
As shown in the preceding papers [1-5], cationic

derivatives of plastoquinone (SkQs):

– easily penetrate through lipid membranes, gener-

ating the theoretically expected diffusion potential [2];

– operate as antioxidants and prooxidants in isolat-

ed mitochondria, the window between the anti- and

prooxidant activities being very large [2];

– in cells cultures, specifically accumulate inside

mitochondria and prevent H2O2-induced apoptosis as

well as light-induced necrosis in the presence of a photo-

sensitizer [2];

– in animals, lower levels of age-induced oxidation

of lipids and proteins [5];

– show favorable therapeutic effects on age-related

diseases such as heart infarction [3], heart arrhythmia [3],

stroke [3], kidney ischemia [3], some kinds of cancer [4],

eye pathologies (cataract, retinopathies, glaucoma, and

uveitis [5]), and osteoporosis [5].

In this work, we investigated effect of 10-(6′-plasto-

quinonyl) decyltriphenylphosphonium (SkQ1) on lifespan

of fungi, invertebrates, and mammals. It was found that

SkQ1 at extremely low concentrations operates as a gero-
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Abstract—Very low (nano- and subnanomolar) concentrations of 10-(6′-plastoquinonyl) decyltriphenylphosphonium

(SkQ1) were found to prolong lifespan of a fungus (Podospora anserina), a crustacean (Ceriodaphnia affinis), an insect

(Drosophila melanogaster), and a mammal (mouse). In the latter case, median lifespan is doubled if animals live in a non-

sterile vivarium. The lifespan increase is accompanied by rectangularization of the survival curves (an increase in survival is

much larger at early than at late ages) and disappearance of typical traits of senescence or retardation of their development.

Data summarized here and in the preceding papers of this series suggest that mitochondria-targeted antioxidant SkQ1 is

competent in slowing down execution of an aging program responsible for development of age-related senescence.
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protector increasing the lifespan and preventing develop-

ment of a number of typical traits of aging. It looks like

SkQ1 slows down execution of a senescence program so

that aging results in death later than without SkQ1 due to

absence (or a strong reduction) of the senescence stage.

MATERIALS AND METHODS

Podospora anserina. Mycelia of fungus P. anserina

were derived from a wild-type strain [6]. Medium M2 was

used as a minimal synthetic growth medium [6]. Juvenile

cultures were derived from a mononuclear ascospore

incubated on germination medium G as described by

Borghouts et al. [7]. The effect of SkQ1 on P. anserina

growth and longevity was measured on mycelia grown in

the M2 medium on Petri dishes. The M2 medium (1 liter)

contained KH2PO4, 0.25 g; K2HPO4, 0.3 g; MgSO4·7H2O,

0.25 g; urea, 0.5 g; dextran, 5 g; biotin, 5 µg; thiamine,

50 µg; citric acid, 2.5 mg; ZnSO4·7 H2O, 2.5 mg; CuSO4·5

H2O, 0.125 mg; Fe(NH4)(SO4)2·12 H2O, 0.25 mg;

MnSO4·H2O, 25 µg; H3BO4, 25 µg; NaMoO4·2 H2O,

25 µg; agar, 12.5 g; pH 6.5. Ethanol solutions of SkQ1 or

SkQR1 (10-(6′-plastoquinonyl) decylrhodamine 19) were

added to the molten M2 medium at 40-50°C. At zero

time, a small piece of the P. anserina mycelium was trans-

ferred from the front of a juvenile culture to a medium-

containing 90 mm Petri dish. Every two days, a small

inoculum from the growing mycelium front was trans-

ferred to another Petri dish. Mycelia were grown at 27°C

in the dark. Four inocula were simultaneously grown on

each Petri dish. Growth of 16 colonies obtained from a

single spore was studied in each experiment.

Ceriodaphnia affinis. Crustacean invertebrates C.

affinis were kept living in the medium from a 100-liter

aquarium with a stationary biocomplex (pH 7.8).

Suspension of Chlorella vulgaris was used as the food. Two

C. affinis individuals of age �24 h were placed into a flask

containing 30 ml medium. Each group differing in the

SkQ1 concentration was composed of 20 animals.

Temperature was about 22°C. The medium was changed

each second day. SkQ1 was added as an ethanol solution,

the maximal amount of ethanol in the growth medium

being 0.001 ml/liter.

Drosophila melanogaster. The isogenic D. melano-

gaster w1118 line was used in all experiments. The flies were

maintained on a wheat–sugar–raisin medium at 25°C.

Fresh 20 mM stock solutions of studied quinones,

C12TPP (dodecyltriphenylphosphonium), and MitoQ

(10-(6′-ubiquinonyl) decyltriphenylphosphonium) in

96% ethanol were prepared for each experimental trail

and stored at –20°C. Working solutions were diluted with

distilled water, being prepared ex tempore. We used

20 µM, 20 nM, 20 pM, and 20 fM SkQ1 solutions and

SkQ1-free medium as a control in the pilot experiment

for choosing the working concentration of compounds

under study. In all following experiments, 20 pM solu-

tions of the studied compounds were used. As a control,

96% ethanol diluted 109 times was used (ethanol concen-

tration in working solutions of the studied compounds).

In each case, 0.1 ml of the solution was applied to the

medium surface and dried overnight at 25°C.

Five virgin females or males collected from parental

vials were placed in a vial containing culture medium

treated with SkQs, their analogs, or control solution.

Flies were transferred to fresh medium with appropriate

solution once a week. Dead flies were counted every day.

Sample sizes per treatment varied from 50 to 425 flies. For

comparisons of survival curves, the Kaplan–Meier

logrank test was performed using GraphPad Prism version

4.00 for Windows (GraphPad Software, USA).

Electron microscopy of flight muscles of D.

melanogaster was performed as in [3].

SHR and HER-2/neu mice. Females of outbred

SHR mice or transgenic FVB/N strain female mice bear-

ing human oncogene HER-2/neu related to breast can-

cer (received from the Italian National Center for

Research on Aging, Ancona, Italy) were used in the

experiments. The animals received a standard PK-120

diet ad libitum [8] and were kept in a non-sterile vivarium

at room temperature and standard light regime. SkQ1

(0.5-2500 nmol/kg per day) was added to the drinking

water every day starting from two months of age. The

control animals received pure drinking water. The

changes in body mass and consumption of food and

water were tested monthly. Estrual cycles were followed

every three months as described [9]. Parameters of

longevity were calculated (median, mean, and maximal

lifespan). Post mortem complete autopsy was performed

for histological analysis of tumors and non-tumor

pathologies [10]. GraphPad Prism version 5.00 software

(GraphPad Software) was used for statistical calcula-

tions. Student’s t-test and χ2 Fisher’s criteria were

employed for analysis.

Fibroblasts from the mice treated with SkQ1.

Subcutaneous fibroblasts were isolated from tails of the

mice receiving SkQ1 with drinking water or of control

animals. A piece of tail (1.5 cm) was placed in a tube with

DMEM (Dulbecco’s Modified Eagle’s Medium) (Gibco,

USA) supplemented with 200 IU/ml penicillin, 0.2 mg/

ml streptomycin, and 0.05 mg/ml fungizone. After minc-

ing, tissue was transferred to DMEM medium with 16%

fetal calf serum, 0.3 mg/ml glutamine, and the same

antibiotics diluted twice. The fibroblasts leaving tissue

pieces in 3-5 days were grown for 10-12 days, removed

with trypsin and EDTA, and reseeded to prepare mono-

layer culture. Apoptosis was induced with addition of

H2O2 [2]. Activity of β-galactosidase was detected after

staining with X-Gal (1 mg/ml, pH 6.0) overnight at 37°C.

Phosphorylation of histone H2AX was determined by

immunostaining of the cells with monoclonal antibodies

to the phosphorylated protein (Upstate, USA) and sec-
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ondary rabbit anti-IgG conjugated with fluorophore

Texas Red (Vector Labs, USA).

RESULTS

SkQ1 increases lifespan of mycelia of the fungus

Podospora anserina. During the last decade, the fungus P.

anserina has become a subject of interesting experiments

on regulation of lifespan. In particular, it was found that

duration of life of this short-lived organism can experi-

mentally be significantly changed by affecting mitochon-

drial respiration, morphology, and reactive oxygen

species (ROS) formation [11, 12]. This is why we started

the gerontological part of our SkQ project with studies on

P. anserina.

As experiments showed (Fig. 1), low (100 nM) SkQ1

added to the agar medium increases the P. anserina life-

span. SkQ1 proved to be more effective at early stages of

aging. Thus, on day 21, 70% of the fungi were dead without

SkQ1 and only 25% with SkQ1. The median lifespan was

increased by SkQ1 by 50%. The difference decreased with

age so that lifespan of the last 10% of fungi was increased

by only 20% (Fig. 1). Higher (1 µM) and lower (20 nM)

SkQ1 concentrations were less effective than 100 nM. The

SkQ1 effect was accompanied by retardation of develop-

ment of such a trait of mycelium aging as disappearance of

its protrusion to the air phase (not shown in the figures).

Effect of SkQ1 on lifespan of Ceriodaphnia affinis.

The crustacean C. affinis is a convenient subject for life-

span research since its imago life cycle is usually as short

as 15-20 days and cultivation under laboratory conditions

is not a problem. One more advantage is that the concen-

tration of SkQ1 affecting the living subject could be

exactly estimated since C. affinis were living, in fact, in

the water solution of SkQ1 of a known dilution. A disad-

vantage of this species is the genetic heterogeneity of its

population, which can affect the results. Figure 2 shows

that 5.5 and 0.55 nM SkQ1 increased the C. affinis life-

span, whereas 55 nM SkQ1 had an opposite effect. The

Fig. 1. Effect of 100 nM SkQ1 on lifespan of the fungus Podospora

anserina. For conditions, see “Materials and Methods”.
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Fig. 2. Effect of various concentrations of SkQ1 on lifespan of the crustacean Ceriodaphnia affinis. For conditions, see “Materials and

Methods”.
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median lifespan at optimal (0.55 nM) SkQ1 concentra-

tion was doubled compared with samples without SkQ1.

Drosophila melanogaster lifespan and age-dependent

mitochondrial ultrastructure changes are affected by

SkQ1. Drosophila melanogaster is an effective model sys-

tem for gerontological studies due to the possibility to use

genetically well characterized lines, including isogenic

wild type and mutant flies, and short lifespan as compared

to vertebrates. Our experiments showed that SkQ1 pro-

longed the lifespan of flies even though the effect was not

as strong as for C. affinis.

Survival curves (Fig. 3) demonstrate that 20 pM

SkQ1 was effective in females (a) as well as in males (b);

survival curves for flies of both sexes receiving SkQ1 were

significantly different from survival curves of control flies

(p < 0.0001 in both cases). Maximal effect was revealed

between 20 pM and 20 nM SkQ1 (Fig. 4).

Detailed analysis of the effect of SkQ1 on lifespan of

females revealed that it is more pronounced at early

stages of life. As seen in Fig. 5a, mortality during the first

10 days of life was almost completely abolished by SkQ1,

whereas during the first 20 days SkQ1 decreased mortal-

ity by only 30%. At greater ages, the effect of SkQ1

became even smaller. This phenomenon is also illustrat-

ed by Fig. 5b where mortality rate is presented in half-

logarithmic coordinates as a function of age. It is evident

that the effect of SkQ1 was at its maximum for the first

10 days (here mortality was decreased by one order of

magnitude). A mixture of TPP (tetraphenylphosphoni-

um) and PQ (decyl plastoquinone), the two constituents

of SkQ1, was completely ineffective (at least at such low

concentration as was used in the case of SkQ1). Solution

of C12TPP (20 pM), a compound containing two addi-

tional methylene groups instead of plastoquinone in

SkQs, was also found to increase the lifespan of females.

However, substantial difference in effects of SkQ1 and

C12TPP was revealed. SkQ1, as already mentioned, pri-

marily affected young females, whereas C12TPP was

practically ineffective in young flies but effective later in

life. As a result, the C12TPP survival curve followed the

control curve during the first 20 days and the SkQ1 curve

during the last 40 days (Fig. 6). As was recently found in

our group [13], hydrophobic cations such as SkQs and

C12TPP can operate as carriers of fatty acid anions,

mediating in this way uncoupling of oxidative phospho-

rylation by these acids. This, in turn, should decrease

ROS production not only by Complex I but also by

Complex III [14]. In this context, it is worth noting that

direct antioxidant effect of SkQ1 carried out by its quinol

residue should be related to those ROS that are generat-

ed by Complex I inside mitochondria rather than to ROS

produced by Complex III close to the outer surface of

the inner mitochondrial membrane [1]. Thus, compari-

son of the SkQ1 and C12TPP effects on longevity of flies

Fig. 3. SkQ1 (20 pM) increases the lifespan of D. melanogaster females (a) and males (b). Totally 425 flies per sex per treatment were analyzed.

Survival curves of females and males receiving SkQ1 are significantly different from control curves (p < 0.0001 in both cases).
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seems to indicate that ROS increasing the early and the

late life mortality risks are generated by different mech-

anisms.

Figure 7 summarizes results of experiments when the

SkQ1 treatment was carried out on certain stages of aging

rather than during the entire life. Figure 7a shows that the

survival curve of flies receiving SkQ1 during the first week

of life did not differ from the survival curve of flies receiv-

ing the compound constantly up to death (p = 0.75),

whereas both were significantly different from the control

curve (p < 0.0004 and p < 0.0001, correspondingly). Such

a short-term SkQ1 treatment proved to be ineffective

when started on the 30th day (Fig. 7b). However, constant

administration of SkQ1 from the 30th day up to the end of

life was quite effective (Fig. 7c), and the survival curve of

treated females in this case was significantly different

from the control curve (p = 0.0025).

Figure 8 shows the effect of SkQ1 on mitochondrial

ultrastructure in flight muscles of D. melanogaster indi-

viduals of different ages. One can see that aging is accom-

panied by appearance of organelles of dramatically

changed structure (membrane multilayers resembling

myelin) called “mitochondrial swirls” [15]. Such struc-

tures were absent from newborn (1.5 day) flies but appear

as early as on the 10th day of life (cf. Figs. 8a and 8b; see

Fig. 8c for multilayer structure at higher magnification).

The “mitochondrial swirls” were usually integrated into

chains of mitochondria localized between bundles of

actomyosin filaments. In the SkQ1-treated flies, changed

mitochondria appeared much less frequently on the 10th

and 20th days. Even on the 65th day (when in the absence

of SkQ1 damaged actomyosin filaments appear, Fig. 8d)

these structures (“mitochondrial swirls”) are still very

rare (Fig. 8, e and f).

SkQ1 prolongs lifespan of mice and retards appear-

ance of senescence traits. Two experiments were per-

formed to reveal effect of SkQ on the lifespan of outbred

SHR mice. One of them was started in December, 2004,

Fig. 5. SkQ1 prolongs lifespan mainly at early stages of life: cumulative percent of death (a) and mortality rate (b). 20 pM SkQ1 or mixture of

20 pM TPP and 20 pM PQ were employed. Totally 425 females per treatment were analyzed.
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and another in June, 2005. In each experiment, there were

four groups of females (25 animals per group)—one for

control mice (not treated with SkQ1) and three other for

mice receiving with drinking water 0.5, 5, or 50 nmol

SkQ1/kg per day. The results of the two experiments are

summarized in Fig. 9 (see color insert). One can see that

all the SkQ concentrations used significantly prolonged

the lifespan, and the middle (5 nmol) concentration seems

to be optimal. Moreover, like in the above-described

experiments on fungi and invertebrates, the effect was

especially strong during initial and middle stages of aging

rather than on maximal lifespan, which increased only

slightly (rectangularization of the survival curves). It is

remarkable that lifespan of the first 50% of animals that

died (median lifespan) in fact doubled with the optimal

SkQ1 dose. For mammals, such a strong shift of the sur-

vival curve to the right is very rare. On day 300, more than

50% of control mice had already died, whereas in the

group receiving 5 nmol SkQ1 almost all animals were still

alive. These relationships are illustrated by Table 1.

Analysis of the causes of death revealed that the

SkQ-induced increase in the lifespan is mainly due to

strong lowering of rate of death caused by diseases other

than cancer (Fig. 10a; see color insert). Most of these

were infections, such as pneumonia, hepatitis, nephritis,

colitis, etc., that proved to be a consequence of the fact

that mice were living under non-sterile conditions. This

made it possible to take into account probable preventive

effect of SkQ1 on an age-dependent decline of the

immune system (see “Discussion”). SkQ1 was without

statistically significant effect on the death of SHR mice

caused by cancers other than mammary gland adenocar-

cinomas (Fig. 10b; see color insert).

As shown in Fig. 10c (color insert), there is a specif-

ic kind of cancer for which the probability increases if

mice received SkQ1. This is mammary gland adenocarci-

noma. However, further analysis revealed that such an

unfavorable effect is a consequence of a favorable one,

namely prolongation by SkQ1 of estrual function, rather

than of any carcinogenic activity of our compound.

The above problem was studied on two groups of

mice, i.e. outbred SHR and transgenic HER-2/neu. In the

latter case all the mice died due to development of the

mammary gland adenocarcinomas at age of about one

year. As one can see in Fig. 11a (color insert) and Table 2,

SkQ1 is without measurable effect on longevity of the

HER-2/neu mice. Essential parameters of carcinogenesis

were not affected by any concentrations of SkQ1 studied

(Fig. 11b, color insert, and Table 3). However, SkQ1 com-

pletely prevented disappearance of regular estrual cycles in

the outbred SHR mice (Fig. 12). Thus, most probably

mammary gland adenocarcinoma could not develop in the

great majority of the control mice, first of all, due to age-

dependent mammary gland involution [16].

Prolongation of the estrual cycles is not the only

geroprotector effect of SkQ1. In Fig. 13 (color insert),

Fig. 7. Administration of 20 pM SkQ1 during the first week of life

(a) and constantly starting from the 30th day (c) increases lifespan

of females as does 20 pM solution of SkQ1 during the entire life,

whereas SkQ1 administered during one week starting from the

30th day is ineffective (b). From 225 (a, b) to 425 females (c) per

treatment were analyzed. In Fig. 7a and Fig. 7c, survival curves of

SkQ1-treated females are significantly different from control

curves (p < 0.0004 and p = 0.0025, correspondingly).
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Fig. 8. Effect of SkQ1 on mitochondrial age-related ultrastructural changes in D. melanogaster flight muscles. a) 1.5-day-old fly; b) 10-day-

old fly; c) 52-day-old fly; d, e) 65-day-old flies. e) Flies received 1.85 nM SkQ1; b) arrows designate damaged mitochondria (“mitochondri-

al swirls”); d) arrows designate damaged actomyosin filaments; arrowheads show tracheoles; f) 1.85 nM SkQ1 prevents appearance with age

of “mitochondrial swirls” (males).
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photographs of two 630-day-old female SHR mice, one

receiving a minimal dose of SkQ1 (0.5 nmol/kg per day)

and another without SkQ1, are presented. It seems obvi-

ous that the mouse without SkQ1 is in bad shape com-

pared with that with SkQ1. She has lost whiskers and

shows obvious traits of baldness and lordokyphosis. For

“no SkQ1 mice”, torpor and a body temperature decrease

during the last weeks of life were observed. All these traits

of senescence were absent in the SkQ1 mice. As to food

and water consumption and body weight, they did not sig-

nificantly differ in all the mouse groups studied (not

shown in figures and tables).

In the last series of experiments on the SHR mice,

fibroblasts obtained from the tail of the control and SkQ1

mice of various ages were studied. It was found that spon-

taneous apoptosis of fibroblasts from old control mice

Lifespan

First 20% that died

First 50% that died

Last 10% that died

Median

Mean

Maximal

50

205 ± 18
130.5

359 ± 29
166

831 ± 11
114

552

522 ± 30
135

865

Table 1. Effect of SkQ1 on lifespan of SHR mice

5

273 ± 39
174

419 ± 29
199

820 ± 10
112

571

559 ± 26
144

835

0.5

208 ± 14
132

335 ± 24
159

785 ± 7
108

526

512 ± 29
132

802

no SkQ1

157 ± 8
100

211 ± 11
100

727 ± 22
100

296

388 ± 29
100

814

Parameter

days
% of control

days
% of control

days
% of control

days

days
% of control

days

SkQ1, nmol/kg per day

SkQ1, nmol/kg per day

0

5

50

250

2500

Mice having
metastases, %

57

63

70

50

63

Table 3. SkQ1 does not affect development of mammary gland adenocarcinoma in HER-2/neu mice

Average diameter
of tumors, cm

1.66 ± 0.03

1.72 ± 0.03

1.69 ± 0.08

1.51 ± 0.03

1.81 ± 0.03

Average number of tumors
per mouse

7.1 ± 0.2

6.6 ± 0.3

6.2 ± 0.4

6.9 ± 0.6

6.3 ± 0.4

Number of mice

85

30

30

20

30

Lifespan, days

Mean

Median

Maximal

2500

297 ± 9

309.5

380

Table 2. SkQ1 does not affect the lifespan of HER-2/neu mice dying due to mammary gland adenocarcinoma

250

291 ± 8

288

340

50

293 ± 9

297.5

380

5

286 ± 7

288

340

No SkQ1

289 ± 6

299.5

375

SkQ1, nmol/kg per day
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occurs three times more often than in young animals.

This difference disappeared if mice received 0.5, 5, or

50 nmol SkQ1/kg per day. Fibroblast from mice that

received SkQ1 retained the ability to activate apoptosis by

added H2O2, but the effect of H2O2 was not so dramatic as

in fibroblasts from untreated mice of the same age (Fig.

14a). It was also shown that the in vivo SkQ1 treatment

prevents development of such typical traits of aging as

appearance of β-galactosidase activity and phosphoryla-

tion of histone H2AX (Figs. 14b and 14c, respectively).

DISCUSSION

Quite recently, Longo and coauthors wrote “Caloric

restriction is the only non-genetic intervention known to

slow down aging and extend lifespan in organisms ranging

from yeast to mice” [17]. Data presented in this paper

indicate that SkQ1 is an alternative factor prolonging life

ranging from a fungus to a mammal. In fact, the mycelial

fungus Podospora anserina, invertebrates Ceriodaphnia

affinis and Drosophila melanogaster, and mice were found

to respond with a significant increase in the median life-

span to the SkQ1 addition to the growth medium, food, or

drinking water. For D. melanogaster, the effect was rather

small (about 15%) but statistically significant (Fig. 4). For

the three other organisms studied, it was much larger,

reaching 100% in mice receiving optimal SkQ1 concen-

tration (Figs. 1, 2, and 9). At least for mice, its effect is

not related to caloric restriction, since SkQ1 was without

any influence on the amount of food consumed. Among

geroprotectors, SkQ1 is proved to be a unique small mol-

ecule not only due to such a wide range of organisms

where it is effective, but also at extremely low values of the

concentration required to prolong life. For instance, in

the Ceriodaphnia experiments, the optimal SkQ concen-

tration in the growth medium was 0.55 nM. For

Drosophila, it was sufficient to put three drops of 20 pM

Fig. 12. SkQ1 prevents disappearance with age of regular estrual

cycles in mice.
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Fig. 14. Some properties of fibroblasts obtained from tails of mice
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(2·10–11 M) SkQ1 solution on the surface of the food once

per week (or even on the first week of life only) to obtain

maximal effect. In mice receiving SkQ1 with drinking

water, the optimal SkQ1 concentration was 5 nmol/kg per

day, 0.5 nmol being still of significant effect. An explana-

tion of such a high efficiency of SkQ1 may be that it is

specifically concentrated only in one place of the cell, i.e.

in the inner leaflet of the inner mitochondrial membrane,

where SkQ1 concentration can reach 0.1 mM when

extracellular SkQ1 concentration is as low as 1 pM [1, 2].

The idea that mitochondrially-targeted quinones

might be used as geroprotectors was introduced by

Murphy and coworkers [18] and simultaneously by one of

the authors of the present paper [19]. In Murphy’s group

[20], an attempt was undertaken to prolong with MitoQ

the lifespan of D. melanogaster. No geroprotector effect

was observed on wild-type flies, but MitoQ proved to be

effective on females of a short-lived mutant that was defi-

cient in mitochondrial superoxide dismutase and showed

several traits of progeria [21]. We also tried MitoQ and

observed some geroprotective effect even in wild type flies

(data not shown in figures). The problem in observing

such a phenomenon is that it is large at young ages only.

As to the mean and median lifespans, they respond to the

studied compounds by rather small increase in these

parameters, and the result appears to be statistically sig-

nificant if the number of flies studied is sufficiently high.

It seems possible that for such a post-mitotic organism as

a fly, the mean lifespan is not a sensitive trait to reveal

potential geroprotectors. It is remarkable that the gero-

protecting effect of SkQ1 was much larger when the num-

ber of damaged mitochondria (“mitochondrial swirls”)

was measured (cf. Figs. 3 and 8f).

The geroprotective effects of SkQ1 could be

accounted for within the framework of alternative con-

cepts considering aging as a result of (i) accumulation

with age of occasional injuries and (ii) operation of a spe-

cific genetic program of slow suicide (for reviews, see [22,

23]). In the former case, SkQ1 simply “cleans the dirtiest

place in the cell”, removing from the mitochondrial inte-

rior those ROS that are responsible for age-related dam-

age [19]. In the latter case, SkQ prevents execution of an

aging program, which slowly kills organisms by means of

intramitochondrial ROS, the level of which increases

with age in a program-controlled fashion [22, 23]. At

present, we cannot discriminate between these two possi-

bilities. However, there are several indirect but independ-

ent pieces of evidence making the program scheme more

probable.

1. In experiments with D. melanogaster, we found

that SkQ1 treatment during first week of life has the same

geroprotector effect as treatment during the whole life

(Fig. 7a). This result is, in fact, in line with observations

that: (i) two days caloric restriction of the fruit fly pro-

longs the fly’s lifespan as effectively as caloric restriction

during the whole life [24], and (ii) just the odor of the

food decreased the caloric restriction effect upon lifespan

of D. melanogaster [25].

These observations can be explained much easier by

a reset of the “ontogenetic clock” controlling the aging

program than by assuming that SkQ1 or caloric restric-

tion directly prevent accumulation of ROS-induced (or

any other) damages in tissues during the whole life. In this

context, one might suggest that the age-controlling

“ontogenetic clock” system operates in a mitochondrial

ROS-dependent fashion so that the target of the geropro-

tector SkQ1 action is, in fact, mitochondria of the clock

cells or any other cells required to execute the clock sig-

nal in the tissues.

2. ROS-induced injuries are known to be accumulat-

ed in especially large quantities at late ages. Therefore,

one might expect that SkQ1 would be more effective near

the end of life. In our experiments, we observed, in fact,

quite opposite relationships. SkQ1 prevented age-

dependent death at early and middle stages of aging,

being efficient only slightly in increasing the maximal

lifespan (see Figs. 1, 2, 5, and 9). This observation fits the

hypothesis that the aging program is a mechanism

increasing “evolvability” (the rate of evolution). It was

assumed that aging is needed to facilitate natural selec-

tion to recognize small but useful traits. These traits can

be insufficient for a strong young organism but becomes

essential when its functions decline with age [26-29]. Very

old organisms compose a small part of the population,

and their reproductive potential is already lowered so that

their contribution to evolvability should be limited. This

means that the aging program becomes unnecessary in

such organisms and therefore no longer takes part in the

senescence process.

3. Last but not least, one should take into account

that the suggestion concerning SkQ1 as a geroprotector

was a consequence of the entire basic concept of our proj-

ect. The hypothesis on programmed aging predicted the

main results described in this series of papers. In such a

complicated science as biology, the very fact that a

hypothesis predicts results is always a strong argument in

favor of its validity.

Within the framework of the concept considering

aging as an evolvability-increasing invention of living

organisms, it seems obvious that many functions of vital

importance should decline with age. This means that evo-

lution of all of them is accelerated by aging. This is why

there are numerous senescence processes, which after all

cause the death of the organism. As to non-aging organ-

isms, they usually die due to a single and always the same

reason, and their life is not accompanied by decline of

different physiological functions. Thus, pearl mussels,

organisms having, in fact, no enemies, live more than two

centuries and die because the shell becomes too heavy to

be maintained in a vertical position. As a result, death

occurs because of lack of food. Not a single trait of senes-

cence was observed. In particular, reproductive potential
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increases with age since those organisms are growing dur-

ing their whole lives.

In 2007 Lambert et al. [30] reported that the lifetime

of mammals and birds is longer the lower is the rate of

H2O2 generation by heart mitochondria during the reverse

transfer of electrons from succinate through Complex I

(animals of 12 species very differently systematically posi-

tioned were studied: from mice to cattle and baboons and

from quails to pigeons). No correlation was found when

H2O2 generation was measured under forward electron

transfer (through both Complex I and Complex III). The

longest-living African rodent, the naked mole-rat, seems

to be the only exception to this rule. This creature of mouse

size is famous for its lifespan of about 28 years instead of

the mouse’s 2.5-4 years. Cancer, atherosclerosis, immun-

odeficiency, and even several kinds of pain are unknown

for this animal. The queen and her several sexual partners,

the only reproducing members of the large community

composed of 200-300 soldiers, have no enemies. In the

laboratory, naked mole-rats die at the age of about 25-28

for an unknown reason. As was recently shown by

Buffenstein, their mortality rate does not depend on age

[31], as if the aging program is absent in this animal. The

program seemed to be switched off somewhere after ROS

because both the rate of ROS generation on the reverse

transfer of electrons [30] and the level of biopolymer oxi-

dation [32, 33] in naked mole-rats are higher than in mice.

The latter finding is not surprising if one takes into account

that activities of superoxide dismutase and catalase in these

two species are of the same order of magnitude, and the

third main antioxidant enzyme, glutathione peroxidase, is

70-fold less active in mole-rats than in mice [34]. The key

for understanding this paradoxical situation seems to be

presented by the observation that even very high concen-

trations of H2O2 failed to induce apoptosis in the mole-

rat’s cells [35]. In this respect, the mole-rat is reminiscent

of long-living mouse with mutations in genes encoding the

protein p66shc [36], the enzyme of CoQ synthesis (mClk1)

[37], or elongation factor 2 kinase [38], whose cells are also

resistant to apoptogenic action of hydrogen peroxide [36,

38] or the prooxidant menadione [37].

A possible mechanism explaining how a function,

which became unnecessary for the naked mole-rats,

could disappear during evolution was recently described

by Park et al. [39]. It was found that these rodents lack an

11 amino acid peptide called substance P, which operates

in other animals as mediator of certain kinds of pain (in

particular, the pain caused by capsaicin, a compound

from capsicum). Capsaicin, like several other pain-

inducing factors, does not induce pain-related behavior

in the naked mole-rat. The capsaicin sensitivity was

restored when a herpes-containing DNA construct

encoding the substance P-synthesizing protein was

injected into a leg of the animal. The treatment did not

affect pain sensitivity of the non-treated legs. Most prob-

ably, the naked mole-rat queen and her husbands are so

perfectly defended in the center of their underground

labyrinth by the army of soldiers, that external pain-caus-

ing events are practically excluded. As a result, a mutation

making impossible transmission of the pain signal proved

to be neutral and therefore avoid elimination by the nat-

ural selection mechanism. The same apparently hap-

pened with program of aging, which according to our

hypothesis requires enemies to operate as an evolution-

accelerating mechanism.

It is of importance that SkQ1 concentrations increas-

ing lifespan seem to abolish the aging-induced stimulation

of apoptosis rather than completely arrest any ROS-linked

apoptotic events (see Fig. 14a). This is why doses of SkQ1

used in our experiments on mice did not decrease antitu-

mor defense, which includes apoptosis. In fact, SkQ1, like

another antioxidant, N-acetyl cysteine, prolonged lifes-

pan of a mouse strain prone to lymphomas [4]. SkQ also

decreased probability of tumorigenesis in experiments on

normal mice if we deal with development of tumors other

than mammary gland adenocarcinoma (Fig. 10b, see

color insert). As this figure shows, probability of such can-

cers is not increased in the SkQ1-receiving mice in spite of

the fact that these mice lived longer, being much more

resistant to numerous infections. This should increase the

rate of death caused by other reasons, including cancer,

provided that cancer is not retarded by SkQ1. Since such

an increase was not observed, one can conclude that SkQ1

possesses certain anticancer activity not only in the lym-

phoma-prone but also in normal mice. The mammary

gland adenocarcinoma is a special case. As is clear from

Fig. 12, SkQ1 prevents the age-dependent decline of

estrual function, which should, in turn, prevent involution

of mammary glands [16]. Such involution for sure results

in a situation when mammary gland cancer appears to be

a rarer reason for death in control mice compared with

those who receive SkQ1. In line with the above reasoning,

we found that SkQ1 does not stimulate the development of

cancer in the mammary gland adenocarcinoma-prone

mice (Fig. 11, see color insert, and Tables 2 and 3).

It is remarkable that SkQ1 strongly decreases the

death risk for reasons other than cancer (Fig. 10a, see

color insert). The reasons in question were numerous

infections inevitable in the non-sterile vivarium where the

above experiments were carried out. This allowed us to

reveal SkQ1 as a tool arresting development of such a typ-

ical feature of aging as decline of the immune defense of

an organism. Such a decline is due to numerous factors

including decrease in number of the antigen-presenting

dendrite cells, impairment of chemotaxis and phagocyto-

sis of these cells and neutrophils, failure of dendrite cells

to properly stimulate naive CD4+ T cells, some function-

al injuries in monocytes, decrease in the production and

proliferation of normal killer cells, etc. [40]. Importantly,

a decline of the immune system represents one of the ear-

liest traits of aging, starting in humans between 10 and 15

years of age [41].
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One of the reasons for decline of the immune system

during aging is related with age-dependent involution of

thymus, the major source of T-cells [42]. Progeria in

OXYS rats is accompanied with more rapid decrease of

the mass, volume, and cellularity of thymus than in nor-

mal rats (Obukhova et al., paper in preparation). The

right lobe of the thymus in OXYS rats contained 2 times

fewer cells than in Wistar rats at 3.5 month of age.

Treatment with 250 nmol SkQ1/kg per day resulted in

2.5-fold increase of this number in OXYS rats, while in

Wistar rats the increase was only 25%, so this parameter

became equal in the two strains of rats. A similar effect of

SkQ1 was observed when the area of lymphoid follicles in

the spleen (the major source of B-cells) was analyzed.

In our preceding paper [1], we listed 20 crucial traits

of senescence, which are retarded, arrested, and in cer-

tain cases even reversed by SkQ1. The question arises why

the SkQ-treated living creatures die in spite of obvious

deceleration of the senescence program. The simplest

explanation is that SkQ1 fails to arrest an age-linked

decline of at least one physiological function of vital

importance. Another possibility is that the aging program

does not operate in very old organisms, who die due to

accumulation of occasional injuries (as already men-

tioned, very old organisms are not interesting for evolu-

tion since they are too rare and their reproductive systems

decline with age). To live much longer than usually, you

need some “skill”, otherwise you may become a victim,

e.g. of a simple but inevitable disproportion in construc-

tion of old organism, like in old pearl mussel (see above).

Podospora anserina represents an interesting example in

this context. This fungus seems to employ two scenarios

for life, one short-lived (several weeks), and another very

long-lived (years). Switching from the short- to long-

lived modus vivendi can be achieved by growing P. anseri-

na in a liquid medium [43]. A similar switch is observed

also in P. anserina growing on a solid medium if muta-

tions in respiratory chain or in mitochondrial morpholo-

gy transition machinery take place [11, 12]. The effect of

SkQ1 on the short-lived fungus was measurable but much

smaller than the switch to the long-lived scenario. In fact,

P. anserina responded to SkQ1 like three other species

tested (C. affinis, D. melanogaster, and mice), i.e. by 1.5-

2-fold increase in the median lifespan and by rectangu-

larization of the survival curve. These relationships can

be explained assuming that in SkQ1-treated P. anserina

the execution of the aging program is inhibited, but SkQ

does not induce a switch to the very long-lived modus

vivendi.

Something similar was recently observed in the Dr.

B. Cannon’s group [44] who tested (within the framework

of our project) the action of SkQ1 on progeric “mutator

mice” with the D257A mutation in the proof-reading

domain of mitochondrial DNA polymerase γ. Such a

mutant polymerase can synthesize DNA but cannot rec-

ognize and correct its own errors in the process of this

synthesis. As a result, frequency of mutations in mito-

chondrial DNA increases, entailing strong shortening in

lifespan and premature development of numerous traits

of senescence [45, 46]. It was found that SkQ1 prevents or

retards appearance of such senescence traits as lor-

dokyphosis, boldness, lowering of body temperature, tor-

por, cessation of estrual cycles, etc., and increases the

lifespan but not as strongly as would be needed to return

it to the normal level. Again, as in the above described

wild-type mice, the SkQ1-receiving animals die without

showing a senescence scenario. Preliminary results of his-

tological analysis revealed that the most probable reason

for death of the SkQ1-treated “mutator mice” is patho-

logical changes in the colon epithelium [44], a disease

specific for mice with mitochondrial mutations [47]. It

should be noted that Cannon’s experiments were done on

the mutant animals living in a sterile vivarium. Generally,

the effects of SkQ1 under these conditions resembled very

much those on the wild-type mice living in the non-ster-

ile vivarium used in the experiments described in this

paper. The only difference is that infections were absent

from reasons of death of “mutator mice”.

Concluding these and four preceding papers of the

series [2-6], highly effective, mitochondria-targeted,

rechargeable antioxidants composed of plastoquinone,

decane linker, and a penetrating cation (SkQs) have been

synthesized and tested on model membranes, isolated

mitochondria, cell cultures, ex vivo organs, and living

organisms. It is shown in experiments on fungus

Podospora, invertebrates Ceriodaphnia and Drosophila,

and mice that SkQ1 increases the lifespan at very much

lower concentrations than previously known geroprotec-

tors. This effect is accompanied by rectangularization of

survival curve and (in mice) disappearance or retardation

of many crucial traits of senescence. It is suggested SkQ1

is competent in switching off the aging (senescence) pro-

gram responsible for a concerted decline of key physio-

logical functions. Results obtained in experiments on this

small molecule look promising for elaborating a drug pro-

longing youth.
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Note in proof: Quite recently, a paper by A. B.

Salmon, A. A. Sadighi Akha, R. Buffenstein, and R. A.

Miller appeared in J. Gerontol. A. Biol. Sci. Med. Sci., 63,

232-241 (2008). In this paper, it is reported that very low

proapoptotic activity of H2O2 of naked mole-rat cells may

be a tissue-specific feature. An H2O2 resistance was

observed in cultured arteria (see ref. [35]) but could not

be observed in the culture of isolated fibroblasts.

Alternatively, it seems possible that the low H2O2 sensitiv-

ity might be detected at the level of naked mole-rat tissue

rather than isolated cells. One more possibility is that the

number of studied animals was too small. 
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