. Yu., and

Petrenko, A. Yu. (2009) Bull. Probl. Biol. Med., 4, 36�40.

13. Ohkawa, H., Ohishi, N., and Yagi, K. (1979) Analyt.

Biochem., 95, 351�358.

14. Buege, J. A., and Aust, S. D. (1978) in Methods in

Enzymology (Fleisher, S., and Packer, I., eds.) Academic

Press, N. Y., pp. 302�310.

15. Aebi, H. (1984) Methods Enzymol., 105, 121�127.

16. Rotruck, J. T., Pope, A. L., Ganther, H. E., Swanson, A.

B., Hafeman, D. G., and Hoekstra, W. G. (1973) Science,

179, 588�590.

17. Carlberg, I., and Mannervik, B. (1985) Methods Enzymol.,

113, 484�490.

18. Rudack, D., Chisholm, E. M., and Holten, D. (1971) J.

Biol. Chem., 246, 1249�1254.

19. Adams, H. (1963) in Methods of Enzymatic Analysis

(Bergmeyer, H. U., ed.) Academic Press, N. Y., pp. 539�543.

20. Putilina, F. E. (1982) in Methods of Biochemical

Investigations (Prokhorova, M. I., ed.) Leningrad State

University Publishing House, Leningrad, pp. 183�185.

21. Brass, C. A., and Roberts, T. G. (1995) Gastroenterology,

108, 1167�1175.

22. Shibuya, H., Ohkohchi, N., Seya, K., and Satomi, S.

(1997) Hepatology, 25, 356�360.

23. Cherkashina, D. V., Semenchenko, O. A., Grischuk, V. P.,

Fuller, B. J., and Petrenko, A. Y. (2005) Cell Preserv.

Technol., 3, 203�212.

24. Bailey, S. M., and Reinke, L. A. (2000) Life Sci., 66, 1033�

1044.

25. Jaeschke, H. (1996) J. Hepatol., 25, 774�780.

26. Sewerynek, E., Reiter, R. J., Melchiorri, D., Ortiz, G. G.,

and Lewinski, A. (1996) Hepatogastroenterology, 43, 898�905.

27. Singh, I., Gulati, S., Orak, J. K., and Singh, A. K. (1993)

Mol. Cell. Biochem., 125, 97�104.

28. Fetisova, E. K., Avetisyan, A. V., Izyumov, D. S.,

Korotetskaya, M. V., Chernyak, B. V., and Skulachev, V. P.

(2010) FEBS Lett., 584, 562�566.

29. Roginsky, V. A., Tashlitsky, V. N., and Skulachev, V. P.

(2009) Aging (Albany N. Y.), 1, 481�489.

30. Paradies, G., Petrosillo, G., Paradies, V., and Ruggiero, F.

M. (2009) Cell Calcium, 45, 643�650.

31. Ovsepyan, L. M., Karagezyan, K. G., Melkumyan, A. V., and

Zakharyan, G. V. (2006) Doklady NAN Armenii, 4, 46�51.

32. Bindoli, A. (1988) Free Radic. Biol. Med., 5, 247�261.

33. Zhang, Y., Marcillat, O., Giulivi, C., Ernster, L., and

Davies, K. J. (1990) J. Biol. Chem., 265, 16330�16336.

34. Maevsky, E. I., Grishina, E. V., Rosenfeld, A. S., Zyakun,

A. M., Vereshchagina, V. M., and Kondrashova, M. N.

(2000) Biofizika, 45, 509�513.

35. Nieuwenhuijs, V. B., de Bruijn, M. T., Padbury, R. T., and

Barritt, G. J. (2006) Dig. Dis. Sci., 51, 1087�1102.

36. Kumamoto, Y., Suematsu, M., Shimazu, M., Kato, Y.,

Sano, T., Makino, N., Hirano, K. I., Naito, M.,

Wakabayashi, G., Ishimura, Y., and Kitajima, M. (1999)

Hepatology, 30, 1454�1463.


