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Review Article

Introduction

Stem cells (SC) have the ability to go through 
numerous cell cycles while maintaining an 
undifferentiated state (self-renewal) and the 
capacity to differentiate into specialized cell types, 
which is referred to as potency. In contrast to more 
differentiated daughter cells, SCs are theoretically 
regarded as “immortal” and can go through an 
unlimited number of divisions. In tissues they 
replace cells lost due to homeostatic turnover (fast 
renewing tissues) or due to injury and disease. 
With age, their ability to self-renew declines 
and their ability to differentiate into various cell 
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types is altered, which can lead to degeneration 
and dysfunction of the aging tissues and organs. 
Molecular mechanisms involved in the aging of 
adult SCs are very similar to the mechanisms 
involved in the aging of other somatic cells. Aging 
is caused by various factors that interact and 
operate simultaneously. Molecular mechanisms 
that cause cell aging include DNA damage and 
mutations, cell senescence, exhaustion of the stem 
cell pool, telomere shortening, epigenetic changes 
(alterations of histones, DNA and the consequent 
dysregulation of gene expression), changes in 
microRNAs, changes in metabolism, nutrient 
sensing, decline in mitochondrial integrity and 
biogenesis, alternations in microenvironment and 
paracrine factors, as well as loss of cell polarity 
and proteostasis (Figure 1) (1, 2).
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Figure 1: Mechanisms involved in the aging of stem cells

Figure 2: The accumulation of mutations reduces the functionality of stem cells

Stem Cell Aging

1. Exhaustion of stem cell pool

One of the many theories of aging, the so called 
“Stem cell theory of aging”, proposes that a decline 
in the ability of different types of SCs to efficiently 
regenerate tissues contributes to the aging of 
organs and the whole organism (3). This inability 
to regenerate tissues is mostly caused by changes 

in the production of specialized progenitors, and 
in some cases, by a decline in the number of SCs.

One of the major discoveries in recent years 
showed an age-related decline in the number of 
hematopoietic stem cell (HSC) clones whereas in 
a normal adult approximately 10 000 clones are 
available. The study of hematopoiesis in a 115 
years old woman demonstrated that the majority 
of her white blood cells were the offspring of 
just two HSC clones. Furthermore, telomeres of 
her white blood cells were significantly shorter 
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than telomeres of other somatic cells (4). Aging 
is also associated with a decline in the number 
of circulating CD34+ hematopoietic stem and 
progenitor cells. Mandraffino and colleagues 
(2017) monitored 100 octogenarians and 
demonstrated that the number of their circulating 
CD34+ progenitor cells was a better predictor of 
their lifespan than other risk factors, such as 
blood pressure, smoking, and cholesterol levels 
(5). In our study, we also observed a decline in 
the number of CD271+ cells (mesenchymal stem/
stromal cells) with increasing age (unpublished). 
It is now becoming clear that maintaining a 
sufficient pool of functional SCs contributes to 
extended longevity and a longer health span.

2. DNA damage and mutations

In most mammalian cells, spontaneous 
mutations in DNA occur on a daily basis. Many of 
them are repaired by DNA repair mechanisms, but 
some persist. Mutations accumulate throughout 
life and are responsible for many age-related 
cellular events. The “DNA damage theory of 
aging” was one of the first theories to explain the 
process of aging (6). DNA damage can be caused 
by external factors (ionizing radiation, ultraviolet 
radiation, or environmental toxins) or by a cell’s 
own metabolic processes (for example, by the 
accumulation of reactive oxygen species that are 
generated during the mitochondrial respiration 
process). Old SCs with accumulated mutations 
are still functional up until the DNA alterations 
affect the essential regulatory genes, which cause 
them to become dysfunctional. Clonal expansion 
of the damaged stem and progenitor cells can lead 
to cancer and tumor development. A decrease 
in their ability to self-renew and the consequent 
production of dysfunctional progenitor cells leads 
to organ failure (Figure 2) (7).

3. Telomere shortening

Telomeres are repetitive sequences at the end 
of the chromosomes that maintain chromosome 
stability and protect chromosomes from 
undesirable recombination and fusion with each 
other. In most somatic cells, telomeres shorten 
with each cell division, which limits the number of 
somatic cell divisions. In contrast to differentiated 
somatic cells, adult stem (and cancer) cells express 

the enzyme telomerase, which catalyzes the 
extension of telomere sequences and theoretically 
enables an unlimited number of cell divisions. 
However, despite the action of telomerase, it has 
been demonstrated that telomeres in SCs also 
shorten with time (8). When telomeres reach a 
certain shortened length, the cell enters a state 
of senescence, stops dividing, and can become 
apoptotic. Though there is a lot of evidence 
that telomere shortening is inversely related to 
lifespan, the direct association of telomere length 
with aging still remains controversial. Researchers 
have developed mice without the telomerase RNA 
gene (TERC) and did not find any age-related 
phenotypes in comparison to the wild type mice 
(9), which leaves this an open issue.

We have also determined telomere length and 
expression of telomerase in old and young CD34+ 
cells intended for autologous transplantation but 
the telomere length did not correlate with the 
success of cell therapy (10). 

4. Epigenetic changes and changes in 
microRNA

Epigenetic changes include altered DNA meth-
ylation profiles, histone modifications, chromatin 
remodeling, and changes in microRNA (miRNA). 
Alterations in epigenetic regulation lead to SC 
dysfunction and an increased risk of developing 
hematologic cancer diseases (3). For example, an 
age-related increase in trimethylation of lysine 4 
on the histone H3 protein subunit (H3K4me3) has 
been found to be associated with a loss of differ-
entiation ability (11).

miRNAs are small noncoding RNAs that 
regulate the posttranscriptional expression of 
target genes and are important in the regulation 
of SC self-renewal and differentiation. They tend 
to be altered in aged stem cells. It has been 
demonstrated that some miRNAs inhibit the 
translation of target mRNAs in SCs and their 
differentiating daughter cells. This miRNAs 
function was proven in embryonic and in various 
adult SCs (12).

5. Decline in mitochondrial integrity and 
biogenesis

Many studies have demonstrated that 
mitochondrial dysfunction is one of the major 



K. Jazbec, M. Jež, M. Justin, P. Rožman88

factors contributing to the aging of cells. Evidence 
shows that a decline in mitochondrial functions 
is caused by an accumulation of mutations in 
mitochondrial DNA (mtDNA), an increase in 
oxidative damage, a decrease in the number and 
function of mitochondria, a destroyed calcium 
homeostasis and a failure in mitochondria 
dynamics (fusion and division), all of which may 
contribute to the aging process (13, 14, 1).

Despite many studies, the exact pathophysio-
logical link between damage in mtDNA and aging 
is still unclear. Mutations in mtDNA are difficult 
to detect because every mutation is unique and 
their detection would be possible only if every 
mitochondria produced the same mutation. Nev-
ertheless, these mutations can be detected in in-
duced pluripotent stem cell (iPS) lines because 
in the process of iPS derivation, researchers use 
clones of individual blood or skin cells. Every iPS 
cell derived from the same cell thus contains the 
same mutations in mtDNA as the original adult 
cell (15).

The “Free radical theory of aging” describes aging 
as a result of an increased production of reactive 
oxygen species (ROS) and subsequent increased 
oxidative damage in aging cells. However, it is 
still unclear if an increased production of ROS is 
a cause or the result of aging. While high levels 
of ROS can cause oxidative damage to the main 
cellular components, such as DNA, proteins and 
lipids, a mild increase in ROS formation during 
stress can help an organism to survive and does 
not have a negative effect on longevity. In fact, 
it can even prolong its lifespan (13, 16). This 
concept is known as mitochondrial homeostasis 
or mitohormesis (17, 18).

6. Changes in metabolism and nutrient 
sensing

SCs, like other cells, generate energy via 
glycolysis or oxidative phosphorylation. Dormant 
SCs mostly use glycolysis as the main process 
for generating energy. This is probably because 
fewer ROS are generated during this process. 
Perhaps, due to this fact, most SCs reside in 
hypoxic environments (19, 20). When there is an 
increased need for energy (for example, when cells 
start to proliferate), SCs switch from glycolysis 
to oxidative phosphorylation, which makes them 
more susceptible to oxidative damage.

Glucose is the main cell nutrient. Many age-
associated regulatory mechanisms maintain 
concentration of glucose at physiological levels. 
There is an age-related decrease in hormone 
levels, including growth hormone and its 
secondary mediator IGF-1 (insulin like growth 
factor 1). The presence of glucose induces the 
insulin/IGF-1 signaling (IIS) pathway. The IIS 
pathway is one of the most evolutionary preserved 
pathways, which controls aging. The main targets 
are the FOXO family of transcription factors and 
the mammalian target of rapamycin (mTOR) 
complexes. Mutations and a decrease in levels of 
expression of those key targets promote longevity. 
At the same time, mutations in genes for the 
same targets can lead to uncontrolled cell division 
and cancer development (21). There are three 
additional, related and interconnected nutrient-
sensing systems that participate in glucose-
sensing: the mTOR signaling pathway, which 
senses high amino acid concentrations; the AMPK 
(AMP-activated protein kinase) signaling pathway, 
which senses low energy states by detecting 
high AMP levels; and the sirtuin pathway, which 
senses low energy states by detecting high NAD+ 
levels (22). Researchers managed to increase 
longevity in yeast, nematodes and fruit flies by 
lowering mTOR1 expression levels. Similarly, 
longevity was increased in mice which received 
the mTOR inhibitor rapamycin (23, 24). By 
promoting catabolic processes, the AMPK and 
sirtuin pathways have an opposite effect to the 
IIS and mTOR pathways. An increased expression 
of AMPK and sirtuins promote healthy aging (25), 
whereas the anabolic activity, induced by the 
IIS and mTOR1 pathways seem to be a major 
accelerator of aging.

One of the most robust interventions that delays 
aging in diverse species from yeast to mammals, 
is caloric restriction. It is defined as a reduction 
in caloric intake while maintaining essential 
nutrient requirements. Research in this area has 
discovered molecules – small-molecule caloric 
restriction mimetics (rapamycin, metformin) – 
that provide health benefits and extended lifespan 
without food intake reduction. It has been shown 
that these molecules extend the lifespan in mice 
(24). Caloric restriction also has a positive impact 
on functions of different populations of SC, for 
example it increases the number of satellite cells 
in muscles and improves the function of HSC 
and germinal SC in fruit flies (26, 27). Caloric 
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restriction influences SC function through the 
IIS pathway, mTOR signaling pathways, AMPK, 
sirtuins, and FOXO transcriptional activity. 
To summarize, signaling pathways involved in 
anabolic processes accelerate aging, while limited 
caloric intake promotes longevity (28).

7. Alterations in microenvironment and the 
effect of paracrine factors
 
Similarly, as aging affects SCs, it also affects the 

microenvironment, the so called SC niche. The bone 
marrow niche consists of mesenchymal stromal/
stem cells (MSC), osteoblasts, adipocytes, other 
stromal cells, and extracellular matrix. The ability of 
the MSCs to proliferate declines with age, whereas 
the number of adipocytes in the bone marrow 
increases (29, 30, 31). Molecular mechanisms that 
promote aging of the SC niche are probably similar 
to mechanisms involved in the aging of other types 
of cells (for example, accumulation of ROS, etc.). 
The extent to which the aged bone marrow niche 
contributes to the aging of HSCs has not yet been 
fully explained. One of the main reasons is the 
inaccessibility of the niche in the bone marrow, 
its complex architecture and its three-dimensional 
geometry. It has been demonstrated that the old 
microenvironment has a negative effect on SC 
engraftment after transplantation. When young 
HSC were transplanted into an aged niche, HSCs 
had less success in engrafting and repopulating 
the niche, and they also exhibited enhanced 
myelopoiesis (32). One of the many mechanisms of 
aging is associated with alterations in adhesions 
between SCs and niche cells. An aged bone marrow 
niche also contributes to the loss of HSC polarity, 
skewing toward myeloid differentiation, expansion 
of granulocyte-macrophage progenitor cells and 
dysfunction in lymphocytes B differentiation (33, 
34, 35, 36). 

Various circulating factor levels also have an 
influence on the aging of SCs. Many of them were 
identified because of their rejuvenating effects 
detected in the blood or plasma of young animals, 
or animals on caloric restriction diets. Experiments 
with parabiosis in mice demonstrated that a decline 
in neural and muscle SC function in old mice can 
be reversed by circulating factors from young mice 
(37, 38). It has been observed that most of the 
therapeutic effects after transplantation probably 
occur due to soluble factors and are not a result of 
direct integration of transplanted cells (39).

8. Cell polarity and proteostasis 

Proteostasis is a mechanism that regulates 
the proper folding, functioning, and degradation 
of cellular proteins through regulated protein 
translation, chaperone assisted protein folding, 
and protein degradation pathways. Many 
researchers have demonstrated that proteostasis 
alters with age, and there is consequently an 
accumulation of misfolded or damaged proteins 
(40). The accumulation of unfolded or misfolded 
proteins results in the development of some age-
related diseases, such as Alzheimer’s disease, 
Parkinson’s disease, and cataracts (41). The 
activity of the two main proteolytic systems, the 
autophagy-lysosomal system, and the ubiquitin-
proteasome system, involved in protein quality 
control, also declines with age (42, 43).

To prevent the accumulation of the damaged 
components, SCs have developed a mechanism 
called asymmetric segregation. After an 
asymmetric division, the damaged components are 
distributed into the differentiating cell, whereas 
the SC remains youthful (6, 44). In this way, SCs 
have been shown to asymmetrically segregate 
damaged proteins and mitochondria. In order to 
divide asymmetrically, the cell has to be polarized. 
The ability of HSCs to polarize decreases with age, 
and one of the reasons for this are alterations in 
the Wnt signaling pathway (45).

SCs also have high autophagy and proteasome 
activity. Both processes participate in the 
degradation of damaged proteins. Increased 
autophagy activity was found in HSC and skin 
SCs (46), while increased activity of proteasome 
was found only in embryonic SCs and has not 
been described in adult SCs (47).

9. Cellular senescence 

Cellular senescence is defined as an arrest 
of the cell cycle. It is triggered by various stress 
factors like telomere shortening, ROS, damage of 
nuclear DNA, activation of certain oncogenes or 
reactivation of tumor suppressor genes. Senescent 
cells secrete different pro-inflammatory cytokines 
and chemotactic factors, which are recognized 
by the immune cells, which then destroy the 
senescent cell. 

When a cell loses its tumor suppressor defense, 
which includes proteins p53, retinoblastoma 
proteins, and telomeres, it enters senescence. If 
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a cell does not enter senescence, its telomerases 
reactivate, or the cell develops an alternative path of 
telomere lengthening, it can become malignant (48). 
In addition to apoptosis, senescence is therefore one 
of the beneficial mechanisms that contribute to the 
removal of damaged and potentially oncogenic cells 
under normal conditions. However, it contributes 
to the plethora of aging mechanisms if it is not 
compensated for by a renewal of cells.

Conclusion

We have witnessed major progress in the 
development of advanced cell therapies in 
recent decades. SCs that are used by clinicians 
for various cell-therapies need to be of the best 
quality, meaning that cell products should not 
contain senescent or other dysfunctional cells. 
Understanding the SC aging processes will have 
a major impact on the quality of advanced cell 
therapies. It will also affect the selection of donors 
donating cells for therapies. On the other hand, 
the quality of cells could be improved by the 
process of rejuvenation, using the counter-aging 
mechanisms.

One of the major goals in science today is to 
improve the quality of life of the aging population. 
In the future, we will probably be able to rejuvenate 
tissues and organs. This will improve the 
healthspan, and consequently increase the lifespan 
of people. Science will soon establish whether SCs 
are the “fountain of youth” people have been in 
search of for over a thousand of years.
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MOLEKULARNI MEHANIZMI STARANJA MATIČNIH CELIC

K. Jazbec, M. Jež, M. Justin, P. Rožman

Povzetek: Staranje večceličnih organizmov je kompleksen proces, ki je posledica različnih, med seboj dopolnjujočih se vzrokov. 
Eden od teh je tudi staranje matičnih celic, katerih biološka funkcija je nadomeščanje celic, ki propadejo zaradi bolezni, poškodb 
ali normalnega obnavljanja pri ohranjanju homeostaze tkiv. Molekularni mehanizmi, ki so vpleteni v staranje matičnih celic, so 
podobni kot pri staranju telesnih celic. Vključujejo poškodbe DNK in mutacije, celično senescenco, izčrpavanje zalog matičnih 
celic, krajšanje telomer, epigenetske spremembe (spremembe histonov in DNKA ter posledično spremenjeno izražanje gen-
ov), spremembe v mikroRNK, spremembe v zaznavanju hranil in presnovi, zmanjšano število mitohondrijev in njihovo oslablje-
no funkcijo, spremembe v mikrookolju in kopičenje različnih parakrinih dejavnikov ter izgubo celične polarnosti in proteostaze. 
Matične celice so razvile posebne mehanizme, s katerimi kompenzirajo s staranjem povezano kopičenje napak in ohranjajo 
svojo matičnost, vendar jih ti mehanizmi v dobri kondiciji lahko ohranjajo le določen čas. V članku opisujemo različne mehanizme 
staranja matičnih celic in njihove posledice.

Ključne besede: matične celice; staranje; hranilna snov; zaznavanje; niša
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