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Abstract The regulation of nutrition and metabolism plays a pivotal role in regu-
lating the aging process. The nutrition is a critical external factor influencing the
development of aging and associated disorders. One of the well-known dietary inter-
ventions to slow aging and reduce mortality is calorie restriction. The results of
the range of studies indicate that calorie restriction facilitates the increase in life
expectancy and a decrease in the aging processes. The effect of calorie restriction on
the aging process has been associated with a wide range of the reactions in different
types of cells, particularly the stem cells. This Chapter discusses the role of the stem
cells in aging processes and associated disorders in the context of calorie restric-
tion strategies. It encompasses the analysis of the results of preclinical and clinical
studies on the relationship between the calorie restriction and adult stem cell function
in order to understand the effects of calorie restriction on the health and longevity.
The Chapter highlights the role of stem cells in neurogenesis, alterations in stem cell
function under the influence of calorie restriction. In addition, the potential of the
calorie restriction mimetics as aging modulators has been discussed too.

Keywords Adult stem cells · Aging · Calorie restriction · Calorie restriction
mimetics · Autophagy · MTOR

25.1 Introduction

The results of numerous studies have not yet led to the universal concept of aging.
During the last decades, several distinct, interrelated and interdependent, biological
mechanisms underlying the process of aging and age-related diseases have been
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identified (Kennedy et al. 2014). These mechanisms encompass macromolecular
damage, metabolism, stem cells and regeneration, proteostasis, adaptation to stress,
inflammation and epigenetics (Kennedy et al. 2014). In the context of the current
understanding of aging, it has been assumed that human body has developed adaptive
strategies to recognize and neutralize the combination of the stress factors that affect
the biological mechanisms described above and adaptive consequences of protective
responses formed during the evolution process (Epel andLithgow2014; Santoro et al.
2020). In case the human body fails to adapt to the stressor, it leads to the disruption
of the homeostasis and eventually may cause the development of age-related changes
(Santoro et al. 2020).

One of the most important environmental factors associated with the vital activity
of the body is the availability of nutrients (Speakman 2013). The lack of the nutrients
is a possibly predictable event and in the course of evolution adaptivemechanisms for
starvation have been formed, but excess of nutrients (especially some in particular)
and associated obesity is non-adaptive, and facilitatesmetabolic dysfunction (Santoro
et al. 2020).

The importance of the regulation of nutrition and metabolism is demonstrated in
recent advances in proteomics and metabolomics indicate that metabolic signalling
pathways play a pivotal role in regulating the aging process and nutrition can be a
critical external factor influencing the development of aging (Schüler et al. 2020).
Moreover, according to the hypothesis “metabolic age score” metabolic changes
accumulate over time, and an estimate of metabolic age score is an informative
measurement of the biological age (López-Otín et al. 2016; Hertel et al. 2016). In
compliance with the numerous studies congenital defects in the metabolic signalling
pathways accelerate aging, and the maintenance of longevity is closely related to the
metabolic processes (López-Otín et al. 2016; Barzilai et al. 2012, Catic 2018).

The regulation of aging by the metabolic processes can be considered within
the concept of hormesis, where a certain level of the metabolic disorders weakens
the effects of aging due to the activation and upregulation of the protective cellular
pathways. However, over-activation of the metabolism leads to an acceleration of the
aging processes (Gems and Partridge 2008; Santoro et al. 2020). This concept agrees
with the numerous data that indicate that calorie restriction (CR) from a normal diet,
and not just a lack of overeating, facilitates the increase in life expectancy and a
decrease in the aging processes of animals and humans (Heilbronn and Ravussin
2003; Flanagan et al. 2020; Franceschi et al. 2018). Along with the organismal level,
CR promotes changes in the aging phenotypes at the tissue, cellular and molecular
levels. (Ma et al. 2020).

The selection of the optimal CR program is a very urgent task in gerontology.
Considering CR in the prism of hormesis, the use of the moderate (usually intermit-
tent) stress is necessary to obtain a beneficial effect as it was noted in the pioneering
works ofMattson (Mattson 2008). In addition, it was assumed that adaptive responses
arising under the influence of the food stress in the aging organisms lose the inten-
sity of the response and so-called “metabolic flexibility”, i.e. the ability to balance
between the energy consumption and energy storage (Storlien et al. 2004). Perhaps
this is one of the reasons for the change in the body’s sensitivity to CR with age. In
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addition, other negative aspects of CR should be noted: acceleration of the sarcopenia
in old organisms, possible malnutrition, difficulty in maintaining the diet in the
elderly, etc. (Xie et al. 2020; Locher et al. 2016, Madeo et al. 2019). In this regard,
a possible alternative is a chemical compound capable of imitating CR – calorie
restriction mimetics (Shintani et al. 2018, Madeo et al. 2019).

The difficulty in assessing the effect of CR on the aging process is associated
with a wide range of the reactions in different types of cells, tissues and organs
caused by aging and the subsequent various adaptive and non-adaptive consequences
of the calorie restriction (Ma et al. 2020). To improve the understanding of this
processes we should focus on the impact of CR on the adult stem cells, which
are the key in maintaining tissue homeostasis. Adult stem cells (ASC) (specific
tissue stem cells, somatic stem cells) have been found in many human and animal
tissues. ASCs are undifferentiated cells (relative to the functional tissue) capable
of proliferation, self-renewal and differentiation into tissue-specific precursors to
maintain the tissue homeostasis and tissue regeneration upon the illness or injury
(Loeffler and Roeder 2002). The most studied adult stem cells are hematopoietic
stem cells and mesenchymal stem cells (Clevers 2015, Gonzalez and Bernad 2012).
Like normal somatic cells, somatic stem cells are exposed to various stress factors
throughout the life, which leads to aging, (Jones and Rando 2011, Sharpless and
DePinho 2007, Alt et al. 2012, Liu and Rando 2011, Rando 2006) and this can be
one of the reasons of the overall organism aging (Fukada et al. 2014; Mimeault and
Batra 2009). Taking into the account the key role of the stem cells in maintaining
a dynamic balance in tissue and organ homeostasis, it is easy to assume that they
play a central role in aging and the pathophysiology of the various age-associated
diseases such as cardiovascular and cerebrovascular diseases, malignant tumors,
diabetes, autoimmune diseases, recurrent infections, impaired wound healing and
other diseases (Schultz and Sinclair 2016, Goodell and Rando 2015, Smith and
Daniel 2012, Sharpless and DePinho 2007, Boyette and Tuan 2014).

One of the main mechanisms in aging of the adult stem cells is a disruption of
proteostasis and autophagy (Chang 2020). At the same time, CR contributes to the
restoration of these processes inside the cell (Chang 2020, Chung and Chung 2019)
and therefore the CR mimetics should have a similar effect on the aging of the adult
stem cells.

In recent years, much attention has been paid to the development of anti-aging
strategies aimed at preventing and/or slowing down the aging process based on the use
of the body’s internal abilities for self-healing (Santoro et al. 2020), it is important to
consider the potential of the CR mimetics in maintaining normal tissue homeostasis
through the activation of the adult stem cells.

25.2 Calorie Restriction and Adult Stem Cells

The best known dietary intervention to slow aging and reduce mortality is calorie
restriction (CR). Food intake is reduced below the energy requirements without
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malnutrition or deprivation of the essential nutrients. (Heilbronn and Ravussin
2003; Flanagan et al. 2020). In various preclinical models CR strikingly increase
life expectancy (Heilbronn and Ravussin 2003; Flanagan et al. 2020). Data from
controlled clinical trials in humans associates CR with prolonged life spanonaver
age by 1–5 years (Flanagan et al. 2020). The specific mechanisms underlying CR are
not clear, but existing evidence suggests that CR stimulates cellular defense mech-
anisms such as autophagy, mitochondrial efficacy, decreases ROS production, and
decreases inflammatory cytokines (Flanagan et al. 2020).According to the preclinical
studies CR is strongly dependent on the genotype and sex, and the growth hormone
(GH)/insulin-like growth factor-1 (IGF-1) axis (Komatsu et al. 2019). Given the
importance of adult stem cells in aging, many researchers have studied the relation-
ship between the calorie restriction and adult stem cell function to understand the
effects of CR on the health and longevity. In a number of studies caloric restriction
modulates the functionality of adult stem cells and may have positive effects on the
biology of stem cells in various tissues (Mazzoccoli et al. 2014, Maharajan et al.
2020).

The most sensitive cells to caloric restriction are hematopoietic stem cells
(Wilkinson and Yamazaki 2018). For example, restricting diet to 75% food intake
for about 2 years in BALB/cByJ mice (BALB)inhibits haematopoiesis and prevents
HSC senescence. Interestingly, HSC function in 25 month old CR mice was better
than in 3 month old mice without CR (Chen et al. 2003). In addition, compared to the
long-term exposure, 5 months calorie restriction meals improved function of HSC
to a lesser extent. (Chen et al. 2003). In turn, Tangetal found that a long-term diet of
70% of food intake (30% CR) for 6 and 12 months positively affects the phenotypes
of aging HSC (increased number of HSCs and bias towards myeloid HSC during
aging.) and the resting state of HSC in C57BL/6 J mice, but at the same time nega-
tively affects B-lymphopoiesis in mice, disrupting the differentiation of HSC down
the lymphoid lineage. The negative effect of 30%CRonB-lymphopoaesis wasmedi-
ated by a decrease in the level of IL-6, IL-7, while the effect of CR on the resting
state of cell was associated with a decrease in the concentration of IGF1 (Tang et al.
2016).

On the other hand, a lifelong caloric restriction facilitated stabilization of the
bone marrow cellularity, but the number of HSCs increased compared to the animals
with aging without calorie restriction. Also, the lifelong calorie restriction did not
improve the reduced HSC functionality (Lazare et al. 2017). The authors suggest
that the inconsistency of the results is associated with different experimental design
(different duration of the diet - fasting kinetics), and also point to the importance of
the composition of the standard diet, especially the content of valine (Lazare et al.
2017).

Intestinal stem cells are another attractive object of the research to assess the
effect of CR on the adult stem cells (Bruens et al. 2020; Igarashi and Guarente
2016; Yilmaz et al. 2012). Early studies showed that a 60–70% CR-diet increased
the number of stem cells in the intestinal crypts (Igarashi and Guarente 2016; Yilmaz
et al. 2012) and reduced the incidence of the intestinal polyps by almost 60% (Mai
et al. 2003). In addition, Yilmaz et al. revealed that Paneth cells in the intestinal
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stem cell nichemediate the effects of CRonISC. An important finding in the study
of the effect of CR on ISC was made recently, where at 40% CR for 8 weeks in
mice, the length and width of the small intestine did not change, but there was a
reversible increase in crypt diameter, which was associated with an increase in the
number of Lgr5+ stem cells and lysozyme+ Paneth cells (niche expansion) (Bruens
et al. 2020). Another significant results revealed that the increase in the number of
stem cells associated with the CR diet leads to the displacement of the stem cells
carrying pathological mutations (oncogenic APC mutations) from the niche as a
result of competition of the stem cells on the basis of fitness and also leads to a lower
retention of mutations in the intestine (Bruens et al. 2020).

In addition, CR affects not only Lgr5 + stem cells, but also reserve ISCs. CR
expands the pool of the reserve ISCs and increases the regenerative capacity of the
intestinal epithelium (Yousefi et al. 2018).

The mechanism of the intestinal stem cells regulation is based on the kinase-
regulated signalling pathway, mammalian target of the rapamycin complex 1
(mTORC1) (Igarashi and Guarente, 2016; Yilmaz et al. 2012; Yousefi et al. 2018).
This signalling pathway shows the opposite responses in the ISC compared to the
niche cells (Maharajan et al. 2020). Thus, CR favours a decrease in mTOR signalling
in Paneth cells and induce the bone stromal antigen 1 (Bst-1), which converts NAD1
into secreted cyclic ribose ADP (cADPR) and activates calcium signalling and
this, in turn, stimulates the proliferation of neighbouring stem cells (Yilmaz et al.
2012). Suppression of mTORC1 by exposure to CR was also noted in reserve ISCs
(Yousefi et al. 2018). In contrast, a diet associated with caloric restriction activates
the mTORC1-p70 ribosomal S6 kinase (S6K1) axis and increases the number of
Lgr5 + stem cells through the NAD-dependent protein deacetylase SIRT1(Igarashi
and Guarente, 2016).

Interesting data was obtained in a recent study, when in a short-term (9 days)
60% CR diet the number of the stem cells increased, but the proliferation and size of
the organelles obtained from the crypts diminished. At the same time, a similar diet
in the germ-free (GF) mice did not cause changes in the size of organelles, which
designate the role of the microbiome in the effect of CR on the intestinal stem cells
(Glenny et al. 2020).

Adipose tissue is very sensitive to a calorie restriction, mitigating age-related
adipocyte size increase and stimulating the production of the functional beige fat
in the subcutaneous and visceral adipose tissue, and prevent aging of the white
adipose tissue (Sheng et al. 2020, Fabbiano et al. 2016). However, the effect of CR
on the adipose tissue derived mesenchymal stem cells is poorly understood. Keeping
C57BL/6 mice at the age of 4 months or 21–29 months on a 60% CR diet for
9 months ensued a decrease in the age-related increase in the number of ASCs, but
it also reduced cell clonality during aging and CR (Schmuck et al. 2011).

Thermoregulation studies in CR animals showed the importance of the ambient
temperature and coat and skin for regulating the energybalance (Ravussin et al. 2012).
60% CR diet for 6 months in Swiss mice results in a decrease in subcutaneous fat
reserves and thickening of the epidermis and an increase in the pool of the hair follicle
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stem cells. The authors of this work suggest that the thermoregulatory adaptive
evolutionary mechanism compensates for the heat loss (Forni et al. 2017).

One of the most dangerous conditions associated with aging is dementia and other
cognitive impairments that dramatically reduce the productivity and quality of life
in elderly (Desai et al. 2010). Therefore, the regulation of the brain aging processes
with diet, and in particular calorie restriction, draws in much consideration of the
researchers. (Dias et al. 2020). Mild to moderate CR (≤ 40%) CR launched at an
early stage improved neurovascular functions of the brain, cognitive function and
memory in aging animals compared to the controls (Parikh et al. 2016; Kaptan et al.
2015). Considering the role of stem cells in neurogenesis, alterations in stem cell
function under the influence of CR have called the increased attention in studying
the effects of CR on cognitive function and brain neuroplasticity. (Apple et al. 2019;
Dias et al. 2020). Several preclinical studies show that CR stimulates cell prolifera-
tion in the dentate gyrus in the hippocampus and subventricular zone (SVZ), where
neurogenesis occur throughout life and slows down with aging (Park et al. 2013;
Kaptan et al. 2015; Apple et al. 2019). On the other hand, long-term CR at the age
of 3 to 11 months had no effect on neurogenesis in the granular cell layer (GCL),
but stimulated the survival of the newly formed glial cells in the hilus of the dentate
gyrus (Bondolfi et al. 2004).

A recent study by Apple et al. (2019) found out that calorie restriction has a
differential effect on the proliferation and production of neurons by the neuronal
stem cells in the SVZ, depending on the age at which the diet was initiated (Apple
et al. 2019). If 60% of CR was launched at an early age (6 to 7 months) within
16 weeks, it supported the increase of proliferation of stem and progenitor cells in the
SVZ.Moreover, if the CR diet was started at an old age (from 12 to 18months), these
animals did not have an increase in proliferation, but the neurogenesis was equivalent
to that in the young mice. The authors suggest that perhaps caloric restriction may
improve neonatal survival of neurons. In addition, in this study, CR was shown to
contribute to the ability of the neural stem cells in aged mice to differentiate into
neurons in vivo. A possible effect of CR on the preservation of the neural stem cell
function in the old brain has been associated with the amelioration of the progressive
inflammation (decreased number of the activated microglia and cytokine expression)
(Apple et al. 2019).

One of the mechanisms involved in increasing the adaptiveness and resistance of
the neurons in CR may be the induction of the neurotrophic factors, such as brain
neurotrophic factor (BDNF) (Fontán-Lozano et al. 2008; Kishi et al. 2014). It should
be noted that there is conflicting evidence regardingBDNF expression inCR, if short-
term exposure to 15% CR for 4 weeks in young females resulted in increased levels
of BDNF in the hippocampus and prefrontal cortex (PFC) in adulthood (Kaptan et al.
2015), than long-term exposure to 30% CR in male mice starting at 3 months of age
for 9 months or over 17 months reduced BDNF levels compared to the animals fed
ad libitum (Yang et al. 2014). Most studies suggest that one of the key mechanisms
of regulation induced by CR might be the inhibition of the decrease in age-related
autophagy, in particular through the mTOR signalling pathway (Maiese et al. 2013;
Raman et al. 2013). Several studies revealed that aging-related neurodegeneration is
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accompanied by the increased activation of mTOR signalling (Maiese et al. 2013;
Troca-Marín et al. 2011). On the other hand according to Yang et al. there is a parallel
decrease in mTOR signalling and activity with age in the hippocampus of mice
(Yang et al. 2014). Therefore, it is assumed that the mTOR signalling cascade play
different roles in the hippocampus of young and oldmice (Yang et al. 2014).However,
the main mechanisms mediating the relationship between CR and neurogenesis are
poorly understood. Interesting data were obtained in a recent study where short-term
CR (overnight) activates new neurons of the olfactory bulb born in adult mice in a
ghrelin-dependent manner (Ratcliff et al. 2019).

One of the main reasons of frailty in older people and their loss of independence
is age-related degenerative muscle loss, deterioration of the muscle fibres, and a
decrease in the strength of muscle contraction, which is called sarcopenia (Xie et al.
2020). Several animal studies have been known to show that CR leads to a reduc-
tion or delay in the age-related defects that occur in the skeletal muscle (Xie et al.
2020; Boldrin et al. 2017). Muscle stem cells are also sensitive to the effects of CR.
Thus, an early study conducted in young C57BL/6 mice (2 months), and on old mice
(18 months), which were exposed to CR (1 week at 20% restriction and 11 weeks
at 40%) showed that CR promoted an increase in frequency of skeletal muscle stem
cells in young and old mice. These cells had an increased number of the mitochon-
dria and muscle after CR showed increased regeneration rate (Cerletti et al. 2012).
Later studies also showed that 25 weeks exposure to 30% CR increased the skeletal
muscle stem cells in aged mice (60 weeks old) (Sato et al. 2017). Also in this study,
mice on CR diet showed the reorganization of the transcriptome inmuscle stem cells,
manifested in the regular transcription of genes associated with the self-renewal and
decreased activity of the genes involved in inflammation or repair of the mitochon-
drial DNA (mtDNA). This might be an indirect evidence of the restoration of the
stem cells and the slowing down of their aging.

More recently, a 40%CRshort-term (3months) or long-term (6months) diet in 12-
week-old adult male Sprague–Dawley rats sustained the clonal myogenic activity in
muscle stem cells (Abreu et al. 2020). At the same time, interestingly, calorie restric-
tion did not affect mitochondrial (oxygen consumption rates, including basal and
physiological respiration, ATP-associated and dependent on proton leakage respira-
tion, maximum and reserve respiration) or glycolytic function. (Abreu et al. 2020).
Overall, these results showed that caloric restriction did not result in overt changes
in the muscle stem cell metabolism.

In addition, the effects of CR on the muscle stem cells depend on many factors,
such as lineage, sex and age of animals according to the findings of Boldrin et al.
in 2017. (Boldrin et al. 2017). Researchers showed that short-term (3 months) and
longer (9 and 19 months) CR have different effects on the skeletal muscle in male
and female C57Bl/6 and DBA/2 mice (shorter-lived strain)36. The exposure to CR
was shown to increase the number of the satellite cells by 6 months, but their number
decreases by 12months. In addition, CR increased fibrosis by increasing the collagen
VI content in mouse muscle and decreased muscle regenerative response. Also CR
makes satellite cells less proliferative in vitro (Boldrin et al. 2017).
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Reducing oxidative stress, increasingmitochondrial function, suppressing inflam-
mation and apoptosis, and activating autophagy are thought to play an important role
in CR-mediated regulation of the sarcopenia, but the exact mechanism by which CR
affects stem cells in the skeletal muscle is still a matter of debate.

It should be noted that restricting calories can have both positive and negative
consequences. (Xie et al. 2020). Age has been shown to play an important role
in the response to calorie restriction. For example, it was shown that short-term CR
(4weeks) led to the acceleratedmuscle degradation inmice in old SD rats (25months)
(Park et al. 2017). In this aspect, it is the effect of calorie restriction on sarcopenia in
the elderly that is one of the main obstacles in calorie restriction therapy (Xie et al.
2020). Thus, based on the above results of the various studies, it could be concluded
that calorie restriction has an impact on the functioning of the adult stem cells. At the
same time, the degree of the impact depends on the duration of the calorie restriction
diet, and in the safest and most effective diet option is a short-term diet. In addition,
the age at which the diet is launched is an important parameter. Thus, the best effects
were achieved with a diet started at a young age, whereas a diet in old age may not
have positive results or even lead to the negative consequences. It should also be
noted that the heterogeneity of the adult stem cells is responsible for the variability
of the signalling pathways underlying the mechanisms of CR effect.

In addition, there is evidence that often the calorie restricted diet used in various
models is not complete and often leads to malnutrition in both mice and rats
(Cerqueira and Kowaltowski 2010). Another limitation is the loss of the muscle
mass and a decrease in the body mass index in CR in the elderly, which carries
potential risks associated with an increased risk of disability and mortality. (Xie
et al. 2020). Taken together, these potential risks of CR are of concern that must
be considered before it could be widely used. The establishment of standardized
preclinical complete diet models is needed to study the mechanisms of CR in more
detail.

Considering the risks of CR for the elderly, it is necessary to develop alternative
approaches, one of which may be the use of strategies based on simulating the effects
of CR, for example, the use of calorie restriction mimetics (Ingram et al. 2006).

25.3 Calorie Restriction Mimetics as Aging Modulators

However, despite the accumulated data on the effect of calorie restriction on slowing
aging, the body responses in older adults differ from those in younger people. Thus the
health benefits of calorie restriction in elderly remain uncertain (Locher et al. 2016).
Changing the eating behaviour of older adults and, moreover, maintaining long-term
calorie restriction is challenging (Madeo et al. 2019). Therefore, the idea to develop
techniques or compounds that can reproduce the effect of calorie restriction without
restricting the food intake seems very attractive (appealing). In 1998, Lane et al.
found that feeding rats with 2-deoxy-d-glucose (2DG) for 24 weeks could mimic
the metabolic effects of long-term CR intervention without significant toxicity or
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sustained alteration in food intake (Lane et al. 1998). Based on the obtained results,
they proposed the concept of calorie restriction mimetics (CRMs), i.e. compounds
that demonstrate the systemic effects of CR (Madeo et al. 2019).

Currently, in the broadest terms, CRMs are viewed as any intervention that demon-
strates the systemic effects of CR and increases life expectancy and prevents aging.
These include anorectic or nutrient absorption inhibiting agents such as caloric
restriction mimetics, calorie-reducing drugs such as sodium glucose co-transporter
2 inhibitors (SGLT2i), and even bariatric surgery (Ingram et al. 2006).

An important debatable issue in this concept is the precise definition of the concept
of CR mimetics as pharmacological agents (Shintani et al. 2018, Madeo et al. 2019).
Over the past two decades, there has been no consensus on the biochemical and
functional determination of CR mimetics (Ingram and Roth 2015). Pioneers of the
mimetic concept, Ingram et al. suggested descriptors specific to CRM: (1)mimics the
metabolic, hormonal, andphysiological effects of theCR; (2) activates stress response
pathways observed in CR and enhances the stress protection; (3) produces CR-
like effects on longevity, reduces age-related disease, and maintains more youthful
function; and (4) does not significantly reduce food intake, at least over the short-
term (Ingram and Roth, 2015; Ingram et al. 2006, 2004). Based on these descriptors,
the concept of mimetics is a broad view of the CR mimetics.

In a narrower sense, the basic properties of CR mimetics are thought to be associ-
ated with the regulation of autophagy and glucose metabolism as key mechanisms of
calorie restriction within the cell (Shintani et al. 2018,Madeo et al. 2019). According
to Madeo et al. CRms are compounds that activate autophagy by promoting the
deacetylation of the cellular proteins, by (1) depleting acetyl coenzyme A (AcCoA),
(2) inhibiting acetyltransferases, and/or (3) stimulating deacetylases (Madeo et al.
2019).

The question of the ability of CRMs to increase life expectancy is unclear. It is
assumed that the overall cumulative effect of the CRM exposure is an increase in life
expectancy and a decrease in age-related disorders (Ingram et al. 2006). However,
the effectiveness of CRMs in this aspect is unclear and, for example, so far, only
rapamycin has shown a steady effect on the increase in life expectancy as in rodents
regardless of their sex (Miller et al. 2011; Harrison et al. 2009). But at the same
time, in another study, rapamycin has a limited effect on aging in mammals and
increases lifespan, possibly activating mechanisms of suppression of carcinogenesis
(Neff et al. 2013). The lack of CRMs effectiveness to increase lifespan may be due
to the fact, that the positive effects of the CR are mediated through the regulation of
many intracellular signaling pathways, whereas CRMs are apparently involved in the
activation of only some of the pathways and there is no single CR mimetic capable
of mimicking CR alone. Therefore, some studies suggest the use of a combination
of several CR mimetics (Ingram and Roth 2015). Thus, most likely CRM is a group
of molecularly unrelated compounds capable of partially causing effects similar to
CR on the cells, tissues, and organs.

However, despite the absence of the mimetics that completely mimick the effects
of the calorie restriction, the currently known CRMs are able to positively influence
the aging processes of the cardiovascular system, and also reduce acute ischemia in
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preclinical models (Sciarretta et al. 2020). Slowing down the aging of the neuromus-
cular junctions and muscle fibers has also been observed with the exposure to CRMs
(Stockinger et al. 2018). What’s more, CRMs have beneficial effects on the brain
aging and prevent Alzheimer’s disease (Van Cauwenberghe et al. 2016; Chiba et al.
2010). In addition, numerous studies indicate a protective role for CRMs in diabetes
and obesity (Chiba et al. 2010).

25.4 Calorie Restriction Mimetics and Adult Stem Cell
Aging

The previous section of the chapter described the relationship between CR and adult
stem cell function, and reported studies showing that CR has a generally positive
effect on the adult stem cells and inhibits aging. Accordingly, it is logical to assume
that when exposed to CRMs, one can expect their influence on the functioning of the
stem cells through the activation of the molecular pathways involved in the response
to CR. Therefore, in this section of the chapter, we summarize the impact of CRMs
on the adult stem cells in aging.

The intestinal tract is the first organ in contact with food, and at the same time is
very sensitive to calorie restriction (Peña-Villalobos et al. 2019), therefore, first of all,
it is necessary to pay attention to the reactions of the intestinal stem cells to the action
of CRMs. It has been shown that the antidiabetic drug metformin, which is classified
as CRMs (Martel et al. 2021), improve aging phenotypes (hyperproliferation, centro-
some amplification, and accumulation of DNA damage) in the Drosophila intestinal
stem cells through the down-regulation of the AKT / TOR signaling pathway (Na
et al. 2015, 2018). It was recently found that alpha-lipoic acid (ALA; 1,2-dithiolane-
3-pentanoic acid), also referred to as CRM, also had a positive effect on the aging
phenotypes of the Drosophila intestinal stem cells, resulting in the suppression of
the age-related hyperproliferation of the intestinal stem cells (Du et al. 2020). Inter-
estingly, the effect of ALA on stem cells was achieved not due to the antioxidant
capacity, but due to the activation of the expression of specific genes associated with
the autophagy and endocytosis in old cells (Du et al. 2020).

Nicotinamide riboside (NR), a precursor of nicotinamide adenine dinucleotide
(NAD + ), is a potent anti-inflammatory agent and an aging modulator (Mehmel
et al. 2020) with CRMs properties (Madeo et al. 2019). A study by Igarashi et al.
(2019) found that oral administration of NR at a concentration of 500 mg/kg/day
in drinking water for 6 weeks resulted in ISC recovery in aged mice in vivo, while
ex vivo studies showed improved colony formation in aged mice and the effect of
NR was blocked by the mTORC1 inhibitor rapamycin or the SIRT1 inhibitor EX527
(Igarashi et al. 2019). At the same time, data on the effect of the mTORC1 inhibitor
rapamycin, one of themost studiedCRMs, on the intestinal stem cells is controversial
(He et al. 2020; Igarashi and Guarente 2016; Yilmaz et al. 2012). On the one hand, a
recent study showed that mTORC1 is strongly upregulated in the ISC cells in aged
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mice and mTORC1 inhibition resulted in a partial improvement in aging phenotypes
in 16 diet-restriction-induced ISC expansion of one-month-old mice (He et al. 2020).
In contrast, Igarashi et al. demonstrated that caloric restriction induces an increase
in mTORC1 activity in ISCs leading to the increased cell proliferation, whereas
rapamycin suppressed dietary restriction-induced ISC proliferation (Igarashi and
Guarente 2016).

The functioning of the hematopoietic stem cells can also be altered by CRMs,
especially by the compounds associated with the regulation of mTOR. The impor-
tance of mTOR in HSC aging is evidenced by the results of a study that showed that
age-related functional decline in HSC is improved in long-lived mTORmutant mice
(Selman et al. 2016). And also in another study, mTOR activity increases in the HSC
of mice with aging, and rapamycin at a dose of 4 mg/kg every other day for 6 weeks
increased lifespan, restored self-renewal and hematopoiesis of HSC in old mice
(22 months) (Chen et al. 2009). An ex vivo study showed that rapamycin treatment
inhibited the cellular senescence, possibly through Bmi1 activation and p16 inhibi-
tion, and led to the stimulation of ex vivo expansion and long-term hematopoietic
repair of HSCs (Luo et al. 2014).

Resveratrol also affects hematopoiesis in vitro and in vivo (Rimmelé et al. 2014;
Zhang et al. 2010;Matsui et al. 2012). Rimmelé et al. demonstrated that daily admin-
istration of resveratrol (5 mg/kg) for three weeks increased the frequency and the
total number of the Lin - Sca1 + c-Kit + (LSK) cells in the bone marrow of the
C57BL/6 mice (Rimmelé et al. 2014). In addition, the treatment with the resveratrol
improved the state of the LSK-HSC, positively influenced the microenvironment of
the bone marrow, and partially corrected the abnormal status of the cell cycle in
a mouse model of the Fanconi anemia (Zhang et al. 2010). A similar effect on the
same Fanconi model of anemia was demonstrated by metformin, a therapy that led to
an improvement in the hematopoiesis, increased the size of the hematopoietic stem
cell compartment, and enhanced the rest of hematopoietic stem cells and progenitor
cells. Moreover, metformin reduced the DNA damage and improved the spontaneous
chromosome breakage in cells (Zhang et al. 2016).

The importance of the autophagy activationwhen exposed toCRMson the skeletal
mouse stem cells has been shown in a number of studies (Ramos et al. 2012). It was
shown that in prematurely senescent mice, the muscle-derived stem/progenitor cells
(MDSPCs) exhibit abnormalities in proliferation, chondrogenic, osteogenic, and
myogenic differentiation and regenerative potential, and cultivation in the rapamycin-
containing media resulted in the improved differentiation and decreased apoptosis
and aging (Kawakami et al. 2019).

One of the key regulators of the autophagy is Sirtuin 1 (Sirt1), also known as
a NAD-dependent deacetylase sirtuin-1, the nutrient sensor, so resveratrol as an
activator of the Sirt1 can influence the functioning of the satellite cells (Alway et al.
2014). Resveratrol, for example, caused the restoration of muscle mass in the plantar
muscle of old rats after hanging the hind limbs, which was associated with the
improvement of the satellite cell proliferation in the hind limb muscles (Bennett
et al. 2013). On the other hand, the 10-month consumption of the resveratrol had a
protective effect against the aging-induced oxidative stress in the skeletal muscles,
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but did not attenuate sarcopenia inmice (Jackson et al. 2011). This is possible because
the effect of resveratrol may depend on its concentration. Resveratrol at low doses
(10 μM) caused the myoblast cell cycle stop, migration and promoted the muscle
regeneration in vitro by attenuating ROS exposure, while higher doses (40–60 μM)
suppressed these effects (Bosutti and Degens, 2015).

Metformin, as a regulator of autophagy, also caused themetabolic reprogramming
in the fate of the skeletalmuscle stemcells. Interestingly, in a recent study byPavlidou
et al. it was shown that unlike resveratrol, metformin did not lead to the activation
of Sirt1 in the satellite cells, and contributed to the maintenance of the satellite
cells at rest, caused a delay in their differentiation in vitro and slowed down the
process of muscle regeneration after the cardiotoxin injury in vivo (Pavlidou et al.
2019). On the other hand, the metformin improved in vivo the regeneration after
a burn injury by activating the proliferation of the Pax7-positive satellite cells via
the AMPK signalling pathway (Yousuf et al. 2020). The authors suggest that the
differences between the two studies are due to the fact, that the burn injury causes
systemic inflammation that lasts 2 weeks, as opposed to the shorter exposure to
cardiotoxin. In addition, after a burn, animals are more mobile and this affects the
muscle regeneration (Yousuf et al. 2020). Moreover, conflicting results have been
obtained with the myogenic cell differentiation. On the one hand, it was found that
in myoblasts, the metformin-treated MyoD and p21cip1 are not activated, which
negatively affects the myogenic differentiation (Pavlidou et al. 2017). In contrast,
another study showed that metformin did not affect the proliferation but enhanced
the myogenic cell differentiation (Senesi et al. 2016). These results demonstrate the
complex nature of the effects of metformin on the muscle stem cells and the need
for more detailed studies.

Several studies have shown an association between the changes in polyamine
levels in the muscle fibers and the skeletal muscle atrophy and hypertrophy (Lee and
MacLean, 2011). It was shown that in vitro polyamines (putrescine, spermidine and
spermine) cause activation of the satellite cells and the expression of myogenic regu-
latory factors (Thornton et al. 2013). in vivo studies have shown that intraperitoneal
injections of spermidine at a dose of 100 mg/kg of body weight every other day for
32 days induced the autophagy in the satellite cells and activated the resting satellite
cells in mice (Zhang et al. 2018).

Simulating the effect of calorie restriction on the cardiovascular system is one
of the most important properties of mimetics (Sciarretta et al. 2020). An interesting
question is how much adult heart stem cells are involved in this process, which can
play a central role in the age-related remodeling of the heart (Carresi et al. 2021).

Among the known mimetics, the most effective heart stem cell stimulant (CSC)
is the resveratrol. The main results were obtained from the studies related to the
transplantation of the CSCs for the treatment of myocardial infarction. A study
in Sprague–Dawley rats demonstrated that preliminary systemic administration of
resveratrol at a concentration of 2.5 mg/kg/day for 2 weeks improved the myocardial
tissue environment and increased the survival and proliferation and the differentiation
of transplanted CSCs in the area of the myocardial infarction (Gurusamy et al. 2010).
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Pre-treatment with resveratrol for 60 min with the CSC before transplantation
resulted in the improved cardiac function and enhanced engraftment of the implanted
stem cells that had increased the expression of Nrf2, Ref-1 and NFoB (Gorbunov
et al. 2012). Resveratrol at a concentration of 2.5 mg/kg per day for 4 weeks was
also shown to activate the transplanted Sca-1 + CSC cells in the heart. The authors
showed that the upregulation of the VEGF and SDF-1α is the likely mechanism
underlying the resveratrol action (Ling et al. 2017). Resveratrol has been shown
in several studies to promote the differentiation of the Human Induced Pluripotent
Stem Cells into cardiomyocytes through inhibition of the canonical Wnt signaling
pathway and the SRF-miR-1 (Liu et al. 2016). It was also shown that the resveratrol
concentration of 10 μmol/L was optimal for stimulating the differentiation of the
mouse embryonic stem cells into cardiomyocytes (Ding et al. 2016).

Rapamycin also alters the functional properties of the CSCs, which is associated
with the importance of mTOR activity for the vital activity of the heart stem cells
(Zheng et al. 2017). Several studies have shown that rapamycin effectively accel-
erates the differentiation of the embryonic stem cells into the cardiomyocytes (Qiu
et al. 2017; Lu et al. 2017). Investigations that demonstrate the role of rapamycin
regulation of the mTOR activity in the senescent CSCs are important. Studies of the
effect of rapamycin on the CSC showed that in vitro the treatment of the cells with
the rapamycin (10 nM) and resveratrol (0.5μM) reduced the cellular senescence and
IL1β secretion and increased the rate of cell proliferation, due to themechanisms that
were activated by the increased phosphorylation of AMPK. Moreover, this prelim-
inary pharmacological treatment of the old CSCs in vitro led to an improvement in
their reparative potential in vivo (Avolio et al. 2014).

A recent study showed that a treatment with rapamycin (100 nM) markedly
improves the cellular functions, attenuates the replicative senescence, and promotes
the proliferation of the senescent human cardiac progenitor cells (hCPCs) (Park et al.
2020). In addition, the long-term treatment with rapamycin improves the clonogenic
potential andmaintains themigration/differentiation capacity of the old hCPCs (Park
et al. 2020). It was also shown that the rapamycin pretreatment of mesenchymal stem
cells isolated from the rat bone marrow enhances the cardiogenesis and differenti-
ation of the transplanted cells into the cardiomyocytes in a model of myocardial
infarction (Li et al. 2020). However, metformin impaired the homing and survival of
the MSCs in the heart in the diabetic streptozotocin-induced cardiomyopathy in rats
(Ammar et al. 2021).

25.5 Calorie Restriction Mimetics for Neural Stem Cells
and Neurogenesis

The previous section of the chapter summarized the results of the studies showing
that the CR enhances the neurogenesis. Therefore, it is necessary to consider the
effects of the mimetics on the neural stem cells and neurogenesis. The available
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data indicate that the resveratrol has different effects on neurogenesis of a young
and healthy organism (Park et al. 2012) under various stress conditions (Madhyastha
et al. 2013; Moriya et al. 2011; Shen et al. 2016) and aging (Kumar et al. 2016).
Thus, the administration of the resveratrol (1–10 mg/kg) for 14 days inhibited the
proliferation and survival of the neural progenitor cells (NPCs) in the dentate gyrus
of the hippocampus of the young C57BL/6 mice and reduced the levels of the phos-
phorylated form of the cyclic AMP response element-binding protein (pCREB) and
the BDNF in the hippocampus (Park et al. 2012). While in healthy animals resvera-
trol suppressed the neurogenesis, in rats exposed to embryonic stress, the resveratrol
treatment increased the number of neonatal neurons in the hippocampus and the
BDNF expression (Madhyastha et al. 2013).

Resveratrol was also shown to stimulate the neurogenesis and mRNA expression
of the brain neurotrophic factor in the hippocampus of mice with chronic fatigue
(Pavlidou et al. 2019). in vitro, the exposure to resveratrol on the neural stemcells after
the oxygen–glucose deprivation/reoxygenation leads to the increased cell survival
and proliferation, reduces apoptosis and theMDA levels, and also increases the SOD
activity, GSH content, and the expression of Nrf2, HO- 1, and NQO1 proteins (Li
et al. 2020). Resveratrol also exhibited a two-phase effect on NPCs under the culture
conditions (Kumar et al. 2016). While low concentrations of resveratrol (10 μM)
induced cell proliferation through the signal pathways associated with the signal-
regulated extracellular kinases (ERK) and p38 kinases phosphorylation, the high
concentrations (>20 μM) leveled these effects. The administration of resveratrol
(20 mg/kg body weight) to old rats (15 months) enhanced the neurogenesis in the
region of the dentate gyrus of the hippocampus (Kumar et al. 2016).

Numerous in vitro and in vivo studies have confirmed that metformin may be an
important regulator of the metabolism and functioning of the brain cells, including
the stem cells, and has a great potential in the treatment of the neurodegenerative
diseases (Markowicz-Piasecka et al. 2017; Jiang and Liu, 2020). Several studies have
shown the activation of the neural stem cells by metformin in the various injuries.
It has been shown that metformin causes an activation of the neural stem cells in
the spinal cord only in males, and the progenitor cells in both sexes. Exposure to
metformin resulted in the improved functional outcomes after trauma in the thoracic
spinal cord (Gilbert and Morshead, 2019).

On the other hand, in a study conducted byRuddy et al. where it was shown that the
effect of metformin on the NPCs depended on sensitivity to sex hormones, especially
the estradiol, and only females increased the proliferation of progenitor cells. At the
same time, the neural stem cells and the neurogenesis were activated to the same
extent in both sexes in a model of neonatal stroke (Ruddy et al. 2019). In an another
study, it was demonstrated that administration of metformin for 7 days activates the
endogenous NPCs, expands the NPC pool, and aids migration and differentiation of
theNPCs in the damaged neonatal brain in a hypoxia-ischemic injurymodel (Dadwal
et al. 2015). Using the advanced glycosylation end products (AGEs) model of the
neuronal damage, metformin was shown to increase the survival of the human neural
stem cells (hNSC) and enhance the expression of the AMPK, PGC1α, NRF-1, and
Tfam (Chung et al. 2015).
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Metformin preconditioning of the human induced pluripotent stem cells of the
neural stem cells prior to the brain transplantation damaged by stroke has also
been shown to improve their engraftment and regeneration and recovery after (Ould-
Brahim et al. 2018). Activation of the atypical PKC-CBP pathway, which enhances
the neurogenesis in the brain of the adult mice, is assumed to be signalling path-
ways involved in the regulation of the response to the metformin action on NPCs
(Wang et al. 2012). In addition, Fatt et al. revealed that the neuronal differentiation
of the NPCs extracted from the subventricular zone was enhanced by metformin and
depended on the activation of the AMPK-aPKC-CBP pathway (Fatt et al. 2015).

Also, themetformin treatment has recently been shown to result in rejuvenation of
the oligodendrocyte progenitor cells (OPCs) and the improvement of remyelination
in old animals after focal demyelination (Neumann et al. 2019).

The mTOR signaling pathway is a key in the neuronal and glial differentia-
tion processes and the maintenance of the neural stem cell stemness (LiCausi and
Hartman 2018). Intra-cerebro-ventricular infusion of rapamycin (0.5 mM) into the
left ventricle of mice was shown to reduce the number of proliferating neural stem
cells for almost two times within 7 days (Paliouras et al. 2012). In addition, this study
showed that rapamycin suppresses the division and differentiation of the neural stem
cells in vitro and reduces both the size and the number of the neural stem cells grown
as neurospheres (Paliouras et al. 2012).

An interesting comparative study of the effect of rapamycin or metformin on the
proliferating neural precursor SVZ and DG cells was carried out in mice (Kusne
et al. 2014). A 9-week regimen of daily intraperitoneal (ip) injection of rapamycin
at a dose of 75 μg/kg (low dose) or 2.5 mg/kg (high dose) has been shown to
reduce the proliferation of the neural stem cells in the SVZ region of the brain of
adult C57BL/6 J., while a similar regimen of metformin administration at a dose of
200 mg/kg per day did not cause such an effect. A decrease in the proliferation and
differentiation was also found under the influence of rapamycin, but not metformin
(Kusne et al. 2014).

The study of the mTOR system in the brain during aging showed that the total
number of the neural stem cells and their proliferation in the hippocampus sharply
decreases with age and this correlates with a decrease in the activity of the mTOR
signalling in the old brain, including the NSC (Romine et al. 2015). It was shown that
a single injection of rapamycin (10mg/kg) led to a significant decrease in the number
of proliferating cells in the hippocampus in young animals. Also, if activation of the
mTOR system with ketamine improved the neurogenesis in the hippocampus, then
the joint intraperitoneal injections of ketamine (10mg/kg) and rapamycin (10mg/kg)
to 12 month old mice reduced the level of proliferation (Romine et al. 2015). Collec-
tively, these data indicate that the use of rapamycin may exacerbate brain aging, and
in this aspect the compound is not a calorie restriction mimetic.

Endogenous polyamines play an important role in the neural differentiation,
learning and memory (Guerra et al. 2016) and the levels of polyamines in the aging
brain gradually decrease as they age (Sigrist et al. 2014). Spermidine and spermin
have recently been shown to induce autophagy and inhibit brain aging in the SAMP8
mice (Xu et al. 2020). Perhaps this deceleration is also associated with the effect
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of spermidine on the neural stem cells, as evidenced by another study, the cultiva-
tion of the NPC with spermidine, the cell migration was facilitated, the number of
neurites increased and the BDNF expression increased 7 days after the addition of
SPD (Signor et al. 2017).

Thus, some of the chemical compounds that are classified as the CRMs undoubt-
edly have the properties that allow them to mimic calorie restriction, including
through the mechanisms associated with the activation of the adult stem cells.
However, the impact of the CRMs on stem cells can be both positive and nega-
tive depending on the type of stem cells, which is associated with the heterogeneity
of the adult stem cells in the body. Moreover, the effects of the CRMs on stem cells
can be considered within the concept of hormesis, when the small doses of the CRMs
induced the activation of endogenous stem cells, while the large doses suppressed.
It should also be noted that the CRMs often have the antioxidant properties, and
in high doses they presumably can cause the so-called antioxidant stress in healthy
cells and disrupt a normal redox homeostasis, and this, on the contrary, can lead to
an accelerated aging (Kornienko et al. 2019).

Apart from that, the responses of the adult stem cells to the mimetics are age and
gender dependent, so that they vary greatly from positive to negative. In addition, the
state of a niche or tissue microenvironment has a strong influence on the functioning
of the adult stem cells, which, under the various stresses and diseases, can modulate
the effects of mimetics. The role of the microbiome, which may be involved in
mediating the effects of the CRMs on stem cells, remains unexplored. We believe
that this direction is the very promising in the development of a further strategy for
the use of mimetics. Therefore, further studies are required to determine the role
of metabolic reprogramming in the fate of stem cells with the help of mimetics. It
has to include more accurate and detailed characterization and understanding of the
molecular and cellular mechanisms of the aging process. Moreover, there is a need
to elucidate the interaction of the microbiome axis - stem cells and determine the
optimal concentrations of mimetics and their combinations. Finally, the search for
the new compoundswith themost complete propertiesmimicking calorie restrictions
are needed.
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