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Despite the efforts of scientists, the problems of premature ageing, as well as diseases such as cancer, diabetes, herpes zoster, osteoporosis, and others remain
unresolved. Guanidine compounds have a strong effect on these processes. We have proposed the mechano-chemiosmotic model, where the electron transfer in the ETC,
a cyclic low-amplitude swelling shrinkage of mitochondria, and ATP synthesis are coupled. According to the mechano-chemiosmotic mechanism, energy transformation
both in the synthesis of ATP and in the hydrolysis of ATP in the muscles occurs with the direct participation of amino acid residues of arginine and lysine. In addition,
arginine and lysine are involved in many processes in the cell metabolism. We believe that ageing begins with a decrease in arginine synthesis due to mitochondrial
dysfunction associated with low mobility. It is necessary to maintain the arginine content in the organism by taking it exogenously, and the lysine content of an essential

amino acid must be constantly replenished.

Healthy longevity has been the most desired goal of
mankind since ancient times and people have been looking
for means to achieve this goal. Various theories have been
developed to understand the mechanisms of aging, but there
is still no clear understanding of not only the mechanisms of
aging but also the methods of rejuvenation. Various models for
ageing, each focusing on different biochemical and/or cellular
pathways have been proposed [1].

Harman’s mitochondrial theory of ageing [2], which is an
“extended version” of the free radical hypothesis, is based
on the assumption that ageing occurs due to the cumulative
effect of free radicals on mitochondrial DNA and its function.
According to this theory, mitochondria are the main source of
destructive free radicals that attack various components of the
cell, and the leakage of free radicals from the respiratory chains
of mitochondria occurs almost uncontrollably and constantly.
This means that animals with a high metabolic rate generate
free radicals quickly and have a short lifespan, while animals
with a low metabolic rate do the opposite. Even though this
point of view was not justified, the mitochondrial theory of
ageing takes into account the exceptional importance of the

role of mitochondria in the vital activity of living organisms and
ageing and therefore is of great interest. In our opinion, this
theory is unable to fully explain the mechanism of ageing due
to insufficient knowledge of the mechanisms of mitochondrial
functioning. It is known that the Reactive Oxygen Species (ROS)
is also formed in young organisms and plays an important
physiological role in the cellular processes and development
of the organism. For example, a low level of ROS is involved in
the selective removal of mitochondria in mitophagy, while a
high level is involved in nonselective macroautophagy [3]. It is
believed that the reason for the formation of an increased level
of ROS is the delay of an electron for more than the optimal
time required in the Electron Transport Chain (ETC) in sites up
to cytochrome c1 of the inner mitochondrial membrane, where
the formed ROS causes chain reactions of lipid peroxidation,
damage to mitochondrial DNA, mitochondrial dysfunction,
apoptosis, and cell death. However, the reason for the electron
delay in the ETC remains unclear. According to the mechano-
chemiosmotic model proposed by us, the electron transfer
in the ETC, a cyclic low-amplitude swelling shrinkage of
mitochondria, and ATP synthesis are coupled [4,5].
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According to this model, as shown in Figure 1 and animation
[5], when the intracristal space of mitochondria shrinks, an
electron is transferred from the [2Fe-2S] cluster of one dimer
to the heme c1 of another dimer of the cytochrome bci complex
located on the opposite side of the cristae membrane, and when
the intracristal space swells, electron transfer stops, and this
performs the regulatory role.

Hyperosmotic conditions, including those caused by
water deficiency in the cytosol of old organisms, increase the
time of cyclic swelling-shrinkage of mitochondria, which
causes a delay in electron transfer in the ETC, a decrease in
the rate of ATP synthesis and the formation of ROS. In turn,
an increased amount of ROS causes strong depolarization
(mild depolarization-repolarization is an integral part of
the functioning of mitochondria), the opening of the mPTP,
and apoptosis [6]. According to the mechano-chemiosmotic
mechanism, cyclic low-amplitude swelling-shrinkage of
mitochondria is accompanied by rotation of the y-subunit
and twisting-unwinding of the b2 subunits of ATP synthase,
where arginine and lysine residues play a key role. Lysine and
arginine residues are involved in energy transformation, both
in the synthesis of ATP in mitochondria and in the hydrolysis
of ATP in muscles. In Figure 2 (also see an animation [5]) the
schematic representation of the contraction and elongation
of two arginine and lysine-rich coiled-coil alpha-helical
strands (or actin filaments) in the dependence on the pH is

MATRIX

GLY--uhumt
Yo

clockwise rotation

(f—suhunit
a

counterclockwise rotation
3(2Na*ATP™)
n 3(2Na*ADP")

Figure 1: Electron transfer in mitochondria following our mechano-chemical
mechanism. A cyclic swelling (I) and shrinkage (Il) of mitochondria associated
with the transfer of electrons through the cytochrome bc1 dimers, ion transport
in ATP synthase and ATP synthesis; electron transfer from dehydrogenase (Deh)

to cytochrome oxidase (cytaa3) through ubiquinol (CoQH2), dimeric cytochrome
bc1 and cytochrome ¢, 1 - outer membrane, 2 - inner membrane, q, B, y, 6, €, b2,
a- subunits of ATP-synthase. Schematically shown is the rotation of the y-subunit
counter-clockwise during energization and clockwise in the synthesis of ATP — de-
energization.
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Figure 2: Schematic representation of the contraction and elongation of two
arginines and lysine-rich coiled-coil alpha-helical strands (or actin filaments) in the
dependence on the pH. The binding of phosphate ions to protonated arginines and
lysines at neutral pH results in the repulsion of negatively charged actin filaments
and their contraction.

demonstrated. L-arginine is a polar basic amino acid with
pKa above 10 in the R chair assuming a protonated (cationic)
condition at neutral pH. The binding of phosphate ions to
protonated arginines and lysines results in the repulsion of
negatively charged actin filaments and their contraction. Since
human growth stops after 25- 28 years and growth hormone
is stimulated by L-arginine, we believe that the decrease in
growth hormone synthesis is associated with a decrease in
L-arginine synthesis in the body, and then the deficiency of
arginine and lysine leads not only to a lack of energy in the
body but also other important functions associated with these
amino acids are disrupted. L-arginine plays a role in numerous
physiological processes including nitrogen detoxification,
immune competence, growth hormone (GH) secretion, insulin
secretion, vascular dysfunction with ageing, and cardiovascular
disease [7]. Telomeric repeat-binding.

Factor 2 (TRF2) functions to protect telomeres and contains
an N-terminal basic domain rich in arginines [8]. Arginine
methylation regulates telomere length and stability. The
repeated addition of the Nitric Oxide (NO) donor S-nitroso-
penicillamine (L-arginine is a substrate for NO synthase,
which catalyzes nitric oxide synthesis [9]) significantly
reduced endothelial cells senescence and delayed age-
dependent inhibition of telomerase activity [8]. High glucose
concentrations cause swelling of mitochondria [10], which
reduces the effect of hypoxia in cancer cells [11] and causes
glycation of protein lysine and arginine residues during ageing
[12].

Thus, we propose a mitochondrial-arginine theory of ageing
based on a decrease in arginine synthesis and mitochondrial
dysfunction with age. Mitochondrial dysfunction, accompanied
by a decrease in the frequency of a low-amplitude swelling-
shrinkage cycle, is caused by cascade processes occurring
genetically determined by a decrease in the amount of water
in the body, associated, incl. with an increase in glucose
concentration with age; by a deficiency of arginine and lysine;
by a decrease in physical activity, leading to an increase in the
level of sugars and a decrease in the level of ADP (ADP in the cell
is a trigger for the functioning of mitochondria). In turn, due
to mitochondrial dysfunction, protein glycation occurs with
the increasing concentration of sugars and ROS. So, to achieve
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healthy longevity, it is necessary: regular physical activity,
intake of sufficient water, a balanced diet, taking into account
the elimination of arginine and lysine deficiency, sleep, and the
absence of distress [13,14].

Proposed examination and test of the Mechano-chemi-
osmotic model [4].

We are aware that the view presented here is not accepted by
another model, but is presented here for further examination
and testing, so that we may conclude this important problem.
To prove the mechano-chemiosmotic model of coupling, it
is necessary to perform further kinetic experiments (it is
desirable to simultaneously obtain different parameters) on
individual organelles in a millisecond time scale:

- Cyclic volume changes (shrinkage - swelling) of
intracristal space of mitochondria;

- Cyclic volume changes (shrinkage — swelling) of the
matrix of mitochondria;

- pH changes of intracristal space of mitochondria;

- pH changes of matrix of mitochondria (mitochondrial
matrix pH of individual mitochondria undergo
spontaneous alkalization transients [15];

- pH changes of the outer medium of mitochondria and
cytosol in msec time scale;

- Dependence of the oxidation-reduction of cyt ¢, on the
swelling-shrinkage of the mitochondrial intracristal
space (for example, this dependence may be investigated
on mitoplasts);

- Inter-monomer electron transferring from the [2Fe-2S]
cluster to heme c, between the opposite dimers during
shrinkage;

- Polarization-depolarization of mitochondria membrane
potentials;

- Movement of potassium and calcium ions between the
matrix and the intermembrane space of mitochondria;

- Movement of potassium, calcium, and other ions
through F, of ATP synthase in different directions;

- Conformational changes of ATP synthase subunits
during shrinkage-swelling of organelles;

- Direction of the rotation of gamma subunit of ATP
synthase in energization and de-energization of
mitochondria;

- Rotation of c-ring by protons in the presence of pH
gradient on different sides of the membrane without
ATP and other phosphate compounds.

We believe that in the presence of oxidative substrate,
phosphate ions, ADP, and other essential ions for the formation
of ATP, in the energization of mitochondria, we will observe
the following processes in the sequence:

https://www.chemisgroup.us/journals/archive-of-biochemistry a

Polarization of inner membrane~> movement of potassium
ions to the matrix, and calcium ions to the intermembrane
space> swelling of the mitochondrial matrix> shrinkage of
intracristal space - reduction of cyt ¢~ depolarization of inner
membrane-> movement of calcium ions into the matrix, and
potassium ions to the intermembrane space - contraction
of the mitochondrial matrix » ATP synthesis > swelling of
intracristal space-> oxidation of cyt ¢~ release of protons into
the external medium (cytosol) - a repeat of cycle.

Disruption of these processes will lead to mitochondrial
dysfunction and, consequently, to energy deficiency in the
body. It should be noted that at present experimental data are
proving some points of our mechano-chemiosmotic model.

It was shown that the mitochondrial matrix pH of individual
mitochondria undergoes spontaneous alkalization transients
[15] and neighboring crista junctions dynamically oppose and
separate from each other in a reversible and balanced manner
in human cells [16]. Electron transport activity is necessary
for the morphological contraction of mitochondria and this
transient morphological contraction of the mitochondrial
matrix is accompanied by a reversible loss or decrease of inner
membrane potential (depolarization) [17].

We wait for further new experiments before concluding
the mechanism of ATP synthesis, since mitochondria, the
main energy hub of the cell, are highly dynamic organelles,
that play essential roles in cell physiology. Mitochondrial
function impinges on several signaling pathways modulating
cellular metabolism, survival, and health span. Maintenance
of mitochondrial function and energy homeostasis requires
both the generation of new healthy mitochondria and the
elimination of the dysfunctional ones [18].

The role of L-arginine in the body is very significant and
multifaceted, as evidenced by numerous studies. The kidney
is the main site of endogenous Arg synthesis and is also
responsible for the overall metabolism of this amino acid,
participating in synthesis, degradation, and reabsorption [19],
however, endogenous arginine synthesis does not suffice to
compensate for dietary arginine insufficiency [20].

The mechanisms of action of L-arginine as supplements in
the processes of aging and aggravated stress states, in which
mechanisms of individual physiological reactivity play an
important role. This approach can be used as an element of
individual therapy or prevention of premature aging processes
depending on the different levels of initial reactivity of the
functional systems [21].

It should be noted that at present the mitochondrial-
arginine theory of aging combines the principles of the
different theories, such as mitochondrial, free radical,
telomeric, glycation, etc. through the mechano-chemiosmotic
mechanism and the functions of arginine in the body.
Mechanisms such as telomere depletion, stem cell depletion,
macrophage dysfunction, and cellular senescence gradually
manifest in the body, significantly increasing the incidence
of diseases in elderly individuals. These mechanisms interact
with each other, profoundly impacting the quality of life of
older adults [22]. Aging is associated with the development
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of a low-level, systemic, chronic inflammation known as
“inflammaging” [23].

Conclusion

We have considered mitochondrial dysfunction, arginine,
and lysine deficiency as the basis of energy deficiency during
ageing, however, many other factors affect the body during
ageing and aging-related diseases, such as diabetes, cancer,
inflammation, etc. Chronic inflammatory states can contribute
to diseases of aging such as sarcopenia and frailty. It should be
borne in mind that disruption of the synchronous functioning
of mitochondrial and nuclear DNA (once two different symbiotic
organisms) can have a strong impact on ageing in the body. So,
to achieve healthy longevity, it is necessary: regular physical
activity, intake of sufficient water, a balanced diet, taking
into account the elimination of arginine and lysine deficiency,
sleep, and the absence of distress.
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