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Abstract
The aging population and the incidence of aging-related diseases such as osteoporosis are on the rise. Aging at the tissue and

organ levels usually involves tissue stem cells. Human and animal model studies indicate that aging affects two aspects of

mesenchymal stem cell (MSC): a decrease in the bone marrow MSC pool and biased differentiation into adipocyte at the cost

of osteoblast, which underlie the etiology of osteoporosis. Aging of MSC cells is also detrimental to some non-skeletal tissues, in

particular the hematopoietic system, where MSCs serve as a niche component. In addition, aging compromises the therapeutic

potentials of MSC cells, including cells isolated from aged individuals or cells cultured for many passages. Here we discuss the

recent progress on our understanding of MSC aging, with a focus on the effects of MSC aging on bone remodeling and hem-

atopoiesis and the mechanisms of MSC aging.
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Introduction
Mesenchymal stem cells

Mesenchymal stem cells (MSCs; also known as marrow
stromal cells or mesenchymal stromal cells) are meso-
derm-derived multipotent cells capable of adhering to cul-
ture dishes, proliferating in vitro, and differentiating into
osteoblast, chondrocyte, and adipocyte (Figure 1). They
may express surface markers such as CD105, CD90, and
CD73, but not CD34, CD45, CD19, or CD14. MSCs were
first isolated by Friedenstein and colleagues from the bone
marrow and these cells form colonies in ex vivo cultures.1,2

Later, MSCs were also isolated from fat, dental pulp, amni-
otic fluid, umbilical cord blood, placenta, and Wharton’s
jelly.3 Mounting evidence shows that MSCs, unlike hemato-
poietic stem cells (HSCs), are heterogeneous populations
with different origins and functions. To date, there is a
lack of definite cell surface markers specific to these MSC
subpopulations. Lineage tracing studies have implicated
that Prx1, Dermo-1, Nestin, Gremlin 1 (a BMP antagonist),
and PDGFRa can label bone marrow MSCs.

MSCs are tissue stem cells for the skeleton

MSCs are tissue stem cells for the skeleton, which is com-
posed of bones and cartilages (Figure 1). MSCs, in response

to growth factors such as bone morphogenetic proteins
(BMPs) and Wnt molecules, express osteogenic transcrip-
tion factors Runx2 and Osterix (Osx) and differentiate into
bone-forming osteoblasts.4 MSCs can be induced to express
Sox9 and differentiate into cartilage-forming chondrocytes.5

MSC can also be induced to express CCAAT/enhancer
binding protein a (C/EBPa) and peroxisome proliferator-
activated receptor g (PPARg) and differentiate into adipo-
cytes, which form the bone marrow fat. It has also been
reported that MSCs can differentiate into other cell types
such as myoblast and glia under certain conditions.6

In addition to the bone-forming osteoblasts, the bone also
contains bone-resorbing osteoclasts, which are derived from
the HSC-monocyte lineage.7 HSCs are bone marrow resi-
dent multipotent stem cells capable of generating all the
cell types of blood. HSC-derived monocytes can give rise
to macrophage and granulocyte in addition to osteoclast.
Osteoclasts are giant cells with numerous nuclei, which
can secrete proteases to degrade bone matrix proteins
such as collagen. Furthermore, osteoclasts work in synergy
with osteoblasts through complicated coupling mechan-
isms.8 For example, MSCs and osteoblasts secrete M-CSF,
RANKL, and OPG to regulate osteoclastogenesis, whereas
monocytes and osteoclasts secrete a number of growth fac-
tors and cytokines to regulate osteoblastogenesis.9
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Osteoblast-mediated bone formation and osteoclast-
mediated bone resorption constitute the two pans of a bal-
ance. In the growth periods, bone formation outpaces bone
resorption, leading to a net gain of bone mass. Afterwards,
bone formation and resorption are balanced and bone mass
and density remain stable until pre-menopause/andro-
pause, when bone resorption outpaces formation and
bone mass and density start to decrease, eventually leading
to the development of osteoporosis. Post-menopausal
osteoporosis is mainly caused by increased bone resorption
due to estrogen shortage. Senile osteoporosis is mainly
caused by declined bone formation, which is due to a
decrease in the number of bone marrow MSCs and
skewed MSC differentiation into adipocytes at the
cost of osteoblasts.10 Osteoporosis is a common disease
that affects 2.8 million men and 9.1 million women in the
USA alone.11

The non-skeletal functions of MSCs

In addition to the critical roles played by MSCs in skeletal
development and bone remodeling, recent studies have dis-
covered non-skeletal functions for MSCs. In particular,
exogenous MSC cells are able to home to damaged tissues,
where they assist repairing.2,12 MSCs are isolated from bone
marrow, fat, umbilical cord blood, or other sources,
expanded in vitro, and then administrated locally or system-
atically to treat graft versus host reaction, autoimmune dis-
eases, osteoarthritis, heart infarction, stroke, etc. MSCs exert
their repairing functions by secreting growth factors, regu-
lating immune responses, or transdifferentiating into the
cell types required for tissue repair. Moreover, it has been
reported that transplanting young MSC cells into the bone
marrow of aged mice not only rescues bone loss,13 but also
delays aging.14 Even subcutaneous implantation of MSC
cells suppresses aging-related degeneration of various
organs.15 These findings suggest that MSCs might be
either integrated into the aging tissues or secrete

microenvironmental/systematic anti-aging factors, e.g.
GDF11, to rejuvenate the aged tissues.

The best-studied non-skeletal function of MSCs is its
niche activity for bone marrow HSCs (Figure 2). Although
a substantial number of blood cells are generated from
human HSCs every day, including red blood cells, lympho-
cyte cells, and myeloid cells, HSCs are believed to be in a
relatively quiescent state, dividing once every 2–4 weeks in
mouse.16 Mobilization, self-renewal, and multi-lineage dif-
ferentiations of HSCs are orchestrated by their niches: the
endosteal niche and the vascular niche, both of which
involve MSCs or their progenies.17,18 The endosteal niche
is mainly composed of stromal cells, osteoprogenitors, and
osteoblasts. These stromal cells can be labeled by NG2 or
Prx1, whereas osteoprogenitors and osteoblasts can be

Figure 1 The effects of aging on MSC differentiation. (þ) means positive effect; (�) means negative effect. (A color version of this figure is available in the online

journal.)

Figure 2 MSCs and MSC-derived osteoblasts and adipocytes affect HSC self-

renewal and differentiation. (þ) means positive effect; (�) means negative effect.

(A color version of this figure is available in the online journal.)
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labeled by osterix or osteocalcin.19–21 The vascular niche is
composed of vascular endothelial cells and stromal cells,
with the latter being a heterogeneous population including
cells positive for Nestin or Leptin receptor (Lepr) and
CXCL12 (stromal cell-derived factor 1 (SDF-1)) abundant
reticular (CAR) cells. Some of the cells such as Leprþ cells
and NG2þ cells have been proposed to be pericytes.19,22

Many of these cells can adhere to plastic surfaces, prolifer-
ate, and differentiate into the three lineages, and are thus
referred to as MSCs. These cells execute their niche func-
tions by secreting stem cell factor 1 (SCF-1, a c-Kit ligand)
and CXCL12, which are essential for the maintenance of
HSCs and hematopoiesis (Figure 2).

Recent studies suggest that the vascular niche, which is
composed of endothelial cells and MSC cells, plays a more
important role than the endosteal niche in hematopoiesis.
Most HSC cells are in contact with Nestinþ cells or CAR
cells,18,23,24 and they, together with Leprþ cells, secrete
CXCL12 to regulate HSC retention and maintenance.25

Ablation of SCF-1 or CXCL12 from these cells or depletion
of these cells with the inducible diphtheria toxin system
reduces the number of bone marrow HSCs and
lessens the regenerative activity of HSCs. On the other
hand, ablation of SCF-1 or CXCL12 from osteoblasts or
depletion of osteoblasts displayed a minimal effect on
HSCs.26,27 Yet, there is evidence that the endosteal niche
may regulate HSC differentiation to restricted lineages
such as B cells.20

Therefore, MSCs and their progenies, such as osteopro-
genitors and osteoblasts, act as important niche compo-
nents for bone marrow HSCs. They regulate HSC
homeostasis and regeneration by synthesizing and secret-
ing signaling molecules such as SCF-1, CXCL12, and angio-
poietin-1. Besides, MSCs may modulate hematopoiesis via
its progeny adipocytes.28 Alteration in the number of adi-
pocytes under certain conditions may disrupt the HSC
niche anatomy or alter the synthesis and secretion of sig-
naling molecules required for HSC turnover.20,28

Aging of MSCs

Tissue/organ aging is associated with functional deterior-
ation and diminished regenerative capacity, both of which
are generally believed to involve tissue stem cells. In
some tissues, aging is accompanied by a decrease in the
number of stem cells, due to compromised renewal, cell
senescence, apoptosis, or premature differentiation. In
other tissues, aging is accompanied by skewed differenti-
ation. For example, aged HSC cells tend to differentiate
into myeloid cells rather than lymphocytes. To date, little
is known about what triggers the aging of various tissue
stem cells.

Although there are several studies suggesting that aged
MSC cells may not differ much from young MSCs,29,30 a
large body of evidence shows that bone marrow MSCs do
age in elderly human and model animals, premature aging
patients and mouse models, and in vitro cultures.31,32 MSC
aging is reflected by a decrease in the number of bone
marrow MSCs, which is assayed by colony forming unit-
fibroblast (CFU-F), and biased differentiation to adipocytes

at the cost of osteoblasts. The increase in bone marrow fat
gives the bone marrow a yellowish look in aged model ani-
mals and human beings.32–34 As such, aging compromises
the yield of functional osteoblasts and osteocytes, leading to
a decrease in bone formation and the development of osteo-
porosis (Figure 3). In mice, aging also leads to a defect in the
healing of bone fractures due to a decrease in chondrogen-
esis, bone formation, and vascularization, a process that
requires Cox2-controlled production of prostaglandin E2.
Interestingly, Cox2 expression was found to be reduced in
aged mice.35

Osteogenic differentiation and adipogenic differenti-
ation from MSCs are two competitive processes. MSC
aging promotes adipogenesis at the cost of osteogenesis.
This results in an accumulation of bone marrow fat. Bone
marrow fat accounts for 7% of the total fat in adults.
Although it is not directly correlated to body mass index
or body fat,30,36 bone marrow fat is inversely related to bone
volume/mass.37,38 Bone marrow fat content can be regu-
lated by estrogen, transforming growth factor b (TGFb),
and insulin-like growth factor 1 (IGF1).39,40 In aged animals
or humans, enhanced adipogenic differentiation may fur-
ther inhibit osteogenic differentiation by secreting adipo-
nectin and releasing free fatty acids.36

Bone marrow or fat-derived MSC cells need to be exten-
sively expanded in order to obtain sufficient cells for clinical
use. It has been reported that cultured human and murine
MSC cells undergo replicative senescence, which is charac-
terized by cell enlargement, increased transparency,
increased SA-b-Gal activity, and cell cycle arrest. Aging
has been shown to compromise the therapeutic activity of
MSCs.41 For example, aged MSC cells fail to alleviate auto-
immune phenotypes in mouse models, a phenomenon that
is likely due to reduced migration ability and reduced
expression of anti-inflammatory cytokines.42,43 Aged
MSCs also show reduced ability to repair bone fracture
and decreased response to PTH(1-34) treatment.44

Furthermore, aging makes MSC cells more susceptible to
stress-induced senescence.45 Finally, aged MSCs tend
to transform and form fibrosarcoma.46 Thus, it is essential
to maintain the stemness of MSCs and prevent MSCs from
aging during in vitro expansion.

Figure 3 Extrinsic and intrinsic factors that regulate MSC aging. p53 and p16

control MSC senescence and apoptosis, and PPARg regulates the biased dif-

ferentiation. (A color version of this figure is available in the online journal.)
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Aging mechanisms of MSCs

Like many other tissue stem cells, MSC aging is caused by
intrinsic and/or extrinsic factors.47 Intrinsically, accumula-
tion of DNA damage, reactive oxygen species, and
damaged proteins may promote aging.3 In vitro cell senes-
cence can be caused by telomere attrition, oxidative stress,
genotoxic stress, and oncogene activation, all of which acti-
vate the DNA damage response Atm/Atr-p53 and Atm/
Atr-Chk2/Chk1 pathways. Activation of these pathways
induce cell cycle arrest or cell senescence by increasing
the expression of cyclin-dependent kinase (CDK) inhibitor
p21 and by inhibiting CDK activity through CDC25-
mediated dephosphorylation, and cell death by inducing
the expression of Bax and Puma.48,49 Ablation of p53
leads to spontaneous cell immortalization and promotes
transformation.50

However, what triggers stem cell aging in vivo remains
unclear. Systematic growth factors including Wnt mol-
ecules and GDF11 have been found to decline with
aging.51,52 The microenvironment for MSC cells may also
change. For example, the composition of niche cell types
and the growth factors/cytokines that are secreted by the
niche cells may change with aging. In particular, an increase
in bone marrow adipocytes may disrupt the niche structure
for HSCs.

Telomere attrition and aging

Most of the primary cells have a finite lifespan. Once their
replication capacity is exhausted, cells will undergo repli-
cative senescence. Telomere shortening is believed to be a
major cause of replicative senescence in human cells due to
their short telomere length. Telomere attrition is sensed by
the cells as a type of DNA damage, which activates the
DNA damage response and up-regulates p53 and p21, lead-
ing to cell cycle arrest, cell senescence, and/or apoptosis
(Figure 3). Comparison of the telomere length did not
reveal a significant difference between human MSC cells
isolated from the young and aged individuals.53 Yet,
enforced telomere dysfunction caused by ablation of Terc,
an essential component of the telomerase complex, leads to
reduced Runx2 expression, compromised osteogenic differ-
entiation, and increased expression of p53 and p16.54 These
results suggest that telomere shortening can indeed induce
MSC aging, yet human MSC cells manage to maintain their
telomere integrity during aging. This implies that mechan-
isms other than telomere attrition must be involved in MSC
aging. Another explanation is that MSCs are not fast turn-
over cells, so that telomere erosion may occur at a rather
slow pace.

DNA damage/DNA damage response and aging

Cell senescence can also be induced in young cells by stress,
especially DNA damage and oxidative stress, which mainly
activates the p53 pathway to cause cell cycle arrest and sen-
escence via its target gene p21 (Figure 3).55 Indeed, a study
showed that knockdown of p21 was able to increase prolif-
eration and osteogenic differentiation of aged MSCs.56

Consistent with this notion, aged MSC cells usually show

an increase in DNA damage and reactive oxygen species
(ROS).57,58

Moreover, mutations in genes involved in DNA damage
response and DNA repair have been found to cause prema-
ture aging in human and mouse models.
Trichothiodystrophy, a premature aging model, is caused
by mutations in TTD, a component of the NER repair pro-
tein complex. These patients show a decrease in MSC pool
and in bone nodule formation rate.59 Werner syndrome,
another premature aging model, is caused by mutations
in the WRN gene, which encodes a DNA helicase essential
for DNA repair and replication. Wrn�/�mice also showed
premature aging phenotypes including osteoporosis, which
is caused by decreased bone formation. MSC cells isolated
from Wrn�/� mice showed a reduced lifespan and an
osteogenic differentiation defect.54 Wrn deficiency-induced
MSC aging can be rescued by expression of telomerase or
deletion of p53.60

In addition, ablation of Atm or Atr, two Ser/Thr kinases
thought to be the sensor of DNA damage, also leads to
premature aging and osteoporosis.48,61 MSC cells deficient
in Atm showed defective osteogenic differentiation and
premature senescence.62,63 The osteogenic differentiation
defect could be caused by compromised BMP-Smad1 sig-
naling, and premature senescence could be caused by
increased p21 expression.64

On the other hand, ablation of p53 leads to the develop-
ment of osteosclerosis in mice, which also rescues the osteo-
porotic phenotype of mice deficient for Mdm2, a negative
regulator of p53.65,66 p53�/� MSCs can be passaged con-
tinuously and are spontaneously immortalized. Moreover,
p53�/� MSCs or osteoprogenitors showed an accelerated
osteogenic differentiation. These results suggest that p53
plays a role in the aging of MSCs.65,67 The accelerated dif-
ferentiation was due to increased expression of Smad1 and
enhanced activation of the BMP-Samd1 pathway.64

p16 and aging

Another CDK inhibitor, p16, has been reported to accumu-
late in aged tissue stem cells and contribute to aging of stem
cells and the tissues. Aging of these stem cells and tissues
can be reversed by ablation of p16. Human MSC aging is
associated with an increase in p16 expression, an increase in
secretion of IL8, IL2, GRO, and MDC, and altered morpho-
logical alteration via CK2.68 MSC cells isolated from old
mice also showed an increase in the expression of p16.69,70

Moreover, p16�/�mice showed an increase in the number
of MSC cells at advanced age compared to control mice.
These findings suggest that p16 plays an important role in
the aging of murine MSCs.70

What controls the expression of p16 is still unclear.
Cakouros et al. reported that transcription factor Twist1
suppresses the expression of E47, a transcription activator
of p16, and promotes the expression of EZH2, a suppressor
of p16 expression.71 As a consequence, Twist1 extends the
lifespan of MSC cells by down-regulating p16.71 Our stu-
dies show that c-Abl, a proto-oncogene for BCR-ABL, could
modulate the canonical and non-canonical signaling path-
ways of BMPs to regulate p16 expression and MSC
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senescence.70 BMPs are abundant in the bone and are crit-
ical in bone development, bone remodeling, and bone
repair. We found that c-Abl deficiency led to a reduced
number of bone marrow MSCs, compromised osteogenic
differentiation, premature senescence of osteoprogenitor
cells, and increased sensitivity to oxidative stress. The pre-
mature senescence phenotype is associated with an increase
in p16 but not p53 or p21.70 Ablation of p16 in c-Abl�/�
mice rescued MSC premature aging phenotypes and bone
formation defects.70

Lamin, Sirt proteins, and aging

Lamins are intermediate filament proteins that form the
nuclear lamina underneath the nuclear envelope.
Mutations in Lamin genes in humans cause Hutchinson-
Gilford Progeria syndrome (HGPS), with clinical symptoms
including muscular dystrophy, lipodystrophy, premature
aging, and osteoporosis, all of which are recapitulated in
Lamin deficient mouse models.72,73 Knockdown of Lamin
A/C in human MSCs led to biased differentiation into adi-
pocyte while sacrificing osteoblast and chondrocyte.74,75

Ablation of ZMPSTE24, an enzyme required for Lamin mat-
uration, causes aging and osteoporosis. ZMPSTE24 defi-
cient osteoblasts showed an increase in PPARg and a
decrease in Runx2.76 ZMPSTE24 can be regulated by
miRNA-141-3p, which increases the levels of pre-Lamin A
and induces MSC senescence.77

The skewed differentiation of aged MSCs could also be
related to lower Sirt1 expression.78 Sirt1 is a NAD-depen-
dent deacetylase and an important anti-aging protein that
can be activated by Lamin A and resveratrol. MSC-specific
deletion of Sirt1 led to a defect in osteogenic differentiation
due to lack of deacetylation and nuclear exit of b-Catenin.79

In addition, miR-486-5p can down-regulate Sirt1 expression
and induce MSC aging.80

Niche/systematic factors and aging

Like other tissue stem cells, MSCs reside in a microenvir-
onment called the niche, which is composed of various
types of cells, extracellular matrix (ECM), and growth fac-
tors/cytokines secreted by the niche cells. ECM is found to
play a role in the maintenance of MSCs. It was reported that
young ECM can rejuvenate aged MSCs, likely via inhibiting
production of ROS.81 In addition, senescent MSCs secrete
increased levels of IGFBP4 and 7, which may further
enhance aging of the tissue.82 Another study showed that
follistain, an inhibitor of TGFb family members such as
BMPs and Activins, is greatly increased in human MSC
cells isolated from aged donors,83 while GDF11, a member
of the TGFb family and an important anti-aging mol-
ecule,84,85 is decreased in the serum of aged mice, which
mediates decreased MSC proliferation and osteogenesis.
GDF11 may promote MSC osteogenic differentiation by
inhibiting PPARg expression.51 In addition, deletion of
FGF2 or thyroid hormone receptors also increases MSC adi-
pogenic differentiation but decreases osteogenic differenti-
ation, suggesting that FGF2 and thyroid hormone (T3 and
T4) are also involved in regulating the balance of MSC
osteogenic and adipogenic differentiation.86,87

Transcription factor PPARc and aging

The crucial factor that underlies the skewed differentiation
of MSC seems to be PPARg (Figure 3). The levels of PPARg2,
a transcription factor required for adipogenesis, are
increased with aging.88 PPARg2 may also inhibit osteogen-
esis by suppressing the expression of BMP2 and BMP4.88

Inhibition of PPARg is reported to increase osteoblastogen-
esis and bone mass.89 A recent study suggests that PPARg
may inhibit osteogenesis with a novel mechanism. It has
been reported that PPARg similarly increases osteoblasto-
genesis and adipogenesis, yet it promotes apoptosis of
osteoblasts but not adipocytes.90

One important regulator of PPARg expression is c-Maf, a
large Maf family member that contains the bZIP domain.
c-Maf is down-regulated during MSC aging and in
response to ROS. Down-regulation of c-Maf compromises
osteoblast differentiation as c-Maf partners with Runx2 to
regulate osteoblast-specific genes. c-Raf down-regulation
also leads to an increase in PPARg expression and adipo-
genesis. Antioxidants reverse the adipogenic phenotype by
increasing c-Raf expression, which leads to increased bone
formation.91 These results suggest that the accumulation of
ROS may cause skewed MSC differentiation via the c-Maf-
PPARg pathway.

Another related finding is that autocrine vascular endo-
thelial growth factor (VEGF) controls MSC osteogenic and
adipogenic differentiation by regulating transcription fac-
tors Runx2 and PPARg2 (Figure 3). Ablation of VEGF in
osteoprogenitors led to development of osteoporosis-like
phenotypes and an increase in bone marrow fat. Reduced
VEGF expression in MSC favors adipogenesis at the cost of
osteogenesis. More importantly, VEGF expression is
affected by Lamin A/C.92 These results suggest that
Lamin A/C may regulate MSC aging by controlling the
VEGF-PPARg pathway.

mTOR pathway and MSC aging

Inhibition of mechanistic target of rapamycin (mTOR) by
rapamycin and caloric restriction are the only two strategies
available to extend lifespan in higher organisms and delay
the onset and progression of aging-related diseases.90,91,93,94

HSC aging is accompanied by an increase in mTOR activa-
tion, which could reactivate quiescent HSC. Forced mTOR
activation also led to p16 up-regulation and increased levels
of ROS, which appears to be responsible for the defect in
HSC self-renewal.95

It has been reported that treatment with mTOR inhibitor
rapamycin delays MSC aging and corrects the skewed MSC
differentiation. The proposed mechanism is that inhibition
of mTOR could up-regulate Oct4 and reduce DNA
damage.96 In addition, a recent study shows that HMGA2
regulates human MSC aging by controlling activation of
mTOR signaling.97

MSC aging and non-skeletal tissues

MSC aging not only affects osteogenic differentiation and
bone formation, but also has an influence on hematopoiesis,
as MSCs are important niche components of HSCs
(Figure 2). Telomere shortening in Terc�/� mice impedes
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B lineage differentiation but promotes myeloid differenti-
ation. It seems that the MSC niche also plays a role, as
Terc�/� MSC cells showed decreased ability to maintain
HSC. This is due to altered expression of cytokines, espe-
cially G-CSF. Inhibition of G-CSF could partially rescue
HSC engraftment in aged Terc�/� mice.98 Another study
showed that aged MSCs deficient for SHIP1 stimulate HSC
expansion as well as myeloid differentiation, which might
involve G-CSF secretion as well.99 In addition, increased
bone marrow adipocytes, due to MSC aging, impair HSC
maintenance in addition to negatively regulating MSC
osteogenic differentiation.28

Conclusions and perspectives

Aging is associated with a decrease in the MSC pool and
biased MSC differentiation. As a result, there is a decrease
in the supply of osteoblast progenitors and osteoblasts, and
this eventually results in a decrease in bone formation and
the development of osteoporosis. On the other hand, an
increase in adipogenic differentiation may cause accumula-
tion of bone marrow fat, which may show lipotoxic effects
on MSCs and HSCs. Yet the molecular mechanisms by
which MSC cells age remain elusive. Future studies may
identify the extrinsic factors, including the systematic fac-
tors and the niche molecules, and the intrinsic factors,
including the sensors of environmental cues, the signaling
pathways, and the effectors molecules, that control the
aging process of MSCs. Only after we have connected the
dots and established the network that controls MSC aging
we can develop strategies to prevent and/or delay MSC
aging. In particular, caloric restriction, inhibition of the
mTOR pathway, and administration of active vitamin D3
may be considered as interventions for healthy aging of
MSCs.
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