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                 THE biologic underpinning for aging remains elusive. 
One    of the leading explanations for the markedly poorer 

outcomes in elderly patients is cumulative cellular damage. 
Yet   , although progressive injury and cell loss are important 
for the pathogenesis of disease, there is also considerable re-
cent interest how animals and humans adapt to these injuries 
via cellular repair and/or replacement. Specifi cally, studies 
are increasingly demonstrating that most organs in humans 
and animals have remarkable capacity for healing and reju-
venation. These processes tend to be mediated by progenitor 
cells; however, as an organism ages, this capacity to repair 
appears to decrease, leading to an accumulation of cellular 
damage and ultimate loss of function,  “ aging ”  and death. 

 To date, the effect of aging on progenitor cell biology has 
been evaluated in a variety of animal models and contexts. 
The simplest explanation for an age-related loss of progeni-
tor cell – mediated repair would be a decrease in progenitor 
cell central stores over time. Although this appears present 
in some animal models ( 1 ), in other studies, marrow-resident 
progenitor cells were found to not change or even increase 
with age ( 2  –  4 ). 

 The effect of aging on human marrow-resident progeni-
tors has received less scrutiny; however, the number of cir-
culating progenitors has shown an age-related decline in 
several studies ( 5 , 6 ). Circulating progenitors may refl ect a 
loss of underlying marrow-resident progenitors but may 
also refl ect poor mobilization of these cells into the circula-
tion or enhanced migration of these cells from the circula-

tion to the areas of ongoing injury. Whether    or not bone 
marrow (BM) – resident progenitor cell stores are affected 
by aging has important implications for the use of autolo-
gous BM sources for cell therapy and is thus a vital question 
of human progenitor cell biology. 

 Whether human aging is the result of loss of marrow-
resident progenitor cell numbers has received little atten-
tion, affected by the diffi culty of obtaining the required 
tissue specimens in a clinical context in which marrow is 
obtainable without suspected pathology. One opportunity 
for routine BM sampling is orthopedic joint replacement 
surgery, in which the femoral head is removed to allow 
placement of the prosthetic device. 

 We therefore undertook to determine the relationship be-
tween aging and BM-resident progenitor cell content by de-
termining the progenitor cell content of marrow specimens 
obtained from a group of patients undergoing elective hip 
replacement surgery, a setting where we could simultane-
ously determine circulating progenitor cell numbers. We as-
sessed for progenitor cells as defi ned using well-established 
cell surface markers, which select for early multipotent pro-
genitors (CD133) or hematopoietic/endothelial lineage cells 
(CD34). We also performed a similar analysis using a pro-
genitor cell – specifi c functional assay, which identifi es mul-
tiple progenitor cell phenotypes ( 7  –  16 ), thereby assessing 
overall progenitor cell content. To our knowledge, this will 
be the fi rst comprehensive assessment of marrow-resident 
and circulating progenitor cell numbers in human patients.  
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 S tudy  M ethods   

 BM and Blood Sampling 
 Patients undergoing elective hip replacement surgery 

who provided informed written consent of this Duke Insti-
tutional Review Board – approved study were enrolled in the 
 “ Bone Marrow in Aging ”  protocol. Surgery was performed 
by one of the two participating surgeons (D.E.A. and 
M.P.B.). During surgery, femoral canal preparation and 
femoral head harvest were performed as clinically indi-
cated, and contents of the femoral canal and the femoral 
head were used for marrow analysis.   

 Analysis of Peripheral Blood Specimens 
 Blood samples were collected by an experienced phle-

botomist using either a 21- or a 23-gauge butterfl y needle. 
Prior to collecting study samples, one 3-mL red top tube 
was drawn and discarded and blood was drawn into an ED-
TA-anticoagulated tube. Each study tube was completely 
fi lled, gently inverted six to eight times, labeled, double 
bagged, placed in a metal container at ambient temperature, 
and transported by a study coordinator. 

 Peripheral blood mononuclear cells were isolated from 7 – 10 
mL of blood by differential centrifugation. Blood    was layered 
on 35 mL of a 1:1 mixture of Ficoll-Paque Plus (GE Health-
care, Piscataway, NJ) in 50-mL conical tubes and centrifuged 
at 1,800 rcf for 30 minutes   . After removal of the plasma layer, 
the buffy coat was transferred to a 50-mL conical tube, and re-
covered cells were washed with phosphate-buffered saline – 1% 
bovine serum albumin (30 mL), recovered after centrifugation 
at 500 rcf for 10 minutes, resuspended in phosphate-buffered 
saline – 1% bovine serum albumin, and counted, and approxi-
mately 2 million cells portioned for analysis. 

 All cellular analyses were performed within 2 hours of 
sample acquisition.   

 Determination of Progenitor Cell Numbers 
 Progenitor cell numbers were simultaneously assayed us-

ing analysis of cell surface expression of CD133, CD34, 
and vascular endothelial growth factor receptor-2 (VEGFR-2) 
as well as on the basis of aldehyde dehydrogenase (ALDH) 
activity.   

 Identifi cation of Progenitors Based on ALDH Activity 
 Total human peripheral blood was analyzed for the rela-

tive content of cells with low orthogonal light scatter and 
high ALDH activity content (side scatter low [SSC lo ] ALD-
H br  cells) ( 6 ). Briefl y, 4 × 10 6  cells were aliquoted for analy-
sis into an Aldecount tube containing 2 mL of Aldecount 
buffer (Aldagen Inc., Durham, NC). Immediately after 
addition of the cells, 500  m L was transferred to a tube con-
taining diethylaminobenzaldehyde, a potent inhibitor of 
ALDH activity (10  m M). After 30 minutes at 37°C, the 

cells were centrifuged, placed on ice, and fl ow cytometry 
was performed.   

 Identifi cation of Progenitor Cells by Expression of Cell 
Surface Markers 

 Isolated mononuclear cells were washed with Iscove ’ s 
Modifi ed Dulbecco ’ s Medium containing 2% fetal calf se-
rum (IMDM+2%), concentrated to 10 7  cells/ml in 80  m L 
IMDM+2%. Nonspecifi c    antibody binding was blocked 
with FcR blocking reagent (Miltenyi Biotec, Auburn, CA; 
10  m L) for 10 minutes. Using    CD133 – allophycocyanin 
(Miltenyi Biotec), CD34 – fl uorescein isothiocyanate (Milte-
nyi Biotec), and VEGFR2 – phycoerythrin (R and D Biosys-
tems, Minneapolis, MN) allowed simultaneous staining for 
all three key cell surface markers. Dead    and dying cells 
were excluded using staining with 7-amino-actinomycin D 
(1  m g/10 6  cells; Invitrogen, Carlsbad, CA) added just prior 
to performance of fl ow cytometry.   

 Analysis for Marrow-Resident Progenitors 
 BM was procured at time of surgery and did not involve 

an alteration in the planned surgical procedure. Marrow was 
obtained from the femoral canal and the excised femoral 
head. The femoral head was reamed of all marrow. The 
   combined marrow was treated with ammonium chloride 
erythrocyte lysis solution (BD Biosciences, San Jose, CA) 
to remove any contaminating red blood cells, washed 3× 
with phosphate-buffered saline, and the resulting mononu-
clear cell product subjected to analysis. 

 Marrow-resident progenitor cell content was determined 
using procedures analogous to those used on peripheral blood.   

 Flow Cytometry 
 Flow    cytometry was performed by trained technicians 

blinded to patient identity using an LSR II fl ow cytometer 
(BD Biosciences, San Jose, CA) and analyzed using Flow 
Jo software (Treestar, Costa Mesa, CA). Quality control 
measures were performed daily using BD Comp Beads (BD 
Biosciences) incubated with each antibody. 

 Analysis was performed in a blinded fashion. Dead and 
dying cells were excluded based on staining with 7-amino-
actinomycin D. The numbers of CD34 + , CD133 + , and 
VEGFR-2 +  cells were identifi ed as subpopulations of a 
mononuclear cell gate, determined on the basis of light front 
and side scatter characteristics. The number of cells staining 
for combinations of these markers was determined by gating 
on individual markers in sequential fashion. Reported frequen-
cies were expressed as percentages of the mononuclear cell 
population, as well as percentages of all live cells in the BM.   

 Analytical Methods 
 Progenitor cell numbers were plotted as continuous vari-

ables versus age, and a Pearson correlation determined to 
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assess the relationship between age and progenitor cell con-
tent in both peripheral blood and BM. Marrow   -resident 
progenitor cell content was compared with circulating pro-
genitor cell levels using similar techniques. A  p  value <.05 
was assumed to represent statistical signifi cance.    

 R esults   

 Patient Population 
 Between December 2006 and February 2009, we enrolled 

107 patients in the  “ Bone Marrow Composition in Aging ”  
study. BM was successfully obtained for analysis from 
81 participants and was analyzed for marrow progenitor cell 
content based on ALDH activity ( n  = 80) as well as the ex-
pression of cell surface markers CD34, CD133, and VEGFR-2 
( n  = 80). Reasons for inability to obtain marrow for analysis 
varied and included inadequate specimen retrieval ( n  = 12); 
change in surgical plans ( n  = 2); redo surgery status ( n  = 2); 
or failure to retrieve, properly store, or transport the specimen 
( n  = 2). In addition, we initially planned to enroll patients 
undergoing both hip or knee replacement; however, after 
enrollment of several knee replacement patients yielded inad-
equate specimens ( n  = 8), we elected to consent only patients 
undergoing hip replacement. The study population includes 
the 81 patients in whom BM analysis was performed. 

 Key baseline characteristics for this study population are 
shown in  Table 1 . Patients underwent joint replacement pre-
dominantly for osteoarthritis ( n  = 61, 75%), with other indi-
cations including avascular necrosis ( n  = 12), rheumatoid 
arthritis ( n  = 3), and prior trauma ( n  = 5).     

 The median age of the population was 62 (interquantile 
range 52 – 67, range 18 – 85) years, with equal gender repre-
sentation. There was a signifi cant burden of hypertension 
but limited presence of hyperlipidemia, diabetes, ongoing 
tobacco abuse, or a family history of premature coronary 
artery disease. The    presence of documented coronary artery 
disease was rare, with 2.4% of the population having under-
gone prior percutaneous coronary intervention and 3.5% 
prior coronary artery bypass grafting. No other patients 
were known to have coronary disease based on cardiac cath-
eterization. A small proportion of patients underwent stress 
testing, and these patients lacked demonstrable ischemia. 
The use of cardiac medication at the time of surgery is listed 
and is consistent with routine use in a middle-age popula-
tion for treatment of hypertension and predominantly pri-
mary prevention ( Table 2 ). In addition, the use of narcotics, 
NSAIDs, and cyclo-oxygenase-2 inhibitors in this patient 
population with chronic joint limitation is listed in  Table 2 .     

 The gating strategy employed for marrow-resident stem 
cell identifi cation is displayed in  Figure 1 . ALDH br  cells 
were enumerated in one experiment, whereas analysis based 
on cell surface markers was performed separately.     

 Marrow-resident and circulating progenitors were identi-
fi ed on the basis of ALDH activity as well as expression of 
select cell surface markers. Cells characterized by high lev-
els of ALDH activity (ALDH br  cells) from either marrow 
( 7 , 8 , 10  –  12 , 14 , 17 , 18 ) or peripheral blood sources ( 19 ) com-
prise hematopoietic progenitors with long-term reconstitu-
tion potential; however, ALDH br  cells have also been shown 
to differentiate into cells with neuronal ( 9 , 13 , 20 ), mesen-
chymal ( 16 ), and endothelial ( 16 , 21 ) characteristics. We 
also assessed progenitors based on expression of CD34 (ex-
pressed on hematopoietic as well as endothelial progeni-
tors), CD133 (a marker of early progenitor cell phenotypes 
of multiple lineages), and VEGFR-2 (expressed on mature 
and immature endothelial cells). Each of these markers is 
commonly used to defi ne hematopoietic progenitor cell 
content but has also been used to defi ne endothelial pro-
genitors ( 22  –  28 ). 

 Table 1.        Indications for Joint Replacement  

  Indication  N  (%)  

  Avascular necrosis 12 (14.8) 
 Osteoarthritis 61 (75.2) 
 Rheumatoid arthritis 3 (3.7) 
 Trauma 5 (6.2)  

 Table 2.        Patient Characteristics     

   Mean   ±   SD  or % Median [IQR]  

  Age 58.8  ±  14.2 62 [52.2, 67.8] 
 Race (Caucasian) 91.4%  
 Gender (male) 47.6%  
 Hypertension 58.3%  
 Hyperlipidemia 35.7%  
 Diabetes 10.7%  
 Tobacco use 36.1%  
 Current Tob 6.0%  
 Family history of coronary 
   artery disease

21.9%  

 Transient ischemic attack/
   cerbrovascular accident

3.6%  

 Peripheral vascular disease 4.8%  
 Q waves on electrocardiogram 2.8%  
 Hematocrit 40.0  ±  4.3% 40.5 [37, 43] 
 Platelet count 256.8  ± 73.5 250.5 [205, 299] 
 White blood count 7.16  ±  2.04 6.9 [5.9, 8.2] 
 Creatinine 0.95  ±  0.29 0.9 [0.8, 1.1] 
 Height 166.9  ±  24.6 172 [162, 180] 
 Weight 91.6  ±  22.3 88.8 [75.5 106] 
 Body mass index 32.3  ±  7.7 30.5 [26.6, 36.4] 
 h/o Percutaneous 
   coronary intervention

2.4%  

 h/o Coronary artery 
   bypass grafting

3.5%  

 Medication use  
 Aspirin 36.1%  
 Statin 33.7%  
 Beta-blocker 24.1%  
 ACE inhibitor 22.9%  
 Angiotensin receptor blocker 18.1%  
 Plavix 2.4%  
 Thiazide diuretic 23.8%  
 Estrogen replacement 8.4%  
 NSAID 40.0%  
 Narcotic 25.0%  
 Cyclooxygenase-2 inhibitors 10.0%   
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 Figure 1.        Representative    fl ow cytometry gating strategy. Mononuclear cells were selected based on forward and side scatter characteristics (left panel). Panel ( A ): 
Cells    were incubated with BODIPY-aminoacetaldehyde in the presence (center panel) or absence (right panel) of diethylaminobenzaldehyde, a specifi c aldehyde 
dehydrogenase (ALDH) inhibitor (y axis = side scatter in all panels). Panel ( B ): Cells were incubated with antibodies to CD34, CD133, and VEGFR-2 or their IgG 
controls, and the expression of individual markers was determined. For cells expressing combinations of markers (eg, CD133 and CD34), the CD133 gate was 
dragged into the CD34 gate to obtain dual expressing cells   . DEAB = diethylaminobenzaldehyde; FITC = fl uorescein isothiocyanate.    
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 The    number of circulating progenitor cells is consistent 
with those reported in most previous studies, with a mean 
and median number of ALDH br  cells of 0.069 and 0.052% 
of mononuclear cells, respectively, and with similar numbers 
of CD133 +  cells and CD34 +  cells represented at approxi-
mately double that frequency ( Table 3 ).         

 Progenitor cell content in the BM was normally distrib-
uted, with mean and median numbers that were closely re-
lated ( Table 4 ). We calculated marrow-resident progenitors 
as a percentage of both the mononuclear cell population and 
the total BM cell population. In general, approximately 50% 
of cells were mononuclear, and the percentage of marrow-
resident cells was approximately 2× higher among the 
mononuclear cell population. 

 We observe a strong inverse relationship between age and 
the numbers of circulating ALDH br , CD133 + , CD34 + , and 
CD133 +  – CD34 +  progenitor cells ( Figure 2 ). We did not ob-
serve an age-related loss of cells expressing VEGFR-2.     

 We assessed the numbers of marrow-resident progenitors 
using identical techniques and markers as were used to de-

fi ne circulating progenitors, with the exception that we did 
not observe a consistent population of marrow-resident 
VEGFR-2 +  cells. We found no relationship between marrow-
resident progenitor cell content and patient age, either 
among progenitor cells expressed as a proportion of all mar-
row cells or marrow mononuclear cells ( Figure 3 ). This 
observation was consistent whether marrow-resident pro-
genitors were defi ned on the basis of ALDH activity, single 
cell surface markers expression, or the use of a combination 
of cell surface markers.     

 We also explored the relationship between circulating 
and marrow-resident progenitors. We found no relationship 
between any marrow-resident progenitor cell type and the 
numbers of circulating progenitors as identifi ed by the same 
enumeration technique ( Figure 4 ).        

 D iscussion  
 Age is often the most critical factor prognosticating out-

come in a variety of clinical conditions, but the biologic un-
derpinnings to the relationship remain unknown. A leading 
theory of aging is that chronic injury leads to eventual de-
pletion of organismal reparative capacity. Repair has been 
best characterized in organs with rapid turnover such as the 
skin, intestine, and the hematopoietic system and is thought 
to emanate from a small population of long-lived resident 
stem cells with signifi cant proliferative capacity. 

 Nonetheless, the relationship between aging and human 
progenitor cell numbers and function is poorly studied. Al-
though several reports have reported depletion of circulat-
ing progenitor cells with age, the mechanism underlying 

 Table 3.        Mean and Median Numbers of Circulating Progenitor Cells  

  Cell Type % of MNCs ( M   ±   SD )
% of MNCs, Median 
[interquantile range]  

  ALDH br 0.068  ±  0.056 0.052 [0.024 – 0.087] 
 CD133 + 0.061  ±  0.043 0.053 [0.030 – 0.079] 
 CD34 + 0.127  ±  0.092 0.090 [0.061 – 0.173] 
 VEGFR-2 + 0.337  ±  0.225 0.274 [0.202 – 0.424] 
 CD34 +  – CD133 + 0.024  ±  0.018 0.019 [0.011 – 0.038]  

    Note : ALDH = aldehyde dehydrogenase; MNCs = mononuclear cells; 
VEGFR-2 = vascular endothelial growth factor receptor-2.   

  

 Figure 2.        Relationship between age and circulating progenitor cell content. Circulating progenitor cells were enumerated in peripheral blood samples drawn prior 
to surgery. The percentage of mononuclear cells expressing a progenitor cell phenotype (high levels of aldehyde dehydrogenase activity [upper left panel], CD133 
expression [upper right panel], CD34 expression [lower left panel], CD133 and CD34 cell surface expression [lower right panel]) is plotted vs patient age, and the 
Pearson correlation coeffi cient and  p  value for correlation shown.    
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this relationship is not known. One mechanistic explanation 
entails exhaustion of BM stores from which circulating pro-
genitors are thought to arise. In addition, many of these 
studies entailed analysis of patients with advanced chronic 
(vascular) disease, which might affect progenitor cell stores 
and not refl ect the aging process itself. 

 We sought to determine whether or not aging is associ-
ated with depletion of circulating and marrow-resident pro-
genitors in a relatively healthy human population. We 
assessed these progenitors on the basis of a functional assay 
(ALDH activity) as well as based on cell surface expression 
of several surface markers. Selection of progenitors on the 
basis of ALDH activity identifi es a population of cells with 
capacity for multilineage differentiation, including he-
matopoietic ( 7 , 8 , 10  –  12 , 14 , 17  –  19 ), neuronal ( 9 , 13 , 20 ), 
mesenchymal ( 16 ), and endothelial ( 16 , 21 ) progenitors. 
The cell surface markers CD34, CD133, and VEGFR-2 
have been used to identify both hematopoietic and endothe-
lial progenitor cell content ( 22  –  28 ). In our estimation, the 
use of these markers identifi es populations of cells with 

subsets capable of differentiation, under proper culture con-
ditions, into a variety of cell types, with a preponderance of 
these cells representing predominantly hematopoietic pre-
cursors. The use of ALDH, a property that may be inherent 
to progenitor cells in general, offers a methodology to assay 
overall progenitor cell content. 

 We found use of VEGFR-2 as a cell surface marker inef-
fectual as the number of marrow cells expressing this marker 
was small. 

 Consistent with studies that have shown a decline in 
circulating progenitors with age ( 29  –  34 ), we demonstrate 
declines in the numbers of circulating CD34 +  and CD133 +  –
 CD34 + , with strong trends toward a similar loss of CD133 +  
cells, as well as progenitors defi ned on the basis of ALDH 
activity, a property inherent to a variety of progenitor cell 
types ( 7 , 16 , 19 , 20 ). Indeed, the relationship we observe in 
our current study is remarkably consistent with results ob-
served in patients with coronary artery disease, in which the 
levels and age-related decline in circulating ALDH br  cells 
mirrors what is observed in this current study ( 6 ). 

 Table 4.        Mean and Median Bone Marrow (BM) Progenitor Cell Content     

  Cell Type % of MNCs in BM ( M   ±   SD ) % of MNCs in BM, Median [IQR] % of All Cells in BM ( M   ±   SD )
% of All Cells in BM, 

Median [IQR]  

  ALDH br 3.32  ±  1.93 3.24 [1.87 – 4.57] 1.14  ±  0.57 1.12 [0.85 – 1.51] 
 CD133 + 2.02  ±  1.31 1.73 [1.04 – 2.85] 0.76  ±  0.42 0.69 [0.45 – 0.93] 
 CD34 + 6.33  ±  3.04 6.18 [4.33 – 8.58] 2.15  ±  1.01 2.08 [1.53 – 2.75] 
 VEGFR-2 + 1.11  ±  0.73 0.96 [0.45 – 1.63] 0.66  ±  0.53 0.58 [0.25 – 0.92] 
 CD34 +  – CD133 + 1.63  ±  1.15 1.39 [0.77 – 2.46] 0.58  ±  0.72 0.49 [0.26 – 0.74]  

    Note : ALDH = aldehyde dehydrogenase; IQR = interquantile range; MNCs = mononuclear cells; VEGFR-2 = vascular endothelial growth factor receptor-2.   

  

 Figure 3.        Relationship between age and bone marrow (BM) – resident progenitor cell content. BM-resident progenitor cells were enumerated in marrow samples 
obtained during surgery. The percentage of marrow mononuclear cells expressing a progenitor cell phenotype (high levels of aldehyde dehydrogenase (ALDH) activ-
ity [upper left panel], CD133 expression [upper right panel], CD34 expression [lower left panel], CD133 and CD34 cell surface expression [lower right panel]) is 
plotted vs patient age, and the Pearson correlation coeffi cient and  p  value for correlation shown.    
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 In contrast to this observation, we failed to observe a re-
lationship between age and marrow-resident progenitor cell 
content as determined using similar techniques. 

 These fi ndings suggest that, at least in a relatively healthy 
patient population without signifi cant chronic vascular in-
jury, (a) aging does not result in a depletion in the numbers 
of marrow-resident progenitor cells and (b) the loss of cir-
culating progenitors is not refl ective of underlying marrow-
resident progenitor cell stores. The former observation has 
possible implications for the use of autologous sources of 
progenitor cells for cell therapy applications. 

 Although this result may be surprising, it is consistent 
with what is observed in several models studying healthy 
animals ( 2  –  4 ). In addition, these observations are congruent 
with the known remarkable replicative capacity of marrow, 
which is capable of reconstituting an ablated hematopoietic 
system even in serial transplantation experiments ( 35 ), as 
well as a recent study comparing BM from older (average 
age 57 years) to younger (average age 23 years) volunteers. 
In this study, Taraldsrud and colleagues ( 36 ) report nonsig-
nifi cant differences in the numbers of CD34 +  and CD133 +  
in marrow of these volunteers, although the number of these 
cells in patients suffering an acute infarction was dramati-
cally decreased. These authors did not sample circulating 
progenitors but did fi nd that the number of  “ primitive ”  pro-
genitors as determined based on lack of CD38 expression 
was higher in older patients. 

 These fi ndings are consistent in that aging does not ap-
pear to be associated with a numerical loss of marrow pro-
genitor cell stores. A more likely explanation for the loss of 
progenitor cell – mediated reparative capacity is an age-
related impairment in progenitor cell function. Multiple 
animal models have suggested that progenitor cells from 
older animals display more qualitative than quantitative dif-
ferences ( 4 , 37  –  42 ). In a mouse model of atherosclerosis, 
impaired progenitor cell – mediated vascular repair was ob-
served in elderly mice, but marrow content of progenitor 
cells remained intact ( 33 ), whereas age-related defi cits in 
progenitor cell homing ( 43 ) and differentiation capacity 
( 38 , 39 ) have also been noted. 

 Similar age-related declines in human progenitor cell 
function have also been intimated. For instance, the number 
of granulocyte – macrophage colony-forming units increases 
from youth to early age ( 3 , 4 ); however, the ability of colo-
nies to generate additional granulocyte – macrophage colony-
forming units declined during this age period ( 44 ). 

 In the therapeutic arena, progenitor cell function has been 
reported to play a greater role than progenitor cell numbers 
in determining the effi cacy of cell therapy after myocardial 
infarction ( 29 , 45 ), and human progenitor cells have im-
paired functional capacity in patients suffering from chronic 
cardiovascular health conditions ( 46 , 47 ). 

 Based on the quantity of the samples we obtained, we 
were unable to independently assess marrow progenitor cell 

  

 Figure 4.        Relationship between bone marrow – resident and circulating progenitor cells. The percentage of circulating mononuclear cells expressing a progenitor 
cell phenotype (high levels of aldehyde dehydrogenase (ALDH) activity [upper left panel], CD133 expression [upper right panel], CD34 expression [lower left panel], 
CD133 and CD34 cell surface expression [lower right panel]) is plotted vs marrow content of the same phenotype in samples drawn before and during surgery. The 
Pearson correlation coeffi cient and  p  value for correlation shown.    
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function by performing migration or senescence assays; 
however, it would be of great interest to assess in patients 
without suspected marrow pathology the effect of age on 
various functional parameters. 

 Our observations may imply that other mechanism(s) are 
responsible for the loss of circulating progenitor cells. Pos-
sible mechanisms include (a) a loss of peripherally expressed 
stimuli (chemotactic or growth factors) prompting progeni-
tor cell mobilization or (b) a decline in the responsiveness of 
marrow-resident cells to such stimuli. To discriminate be-
tween these alternatives, the assessment of levels of various 
chemokines and metalloproteinases implicated in mobiliza-
tion of progenitor cells from the BM is of great interest. In 
the case of the fi rst possibility, the administration of a proper 
 “ cocktail ”  of such progenitor cell – mobilizing factors might 
be expected to overcome the impaired expression of such 
agents in the elderly, whereas the latter possibility points to 
an age-related decline in progenitor cell responsiveness, 
which may underlie impaired reparative capacity.  

 Limitations 
 This work has several limitations. BM sampling was per-

formed using samples obtained from the femoral head and 
canal. Active marrow in humans has been reported to de-
crease with age, and in an elderly population, hematopoietic 
activity is restricted to the pelvic, sternal, and vertebral mar-
row ( 48 ). Marrow obtained from femoral samples may not 
refl ect progenitor cell content in other more active bone 
stores. The age-related decline that is observed in he-
matopoiesis outside the most active areas; however, would 
be expected to result in a great age-related decline in mar-
row progenitor cell content in long bones such as the femur, 
inconsistent with our results. 

 We assayed for progenitor cells based on both a func-
tional property of progenitor cells (ALDH activity) and the 
expression of cell surface markers CD133, CD34, and 
VEGFR-2. Our results replicate previous observations of an 
age-related decline in circulating progenitor cells numbers, 
an observation made with multiple progenitor cell identifi -
cation techniques; however, primitive progenitors may not 
express these markers. It may be that depletion of such ear-
lier progenitors is responsible for the age-related decline, an 
observation made in a mouse model of aging ( 33 ). 

 Patients enrolled in our study had indications for hip re-
placement surgery and may represent neither healthy con-
trols nor patients with other clinical conditions. The 
applicability of these results to patients without arthritis or 
other indications for joint replacement is unknown. We 
found that these patients lacked a signifi cant number of co-
morbidities, and the prevalence of vascular disease, either 
peripheral or coronary disease, was limited to a small pro-
portion ( ~ 5%) of the population. Although the effect of ar-
thritis on marrow progenitor cell content cannot be 
discounted, we failed to observe any trend toward and age-
related loss of progenitor cells, suggesting that a confounder 

would have a signifi cant impact on our observations. In    ad-
dition, although our ability to detect a meaningful differ-
ence given on our sample size is small, we observed no 
signifi cant differences in the marrow progenitor cell content 
as a function of indication for orthopedic surgery. 

 These results may not apply in conditions characterized 
by chronic ongoing injury, such as advanced vascular dis-
ease. In this regard, it would be useful to replicate these 
studies using BM samples from patients with advanced vas-
cular disease. One such condition involves patients under-
going open cardiac surgery, in which sternal samples may 
be sampled at the time of sternotomy. The applicability of 
these results to such patients is paramount if we are to un-
derstand the interrelationship between chronic disease and 
age-related progenitor cell decline.    

 C onclusions  
 The relationship between aging and progenitor cell – 

mediated repair has received great interest. We have demon-
strated in a relatively healthy patient population who had 
BM sampling at time of orthopedic surgery that circulating, 
but not marrow-resident, progenitors are depleted as a func-
tion of age. This fi nding suggests that mechanism(s) in addi-
tion to depletion of marrow stores are operative in age-mediated 
declines in progenitor cell – mediated repair. This fi nding has 
important implications for the use of autologous marrow for 
progenitor cell therapy and suggests that progenitor-mediated 
repair may be augmented if the age-related decline in the 
regulation of progenitor cell egress and mobilization from the 
marrow can be identifi ed and overcome.   
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