
 
 

  

 

 

 

The concept of mild depolarization described above originates from three discoveries made 

in the second half of the XX century (Fig. S1). (a) In 1954, S. Bessman suggested (1) that 

hexokinase binds to mitochondria in such a way that ATP released from mitochondria directly 

approaches the catalytic site of the enzyme without dilution of the nucleotide in the cytosol 

(“hexokinase acceptor effect”). This hypothesis was subsequently confirmed by Bessman and 

colleagues as well as other researchers (2-7). (b) In 1961, P. Mitchel proposed his “chemiosmotic 

hypothesis”, assuming that the difference in the transmembrane electric potentials in mitochondria 

is the main driving force for oxidative phosphorylation (8). In 1969, the idea of “mitochondrial 

electricity” was directly confirmed when our group together with the E. Liberman’s group showed 

that synthetic penetrating ions are distributed in respiring mitochondria according to the Nernst 

equation, with cations and anions moving in opposite directions (9). (с) In 1971, B. Chance and 

coworkers reported (10, 11) that ADP phosphorylation in respiring mitochondria is accompanied 

by a complete inhibition of mROS formation. In 1997, S. Korshunov, V. Skulachev and A. Starkov 

reported (12) that the mild depolarization of the mitochondrial membrane by (i) a small decrease 

in the respiration rate, (ii) a small increase in the membrane H+ conductance induced by 

protonophorous uncouplers or (iii) ADP addition inhibited the mROS-generating mechanism in 

Complex I. 

In 2004-2008, A. Galina et al. (13-15) summarized findings reported in a, b and c branches 

and showed that rat brain mitochondria are equipped with a potent antioxidant system composed 

of mitochondria-bound hexokinase and creatine kinase. Rat liver mitochondria lack this 

antioxidant system. The antioxidant systems in the kidney and heart mitochondria appear to be 

much less effective than the system in the brain. 

As shown in the present study, the brain is not the only organ that completely prevents 

mROS generation by mild depolarization of mitochondria. This phenomenon was also observed 

in the lung, kidney, heart, skeletal muscles, diaphragm and spleen but not in the liver (the latter 

observation was in line with the observations reported by Galina and colleagues (13-15)). 

Moreover, in aging mice, mild depolarization is decreased to some extent in the lung, brain and 

kidney and is completely blocked in the heart, skeletal muscles, diaphragm and spleen. The age-

related inhibition of this antioxidant system results in oxidative stress, which is particularly severe 
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in the lower four tissues. In long-lived NMRs, no decrease in mild depolarization is observed 

during aging for up to at least 11 years. A similar effect was observed in a long-lived bat. It is 

suggested that mild polarization of mitochondria and its switching off represent an example of 

anti-aging and aging programs, respectively. 

 

S2. General schemes illustrating the mechanisms of mild depolarization 

Apparently, a high ∆ψ is required for the one-electron reduction of O2 to superoxide by a 

Complex I-associated redox center (probably by the FeS1a cluster, which is the only Complex I 

redox center requiring mitochondrial hyperpolarization for its reduction). The addition of a small 

amount of ADP with glucose or creatine decreases ∆ψ from 190 to 150 mV (mild depolarization), 

which entails the oxidation of the abovementioned redox center and subsequently completely 

inhibits O2•̅  formation. 

Figs. 1 and S2 illustrate the interrelationships of respiratory chain electron transport 

(Complexes I, II, III and IV), H+-ATP-synthase (Complex V, also known as F0F1), the ATP and 

ADP transporters (ATP/ADP antiporter and porin) and hexokinase I or II bound to porin. The steps 

in Dψ generation and utilization, as well as mROS formation, are also shown. Succinate is 

presumed to represent one of the major sources of electrons for mROS generation in Figs. 1 and 

S2. Based on accumulating evidence, succinate is oxidized by the respiratory chain to generate the 

highest Dψ, which supports reverse electron transfer via Complex I to NAD+ and the reduction of 

O2 to superoxide. Several metabolic pathways have already been identified as sources for 

succinate, namely, the Krebs cycle, glutamine (16, 17), and propionyl CoA (18), and as sources 

for fumarate, aspartate or adenylsuccinate (19). Usually, a substantial increase in the succinate 

concentration accompanies oxidative stress initiated by some regulatory systems of the cells (16, 

17, 19-21). Apparently, succinate plays a crucial role in generating mROS because it functions as 

a respiratory substrate to support the maintenance of the highest Dψ compared with all the other 

respiratory substrates. This result is partially due to the high concentrations of Complex II 

(succinate dehydrogenase) and its immersion in the hydrophobic core of the inner mitochondrial 

membrane, in contrast to other Krebs cycle dehydrogenases that are located on the membrane 

surface or in the mitochondrial matrix. CoQ, the electron acceptor of Complex II, is very 

hydrophobic. It transports electrons to Complex III or I. The carriers participating in electron 

transport from CoQH2 to O2 to form H2O and Dψ do not require the participation of Complex I, 

which is, however, obligatory if NAD-linked substrates are used. Complex I catalyzes the slowest 

step of the respiratory chain. Therefore, the pathway involving Complexes II, III and IV potentially 

generates a larger Dψ than the pathway involving Complexes I, II and IV (21). 
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Unfortunately, the mechanism responsible for mROS generation under reverse electron 

transfer via Complex I remains obscure. The hyperpolarization of the inner mitochondrial 

membrane is required for reverse electron transfer and mROS formation, but the molecular aspects 

of these two phenomena are not yet known. 

 

S3. Mild depolarization is inherent in hexokinase-linked glycolysis but not in 

ketohexokinase-linked fructolysis 

The disappearance of mild depolarization in the mouse liver after birth does not occur in 

NMRs at least up to 11 years of age. As reported by Th. J. Park et al. (22, 23), NMRs mainly 

utilize fructose instead of glucose as a carbohydrate monomer. The source of fructose is currently 

unknown. Both the fructose transporter in the outer cell membrane of this organism and the 

enzyme initiating fructolysis (ketohexokinase, KHK) are expressed at higher levels than the 

glucose transporter and hexokinases (HK) (Fig. S24). As shown in the same figure, mild 

depolarizing mechanisms requiring hexokinases are indicated by reactions 12 and 14. When G6P, 

the product of glucose phosphorylation, accumulates in the cytosol, it stimulates the dissociation 

of hexokinases from mitochondrial porin and subsequently inhibits mild depolarization. This 

inhibition does not occur during fructolysis since its products (F6P and F1P) fail to dissociate the 

hexokinase-porin complex (24, 25). Moreover, ketohexokinase-mediated fructolysis bypasses the 

crucial step of downregulating aerobic glycolysis at the level of phosphofructokinase (PFK), an 

enzyme that is involved in carbohydrate decomposition initiated by hexokinases but not by 

ketohexokinase. PFK is allosterically inhibited by one of its substrates (ATP), which is produced 

by the final reactions of respiration and glycolysis. Citrate, the first tricarboxylic acid in the Krebs 

cycle, is also a PFK inhibitor. Moreover, PFK is very sensitive to the acidification of the medium, 

which inevitably occurs during the terminal step of glycolysis, i.e., the dissociation of lactic acid 

to lactate anion and H+. None of these PFK inhibitors block the main fructolytic pathway mediated 

by F1P. Resistance to acidification is particularly important since an acidic pH shift, which occurs 

when glucose is converted to lactate, can result in the protonation of superoxide: O2•̅ + H+ → HO2•. 

The product (HO2•) is a poison as dangerous as OH•. Superoxide is generated by the mitochondrial 

respiratory chain. O2•̅  is of rather low toxicity per se, but it can be converted to very toxic products 

as a result of (a) its protonation, (b) its reaction with NO or (c) conversion to the OH• radical via 

H2O2, which is catalyzed by Fe2+ or Cu+: 

O2•̅  → H2O2 OH• (c). 

The protonation of O2•̅ does not require H2O2, Fe2+ or Cu+.  
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The tissue damage induced by anaerobic glycolysis does not occur during anoxia (O2•̅ is 

not formed since O2 is absent) but is observed during reoxygenation when O2 appears; O2•̅ is 

formed by the mitochondria, and the H+ ion (formed during the preceding anoxia) protonates 

superoxide. We suggest that mitochondrial O2•̅  generation increases due to the activation of the 

aging program, but in NMRs, this program is substantially inhibited. Therefore, NMRs use 

fructolysis, which is not limited by H+-mediated control of PFK. 

Thus, fructose catabolism via the hexokinase pathway (Fig. S24, reaction 11) effectively 

participates in the mild depolarization of the mitochondria as a crucial component of their 

antioxidant system. In contrast to fructolysis, G6P-forming glucose catabolism contributes to the 

development of pathologies such as diabetes associated with high ROS levels due to the inhibition 

of mild depolarization by G6P (13, 26). Hyperglycemia occurs in response to the dysfunctional 

insulin regulation of glucose metabolism and induces G6P superproduction and the subsequent 

desorption of hexokinases from porin, an event that inhibits the mild depolarization system. As 

shown by Galina and colleagues (13, 26), the accumulation of excess G6P and mitochondrial 

hyperpolarization induce the apoptosis of brain cells. 

 

S4. Alternative aging programs 

The disappearance of mild depolarization with aging is probably a result of the activation of 

an aging program that inhibits anti-aging programs (27, 28). The existence of an aging program 

was postulated by August Weismann at the end of the XIX century (29). This hypothesis was 

revisited at the end of the XX century following the discovery of apoptosis, a type of programmed 

cell death occurring in multicellular organisms (30). Recently, it was found that bacteria and 

unicellular eukaryotes are also equipped with special suicide mechanisms, which in yeast were 

mechanistically similar to apoptosis (31). 

The self-elimination of a living organism was designated “phenoptosis” (32-34). Biological 

aging represents a case of slow (chronic) phenoptosis (32-35). In 2017-2018, two groups 

independently showed that the aging of a multicellular organism (C. elegans) is a programmed 

process required to stimulate the production of eggs by obtaining additional substrates for egg 

biosynthesis (36-39). 

It was postulated that programmed aging is beneficial for evolution due to the acceleration 

of changes in successive generations (29, 32). Within the framework of this concept, aging is a 

facultative process regulated by an organism that is equipped with competing aging and anti-aging 

programs (27, 40). In 2016 and 2017, our group postulated that the exclusive longevity of NMRs 

is a consequence of neoteny, i.e., prolongation of youth by the strong retardation of ontogenesis; 

we concluded that aging is an ontogenetic subprogram (28, 40, 41). 
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A question arises as to why the aging program, which is clearly counterproductive for the 

individual, was not eliminated by biological evolution. In fact, this type of program is well known, 

but its appearance during evolution is still a mystery. Sexual reproduction is one of the best 

examples of this problem. This process is counterproductive for parents but very productive for 

the evolution of their children and the species. Similarly, Schmalhausen’s conservative evolution 

theory states that sexual reproduction is responsible for the existence of the present genotype (42, 

43). Conservative evolution tries to eliminate any new traits, in contrast to Darwin’s dynamic 

evolution based on the appearance of these traits. 

One possible way to solve the problem for aging programs is to activate several parallel 

pathways resulting in aging. A mutation in a component of one pathway would not be sufficient 

for elimination of aging. Nrf2 is an example of such a situation. This protein operates as a key 

component of the anti-aging program represented by antioxidant enzymes (the third line of anti-

ROS defense, Table S1). Nrf2 induces the expression of several genes encoding antioxidant 

enzymes. As mentioned above, the levels of these enzymes are decreased with aging in the 

majority of mouse tissues (Table S2). This effect might be related to the decrease in the level of 

Nrf2 in old mice (44-47). The Nrf2 decrease can be mediated by at least four different proteins 

that inhibit Nrf2, namely, KEAP1, Bach 1, β-TrCP and c-Myc (48-50). All of these proteins might 

be considered as components of an aging program. The first three proteins are inhibited by ROS, 

which makes the situation even more complicated than the simple competition of anti-aging and 

aging programs. 

An additional pathway preventing the elimination of the aging program is based on the 

observation that Complex I is the main, but not the only, source of mROS that mediate aging. (i) 

Under certain patological conditions, Complex III produces up to 20% of mROS (51). (ii) 

Cytochrome с, which normally functions as an electron carrier from Complex III to Complex IV, 

can interact with another protein, p66shc. The cytochrome с • p66shc complex reduces O2 to O2•̅ 

without requiring any other enzymes. Knockout of the p66shc gene increases the lifespan of 

animals by 30% (52-54). (iii) Monoaminoxidase is located on the outer surface of the outer 

mitochondrial membrane. Its activity increases by 7.5-fold with aging (55). This oxidase converts 

O2 to H2O2. The contribution of this enzyme to mROS generation is limited by the low 

concentrations of monoamines in the cell. (iv) Dihydrolipoate dehydrogenase, a component of 

multienzyme complexes that decarboxylate pyruvate and α-ketoglutarate, produces H2O2 in the 

mitochondrial matrix. The process is strongly activated by NH3 (56). 

 

S5. Mild depolarization: from mammals to plants 
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Originally, Galina and coworkers (13-15) postulated that maximal kinase-mediated ADP 

cycling occurs in the brain, lower levels are observed in the kidney and the process does not occur 

in the liver. We confirmed the hypothesis by showing that in adult mice, the highest mitochondria-

bound hexokinase level is observed in the brain and the lowest level is observed in the liver, with 

the kidney occupying an intermediate position. However, not only the brain but also the heart, 

kidney, skeletal muscle, diaphragm, lung and spleen contained sufficient amounts of 

mitochondria-bound hexokinases to completely inhibit mROS generation at a physiological 

glucose level. Why did Brazilian biochemists fail to observe this phenomenon that is inherent in 

the majority of mammalian tissues? First, they did not study the skeletal muscle, diaphragm, lung 

and spleen, i.e., tissues exhibiting mild depolarization observed in the present study. Second, in 

the skeletal muscles, the mitochondrial hexokinase isozyme belongs to class II (rather than 

isozyme I in other tissues), which has a low affinity for glucose. If researchers attempt to identify 

the mild depolarization of muscle mitochondria, then much higher concentrations of glucose are 

required than those in brain mitochondria. Third, the mild depolarization phenomenon disappears 

during the incubation of mitochondria with glucose in vitro, partially due to the accumulation of 

G6P, an inhibitor of hexokinase and a substance that desorbs hexokinase from mitochondria. 

Nevertheless, in our experiments, mild depolarization was a highly reproducible event observed 

in eight studied mouse tissues, except for the liver. Notably, several independent publications seem 

to indicate that some other mammalian tissues, in addition to the brain, contain mitochondria-

bound hexokinases (57-59). 

Recently, Galina and colleagues (60) described a bound hexokinase mechanism in plant 

mitochondria isolated from potato tubers. The mitochondria-bound hexokinase has a higher 

affinity for glucose than fructose (Km values of 140 μM and 1.375 mM, respectively). Glucose 

stimulated State 4 succinate oxidation by factor 8 and inhibited H2O2 formation. To obtain the 

same inhibition by soluble yeast hexokinase, a 100-fold higher amount of the enzyme was needed 

than in the case of mitochondria-bound hexokinase. 

S6. Diabetes and Alzheimer’s disease 

Apparently, mild depolarization mechanisms are widespread among mitochondria-

containing organisms. This predicts the existence of pathologies related to some type of damage 

to such a sophisticated antioxidant system. Diabetes might be caused by hyperproduction of G6P 

inducing desorption of hexokinases from the mitochondria (13, 15). 

A drug that functions as a mild depolarizer could be developed. Synthetic penetrating cations 

might be candidate drugs. As reported by Saraiva et al. (61), the brain accumulation of amyloid β-

peptide (Aβ) during Alzheimer’s disease causes the dissociation of hexokinase I from the 

mitochondria and increases mROS levels. These effects are prevented by adding 2DOG to 
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neurons. Unfortunately, 2DOG has a side effect: it blocks the formation of G6P by hexokinase. 

The blockade inhibits glucose catabolism. Our group showed that the penetrating cations SkQ1 

and C12TPP replaced 2DOG without inducing any undesirable side effects. 

 

S7. The brain triad described by Antonio Galina: mitochondria, hexokinase and 

calcium 

When we had completed this study, A. Galina and coworkers published an article (51) 

detailing a role for bound hexokinase in the clearance of cytosolic Ca2+. The mechanism consists 

of the electrophoretic translocation of Ca2+ from the cytosol to the mitochondrial matrix. The 

production of mROS by Complex I damages the inner mitochondrial membrane, which becomes 

leaky for H+ ions, competing with Ca2+ ions for Dψ. 2DOG prevented this damage and hence 

stimulated Ca2+ uptake by energized mitochondria. The authors stressed that this mechanism may 

control intracellular ion homeostasis in the brain. Other tissues also requiring Ca2+ homeostasis 

were not studied. 

 

S8. Concluding remarks 

We confirmed the observations reported by A. Galina and coworkers (13-15) that murine 

brain mitochondria bind hexokinase and creatine kinase to utilize mitochondria-produced ATP. 

ADP, which is generated from ATP in bound kinase catalytic sites, is transported back to the 

mitochondrial matrix without dilution in the cytosol. As a result, the rate of ADP formation is 

stabilized at a high level required for the fast utilization of Dψ by H+-ATP-synthase. This event 

subsequently decreases the ∆ψ below the level required to generate mROS. 

We found that this process is not specific to the brain. In seven of eight studied adult mouse 

tissues, mitochondria-bound hexokinases I and II and creatine kinase are observed, and their 

activities are sufficient to completely prevent mROS generation [for a description of the 

physiological concentrations of glucose and creatine, see refs. (62, 63)]. The only exclusion is the 

liver because this organ utilizes lactate produced by the muscles during intensive physical work 

(the Cori cycle). In mouse embryos and in adults of very long-lived NMRs, the liver is also 

equipped with this antioxidant mechanism which we designated mitochondrial mild 

depolarization. 

In mouse skeletal muscles, diaphragm, heart, brain and spleen, the maximal levels of bound 

hexokinases are observed in 3-month-old animals [see also (51)]. The levels decrease in 12-, 24- 

and 30-month-old animals, and thus, sugar- and creatine-mediated mild depolarization disappears. 

In the liver, mild depolarization disappears immediately after birth. In the lung and kidney, it 

partially decreases during aging but is compensated to some extent by catalase and other less-
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effective antioxidant mechanisms that degrade the already formed ROS rather than prevent their 

formation. The mechanisms in question are mediated by catalase, glutathione peroxidase and 

glutathione reductase (Table S2). As a result, the malondialdehyde and protein carbonylation 

levels are substantially increased with aging in the mouse muscles, diaphragm, heart, brain and 

spleen and to a lesser (but still significant) extent in lung and kidney. Mild depolarization has been 

proposed as a mechanism of the anti-aging program. Age-induced suppression of mild 

depolarization should be regarded as a component of the aging program initiating mROS 

generation. In the mouse, this aging program begins at the age of one year. In the NMR, the 

aforementioned suppression does not occur at ages up to 11 years, resulting in the longevity of 

NMRs, which are resistant to the effects of mROS as aging mediators (28, 64-66). 

The short-lived mouse and long-lived NMR form a nice pair of mammals to study the 

competition between the aging and anti-aging programs. A comparison of these two species 

prompted our hypothesis that other animals with a long lifespan should, in contrast to mice, 

maintain mild depolarization for a long period of life. To verify this hypothesis, we measured the 

effect of glucose on State 4 respiration in the mitochondria of a bat with a lifespan of up to 17 

years. This old animal still possessed very strong stimulation of State 4 respiration by glucose. 

Apparently, the aging program, similar to other ontogenetic programs, should be controlled 

by the Master biological clock (67, 68), which, unfortunately, has not yet been identified. It is 

probably located in the suprachiasmatic nucleus of the hypothalamus, which is responsible for 

circadian and seasonal rhythms. Apparently, the clock sends signals to inhibit the mild 

depolarization machinery, which in young animals prevents the mROS-mediated poisoning of the 

organism. The inhibition of mild depolarization in older animals occurs due to (a) a decrease in 

the expression of the hexokinase I and II and creatine kinase genes [this paper and ref. (69)] and 

(b) the binding of an inhibitory protein, PUM2, to hexokinase II mRNA (70-72). Subsequently, 

hexokinase and creatine kinase levels in the cytosol are decreased below the threshold required for 

their binding to mitochondria and mild depolarization. Moreover, the desorption of hexokinases 

from mitochondria can be induced by the special TAT peptide. Its level increases with age (57, 

73). An additional mechanism for inhibiting depolarization may be related to the accumulation of 

G6P in the cells. This product of the hexokinase reaction (i) desorbs hexokinases from the 

mitochondria and (ii) inhibits their enzyme activity. Moreover, aging is accompanied by a decrease 

in the levels of antioxidant enzymes and GSH. Among the enzymes, catalase, GPx and GR are 

particularly important. Remarkably, in mice, hepatocytes express catalase at very high levels, 

which do not decrease with aging. In other tissues, the age-linked decrease in the activity of 

antioxidant enzymes is apparently mediated by a decrease in the level of Nrf2, a protein that 

induces the expression of genes encoding these enzymes (see above, Section S4) 
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We identified an additional delicate pro-aging mechanism in skeletal muscles. In mouse 

embryos, mild depolarization occurs at rather low levels since mROS production is limited by low 

[O2]. In 3-month-old mice, depolarization increases, mainly due to an increase in hexokinase II 

levels (low affinity for glucose) rather than hexokinase I (high affinity for glucose). In 2.5-year-

old mice, mild depolarization in muscles is completely lost due to the inhibition of the expression 

of both hexokinases I and II. 

In long-lived NMRs, hexokinase II is expressed at high levels in muscles only at 3 years of 

age. In the muscles of 3-month-old NMRs, the contents of the two hexokinases are equal. A 

decrease in total hexokinase-linked depolarization does not occur in NMRs with aging. Catalase 

levels exhibit a slight decrease. The anti-aging activities of two protein kinases, i.e., the 

serine/threonine kinase DMPK and tyrosine kinase Src, should receive special attention. They 

stimulate hexokinase II binding to the mitochondria (74). The protein kinase Akt facilitates the 

interaction of hexokinase II with porin (75-78). 

These and some other as yet unknown components of the anti-aging and aging programs will 

be attractive targets of future gerontological investigations designed to stop aging and prolong 

youth.  

 

S9. Materials and methods 

Animal housing and care. F1 hybrids of C57Bl/6/CBA mice were obtained by crossing 

parent mice from the SPF animal house of the Institute of Cytology and Genetics, Novosibirsk, 

Russia. 

NMR colonies were housed in independent habitat systems consisting of 4-8 Plexiglas 

cylinders with a diameter of 25 cm and a size of 22/30 cm; the cylinders were connected by a 

system of Plexiglas pipes (a diameter, 5 cm). Habitats were maintained at a temperature of 27 ± 

1.5°С, and the humidity ranged from 30% to 60%. The diet did not include drinking water but 

included a variety of fruits, vegetables and cereals and special feed for small laboratory rodents. 

Some cardboard cylinders were placed in the labyrinths. 

Each NMR was implanted with a chip containing information about the date of birth. The 

sex of every animal was determined by analyzing the DNA obtained from a skin sample collected 

during chip insertion at the age of 1 month using RT-PCR (see below). 

Tissue sampling. Tissue samples were obtained from mouse embryos (18 days) and 3-, 12- 

and 30-month-old F1 C57Bl/6/CBA hybrid mice. Prior to sampling, all animals were euthanized 

by cervical dislocation, according to the recommendations of the Ethics Committee. The head was 

removed, and forebrains were collected. The other tissues were collected in the following order, 

and the sizes of the samples are listed: heart, lung (left), diaphragm, spleen, kidney - whole organ, 
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liver - half of the organ, and whole leg muscle (femoralis major). After sampling, tissue fragments 

or whole organs were cut into 3 pieces. One small fragment was stored in RNALater solution 

(Thermo Fisher Scientific, USA), and another was stored in RIPA buffer in liquid nitrogen for 

further isolation of RNA and PAAG/WB analysis. The largest fragment was used for the 

subsequent isolation of mitochondria. Samples of 20- to 30-year-old NMRs kept in liquid nitrogen 

were used. 

Isolation of mitochondria from mouse and NMR tissues. In all cases, tissue fragments 

were cut into 0.5-1-mm pieces and homogenized with Potter Teflon–glass microhomogenizer with 

200 micron clearance in 10 volumes (v/w) of 300 mM mannitol, 0.5 mM EGTA, 20 mM HEPES-

NaOH, pH 7.6, and 0.1% BSA (isolation medium) for 2 min at 4°C, with a ratio of 10/1 volume 

to weight of tissue fragment. The homogenate was centrifuged at 1000 g for 10 min at 4°C in an 

Eppendorf centrifuge (Germany). The supernatant was collected and centrifuged at 9000 g under 

the same conditions. Mitochondrial pellets were collected and suspended in the same volume of 

isolation medium lacking BSA (a microhomogenizer and centrifugation at 10,500 g for 10 min at 

4°C were used). The resulting pellet was suspended in a minimal volume with a typical 

concentration of 90-100 mg/ml, as determined using the bicinchoninic acid method with BSA as 

the standard, according to the manufacturer’s instructions (Pierce, USA). 

Mitochondria were also isolated from the tissues of 18-day-old mouse embryos using the 

method described by Nyquist-Battie and Freter (79). Cesarean sections were performed on 

gestational day 18 after anesthesia induced by ether inhalation. All mouse pups were weighed and 

then euthanized by cervical dislocation. The heart, liver, brain, lung, kidney, spleen, diaphragm or 

leg muscles were dissected and used to isolate mitochondria with the procedure described above 

for tissues from adult animals. 

Mitochondrial respiration measurement. The respiratory activity of isolated 

mitochondria was measured polarographically with a Clark-type electrode on a Hansatech 

instrument (Hansatech, UK) in an all-glass reaction chamber with magnetic stirring at 25°C. The 

mitochondrial pellet was suspended to obtain a final concentration of 0.1 mg/ml in the medium 

containing 220 mM mannitol, 10 mM potassium lactobionate, 5 mM KH2PO4, 2 mM MgCl2, 10 

μM EGTA, and 20 mM HEPES-KOH, pH 7.6 (MIR05, Oroboros, Austria). State 2 respiration 

was initiated by adding succinate (10 mM). The maximal respiration rate was induced by the 

addition of either 100 µM ADP (State 3) or 10 nM FCCP (State 3u). Potassium cyanide (0.5 

mM) was added in the last step. 
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Western blot analysis. Samples were reduced to a powder in liquid nitrogen, lysed with 

ice-cold RIPA buffer, sonicated with 3 pulses of 10 s each using a VibraCells Ultrasonic Processor 

(Sonics, USA), and incubated at 65°C for 5 min. Afterwards, an equal volume of loading buffer 

was added. Samples were stored at -20°C until use and heated at 65°C for 5 min before loading. 

Proteins were separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to a nitrocellulose membrane (Millipore, USA) under wet conditions 

using CAPS buffer (10 mM CAPS and 10% ethanol, pH 11). Membranes were blocked with 5% 

milk in Tris-buffered saline containing 0.1% Tween (TTBS) for 1 h at room temperature. Blots 

were incubated with primary (anti-HK1, ab65069, 1:1000; anti-HK2, ab37593, 1:2000; anti-

Tubulin, ab18251, 1:10,000; and anti-VDAC1, ab154856, 1:2000; Abcam, USA) and peroxidase-

conjugated secondary antibodies in 5% milk/TTBS for 1 h at RT. Target proteins were visualized 

using a Novex ECL Kit (Invitrogen, USA) and a ChemiDoc station (Bio-Rad, USA). The optical 

density of the protein bands was measured using ChemiDoc software, and band densities were 

normalized to tubulin as a marker of the cytosolic fraction and porin as a marker of the 

mitochondrial fraction. Representative blots from different mouse tissues are shown in Fig. S25. 

Determination of the mitochondrial membrane potential (Dy). The mitochondrial Dy 

measurement was performed in a mitochondrial suspension by monitoring the changes in the 

fluorescence of safranin O (final concentration, 4.3 μM) at excitation/emission wavelengths of 

485/586 nm using a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, USA). 

A mitochondrial suspension containing 0.05 mg protein was placed in a cuvette containing 1 ml 

of MIR05 (see above) with 10 mM succinate and 2 mM rotenone and incubated at 25°C. The 

gradual dissipation of the mitochondrial Dy was assessed with stepwise additions of 10-8 M FCCP 

up to 30 nM. Data were calibrated using a K+ gradient, as described by Figueira and colleagues 

(80). A calibration curve was fitted using Prism software (GraphPad, USA). 

Hydrogen peroxide production. The hydrogen peroxide produced by mitochondria was 

analyzed as described in a previous study (81) using Amplex Red reagent (10-acetyl-3,7-

dihydroxyphenoxazine; Invitrogen, USA) and horseradish peroxidase (Thermo Fisher Scientific, 

USA) on a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, USA), with the 

modifications described in our previous study (82). 

RNA isolation. Tissue samples were homogenized in liquid nitrogen by grinding in a 

ceramic mortar. The powder was dissolved in 1 ml of Extract RNA Reagent (Evrogen, Russia). 

All procedures were performed according to the manufacturer’s protocol. RNA concentrations 

and 260/280 ratios were measured with a DS-11 spectrophotometer (DeNovix, USA). For the 

reverse transcription reaction, 0.5 μg total RNA was reverse transcribed using MMLV-RT kits 

(Evrogen, Russia). 
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Real-time quantitative RT-PCR. The expression of specific mRNAs was quantified 

using a DT-96 thermocycler (DNA-Technology LLC, Russia). Real-time PCRs were conducted 

in triplicate in a reaction volume of 10 μl containing 100 ng cDNA, 300 nM each primer and 2 

μl 5x SYBR Green mix (Evrogen, Russia). All primer sequences were generated and verified 

for specificity by Primer-BLAST. Next, 1.5% agarose gel electrophoresis and a melting curve 

analysis were used to estimate the amplicon size and primer specificity. The PCR program 

consisted of an initial step at 95°C for 5 min; 45 cycles of denaturation at 95°C for 10 s, 

annealing at 60°C for 20 s and elongation at 67°C for 20 s; and then melting at a gradient from 

65°C to 95°C. Relative gene expression was determined as the ratio of the expression of the 

target gene to the expression of the internal reference gene (β-actin) based on Ct values using 

QGENE software. 

HK enzyme activity assay. The method employed to analyze HK activity was based on the 

protocol reported by Scheer et al. (83). The assay buffer contained 50 mM Tris-HCl, 5 mM 

mercaptoethanol, 5 mM ATP, 10 mM MgCl2, 0.5 mM glucose, 0.8 mM NAD+ and 1 U/ml G6P 

dehydrogenase from Leuconostoc mesenteroides (Roche) at pH 7.5. All assays were performed at 

25°C in a total volume of 1.0 ml, and activity was determined using a Cary Varion 300 

spectrophotometer. Enzyme activity was monitored by measuring the increase in absorbance at 

340 nm, where 1 unit of enzyme was defined as the amount that catalyzed the conversion of 1 

µmol of substrate to products within 1 min. HK activities were reported as the soluble, bound or 

total activities per total milligram of protein. The assay data are reported as the means ± S.E.M. 

from three or more experiments. 

Catalase, SOD and GPx1 activity assays. The enzymatic activities of catalase, superoxide 

dismutase and glutathione peroxidase I in tissue extracts were measured using a Catalase Activity 

Assay Kit (Abcam, ab83464), Superoxide Dismutase Activity Assay Kit (Abcam, ab65354) and 

Glutathione Peroxidase Activity Kit (Abcam, ab102530), respectively, according to the 

instructions for the Thermo Fisher microplate reader (Thermo Fisher Scientific, USA). 

Lipid peroxidation and protein carbonylation assays. Lipid peroxidation and protein 

carbonylation were assessed by determining the amount of malondialdehyde (MDA) adducts 

that formed with 2-thiobarbituric acid or carbonyls in proteins in tissue extracts using a Lipid 

Peroxidation (MDA) Assay Kit (Abcam, ab118970) and Protein Carbonyl Content Assay Kit 

(Abcam, ab126287), respectively, according to the manufacturer’s instructions for the Thermo 

Fisher microplate reader (Thermo Fisher Scientific, USA). 

Levels of total glutathione and the ratio of reduced to oxidized glutathione. In tissue 

extracts, the levels of total glutathione and the ratio of reduced to oxidized glutathione were 
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measured with a GSH/GSSG Ratio Detection Assay Kit (Abcam, ab138881) on a Cary Eclipse 

fluorescence spectrophotometer (Agilent Technologies, USA). 

Confocal microscopy. On the day before the experiment, liver fibroblasts were seeded into 

35-mm glass-bottom dishes (MatTek) with 14-mm glass microwells. For mitochondrial staining, 

MitoTracker Deep Red FM (Thermo Fisher) was diluted in dimethyl sulfoxide (according to the 

manufacturer’s instructions) to obtain a final concentration of 25 nM. After staining, cells were 

fixed with 4% formaldehyde prepared in isotonic phosphate-buffered saline (PBS) and washed 

twice (5 min) with the same buffer. Permeabilization was achieved by incubating cells with PBS 

containing 0.05% Tween-20 and 0.1% Triton X-100 for 10 min at room temperature. The cells 

were washed twice (5 min) with PBS containing 0.2% Tween-20 and incubated with 1% bovine 

serum albumin (BSA) for 1 h on an orbital shaker to prevent the nonspecific binding of antibodies. 

Primary antibodies (anti-Hexokinase 1, ab55144, and anti-Hexokinase II, ab76959, Abcam) 

diluted 1:1000 in PBS containing 1% BSA were incubated with cells for 16 h at 4°C with constant 

gentle shaking on an orbital shaker. Cells were washed twice (5 min) with PBS containing 0.2% 

Tween-20 and incubated with a secondary antibody (Alexa Fluor 488-conjugated goat anti-mouse 

IgG, Life Technologies, A11001) diluted 1:5000 for 1 h at room temperature with shaking. 

“Fluoromount” medium containing DAPI (Invitrogen) was used to mount the glass slides. Cells 

were analyzed using a Carl Zeiss LSM700 confocal laser microscope equipped with a 63X 

objective in Opti-Mem without phenol red at room temperature (excitation/emission wavelengths 

480/520 for Alexa Fluor 488 and 610/690 for MitoTracker Deep Red FM). The overlapping 

coefficient for red and green fluorescence was calculated using Zen software (Zeiss, Germany). 

Statistics. Data are presented as the mean ± standard deviation (SD) or standard error of the 

mean (SEM). The Shapiro-Wilcoxon normality test was used to estimate the distribution within 

groups. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used to 

identify differences among multiple groups of animals and ages with normal distribution. To 

calculate significant differences for non-normal distributions of the mentioned groups, we used 

one-way Kruskal-Wallis nonparametric ANOVA followed by the post hoc Dunn test. All 

calculations were performed using Prism 7.0 software (GraphPad, USA) and Website VassarStats 

for Statistical Computation (www.vassarstats.net). A P-value <0.05 (#) was considered significant 

and was indicative of the differences in comparison to the control. All marks presented in the 

figures related to the calculated significance: * P-value <0.01, ** <0.001 and *** <0.0001. 
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Bessman, 1954:
Hypothesis on hexokinase

acceptor effect (57)

Bessman, Wiitanen, Pedersen, Ilyin et 
al., 1967-1991:

Experimental confirmation of the 
Bessman hypothesis (53,58,59,60,64)

Mitchell, 1961:
Hypothesis on 
mitochondrial 
electricity (61)

Skulachev, Liberman 
et al, 1967-1969: 
Verification of the 

Mitchell’s hypothesis 
(62,63)

Chance, Boveris, 1971:
ADP inhibits generation 

of mROS (36,37)

Korshunov, Skulachev, Starkov, 1997:
Mild depolarization of mitochondria 
completely inhibits mROS generation 

(17)

Galina et al., 2004-2008:
In rat, mild depolarization of mitochondria is specific 
for brain but not for liver. It is carried out not only by 
hexokinase but also by creatine kinase, both kinases 

being bound to brain mitochondria (8, 9, 9a)

Vyssokikh et al, 2019:
Mild depolarization is inherent not only for brain but also for all the tissues of embryo or of adult naked mole rat. In 

adult mouse, mild depolarization is present in lung, brain, heart, kidney, skeletal muscles, diaphragm and spleen but is 
absent in liver due to participation of this organ in the Cori cycle. During aging of mice, mild depolarization is partially 
decreased in lung, brain and kidney and completely disappeared in heart, skeletal muscles, spleen and diaphragm. The 
aging induced switching off this antioxidant system results in oxidative stress which is especially severe in the last four 

tissues. In long-lived NMR, no decrease in mild depolarization is found at least up to 20 years (this paper).

Fig. S1. History of the discovery of mild depolarization.



Fig. S2. Intracellular locations of components of mild depolarization. IMM, inner mitochondrial membrane. OMM,
outer mitochondrial membrane. (1) Complexes I, III and IV produce an electrochemical potential of H+ ions (∆�̅�H

+) on
the IMM. In mitochondria, ∆�̅�H

+ is presented by ∆ψ and ∆pH, with ∆ψ dominating. Its decrease provides the main
contribution to mild depolarization. ∆pH is rather small but sufficient as the driving force for the accumulation of
inorganic phosphate in the matrix due to the function of the H2PO-

4 + H+ symporter in the IMM. H2PO-
4 is required for

ATP synthesis from ADP by F0F1 (Complex V). (2, 3a, and 3b) ∆�̅�H
+-driven import of H+ via F0 is used as an energy

source for the synthesis of ATP from ADP. (3a and 3b) As a source of ADP, hexokinase or creatine kinase are used,
respectively. (4) ATP generated by F0F1 is expelled from the matrix by the ATP4-/ADP3- antiporter in exchange for ADP
moving in the opposite direction. Since ATP and ADP have four and three negative charges, respectively, the ATP/ADP
exchange is equivalent to the electrophoretic translocation of one negative charge from the matrix. (5) ATP transported
by the antiporter crosses porin and interacts with the catalytic site of hexokinase I or II attached to porin. (6) Glucose is
phosphorylated to G6P by hexokinase. (7) G6P initiates the glycolytic chain of reactions to form pyruvate. (8) Pyruvate
is consumed by the Krebs cycle and respiratory chain to form H2O and CO2 from O2 and electrons supplied by Complex
IV (see Fig. 1). (9) If oxygen is unavailable, then pyruvate is converted to lactate. (10 and 11) ADP, the second
hexokinase product, is transported by porin to the ATP/ADP antiporter which expels ADP to the matrix. (12 and 13) The
transport of ATP to the catalytic side of creatine kinase induces creatine phosphorylation by ATP. (14) The resulting ADP
is expelled to the matrix by the ATP/ADP antiporter. It is assumed that the distance between the inner and outer
mitochondrial membranes is shortened in contact sites where the antiporter interacts with porin.



NMR, subordinates, 3 months

Skeletal 
muscle

Fig. S3. Amounts of bound and soluble hexokinases I and II in different tissues from 3-month-old NMRs.



Fig. S4. Confocal microscopy of liver fibroblasts from mouse embryo, 2.5-year-old mouse and 5-year-old NMR 
subordinates.



NMR, queen, 7 years

GPA
Liver mitochondria

Heart mitochondria

Fig. S5. Mitochondrial respiration in a 7-year-old NMR queen. The effects of some inhibitors and their analogs are
shown. A-D, liver mitochondria. The following compounds were added at the indicated concentrations: 1 mM
fructose-6-phosphate (F6P), 2 mM glucose, 1 mM G6P, 1 mM 2-deoxyglucose 6-phosphate (2DOG6P), 1 mM
fructose, 3 mM creatine, and 250 mM guanidopropionic acid (GPA). E, Heart mitochondria. For conditions, see Fig.
3.



3 month mouse

Fig. S6. Effects of glucose on State 4 respiration and H2O2 generation by mitochondria from different tissues of
adult mice (Figs. 3A-F, continued).



Fig. S7. Effects of ADP (A) and ATP (B) on reverse electron transfer from succinate to NAD+ in the presence of
oligomycin in adult mouse mitochondria. Each addition of nucleotide, 100 µM. Black or red curves, with or without
Catr, respectively.



3 month mouse, heart

Fig. S8. Respiration of heart mitochondria (25 μg protein/mg) isolated from adult mice using sucrose (A) or mannitol
(B and C). A, Mitochondria isolated in 250 mM sucrose, 0.5 mM EGTA, and 20 mM HEPES-NaOH, pH 7.6. No
addition (control) vs a 10-min preincubation with 1 U glucose oxidase. B and C, Mitochondria isolated from the heart of
adult mice in 300 mM mannitol, 0.5 mM EGTA, and 20 mM HEPES-NaOH, pH 7.6. No additions (control) vs 1 mM
glucose. The following compounds were added: 100 μM ADP, 2 μM rotenone (rot), 10 nM FCCP, 1 mM KCN, 1 mM 2-
DOG, and 3 mM fructose.



NMR, embryo

Fig. S9. Mitochondrial respiration in embryos of naked mole rats. The effects of glucose, G6P (A) and creatine (B)
are shown.



NMR, heartNMR, heart

3 Month mouse, heart

Sucrose

Fig. S10. Respiration of mitochondria from the heart of a 3-month-old-mouse, mouse embryo (18 days of
embryogenesis) or NMR subordinate (3 years old), washed with a sucrose solution supplemented with or without
1 mM G6P or 300 mM KCl. For the other conditions, see Fig. 3.



Fig. S11 A. Neoteny in naked mole rats: hexokinase II dominates over hexokinase I in skeletal muscle at the ages of
3-11 years but not at the age of 3 months. NMR subordinates. B-D, Dynamic changes in the levels of the two
hexokinases in the liver, kidney and diaphragm from NMR subordinates; ages from 3 to 11 years. #, * and **, p
values are <0.05, <0.01 and <0.001, respectively, for comparison of 3, 7, and 11 years NMR subordinates with 3
months NMR subordinates.



Fig. S12. Respiration and H2O2 generation by mitochondria isolated from different tissues from 2.5-year-old mice.
For conditions, see Fig. 3.
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Fig. S13. The contents of mitochondria-bound hexokinases I and II from various tissues as a function of age.
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Fig. S14. Hexokinase activity in brain mitochondria and cytosol from mouse embryos and mice of different ages.
3-month-old mice were used for comparison.
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Fig. S15. Activities of catalase (A) and GPx1 (B) in NMR tissues. The effects of aging are shown. 3-month-old
NMR subordinates were used for comparison.
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Fig. S16. Activities of glutathione reductase (GR) in mouse (A) and NMR (B) tissues. The effects of aging are
shown. 3-month-old animals were used for comparison.
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Fig. S17. Amount of reduced glutathione (GSH) in mouse (A) and NMR (B) tissues. The effects of aging are
shown. 3-month-old animals were used for comparison.
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Fig. S18. Superoxide dismutase (SOD) activity in mouse (A) and NMR (B) tissues. The effects of aging are shown.
3-month-old animals were used for comparison.
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Fig. S19. Malondialdehyde (TBARs probes, A) and protein carbonylation (B) levels in tissues from mice and NMRs
of various ages. See Fig. 7 for data from mouse tissues. 3-month-old mice were used for comparison.
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Fig. S20. Gene expression and enzyme activities of catalase (A and B) and GPx1 (C and D) in different mouse
tissues; the effect of aging. #, * and **, p values are <0.05, 0.01 and 0.001, respectively (mouse embryos and 12-, 24-
or 30-month-old mice were compared with 3-month-old mice).



Lactate

Glucose

Lactate

Lactate

Glucose

Blood

LiverMuscle

Glucose

1

2 3

4

56

Fig. S21. The Cori cycle. In intensively working skeletal muscles, glucose is converted to lactate by glycolysis.
Lactate is transported by the blood to the liver. Here, lactate is converted to glucose or glycogen by reversing the
glycolysis reaction (39).
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Fig. S22. Stimulation of State 4 respiration by glucose disappears with age in mice (A) but not in NMRs (B). In mice,
the respiratory control ratio (RCR) decreased with age, but this decrease was lower than that on glucose stimulation of
respiration (C). In NMRs, the RCR does not depend upon age (D). RCR was measured as the ratio of (i) State 3u
respiration rate in the presence of the uncoupler FCCP to (ii) State 4o (respiration rate after oligomycin addition).
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Fig. S23. The disappearance of mild depolarization with age induces oxidative lipid and protein stress in mouse
tissues. A, B, The malondialdehyde level (TBARS probe, lipid peroxidation) and protein carbonylation level are
shown. C, D, Such effects are absent in the majority of tissues in NMRs who maintain depolarization for many years.
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Fig. S24. Glycolysis and fructolysis: chains of events (red) and regulatory steps (blue). 12, The production of
mROS is inhibited by mild depolarization mediated by hexokinases I and II (HK). 13, G6P inhibits event 12 by (i)
desorbing HK from the mitochondria and (ii) inhibiting the HK catalytic activity. 14, Mild depolarization induced
by fructose. 15, Its arrest by G6P. 16, Inhibition of phosphofructokinase (PFK) by products of reactions occurring
downstream of PFK [H+ is formed due to lactic acid deprotonation; ATP is produced by glycolysis and respiration;
citrate is formed in the Krebs cycle]. Other abbreviations: F6P, fructose 6-phosphate; F1,6BP, fructose 1,6-bis-
phosphate; KHK, ketohexokinase; F1P, fructose 1-phosphate.



Porin

Fig. S25. Representative western blot showing the HK levels in different tissues from a 30-month-old mouse. c,
cytosol; m, mitochondria; h, homogenate; Tub, tubulin.



The type of defense Prevention of ROS 
generation

Quenching of 
already generated 

ROS 

Lowering of [O2] in the tissues + -
Mild depolarization of mitochondria + -

Antioxidants (enzymes and small molecules) - +

Table S1. Lines of antiROS defense
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Tissue Mild 
depolarization

Amount of bound hexokinases Activity of antioxidant enzymes Oxidative stress

I II Catalase GPx Lipid 
peroxidation

Protein 
carbonylation

Skeletal 
muscle

Switch off Strong 
decrease

Strong 
decrease

Decrease No changes Increase Strong 
increase

Heart Switch off Decrease Decrease No changes No changes Increase Strong 
increase

Diaphragm Switch off Strong 
decrease

Decrease Decrease No changes Increase Strong 
increase

Spleen Switch off Decrease Strong 
decrease

Decrease Decrease Increase Strong 
increase

Brain Switch off Decrease Small at any 
age

Decrease No changes Slight increase Strong 
increase

Liver Switch off Disappearance Disappearance Strong 
increase

No changes No changes No changes

Kidney Weakening Decrease Slight increase Decrease No changes No changes Strong 
increase

Lung Weakening Decrease Decrease Decrease Strong 
increase

Slight increase Slight increase

Table S2. Age-related changes in various tissues of 30 month mice vs. 3 month mice
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Table S3. Respiratory parameters of mitochondria from different tissues of mouse (Mus 
musculus), naked mole rat (Heterocephalus glaber) and bat  (Carollia perspicillata).   
S2 (succ), State 2 respiration limited by absence of ADP; succ, respiratory substrate (10 mM 

succinate). State3, respiration immediately after addition of 100 M ADP. State 4, respiration 
after exhaustion of added ADP. S4+gluc, State 4 respiration after addition of 1 mM glucose. Oligo, 
State 4 respiration after addition of glucose and 10-6 M oligomycin. S3u (FCCP), maximal rate of 
respiration uncoupled by 10-7 M FCCP. RCR (S3u/oligo), respiratory control ratio (ratio of 
respiration rates in State 3u to that in Oligo). P/O, ratio of amount of added ADP to consumed 
O2 during State 3. 

Mouse   3 month 12 month 24 month 30 month 

Brain n=5 n=9  n=7  n=5 n=5 

S2(succ.) 1.4±1.1 2.3±0.9  1.8±1.2  2.6±0.8 3.6±1.9 

S3(100µM ADP) 11.9±2.1 18.8±2.4  16.9±1.9  14.9±2.1 18.1±4.6 

S4 1.8±0.8 2.7±1.3  3.1±1.2  1.9±0.3 2.6±1.7 

S4+gluc. 8.6±1.1 13.1±1.6  8.1±2.3  4.8±1.7 3.1±1.3 

Oligo 1.1±0.6 2.2±0.8  1.3±0.4  1.8±0.6 2.1±1.5 

S3u (FCCP) 13.4±2.7 23.8±3.9 27.2±3.6 18.4±2.7 19.9±4.7 

RCR(S3u/oligo) 12.1±2.8 10.8±2.1  20.8±4.1  10.2±1.7 9.47±3.8 

P/O 2.14±0.34 2.49±0.51  2.78±1.11  2.32±0.92 2.08±0.6 

      

Heart n=5 n=9  n=12  n=10 n=9 

S2(succ.) 2.1±1.3  2.6±0.9 2.8±1.1 3.2±1.4 2.2±0.9 

S3(100µM ADP) 13.9±2.7 19.2±2.1  22.4±3.2  16.9±1.8 12.9±2.3 

S4 1.8±0.9 2.4±1.3 4.1±1.3 3.8±0.9 3.2±1.4 

S4+gluc. 9.3±1.6 12.8±3.2  10.9±1.6  8.3±2.4 7.9±1.6 

Oligo 1.2±0.6 1.3±0.7 2.1±0.8 2.4±0.6 2.6±0.7 

S3u (FCCP) 19.4±2.8 23.8±4.1  20.7±4.2  17.8±2.8 14.3±1.7 

RCR(S3u/oligo) 16.2±2.1 18.1±1.9 9.8±1.6 7.4±1.8 5.5±1.1 

P/O 2.5±0.43 2.69±0.74  2.08±0.21  1.76±0.81 1.69±0.23 

      

Kidney n=5 n=7  n=12  n=10 n=9 

S2(succ.) 1.8±0.4 2.3±1.1 3.1±0.9 2.6±0.7 3.3±1.8 

S3(100µM ADP) 12.7±1.6 14.9±2.1  15.3±3.8  16.9±1.7 11.3±1.8 

S4 2.8±0.7 3.1±1.9 3.4±1.6 3.6±1.1 2.1±0.6 

S4+gluc. 9.8±2.4 12.3±2.2  11.4±1.3  6.7±1.9 4.8±1.7 

Oligo 1.1±0.3 1.4±0.8 2.6±0.2 2.4±1.1 2.0±0.4 

S3u (FCCP) 15.9±1.7 24.9±5.1  19.3±3.8  20.4±3.7 13.3±1.2 

RCR(S3u/oligo) 14.5±1.8 17.7±2.8 7.4±2.1 8.5±1.3 6.6±17 

P/O 1.91±0.53 2.17±0.68  2.83±0.74  2.09±0.37 1.71±0.19 

      

Lung n=3 n=5  n=7  n=10 n=9 

S2(succ.) 2.1±0.2 2.3±0.4 1.5±0.8 2.6±1.1 2.8±0.7 

S3(100µM ADP) 10.8±1.6 13.4±1.1  14.8±2.0  12.5±1.9 9.4±1.2 

S4 2.4±0.9 2.1±0.6 2.2±0.3 3.1±0.8 2.4±0.5 

S4+gluc. 8.9±1.7 12.8±2.2  7.6±1.4  5.1±1.3 3.3±1.8 

Oligo 1.2±0.2 1.4±0.6 1.9±0.3 2.4±0.7 2.6±1.1 

Embryo (18-19 days)
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S3u (FCCP) 14.1±1.8 19.3±2.6  21.9±3.7  16.1±3.2 11.4±2.6 

RCR(S3u/oligo) 11.7±2.4 13.8±1.6 11.5±1.9 6.7±2.1 4.4±1.5 

P/O 1.92±0.41 2.34±0.57  2.62±0.36  2.44±0.73 2.09±0.24 

      

Diaphragm n=3 n=5  n=7  n=10 n=9 

S2(succ.) 1.9±0.4 2.1±0.2 2.8±0.7 4.1±1.8 3.1±0.6 

S3(100µM ADP) 14.8±1.1 19.7±2.3  16.8±1.7  12.6±2.4 14.3±3.1 

S4 2.8±0.7 3.4±1.6 3.2±1.8 2.6±0.7 2.3±0.4 

S4+gluc. 10.9±1.3 16.5±2.4  12.3±4.1  6.1±0.8 3.4±1.2 

Oligo 1.8±0.3 1.6±0.7 1.9±0.4 2.4±0.5 2.6±0.3 

S3u (FCCP) 20.3±1.8 26.4±2.9  21.7±2.2  17.3±2.8 15.1±3.4 

RCR(S3u/oligo) 11.3±2.4 16.5±1.3 11.4±1.9 7.2±1.8 5.8±2.4 

P/O 2.29±0.47 2.43±0.39  2.78±0.52  2.31±0.47 2.19±0.83 

      

Skeletal muscle n=5 n=7  n=12  n=10 n=9 

S2(succ.) 2.6±0.7 3.4±1.1 2.3±0.4 2.9±0.6 2.1±0.9 

S3(100µM ADP) 15.8±2.1 19.3±2.4  23.1±1.9  14.2±1.7 12.7±2.2 

S4 2.8±0.2 3.9±1.6 4.3±1.5 3.2±0.7 4.1±1.8 

S4+gluc. 14.2±2.7 16.1±1.4  6.9±1.3  4.3±0.8 4.4±1.1 

Oligo 1.9±0.3 1.6±0.8 2.4±0.5 1.9±0.2 2.4±0.4 

S3u (FCCP) 21.3±2.8 28.4±1.6  22.3±2.4  17.3±3.8 14.8±1.9 

RCR(S3u/oligo) 11.2±2.4 17.7±2.7 9.3±1.8 9.1±2.6 6.2±1.3 

P/O 1.83±0.24 1.96±0.34  2.36±0.51  2.09±0.48 2.33±0.61 

      

liver n=5 n=7  n=12  n=10 n=9 

S2(succ.) 2.6±0.8 3.4±1.5 3.6±1.3 4.4±2.1 4.6±1.3 

S3(100µM ADP) 16.9±2.1 24.3±1.8 21.7±3.4 19.3±1.1 17.9±3.8 

S4 3.2±0.9 5.4±2.3 4.2±1.8 5.1±1.7 6.3±1.4 

S4+gluc. 14.3±2.6 6.4±1.3 5.3±1.8 6.2±0.9 5.4±1.6 

Oligo 2.1±0.7 1.6±0.2 1.6±0.4 2.4±0.7 2.6±0.5 

S3u (FCCP) 29.4±5.1 32.3±4.8 28.4±6.2 22.1±1.9 18.1±2.3 

RCR(S3u/oligo) 14.0±2.8 20.2±5,3 17.7±4.1 9.2±3.4 6.9±1.7 

P/O 1.61±0.39 1.89±0.47 1.77±0.64 2.11±0.36 2.29±0.27 

      

spleen nd n=7  n=12  n=10 n=9 

S2(succ.)  2.1±0.3 2.4±0.8 1.3±0.7 2.6±0.3 

S3(100µM ADP)  19.4±2.7 16.4±1.3 15.1±2.3 17.8±2.1 

S4  3.2±1.4 3.6±1.1 2.3±0.9 4.2±1.6 

S4+gluc.  16.8±2.1 11.3±2.4 6.4±2.1 4.5±0.7 

Oligo  1.8±0.2 2.1±0.4 2.4±0.7 2.9±1.3 

S3u (FCCP)  28.1±4.2 19.2±1.3 17.3±2.8 18.4±4.1 

RCR(S3u/oligo)  15.3±1.1 9.1±2.4 7.2±1.3 6.3±1.8 

P/O  2.57±0.34 2.73±0.19 2.14±0.61 1.59±0.22 

NMR  0.5 year 3 years 7 years 11 years 

Brain n=3 n=7  n=5  n=5 n=3 

S2(succ.) 3.6±1.9 4.2±1.8  3.1±0.7  3.4±1.2 4.2±1.3 

  Embryo (20-30 days)

52



 
 

S3(100µM ADP) 19.6±3.1 28.3±3.5  24.8±3.3  27.4±3.8 26.2±4.9 

S4 2.3±0.2 2.7±1.3  2.2±0.6  2.6±0.8 3.3±1.4 

S4+gluc. 13.9±2.2 16.9±4.1  18.2±4.1  22.7±3.8 19.8±2.7 

Oligo 2.9±1.1 3.2±1.1  4.4±1.5  3.6±0.9 3.9±1.7 

S3u (FCCP) 27.4±4.7 34.9±6.2 37.9±5.2 31.7±4.5 33.9±7.3 

RCR(S3u/oligo) 9.4±1.6 10.9±3.4  8.6±2.2  8.8±1.6 8.7±2 

P/O 1.73±0.28 2.02±0.34  2.14±0.23  1.89±0.31 2.19±0.28 

      
 
 
Heart 

 
 
n=3 

 
 
n=7 

  
 
n=5  

 
 
n=5 

 
 
n=3 

S2(succ.) 3.6±1.9 1.9±0.3 2.5±0.8 2.9±0.6 3.7±1.4 

S3(100µM ADP) 19.6±3.1 22.4±1.9  20.9±2.3  23.8±3.7 18.7±4.1 

S4 2.3±0.2 1.6±0.5 3.6±1.7 2.9±1.2 3.9±1.7 

S4+gluc. 13.9±2.2 18.3±4.1  17.2±2.4  21.6±4.8 14.9±2.2 

Oligo 2.9±1.1 3.3±1.2 3.6±1.3 3.1±1.2 2.9±0.3 

S3u (FCCP) 27.4±4.7 24.6±2.1  27.8±3.2  24.9±5.1 25.2±4.8 

RCR(S3u/oligo) 9.4±1.6 7.4±1.3 7.7±1.9 8±1.6 8.7±1.6 

P/O 1.73±0.28 2.35±0.19  2.11±0.36  2.73±0.61 2.26±0.49 

      
Kidney n=3 n=7  n=5  n=5 n=3 

S2(succ.) 3.6±1.9 3.8±0.6 2.6±0.4 2.1±0.8 3.8±1.4 

S3(100µM ADP) 19.6±3.1 21.9±4.7  23.7±4.2  24.3±3.6 19.3±2.7 

S4 2.3±0.2 2.8±1.6 3.9±1.7 2.5±0.7 3.4±1.2 

S4+gluc. 13.9±2.2 17.4±3.1  19.8±2.4  16.8±2.1 13.9±2.3 

Oligo 2.9±1.1 3.1±0.8 3.4±1.3 1.9±0.4 3.8±0.7 

S3u (FCCP) 27.4±4.7 30.6±2.8  33.9±6.1  27.1±2,3 32.1±4.8 

RCR(S3u/oligo) 9.4±1.6 9.9±1.7 10±2,3 14.3±2.8 8.4±1.6 

P/O 1.73±0.28 2.29±0.36  2.08±0.17  2.41±0.13 1.99±0.26 

      
Lung n=3 n=7  n=5  n=5 n=3 

S2(succ.) 3.6±1.9 4.8±2.1 4.1±1.1 3.9±0.4 4.4±2.1 

S3(100µM ADP) 19.6±3.1 17.1±4.5  20.9±5.7  22.8±4.5 18.9±3.6 

S4 2.3±0.2 3.8±1.2 2.4±0.7 4.1±1.3 3.7±0.8 

S4+gluc. 13.9±2.2 14.7±3.8  17.8±3.1  14.1±3.8 13.6±2.4 

Oligo 2.9±1.1 1.9±0.7 2.5±0.9 2.1±0.6 2.8±0.9 

S3u (FCCP) 27.4±4.7 23.2±4.6  34.1±5.8  32,3±6.4 30.5±4.9 

RCR(S3u/oligo) 9.4±1.6 12.2±3.8 13.6±2.1 15.4±3.7 10.9±2.4 

P/O 1.73±0.28 2.46±0.38  1.87±0.28  2.29±0.33 1.86±0.49 

      
Diaphragm n=3 n=7  n=5  n=5 n=3 

S2(succ.) 3.6±1.9 2.6±0.8 2.1±0.3 3.9±0.7 2.9±0.3 

S3(100µM ADP) 19.6±3.1 17.3±3.4  20.4±3.1  24.3±1.9 21.8±3.1 

S4 2.3±0.2 4.2±1.8 4.6±2.2 3.4±1.3 3.9±1.4 

S4+gluc. 13.9±2.2 13.4±1.7  15.8±2.4  19.8±4.1 20.3±2. 

Oligo 2.9±1.1 1.9±0.8 2.3±0.9 3.2±0.8 3.1±0.7 
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S3u (FCCP) 27.4±4.7 21.5±4.9 34.3±4.8 36.1±5.8 28.3±4.9 

RCR(S3u/oligo) 9.4±1.6 13.6±3.1 14.6±3.1 11.3±2.9 9,1±1.8 

P/O 1.73±0.28 1.84±0.42  2,49±0.51  2.63±0.27 1.91±0.14 

      
Skeletal muscle n=3 n=7  n=5  n=5 n=3 

S2(succ.) 3.6±1.9 4.5±1.7 3.7±0.8 4.1±1.2 4.8±1.7 

S3(100µM ADP) 19.6±3.1 17.8±3.1  27.2±4.8  23.8±3.6 19,4±3.2 

S4 2.3±0.2 1.7±0.9 3,5±1.4 2.5±0.8 3.8±1.6 

S4+gluc. 13.9±2.2 14.3±2.6  22.8±3.6  19.3±2.1 12.1±2.8 

Oligo 2.9±1.1 1.3±0.4 1.9±0.8 1.6±0.5 1.8±0.5 

S3u (FCCP) 27.4±4.7 21.1±3.9  24.9±3.7  25.6±4.7 16.8±2.4 

RCR(S3u/oligo) 9.4±1.6 16.4±3.2 13.1±2.4 16,1±3.8 15.8±3.1 

P/O 1.73±0.28 2.11±0.13  2.54±0.47  1.93±0.36 2.78±0.66 

      
liver n=3 n=7  n=5  n=5 n=3 

S2(succ.) 3.6±1.9 2.8±0.4 3.1±0.4 3.9±1.1 3.4±0.8 

S3(100µM ADP) 19.6±3.1 22.7±3.1 24.9±4.2 21.8±1.9 19.3±4.1 

S4 2.3±0.2 3.8±1.5 4.8±2.3 3.2±0.6 2.8±1.1 

S4+gluc. 13.9±2.2 20±4.8 19.1±3.4 15.8±3.2 13.6±2.4 

Oligo 2.9±1.1 2.2±0.6 2.8±0.7 3.3±1.4 2.1±0.7 

S3u (FCCP) 27.4±4.7 27.5±2,1 25.3±1.9 30.9±4.7 24.8±4.6 

RCR(S3u/oligo) 9.4±1.6 12.5±2.7 9.2±1.9 9.4±2.2 11.8±1.3 

P/O 1.73±0.28 2,14±0.28 2,29±0.31 1.69±0.19 2.54±0.41 

      
spleen n=3 n=7  n=5  n=5 n=3 

S2(succ.) 3.6±1.9 1.6±0.4 2.1±03 3.4±1.9 2.9±0.7 

S3(100µM ADP) 19.6±3.1 18.2±3.1 24.2±3.8 26.4±4.5 22.8±3.6 

S4 2.3±0.2 1.3±0.7 2.4±0.9 3.5±1.1 4.8±1.3 

S4+gluc. 13.9±2.2 12.4±3.1 17.4±3.1 21.8±3.1 16.9±4.2 

Oligo 2.9±1.1 1.1±0.3 2.4±1.3 1.8±0.3 2.2±0.8 

S3u (FCCP) 27.4±4.7 21.8±3.6 28.9±4.7 34.2±3.9 31.3±2.9 

RCR(S3u/oligo) 9.4±1.6 19.8±4.2 12±3.8 18.7±2.9 14.2±2.6 

P/O 1.73±0.28 2.83±0.64 2.02±0.27 1.89±0.25 2.19±0.36 

 
  Car. persp.  Very young    Young    Adult     Old 

Heart n=3 n=3 n=3 n=3 

S2(succ.) 2,7±0,4 1.96±0.31 1.32±0.18 2.09±0.83 

S3(100µM 
ADP) 19.4±4,1 31.92±4.8 29.14±3.27 22.14±3.8 

S4 3.2±0.8 3.02±0.74 2.97±1.04 4.56±2.11 

S4+gluc. 8.8±1.7 5.19±1.2 13.44±3.22 8.37±1.17 

Oligo 4.6±1.4 0.76±0.21 1.14±0.27 0.96±0.24 

S3u (FCCP) 24.8±3.5 8.8±1.9 23.8±4.5 19.33±4.81 

RCR(S3u/oligo) 5.5±1.4 11.62±2.4 20.9±3.8 20.13±3.18 

P/O 1.58±0.25 1.94±0.13 2.26±0.37 2.49±0.51 

     

54



 
 

Skeletal 
muscle n=3 n=3 n=3 n=3 

S2(succ.) 1.65±0.38 2.19±0.33 2.47±1.08 1.84±0.33 

S3(100µM 
ADP) 33.17±5.47 36.21±5.09 32.14±6.33 24.08±3.13 

S4 3.59±1.14 4.31±2.14 3.28±0.67 5.49±1.97 

S4+gluc. 22.17±4.81 19.43±3.47 16.22±4.01 12.28±3.04 

Oligo 2.38±0.46 2.68±0.44 2.14±0.49 2.67±0.49 

S3u (FCCP) 36.19±6.29 34.12±4.27 30.17±2.51 25.17±3.92 

RCR(S3u/oligo) 15.32±3.61 12.73±2.24 14.09±2.96 9.4±1.92 

P/O 2.09±0.14 2.33±0.19 2.59±0.61 2.61±0.39 
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