
Review Article · Übersichtsarbeit

Dr. Günter Lepperdinger
Institute for Biomedical Aging Research
Austrian Academy of Sciences
Rennweg 10, 6020 Innsbruck, Austria
Tel. +43 512 58391-940, Fax -98
guenter.lepperdinger@oeaw.ac.at

© 2008 S. Karger GmbH, Freiburg

Accessible online at: 
www.karger.com/tmh

Fax +49 761 4 52 07 14
E-mail Information@Karger.de
www.karger.com

Transfus Med Hemother 2008;35:299–305
DOI: 10.1159/000142373

Received: June 23, 2008
Accepted: June 26, 2008
Published online: July 17, 2008

Changes of the Functional Capacity of Mesenchymal Stem
Cells due to Aging or Age-Associated Disease – Implications
for Clinical Applications and Donor Recruitment
Günter Lepperdingera Regina Brunauera Robert Gassnerb Angelika Jamniga Frank Klossb

Gerhard Thomas Laschobera

a Institute for Biomedical Aging Research, Austrian Academy of Sciences, 
bDepartment of Cranio-Maxillofacial and Oral Surgery, University Hospital Innsbruck, Innsbruck, Austria

Key Words
Mesenchymal stem cells · Aging

Summary
In contrast to stem cells of embryonic origin, autologous
tissue-specific stem cells are easier to introduce into the
clinical practice. In this context, molecular and cellular
changes, which alter tissue-specific stem cell properties
with age, are of particular interest since elderly patients
represent the main target group for cell-based therapies.
The clinical use of mesenchymal stem cells is an emer-
ging field, especially because this stem cell type appears
to be amenable for the treatment of a large number of di-
seases, such as non-healing bone defects and fractures,
inflammatory relief during arthritis, and the repair of sus-
pensory ligament tears. More than that, mesenchymal
stem cells provoke effective immune suppression in the
context of graft-versus-host disease. Here, we present a
comprehensive overview of the recent findings with spe-
cial attention to age-related changes of mesenchymal
stem cell properties and the consequential impact on tis-
sue regeneration and repair, together with the current
perception concerning their therapeutic application po-
tential as well as the challenges associated with their
 clinical use.

Schlüsselwörter
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Zusammenfassung
Im Vergleich mit embryonalen Stammzellen sind autolo-
ge, gewebespezifische Stammzellen leichter in die klini-
sche Praxis einzuführen. In diesem Zusammenhang sind
aber molekulare und zelluläre Veränderungen, die dazu
führen, dass sich Eigenschaften von gewebespezifischen
Stammzellen mit dem Alter ändern, von besonderem
Interesse, da ältere Patienten die Hauptzielgruppe für
zellbasierte Therapien sind. Der klinische Einsatz von me-
senchymalen Stammzellen ist ein prosperierendes Feld,
weil gerade dieser Stammzelltyp für die Behandlung
einer großen Zahl von Erkrankungen eingesetzt werden
kann, z.B. bei nichtheilenden Knochendefekten und -frak-
turen, sowie bei der inflammatorischen Linderung im
Verlauf einer Arthritis und der Wiederherstellung von
Rissen des Ligamentum suspensorium. Darüber hinaus
bewirken mesenchymale Stammzellen eine effektive
 Immunsuppression im Zusammenhang mit der Graft-
versus-Host-Erkrankung. Die vorliegende Arbeit gibt
einen umfassenden Überblick der aktuellen Ergebnisse
unter besonderer Berücksichtigung von altersabhängi-
gen Veränderungen von mesenchymalen Stammzellen
und dem daraus folgenden Einfluss auf Geweberegene-
ration. Darüber hinaus wird der aktuelle Stand hinsicht-
lich der therapeutischen Anwendungsmöglichkeiten von
mesenchymalen Stammzellen und der Herausforderun-
gen bei deren klinischer Anwendung dargestellt.



‘Mesenchymal Stem Cell’: A Proper Term? 

This designation is used by many investigators. However up
to recently, the definition of what a mesenchymal stem cell is
has been sketchy. Most blood cell types emerge from meso-
dermal derivatives. Therefore, hematopoietic stem cells are of
mesenchymal origin. In contrast however, ‘mesenchymal’ is by
all rules assigned to non-hematopoietic cells. With respect to
the predication ‘stem cell’, the most stringent condition is the
long-term potential to self-renew, together with the potency
of giving rise to progenitor cells which in due course differen-
tiate to form one or more specialized somatic cell types. In
fact, mesenchymal stromal cells from various tissues show a
broad differentiation potential when cultured under specific
conditions. Taken together, however, doubts about the appro-
priateness of the term ‘mesenchymal stem cell’ have been
raised, in particular because it is scientifically inaccurate and
potentially misleading. Instead, the term multipotential mes-
enchymal stromal cell (MSC) has been proposed [1]. It is gen-
erally accepted that MSC can provide the housing for stem
cells and for various progenitor cell types such as hematopoi-
etic stem cells together with its respective progeny as well as
endothelial progenitor cells. There is reason to believe though
that MSC also contain a rare population of naive cell types
which are true mesenchymal stem cells.

Characteristics of Uncommitted Mesenchymal Stromal
Cells in Culture

In much of the literature, adherent fibroblastoid cells from a
variety of tissues are termed mesenchymal stem or progenitor
cells. These cell isolates are heterogeneous. To put it bluntly, it
is highly unlikely that they comprise of only one single mes-
enchymal cell type. Due to the fact that there has not been a
distinct and universal antigenic definition of an MSC, analo-
gous to CD34+ cells for hematopoietic stem cells, and as
there is no universal assay around, analogous to hematopoiet-
ic re-population assays, novel methods for the isolation of
MSC with both self-renewal and multipotential differentia-
tion capacity have been and are still being developed. Arnold
Caplan [2] was the first to propose the term ‘mesenchymal
stem cell’ for an adherent fibroblastic cell isolated by Percoll
density centrifugation that expresses antigens reactive with
the monoclonal antibodies SH2 (CD105) and SH3 (CD73).
Pittenger et al. [3] have reported that CD29, CD44, and CD90
are important determinants. Prockop et al. [4] discovered a
subpopulation of MSC, termed RS cells, which exhibit en-
hanced proliferation rates and cannot be clearly distinguished
from other adherent MSC solely by expression of specific sur-
face markers. At the same time, Simmons et al. [5] described
the so-called STRO-1 antibody, which identifies an immature
population of mesenchymal cells. Ever since, many other de-
terminants have been discovered [6]. Given these observa-

tions, the following minimum specifications to generally de-
fine MSC have been proposed only recently by a group of
peers in the field: i) plastic adherence when maintained in
standard culture conditions; ii) expression of surface mole-
cules CD105, CD73 and CD90, and lack of expression of
CD45, CD34, CD14 or CD11b, CD79alpha or CD19 and
HLA-DR; and last but not least iii) differentiation potential
towards osteogenic, adipogenic and chondrogenic cell types
in vitro [7]. 

Adult Stem Cells in an Aging Organism

Stem cells are often defined as cellular entities that are able
to continuously self-renew through replication, while in par-
allel producing tissue-specific precursor cells. Still, it is not
fully understood what regulates the capacity of stem cells to
continuously replicate and what might be the prerequisites to
successfully bring forth various cell types at the same time.
Despite a lack of in-depth knowledge about many facts, stem
cells hold tremendous promise for the treatment of a variety
of diseases. In this respect there is reason to believe that, be-
sides embryonic stem cells, also adult stem cells will become
highly attractive assets for regenerative medicine. For exam-
ple, adult stem cells may be employed in multiple ways to
heal or regenerate damaged tissue. More than that, adult
stem cells are most attractive since they can be auto-trans-
planted, i.e. obtained from and re-inserted into the same pa-
tient. Apparently, auto-transplantation of cells eliminates po-
tential donor-host immune rejection and disease transmis-
sion issues. Therefore, there is an increasing number of meth-
ods being developed and utilized under the guise of ‘adult
stem cell therapy’ to treat medical problems. Presently, the
question is widely discussed whether adult stem cells are at
risk to fail in clinical applications because they may be prone
to cellular aging.
Interestingly, it is still an unresolved issue whether and to
what extent adult stem cells can cope with intrinsic and/or
extrinsic aging processes in the body. Furthermore, it is not
clear whether stem cells in complex organisms with multiple,
highly specialized organs have life spans that exceed that of
the organism. Stem cells potentially face extremely long
replicative histories, and in due course, they are therefore
subject to damage from several intracellular and extracellu-
lar sources. Moreover, it is not only the inevitable process of
cellular aging stem cells are afflicted with, but there are also
pathological incidences that are associated with aging, e.g.
age-associated diseases and frailty [8]. It is generally be-
lieved that over the years cumulative effects are responsible
for the aging of tissues. In line with these assumptions, work
performed by many research teams over the last few years
has demonstrated that MSC face extrinsic and intrinsic
aging.
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Mesenchymal Stromal Cell Aging

In the special context of organismic aging, several laboratories
have only recently embarked on the characterization of MSC,
and thus the field is still in its infancy. As a sound basis it is gen-
erally accepted by now that MSC can be isolated from a num-
ber of fetal and adult tissues. Human trimester fetal MSC have
been isolated from blood, liver, bone marrow [9], amniotic fluid
[10], placenta [11], and cord blood [12]; these investigations are
still ongoing. MSC from the early organism appear to be more
naive when compared to their adult relatives [13, 14]. Regard-
ing MSC isolated form adult tissues, bone marrow-derived
MSC are the best-studied [15–17]. Besides MSC, which are jux-
taposed to trabecular bone [18, 19], also those from adipose tis-
sues come more and more into fashion [20]. Further sources
are periosteum [21], synovium [22], blood vessels [23], tooth
pulp of extracted teeth [24, 25], and other connective tissue
types such as dermis and muscle [26]. Moreover, there are re-
ports demonstrating the existence of MSC within peripheral
blood. These results are debated though and are not always re-
producible [27]. MSC isolated from different tissues and organs
actually show a high resemblance of phenotypic characteristics.
At this point, however, it appears most likely that all these cell
variants are MSC that exhibit different propensities in prolifer-
ation and differentiation capacities. For example, a recent study
demonstrated that human adipose tissue contains the highest
number of MSC and umbilical cord blood the lowest. In turn,
the latter come along with greatly enhanced proliferation ca-
pacity, whereas human bone marrow-derived MSC cease
growth earlier [28]. Fetal MSC also appear to be less lineage-
committed than MSC from adult human individuals [29]. In
consequence, it has been assumed that various vital stem cell
properties of MSC, such as their tissue regenerative capacity,
are by and large different. Limitations are as follows: MSC only

divide a finite number of times; they accumulate genetic and
epigenetic changes over time; MSC subtypes exhibit tissue-spe-
cific, imprinted differentiation capacity. It may further be that
these limitations directly correlate with donor age, in particular
that stem cell properties decline with age (fig. 1).

Pool Size, Differentiation Capability in Older Age
MSC can be selected from low-density mononuclear cell iso-
lates based on their characteristics of tightly adhering to the
plastic surface of the culture dish and of forming fibroblastic
colonies. The respective number, also called colony-forming
unit-fibroblastic (CFU-f), can be reliably estimated. Applying
this method, there are presently conflicting results regarding
the question whether MSC numbers change during life span.
Some laboratories report that total CFU-f decrease with age
[30–35], others find no significant decline [36–40]. One partic-
ular problem with this approach is that there is no agreement
on a single, standardized protocol for MSC isolation as well as
how to proceed with further analysis of the primary cell iso-
lates. Another issue is that the primary cell isolates are, though
at a varying extent, contaminated by other cells, in particular
by hematopoietic cells. Lastly, single clones within the hetero-
geneous cultures exhibit greatly varying differentiation poten-
tial, which was demonstrated by in vitro cell cloning of human
stromal cultures: only around 30% of the CFU-f are multipo-
tential and can thus be considered true MSC [41]. In addition
to the aforementioned observations, Muraglia et al. [42] re-
ported that the number of bi- or tri-potential colonies declined
with age. In line with this, and in particular regarding the os-
teogenic capacity of clonogenic MSC, many reports demon-
strated a significant decrease in MSC numbers [43, 44]. Be-
sides bone and bone marrow, potential sources of mesenchy-
mal progenitor cells are muscle [45], vessel-associated peri-
cytes [46], and blood [47]. Whether the quantity or quality of
these particular cells varies with age remains to be determined
[48].

Fig. 1. Emergence of MSC diversity during
life span. Early in life, most, if not all, uncom-
mitted MSC exhibit multipotential differentia-
tion capacity, and their developmental fate is
tightly controlled. In due course, additional
types of mesenchymal precursors emerge as
stable subpopulations. The rate of cell death 
is gradually increasing (MSCdying). Other MSC
accumulate various forms of damage which
cannot be compensated by cellular repair
(MSCdegen). Due to an age-dependent change
in the activity of bioactive differentiation cues,
be it their respective availability or alterations
in cellular response or because of chronic,
 systemic inflammation, a subpopulation of
 uncommitted MSC becomes manifest: prede-
termined mesenchymal precursors (MPC). In
total, only little decline of mesenchymal prog-
enitor cell numbers is envisaged at advanced
age. However, the number of truly naive,
 multipotential MSC steadily declines. 



Self-Renewal Capacity and MSC Potency with Advanced Age
MSC are commonly expanded in culture. However, human
MSC are not immortal in culture. One possible cellular aging
mechanism is replicative or cellular senescence. In 1961,
Hayflick and Moorhead [49] unveiled that human skin fibro -
blasts undergo only a limited number of population doublings
in vitro (also termed ‘Hayflick limit’), and furthermore this
number decreases significantly with increasing donor age.
Senescent fibroblasts produce elevated levels of molecules
that are normally secreted in wound repair and infection, such
as inflammatory cytokines, proteases and growth factors [50].
The latter may have detrimental consequences for the sur-
rounding tissue and cells. The presence of senescent cells in
vivo, which resemble cells having replicatively aged in culture
and that eventually have become senescent, could indeed be
observed in aged human skin [51, 52] as well as in the vascular
system [53]. Thus, it is plausible that stem cells also reach an
equivalent state of senescence in vivo. Evidence for this as-
sumption is still missing while there is no doubt that replica-
tive senescence of MSC occurs in vitro as demonstrated by a
number of laboratories [18, 28, 35, 54–56]. The senescent phe-
notype of MSC includes the following characteristic features:
irreversible arrest of cell division (in contrast to quiescence
where this lock is reversible) and resistance to apoptotic
death. Furthermore, MSC loose their differentiation potential
at a pre-senescent state [18]. One explanation for replicative
senescence emerging in stem cells is the down-regulation of
telomerase enzyme activity [57]. The net impact is a successive
telomere shortening with every cell division during DNA
replication. The absence of telomerase activity in MSC and, as
a result thereof, telomere attrition after extensive replication
have been observed by many investigators [16, 58]. Also vari-
ous types of DNA damage and the expression of particular
oncogenes can provoke cellular senescence. Furthermore, it is
greatly believed that oxidative stress and other extrinsic influ-
ences that result from altered extracellular matrix and dis-
turbed cell-cell and cell-matrix interactions can interfere with
self-renewal of the stem cell. In turn this may lead to cellular
aging and eventually results in cellular senescence. Last but
not least, it is important to mention that chromatin remodel-
ers, factors, which are well known to be required in the control
of the cell cycle, apoptosis and differentiation processes, ap-
pear to negatively affect stem cell self-renewal properties. For
example, the ATP-dependent remodeling complexes that con-
tain Brg1 have been reported to be involved in the induction
of MSC senescence [59]. 
As of now, there are no conclusive results available whether
MSC in vivo also acquire a state comparable to the senescent
phenotype in vitro and whether this is being induced through
the above mentioned mechanisms. Most notably in the con-
text of this review is that the maximum number of MSC popu-
lation doublings and the proliferation rate of the initial pas-
sage of the primary MSC appear to be dependent on the age
of the donors [30, 54, 55, 57]. Only recently, we could show that

the attenuated proliferation potential of MSC from aged
donors greatly relies on the withdrawal of cells by cell death.
Conclusively MSC pools, which display slowing growth kinet-
ics, also contain an increasing number of dying cells, which is
indicative for MSC accumulating during advancing age which
fail to self-renew [60].
One peculiar feature of MSC is their capacity to escape im-
mune recognition and their ability to suppress the activation
of T cells. In vitro, MSC suppress lymphocyte alloreactivity in
mixed lymphocyte cultures through a human leukocyte-inde-
pendent mechanism [61–63]. Up to now, the potency of modu-
lating immunological processes has for obvious reasons been
confirmed and validated only in a limited number of experi-
mental animal model systems [for a recent review see 64]. In
the context of these findings, clinical trials have already been
commenced in which MSC have been employed in the treat-
ment of graft-versus-host disease (GvHD) [65]. Clearance of
GvHD with third-party haploidentical MSC appears to be
possible without side effects [66], and a phase II clinical study
on steroid-resistant GvHD has been reported only recently
[67]. Further examples in which MSC have been applied in a
clinical setting are to enhance hematopoietic stem cell en-
graftment in the course of bone marrow transplantation [68],
to correct inherited disorders of bone and cartilage [69],
and/or to ameliorate tissue damage after myocardial infarc-
tion [70]. Also, attempts are being undertaken to employ MSC
as vehicles for gene therapy, e.g. in osteogenesis imperfecta
[71–73]. For a complete list of clinical indications presently
being tested please refer to www.ClinicalTrial.gov. However,
detailed clinical studies with special regard given to host
and/or donor age have, to the best of our knowledge, not been
undertaken yet.

MSC and Age-Associated Disease
Bone- and bone marrow-derived MSC are definitely a versa-
tile cell source which can be employed to support tissue repair
as well as to enhance regenerative processes (fig. 2). Working
along these lines, it is generally believed that MSC have the
potential to ameliorate or even cure age-related degenerative
diseases. Thus, if implemented successfully, this may greatly
improve the quality of life for elderly patients. However, cer-
tain limitations persist and call for careful quality control dur-
ing therapy. Further studies are still needed in order to elimi-
nate risk factors before putting MSC into clinical practice. Ac-
tually, the entire field of cell-based therapeutic intervention is
confronted with issues related to this topic. These particularly
include lacking experience with respect to long-term safety,
the absence of standardized assays for quality control, and the
still incomplete knowledge whether allogeneic MSC when ap-
plied in sick or elderly patients would also modulate the im-
mune system efficiently [64, 69, 74, 75].
In this context major concerns are focusing on questions re-
garding the cell source, and of particular interest is the health
status of the donor. As a showcase, Scaffidi and Mistelli [76]
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could recently show that MSC from patients who suffer from
the pre-mature aging syndrome Hutchinson-Gilford disease
show altered differentiation capacities. This observation sug-
gests that impaired or altered stem cell potency may con-
tribute to the reduced potential of tissue homeostasis and
 ultimately brings about an aged phenotype in an accelerated
fashion [76]. 
The previous example refers to a disease, which is caused by a
single factor, videlicet, an aberrant form of the nuclear archi-
tectural protein lamin A [77]. In contrast to that, the cause of
age-associated pathologies such as osteoarthritis (OA) is not
as well defined. OA is the most common rheumatologic disor-
der and affects over 70% of people over 65 years of age. Its
etiology is not well understood [78, 79]. It is generally accepted
though that besides age multiple factors such as obesity, histo-
ry of joint trauma, and joint dysplasia are involved. Joint
resurfacing with tissue-engineered cartilage on the basis of
isolated chondrocytes was shown to be greatly beneficial. The
availability of chondrocytes however is a major constraint of
such a therapy. In this respect, MSC represent an alternative
cell source as they exhibit chondrogenic potential. However,
there are contradicting results: Scharstuhl et al. [80] found no
significant difference in numbers and differentiation potential

when, irrespective of age or OA etiology, MSC have been iso-
lated from OA patients, whereas Murphy et al. [81] observed a
significant reduction of chondrogenic capacity. The latter is in
line with data reported by Muschler et al. [32] earlier. 
In the context of osteoporosis, another major age-associated
health complication in which decreased bone formation re-
sulting in bone loss is an important pathophysiological mecha-
nism, the role of MSC aging is also not clearly defined yet.
Stenderup et al. [37] showed that the number and the prolifer-
ative capacity of mesenchymal progenitor cells are maintained
in patients with osteoporosis. In contrast, Rodriguez et al. [82]
demonstrated that stem cell growth, proliferative response,
and osteogenic differentiation of MSC from osteoporotic
postmenopausal women are significantly affected. Since MSC
are already employed to augment large bone defects by graft-
ing engineered osseous tissue derived from explanted osteo-
progenitors, specific means which clearly define those cellular
properties may greatly enhance the outcome of these modern
therapeutic strategies. 
These few examples clearly show that it is presently not clear
at all whether MSC which have been isolated from elderly
(yet healthy) individuals can be safely implemented in clinical
practice, primarily because aged organisms are faced, and this
to a greatly varying extent, with the life-long accumulation of
potentially deleterious impacts. Therefore, transplantation of
naive stem cells, which are capable of producing progeny and
which will actually continue to do so in situ post implantation,
without careful examination of putative alterations of their
cellular characteristics seems highly risky. Similar to other cell
types, it is indispensable to perform extensive quality control
for all MSC preparations to be employed in therapeutic appli-
cations. This has to include phenotypic, functional and genetic
characterization. For the latter, many academic and clinical re-
searchers are currently characterizing MSC by means of mod-
ern, state-of the art technologies. It can be anticipated that
these unbiased data analyses, using genomic and proteomic
methods, will elucidate distinct molecular parameters, which
prognosticate the performance of individual MSC prepara-
tions, be it primary isolates or cells expanded in vitro.

Concluding Remarks

The prospective clinical use of MSC holds enormous promise
for the treatment of a large number of degenerative and age-
related diseases. However, the challenges and risks for cell-
based therapies are multifaceted. The theoretical health risk
for patients receiving autologous MSC can hardly be antici-
pated, and the proper ways of manipulating the cells ex vivo
are currently a matter of intensive investigation.
Careful pre-administration safety monitoring as well as close
monitoring of the patients is essential for this novel form of
therapy. Regulatory bodies such as the US Food and Drug 
administration [83] and the European Union (http://eur-lex.

Fig. 2. Model of extrinsic feedback control on mesenchymal tissue re-
generation by MSC progeny. MSC reside in their niches within mesenchy-
mal tissues or organs. MSC are involved in regeneration and repair by
bringing forth progenitor cells. In addition, MSC nurture stromal com-
partments with cells, which themselves are important regulators for stem
cell renewal, in particular in the case of hematopoietic stem and precursor
cells. Lastly, MSC exert immune modulatory properties. These processes
are intricately dependent on the supervision of the niche which constantly
undergoes changes not only because of cellular metabolic activity, but also
due to pathologic insults, biological aging or tissue damage.
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europa.eu/LexUriServ/site/en/oj/2007/l_324/l_32420071210en01
210137.pdf) have recently established a set of regulations for
cell-based therapeutics. The International Society for Stem
Cell Research (ISSCR) has set up a ‘task force on clinical
translation of stem cells’ (www.isscr.org/committees/committee
Results.cfm?CommitteeName = COMMITTEE/CLINTRANS)
since more distinct directives are needed to progress effective-
ly in translating this new technology into clinical practice.
Only by continuous and open interactions between investiga-
tors, who provide appropriate analytical methodology and de-
tailed understanding of the dynamic nature of stem cells, and
research institutions that capitalize and endow peer-to-peer

network environment and sustain complex logistics for clinical
studies, together with regulatory bodies, efficient and safe cell-
based therapies will become routine, in particular for patients
suffering from age-associated diseases or frailty.
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