
INTRODUCTION

Over the last few decades, we have witnessed a signif-

icant breakthrough in the field of cell biology. Currently

the key mechanisms of cell division, differentiation, stress

response, senescence, and programmed death are most

likely have been elucidated. At the same time, the

progress in understanding the biology of a single cell did

not lead to any major achievements in the field of aging.

Therefore, one could expect that the coming advances in

understanding of the aging process will take place at the

level above the cellular one, i.e., at the level of tissues and

organs.

The lifespan of experimental animals, mice and rats,

is typically increased by pharmacological substances only

by 10-30%. The most well studied life-extending chemi-

cals are rapamycin, salicylate, resveratrol, metformin, 2-

deoxyglucose, spermidine, and several others (see [1] for

review). Food restriction, which has been known literally

for ages as intervention improving healthspan and lifes-

pan, shows approximately the same effect as the pharma-

cological treatment (see [2-6] for review).

Physical activity is also well-known for its anti-aging

effects. For example, a possibility to run in a wheel leads

to approximately 10% lifespan extension in rats [7]. In

comparison with food restriction, physical exercise in the

majority of mammalian model systems produces health
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Abstract—Up to now numerous studies in the field of gerontology have been published. Nevertheless, a well-known food

restriction remains the most reliable and efficient way of lifespan extension. Physical activity is also a well-documented anti-

aging intervention being especially efficient in slowing down the age-associated decline of skeletal muscle mass. In this

review we focus on the molecular mechanisms of the effect of physical exercise on muscle tissues. We also discuss the pos-

sibilities of pharmacological extension of this effect to the rest of the tissues. During the exercise, the level of ATP decreas-

es triggering activation of AMP-dependent protein kinase (AMPK). This kinase stimulates antioxidant potential of the cells

and their mitochondrial respiratory capacity. The exercise also induces mild oxidative stress, which, in turn, mediates the

stimulation via hormetic response. Furthermore, during the exercise cells generate activators of mammalian target of

rapamycin (mTOR). The intracellular ATP level increases during the rest periods between exercises thus promoting mTOR

activation. Therefore, regular exercise intermittently activates anti-oxidant defenses and mitochondrial biogenesis (via

AMPK and the hormetic response) of the muscle tissue, as well as its proliferative potential (via mTOR), which, in turn,

impedes the age-dependent muscle atrophy. Thus, the intermittent treatment with activators of (i) AMPK combined with

the inducers of hormetic response and of (ii) mTOR might partly mimic the effects of physical exercise. Importantly, phar-

macological activation of AMPK takes place in the absence of ATP level decrease. The use of uncouplers of respiration and

oxidative phosphorylation at the phase of AMPK activation could also prevent negative consequences of the cellular hyper-

energization. It is believed that the decline of both antioxidant and proliferative potentials of the cells causes the age-

dependent decline of multiple tissues, rather than only the muscular one. We argue that the approach above is applicable for

the majority of tissues in an organism.
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span rather than lifespan extension (reviewed in [2]). In

the case of elderly people, positive effect of physical activ-

ity is mostly due to preservation of the muscle functional-

ity [8]. Indeed, a lot of studies have shown physical exer-

cise to be especially efficient in preventing age-dependent

degeneration of skeletal muscles [9]. In particular, it was

reported that by the age of 20 months the grip strength in

the control group of rats displayed approximately a two-

fold decrease [10]. At the same time, only 10% loss of the

grip strength was observed in the group of rats subjected to

a long-term physical exercise (see Fig. 3 in this paper). In

addition, it was shown that the running time until exhaus-

tion and the maximum running speed were twice lower in

the group of 26-month-old control rats in comparison

with the 8-month-old ones [11]. On the contrary, the rats

subjected to chronic physical exercise did not show such

age-dependent decline ([11], Fig. 3).

Therefore, one can conclude that the effect of food

restriction on lifespan extension (approximately 30%) is

much lower than that of chronic physical exercise on age-

dependent muscle degeneration (several fold). It is

important to note that the molecular mechanisms under-

lying positive impact of physical exercise on skeletal mus-

cle are well studied. These involve basic mechanisms of

activation of antioxidant systems, improvement of gener-

al physiology, and prevention of the tissue atrophy

(reviewed in the next section). Pharmacological stimula-

tion of these mechanisms, obviously, could be beneficial

not only for muscle but for many other tissues. Indeed, a

number of pharmacological substances called exercise

mimetics (such as metformin, resveratrol) were shown to

extend the lifespans of a set of model organisms [12, 13].

Since physical activity triggers not one but several

intracellular signalling cascades, none of the currently

known exercise mimetic substances used individually can

fully reproduce the effect of physical activity on skeletal

muscle. Moreover, the main signalling cascades activated

by physical activity, AMPK-dependent and mTOR-

dependent ones, inhibit each other. Therefore, temporal

alternating of the stimulation is necessary. Interestingly

enough, intermittent fasting was shown to be no less

effective than the usual caloric restriction in terms of low-

ering blood glucose and cholesterol levels [14, 15].

Pharmacological substances activating AMP-

dependent protein kinase (AMPK) and mammalian tar-

get of rapamycin (mTOR) do exist, some of them are

classified as performance-enhancing drugs in sports. The

reason for the negative effects of mTOR stimulants is

obvious. Being an antagonist of AMPK, hyper-activated

mTOR switches cell metabolism from respiration to gly-

colysis, and provokes inflammatory processes. AMPK

stimulants appear to be less dangerous. Most of them are

antidiabetic drugs. Despite the positive effect on muscle

tissue, muscle atrophy was observed with prolonged use of

5-aminoimidazole-4-carboxamide ribonucleotide

(AICAR), the most popular of these drugs (reviewed in

[16]). One of the reasons for the side effects is probably

that activation of AMPK under conditions of high levels

of nutrients leads to abnormal increase in the level of

intracellular ATP. This can cause hyperpolarization of

mitochondria, resulting in the generation of ROS in the

respiratory chain. An abnormal increase in ATP level and,

as a result, depletion of ADP can have other negative con-

sequences. Recently we have hypothesized that a moder-

ate, controlled decrease in the level of ATP and the mem-

brane potential of mitochondria can be achieved by using

substances that uncouple mitochondrial respiration and

ATP synthesis [17].

In this review, we have attempted to suggest combi-

nations of the pharmacological preparations and dietary

supplements that can best mimic the effect of physical

activity on skeletal muscles, and thus expand this effect to

the most of other tissues. In the following section we sum-

marize the molecular mechanisms underlying the effects

of physical activity on muscle tissues.

MOLECULAR MECHANISMS

OF THE ANTIAGING EFFECT OF PHYSICAL

ACTIVITY ON SKELETAL MUSCLES

One of the main ways of age-dependent degenera-

tion of skeletal muscles is sarcopenia, a process initiated

by the disappearance of neuromuscular junctions. It is

believed that such denervation of muscle fibers is due to

the problems with homeostasis of calcium, the key signal-

ing molecule in the degeneration of myofibrils.

Apparently, the main reason for the disruptions of Ca2+

trafficking in the muscle cell is its leakage from sarcoplas-

mic reticulum caused by oxidative stress [18]. In addition,

skeletal muscle proliferation decreases with age (see

above). In this section, we argue that chronic physical

exercise increases both the antioxidant and the prolifera-

tive potential of skeletal muscles.

Hormetic response to mild oxidative stress. Physical

exercise causes a mild oxidative stress in skeletal muscles.

The main sources of this stress are production of hydro-

gen peroxide by NADPH oxidase Nox2 (reviewed in

[19]), as well as the generation of mitochondrial reactive

oxygen species, ROS [20]. It is known that this oxidative

stress induces a compensatory, hormetic effect by activat-

ing redox-regulated transcription factors such as PPARγ,

Nrf2, HIF-1, NF-κB [21-23]. Activation of the tran-

scription factors leads directly to the increase in the cell

resistance to oxidative stress by stimulating the expression

of antioxidant enzymes. In addition, there are indirect

antioxidant effects caused by activation of transcription,

such as acceleration of mitochondrial biogenesis and

changes in calcium homeostasis in the muscle cell [23].

AMPK activation. During exercise ATP hydrolysis is

activated in muscle cells, ADP concentration increases

and, as a result of 2ADP     ATP + AMP reaction, AMP-↑↓
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dependent protein kinase is activated [24-27].

Furthermore, the NAD+/NADH ratio increases thus

leading to activation of Sirt1 deacetylase. This enzyme

additionally activates AMPK and also increases the

resistance of the cells to oxidative stress (reviewed in [28],

[17]). Subsequently, the antioxidant potential of the cell

increases, mitochondrial biogenesis is activated.

Interestingly enough, AMPK is also activated during

skeletal muscle degeneration induced by the prolonged

absence of physical activity. Several studies have shown

that the absence of muscle contractions leads to muscle

atrophy. This atrophy appears to be due to mitochondrial

dysfunction, which leads to activation of AMPK [29].

This fact is in agreement with the observation that activa-

tion of AMPK can lead to cell death [30-32]. In particu-

lar, it has been recently shown that HSF1, a key tran-

scription factor stimulating cell survival and proliferation

under stressful conditions, and AMPK inhibit each other

[33]. It is likely that the physiological role of AMPK-

mediated atrophy of unused muscles is to get rid of

unnecessary cells under the conditions of energy defi-

ciency.

Activation of mTOR. The generation of activators of

mTOR, the AMPK antagonist signaling complex, is well

known to take place during exercise. Exercise stimulates

mTOR of a working muscle in at least three ways. First,

stretching of Z-disk triggers intracellular activation cas-

cade. Second, actively working muscle secrets Muscle

Growth Factor (MGF), an endocrine activator of mTOR.

MGF is a splice variant of the well-known insulin-like

growth factor (IGF1). IGF1 is one of the key anabolic

hormones stimulating proliferation. Third, in response to

intense muscle function, hypothalamus secretes growth

hormone (GH), which is also a central endocrine activa-

tor of mTOR in most of the cell types, including muscle

tissue [34].

It is important to note that physical activity is both

an activator and an inhibitor of skeletal muscle growth. As

mentioned above, muscle activity leads to an increase of

the ADP/ATP ratio and, as a consequence, activation of

AMPK. Being an antagonist of mTOR, during exercise

AMPK inhibits mTOR, and this inhibitory effect is

stronger than that of the activating one. Upon transition

into the resting state, intracellular ATP levels rise, which

allows mTOR activation [35].

Myokine secretion. In addition to MGF, physical

activity triggers muscular secretion of a number of signal-

ing molecules called myokines. The list of myokines

includes a number of interleukins, irisin, meteorin, FGF-

21 (Fibroblast Growth Factor), and GDF-15 (Growth

and Differentiation Factor). It is believed that myokines

contribute to mobilization of the energy resources and

suppress inflammatory processes under the conditions of

increased energy consumption due to intense muscular

activity. Myokine receptors are found in many tissues:

myokines positively affect physiology of the body, their

effect is similar to the one of caloric restriction [36-38].

Within the scope of this section, it should be mentioned

that at least one of the myokines, GDF-15, also affects

muscle tissue directly. As in the case of AMPK activation,

the effect of GDF-15 on muscles is dual: this myokine

improves stress resistance of muscle tissue [39, 40], but

also can cause its atrophy [38, 41, 42].

SIMULATION OF PHYSICAL ACTIVITY:

DIET AND PHARMACEUTICALS

Is it possible to simulate the effect of physical exer-

cise by activating the abovementioned signaling pathways

pharmacologically? This issue is especially important

because stimulation by physical activity is not possible for

most non-muscle tissues. Indeed, following our logics,

alternate administration of AMPK and mTOR stimulants

can theoretically affect most of the tissues in a way phys-

ical activity affects skeletal muscle. It is worth noting here

that an increasing number of works on intermittent fast-

ing is being published. In particular, it was shown that the

mice that for a year were allowed free access to food only

twice a day, one hour in the morning and one hour in the

evening, significantly improved their physiological

parameters. In particular, plasma glucose and triglyc-

erides levels decreased, while sensitivity to insulin

increased. In contrast to the usual caloric restriction,

intermittent fasting did not lead to the decrease in muscle

mass [14]. Similar results were obtained in humans. For

four days, a group of overweight people ate only from

eight in the morning until two in the afternoon.

Significant improvement in the metabolism of glucose

and lipids was observed following such a short period of

time [15].

At the same time, it seems unlikely that such inter-

mittent fasting is a significantly more effective way to

delay aging than the well-established caloric restriction.

Otherwise, over the course of many thousands of years of

the history of mankind, such fasting regime would most

likely have been discovered empirically and extensively

used. Below we present possible approaches to more

effective stimulation of both mTOR and AMPK.

mTOR stimulation. At present, a large number of

mTOR activator substances are known. Many of them are

classified as prohibited performance-enhancing drugs in

sports due to their side effects. One of the reasons for the

negative consequences of the use of mTOR stimulants

(anabolics: growth hormone, IGF1, testosterone,

oxymetalon) is obvious. Being a Sirt1/AMPK antagonist,

hyper-activated mTOR switches cell metabolism from

respiration to glycolysis, and provokes inflammatory

processes. The pharmacological inhibitor of mTOR,

rapamycin, prolongs the life of experimental animals; its

effect is comparable to that of food restrictions [2-4]. For

this reason, the treatments not increasing but decreasing
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the level of GH are mainly considered to be anti-aging

ones (see review [43]). Nevertheless, there have been sev-

eral attempts to use GH and its agonists to delay aging.

Indeed, in the old age, GH concentration in human

blood is significantly reduced. This was the main ration-

ale behind treating the elderly with IGF1 or GH. In par-

ticular, positive effect on the muscle mass and general

well-being of patients was observed [43-45].

All these facts are consistent with the main hypothe-

sis of this review on the benefits of alternating stimulation

of mTOR and AMPK. What is the best way to stimulate

mTOR? On the one hand, unlimited, plentiful nutrition

is not the most effective way to activate mTOR. Indeed,

combining an appropriate diet with physical activity

and/or anabolic substances is a much more effective way

to increase muscle mass than the diet alone. On the other

hand, it seems intuitively clear that the use of anabolics

(performance-enhancing drugs in sports) is hardly com-

patible with the concept of delaying aging. Stimulation of

mTOR with the help of dietary supplements seems to be

an intermediate approach. It is well known that mTOR is

a sensor of the concentration of amino acids in a cell;

therefore, ordinary amino acids are activators of mTOR.

Branched side chain amino acids are most effective in

terms of mTOR activation [46]. In particular, in order to

combat sarcopenia and to increase the muscle mass of

athletes, leucine supplements were used. As it turned out,

the metabolite of leucine, hydroxymethyl butyrate

(HMB), as well as L-citrulline (reviews [47-49]) are more

effective in this respect. To the best of our knowledge,

these substances have never been used in the experiments

on slowing down aging of mammals. According to the

logics of this review, they can be used for this purpose in

combination with other exercise mimetics.

AMPK stimulation. AMPK activators appear to be

less hazardous for health than mTOR stimulants, anabol-

ics. Some of them (metformin, resveratrol) are well

known anti-diabetic drugs. Even AICAR, being classified

as a performance-enhancing drug, is used to treat dia-

betes. For the short-term use, they, like physical exercise,

improve general physiology of muscles and, in particular,

functionality of mitochondria. At the same time, the pro-

longed use of AICAR resulted in the decrease of muscle

mass due to chronic activation of catabolic processes

[16]. Based on the abovementioned arguments, this neg-

ative side effect could be neutralized by periodic activa-

tion of mTOR. Are there any other arguments against the

long-term use of AMPK activators?

We suggested previously that pharmacological stimu-

lation of AMPK can cause hyper-energization of cells

[17]. Indeed, active AMPK in the absence of nutrient

deficiency can lead to abnormal increase in the level of

cellular ATP. This can, in turn, lead to hyperpolarization

of mitochondria, causing generation of ROS in the mito-

chondrial respiratory chain [17]. We have recently shown

that ATP hydrolysis localized at the mitochondrial outer

membrane due to mitochondrially-bound hexokinase

activity is sufficient to prevent oxidative damage by mito-

chondrial ROS. We also demonstrated for a number of

mammalian species that the activity of mitochondrial

hexokinase positively correlates with their lifespan [50].

The abnormal increase in the level of ATP and, as a

consequence, depletion of ADP could possibly have other

unpredictable negative consequences associated, in par-

ticular, with glycolysis. Since the reversible reaction cat-

alyzed by pyruvate kinase is associated with the synthesis

of ATP from ADP, hyper-energization of the cell could

lead to accumulation of the intermediate products of gly-

colysis. These products (triose phosphates, fructose-1,6-

bisphosphate) are regulatory molecules. Specifically,

these intermediates trigger the Crabtree effect: suppres-

sion of the energy function of mitochondria and stimula-

tion of glycolysis [51].

Another potential problem that could arise upon

hyper-energization of the cell is the decrease of the

NAD+/NADH ratio. Indeed, glycolysis activation caused

by AMPK stimulation should increase the rate of NADH

synthesis, and high transmembrane potential of mito-

chondria should decrease the rate of its oxidation to

NAD+ [17]. NAD+ is the rate-limiting substrate of

deacetylases. Many studies have shown that these

enzymes, the most known of which is histone deacetylase

Sirt1, are involved in the regulation of longevity (see

reviews [52, 53]). Perhaps, for this reason, we have failed

to find the works in which the direct pharmacological

activators of AMPK (AICAR, GW501516, MK-8722)

increase the lifespan of model organisms.

Following these logics, it could be suggested that the

optimal way to activate AMPK from the point of view of

slowing aging is to increase the ADP/ATP ratio in cells.

This is exactly what happens in skeletal muscle subjected

to physical activity. Is it possible to achieve a mild, con-

trolled decrease in ATP levels in all body tissues? The

problem is that the level of blood glucose, which is the

main energy currency of the body, is regulated very strict-

ly. Indeed, under standard dietary restrictions used to

prolong life, the blood glucose concentration in experi-

mental mice and rats decreases by only 10-30% compared

to that in animals with unlimited access to food [54, 55].

Such a decrease is obviously sufficient for activating the

hormonal response in the special sensor tissues, which, in

turn activate Sirt1/AMPK in the other tissues by secret-

ing various signaling molecules (e.g., lipokines) (see

review [17]). At the same time, energy consumption by a

cell at rest and in an active state can differ several times.

For example, activation of macrophages leads to approx-

imately four-fold increase in glucose consumption [56].

It is also obvious that the standard caloric restriction is

not able to lower the level of nutrients in many types of

cells, which are in a direct contact with blood plasma. Let

us consider, for example, endothelium of blood vessel

capillaries. Almost all glucose entering the body diffuses
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through the GLUT1 transporter of the plasma membrane

of the endothelial monolayer [57]. Thus, access to glucose

in this type of cell is immeasurably higher than in the

peripheral tissues.

Therefore, both in the case of stimulation using

direct pharmacological activators and in the case of nutri-

tional restriction, activation of AMPK in most tissues

does not happen due to increase in the ratio of ADP/ATP

in the cells. At the same time, it seems rather unlikely that

artificial lowering blood glucose concentration in human

body by several fold could increase life expectancy. The

alternative way is pharmacological activation of AMPK in

combination with the substances that reduce negative

effects of cell hyper-energization.

Recently we presented a literature review on how a

controlled decrease in ATP levels and mitochondrial

membrane potential using uncouplers of respiration and

oxidative phosphorylation can be used to slow aging [17].

The controlled decrease of the membrane potential could

have multiple positive consequences for cell physiology,

such as, for example, an enhanced control of mitochon-

dria quality (see review [58]). It follows from the logics of

our review that stimulation of AMPK by uncoupling can

be even more effective than the usual nutritional restric-

tion, since uncoupling can lower membrane potential and

ATP level in all tissues. The attempt to slow the aging

process in mice using the most well studied uncoupler,

DNP (2,4-dinitrophenol) was described in the literature.

Similar to the classic dietary restrictions, administration

of DNP to mice via drinking water resulted in an approx-

imately 30% decrease in blood glucose concentration and

a moderate, less than 10%, increase in the life span of ani-

mals [59]. Perhaps, the relatively low efficiency of DNP

as an anti-aging compound was due to insufficient degree

of uncoupling. Indeed, the authors of the article used

concentration of the substance corresponding to the con-

sumption of less than one micromole per kilogram of ani-

mal weight. At the same time, the acting uncoupling con-

centration of DNP in cell culture has been reported to be

100 µmol/liter [60], and in a short-term experiment with

mice it was 5.5 mmol/kg of the mouse weight [61].

However, even small doses of DNP protect neurons in a

mouse model of Parkinson’s disease [62, 63].

Summarizing this part, it can be suggested that either

DNP or other uncoupling agents (see review [17]) could

potentially be used in combination with pharmacological

activators to stimulate AMPK.

Imitation of the effects of myokines and of hermetic

response to oxidative stress. As was mentioned above, the

main muscle endorphins acting on the muscle itself are

MGF and GDF-15. MGF is an activator of mTOR. Its

effect can theoretically be imitated by biologically active

food supplements (see above). Possibly, the easiest and

safest way to activate GDF-15 secretion in the body is to

use metformin. It has been shown recently that the effects

of metformin as a mimetic of food restriction are largely

due to the secretion of GDF-15 caused by its administra-

tion [64]. At the same time, GDF-15 is well known to be

secreted by many organs in response to oxidative stress

(see review [65]). Is metformin indeed an inducer of

hormetic oxidative stress response? It has been shown

that metformin inhibits complex I of mitochondrial respi-

ratory chain (see review [66]). It is also well-documented

that inhibition of this complex can cause superoxide gen-

eration [67-69].

The use of metformin is unlikely to be the only pos-

sible way to induce a mild oxidative stress. For example,

vitamin K3, menadione, and its derivatives are widely

used for such purposes. Notably, menadione was shown to

increase the lifespan of C. elegans worms [70] and baker’s

yeast [71] due to the hormetic effect. To our best knowl-

edge, menadione was not used as an anti-aging com-

pound in higher model organisms. At the same time,

menadione and its analogues are used as anti-cancer

agents because of their pro-oxidative action [72].

It should be noted that the use of antioxidants to

slow down aging does not agree with the concept of the

benefits of hermetic response to oxidative stress. In fact,

there is practically no description in the literature of the

successful examples of prolonging the life of mammals

using antioxidants. Moreover, the use of standard low

molecular weight antioxidants can increase the risk of

cancer (see reviews [73, 74]).

The exception, obviously, is the mitochondria-tar-

geted antioxidant SkQ1. There have been several success-

ful attempts both to prolong the life of mice and to cure

the number of age-dependent diseases using SkQ1 (see

reviews [73, 75-77]). Perhaps the reason for being an

exception is that SkQ1 decreases ROS level locally, in

mitochondria, but not in cytoplasm. It is known that it is

precisely cytoplasmic hydrogen peroxide that reacts with

various transcription factors and, in this way, causes a

hormetic response [78, 79]. In addition, it was recently

shown that plastoquinone, the antioxidant part of SkQ1

molecule, could react with superoxide. As a result of this

reaction, superoxide is transformed into hydrogen perox-

ide: PQH2 + O2
.– = PQ.– + H2O2 [80, 81]. According to

the authors, equilibrium constant of this reaction is high-

er than 109 [81]. It follows from these data that, although

SkQ1 is an antioxidant (protection against superoxide), it

can simultaneously activate the cascade of cell protection

against ROS (generation of hydrogen peroxide, which

diffuses easily through the membranes). Presumably, the

combination of pro-oxidant with SkQ1 might initiate a

hormetic response to oxidative stress.

Summing up, we suggest that alternating pharmaco-

logical stimulation of mTOR and AMPK can be effective

in prolonging functionality of the most of the tissues. In

addition, we speculate that the use of uncoupling at the

stage of AMPK stimulation can suppress negative effects

associated with the cell hyper-energization. In parallel



656 SOKOLOV, SEVERIN

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  6   2020

with the stimulation of AMPK, we propose to simulate

the hormetic response to oxidative stress. The figure high-

lights the effects of physical exercise on skeletal muscles

mentioned in this review and the proposed methods for

their imitation in non-muscle tissues. We emphasize

again that the effects of mTOR activation, on the one

hand, and of other stimuli listed in the figure, on the other

hand, are oppositely directed and inhibit each other.

Therefore, similar to intermittent fasting, in order to

achieve the desired effect, alternation of two types of

effects seems to be necessary. The durations of alternating

periods will obviously depend on pharmacokinetics of the

specific substances.

It is believed that a decrease of both antioxidant and

proliferative potential of cells is the cause of aging of

many tissues, not only the muscle ones (see review [82]).

From our point of view, the above anti-aging strategy can

be applied to most types of cells in the human body.

Obviously, it is impossible to predict how the proposed set

of stimulants would affect each of the tissues. At the same

time, it is rather obvious that the age-dependent degener-

ation of various tissues affects the aging of the body to dif-

ferent degrees. Which of the tissues limits the life span of

a human being? Statistic indicates four main causes of

death in humans: cancer, diabetes, cardiovascular dis-

eases, and chronic obstructive pulmonary disease (see

reviews [83, 84]). Therefore, it can be suggested that

human lifespan is limited by the immune system, glucose

sensor tissues, and also endothelial tissues of blood vessels

and lungs. From our point of view, the proposed set of

stimuli is at least not harmful for each of these tissues.
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