
Structural and functional changes in mitochondria

[1], in particular the induction of nonspecific permeabil�

ity of mitochondria coupled to excessive generation of

reactive oxygen species (ROS) [2], release of a number of

proapoptotic factors from mitochondria, and as a

result cell death [1, 3], are known to be the basis of the

mechanisms of cell damage and death in nephrons that

have experienced oxidative stress. Myoglobinuria (crush

syndrome or rhabdomyolysis) is also a nephrological

pathology coupled to oxidative stress with a typical signif�

icant damage to mitochondria and excessive ROS gener�

ation in them [4]. As in kidneys, oxidative damage is one

of the major causes of nervous cells death in

ischemia/hypoxia/brain reoxygenation [5, 6], and meta�

bolic characteristics of nervous tissue make it inherently

more vulnerable to the damaging effects of ROS. Thus,

the central role of mitochondria in launching and

enhancing the pathological cascades connected to oxida�

tive stress allows us to see them as a possible target for
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Abstract—It is generally accepted that mitochondrial production of reactive oxygen species is nonlinearly related to the

value of the mitochondrial membrane potential with significant increment at values exceeding 150 mV. Due to this, high

values of the membrane potential are highly dangerous, specifically under pathological conditions associated with oxidative

stress. Mild uncoupling of oxidative phosphorylation is an approach to preventing hyperpolarization of the mitochondrial

membrane. We confirmed data obtained earlier in our group that dodecylrhodamine 19 (C12R1) (a penetrating cation from

SkQ family not possessing a plastoquinone group) has uncoupling properties, this fact making it highly potent for use in pre�

vention of pathologies associated with oxidative stress induced by mitochondrial hyperpolarization. Further experiments

showed that C12R1 provided nephroprotection under ischemia/reperfusion of the kidney as well as under rhabdomyolysis

through diminishing of renal dysfunction manifested by elevated level of blood creatinine and urea. Similar nephroprotec�

tive properties were observed for low doses (275 nmol/kg) of the conventional uncoupler 2,4�dinitrophenol. Another pene�

trating cation that did not demonstrate protonophorous activity (SkQR4) had no effect on renal dysfunction. In experiments

with induced ischemic stroke, C12R1 did not have any effect on the area of ischemic damage, but it significantly lowered

neurological deficit. We conclude that beneficial effects of penetrating cation derivatives of rhodamine 19 in renal patholo�

gies and brain ischemia may be at least partially explained by uncoupling of oxidation and phosphorylation.
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pharmacological treatment. In addition to the strategy of

targeted delivery of antioxidants to mitochondria [7, 8],

the reduction of the rate of ROS generation in mitochon�

dria due to mild uncoupling [9, 10] seems to be another

promising avenue for prevention of oxidative damage to

components of cells. It is the positive correlation between

mitochondrial membrane potential and ROS production

that it the basis for this phenomenon. Even a small incre�

ment in membrane potential exceeding the level of

approximately 150 mV was shown to increase H2O2 gen�

eration by mitochondria, this effect being disproportion�

ately high [9, 11, 12]. Accordingly, mild uncoupling, i.e. a

slight decrease in membrane potential, which does not

lead to a decrease in ATP synthesis in mitochondria, may

have a useful antioxidant effect [10]. Since a number of

clinically significant diseases of kidney [1, 3, 4] and brain

[5, 6] are associated with oxidative stress, it seems reason�

able to try to apply the strategy of partial uncoupling in

these cases, so as to protect these organs from damage.

Hydrophobic derivatives of rhodamine 19, a repre�

sentative of a new class of cationic uncouplers, seem to be

particularly promising in this respect. As shown in our

laboratory [13], such compounds, namely SkQR1 and

C12R1 (see Fig. 1), are accumulated in mitochondria due

to the membrane potential in these organelles. Their

accumulation reduces this potential, a fact preventing

further excessive accumulation (and thus uncoupling). In

other words, SkQR1 and C12R1 act as “mild” uncou�

plers – their moderate concentrations can prevent mito�

chondrial hyperpolarization and the associated ROS gen�

eration without the risk of disabling the main mitochon�

drial function, ATP synthesis, which depends on mem�

brane potential, but does not require very high values of it.

It seems quite significant that SkQR4 molecule, where

rhodamine 19 is substituted for rhodamine B, does not

carry groups with dissociating H+ ion (in contrast to rhod�

amine 19 and its derivatives), and of itself it has no

protonophorous properties and requires free fatty acids

for the manifestation of uncoupling activity [14].

In this study we compared the properties of the

derivatives of rhodamine 19 (SkQR1 and C12R1) and

rhodamine B (SkQR4), as well as the conventional

uncoupler, the protonophore 2,4�dinitrophenol [15] as

protective agents in ischemia and reperfusion (I/R) of

kidneys, rhabdomyolysis, and experimental stroke.

MATERIALS AND METHODS

Modeling of renal ischemia. Experiments were per�

formed on male outbred white rats (200�250 g) on an ad

libitum diet. A 40�min ischemia of the left kidney was

conducted as previously described [3]. Right�sided

nephrectomy was performed along with the ischemia.

Blood samples were taken from the animals on the second

day after ischemia. The concentration of urea and creati�

nine in blood was determined using a CellTac blood ana�

lyzer (Nihon Kohden, Italy).

Modeling of rhabdomyolysis. Rhabdomyolysis was

induced according to a conventional procedure by inject�

ing 50% aqueous solution of glycerol (ICN, USA) into

the paw muscles of rats as previously described [4]. Blood

samples were taken from the animals on the second day

after rhabdomyolysis. The concentration of urea and cre�

atinine in blood was determined.

All the experiments on the ischemia and rhabdomyo�

lysis models were performed on at least eight animals in

each group. Data are presented as average ± SEM.

Modeling of brain ischemia. Ischemia of rat brain was

induced by the introduction of a silicone�coated nylon

thread into the middle cerebral artery [16, 17]. The blood

flow was occluded for 60 min; then the thread was

removed from the vessel, restoring the blood flow in the

basin of the middle cerebral artery. The animal’s body

temperature was maintained at 37 ± 0.5°C during and

after the operation. The sham�operated animals were

subjected to the same procedures except for the cutting of

blood vessels and introduction of the thread. The area of

cerebral infarction was determined on the first day for the

studies of neuroprotective effect of the compounds or

within 7 days for studies of the dynamics of development

of ischemic damage. This was evaluated by morphometric

analysis of digital images obtained by magnetic resonance

imaging (MRI). All the MRI experiments were per�

formed as previously described [18] on a BioSpec 70/30

instrument (Bruker, Germany) with the magnetic field

induction of 7 T and the gradient system 105 mT/m.

Behavioral tests were carried out 1 day before surgery

and on the first day after ischemia. A 14�point scale [19]

modified as in [20] was used to estimate neurological dis�

orders caused by the occlusion of the middle cerebral

artery. The final score is formed in this scale as the sum of

the scores in seven tests evaluating the response of the

hindlimbs and forelimbs to tactile and proprioceptive

stimulation. The following counting system was used to

estimate the disturbances in the function of the limbs: 2

points, the rat fully performed the test; 1 point, the rat

performed the test with a delay of more than 2 sec or

incompletely; 0 points, the rat did not respond to the

stimulation of the limb. The animals were treated and all

the experiments in accordance with generally accepted

international guidelines for experimentation on animals.

The results are expressed as the mean value ± stan�

dard error of mean. Normality of the characteristic distri�

bution in the sample was evaluated using the Shapiro–

Wilk W�test. The Mann–Whitney U�test was used to

compare the data in the behavioral tests (for independent

samples). The t�test with a significance level p < 0.05 was

used to estimate the statistical significance of differences

in infarct size.

Measurement of mitochondrial membrane potential.
Mitochondria were isolated from rat liver by differential
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Fig. 1. Structural formulas of the studied compounds: 10�(6′�plastoquinonyl)decyltriphenylphosphonium (SkQ1); 10�(6′�plastoquinon�

yl)decylrhodamine 19 (SkQR1); dodecylrhodamine 19 (C12R1); 10�(6′�plastoquinonyl)decylrhodamine B (SkQR4); 2,4�dinitrophenol

(DNP).

DNP
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centrifugation according to a conventional procedure.

The extraction medium (pH 7.4) contained 250 mM

sucrose, 20 mM MOPS, 1 mM EGTA, and 1.2 mg/ml

bovine serum albumin (BSA). Protein concentration was

determined using bicinchoninic acid with BSA as a stan�

dard [21].

Mitochondrial membrane potential was measured by

fluorescence of the dye DiS�C3�(5) (3,3′�dipropylthiadi�

carbocyanine iodide) (Molecular Probes, USA) accord�

ing to [22]. The fluorescence signal at 690 nm (excitation

622 nm) was measured on a Panorama Fluorat 02 spec�

trofluorimeter (Lumex, Russia). The incubation medium

contained 150 mM KCl, 5 mM succinate, 1 µM rote�

none, 0.5 mM EGTA, 1 µM DiS�C3�(5), and 20 mM

HEPES, pH 7.4. The concentration of mitochondrial

protein was 0.4 mg/ml.

RESULTS

Influence of penetrating cations on mitochondrial
membrane potential. The penetrating cationic dye DiS�

C3�(5) with absorption and fluorescence in the red region

(excitation 622 nm, emission 690 nm), i.e. with longer

wavelengths when compared to rhodamine, was used to

study the influence of C12R1 and SkQR4 on the mem�

brane potential of isolated mitochondria, as well as to

compare the effect with the conventional uncoupler

DNP. Energization of mitochondria leads to the quench�

ing of fluorescence of DiS�C3�(5) because of the aggre�

gation of the dye in the matrix in the course of its accu�

mulation due to electrochemical potential [22].

Figure 2a shows a recording of DiS�C3�(5) fluores�

cence in the presence of the respiratory substrate succi�

nate. Addition of 5 µM C12R1 and 10 µM DNP to isolat�

ed mitochondria causes an increase in fluorescence, indi�

cating membrane potential decrease. In contrast to

C12R1, the effect of SkQR4 on membrane potential is

much weaker, which is consistent with our previous find�

ings [13]. Some SkQR4�induced decrease in membrane

potential may be explained by the increase in proton con�

ductivity of the mitochondrial membrane mediated by

endogenous fatty acids [14]. Data on the effect of differ�

ent concentrations of C12R1 on the mitochondrial mem�

brane potential are presented on Fig. 2b. According to

these data, C12R1 reduces the potential in the micromo�

lar concentration range, and decrease is evolving over

time. The concentration dependences of the effects of

C12R1 and DNP are presented in Fig. 2c. The effective

concentrations of C12R1 were found to be about an order

of magnitude less than those of DNP.

Therapy of renal functions after unilateral ischemia.
The I/R kidney (from ischemia/reperfusion) is one of the

most common models of acute kidney injury (AKI) [3,

23]. Unilateral 40�min ischemia of the left kidney with

simultaneous removal of the right kidney was used to

study the effect of penetrating cations and DNP on I/R

kidney. The following protocol of treatment was used for

the therapy: a preliminary intraperitoneal injection of the

drug 3 h before ischemia; 1 h after ischemia, and then 3

times at 12�h intervals. Summarized data are presented in

Table 1, where the doses of SkQR1, SkQR4, C12R1, or

DNP per injection are indicated. Acute renal failure was

shown to take place on the second day after I/R left with�

out treatment: the levels of creatinine and urea in the

Fig. 2. Effects of rhodamine derivatives and DNP on membrane

potential of isolated rat liver mitochondria measured by fluores�

cence of DiS�C3�(5). a, b) Kinetics of fluorescence changes of

DiS�C3�(5) caused by addition of C12R1, DNP, and SkQR4. c)

Dependence of the decrease in DiS�C3�(5) fluorescence on con�

centration of C12R1 and DNP.
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blood serum rose more than 4�fold. In the case of

SkQR1�treatment following the above�described proto�

col at the concentration of 100 nmol/kg per injection,

more than twofold decrease in creatinine and urea levels

in blood 48 h after I/R could be observed (Table 1).

Almost as significant effects could be observed when

C12R1 was injected at the same doses, whereas injection

of lesser (20 nmol/kg) or higher (500 nmol/kg) doses was

ineffective (see Table 1). No reliable reduction of renal

failure was observed when DNP was administered at the

doses of 5500 and 27,500 nmol/kg, whereas the dose of

275 nmol/kg caused a strong decrease in creatinine and

urea concentration comparable to the effects of SkQR1

and C12R1. In similar experiments, the use of 100 nmol/

kg SkQR4 per injection resulted in a slight (statistically

insignificant) decrease in creatinine and urea concentra�

tion in the blood (see Table 1).

Therapy of renal functions after induced rhabdomyo�
lysis. The studies of dynamics of development of AKI in

rhabdomyolysis showed that this pathology causes severe

renal failure similar to ischemic AKI, resulting in an

increase in creatinine and urea concentration in the blood

(it reaches a peak on the second day, see Table 2). The

treatment protocol used in this therapy was similar to the

one used for ischemic AKI: intraperitoneal injection of

the drug 1 h after induction of rhabdomyolysis and then

three times at 12�h intervals at a dose of 100 nmol/kg per

injection. In the case of SkQR1 treatment (which was

conducted according to the above�described protocol), a

2.5�fold decrease in creatinine and urea concentrations in

blood (in comparison with rhabdomyolysis without treat�

ment) 48 h after glycerol injection could be observed (see

Table 2). C12R1 also had a protective effect on renal func�

tions, although it was less pronounced than that of SkQR1

(see Table 2). SkQR4 had a slight protective effect in rhab�

domyolysis as well as in kidney ischemia (see Table 2).

Protective effect of penetrating cations in cerebral
ischemia. The tested compounds were administered

intraperitoneally at a dose of 1 µmol/kg 24 h before

induction of ischemia. MRI study of brain was performed

24 h after reperfusion so as to evaluate the size of the

lesion area; neurological deficit was determined by using

the “limb�placing” test. The volume of the ischemic

damage in the brains of animals receiving no treatment

was taken as 100%. Single injections of SkQR1 and C12R1

Control

Ischemia/reperfusion 
(I/R) of kidney

I/R kidney + SkQR1 
100 nmol/kg

I/R kidney + C12R1 
20 nmol/kg

I/R kidney + C12R1 
100 nmol/kg

I/R kidney + C12R1 
500 nmol/kg

I/R kidney + SkQ1 
100 nmol/kg

I/R kidney + SkQR4 
100 nmol/kg

I/R kidney + DNP 
275 nmol/kg

I/R kidney + DNP 
5500 nmol/kg

I/R kidney + DNP 
27,500 nmol/kg

Creatinine,
µM

60 ± 4

257 ± 15

142 ± 12*

250 ± 31

160 ± 15*

275 ± 52

163 ± 36*

219 ± 22

98 ± 9*

195 ± 45

245 ± 21

Urea,
mM

8 ± 0.5

51 ± 3

24 ± 2*

54 ± 7

35 ± 4*

58 ± 12

31 ± 6*

40 ± 6

23 ± 3*

34 ± 15

43 ± 5

Table 1. Influence of penetrating cations and uncoupler

on development of AKI (increase in creatinine and urea

concentration in blood)

Note: The compounds were administered in the stated doses according

to the protocol described in “Materials and Methods”. Blood

tests were performed 48 h after the end of renal ischemia.

* p < 0.05 compared to ischemia without treatment. Control

Rhabdomyolysis

Rhabdomyolysis + SkQR1 
100 nmol/kg

Rhabdomyolysis + C12R1 
100 nmol/kg

Rhabdomyolysis + SkQ1 
100 nmol/kg

Rhabdomyolysis + SkQR4 
100 nmol/kg

Rhabdomyolysis + DNP 
275 nmol/kg

Rhabdomyolysis + DNP 
27,500 nmol/kg

Creatinine,
µM

58 ± 4

601 ± 55

140 ± 12*

270 ± 41*

520 ± 68

465 ± 82

517 ± 55

496 ± 45

Urea,
mM

8 ± 1

88 ± 9

29 ± 4*

65 ± 7*

87 ± 8

75 ± 8

53 ± 5*

63 ± 3*

Table 2. Effect of penetrating cations on increase in cre�

atinine and urea concentration in blood in experimental

rhabdomyolysis

Note: The compounds were injected 1, 12, 24, and 36 h after induction

of rhabdomyolysis. Blood tests were performed 48 h after induc�

tion of rhabdomyolysis.

* p < 0.05 compared to rhabdomyolysis without treatment.
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decreased the damaged area to 53.4 ± 10.5 and 82 ± 6.0%

(p = 0.051), respectively (see Table 3). Middle cerebral

artery occlusion disrupted sensomotoric functions, and

the animals in the control group received an average score

of 1.5 ± 0.2 points in the limb�placing test. SkQR1 and

C12R1 reduced the severity of neurological deficit in a sta�

tistically significant way, to 5.5 ± 0.7 and 5.0 ± 0.6 points,

respectively. Injection of SkQR4 did not significantly

decrease the brain damage or improve neurological out�

come (see Table 3). Thus, these experiments show that

among tested drugs SkQR1 had the best neuroprotective

properties. However, C12R1 reduced the neurological

deficit in animals, although the reduction of ischemic

damage was less than in case of SkQR1. As to SkQR4, the

effect of this compound, if observed, should be described

as a trend rather than a reliable change.

DISCUSSION

Protective effects of penetrating cations C12R1 and

SkQR4 in vivo and their activity as uncouplers of oxida�

tive phosphorylation in mitochondria in vitro was com�

paratively analyzed in this work. We evaluated the

nephro� and neuroprotective effects of these compounds

in comparison with the mitochondria�targeted antioxi�

dant SkQR1, the protective effect of which has been pre�

viously demonstrated on a large number of renal [24�26]

and brain [24, 27, 28] pathologies. In addition, we used

DNP as a conventional protonophorous uncoupler for

comparison; the beneficial effects of DNP had been

shown for the aging of rats [29], flies [30], and mice [31]

and for several pathologies accompanied by oxidative

stress [32�34]. While DNP has already been used for sev�

eral decades as an uncoupler of oxidative phosphorylation

in mitochondria and as a medicine [35, 36], the use of

mitochondria�targeted compounds of the SkQ family as

cytoprotectors began only in 2007�2008 [8, 27, 37�39],

and their uncoupling effects have been demonstrated

quite recently [13].

In this study we confirmed that C12R1 has a pro�

nounced uncoupling effect, and the C12R1�induced

decrease in mitochondrial potential is achieved at very

low concentrations, an order of magnitude lower than

those shown for DNP. SkQR1 was shown to have similar

effects on mitochondrial membrane potential and the

rate of respiration in mitochondria [13]. At the same

time, the effect of SkQR4 on the reduction of mitochon�

drial membrane potential was significantly less. It can be

assumed that the uncoupling effect of mitochondria�tar�

geted compounds that contain rhodamine 19 as the

cation is mediated by the possibility of protonation/

deprotonation of the tertiary nitrogen of the heterocycle,

whereas the quaternary nitrogen of rhodamine B in the

SkQR4 molecule (see Fig. 1) is virtually incapable of pro�

tonation/deprotonation at physiological pH values. We

previously showed [13] that SkQR1 and C12R1 have prac�

tically equal abilities to accelerate mitochondrial respira�

tion in state 4, which indicates their uncoupling effect.

On the other hand, the favorable effect of SkQ�type com�

pounds in vivo may be linked also to their ability not only

to prevent ROS formation, but also to quench already

formed ROS [14].

In this regard, it should be noted that there are sev�

eral ways to uncouple oxidative phosphorylation [40, 41].

In addition to classical uncoupling protonophores such as

DNP, carbonyl cyanide p�trifluoromethoxyphenylhydra�

zone (FCCP), and propofol directly engaged in proton

transfer across a bilayer membrane containing no pro�

teins, there is another uncoupling mechanism that

depends on free fatty acids. The mechanism involves sev�

eral processes: protonation of fatty acid anions in the

intermembrane space of mitochondria, diffusion of pro�

tonated fatty acid molecules across the membrane, their

deprotonation in the matrix to form fatty acid anions, and

return of these anions to the intermembrane space. It is

the return of fatty acid anions to the outside of the inner

mitochondrial membrane that is the limiting step of this

cycle. The transport of the anionic form of fatty acids was

shown to be substantially accelerated by a variety of pro�

Control

I/R brain

I/R brain + SkQR1 
1 µmol/kg

I/R brain + C12R1 
1 µmol/kg

I/R brain + SkQR4 
1 µmol/kg

I/R brain + SkQ1 
1 µmol/kg

I/R brain + DNP 
275 nmol/kg

I/R brain + DNP 
3000 nmol/kg

Volume of
damage, %

0

100 ± 11.5

53.4 ± 10.5*

82 ± 6.0

99.7 ± 8.5

100.3 ± 7.2

95.4 ± 6.6

97.1 ± 8.1

Neurological
deficit, points

14

1.4 ± 0.2

5.5 ± 0.7*

4.9 ± 0.6*

3.5 ± 0.4*

3.8 ± 0.5*

3.8 ± 0.3*

3.3 ± 0.5*

Table 3. Influence of penetrating cations on size of

ischemic brain damage and neurological deficit

(decrease in neurological status) in experimental stroke

Note: The compounds were administered one day before the induction

of cerebral ischemia. Evaluation of the size of the ischemic area

by MRI and neurological status in the limb�placing test was con�

ducted 24 h after the experimental stroke.

* p < 0.05 compared to ischemia without treatment.
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tein carriers (uncoupling proteins (UCP), adenine

nucleotide translocator, and dicarboxylate carrier) [40,

42�44].

Finally, passive leak of K+ ions into the matrix across

the inner mitochondrial membrane or their transfer

through the ATP�dependent K+�channel may serve as

another mechanism of uncoupling. The accumulation of

K+ in the matrix can cause the reduction of transmem�

brane potential, swelling of mitochondria, activation of

K+/H+�antiporter, and as a result the pumping of K+ from

mitochondria at the expense of ∆pH. It seems quite inter�

esting that most of these mechanisms involved in the

uncoupling of oxidative phosphorylation are in some way

involved in the induction of tolerance of cells and tissues

to oxidative damage, especially in ischemic precondition�

ing [45�47]. It should be noted though that there are two

opposing perspectives on this phenomenon, each con�

firmed by experimental evidence, that activation of a K+

channel is accompanied by either a decrease in ROS gen�

eration [46, 48, 49] or an increase in their production [47,

50�53].

When not focusing on the contradictions and dis�

crepancies relevant to partial uncoupling caused by

potassium ion transfer to the mitochondrial matrix, the

majority of researchers agree that, in general, mitochon�

drial uncouplers (endogenous or exogenous) can reduce

ROS production by decreasing mitochondrial membrane

potential, especially in hyperpolarized mitochondria.

These facts led to the development of a new positive

understanding of “mild” uncoupling, that is, a limited

decrease in membrane potential that may have beneficial

effects through the reduction of ROS generation in the

respiratory chain while having no substantial negative

impact on ATP synthesis. This indicates the possible use

of different types of uncouplers for the prevention and

treatment of pathologies caused by excessive ROS gener�

ation in mitochondria [41]. It should be noted though

that there exists another perspective, that the phenome�

non of “mild” uncoupling is mainly characteristic for in

vitro systems, when isolated mitochondria oxidizing suc�

cinate and generating ROS by reverse electron transport

are studied, whereas in vivo such states are unlikely and,

therefore, the uncouplers will have no positive effect

under these conditions [54].

This view directly contradicts the data obtained in

our group in studies of mitochondrial membrane poten�

tial in yeast cells in vivo [55]. In these experiments, the

induction of a phenoptosis (suicide) mechanism in yeast

was accompanied by increase in membrane potential, and

its partial reduction with the uncoupler halts phenoptosis.

However, substantial evidence of the positive impact

of various types of uncouplers in pathologies of the car�

diovascular system [34, 56] and brain [32, 33, 57] have

already been accumulated, although at this point there is

no similar data for ROS�mediated renal pathologies.

Therefore, this work has expanded the spectrum of possi�

ble applications of the conventional uncoupler DNP to

reduce the severity of AKI that is widespread in clinical

practice. However, the small difference between toxic and

protective DNP doses [58] remains the principal problem

of using DNP, since the doses required for “mild” uncou�

pling are close to those causing fatal reduction of ATP

synthesis in mitochondria. In this respect, mitochondria�

targeted compounds with limited uncoupling effect, such

as SkQ1, SkQR1, and C12R1 studied in this paper, seem

to be far more promising.

Three possible mechanisms of antioxidant action of

the studied compounds are listed in Table 4. Two of them

prevent the generation of ROS by the respiratory chain.

This is “mild” uncoupling of respiration and membrane

potential generation either by direct protonophorous

action of the studied compound [13], or through the

stimulation of such action by endogenous fatty acids [14].

In addition, plastoquinone�containing compounds can

quench already formed ROS [8, 25]. As seen from Table

1, low concentrations of the conventional protonophore

DNP (the first antioxidant mechanism in Table 4) and

SkQR1 (all three antioxidant mechanisms in Table 4) are

Compound

SkQR1

SkQ1

SkQR4

C12R1

DNP

direct protonophorous
action

+

–

–

+

+

Quenching of already
formed ROS

+

+

+

–

–

enhancing protonophorous
action of fatty acids

+

+

+

+

–

Table 4. Possible mechanisms of antioxidant effects of the studied compounds

Prevention of ROS formation by respiratory chain
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the most effective in alleviating the symptoms of kidney

failure (increased levels of creatinine and urea in blood)

after kidney I/R. C12R1 (the first two mechanisms) and

SkQ1 (the last two mechanisms) have somewhat weaker

effect. SkQR4 shows even smaller effect (also the last two

mechanisms). In the case of rhabdomyolysis, the order of

activities of the compounds remained roughly the same as

in I/R, if their action is considered at the level of urea

concentration. With regard to creatinine level, the spread

is too large to analyze the entire series of the studied com�

pounds (see Table 2). In case of experimental brain

stroke, a reliable reduction of the damaged area was

observed only with one compound (SkQR1), while the

reduction of neurological deficit was similar for all five

studied compounds (see Table 3).

When comparing the studied antioxidants, one

should take into account the possible role of factors other

than those specified in Table 4. For instance, these com�

pounds are very different in their affinity to membranes,

which is measured on the basis of distribution in the

octanol–water system. This parameter is the highest for

C12R1 and the lowest for DNP. In addition, our data [26]

suggest that SkQ derivatives can raise the erythropoietin

level in blood, which mobilizes antioxidant mechanisms

of cells and the organism.
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