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without undernutrition. Sirtuin (SIRT)1 and 3, increases

ORQJHYLW\ E\ PLPLFNLQJ WKH EHQHy

restriction. SIRT3 regulates stress-responsive mitochondrial
ACKGROUND: Recent evidence suggested homeostasis, and more importantly, SIRT3 upregulation
that we grow old partly because of our stem cellsrejuvenates aged stem cells in tissues. Resveratrol
grow old as a result of mechanisms that suppres$3,5,4'-trinydroxystilbene), a natural polyphenol found in

the development of cancer over a lifetime. We believegrapes and wine, was the most powerful natural activator of

that a further, more precise mechanistic understanding oIRT1. In fact, resveratrol treatment has been demonstrated

this process will be required before this knowledge can béo rescue adult stem cell decline, slow down bodyweight

translated into human anti-aging therapies. loss, improve trabecular bone structure and mineral density,

DQG VLIQL,¢FDQWO\ HIWHQG OLIHVSDQ

CONTENT: A diminished capacity to maintain tissue

homeostasis is a central physiological characteristic oBUMMARY: 7LVVXH VSHFL¢F VWHP FHOOV

aging. As stem cells regulate tissue homeostasis, depletiche entire lifespan to repair and maintain tissues, but

of stem cell reserves and/or diminished stem cell functiortheir self-renewal and differentiation potential become

have been postulated to contribute to aging. It has furthedysregulated with aging. Given that adult stem cells are

been suggested that accumulated DNA damage could kaought to be central to tissue maintenance and organismal

a principal mechanism underlying age-dependent stergurvival, SIRT3 may promote organismal longevity by

cell decline. It is interesting that many of the rejuvenatngPDLQWDLQLQJ WKH LQWHJULW\ RI WLV

interventions act on the stem cell compartments, perhaps

UHAHFWLQJ VKDUHG JHQHWLF D®EBYWBREBS: K Hdfuvéndtion, Sdgng/ Kste\ Yell, DNA

controlling stem cell function and longevity. Strategy damage, sirtuin activator

to slow down the aging processes is based on caloric

restriction refers to a dietary regimen low in calories butindones Biomed J. 2015; 7(2): 57-72

Abstract

organisms, has attracted curiosity and excited imagination
throughout the history of humankind. For thousands of

Aging is characterized by a progressive loss of physiolo icaYears humanity has searched for the fountain of youth. In
ging yaprog phy 9 the 16th century the Spanish explorer Juan Ponce de Ledn,

integrity, leading to impaired function and increased UVW *RYHUQRU RI 3XHUWR 5LFR VHE

\r'iu:(nfratb":t;’ rt?nd.e?t: r:h'ns d?:]erlior?“oninisl tdhli p"”;aryr \RXWK LO WKH OHJHQGDU\ ODAG Rl X
S factor for major human pathoiogles, INCIUAING Cancer, o s of Bimini, but without success. This quest continues,

diabetes, cardiovascular disorders, and neurodegenerativ? houah all living species on our planet are desianed to age
GLVHDVHV $IJLQJ ZKLFK ZH EUR(B)GOg\ GHg,%ﬂ DV WKB| WLPH g ge.

dependent functional decline that affects most living

"
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The underlying cause of aging remains one of the
central mysteries of biology. Recent studies in severa.
different systems suggest that not only may the rate of aging
EH PRGL¢HG E\ HQYLURQPHQWDO D&Y BRGRFE 5 ahipay|iEdlg\ronsequpnas ef ik As
that the aging clock can be reversed, restoring characteristi@s€Sult Of exposure to intrinsic, as well as extrinsic aging
of youthfulness to aged cells and tissues.(3) Aging iJactors, cellular aging is triggered by gradually accumulating
associated with a gradual loss of homeostatic mechanisnEVA damage and epigenetic changes in DNA's structure. (9-
that maintain the structure and function of adult tissues. A-Y) Thus, aging could be envisioned at the cellular level as
major challenge of aging research has been to distinguish trferesult of altered cell function in response to changes in the
causes of cell and tissue aging from the myriad of change@NA structure that directly affect proper gene expression.

that accompany it. One of the hallmarks of cellular aging id12) With age, there is a gradual decline in the regenerative

an accumulation of damaged macromolecules such as DNAYOPerties of most tissues due to a combination of age-

SURWHLQV DQG OLSLGV 7KHVH EHERFHFRAMBWFEBRY PRGEIHELRAVXH VSHE
reactive molecules, such as free radicals, that are generatgfVironmental cues that promote those cells to participate

during normal cellular metabolism and whose production fiSSué maintenance and repair.(13) These rare and
increases with age. (4) specialized adult stem cell (ASC) are required for tissue

At the cellular level, aging induces many potentially replacement throughout the human lifespan, and appear

interconnected defects, including DNA damage in theV_V R E_H FKD U DF WH ULIHG E\ D IHZ VSHFI
nucleus and mitochondria, mitochondrial dysfunction biochemical properties, particularly the capacity for self-
leading to increased production of reactive oxidative specielenewal.(14-17)

(ROS) and decreased production of ATP, oxidative damage ~ Mechanisms that suppress th.e devc_elopment of cancer,
to proteins and other macromolecules in cells, proteirPUCh as senescence and apoptosis, which rely on telomere

misfolding and aggregation, protein glycation, the inductionfShortening and the activities of p53 and p16INK4a may als.o
RI SURLQADPPDWRU\ F\IWRNLQHYV WRIEFRFWUWANGICRNTaRHGN5: Bdpcliedndhe s gptsgyive
senescense.(1) These will impact mitotically active tissuefunction of certain stem cells types with advancing age.

over time by triggering stem cell depletion by senescencd NS decrease regenerativ'e capac.ity appears to pointing
and apoptosis e(g, intestinal stem cell, hematopoietic ©© the “stem cell hypothesis of aging”.(17) Many of the

stem cell (HSC), mesenchymal stem cell (MS&}), and SPWKRSKIVLRORJLFDO FRQGLWLRQV DIA

postmitotic tissues by causing cellular dysfunction and los@"€Mia, sarcopenia, and osteoporosis, suggest an |mbalar'10e
(e.g, muscle, heart, and brain). Beyond tissue-autonomoul€etween cell loss and renewal. The fact that homeostatic
aging, it is now clear that the brain helps govern aging ofnaintenance and regenerative potential of tissues wane
many organs (5,6),e., dysfunction in the hypothalamus with age has implicated stem cell decline as a central player

will exert systemic effects leading to functional decline and'" the ging process. However, the degree to which aging
damage to cells and organs.(7) LV DWWULEXWDEOH WR VWHP FHOO G\V

Stem cells, through their regenerative ability a more systemic degeneration of tissues and organs will
maintain tissue homeostasis during an individual's IIfespanI|kely differ substantially between different tissues and their

However, stem cell-associated mechanisms of tissue repar?s'dent stem cells.(18)
become impaired with aging. Very interestingly, a recent 0DQ\ RI WKH SDWKRSK\VLRORJLFDO

study demonstrated that Sirtuin (SIRT)3, which is highly 1€ €lderly, such as anemia, sarcopenia, and osteoporosis,
expressed in HSC, is not essential for tissue repair at 8/99€st an imbalance between cell loss and renewal. The

young age under physiological conditions; however, it isfac'Fthat homeostghc malntenz?mce. and regenerative po.tentlal
crucial at an old age. Moreover, it is important to highlightOf tissues wane with age has implicated stem cell decline as

that induced SIRT3 overexpression, which is suppresseft C€ntral player in the aging process. However, the degree
ZLWK DJLQJ VLIQLLFDQWO\ LPSUR PR 39ing is giguaklp g ﬁ%ﬁfhcﬁ'b%f_uwon or
power.(8) The recent implication of a role for SIRT in the LQVWHDG UHAHFWV PRUH VIVWHPLF
¢HOG RI UHJHQHUDWLYH PHGLFLQ H"”E‘)%@@'ﬂ?VY}'BJEeJW%%JbW%'LY@G@’WWE%tH
DSSOLFDWLRQ LQ VWHP FHOO WK Hlssres and fher rgsident gjgtp cells- (BB p p x o L w

has not yet found the fountain of youth: however, the SIRT ~ ASC populations maintain highly differentiated but

story thus far seems the closest to Ponce de Leon’s water aport—lived cells such as blood, intestinal epithelium cells,
Bimini.(2) and sperm throughout life. Upon division of stem cells,

Stem Cell Hypothesis of Aging
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daughter cells must either self-renew to preserve stergells are quiescent most of the time, intermittently dividing
cell identity or commit to differentiation. The balance to maintain tissue homeostasis. In old adults, stem cells
between stem cell self-renewal and differentiation is criticalincrease gate-keeping tumor suppressor expression. This
to tissue homeostasis, with disruption of this balancemay reduce the incidence of cancer in aging tissues, but
leading to tumorigenesis (caused in some cases by stealso reduces regenerative capacity.(29-31) These changes in
cell overproliferation) or tissue degeneration (caused byV WHP FHOOV OLNHO\ UHAHFW UHJXOD
stem cell depletion). A decline in the function of ASC andgenes whose expression changes over time in a way that
their supportive niches has been proposed to contribute tcauses temporal changes in stem cell function.(32-33)
tissue aging, although the underlying mechanisms remain ~ ASCs are known to be mostly quiescent and to rarely
enigmatic.(19,20) Tissue aging has been proposed to hawenter cell cycle.(34) The few exceptions, such as intestinal
arisen as a tumor suppressor mechanism (21-24), in whicktem cells (35), are the subject of debate.(36,37) It has been
tumor suppressor activity reduces stem cell function in latepostulated that quiescence protects stem cells from incurring
stages of life, preventing tumorigenesis but reducing tissudamage during cell division and plays a necessary role in
regenerative capacity. their lifetime maintenance. Nonetheless, when faced with
Most studies of the effects of aging on ASC focusmajor tissue loss or damage, stem cells exit their quiescent
upon the HSC and the age-related changes they undergtate and enter the cell cycle to proliferate and generate large
are well documented. We have attempted to summarizaumbers of differentiated progenies. These properties may
the age-related changes affecting HSCs. HSC numbeise shared by cancer stem cells.(38)
do not decrease with age rather, the proportion of Cluster Recently, the progeroid phenotype of the mitochondrial
of Differentiation (CD)34/CD38 or Lin/CD34/CD38/ DNA (mtDNA) mutator mice has been, at least partly,
CD90/CD45RA increases in the elderly bone marrow attributed to embryonic-onset dysfunction of somatic
of humans and mice, respectively,(25,26) but these cellstem cells.(39) Ahlqvist and coworkers demonstrated that
show a number of functional differences to their youthfuldevelopment of neural and hematopoietic progenitor cells
counterparts. The increasing preference for myeloid oveof the mtDNA mutator mice is already affected during fetal
lymphoid differentiation has already been noted (27),development, and that neural stem cells showed decreased
but why this should occur is not completely understood.abundance in vivo as well as reduced self-renewal in vitro.
One suggestion is that the relative percentage of myeloi40) Their data suggest that mtDNA mutagenesis affects the
committed progenitors increases with age at the expense quality and quantity of stem cells and interferes with the
lymphoid committed cells although we do not know if suchmaintenance of the quiescent state, which is important for
bias is due to an intrinsic change in the properties of HSQ@econstitution capacity and long-term sustenance of somatic
or if it simply arises because HSC that were committed testem cells.(41)
a myeloid fate earlier in the life of the individual become The observation that treatment with the antioxidant
more numerous. N-acetyl cysteine restores the self-renewal ability of neural
Epigenetic changes in HSCs as a function of age havprogenitor cells in mtDNA mutator mice (65) implies that
been recorded by other workers. To identify transcriptionakubtle changes in cellular redox state or ROS levels are
changes in aged HSCs that correlate with their knowrimportant for the regulation of somatic stem cell function
IXQFWLRQDO GH¢FLW ORVW RI WK HFigueQ .V MitoshDWirial Hddivity,F RsU¥ LovoWti] Gald O \
upregulated in aged HSCs belonged to categorieP HWDEROLF UDWHY GXULQJ GHYHORS|
previously linked to aging in general such as nitric oxide-span and the rates of cellular aging at later stages of life.
mediated signal transduction systems, protein folding(42) Thus, the aging of stem cells cannot be considered in
DQG LQADPPDWRU\ UHVSRQVHV K RdaiohHout rafndrQrHtve cofest-bbl i@Rpoalchanges in
substantial downregulation with age tended to be thosstem cell and tissue properties that occur throughout life.
involved in the preservation of genomic integrity such asLike all cells, stem cell aging is determined partly by the
chromatin remodeling and DNA repair.(18,28) accumulation of damage over time. Declines in stem cell
Stem cells must change their properties throughout lifdunction during aging can be precipitated by telomere
to match the changing growth and regeneration demands shortening, DNA damage, and mitochondrial damage.(43-
tissues. Stem cells divide rapidly during fetal developmen#5) Stem cell aging can be slowed by dietary restriction
to support rapid growth. By young adulthood, growth has(46-49) and by exposure to humoral factors from a young
slowed or ceased in mammalian tissues and most steparabiont (sharing circulation with an old mouse) (50,51).
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Stem cell regeneration, highlighting the importance of maintaining
stem cell quiescence for tissue and organismal health. In
some tissues, quiescent stem cells seem to serve as a reserve
pool of stem cells and are only called into action upon tissue
injury.

Recent advances in ASC isolation have provided
insights into the epigenetic, transcriptional and post-
transcriptional control of quiescence and suggest that
quiescence is an actively maintained state in which
signaling pathways are involved in maintaining a poised
state that allows rapid activation. Deciphering the molecular
mechanisms regulating ASC quiescence will increase
our understanding of tissue regeneration mechanisms
and how they are dysregulated in pathological conditions
; and in aging. In addition to the intrinsic mechanisms that
Stem cell exhaustion regulate stem cell quiescence, the stem cell niche (that is,
D VSHFL{¢F PLFURHQYLURQPHQW WKDW
has important regulatory functions) is essential for stem
cell maintenance, including the maintenance of quiescence.

Mitochondrion

'\ Nugcleus ) l
\_/ 1OXPHOS function
tATP/ADP ratio
}NADH/NAD*

Redox alterations
ROS effects

|

t Self-renewal

i
Aging

Figure 1. Model for mtDNA mutations in the stem cell
hypothesis of aging41) (Adapted with permission from (54,55)

American Society for Clinical Investigation). $ GH¢{¢QLQJ IHDWXUH RI VWHP FHOO
continuously maintain a balanced number of stem cells
(self-renewal) while being able to generate specialized
progeny (differentiation). An additional feature of stem

cells is their ability to migrate. Therefore, stem cells are

unique as they are able to balance four possible fates within

Most mammalian adult tissues contain resident stem ceIIsa single cell: quiescence, migration, proliferation, and

which proliferate to compensate for tissue loss throug'hou{:lifferentiation. These fate decisions are made in the context

the life of the organism. They possess remarkableof the supporting stroma cells they adhere to, also referred

proliferative capacity, allowing them to engage in massive\n o pv WKH QLEKH $6&V DUH IRXQG L

and repetitive regenerative activities in response to tissuﬁiches that are ultimatel re$ponsible for the maintenance
r

GDPDJH $ VXEVHW RI WLVVXH VSHELAFf 3&humddid Vihel Yoktrdnéd pfiffethtion and
quiescent state for prolonged periods of time.(52) Whereaﬁw differentiation of their progeny into multiple cellular
TXLHVFHQFH LV QRW DQ HVVHQWLD%LFéﬁgﬂf\)NHlLLLF\ka/F ébwwéﬁw\}—hvpvr\_lvqﬂd

cells, dysregulation and loss of quiescence often results in arﬂ*nysical support in the form of specialized cells and/or
imbalance in progenitor cell populations ultimately Ieadingextracellular matrix (ECM).(57-61)

to stem cell depletion.(53) As a result, tissue replenishment 7KH ERQH PDUURZ QLFKH KDV P\VWI

is affected during homeostasis and following damage. Thusmany years, leading to widespread investigation to shed light

deciphering the regulation of quiescence will ContrIbUteinto its molecular and cellular composition. Considerable

much to our understanding of how tissue regeneration 'Rfforts have been devoted toward uncovering the regulatory

accomplished in physiological and pathological Semngsmechanisms of HSC niche maintenance. Hematopoiesis is

anq may lead fo n_ew therapeutic strategies  for tissug continuous process of blood-cell production occurring
maintenance or repair.(54) ) ) through the orchestrated proliferation, self renewal and

As demonstrated by studies of different st-errr _C_e"differentiation of HSCs in the bone marrow followed by
compartments, one of the consequences of Inhlbltlnglagress of mature progeny into the circulating blood.(62-65)

essential signaling pathways that maintain the quiescentscs are the only cells capable of producing all blood cell

state is the premature activation or differentiation of Sten]ineages throughout life.(66) Within the bone marrow exists

cells. This is often followed by the exhaustion of the stema tightly controlled local microenvironment, or niche, that

cell pool and results in impaired tissue homeostasis anfjegulates the quiescence, proliferation and differentiation of

Stem Cell Niche Maintenance During
Homeostasis and Regeneration
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HSCs.(67) Regulatory signals within the niche emanate fron{71-73)

surrounding cells in the form of bound or secreted molecules MSC are adult tissue committed stem cells found
and also from physical cues such as oxygen tension, shear the bone marrow and other tissues that are capable of
stress, contractile forces and temperature.(65,68,69) Duringnobilizing, proliferating, and committing to terminally
homeostasis, the majority of HSCs are quiescent but cadifferentiated cell types such osteoblasts, adipocytes,
become activated to proliferate and differentiate in responsehondrocytes, tenocytes, and myocytes.(75,76) It has also
to infectious stress such as interferon- mediated signalingpeen noted that MSC may be capable of differentiating
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into other lineages such as neurons, glial cells, andhediated mechanisms, leading to decreased self renewal,
hepatocytes.(77-79) The ability to generate these two celllss of cell polarity, impaired homing ability and a biased
types coupled to their anatomical location in the bonedifferentiation into the myeloid lineage. Intrinsic effects
marrow indicates that MSC may be a key component of thénclude increased ROS levels leading to DNA damage and
niche that supports and controls the activity of HSCs. replicative senescence. Additional consequences of intrinsic
Published evidence suggests that MSC functionalitychanges include stem cell exhaustion and decreased
changes with donor age; primarily this involves alterationshematopoietic cell repopulation capacity, as well as
in their differentiation capacity namely reduced myogenicreduced survival rates. Observed extrinsic changes include
and osteogenic differentiation coupled to enhancedlecreased adhesion to bone marrow stromal cells and
adipogenesis. These alterations in differentiation abilityincreased adipocyte numbers with aging, leading to reduced
seem to depend on anatomical location; for example, thbematopoietic activity.(74) The ability of organs to adapt
effectiveness of the hematopoietic niche may be diminishetb cellular dysfunction, physical damage or physiological
by reducing MSC differentiation to osteoblasts in favor of changes relies heavily on the properties of stem cells and
adipocytes.(18) niches. Both homed stem cell populations and their support
Stem cell aging underlies the aging of tissues,microenvironments provide tissues with the plasticity
especially those with a high cellular turnover. There isnecessary for their adaptation to local or systemic variations,
growing evidence that the aging of the immune systenma characteristic that allows organs respond to nutritional
is initiated at the very top of the hematopoietic hierarchystress or aging, among other challenges.
and that the aging of HSC directly contributes to changes
in the immune system, referred to as immunosenescenc Cellular Senescence and Aging
(60) Aging is known to affect directly stem cells (intrinsic
factors) and to provoke changes in their microenvironmen#ging is the largest risk factor for most chronic diseases,
H[WULQVLF IDFWRUV ,Q HLWKHU whidlvatcolntHorth® Rafotity 6fEnarhidiyQevid he@lthi¢agdd
stem cells and their niches result in impaired niche activity H{SSHQGLWXUHYV LQ GHYHORSHG QDWLRC(
Aging negatively affects several aspects of HSCWKDW DJLQJ LV D PRGL¢{(DEOH ULVN IDF\
function through both intrinsic and microenvironment- to delay age-related diseases as a group by modulating
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Figure 4. The effects of aging on HSC behavi@r4) (Adapted with permission from Nature Publishing Group).
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fundamental aging mechanisms. One such mechanism iRl DJH UHODWHG LQADPPDWLRQ DW
FHOOXODU VHQHVFHQFH ZKLFK F D certaib conditioRsK ThRsQselEctive) dlimiRafidh \0f lséh€scent
through the senescence-associated secretory phenotypells or their effects might be a means to reduce age-related
(SASP).(80) Cellular senescence refers to the essentiallf WHULOH FKURQLF LQADPPDWLRQ H
irreversible growth arrest that occurs when cells experiencenterrupt the link between aging and chronic disease.(80)
potentially oncogenic insults.(81-86) There is now strong Senescence is to initiate a sequence of processes that
evidence that cellular senescence is a potent anticancetiminate damaged cells and culminate in tissue regeneration
mechanism.(87-90) (we refer to this sequence of events as senescence-clearance-
Senescence-causing inducers include repeated cellHIHQHUDWLRQ +RZHYHU WKLV EH
division and strong mitogenic signals, telomere shorteningcorrupted, particularly in aged tissues, by a combination
DNA damage and mutations, protein aggregation, anaf factors: on the one hand, clearance of senescent cells by
increased ROS.(91-96) These insults activate the p53 arttie immune system may become impaired leading to a net
p16INK4a tumor suppressor pathways and potentially otheaccumulation of senescent cells, which may further aggravate
pathways that initiate a senescence response. Once initiatetssue dysfunction through the SASP (100,110); on the other
senescence takes days to weeks to become fully establishbdnd, senescence may not only affect differentiated cells but
and irreversible. The process is reinforced by an intracellulaalso stem and progenitor cells, thus limiting the regenerative
signaling loop including ROS linked to DNA damage FDSDFLW\ Rl WLVVXHV 7KH FRPELQDW
response (DDR), nuclear factor kappa-light-chain-enhanceexcessive SASP and ineffective regeneration may explain
RI DFWLYDWHG % FHOOV 1) % Eh@ &cumlldiiap bfl sebkeBderé durlddRagigkand its active
IDFWRU 7*) DV ZHOO DV DQ , Qantibubdd XoNani@ aging phengtypes.(111)
and Cytidine-Cytidine-Adenosine-Adenosine-Thymidine In order to offset the detrimental effects of aging,
&&$$7 HQKDQFHU ELQGLQJ SURWskNQells hd&ve(evdBved redferBirg) mechanisms to ensure
(95,97-100) Senescent cells reorganize chromatin, resultinhe maintenance of their genomic integrity.(112) When
in heterochromatin formation, extensive gene expressiomthose error-prevention checkpoints fail, tumor suppressor
changes, increased cell size and protein content, and changagchanisms such as senescence and apoptosis are activated.
in cell and organelle shape.(101-103) Senescent cells af@13) Over time, cellular senescence characterized by
metabolically active, relatively resistant to apoptosis, anccell cycle arrest limits the ability of stem cells to replace
appear to be removed by the immune system.(104-106Jamaged or dysfunctional cells.(97,114) Therefore, although
Senescence is effectively a cell fate that, like replicationsenescence reduces oncogenic risk, this is at the expense
differentiation, or apoptosis, can occur at any point in life. of limiting the replicative capacity of stem cells, delaying
&KURQLF LQADPPDWLRQ PD\ D OtgsRe @phiand Hitirhafelypiisting agRdp(97,114-116)
VHQHVFHQW FHOOV VHQHVFHQW FH Omberefdrdd Fhe HNniratisrl 6t LsenadodhP eellg RsUa
cytokines, chemokines, and proteases, termed the SASSURPLVLQJ VWUDWHJI\ WR UHGXFH FKU
(106,107) The SASP is primarily a DDR.(108) The and to rejuvenate tissues.(117,118) In summary, senescence
6$63 WKURXJK WKH LQADPPDWRU\is aUrEsponsé at RP Rrividriy Jdesy@d to eliminate
remodeling factors that it produces, can potentially explaidamaged cells; however, with advancing age, the full
how senescent cells alter tissue microenvironments, attrasequence of senescence-clearance-regeneration is not
immune cells, and, ironically, induce malignant phenotypesentirely accomplished and senescence may become part
in nearby cells. Proteins that are associated with the SASBf the problem rather than its solution. As a result of
VXFK DV WXPRU QHFURVLV IDFWRM$ duality, senestence RD donsid¢red an example of
metalloproteinases (MMP), monocyte chemoattractantantagonistic pleiotropy’ (1) and it has been categorized as
protein-1 (MCP-1), and insulin-like growth factor- an ‘antagonistic’ hallmark of aging (119).
binding protein (IGFBP), increase in multiple tissues with
chronological aging (100), and occur in conjunction with Caloric Restriction (CR), SIRT and Aging
VWHULOH LQADPPDWLRQ )XUWKHUPRUH H[SUHVVLRQ RT WKH 6%63
components, IL-6, IGFBP-2, and plasminogen activatorThe phenomenon of aging is an intrinsic feature of life.
inhibitor-1, is much higher in p16INK4a-positive senescentAccordingly, the possibility to manipulate it has fascinated
cells isolated directly from fat tissue of older progeroid micehumans likely since time immemorial. Recent evidence is
compared with non-senescent cells from the same tissushaping a picture where low caloric regimes and exercise may
7KLV ¢QGLQJ VXJIJHVWV WKDW WmprévectizalthyLsénd¥denteP dntd QevErbl Ipiarhtacological

Xu



The Indonesian Biomedical Journal, Vol.7, No.2, August 2015, p.57-72 Print ISSN: 2085-3297, Online ISSN: 2355-9179

strategies have been suggested to counteract aging.(12()28) Perhaps the most direct indication that SIRT play
There are only a few proposed aging interventions that haven important role in the physiological adaptation to CR
met such stringent criteria: fasting regimens, CR, exercisegomes from a more detailed analysis of their substrates and
and the use of low-molecular-weight compounds, includingphysiological effects. Two hallmarks of CR are metabolic
spermidine, metformin, resveratrol, and rapamycin. From aeprogramming to oxidative metabolism (to gain the most
molecular point of view, these interventions may act throughpossible energy from fuel sources) and resistance to stress,
epigenetic mechanisms (histone acetylation/methylation)particularly oxidative stress.(128)
the insulin/target of rapamycin (TOR) pathway, the Rat SIRT1 plays a central role in inducing mitochondrial
Sarcoma (Ras) signaling pathway, mitochondrial functionbiogenesis, stress tolerance, and fat metabolism. This
proteostasis, autophagy, and stress resistance.(120) SIRT deacetylates peroxisome proliferator-activated

The reduction in the intake of calories without UHFHSWRU JDPPD FRDFWLYDWRU DOSHl
PDOQXWULWLRQ LV GH¢{QHG DV &BOX®IXEXK,18PH @ntlaraxizane Lp@kfddaibOactivated
corresponds to a decrease of approximately 30% of calorie HFHSWRUV 33%5 . ,Q WKLV UHJD
per day, at least in mice. In humans, there is some indicatiois tightly linked to AMPK (134,135), since AMPK drives
that a CR of around 15% may be most favorable againstxpression of the NAD+ synthetic enzyme nicotinamide
mortality during aging.(121) CR reduces the release ophosphoribosyltransferase (NAMPT) (136,137), and SIRT1
growth factors like growth hormone, insulin, and insulin- deacetylates and activates the AMPK activator kinase liver
like growth factor (IGF)-1, which have been shown to kinase B1 (LKB1) (138,139). At the same time, SIRT1 turns
accelerate aging and increase mortality in many organismslown glycolytic metabolism by deacetylating glycolytic
(122) CR-mediated longevity in eukaryotes seems to be&nzymes (140) and one of their key transcriptional inducers,
governed by a set of conserved nutrient signaling pathwaysKk \SR[LD LQGXFLEOH IDFWRU +),)
(122) Among them are the insulin and the TOR/S6KIXQFWLRQV PD\ KHOS H[SODLQ WKH JO
pathways, whose inhibition upon CR eventually conferseffect of CR, which may be an important mechanism by
stress resistance and promotes survival during aging. Stres&KLFK WKLV GLHW VORZV DJLQJ ,QGHH
related transcription factors represent the common effectoriseen linked to aging (142), a topic explored further below.
LQ \HDVW ALHV ZRUPV DQG PDPPDO0OY%,57 2DRVWHRWHMU OWRNHG WR FLUFDG
histone deacetylase single information regulator (Sir)2 (theperipheral and autonomous clock in the liver. In this
founding member of the SIRT family) has been linked totissue, SIRT1 deacetylates circadian clock proteins Brain
&5 PHGLDWHG DQWLDJLQJ HIIHFW YV ahdMustR \ARNTPLEV (BMAL)F &0 Peviod Aclrdadian
and mammals.(123) SIRT-mediated control of protein FORFN 3(5 WR LQAXHQFH WK
acetylation might not be restricted to chromatin packaginghe liver, the clock also regulates NAMPT, rendering SIRT
and transcriptional modulation, as the mitochondrial SIRT,activity circadian and providing a link between the clock
SIRT3 has been proposed to play an important role irand metabolism (145,146). Interestingly, SIRT1 has been
the prevention of age-related diseases, possibly througshown recently to also control central circadian function
modulation of the mitochondrial acetylproteome.(124) in the brain by amplifying expression of BMALL.(147)

7KH RULJLQDO SURSRVDO ZDV Hapyrta@ly, RSIRTW I \ls;d@dBrie Qnl e \BUKrBchasmatic

SIRT were nicotinamide adenine dinucleotide (NAD+)- nucleus (SCN) of aged mice compared with young controls.
dependent protein deacetylases and known to countéerhis decline is concomitant with the reduction of many
aging in yeast. Now, years later, a large volume of datapf the components of the circadian clock, presumably
particularly from mammals, begins to illustrate an elaboratdriggering the degradation of central circadian function
set of physiological adaptations to caloric intake mediatedvith aging.(148) Remarkably, overexpressing SIRT1 in
by SIRT. Studies that connect SIRT activation withthe brain blunts the effects of aging on circadian function,
prevention of aging and diseases of aging in mouse modeknd deletion of SIRT1 compromises function in young
are many. It is also clear that other nutrient sensors, suc QLPDOV 6,57 GHDFHW\ODWHY 3*& . LC
as adenosine monophosphate-activated protein kinasgctivation of BMAL transcription. Thus, a loop of SIRT1,
(AMPK) (125), mammalian TOR (mTOR) (126), and 3*& . DQG 1$037 DPSOL¢{¢HV WKH H[SUHV
forkhead box O (FOXO) (127) are very important in linking clock proteins and assures proper central circadian function
diet, metabolism, and aging. Indeed, numerous connectiona the SCN.(147)
among all of these pathways are evident in the literature. Resveratrol is a polyphenol that is found in grapes
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and in red wine. Its potential to promote lifespan wascells, stem cell niches and systemic cues that regulate stem
SUVW LGHQWL¢¢HG LQ \HDVW DagliGctivity. ASOsyorvesiQertstedizell®, er&Sunidiferéhtiated
because it was suggested to be responsible for the so-calledlls found in adults throughout life.(162) These cells
French paradox. In monkeys fed a diet high in sugar andre characterized by two developmental capacities: self-
fat, resveratrol supplementation attenuated peripheralenewal, the ability to give rise to daughter stem cells, and
LQADPPDWLRQ LQ DGLSRVH WLVYV X HnultipotenByDtheQcapBdityDtél diffeRcDtRtE it Danous cell
KRPHRVWDVLYV E\ SUHYHQWLQJ FHypes ofGaHpériculldt Orga®. WWHeBeWlope@ies provide stem
and improved vascular function, particularly pulse wavecells the ability to sustain their population during life, and
velocity (152). Resveratrol treatment prolongs the lifesparto maintain tissue remodeling and repair (15), facilitating
of mice fed a high-fat diet or fed every other day (153), butthe rationale for using ASC in regenerative medicine (163).

not of mice on regular chow. This polyphenolic compound Stem cell function declines with age and this occurs
SURORQJV WKH OLIH RI ALHV at AuRipldlI&vels, includibg@E&f-ralekvill and differentiation
replicative lifespan of yeast (149). potential, leading to reduced regenerative capacity of all

The mechanisms behind these effects may rely on théssues and organs. Moreover, age-related alterations in stem
fact that resveratrol mimics some of the metabolic actiongells contribute to distinct pathophysiological characteristics
of CR, as a series of studies on humans have suggestetbpending on the tissue of origin and function. Thus,
(156) Resveratrol interacts with many stress-related targetgiven the perspectives of ASC in regenerative therapy,
in the cell, including the mammalian NAD+-dependent understanding these processes and their role in age-related
deacetylase SIRT1 (155,157), although the resveratroldiseases is vital.(19)
SIRT1 interaction may be indirect (158). SIRT1 is a member An interesting addition to the data supporting a
of a family of proteins (SIRT) that have been linked to VLIJQL{¢FDQW HSLIJHQHWLF FRQWULEX
ORQJHYLW\ LQ \HDVW ALHV DQG Zé&m&\rom the apparent ability of some ASC to reacquire

The aging-associated reorganization of chromatin’sa youthful ability to regenerate their tissue compartments
structure supports the idea that chromatin-remodelinghrough changes in their microenvironment. Repair/
factors play an important role in the aging process. Histoneregeneration of the skeletal muscles is most probably
modifying enzymes are also important contributors in theperformed by satellite cells, a stem cell population residing
aging process.(10,11) It is also well known that SIRLEHQHDWK WKH EDVDO ODPLQD RI WK
NAD+-dependent histone deacetylases, are importantGDPDJH UHVXOWV LQ DQ LQADPPDWR
players in the aging process. Therefore, due to its pleiotropinormally quiescent satellite cells to proliferate and migrate
effects, SIRT1 could be involved in modulating aging atto the site of damage. The age-related decline in muscle
multiple levels, including: gene transcription; cell cycle; mass and strength known as sarcopenia is thought to result,
signal transduction; stress response; chromatin structurext least in part from compromised satellite cell function. A
DNA repair, and genomic integrity. more interesting demonstration of functional rejuvenation

The aging-associated changes in the nucleacomes from heterochronic parabiosis experiments in which
architecture, chromatin structure, altered expression anthe circulatory system of old and young animals was
activity of chromatin remodeling factors, and change insurgically joined.(13,165) Satellite cells isolated from old
pattern of epigenetic marks (DNA methylation and histonehumans and mice show similar functional defects in their
PRGL;FDWLRQ DIIHFW DOO FHOOVQIRWMKKID @& XD0VW BERGYQLQFQX GIDQWKZD
the population of stem cells responsible for proper tissuén the peripheral blood of young mice are able to restore
rejuvenation. Therefore, the elucidation of these precis¢hese to a state of activity similar to those of young mouse
PHFKDQLVPV ZLOO KHOS WR GHYH G&dlitedrlls.Hhese dath HnPthdd tRerage-Delbte® decline
strategies as well as facilitate a better understanding of ag@ satellite cell function may not arise because of irreversible

related risks for cancer genesis.(12) errors such as the accumulation of DNA damage but may be
due to reversible epigenetic changes.(18)
Rejuvenate Our Aging Stem Cells An alternative explanation for the effects of

microenvironment on stem cell function could be the SASP
Aging tissues experience a progressive decline in(80,166) in which the progressive accumulation of senescent
homeostatic and regenerative capacities, which has beaells within a tissue alters the microenvironment by secreting
DWWULEXWHG WR GHJHQHUDWLYH JVatoDs(fackbké such as/ L\6VThel ragslatierl gf Benesedhir
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cell accumulation and impact upon the progression of a
aged phenotype are not clear but published data suggest tfj
that removal of senescent cells can prevent or delay tissu
dysfunction.(109)

The rejuvenating effects of a young systemic
environment do not appear to be restricted to the skeletd
muscles. Neurogenesis is subject to an age-related decli
in the murine central nervous system (CNS) (31,167,168
but this seems to be partially rescued in heterochroni
parabionts (51). Again, the decline in neurogenesis seen
to be reversible by other factors since deletion of the Wn
antagonist Dickkopfl (DKK1) (whose expression increasey
during normal aging of the CNS) (169) can increase the se
renewal of neural stem cells and contribute to improvec
spatial learning and memory in older mice, while increase
in the level of the cytokine C-C motif chemokine 11

& &/ LQ WKH EORRG RI \RXQJ PLF}
neurogenesis and CNS function. These observations appe
to support an epigenetic contribution to aging but at preser
WKHUH DUH LQVXI{(FLHQW GDWD |
conclusions. By analogy to the attainment of a pluripoten
state by epigenetic reprogramming of a differentiated cell
is cellular rejuvenation by heterochronic parabiosis, NF-

% LQKLELWLRQ RU LQKLELWLRQ R
a form of epigenetic reprogramming from an aged state t
a youthful state? If so, then these would be examples of g

uncoupling of the differentiation program from the aging e Skin Eeheeuow
clock, with cells in each case manifesting an apparen REJUVENATION
rewinding of the aging clock without loss of differentiation.

Clearly, any therapeutic goal of cell or tissue Young Again
rejuvenation would aim to restore a “young adult” state
from an elderly state, not rewinding the aging clock back : z
to embryonic or even postnatal developmental stages whe 4
growth and morphogenesis are paramount and the systen P el < SN
milieu is very different from that in the adult. The challenge = ? Lo
would be to reset the aging clock back to the appropriat F~—"

Heterochronic

adult stage. Another challenge is the coordination of parabiosis NF«B inhibition mTOR inhibition
reprogramming among different cell types in multicellular 4
organisms. As such, the most feasible near-term applicatior]
of any type of rejuvenating intervention for therapeutic
purposes would be those that could be administered i
a temporally and spatially controlled manner (e.g., to ¢
VSHELLF VLWH RI ZRXQG UHSDLU RU WEVVXH, FONE PGS icRontd] (adatich ©
time).(3)

Aging is characterized by a progressive decline in
metabolic homeostasis. A comprehensive insight into
cellular processes that respond to metabolic imbalanceglay a central role in such processes, as they are the hubs
will be useful in identifying new avenues for therapeutc Rl PHWDEROLF DFWLYLW\ LQ HXNDU\RW
intervention against age-related diseases. Mitochondridc QAXHQFH WKH LQWUDFHOOXODU HQHUJ

Skin Bone marrow

with permission from Elsevier Inc)

66



Rejuvenating Aging Stem Cells (Meiliana At al.)
DOI: 10.18585/inabj.v7i2.72 Indones Biomed J. 2015; 7(2): 57-72

The function of mitochondria as sensors of metabolicrespond to the energy availability provided by the diet to
LPEDODQFHYV DQG DV PHGLDWRUYV d&RdrmviSthefatetyfationidtan #f Gisdddes\Key trdhsehption
responses that can impact longevity has recently garnerddctors, and metabolic enzymes. This coordinated response
increased attention. Mitochondrial dysfunction has longKHOSV GHOLYHU WKH EHQH/;WV RI &5
been implicated in aging, primarily as a source of metabolidndeed, Resveratrol have been shown to target SIRT1
stress and of reactive oxygen species.(170,171) directly (172,173), and present a promising strategy to
CR enhanced endogenous muscle repair and CRmeliorate age-related diseases. Novel drugs for other SIRTs
initiated in either donor or recipient animals improved the PD\ DOVR EHFRPH DYDLODEOH DQG R
contribution of donor cells to regenerating muscle after$QG ¢QDOO\ 1$'" VXSSOHPHQWDWLRQ
transplant. These studies indicate that metabolic factorSIRT-activating compound (STAC) may offer a synergetic
play a critical role in regulating stem cell function and strategy to promote healthy aging.(6)
WKDW WKLV UHJXODWLRQ FDQ LQAXH Qriderstantihty theé jnrolzEularRaroteBSER dohittdlling
from injury and the engraftment of transplanted cells.(49)stem cell survival, self-renewal, quiescence, proliferative
SIRT3 is dispensable for HSC maintenance and tissuH[SDQVLRQ DQG FRPPLWPHQW WR VS|
homeostasis at a young age under homeostatic conditioimeages is crucial to determining the drivers and effectors
but is essential under stress or at an old age. Importantlpf age-associated stem cell dysfunction. Furthermore,
SIRT3 is suppressed with aging, and SIRT3 upregulation isuch knowledge will be essential to inform development
aged HSCs improves their regenerative capacity. This studgf therapeutic interventions that can slow, and perhaps
illuminates the plasticity of mitochondrial homeostasisreverse, age-related degenerative changes to enhance repair
controlling stem cell and tissue maintenance during theprocesses and maintain healthy function in aging tissues. In
aging process and shows that aging-associated degeneratithe context of conserved cellular processes, accumulation of
can be reversed by a SIRT.(8) toxic metabolites, DNA damage, proteostasis, mitochondrial
Now it is well accepted that SIRT play important dysfunction, proliferative exhaustion, extracellular signaling
roles in a broad spectrum of biological processes, althoughnd epigenetic remodeling that clearly affect the activity of
questions still remain. SIRT function to slow aging andboth stem cells and non-stem cells with age and may be
various disorders associated with aging, including metabolidinked to mechanisms that determine organismal lifespan
diseases, cancer, and neurodegenerative conditions. SIRIhd healthspan (Figure 6).(161)

Figure 6. Common pathways contributing to stem cell loss and dysfunction in the aging proce€ammon aging phenotypes within
the stem cell are shown in red, in the niche in pink, and the strategies by which to target and hopefully reverse these mechanisms in pury
(161) (Adapted with permission from Nature Publishing Group)
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Conclusion

10.

Stem cell aging is affected by many different cell-intrinsic
and cell-extrinsic pathways, which often show cross-11.
talk in the determination of stem cell function. This
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on any one pathway with respect to aging mechanisms;
however, certain signals do appear more broadly involveds3.
than others, at least given available data, and this couI94.
imply that they are more important regulators of aging stem
cells. Likewise, mitochondrial function, largely regulated 1s.
by SIRT, not only affects stem cell functions directly but
also causes secondary effects on ROS and nutrient-sensirllg
activities, which further modulate stem cell phenotypes.

Nonetheless, observations of the reversibility of stemi7.
cell aging have generated excitement about the development
of ‘rejuvenating’ interventions that could extend the healthylg'
years of life. Improving the health span of elders takes on
increasing urgency as human lifespans continue to increas?.
and even small gains in health span could dramatically
lessen the impact of an aging population on the health care
system and economy. Although clearly there is much still21.
to be discovered about stem cell function, aging and the
pathways to therapy, what we know so far clearly encouragezsz'
further studies. By continuing to clarify the fundamental
mechanisms by which stem cells age, ongoing research will
develop interventions that someday may change the way w&*
age.
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