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Abstract—In the 1990s, Vladimir P. Skulachev, a proponent of the genetic program of aging, proposed ex-
tending the concept of programmed cell death (apoptosis) to the level of an entire organism, a phenomenon
he termed phenoptosis. According to his terminology, rapid phenoptosis, is characteristic of species with a
single reproductive cycle, such as pink salmon and mayflies, whereas slow phenoptosis is typical of species
with multiple reproductive cycles, including humans. Interestingly, rapid phenoptosis resembles obligate
apoptosis observed during development, such as the disappearance of pharyngeal slits, tail, and interdigital
webbing in human embryo. Slow phenoptosis is more akin to non-obligate apoptosis, which is triggered by
irreversible damage or functional cell redundancy. Just as non-obligate apoptosis is not inevitable, a similar
non-inevitability should not be excluded for slow phenoptosis — that is, natural aging. This interpretation
is supported by the plasticity of aging, the reversibility of age-associated traits, and the absence of the
replicative (Hayflick) limit in tissue stem cells, a feature they share with immortalized cells. Additionally,
human (and animal) mortality patterns resemble those of non-aging hydras and immortalized cells subjected
to suboptimal conditions. It has been said that a “correctly posed” question endures indefinitely. In our
view, the question “Is aging programmed or stochastic?” falls into the category of “correct” questions. Its
apparent dichotomy excludes the obvious third option: in many species with repeated reproductive cycles,
aging is associated with neither genetic program nor purely stochastic damage, but rather results from
cumulative consequences of living under conditions that are pessimal for stable, non-aging functioning.
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INTRODUCTION

In 2024, participants of the Gordon Research
Conference on the Biology of Aging discussed contem-
porary views on causes and mechanisms of aging, as
well as their individual interpretations of the essence
of this process. The results were discouraging. As pre-
sented in a joint article analyzing the various opin-
ions, the divergence of perspectives on aging proved
to be remarkably high [1].

Indeed, while the pioneering works by D. Harman
and N. M. Emanuel on the role of free radicals in the
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1950s and by Leonard Hayflick and his followers on
the primary role of cellular aging in organismal aging
in the 1960s had laid the basis for a logical concept
on causes and mechanisms of aging, it has later be-
come evident that these steps were not in the entirely
right direction.

For example, suppression of free radical process-
es has been shown to extend lifespan only slightly
and only in individs with impaired physiology [2, 3].
In individs with a normal lifespan, such suppression
either had no effect [3] or even shortened the lifes-
pan [2], because reactive oxygen species, at appropri-
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ate concentrations, act as essential second messengers
necessary for harmonious organism functioning.

As for Hayflick’s phenomenon of cellular aging,
the observed slowdown and eventual cessation in
population doublings during serial passaging of cul-
tured cells have not been confirmed at the organis-
mal level. Instead, these effects appear to be artifacts
of in vitro culturing or are associated with terminal
differentiation. In many differentiated cell types (e.g.,
neurons, corneocytes), cell division is determinis-
tically blocked as part of the normal development.
This phenomenon led A. M. Olovnikov, who in the
1970s explained the Hayflick limit by telomere short-
ening, to abandon his hypothesis that telomere short-
ening causes organismal aging in 2003 [4] and turn
to the development of alternative hypotheses of aging.

Using immunosenescence and cellular zones tra-
ditionally considered non-renewable as examples,
here we present evidence suggesting that aging
can be regulated within broad limits and may be a
non-obligatory process.

ON THE DIFFERENCES
BETWEEN THE TERMS IMMUNOAGING,
IMMUNOSENESCENCE, AND INFLAMMAGING

For a Russian speaker, the terms immunoaging
and immunosenescence appear identical and inter-
changeable, as both aging and senescence translate
to Russian as “aging” (“ctapeHue”). However, their
meaning is different: aging refers to changes in age,
the process of becoming older. In its early stages,
age-related changes are primarily associated with
development, so aging as age-associated deviation of
structural and functional capacities from the norm is
generally not associated with this stage. Senescence,
however, is true aging. Its initial stages are typical-
ly manifested after completion of development and
attainment of maturity. Only then does a gradual in-
crease in all traits characteristic of this aging process
take place.

The thymus, as the central organ of the immune
system, begins its involution long before maturity,
which is often interpreted as an early manifestation
of genetic program of aging. However, thymus involu-
tion (immunoaging) appears to be related to its role
in the organism growth and development rather to
aging itself [5]. The true immunosenescence emerges
only after maturity, leading to inflammatory aging
(inflammaging) by the age of 50-60 [6, 7].

We should mention that before its recognition
as the primary immune organ, the thymus had been
known as the “growth gland,” or “childhood gland,”
for several decades. From puberty to full maturity, the
regulatory reduction in thymic mass and functional
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activity serves to slow the rate of somatic growth and
occurs at the highest rate across the entire life cycle.
This early involution of the thymus (immunoaging)
is not a part of the organism’s aging program, but
rather a normal stage of organismal development [5].
Such immunosenescence (immunoaging) is physiolog-
ical and should be distinguished from true dysregu-
latory immunosenescence (immunosenescence), which
develops after maturity.

True immunosenescence (immunosenescence) is
associated with the fact that the thymus is a target
organ of the somatotropic hormone produced by the
anterior pituitary, the secretion of which declines
with age. This unnecessary and dysregulatory de-
crease occurs because under conditions of human
civilization (for humans) or captivity (for laboratory
animals), vital functions of the organism are regulat-
ed by control systems operating in an unstable mode,
with main indicators drifting toward weakening of
most functions.

After passing through non-obligatory yet, under
these conditions, inevitable stages of immune decline,
true immunosenescence progresses to inflammatory
aging (inflammaging). This phenomenon has attract-
ed considerable attention as one of the negative man-
ifestations of aging [6, 7]. However, inflammaging is
not the cause of aging but merely one of its conse-
quences [5, 8-11]. It typically becomes noticeable only
during the second half of life and predominantly
among residents of economically developed countries
as a lifestyle side effect [7]. Consequently, inflammag-
ing should not be regarded as an obligatory charac-
teristic of the second half of human life.

There are grounds to believe that immunosenes-
cence, which is observed after maturity (immunose-
nescence), may also be a non-obligatory feature of
an organism, similar to what has been proposed for
inflammatory aging (inflammaging) [5, 8-11].

PHYSIOLOGICAL REGENERATION
OF “NON-RENEWABLE” CELLULAR ZONES

It is commonly believed that some organs and
tissues contain regions where cellular renewal does
not occur. Cells in these zones include, for example,
neurons in the brain and cells in ovarian follicles.
Therefore, it is assumed that the natural loss of
neurons and their age-related changes increase the
organism’s vulnerability and contribute to aging or
even represents its primary cause. Age-related chang-
es in “dormant” oocytes in follicles and the depletion
of their pool, which is established in early ontogeny,
are considered the main factors underlying age-relat-
ed decline in fertility and the onset of the postmeno-
pausal period.
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However, stem cell precursors have been found
for both brain neurons and ovarian follicles [12, 13].
Like all stem cells, they are not subjects of proliferative
(Hayflick) limit and can effectively renew cellular com-
partments previously considered non-renewable. The
age-related decline in their cellularity is not related to
their “non-renewability,” because a similar reduction
in cell numbers (cytopenia) is also observed in tissues
with continuous turnover, such as the epidermis and
bone marrow. Importantly, these changes can be re-
versed at both tissue [14] and organ [15] levels. There
is also evidence of cardiomyopathy reversibility under
conditions reducing the load on the heart muscle, such
as after sessions of artificial circulation [16, 17].

These results, along with other evidence, suggest
that the root cause of systemic age-related cytopenia
is not an inherent inability of the organism’s cellular
compartments to self-maintain and self-repair. Most
likely, it arises from dysregulation of processes occur-
ring when the aging body operates outside the zone
of stability of its vital functions [8-11].

This explains the age-related decline in the poten-
tial for physiological and reparative regeneration; how-
ever, there is evidence that this decline is non-obligato-
ry, is regulated, and amenable to correction [8-11, 14].

CONCLUSION

Ideas akin to the concept of slow (non-obligato-
ry) phenoptosis have helped to answer the question
posed by Academician V. V. Frolkis: why do organisms
consisting of potentially non-aging cell lines actually
age? After all, their origins lie in tissue stem cells,
and like cancer cells, these cells have no limit on the
number of divisions. The renowned gerontologist Ber-
nard Strehler (USA) also believed that there is noth-
ing inherent in cells or multicellular organisms, that
would prevent them from functioning without aging.
But if the conditions necessary for such functioning
are not met, cells inevitably begin to age.

For example, it was demonstrated [18, 19] that
immortalized cells do not age under standard cultur-
ing conditions. Yet, under suboptimal conditions, even
these normally non-aging cells can undergo rapid ag-
ing [20], as evidenced by the exponential increase in
their mortality rate over time, consistent with the clas-
sic Gompertz law observed in humans and animals.
In 2025, this law of mathematical thanatology celebrat-
ed its 200th anniversary and remains a fundamental
tool for gerontologists and demographers alike.

Interestingly, it was also possible to create con-
ditions under which normally non-aging hydras [21]
begin to age, following the same classic Gompertz
law with an exponential increase in mortality rate
[22]. The mortality statistics across different coun-
tries, where populations live in diverse socio-eco-
nomic, climatic, and other conditions, reveal patterns
reminiscent of aging of hypothetically non-aging in-
dividuals [8]. Variations in conditions affect coordi-
nated changes of both parameters of the Gompertz
law, precisely following the trajectory away from the
boundaries of stable life activity (non-aging zone) in
the multidimensional space of the organismal states
in response to demands imposed by the external en-
vironment [23].

In fact, the kinetic patterns of human aging [8,
24] closely mirror those observed in non-aging hy-
dras under aging-inducing conditions. As civilization
progresses, humans are increasingly removed from
the pressure of natural environment and corre-
sponding behaviors, moving further away from the
non-aging zone. However, this shift occurs along with
civilizational reduction in baseline mortality, which
leads to the increase in the average life expectancy.
At the same time, the likelihood of extreme longevity
for individuals decreases due to the increase in the
kinetic parameter of the Gompertz law, i.e., faster in-
crease in the mortality rate with age. Nevertheless,
both the average and maximum lifespans of labora-
tory nematodes have been increased several times
by artificially minimizing both parameters (through
hypomorphic mutation of the regulatory genes daf-2
or age-1) [25, 26].

Acknowledgments

The author is grateful to Vladimir Petrovich Skulachev
and Anatoly Ivanovich Yashin for their long-standing
interest in this problem.

Funding

This work was supported by ongoing institutional
funding. No additional grants to carry out or direct
this particular research were obtained.

Ethics approval and consent to participate
This work does not contain any studies involving hu-
man or animal subjects.

Conflict of interest
The author of this work declares that he has no con-
flicts of interest.

REFERENCES

1. Gladyshev, V. N., Anderson, B., Barlit, H., Barré, B., Beck, S., Behrouz, B., Belsky, D. W,, Chaix, A., Chamoli, M.,
Chen, B. H,, Cheng, K., Chuprin, J., Churchill, G. A., Cipriano, A., Colville, A., Deelen, J., Deigin, Y., Edmonds, K. K,

BIOCHEMISTRY (Moscow) Vol. 91 No. 1 2026



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

AGING: PROGRAM, WEAR AND TEAR, OR DYSREGULATION? 79

English, B. W, et al. (2024) Disagreement of foundation principles of biological aging, PNAS Nexus, 3, pgae499,
https://doi.org/10.1093/pnasnexus/pgae499.

. Izmailov, D. M., and Obukhova, L. K. (1996) Geroprotector efficiency depends on viability of control popula-
tion: life span investigation in D. melanogaster, Mech. Ageing Dev., 91, 155-164, https://doi.org/10.1016/s0047-
6374(96)01776-9.

. Orr, W. C,, and Sohal, R. S. (2003) Does overexpression of Cu,Zn-SOD extend life span in Drosophila melanogaster?
Exp. Gerontol., 38, 227-230, https://doi.org/10.1016/s0531-5565(02)00263-2.

. Olovnikov, A. M. (2003) The redusome hypothesis of aging and the control of biological time during individual
development, Biochemistry (Moscow), 68, 2-33, https://doi.org/10.1023/a:1022185100035.

. Khalyavkin, A. V,, and Krut’ko, V. N. (2015) Early thymus evolution — manifestation of an aging program or a
program of development? Biochemistry (Moscow), 80, 1622-1625, https://doi.org/10.1134/S0006297915120111.

. Franceschi, C.,, Bonafe, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., and De Benedictis, G. (2000) In-
flamm-aging. An evolutionary perspective on immunosenescence, Ann. N. Y. Acad. Sci., 908, 244-254, https://
doi.org/10.1111/j.1749-6632.2000.tb06651.x.

. Franck, M., Tanner, K. T,, Tennyson, R. L., Daunizeau, C., Ferrucci, L., Bandinelli, S., Trumble, B. C., Kaplan, H. S,,
Aronoff, J. E., Stieglitz, J., Kraft, T. S., Lea, A. J., Venkataraman, V. V.,, Wallace, I. J., Lim, Y. A. L., Ng, K. S, Yeong,
J. P. S, Ho, R, Lim, X., et al. (2025) Nonuniversality of inflammaging across human populations, Nat. Aging, 5,
1471-1480, https://doi.org/10.1038/s43587-025-00888-0.

. Khaliavkin, A. V. (2001) Influence of environment on the mortality pattern of potentially non-senescent organisms.
General approach and comparison with real populations, Adv. Gerontol., 7, 46-49.

. Khalyavkin, A. V., and Yashin, A. I. (2006) Inadequate intensity of various components of total environmental
signals can lead to natural aging, Ann. N. Y. Acad. Sci., 1067, 45-46, https://doi.org/10.1196/annals.1354.007.
Khalyavkin, A. V. (2013) Phenoptosis as genetically determined aging influenced by signals from the environment,

Biochemistry (Moscow), 78, 1001-1005, https://doi.org/10.1134/S0006297913090058.

Khalyavkin, A. V., and Krut’ko, V. N. (2018) How regularities of mortality statistics explain why we age despite
having potentially ageless somatic stem cells, Biogerontology, 19, 101-108, https://doi.org/10.1007/s10522-017-
9728-2.

Ahlenius, H., Visan, V., Kokaia, M., Lindvall, O., and Kokaia, Z. (2009) Neural stem and progenitor cells retain
their potential for proliferation and differentiation into functional neurons despite lower number in aged brain,

J. Neurosci., 29, 4408-4419, https://doi.org/10.1523/JNEUROSCI.6003-08.2009.

Woods, D. S., and Tilly, J. L. (2013) An evolutionary perspective on adult female germline stem cell function
from fly to human, Semin. Reprod. Med., 31, 24-32, https://doi.org/10.1055/s-0032-1331794.

Rando, T. A.,, and Chang, H. Y. (2012) Aging, rejuvenation, and epigenetic reprogramming: resetting the aging
clock, Cell, 148, 46-57, https://doi.org/10.1016/j.cell.2012.01.003.

Kushima, K., Kamio, K., and Okuda, Y. (1961) Climacterium, climacteric disturbances and rejuvenation of sex
center, Tohoku J. Exp. Med., 74, 113-129, https://doi.org/10.1620/tjem.74.113.

Klotz, S., Danser, A. H. J., and Burkhoff, D. (2008) Impact of left ventricular assist device (LVAD) support on the
cardiac reverse remodeling process, Progr. Biophys. Mol. Biol., 97, 479-496, https://doi.org/10.1016/j.pbiomolbio.
2008.02.002.

Dandel, M., Weng, Y., Siniawski, H., Stepanenko, A., Krabatsch, T., Potapov, E., Lehmkuhl, H. B., Knosalla, C,
and Hetzer, R. (2011) Heart failure reversal by ventricular unloading in patients with chronic cardiomyopa-
thy: criteria for weaning from ventricular assist devices, Eur. Heart J., 32, 1148-1160, https://doi.org/10.1093/
eurheartj/ehq353.

Khalyavkin, A. V., and Blokhin, A. V. (1994) Long-term limitation of cell proliferation in culture does not lead to

proliferative aging [in Russian], Tsitologiya, 36, 465-468.

Blokhin, A. V,, and Khalyavkin, A. V. (1995) Influence of long-term limitation of cell proliferation on the cell
cycle duration, Cell Prolif., 28, 431-435, https://doi.org/10.1111/j.1365-2184.1995.tb00083.x.

Khokhlov, A. N. (2010) From Carrel to Hayflick and back, or what we got from the 100-year cytogerontological
studies, Biophysics (Moscow), 55, 859-864.

Martinez, D. E. (1998) Mortality patterns suggest lack of the senescence in hydra, Exp. Gerontol., 33, 217-225,
https://doi.org/10.1016/s0531-5565(97)00113-7.

Yoshida, K., Fujisawa, T., Hwang, J. S., Ikeo, K., and Gojobori, T. (2006) Degeneration after sexual differentiation
in hydra and its relevance to the evolution of aging, Gene, 385, 64-70, https://doi.org/10.1016/j.gene.2006.06.031.
Khalyavkin, A. V., and Yashin, A. I. (2006) Aging as a result of unplanned drift of the parameters of the organ-
ism’s control systems, inevitable under inadequate conditions of functioning [in Russian], in Third International
Conference on Control Problems, Plenary Reports and Selected Works. ICS RAS, Moscow, pp. 430-435.

BIOCHEMISTRY (Moscow) Vol. 91 No. 1 2026



80 KHALYAVKIN

24. Strehler, B. L., and Mildvan, A. S. (1960) General theory of mortality and aging, Science, 132, 14-21, https://
doi.org/10.1126/science.132.3418.14.

25. Partridge, L., and Gems, D. (2002) Mechanisms of ageing: public or private? Nat. Rev. Genet., 3, 165-175, https://
doi.org/10.1038/nrg753.

26. Ayyadevara, S., Alla, R., Thaden, J. J., and Shmookler Reis, R. J. (2008) Remarkable longevity and stress resistance
of nematode PI3K-null mutants, Aging Cell, 7, 13-22, https://doi.org/10.1111/j.1474-9726.2007.00348.X.

Publisher’s Note. Pleiades Publishing remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations. AI tools may have been used in the translation or editing of this article.

BIOCHEMISTRY (Moscow) Vol. 91 No. 1 2026



