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Abstract

In recent years, tissue regeneration has become a promising field for developing stem cell-
based transplantation therapies for human patients. Adult stem cells are affected by the same
aging mechanisms that involve somatic cells. One of the mechanisms involved in cellular aging
is hyperactivation of mechanistic target of rapamycin complex 1 (mTORC1) and disruption of 50

adenosine monophosphate-activated protein kinase (AMPK). Aging of stem cells results in their
impaired regenerative capacity and depletion of stem cell pools in adult tissue, which results in
lower efficacy of stem cell therapy. By utilizing an effective therapeutic intervention for aged
stem cells, stem cell therapy can become more promising for future application. mTORC1 inhi-
bition is a practical approach to preserve the stem cell pool. In this article, we review the
dynamic interaction between sirtuin (silent mating type information regulation 2 homolog) 1,
AMPK, and mTORC1. We propose that using AMPK activators such as 5-aminoimidazole-4-
carboxamide ribonucleotide, A769662, metformin, and oxidized nicotinamide adenine
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dinucleotide (NAD+) are practical ways to be employed for achieving better optimized results in
stem cell-based transplantation therapies.

� 2017 King Faisal Specialist Hospital & Research Centre. Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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Introduction

Longevity brings about new challenges regarding aging and
degenerative diseases to modern medicine. Cellular senes-
cence is irreversible proliferation arrest and limitation of
vitality, induced by a variety of exogenous and endogenous
stressors. The accumulative results of aging processes lead
to gradual deterioration of structure and decline in function
and regenerative potential of organs [1].

Stem cells are affected with the same aging mechanisms
that involve somatic cells [2]. In this article, we focus on
senescence in stem cells, and explore possible strategies -
using small molecules and already Food and Drug Adminis-
tration (FDA) approved medications - to reverse the aged
phenotype in these cells, also known as rejuvenation.

Defining stem cells and their functions

Stem cells are a population of undifferentiated cells cap-
able of self-renewal, as well as differentiating into special-
ized mature tissue cell types. Adult stem cells are found in
mature tissues. The plasticity of these cells allows them to
generate various lineages of cells, even different from their
organ of origin; hence, these cells can be used for organ
regeneration and cellular repair in stem cell therapy [3].

Stem cells and progenitor cells are able to self-renew
and differentiate into organ-specific cell types in vitro. In
vivo stem cell transplantation, as shown in animal models
of diseases, can reconstitute injured organ systems [4].

The regenerative potential of stem cells has been inves-
tigated by many scientists. The promising success of tissue
regeneration by utilizing stem cells has given rise to the idea
of developing stem cell-based transplantation therapies for
human patients. Stem cell therapy proved to be attainable
for many patients, like those who suffer from ischemic
stroke [5], cardiac diseases [6], neurodegenerative disor-
ders [7], and corneal destruction [8]. Diverse applications
for mesenchymal stem cells (MSCs) include regeneration
of various connective tissue lineages and parenchymal cells
[9–11].
Stem cell senescence negatively affects their
quality for cell therapy

As mentioned earlier, stem cells are affected with the same
aging mechanisms that involve somatic cells [2]. Although it
is believed that the number of stem cells does not decrease
with age, their impaired regenerative capacity complicates
age-related diseases [12]. Thus, stem cell senescence per se
is not directly held responsible for mortality and determina-
tion of life span, as age-related diseases are. However, it
contributes to worsening of disease conditions; for instance,
through poor replacement of damaged somatic cells after
myocardial infarction [13].

Stem cells in aged tissues have been exposed to a rela-
tively greater amount of intrinsic and extrinsic toxic
metabolites. In response, various intra- and extracellular
pathways are activated, which in turn have undesirable
effects on genetic and metabolic characteristics of cells,
associated with aging [14]. Genomic alterations include
telomere dysfunction, elevation of p53-associated genes,
DNA damage, and apoptosis [12]. Moreover, proteostasis
and lipid profile do not remain unaffected, and mitochon-
drial respiratory chain dysfunction, which is mostly believed
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Fig. 1 50 Adenosine monophosphate-activated protein kinase
(AMPK) as an applicable drugs/small molecules target and its
interaction with mechanistic target of rapamycin complex 1
(mTORC1).
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to have resulted from mutation accumulation in mitochon-
drial DNA, ultimately brings about the age-dependent func-
tional decline in cell mitochondria [14].

Various studies have shown that aging reduces the regen-
erative potential of stem cells. Degenerative changes in
tissue-specific stem cells and stem cell niches cues that
dysregulation of stem cell activity could be due to adaptive
cellular processes attributed to tissue aging changes such as
accumulation of toxic metabolites, DNA damage, mitochon-
drial dysfunction, proliferative exhaustion, extracellular
signalling, and epigenetic remodeling [13,14]. Adult stem
cells such as aged hematopoietic stem cells (HPSCs) are
known to have lost their ability to respond to stress and dif-
ferentiation [15]. Also, hyperactivation of mechanistic tar-
get of rapamycin complex 1 (mTORC1) and disruption of 50

adenosine monophosphate-activated protein kinase (AMPK)
are known to deplete HPSC pools [16], resulting in reduced
benefits of cell therapy in elderly patients, the largest tar-
get group for regenerative medicine [15,17].

Age-related diseases like diabetes [15] can also nega-
tively impact stem cells by reducing angiogenic capacity
and therapeutic potential, leading to age-induced chronic
diseases like chronic kidney disease [1]. In addition, stem
cell niches lose their ability to maintain stem cells in a qui-
escent state with aging driving cells to differentiation [18].
Regarding the study of Dexheimer et al [19], no specific
parameters other than age could be identified as influencing
the quality of stem cells.

Strategies for rejuvenation can yield higher
quality stem cells

As reviewed in the previous section, current clinical utiliza-
tion of stem cells is challenged by multiple factors, such as
donor age, degenerative diseases, or identification of senes-
cent cells [20].

There is evidence concluding that modification of nutri-
ents, antioxidants, growth factors, serum depletion and
deprivation, and treatment with platelet rich plasma and
low oxygen conditions can more or less hinder the aging of
cells [20]. Nevertheless, modulation of genetic pathways
known to have a pivotal role in the phenomenon of senes-
cence, or making changes in the microenvironment (also
known as niche) of the target tissue for stem cells, provides
a rather effective mode of therapeutic intervention for
stem cell therapy in elderly patients [12].

There are few studies in the literature that investigate
the possibility of stem cell rejuvenation by incorporating
small molecules or medications. Herein, we review the
studies that successfully rejuvenated various lineages of
stem cells.

5-Aminoimidazole-4-carboxamide
ribonucleotide

Lee et al [16] used 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) to overcome the shortage of avail-
able HPSCs/progenitor cells for transplantation. In their
study, HPSCs/progenitor cells were preconditioned with
AICAR and repopulation capacity of HPSCs after transplanta-
tion was assessed. They concluded that preconditioning of
HPSC pools with AICAR dramatically improves the long-
term repopulation of transplanted HPSCs.

It has been shown that an endogenous pool of multipo-
tential MSCs develops in the territory of infarcted cardiac
muscle. Although typically, MSCs differentiate into fibrob-
lasts responsible for collagen secretion and scar tissue for-
mation, this process is impaired in the aging mouse. In
fact, fibroblasts derived from aged heart muscle are dys-
functional and produce insufficient collagen and exhibit
poor maturation into myofibroblasts. Cieslik et al [21]
showed that AICAR can improve this defect in vitro via acti-
vating AMPK. Introduction of AICAR to aged heart led to
mobilization of endogenous MSCs and differentiation
towards fibroblasts and myofibroblasts in the infarct and
was followed by enhanced collagen deposition and collagen
fiber maturation in the scar.

NAD+

In a study conducted by Zhang and colleagues [22], they
demonstrated that treatment with the NAD+ precursor
nicotinamide riboside (NR) rejuvenated muscle stem cells
(MuSCs) in aged mice. They showed that NR inhibits MuSCs
senescence and improves MuSCs function by enhancing
mitochondrial function in a sirtuin 1 (SIRT1)-dependent
manner. Furthermore, they showed that NR decreases
senescence of neural and melanocyte stem cells.

Metformin

As reviewed by Hickson et al [1], several drugs are shown to
affect endothelial progenitor cells, among which are bigua-
nides and namely, metformin. As a result of their study,
they reported that administration of metformin leads to
enhancement of endothelial progenitor cell function and
mobilization.



Table 1 Direct and indirect Modes of 50 adenosine monophosphate-activated protein kinase (AMPK) activation by different drugs
and small molecules.

Drug/small molecule Mode of AMPK activation

NAD+ Indirect: Increased NAD+ to NADH ratio leads to activation of SIRT1, which in
turn activates LKB1 by deacetylation. LKB1 then proceeds to upregulate AMPK
activity by phosphorylation of T172 [29]

Metformin Controversy: Recent research points to an indirect mechanism mediated
through metformin inhibition of AMP deaminase, resulting in an increase in
cellular AMP levels, which in turn activates AMPK [36]

AICAR Direct: Upon introduction into cells, AICAR is converted to ZMP, a nucleotide
that mimics the effect of AMP, ergo activating AMPK [35]

A769662 Direct: A769662 mimics the effect of AMP by binding and activating AMPK.
Furthermore, it inhibits dephosphorylation of T172 on AMPK, keeping this
protein in active state [39]

192 M. Khorraminejad-Shirazi et al.
Interaction between SIRT1, AMPK, and
mTORC1 explains a mechanism for
rejuvenation

SIRT1 is a member of mammalian sirtuins (SIRT1–SIRT7), a
conserved family of NAD+-dependent deacetylases that are
required for many chief cellular processes including meta-
bolic regulation [23,24]. SIRT1 improves mitochondrial bio-
genesis through deacetylation and activation of peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
[25].

It has been difficult to unwind the epistasis of SIRT1 and
AMPK, a strictly conserved heterotrimeric kinase complex
constituted of a catalytic (a) subunit and two regulatory
(b and g) subunits, activated under conditions of energy
stress, as occurs in nutrient deprivation or hypoxia when
intracellular adenosine triphosphate decreases and intracel-
lular adenosine monophosphate (AMP) rises [26]. AMPK has a
dynamic interaction with SIRT1; it has been shown that
AMPK activates SIRT1, probably through an indirect increase
in cellular NAD+ levels [27], whilst SIRT1 deacetylates the
AMPK kinase, liver kinase B1 (LKB1), which leads to
increased phosphorylation and activation of AMPK [28,29].

Mechanistic target of rapamycin (mTOR) is a prime
determinant of lifespan in numerous organisms such as
yeast, worms, flies, and mice. mTOR constitutes two com-
plexes in cells: mTORC1 and mTORC2, each having their
unique structure. mTOR and approximately all of the
mTOR-regulated processes are fundamental in cellular and
organismal aging. By the same token, mTORC1 inhibition
may represent a viable approach to preserve the stem cell
pool, therefore, maintaining functionality of tissues and
organs over time [30]. Moreover, mTORC1 is an inhibitor
of the process of autophagy, which has a key role in stem
cell rejuvenation, and inhibition of mTORC1 activity is an
important step for autophagy initiation [31].

Physiologically, glucose and oxygen control mTORC1
activation. Furthermore, one mechanism through which
intracellular energy level affects mTORC1 activation is
through AMPK kinase activity upon tuberous sclerosis com-
plex (TSC) 2 tumor suppressor upstream of mTORC1, on con-
served serine sites distinct from those targeted by other
kinases, hence indirectly inhibiting mTORC1 [32,33]. Over
and above that, regulatory-associated protein of mTOR
has been identified as a direct substrate of the AMPK. Phos-
phorylation of regulatory-associated protein of mTOR by
AMPK on Ser722/Ser792 is essential for inhibition of
mTORC1 [34].

The research by Hickson et al [1], Lee et al [16], and
Zhang et al [22], mentioned in the previous section, does
not explain the detailed mechanism through which rejuve-
nation of aged stem cells was achieved; this mechanism
can be explained in light of SIRT1-AMPK-mTORC1 interac-
tion. AICAR and metformin can directly upregulate AMPK
activity [35,36], resulting in enhanced inhibition of mTORC1
[32–34]. When inhibited, mTORC1 can no longer mediate
cellular aging, and autophagy pathway will be unblocked,
which eventually leads to stem cell rejuvenation [31].

NAD+ mediates its role in stem cell rejuvenation through
upregulation of SIRT1 activity. SIRT1 proceeds to activate
LKB1 by means of deacetylation, and LKB1 then directly
interacts with AMPK and leads to its activation. Thus,
NAD+ has an indirect effect of AMPK activation [29] (Fig. 1).

Recent studies indicate that metformin might mediate
its AMPK-activating role indirectly. A study conducted by
Ouyang et al [36] points out metformin inhibition of AMP
deaminase that results in an increase in cellular AMP level,
which then activates AMPK. Furthermore, metformin effect
on AMPK activation is well established both in vitro and
in vivo [37].

The modes of AMPK activation for the mentioned com-
pounds are summarized in Table 1.
Discussion

As mentioned earlier, senescent adult stem cells have
reduced quality and potential for proliferation and differen-
tiation [2,12–16]. Pretreatments that induce rejuvenation
of these cells can increase their efficacy in cell therapy
and will be highly favored in clinical application and regen-
erative medicine. As an example in the field of hematopoi-
etic cell transplantation, current data show that mTOR
pathway is hyperactive in aged mice HSCs. The imbalance
caused by aging induced impairment of HSC development
in the elderly contributes to impaired therapeutic responses
more than in the young and lowers the success rate of HSC



Aging and stem cell therapy 193
transplantation from aged donors. Inhibition of mTOR via
pharmaceutical agents enhances the regenerative capacity
of aged mice HSCs and reveals the conservation mechanisms
for functional restoration of HSCs [31]. We suggest that
AICAR and NAD+ are such compounds, and they can improve
stem cell function and enhance the efficacy of stem cell
therapy. Metformin, an already FDA-approved, widely uti-
lized medication, is another feasible option for induction
of stem cell rejuvenation in adult stem cell therapy [38].
The mechanism by which NAD+ repletion refines mitochon-
drial and stem cell function and promotes lifespan acts
mainly through the AMPK-mTORC1 pathway. Also, since
AICAR, metformin, and NAD+ derivatives mediate their reju-
venating role through AMPK activation, we suggest that
other novel AMPK activators, such as A769662 [39], are
practical compounds to be employed in stem cell therapy
methods to achieve higher efficacy and better results. The
application of the mentioned compounds in vitro, in vivo,
and in clinical research could have a beneficial effect on
stem cells technology and cell therapy using aged adult
stem cells, in autologous and allogeneic cell transplanta-
tion, and rejuvenation of damaged tissues in vivo.
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