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Summary

Marrow stromal cells (MSC) are thought to be stem cells with osteogenic potential and 

therefore responsible for the repair and maintenance of the skeleton. Age related bone loss is 

one of the most prevalent diseases in the elder population. It is controversial whether MSC 

undergo a process of aging in vivo, leading to decreased ability to form and maintain bone 

homeostasis with age. In this review we summarize evidence of MSC involvement in age 

related bone loss and suggest new emerging targets for intervention.

2

2



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Introduction

Human aging is associated with bone loss leading to bone fragility and increased risk for 

fractures,  a disease known as osteoporosis. Osteoporosis is one of the most prevalent and 

serious  diseases  affecting  the  elderly  population  and  constitutes  a  major  public  health 

problem. The cellular and molecular causes of age-related bone loss are currently intensive 

topics  of  investigation  with  the  aim  of  identifying  new  approaches  to  prevent  and  treat 

osteoporotic bone loss. The aim of this review is to summarise the recent literature that relates 

senescence  of  stromal  (also known as  mesenchymal  stem cells  and  abbreviated  MSC) to 

aged-related decrease in bone formation.

The concept of bone remodelling in relation to MSC

Bone as a tissue, is composed of bone matrix and bone cells. Two main types of mature bone 

cells have been identified. Osteoblasts (bone forming cells) and osteoclasts (bone resorbing 

cells)  [1].  The main  function of those cells  is  to mediate  a bone replacement  mechanism 

called “bone remodelling” aiming at maintenance of the integrity of the skeleton by removing 

old bone of high mineral density and high prevalence of fatigue micro-fractures and replacing 

it  with  young  bone  of  low  mineral  density  and  better  mechanical  properties[1,  2].Bone 

remodelling comprises a specific sequence of cellular  events.  It  starts  with recruitment  of 

osteoclast precursors, their fusion to form mature osteoclasts followed by their migration to 

bone surfaces.  The osteoclasts  remove an amount  of bone and create  a resorption lacuna. 

Bone resorption is followed temporally in the same anatomical location by bone formation. 

Key to the initiation of the process of bone formation is the recruitment of osteoblasts from 
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stem cells and precursor cells in the bone marrow and their migration to the bottom of the 

resorption  lacuna.  Osteoblasts  deposit  matrix  that  mineralizes  and  forms  lamellar  bone. 

Usually the amount of bone removed by the osteoclasts is equal to the amount of bone formed 

by the osteoblasts and a stable bone mass is maintained. However, this is not the case during 

aging.  Increased  bone resorption  and/or  decreased  bone  formation  can  lead  to  bone  loss. 

Based on a number of histomorphometric studies performed on iliac crest biopsies, a decrease 

in bone formation seems to be the principal pathophysiological mechanism responsible for 

age-related decreased bone mass[2].

Mesenchymal stem cells and their contribution to bone formation

Bone formation is dependent on the number and the activity of osteoblasts recruited at bone 

formation sites during bone remodelling. It is assumed that osteoblasts are differentiated from 

osteoprogenitor and stem cells present in the bone marrow.  Based on the pioneer work of 

Friedenstein  and  co-workers[3],  it  has  been  recognised  that  the  non-hematopoietic 

compartment of bone marrow (known as bone marrow stroma) contains a group of fibroblast-

like stem cells with osteogenic differentiation potential.  In vivo transplantation of MSC in 

syngeneic or immunodeficient mice in ectopic sites resulted in the formation of a mixture of 

tissues including bone,  cartilage and hematopoietic-supporting stroma[3,  4].  However,  the 

identity of these cells, and whether they hold true properties of stem cells is still matter of 

debate (see below).

Biological characteristics of MSC 

Are MSC stem cells?
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Stem cells are defined by their ability to reconstitute in vivo the tissue of origin giving rise to 

all the differentiated mature cell types present in that tissue and contributing to its long term 

maintenance  and repair.  Stem cells  differ  from progenitor  cells  (also  known as  transient 

amplifying  cells).  Progenitor  cells  exhibit  extended  proliferative  capacity  and  multipotent 

differentiation ability in vitro, but have very little ability to contribute to long term tissue 

regeneration in vivo. In contrast, to demonstrate “stemness” properties, cells have to show the 

ability  to  regenerate  the  tissue  of  origin  following  transplantation  and  possibly  in  serial 

transplantation  studies.   There  is  very  little  evidence  for  long  term  skeletal  regeneration 

capacity of MSC in vivo. Transplantation of MSC by intravenous (iv) infusion has shown 

disappointing results with low or no engraftment of the cells to bone and bone marrow[5-8]. 

Inefficient migration has been thought as the cause of lack of engraftment [6, 9]. However, 

intra-femoral  injection  of  a  subset  of  murine  marrow  stromal  cells  showed  limited 

engraftment at the site of injection 4-6 weeks post-transplantation with few cells expressing 

osteoblastic markers[10], suggesting that the quality of the cells injected may be the main 

cause of low engraftment . 

More  encouraging  are  the  studies  testing  the  preservation  of  long  term  self-renewal  by 

implantation of MSC in heterotopic sites [4, 11]. In a recent study by  Sacchetti et al. [12], 

implantation of a subpopulation of MSC, which are CD45low /CD146bright, regenerated bone 

and  stroma  supporting  hematopoiesis  in  ectopic  bone  formation  assay.  Most  importantly 

highly clonogenic CFU-F were re-isolated from the implants,  suggesting that some of the 

implanted MSC underwent self-renewal in vivo. In the study by Quarto et al. MSC isolated by 

plastic adherence and transduced with an erythropoietin cDNA, were transplanted (along with 

hydroxy-apatite particles) under the skin of nude mice. The cells were able to form bone and 
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bone  marrow  stroma  and  the  animals  maintained  increased  hematocrit  levels  for  12-14 

weeks[13]. More interestingly MSC were re-isolated from the implants and used in secondary 

transplantation  showing sustained  increased  hematocrit  levels  similar  to  those obtained in 

primary  transplantation.  These  studies  provide  a  proof  of  principle  that  a  stem cell  with 

osteogenic potential exists among MSC.

Identification of MSC

The paucity  of  studies  demonstrating  stem cell  properties  of  MSC in vivo highlights  the 

difficulties  in  the  isolation  and  identification  of  the  true  MSC  with  self-renewing  and 

multipotential  differentiation  abilities.  The  absence  of  suitable  markers  to  establish  a 

hierarchical relationship between stem and progenitor cells has left scientists with a variety of 

protocols for the isolation of MSC, which vary from laboratory to laboratory and rely mostly 

on physical-chemical conditions of the in vitro culture. The most popular method for isolating 

MSC from bone marrow is  through plastic  adherence  [14,  15,  [14].   The  resulting  MSC 

cultures are heterogeneous and contain a mix of progenitors at different stages of commitment 

[15, 16]. 

In vitro, MSC are  identified retrospectively  by their clonogenic growth capacity (known as 

colony forming unit-fibroblast CFU-F) and their ability to differentiate into a broad spectrum 

of  fully  differentiated  connective  tissues,  including  cartilage,  bone,  adipose  tissue  and 

myelosupportive stroma in vitro [17].  However, remarkable differences have been observed 

among the different CFU-Fs in terms of cell morphology, rate of replication, expression of 

markers  for  osteoblastic,  chondroblastic,  adipogenic  phenotypes  and  the  number  of 

differentiated  progeny  they  can  give  rise  to,  with  some  CFU-F  capable  of  multipotent 
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differentiation, others only capable of forming bone and yet others capable of giving origin to 

myelo-supportive stroma [15, 16, 18-21].  

Unfortunately,  there  are  no  commonly  accepted  surface  antigens,  which  can  be  used  to 

prospectively isolate MSC from bone marrow. To-date the markers used are not specific to 

stemness characteristics and are common to several mature cell types.  MSC are recognised as 

negative  for  CD45  (non-hematopoietic)  CD34  (non-endothelial)  and  positive  for  CD90, 

CD105 (SH2), CD73 (SH3), CD63, Stro-1 [22, 23].  There have been several attempts to 

identify novel markers for prospective isolation of MSC with stem cell properties (Table1). 

Stro1 is among the first and one of the most investigated marker.  Stro-1 antibody identifies a 

glycoprotein component on all the clonogenic MSC [23].  However expression of Stro1 is not 

unique to MSC as it is also expressed in erythroid precursors. Transplantation of Stro1+ cells 

in  vivo  did  not  show  improved  engraftment  potential  [7].  Moreover,  there  has  been  no 

evidence that Stro1+ cells have the ability of in vivo self-renewal. It remains unclear whether 

Stro1 identifies a population of cells, which is more primitive compared to cells isolated by 

plastic adherence, and whether the  more recently isolated CD45low /CD146bright subpopulation 

of MSC[12] (see above)  performs  better  in serial  transplantation.   A turning point  in the 

establishment of a hierarchical relationship within the BMSC may be represented by a recent 

study by Nishikawa’s group [24]. The authors examined the developmental origin of MSC, 

using murine ES cell as model. A very early progenitor cell, the Sox1+ neuroepithelial cell 

was identified as the primary cell of origin of MSC. Sox1+cells subsequently became cells 

with  properties  of  MSC progenitors  through  the  sequential  acquisition  of  PDGFRα  and 

PDGFRβ expression. It is unknown if any of the cells emerging from the Sox1+ PDGFRα 
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and PDGFRβ populations were CD45low/CD146 high or whether any of these intermediate cell 

populations are present in the post-natal human bone marrow. 

Age-related changes in MSC 

As mentioned above, stem cells are required for the continuous supply of mature, functionally 

competent cells for normal tissue turnover and regeneration. An age-related decrease in the 

number or functional abilities of stem cells is thought to lead to tissue deterioration. In the 

following  we  will  review  evidence  that  MSC  exhibit  changes  in  their  biological 

characteristics during aging that are relevant for their bone forming abilities.

Age-related changes in size of the MSC pool 

Considering the lack of appropriate markers and assays to identify MSC it is not surprising 

that no agreement has been reached as to whether MSC decrease in numbers with age and 

whether this has a role in the decrease bone mass observed during aging. Several investigators 

have  utilized  the in  vitro  clonogenic  ability  of  CFU-F to  determine  the  number  of  MSC 

progenitors.  Others  have  measured  the  clonogenic  ability  of  their  osteoblastic-committed 

populations,  the CFU-O, which  is  alkaline  phophatase  positive  and is  obtained  following 

exposure of bone marrow cells to osteogenic supplements. In rats a decrease in MSC number 

is reported but this is not consistent in murine MSC (Table 2). The reason for this discrepancy 

may be related to the experimental  method utilized.  In the murine studies, the number of 

CFU-F has been corrected for the number of cells present in the femur. In contrast in the rat 

and  human  studies,  CFU-F or  CFU-O has  been  calculated  as  frequency of  bone marrow 

mononuclear cells. Moreover, age-related effects on MSC may be strain dependent. This is 

well  known  from  studies  performed  on  haematopoietic  stem  cells  (HSC),  where  the 
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repopulation  ability of HSC is  compromised  with age in Balb/c  but  not in C57Bl/6 [25]. 

Similarly,  femoral  bone  density  decrease  with  age  in  Balb/c  but  not  in  C57Bl/6  [26] 

suggesting that Balb/c mice can be more sensitive to age related changes. Unfortunately most 

of the studies to assess MSC numbers have been carried out in C57Bl/6 strain.  Interestingly, 

the only study partly carried out using Balb/c showed a decrease in the number of CFU-F and 

CFU-O [80].

Discrepancies exist also in the human studies that examined the effect of age on the number 

of CFU-F or CFU-O [27-34]. It is plausible that these inconsistencies in the results are due to 

differences in the methods and source of bone marrow samples utilized. Some studies used 

bone  marrow obtained  during  surgical  procedures  for  treatment  of  osteoarthritis  or  other 

operations, which may not represent the bone marrow of a healthy aging population. Also, 

bone marrow was obtained from different sites (spine, proximal knee, iliac crest) and with 

different  techniques.  Some authors used bone marrow aspirates and other used “flushing” 

technique to remove bone marrow cells from the bone fragments obtained during orthopaedic 

procedures. Methods of collection of bone marrow aspirates can influence widely the number 

of MSC present depending on the extent of blood contamination. Moreover, the site of harvest 

may determine the type of MSC obtained. Sacchetti et al [12] showed that the more primitive 

CD45low /CD146 high MSC is contained in the bone marrow obtained from the iliac crest and 

not from cells from the periosteum or trabecular bone. Another important factor, which can 

influence  the outcome of the studies,  is  the way a  CFU-F or a CFU-O is  defined.  Some 

investigators defined a CFU as a group of cells with more than 16 cells whilst other more then 

50 cells.  It is of interest that only the studies where colonies with more than 50 cells were 
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counted showed a decrease with age (Table 2) and it raises the question whether these two 

colony types represent different cell populations with different biology.  

In  an  attempt  to  overcome  some  of these  experimental  limitations,  Stenderup  et  al  [33] 

examined  the  number  of  CFU-F  and  CFU-O  present  in  Stro-1+cells  isolated  from  bone 

marrow mononuclear cells in 38 normal healthy volunteers (23 young and 15 old individuals) 

and 13 patients  with osteoporosis.  No age-related  effects  on the total  number  of CFU-O, 

CFU-F  or  CFU  colony  size  was  observed  [33].  In  contrast,  the  number  of 

CD45low/D7fib+/LNGF+ cells was reported to decrease with age and was positively correlated 

to the number of CFU-F[34]. However, the difference between the two studies may be related 

to the age characteristics of the donors employed.  The change in the number of MSC with 

age  was  observed  in  the  studies  when  a  higher  number  of  young  donors  were  included, 

suggesting  that  most  of  the  observed  decline  in  the  number  of  CFU-F  occurs  in  early 

adulthood when changes in the skeletal dynamics from a modelling mode characteristic of 

skeletal  growth  and  consolidation  to  a  remodelling  dynamics  characteristic  of  the  adult 

skeleton occurs.  This is true for the study by Stolzing et al [34]where the major difference in 

CFU-F numbers occur between the adolescent group (age below 20) and adult group (age 

above 20). This may also explain why experiments employing rats showed a decline in the 

CFU-F number as they continue to grow throughout their lifespan.   Changes later in life may 

be  very  small  if  at  all,  possibly  present  only  in  certain  pathological  conditions.  Similar 

observations have been reported in HSC where the highest proliferative demands are present 

in the first year of life and changes after that are very small and difficult to detect unless in 

condition of high proliferative stress such as following transplantation (reviewed in [35]). 
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Age-related changes in proliferative capacity of MSC. 

Due to the very property of self-renewal, the proliferation ability of stem cells is expected to 

be extensive or even indefinite. The effect of donor age on the maximal proliferative potential 

of plastic adherent bone marrow-derived MSC has been examined by several investigators. 

An age-related decline in the maximal life span from 30-40 population doublings in younger 

donors to 20 PD in older donors was observed [32, 36] suggesting that MSC lose proliferative 

capacity in vivo as well as in vitro.  This is mirrored by telomere shortening and increased 

number of MSC showing signs associated with senescence such as a change in morphology 

(from spindle shape to large flat cells) [32, 34, 36], expression of cell senescence markers e.g. 

β Galactosidase, tumor suppressor TP53 and cell cycle regulator protein p21[34, 36] and an 

increase in the levels of oxidized and glycated protein and lipofuscin, metabolites present in 

senescent cells [34]. 

Several studies  have demonstrated   a significant decrease in the mean telomere restriction 

fragment (mTRF) in MSC obtained from younger donors between the primary passage and 

the end of the culture, which significantly correlated with the number of population doublings 

[18,  32,  37][38].  Most  importantly,  when  MSC  were  cultured  for  an  equal  number  of 

population  doublings,  the  telomere  length  in  younger  donors  was  significantly  longer 

compared to older donors [32, 36].   If one assumes that all MSC undergo telomere shortening 

at similar rates in vitro, these data imply that the difference in telomere length seen between 

younger and older donors is due to loss of mTRF occurring in vivo and can be estimated to be 

about 17bp/year[32]. Measurement of telomere length in uncultured MSC is now required to 

exclude that culturing of MSC of young and old donors does not introduce a bias and that the 

difference in telomere length seen is truly a reflection of a loss occurring in vivo. However 
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the fact that the telomere length of MSC obtained from fetal blood, liver and bone marrow 

was significantly higher (p<0.01) compared to adult MSC [39], shows loss of telomere length 

with developmental age and is well in agreement with these data. 

Theoretically,  long-term growth  of  MSC requires  maintenance  of  telomere  length  that  is 

usually accomplished by the presence of telomerase activity an enzyme which adds telomeric 

repeats at the end of chromosomes In HSC expression of telomerase has been shown to delay 

the process of aging although it  did not prevent it  [40].  It  is  controversial  whether  MSC 

express telomerase to sufficient levels to act in a similar way. Most of the studies agree that 

telomerase is not expressed by MSC in culture [41, 42]. However, only one study suggested 

that  telomerase  may  be  expressed  in  a  sub-population  of  MSC  expressing  STRO-1bright 

VCAM+ marker before their exposure to in vitro culture conditions[43]. It is possible that, 

similarly  to  HSC,  a  very  primitive  subpopulation  of  MSC  express  telomerase  in  vivo. 

However,  upon  isolation  in  culture,  MSC  lose  part  of  their  stemness  and  telomerase  is 

switched off. In support of this a very recent study demonstrated that culture expanded human 

MSC  underwent  commitment  towards  osteoblast  lineage  and  expressed  high  levels  of 

osteogenic regulatory gene Cbfa1, and alkaline phosphatase. Low levels hTERT transcripts 

and telomerase activity were detected at the start but repressed by increased Cbfa1 expression 

[44].

Age-related changes in differentiation potential of MSC

Several  studies have examined the effects  of donor age on the differentiation potential  of 

MSC.  One  caveat  to  these  studies  is  that,  in  contrast  to  HSC,  where  assessment  occur 

following in vivo transplantation, in vitro culture and expansion of MSC is a prerequisite for 

performing differentiation studies and in several of these studies the degree of in vitro culture 
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prior to differentiation studies has not been controlled. Their differentiation potential to the 

osteogenic lineage has been the most investigated in relation to aging. Stenderup et al [33] 

and Justesen et  al  [45],  cultured  MSC from younger,  older  and osteoporotic  patients  and 

found  maintained  osteoblast  differentiation  potential  at  early  passage  in  culture  (low 

population  doublings).  Similarly,  Muraglia  et  al  tested  the  osteogenic,  chondrogenic  and 

adipogenic  differentiation  capacity  of  MSC in  donors  of  various  ages  and found that  the 

number of tripotent clones did not change with age in culture at early passage. However with 

time in culture the tripotent clones lost their adipogenic potential[21].  

Some studies have examined the effect of donor age on bone forming capacity using in vivo 

bone formation assays. In this assay MSC mixed with hydroxyapatite/tricalcium phosphate 

(HA/TCP) as a carrier were implanted subcutaneously in syngeneic animals. Both cells from 

younger  and older donors were tested in both younger  and older  recipient  animals.  MSC 

derived from aged rats  exhibited  decreased bone formation capacity  compared  with MSC 

from younger donors [46]. Stenderup et al [11] employed similar methodology to test the 

difference between MSC obtained at early passage (few population doublings) from younger 

and older human donors. After implantation in immune-deficient  mice,  no difference was 

found in the amount of bone formed between the two age groups. On contrast, Mendes et al. 

[47]  demonstrated that when human MSC from 53 donors of various age were seeded on 

calcium phosphate scaffolds and implanted under the skin of nude mice, the ability of cultures 

for forming bone declined with age with 67% of the culture able to form bone at 41-50 years 

of age, 50% at 51-70 years of age and less that 46% beyond 70 years of age. In conclusion, all 

these  studies  suggest  that  the  age-related  changes  of  MSC  capacity  for  osteoblast 

differentiation and bone formation using early passage (low population doublings) of MSC 
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are subtle and not consistent and may need sensitive assays for its detection. However, the 

effect of donor age becomes clearer upon in vitro expansion of the cells in culture due to an 

accelerated senescence phenotype.  These findings are of relevance to regenerative medicine 

protocols where cells from elderly donor need to be used for therapy.

As  mentioned  above  MSC can  differentiate  into  osteoblasts  and  other  lineages  including 

adipocytes.  In vivo, several investigators have demonstrated that with age there is a decrease 

in trabecular bone volume (TBV), which is associated with increased bone marrow adipocytic 

volume[48, 49] and these changes are more pronounced in osteoporotic patients. Furthermore, 

in a mouse model of accelerated senescence (SAM-6 mouse) decreased bone formation was 

associated with enhanced adipogenesis in vivo and in vitro[50].  All these findings led to the 

hypothesis that, MSC acquired a bias in the differentiation ability in favour of the adipocyte 

lineage  instead  of  the  osteoblastic  lineage.  Although  initial  studies  on  the  in  vitro 

differentiation potential of MSC have reported that osteoblast differentiation was inversely 

correlated to adipocyte cell differentiation [51, 52], these were superseded by numerous other 

studies where either no difference was seen  or MSC from older donors exhibited a decreased 

differentiation  ability  to  the  adipogenic  lineage  [32,  34,  45]  when  compared  to  younger 

donors. Thus, these studies suggest that adipogenic differentiation from MSC can decline with 

age  in  vitro  but  in  vivo  adipogenesis  may  be  regulated  independently  and  may  not  be 

necessarily related to impaired differentiation of MSC.

Age-related changes in bone microenvironment

Growth factors  and cytokines  are  secreted  in  the bone microenvironment,  sequestrated  in 

bone matrix and exert their main effects locally as a controller of osteoblast activity during 
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bone remodelling. Several investigators measured the effect of donor age on the amount of 

growth factors present in the bone matrix directly or indirectly through bone inductive effects 

of  demineralised  bone  matrix  powder.  IGF-I  and  IGF-II  are  important  regulator  of 

osteoblastic  cell  proliferation  and differentiation.  Seck et  al  [53]examined the relationship 

between  donor  age,  cortical  bone  content  of  IGF-I  and  IGF-II  as  well  as  cortical  bone 

remodeling in a large number of donors at different ages. Bone samples were obtained from 

the  proximal  femur  neck.  The  authors  found  an  age-related  decrease  in  bone  matrix 

concentration of IGF-I in both men and women and of IGF-II in men only. However, there 

was no significant correlation between bone content of IGF-I, IGF-II and any parameter of 

bone remodeling. From the same group, production of transforming growth factor (TGF)-β 

did not change with donor age [54].  

 Demineralised  bone matrix  (DBM) powder  was implanted  subcutaneously in  animals  of 

different ages and the amount of bone formed was quantitated using histomorphometric or 

biochemical techniques.  Irving et al[55] found that bone induction capacity of bone matrix is 

impaired in older animals. Bone powder obtained from tibiae and femurs of 6-month-old rats 

was implanted subcutaneously in young (6 weeks), adult (6 months), and old (2 years) rat 

recipients. Bone was formed after 14 days in young rats, after 15 days in adult rats and after 

25 days in old rats. Similarly, the bone induction of powder obtained from bones of 4-month-

old rats was dependent on recipient age with gradual decline in rats aged 1 months old to 16 

months old [56]. Also, decreased in rates of bone formation and amount of bone obtained 

after subcutaneous implantation of DBM powder were observed in old rats (4 months old) 

compared with young rats (4 weeks old) [57]. The decreased bone formation found in rats was 

confirmed  in  rabbits  where  3,  6,  18,  and  28  months  old  rabbit  recipients  received  intra-
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muscular  implantation  of  DBM powder  from 6  month-old  male  rabbit  donors  [58].  The 

amount  of new bone formed was negatively correlated  with age of the recipient.  Similar 

experiments  were  performed  using  human  DBM powder  from younger  (8  donors,  18-46 

years) and older donors (9 donor, 62-90 years) that were implanted subcutaneously in mice 

[59]. The amount of bone formed by older donor DBM powder was decreased compared with 

younger donors but the difference was not statistically significant. These studies suggest that 

age-related changes in the bone microenvironment  may play a role in the decreased bone 

formation occurring with age. However, it is unclear what cells are responsible for the change 

in growth factors secretion. It is possible that stem cells as such change their cytokine profile 

secretion to modify the environment to suite their survival, proliferation and differentiation 

needs.  In  an  expression profiling  study Cairney et  al  (in  this  issue)  has  shown increased 

secretion of chemokines such as IL8 in HSC with age.  MSC are known to secrete cytokines 

such as IL6, or IL11 which have been shown to change with age [60]. It is therefore possible 

that  MSC exert  an influence  on the changes  in  the  microenvironment  and in  turn on the 

decreased  bone  formation.  Recently,  we  have  employed  serum  as  a  surrogate  for  the 

microenvironment “seen” by MSC. We compared the effect of sera obtained from young and 

old  donors  on  MSC proliferation  and differentiation  [61].  We found that  sera  of  elderly 

donors were inhibitory to osteoblast and not adipocyte differentiation of MSC. The putative 

factor(s) responsible for these effects remain to be determined. 

MSC aging and intervention to abolish age-related bone loss 

Replacing or “rejuvenating” resident MSC populations by either MSC transplantation or by 

activation  of  resident  MSC  by  bioactive  molecules  are  potentially  useful  approaches  to 

enhance the functional capacity of MSC and represent a novel approach to increase in vivo 
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bone formation.  During the recent years specific signaling pathways have been identified that 

provide possible target for intervention. Insight into these pathways has been obtained from 

studying human diseases of progeria (or accelerated senescence) and through combination of 

genetic studies and studying gene modified animal models. 

Telomerase and rejuvenation of MSC

As  we  described  above,  cultured  MSC  lack  telomerase  activity  and  exhibit  telomere 

shortening  in  culture.  Also,  telomere  shortening  was  associated  with  expression  of  a 

senescence  phenotype  in  MSC  cultures[34,  36]  .  We  have  tested  the  possibility  of 

“rejuvenation” of MSC by forced expression of hTERT [42] and found that these telomerized 

MSC exhibit  enhanced bone-forming activity both in vitro and in vivo  besides promoting 

extended proliferation and differentiation ability of MSC [42, 61].  We have also reported 

recently [63] that telomerase activity can be restored transiently to MSC by treatment with 

TSA (trichostatin A) that changes the epigenetic status of hTERT protomer. Unfortunately, 

long-term telomerization of the MSC lead to genetic instability and tumor formation [62]. 

Thus, alternative, short-term or conditional activation of telomerase may be a better approach 

for clinical intervention that remains to be examined.

Identification of Notch signaling in MSC aging

The identification of new molecular players involved in MSC aging came from the studies on 

progeroid syndromes. Progeroid syndromes (or accelerated aging syndromes) are caused by a 

single  gene defects  which results  in accelerating aging phenotypes.  The advantage is  that 

aging  features  seen  in  such  syndromes  may  result  from the  acceleration  of  mechanisms 

postulated to play causal role in aging and thus can give information on the contribution of a 
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given  mechanism  in  normal  aging.  In  progeroid  syndromes  where  stem cells  have  been 

studied a clear association among accelerated telomere shortening, decrease number of stem 

cells,  organ failure and lifespan has been shown[63, 64]  [66,67]. Werner syndrome (WS), 

dyskeratosis congenital (DC) and  Hutchinson-Gilford Progeria syndrome (HGPS),  are good 

example of this in the case of MSC [65, 66].  In HGPS, a rare, fatal genetic disorder that is 

characterized  by  segmental  accelerated  aging  with  osteoporosis  and  accelerated  telomere 

shortening,  a  link  between  BMSC  and  osteoporosis  has  been  made.  The  major  causal 

mutation associated with HGPS triggers abnormal messenger RNA splicing of the laminin A 

gene. Knock down of laminin A in BMSC has been shown to impair osteoblastogenesis and 

accelerates osteoclastogenesis [67].  Gene expression profiling of MSC overexpressing the 

abnormal  form of  laminin  A showed alterations  in  the  activation  of  the  Notch  signaling 

pathway [68]. Moreover,  the abnormal form of laminin A has been seen to increase in cells 

with physiological aging[69], suggesting that, at least in certain circumstances, with age MSC 

may be affected in a similar  way to MSC from patients affected by HGPS.  Indeed  Notch 

signaling  has  been  shown  to  be  important  for  the  maintenance  of  the  MSC  pool  in 

physiological  conditions [70].  The disruption of Notch signalling in the limb skeletogenic 

mesenchyme markedly increased trabecular bone mass in adolescent mice whilst in aged mice 

caused osteopenia [71]. 

The identification of Notch signalling as a pathway involved in self-renewal of MSC opens up 

opportunities for drug discovery and strategies to identify compounds which can be used to 

manipulate stem cells for therapeutic or biotechnology purposes. Whilst considerably more 

information  is  needed,  progress  is  well  underway with  proof-of-concept  approaches.  The 

ability  of  intervening  and  increasing  even  modestly  the  stem  cell  pool  may  have  great 
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therapeutic  impact.  Small  molecule  manipulation  of  both  ES  cells  and  adult  tissue 

stem/progenitor  cells  has  shown  that  such  an  approach  is  feasible[71-73].   A  better 

understanding of the molecular basis of MSC aging may uncover novel molecule capable of 

extending tissue survival and repair.

Concluding remarks

The inadequate and very variable technology available at present for studying MSC and the 

diversity of mechanisms leading to aging pose a major challenge to studying the contribution 

of MSC to the aging phenotype and has led to the very variable results obtained in different 

laboratories.  Studying  larger  samples  of  the  healthy  aging  population  is  needed  for  an 

accurate analysis. Also, identification of better markers for the authentic MSC and a more 

controlled  procedure  for  bone marrow harvest  and culture  are  important  pre-requisite  for 

obtaining accurate data.  Irrespective of these difficulties, the idea of “rejuvenation” of stem 

cells either through transplantation or activation of endogenous stem cells are highly relevant 

and may provide a novel strategy for abolishing some of the age-related diseases.  In this 

context, studying the molecular mechanism underlying several of the progeria (accelerated-

senescence) syndromes can enhance our understanding of the mechanisms of aging and MSC 

aging and thus provide novel targets for intervention.

References

[1] H.M. Frost, Why should many skeletal scientists and clinicians learn the Utah 
paradigm of skeletal physiology? J Musculoskelet Neuronal Interact 2 (2001) 121-
130.

[2] A.M. Parfitt, Bone forming cells in clinical conditions, B.K. Hall, London, 1991.

19

19



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[3] A.J. Friedenstein, A.A. Ivanov-Smolenski, R.K. Chajlakjan, U.F. Gorskaya, A.I. 
Kuralesova, N.W. Latzinik, U.W. Gerasimow, Origin of bone marrow stromal 
mechanocytes in radiochimeras and heterotopic transplants, Exp Hematol 6 (1978) 
440-444.

[4] A.J. Friedenstein, S. Piatetzky, II, K.V. Petrakova, Osteogenesis in transplants of bone 
marrow cells, J Embryol Exp Morphol 16 (1966) 381-390.

[5] M. Bensidhoum, A. Chapel, S. Francois, C. Demarquay, C. Mazurier, L. Fouillard, S. 
Bouchet, J.M. Bertho, P. Gourmelon, J. Aigueperse, P. Charbord, N.C. Gorin, D. 
Thierry, M. Lopez, Homing of in vitro expanded Stro-1- or Stro-1+ human 
mesenchymal stem cells into the NOD/SCID mouse and their role in supporting 
human CD34 cell engraftment, Blood 103 (2004) 3313-3319.

[6] J.F. Bentzon, K. Stenderup, F.D. Hansen, H.D. Schroder, B.M. Abdallah, T.G. Jensen, 
M. Kassem, Tissue distribution and engraftment of human mesenchymal stem cells 
immortalized by human telomerase reverse transcriptase gene, Biochem Biophys Res 
Commun 330 (2005) 633-640.

[7] A. Chapel, J.M. Bertho, M. Bensidhoum, L. Fouillard, R.G. Young, J. Frick, C. 
Demarquay, F. Cuvelier, E. Mathieu, F. Trompier, N. Dudoignon, C. Germain, C. 
Mazurier, J. Aigueperse, J. Borneman, N.C. Gorin, P. Gourmelon, D. Thierry, 
Mesenchymal stem cells home to injured tissues when co-infused with hematopoietic 
cells to treat a radiation-induced multi-organ failure syndrome, J Gene Med 5 (2003) 
1028-1038.

[8] S.M. Devine, C. Cobbs, M. Jennings, A. Bartholomew, R. Hoffman, Mesenchymal 
stem cells distribute to a wide range of tissues following systemic infusion into 
nonhuman primates, Blood 101 (2003) 2999-3001.

[9] R.F. Wynn, C.A. Hart, C. Corradi-Perini, L. O'Neill, C.A. Evans, J.E. Wraith, L.J. 
Fairbairn, I. Bellantuono, A small proportion of mesenchymal stem cells strongly 
express functionally active CXCR4 receptor capable of promoting migration to bone 
marrow, Blood  (2004).

[10] B. Short, N. Brouard, P.J. Simmons, Prospective isolation of mesenchymal progenitor 
cells from mouse compact bone, ISSCR 2nd Annual Meeting  (2004) 134.

[11] K. Stenderup, C. Rosada, J. Justesen, T. Al-Soubky, F. Dagnaes-Hansen, M. Kassem, 
Aged human bone marrow stromal cells maintaining bone forming capacity in vivo 
evaluated using an improved method of visualization, Biogerontology 5 (2004) 107-
118.

[12] B. Sacchetti, A. Funari, S. Michienzi, S. Di Cesare, S. Piersanti, I. Saggio, E. 
Tagliafico, S. Ferrari, P.G. Robey, M. Riminucci, P. Bianco, Self-renewing 
osteoprogenitors in bone marrow sinusoids can organize a hematopoietic 
microenvironment, Cell 131 (2007) 324-336.

[13] A. Daga, A. Muraglia, R. Quarto, R. Cancedda, G. Corte, Enhanced engraftment of 
EPO-transduced human bone marrow stromal cells transplanted in a 3D matrix in non-
conditioned NOD/SCID mice, Gene Ther 9 (2002) 915-921.

[14] D.J. Prockop, Marrow stromal cells as stem cells for nonhematopoietic tissues, 
Science 276 (1997) 71-74.

[15] S. Post, B.M. Abdallah, J.F. Bentzon, M. Kassem, Demonstration of the presence of 
independent pre-osteoblastic and pre-adipocytic cell populations in bone marrow-
derived mesenchymal stem cells, Bone 43 (2008) 32-39.

20

20



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[16] S.A. Kuznetsov, P.H. Krebsbach, K. Satomura, J. Kerr, M. Riminucci, D. Benayahu, 
P.G. Robey, Single-colony derived strains of human marrow stromal fibroblasts form 
bone after transplantation in vivo, J Bone Miner Res 12 (1997) 1335-1347.

[17] M. Owen, Marrow stromal stem cells, J Cell Sci Suppl 10 (1988) 63-76.
[18] A. Banfi, A. Muraglia, B. Dozin, M. Mastrogiacomo, R. Cancedda, R. Quarto, 

Proliferation kinetics and differentiation potential of ex vivo expanded human bone 
marrow stromal cells: Implications for their use in cell therapy, Exp Hematol 28 
(2000) 707-715.

[19] H. Castro-Malaspina, R.E. Gay, G. Resnick, N. Kapoor, P. Meyers, D. Chiarieri, S. 
McKenzie, H.E. Broxmeyer, M.A. Moore, Characterization of human bone marrow 
fibroblast colony-forming cells (CFU-F) and their progeny, Blood 56 (1980) 289-301.

[20] C.M. Digirolamo, D. Stokes, D. Colter, D.G. Phinney, R. Class, D.J. Prockop, 
Propagation and senescence of human marrow stromal cells in culture: a simple 
colony-forming assay identifies samples with the greatest potential to propagate and 
differentiate, Br J Haematol 107 (1999) 275-281.

[21] A. Muraglia, R. Cancedda, R. Quarto, Clonal mesenchymal progenitors from human 
bone marrow differentiate in vitro according to a hierarchical model, J Cell Sci 113 (Pt 
7) (2000) 1161-1166.

[22] S.E. Haynesworth, M.A. Baber, A.I. Caplan, Cell surface antigens on human marrow-
derived mesenchymal cells are detected by monoclonal antibodies, Bone 13 (1992) 
69-80.

[23] P.J. Simmons, B. Torok-Storb, Identification of stromal cell precursors in human bone 
marrow by a novel monoclonal antibody, STRO-1, Blood 78 (1991) 55-62.

[24] Y. Takashima, T. Era, K. Nakao, S. Kondo, M. Kasuga, A.G. Smith, S. Nishikawa, 
Neuroepithelial cells supply an initial transient wave of MSC differentiation, Cell 129 
(2007) 1377-1388.

[25] R.P. Ertl, J. Chen, C.M. Astle, T.M. Duffy, D.E. Harrison, Effects of dietary 
restriction on hematopoietic stem-cell aging are genetically regulated, Blood 111 
(2008) 1709-1716.

[26] W.G. Beamer, L.R. Donahue, C.J. Rosen, D.J. Baylink, Genetic variability in adult 
bone density among inbred strains of mice, Bone 18 (1996) 397-403.

[27] S.E. Haynesworth, V.M. Goldberg, A.I. Caplan. Diminution of the number of 
mesenchymal stem cells as a cause for skeletal aging, Rosemont 1994.

[28] D. Egrise, D. Martin, A. Vienne, P. Neve, A. Schoutens, The number of fibroblastic 
colonies formed from bone marrow is decreased and the in vitro proliferation rate of 
trabecular bone cells increased in aged rats, Bone 13 (1992) 355-361.

[29] R. Quarto, D. Thomas, C.T. Liang, Bone progenitor cell deficits and the age-
associated decline in bone repair capacity, Calcif Tissue Int 56 (1995) 123-129.

[30] T. Mets, G. Verdonk, Variations in the stromal cell population of human bone marrow 
during aging, Mech Ageing Dev 15 (1981) 41-49.

[31] R.O. Oreffo, S. Bord, J.T. Triffitt, Skeletal progenitor cells and ageing human 
populations, Clin Sci (Lond) 94 (1998) 549-555.

[32] M.A. Baxter, R.F. Wynn, S.N. Jowitt, J.E. Wraith, L.J. Fairbairn, I. Bellantuono, 
Study of telomere length reveals rapid aging of human marrow stromal cells following 
in vitro expansion, Stem Cells 22 (2004) 675-682.

[33] K. Stenderup, J. Justesen, E.F. Eriksen, S.I. Rattan, M. Kassem, Number and 
proliferative capacity of osteogenic stem cells are maintained during aging and in 
patients with osteoporosis, J Bone Miner Res 16 (2001) 1120-1129.

21

21



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[34] A. Stolzing, E. Jones, D. McGonagle, A. Scutt, Age-related changes in human bone 
marrow-derived mesenchymal stem cells: consequences for cell therapies, Mech 
Ageing Dev 129 (2008) 163-173.

[35] I. Bellantuono, W.N. Keith, Stem cell ageing: does it occur and can we intervene? 
Expert Rev Mol Med 9 (2007) 1-20.

[36] K. Stenderup, J. Justesen, C. Clausen, M. Kassem, Aging is associated with decreased 
maximal life span and accelerated senescence of bone marrow stromal cells, Bone 33 
(2003) 919-926.

[37] M.M. Bonab, K. Alimoghaddam, F. Talebian, S.H. Ghaffari, A. Ghavamzadeh, B. 
Nikbin, Aging of mesenchymal stem cell in vitro, BMC Cell Biol 7 (2006) 14.

[38] G. Bianchi, A. Banfi, M. Mastrogiacomo, R. Notaro, L. Luzzatto, R. Cancedda, R. 
Quarto, Ex vivo enrichment of mesenchymal cell progenitors by fibroblast growth 
factor 2, Exp Cell Res 287 (2003) 98-105.

[39] P.V. Guillot, C. Gotherstrom, J. Chan, H. Kurata, N.M. Fisk, Human first-trimester 
fetal MSC express pluripotency markers and grow faster and have longer telomeres 
than adult MSC, Stem Cells 25 (2007) 646-654.

[40] R.C. Allsopp, G.B. Morin, R. DePinho, C.B. Harley, I.L. Weissman, Telomerase is 
required to slow telomere shortening and extend replicative lifespan of HSCs during 
serial transplantation, Blood 102 (2003) 517-520.

[41] S. Zimmermann, M. Voss, S. Kaiser, U. Kapp, C.F. Waller, U.M. Martens, Lack of 
telomerase activity in human mesenchymal stem cells, Leukemia 17 (2003) 1146-
1149.

[42] J.L. Simonsen, C. Rosada, N. Serakinci, J. Justesen, K. Stenderup, S.I. Rattan, T.G. 
Jensen, M. Kassem, Telomerase expression extends the proliferative life-span and 
maintains the osteogenic potential of human bone marrow stromal cells, Nat 
Biotechnol 20 (2002) 592-596.

[43] S. Gronthos, A.C.W. Zannettino, S.J. Hay, S. Shi, S.E. Graves, A. Kortesidis, P.J. 
Simmons, Molecular and cellular characterisation of highly purified stromal stem cells 
derived from human bone marrow, J Cell Sci 116 (2003) 1827-1835.

[44] S. Isenmann, D. Cakouros, A. Zannettino, S. Shi, S. Gronthos, hTERT transcription is 
repressed by Cbfa1 in human mesenchymal stem cell populations, J Bone Miner Res 
22 (2007) 897-906.

[45] J. Justesen, K. Stenderup, E.F. Eriksen, M. Kassem, Maintenance of osteoblastic and 
adipocytic differentiation potential with age and osteoporosis in human marrow 
stromal cell cultures, Calcif Tissue Int 71 (2002) 36-44.

[46] K. Inoue, H. Ohgushi, T. Yoshikawa, M. Okumura, T. Sempuku, S. Tamai, Y. Dohi, 
The effect of aging on bone formation in porous hydroxyapatite: biochemical and 
histological analysis, J Bone Miner Res 12 (1997) 989-994.

[47] S.C. Mendes, J.M. Tibbe, M. Veenhof, K. Bakker, S. Both, P.P. Platenburg, F.C. 
Oner, J.D. de Bruijn, C.A. van Blitterswijk, Bone tissue-engineered implants using 
human bone marrow stromal cells: effect of culture conditions and donor age, Tissue 
Eng 8 (2002) 911-920.

[48] J. Justesen, K. Stenderup, E.N. Ebbesen, L. Mosekilde, T. Steiniche, M. Kassem, 
Adipocyte tissue volume in bone marrow is increased with aging and in patients with 
osteoporosis, Biogerontology 2 (2001) 165-171.

[49] P. Meunier, J. Aaron, C. Edouard, G. Vignon, Osteoporosis and the replacement of 
cell populations of the marrow by adipose tissue. A quantitative study of 84 iliac bone 
biopsies, Clin Orthop Relat Res 80 (1971) 147-154.

22

22



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[50] O. Kajkenova, B. Lecka-Czernik, I. Gubrij, S.P. Hauser, K. Takahashi, A.M. Parfitt, 
R.L. Jilka, S.C. Manolagas, D.A. Lipschitz, Increased adipogenesis and myelopoiesis 
in the bone marrow of SAMP6, a murine model of defective osteoblastogenesis and 
low turnover osteopenia, J Bone Miner Res 12 (1997) 1772-1779.

[51] J.N. Beresford, J.H. Bennett, C. Devlin, P.S. Leboy, M.E. Owen, Evidence for an 
inverse relationship between the differentiation of adipocytic and osteogenic cells in 
rat marrow stromal cell cultures, J Cell Sci 102 (Pt 2) (1992) 341-351.

[52] J.H. Bennett, C.J. Joyner, J.T. Triffitt, M.E. Owen, Adipocytic cells cultured from 
marrow have osteogenic potential, J Cell Sci 99 (Pt 1) (1991) 131-139.

[53] T. Seck, A. Bretz, R. Krempien, B. Krempien, R. Ziegler, J. Pfeilschifter, Age-related 
changes in insulin-like growth factor I and II in human femoral cortical bone: lack of 
correlation with bone mass, Bone 24 (1999) 387-393.

[54] H. Bismar, T. Kloppinger, E.M. Schuster, S. Balbach, I. Diel, R. Ziegler, J. 
Pfeilschifter, Transforming growth factor beta (TGF-beta) levels in the conditioned 
media of human bone cells: relationship to donor age, bone volume, and concentration 
of TGF-beta in human bone matrix in vivo, Bone 24 (1999) 565-569.

[55] J.T. Irving, S.A. LeBolt, E.L. Schneider, Ectopic bone formation and aging, Clin 
Orthop Relat Res  (1981) 249-253.

[56] S.K. Nishimoto, C.H. Chang, E. Gendler, W.F. Stryker, M.E. Nimni, The effect of 
aging on bone formation in rats: biochemical and histological evidence for decreased 
bone formation capacity, Calcif Tissue Int 37 (1985) 617-624.

[57] M. Hosny, M. Sharawy, Osteoinduction in young and old rats using demineralized 
bone powder allografts, J Oral Maxillofac Surg 43 (1985) 925-931.

[58] G.T. Syftestad, M.R. Urist, Bone aging, Clin Orthop Relat Res  (1982) 288-297.
[59] C. Nyssen-Behets, O. Delaere, P.Y. Duchesne, A. Dhem, Aging effect on inductive 

capacity of human demineralized bone matrix, Arch Orthop Trauma Surg 115 (1996) 
303-306.

[60] E. Ryu, S. Hong, J. Kang, J. Woo, J. Park, J. Lee, J.S. Seo, Identification of 
senescence-associated genes in human bone marrow mesenchymal stem cells, 
Biochem Biophys Res Commun 371 (2008) 431-436.

[61] B.M. Abdallah, M. Haack-Sorensen, T. Fink, M. Kassem, Inhibition of osteoblast 
differentiation but not adipocyte differentiation of mesenchymal stem cells by sera 
obtained from aged females, Bone 39 (2006) 181-188.

[62] N. Serakinci, S.F. Hoare, M. Kassem, S.P. Atkinson, W.N. Keith, Telomerase 
promoter reprogramming and interaction with general transcription factors in the 
human mesenchymal stem cell, Regen Med 1 (2006) 125-131.

[63] D.K. Holmes, N. Bates, M. Murray, E.J. Ladusans, A. Morabito, P.H. Bolton-Maggs, 
T.A. Johnston, S. Walkenshaw, R.F. Wynn, I. Bellantuono, Hematopoietic progenitor 
cell deficiency in fetuses and children affected by Down's syndrome, Exp Hematol 34 
(2006) 1611-1615.

[64] K.K. Wong, R.S. Maser, R.M. Bachoo, J. Menon, D.R. Carrasco, Y. Gu, F.W. Alt, 
R.A. DePinho, Telomere dysfunction and Atm deficiency compromises organ 
homeostasis and accelerates ageing, Nature 421 (2003) 643-648.

[65] R.J. Pignolo, R.K. Suda, E.A. McMillan, J. Shen, S.H. Lee, Y. Choi, A.C. Wright, 
F.B. Johnson, Defects in telomere maintenance molecules impair osteoblast 
differentiation and promote osteoporosis, Aging Cell 7 (2008) 23-31.

[66] P.J. Mason, D.B. Wilson, M. Bessler, Dyskeratosis congenita -- a disease of 
dysfunctional telomere maintenance, Curr Mol Med 5 (2005) 159-170.

23

23



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[67] M. Rauner, W. Sipos, C. Goettsch, A. Wutzl, R. Foisner, P. Pietschmann, L.C. 
Hofbauer, Inhibition of Lamin A/C Attenuates Osteoblast Differentiation and 
Enhances RANKL-Dependent Osteoclastogenesis, J Bone Miner Res  (2008).

[68] P. Scaffidi, T. Misteli, Lamin A-dependent misregulation of adult stem cells 
associated with accelerated ageing, Nat Cell Biol 10 (2008) 452-459.

[69] P. Scaffidi, T. Misteli, Lamin A-dependent nuclear defects in human aging, Science 
312 (2006) 1059-1063.

[70] M.J. Hilton, X. Tu, X. Wu, S. Bai, H. Zhao, T. Kobayashi, H.M. Kronenberg, S.L. 
Teitelbaum, F.P. Ross, R. Kopan, F. Long, Notch signaling maintains bone marrow 
mesenchymal progenitors by suppressing osteoblast differentiation, Nat Med 14 
(2008) 306-314.

[71] S. Chen, J.T. Do, Q. Zhang, S. Yao, F. Yan, E.C. Peters, H.R. Scholer, P.G. Schultz, 
S. Ding, Self-renewal of embryonic stem cells by a small molecule, Proc Natl Acad 
Sci U S A 103 (2006) 17266-17271.

[72] N. Sato, L. Meijer, L. Skaltsounis, P. Greengard, A.H. Brivanlou, Maintenance of 
pluripotency in human and mouse embryonic stem cells through activation of Wnt 
signaling by a pharmacological GSK-3-specific inhibitor, Nat Med 10 (2004) 55-63.

[73] J.J. Trowbridge, A. Xenocostas, R.T. Moon, M. Bhatia, Glycogen synthase kinase-3 is 
an in vivo regulator of hematopoietic stem cell repopulation, Nat Med 12 (2006) 89-
98.

[74] S. Gronthos, S.E. Graves, S. Ohta, P.J. Simmons, The STRO-1+ fraction of adult 
human bone marrow contains the osteogenic precursors, Blood 84 (1994) 4164-4173.

[75] H. Aslan, Y. Zilberman, L. Kandel, M. Liebergall, R.J. Oskouian, D. Gazit, Z. Gazit, 
Osteogenic differentiation of noncultured immunoisolated bone marrow-derived 
CD105+ cells, Stem Cells 24 (2006) 1728-1737.

[76] Q. Nadia, S. Davide, B. Patrizia, S. Federica, L. Cristina, D. Giorgio Lambertenghi, 
Isolation of bone marrow mesenchymal stem cells by anti-nerve growth factor 
receptor antibodies, Experimental hematology 30 (2002) 783.

[77] H.J. Buhring, V.L. Battula, S. Treml, B. Schewe, L. Kanz, W. Vogel, Novel markers 
for the prospective isolation of human MSC, Ann N Y Acad Sci 1106 (2007) 262-271.

[78] A.E.S.E.K.L.S.P.E.F.P.D.M. Elena A. Jones, Optimization of a flow cytometry-based 
protocol for detection and phenotypic characterization of multipotent mesenchymal 
stromal cells from human bone marrow, Cytometry Part B: Clinical Cytometry 70B 
(2006) 391-399.

[79] E.J. Gang, D. Bosnakovski, C.A. Figueiredo, J.W. Visser, R.C.R. Perlingeiro, SSEA-4 
identifies mesenchymal stem cells from bone marrow, Blood 109 (2007) 1743-1751.

[80] C. Martinez, T.J. Hofmann, R. Marino, M. Dominici, E.M. Horwitz, Human bone 
marrow mesenchymal stromal cells express the neural ganglioside GD2: a novel 
surface marker for the identification of MSCs, Blood 109 (2007) 4245-4248.

[81] B. Sacchetti, A. Funari, S. Michienzi, S. Di Cesare, S. Piersanti, I. Saggio, E. 
Tagliafico, S. Ferrari, P.G. Robey, M. Riminucci, P. Bianco, Self-Renewing 
Osteoprogenitors in Bone Marrow Sinusoids Can Organize a Hematopoietic 
Microenvironment, Cell 131 (2007) 324.

[82] A. Kahn, R. Gibbons, S. Perkins, D. Gazit, Age-related bone loss. A hypothesis and 
initial assessment in mice, Clin Orthop Relat Res  (1995) 69-75.

[83] C.X. Xu, J.H. Hendry, N.G. Testa, T.D. Allen, Stromal colonies from mouse marrow: 
characterization of cell types, optimization of plating efficiency and its effect on 
radiosensitivity, J Cell Sci 61 (1983) 453-466.

24

24



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

[84] K.G. Brockbank, R.E. Ploemacher, C.M. van Peer, An in vitro analysis of murine 
hemopoietic fibroblastoid progenitors and fibroblastoid cell function during aging, 
Mech Ageing Dev 22 (1983) 11-21.

[85] T. Tsuji, F.J. Hughes, C.A. McCulloch, A.H. Melcher, Effects of donor age on 
osteogenic cells of rat bone marrow in vitro, Mech Ageing Dev 51 (1990) 121-132.

[86] S. Nishida, N. Endo, H. Yamagiwa, T. Tanizawa, H.E. Takahashi, Number of 
osteoprogenitor cells in human bone marrow markedly decreases after skeletal 
maturation, J Bone Miner Metab 17 (1999) 171-177.

[87] G.F. Muschler, H. Nitto, C.A. Boehm, K.A. Easley, Age- and gender-related changes 
in the cellularity of human bone marrow and the prevalence of osteoblastic 
progenitors, J Orthop Res 19 (2001) 117-125.

[88] G. D'Ippolito, P.C. Schiller, C. Ricordi, B.A. Roos, G.A. Howard, Age-related 
osteogenic potential of mesenchymal stromal stem cells from human vertebral bone 
marrow, J Bone Miner Res 14 (1999) 1115-1122.

25

25



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Marker Cross reaction % cells generating 
CFU-F

In vivo bone 
formation

Re-isolation 
following 
transplant

Telomerase 
expression

Stro-1[23, 43, 74] Erythroblasts, B 
cells subset

9% Bone and 
Hematopoietic 
micronenvironment

N/D yes

Stro-1/VCAM[43] B cells 50% Bone formation in 
35/64 clones
Haematopoietic 
microenvironment 
in 11/35 clones

N/D yes

CD105[75] Endothelial cells, 
pre B leukemic 
cells

0.006% N/D N/D N/D

CD271 (LNGFR)[76]
[77]

 Neural cells 0.16%-1.9% N/D N/D N/D

CD45lowD7 
Fib/CD271[78]

D7Fib-skin 
fibroblasts

15% N/D N/D N/D

SSEA4[79] Embryonic 
(carcinoma) stem 
cells, germ cells

N/D Bone formation N/D N/D

GD2[80] Neural cells N/D N/D N/D N/D

CD45-CD146+[81] CD146-T cells, 
melanoma, 
endothelial cells

2.6% Bone formation and 
hematopoietic 
microenvironment 
in 2/4 clones

CD146+ cells and 
CFU-F

N/D

Table1 Markers used to perspectively isolate MSC from bone marrow. N/D, not done
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Table 2 Summary of studies assessing age-related changes in mesenchymal stem cell numbers, Y=young donor, O=older donors, 
F=Female, M=Male, N=Number, mo=months, y=years, OA=Osteoarthritis,

Specie Age Assay Outcome Reference
Rats 6/12 mo (Y), 24 mo (O) CFU-O Decrease [29]
Rats 4 mo (Y) 21mo (O) CFU-F CFU-O 30% decrease CFU-F 

no difference in CFU-O
[28]

Mice 4/6 mo (Y), 24mo (O) CFU-F CFU-O Decrease in CFU-F and CFU-O [82]
Mice 3 to 15 mo CFU-F (> 50 cells) Increase [83]
Mice 3 to 15 mo CFU-F (> 50 cells) No increase if corrected for increase in 

cellularity
[84]

Rats 5-6 weeks (Y) , 18 mo (O) Bone nodule in culture
Proliferation rate

Decrease bone nodule
No change in proliferative rates

[85]

Human 4 to 88 y(49 females) CFU-O (> 50 cells) Decrease [86]
Human 13-88y (57 donors) CFU-O (> 8 cells) No difference [87]
Human Only females (26 donors) CFU-O (> 8 cells) Decrease [87]
Human 3-36y (5 F and 14M)

41-70y (11F and 11 M)
BM from vertebrae

CFU-O (> 50 cells) Decrease up to 40y [88]

Human 17-87 y (28 donors, BM sternum) CFU-F (>128 cells) Decrease up to 30y [30]
Human 17-87 y (28 donors, BM sternum) CFU-F (<32 cells) No change [30]
Human 14-48y (16 donors)

28-87y (57 patients with OA)
69-97 (26 patients with 
osteoporosis)

CFU-F
CFU-O
(Size in mm2)

No difference [31]

Human 1-18y (Y) and 59-76y (O) CFU-F (>50 cells) Decrease [32]
Human 22-44y (10F and 13M)

66-74 (15F)
58-83y (12F with osteoporosis)

Stro1+/CFU-F (>16 
cells)
Stro1+ CFU-O (16 cells)

No difference with age or osteoporosis [33]

Human 5-55y (33 donors) CFU-F (> 50 cells)
CD45lowD7fib+CD271+

Decrease [34]
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