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Abstract

Bone marrow derived mesenchymal progenitor cells (MPCs) play an important role in bone 

homeostasis. Age-related changes occur in bone resulting in a decrease in bone density and a 

relative increase in adipocity. Although in vitro studies suggest the existence of an age-related 

lineage switch between osteogenic and adipogenic fates, stem cell and microenvironmental 

contributions to this process have not been elucidated in vivo. In order to study the effects of MPC 

and microenvironmental aging on functional engraftment and lineage switching, transplantation 

studies were performed under non-myeloablative conditions in old recipients, with donor MPCs 

derived from young and old green fluorescent protein (GFP) transgenic mice. Robust engraftment 

by young MPCs or their progeny was observed in the marrow, bone-lining region and in the 

matrix of young recipients; however, significantly lower engraftment was seen at the same sites in 

old recipients transplanted with old MPCs. Differentiation of transplanted MPCs strongly favored 

adipogenesis over osteogenesis in old recipients irrespective of MPC donor age, suggesting that 

microenvironmental alterations that occur with in vivo aging are predominately responsible for 

MPC lineage switching. These data indicate that aging alters bone-fat reciprocity and 

differentiation of mesenchymal progenitors toward an adipogenic fate.
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1. Introduction

Aging leads to osteopenia-related bone fragility and eventually osteoporosis with high risk 

of fracture. There is also an increase in bone marrow fat with aging [1–3]. Not only is this 

increase in fat associated with an overall decrease in bone mass, implying a decrease in 

osteoblasts and osteocytes, but also there is histomorphometric evidence suggesting that 

such changes occur at sites of bone loss [4]. Moreover, similar increases in fat content are 

also observed in conditions where bone loss is due to reasons other than aging, including 

immobilization[5], exposure to zero gravity[6, 7], ovariectomy[8], or by administration of 

pharmacological doses of glucocorticoids [9, 10]. Such an inverse relationship between 

adipocyte and osteoblast/osteocyte content in bone indicates the possibility of lineage 

switching with age.

It is now well established that both adipocytes and osteoblasts arise from marrow 

mesenchymal progenitor cells (MPCs) [11, 12]. Increases in MPCs committed towards the 

adipocyte lineage and decreases in those committed towards the osteoblast lineage with age 

could possibly explain their reciprocal representation in aging bone [13]. This hypothesis is 

supported by in vitro experiments on bone marrow-derived MPCs showing that factors 

which induce adipocyte differentiation inhibit osteoblast differentiation [14, 15], while those 

that induce osteoblast differentiation inhibit adipogenesis [16, 17]. Several factors and 

signaling pathways have been implicated in the control of MPC differentiation into 

osteoblastic and adipocytic cells, including TAZ (transcriptional coactivator with PDZ-

binding motif) [18], PPARg2 [19], ΔFosB [20], canonical Wnt-β-catenin and non-canonical 

Wnt signaling pathways [21]. The effects of the BMPs on adipogenesis are context and cell 

type-specific [22–25]. Pre-osteoblastic and pre-adipocytic cells exist in bone marrow stroma 

and have been used to identify secreted factors that exert regulatory effects on 

osteoblastogenesis and adipogenesis, including secreted frizzled-related protein 1 (sFRP-1) 

and delta-like1 (preadipocyte factor 1) (Dlk1/Pref-1) [26].

Enhanced adipocyte differentiation from MPCs may lead to reduction in the number of stem 

cells available for osteoblast differentiation and subsequent bone formation [27]. This 

hypothesis is supported by experimental evidence in MSC cultures [14, 27, 28]. Studies in 

older mice [13] and in the senescence-accelerated mouse model (SAMP-6) [29] 

demonstrated relatively greater adipogenesis and less osteoblastogenesis in murine MPC 

cultures. Conversely, Justesen et al. 2002 showed that the adipocyte-forming capacity of 

human MPCs does not change with donor age [30]. However, sera from elderly donors 

inhibited osteoblast differentiation [31] and enhanced adipogenesis of MPC [32], suggesting 

that age-related changes in the bone microenvironment may play a role in directing MSC 

differentiation into osteoblasts and adipocytes. The decline in mineral apposition rate and 

mean wall thickness with increasing age as well as the associated increased bone marrow 

adipose tissue volume [33, 34] are hallmarks of the complex relationship between reciprocal 

osteoblast-adipocyte differentiation and MPC aging in vitro and in vivo and has been 

reviewed in detail [35, 36].

Singh et al. Page 2

Bone. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the present study we use MPCs transplanted under non-myeloablative conditions in order 

to address biologically important questions regarding the effects of intrinsic and micro-

environmental aging on functional engraftment and differentiation of these cells in bone.

2. Materials & Methods

2.1 Chemicals and tissue culture reagents

Rabbit anti-GFP polyclonal antibody and rabbit anti-mouse FABP4 polyclonal antibody 

were obtained from Abcam, Cambridge, MA. Goat anti-rabbit Alexa® 647, goat-anti-rabbit 

Marina® blue, mouse anti-Sca1 F(ab’)2 Alexa® 647, rat anti-mouse CD45, goat anti-rat 

Alexa® 555, goat anti-mouse Alexa® 555, Sytox® green, BrdU (bromodeoxyuridine), 

mouse anti-BrdU, DAPI (4’,6-diamidino-2-phenylindole), α-MEM (minimum essential 

medium), FBS (fetal bovine serum), Aqua Live/Dead stain, TrypLE™ xpress and PBS were 

procured from Life Technologies (Grand Island, NY). Dexamethasone, beta-

glycerophosphate, ascorbic acid, 3-isobutyl-1-methylxanthine, rosiglitazone, oil-red ‘O’, and 

DMSO (dimethyl sulfoxide) were obtained from Sigma-Aldrich (St Louis, MO). Alizarin 

red was obtained from Ricca Chemical Company (Arlington, TX). Immunocal™ was 

purchased from Decal Chemical Corporation (Tallman, NY). Tween-20 was purchased from 

Biorad Laboratories (Hercules, CA), Paraformaldehyde was purchased from Electron 

Microscopy Sciences (Hatfield, PA) whereas Flouromount G and glass cover-slips (12 mm) 

were obtained from Fisher Scientific (Pittsburg, PA) and cultureware from Corning 

(Corning, NY).

2.2 Animals

C57BL/6-Tg (CAG-EGFP)1Osb/J female mice (JAX Labs, Bar Harbor, Maine) were used 

as the source of GFP positive bone marrow cells for all experiments. The recipients were 

C57BL/6 wild type males. All experiments involving animals were approved by The 

University of Pennsylvania Institutional Animal Care and Use Committee (IACUC).

2.3 Mesenchymal progenitor cell (MPC) isolation and culture

Long bones (femurs and tibiae) obtained from GFP positive animals were de-crowned by 

removing the epiphyseal regions and flushed with α-MEM containing 10 % FBS and 

antibiotic/antimycotic solution (Invitrogen, Grand Island, NY), using a 23 G needle. Bone 

marrow cells were collected by centrifugation (300 × g, 5 min) and plated in 100 mm tissue 

culture dishes. After 3 days, the supernatant was removed and medium was replenished in 

the original culture. Media was changed every 3 days until a confluent culture was obtained. 

Cells were passaged using TrypLE Express treatment for 2 min and plated into fresh plates 

(1 × 104 cells/cm2). At each passage cells were counted and values for the cumulative 

population doubling level (CPDL) were calculated as described [37]. Cultures were defined 

as being at the end of their proliferative lifespan when they were unable to complete one 

population doubling during a 2-week period.

2.4 Osteoblast differentiation

Briefly, 1×104 MPCs/cm2 were placed in 6 well plates. Cells were maintained in medium 

consisting of α-MEM with 10% FBS and antibiotic/antimycotic solution until confluency. 
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Osteogenic induction was given with media consisting of α-MEM, 10% FBS, 50 µg/ml L-

ascorbic acid-2-phosphate, 2 mM L-glutamine, 10−7 M dexamethasone, and 10 mM β-

glycerophosphate. Media was replaced every 3 days for 2–3 weeks or until the appearance 

of mineralization. Cells were fixed for 15 minutes with 3.7% formaldehyde at room 

temperature and mineralization was determined by staining with Alizarin red S solution by 

standard procedures and visualized using a Nikon Eclipse TS100 (Nikon Instruments Inc. 

Milville, NY) microscope. Images were captured using a Nikon (Digital Sight DS-U2) 

camera and Nikon NIS Elements software (version F3.0).

2.5 Adipogenic Differentiation

Briefly, 1×104 MPCs/cm2 were plated/well in 6 well plates in DMEM supplemented with 

10% FBS and antibiotic/antimycotic solution until confluency. Media was then replaced 

with DMEM containing 500 mM 3-isobutyl-1-methylxanthine, 1 mM dexamethasone, and 1 

mM rosiglitazone. After 2–3 weeks, cells were fixed with 4% paraformaldehyde, washed 

with 60% isopropanol for 5 minutes, and stained with Oil Red O (0.25% wt/vol) for 10 

minutes. After staining, cells were washed several times with H2O. Stained cells were 

visualized using a Nikon Eclipse TS100 (Nikon Instruments Inc. Milville, NY) microscope. 

Images were captured using a Nikon (Digital Sight DS-U2) camera and Nikon NIS Elements 

software (version F3.0).

2.6 BrdU labeling Index

Cells were plated on 12 mm cover-slips placed in a 24-well plate (1 × 104 cells/well) and 

cultured for 12 h to allow adherence to the surface. This was followed by pulsing with BrdU 

(10 µM final conc.) for 24 h. The cover-slips were then washed with PBS (0.1M) (×2) and 

fixed with 4% paraformaldehyde. After fixation, cells were incubated with 1N HCl for 10 

min on ice followed by 10 min with 2N HCl at room temperature (RT) and then for 20 min 

with 2N HCl at 37°C. The reaction was neutralized with borate buffer and cover-slips were 

washed with PBS-1% triton x-100 (×3). The samples were then blocked with a solution 

containing 0.1M PBS-1% triton x-100 and 5 % normal goat serum (NGS) for 1 h, followed 

by incubation with mouse anti-BrdU antibody (1:200 dilution) for 18 h. The samples were 

then washed with PBS-1% triton x-100 (×3) followed by incubation with goat anti-mouse 

Alexa® 555 antibody (1:500 dilution) for 1 hr. Cell nuclei were stained with DAPI and the 

cover-slips were mounted with flouromount G. One thousand DAPI+ cells were scored per 

sample and the BrdU labeling index was calculated as [(number of Alexa® 555 positive 

cells/total number of cells) × 100].

2.7 Flow Cytometry

Cells were analyzed for CD45 and Sca-1 expression using flow cytometry. Briefly, 0.5 × 

106 cells/sample were washed with FACS buffer (PBS + 2% FBS, ×2) and blocked with 

anti-mouse Fc receptor IgG (1:10 dilution) for 10 min on ice. After two washes with PBS, 

cells were incubated with goat anti-mouse Sca1 Alexa® 647 (1:50 dilution) and rat anti-

mouse CD45 IgG (1:50 dilution) for 30 min. After 2 washes with FACS buffer, samples 

were incubated with goat anti-rat Alexa® 555 (1:50 dilution). Samples were analyzed using 

Becton Dickinson FACS Canto A running DiVa software. A total of 10,000 events for each 

sample were analyzed. Cell viability was assessed by negative staining using the aqua Live/
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Dead reagent. Offline analysis was performed by Flow Jo analytical software (Treestar, 

Ashland, OR) and cells were gated to exclude dead cells, doublets, and higher order cell 

aggregates.

2.8 Transplantation

MPCs obtained from GFP positive females were transplanted into wild type males 

intravenously (2×106 cells/animal). The donors/recipients were either 2 months (young) or 

24 months (old) of age. Following transplantation, the animals were kept under standard 

conditions with monitoring for loss of weight. The recipients were euthanized 8 weeks post-

transplantation. Four animals were used in each transplant group.

2.9 Histology

Mouse hind limbs were excised, cleaned of soft tissue, and fixed in 3.7% formaldehyde for 

72 hours. Decalcification was performed using immunocal™ for 3 days according to the 

manufacturer’s instructions. Isolated bone tissue was dehydrated in graded alcohols (70 to 

100%), cleared in xylene and embedded in paraffin by standard methods. Paraffin blocks 

were cut into 5 µm or 7 µm sections for histomorphometry or immunohistochemistry, 

respectively.

For histomorphometry, femur sections were deparaffinized in xylene and assessed for static 

parameters of bone formation. The femur sections were then stained with hemotoxylin and 

eosin (H&E). Osteoblast number (Ob N/BS, /mm), adipocyte number (Adipocyte N/Total 

Area, /mm2) and adipocyte Area (Adipocyte Area/Total Area, %) were identified 

morphologically and quantified as previously described [38, 39]. Selected regions of interest 

ROIs (100µm distal to the growth plate and 50µm in from the endosteal cortical bone) were 

visualized using a Nikon Eclipse 90i microscope. Image capture was performed using NIS 

Elements Imaging Software 3.10 Sp2 and a Nikon DS-Fi1 camera using Nikon 4×/0.2 Plan 

Apo, Nikon 20×/0.75 Plan Apo objective and 40×/0.95 Plan Apo objectives. Photoshop and 

Image J were used for image analysis as previously described [39].

2.10 Immunohistochemistry

For GFP staining, the sections were de-paraffinized, dehydrated and then re-hydrated, 

followed by permeabilization using Tween® 20 (0.2 % in distilled water) and blocking for 1 

h with 10% NGS. The samples were then incubated with rabbit anti-GFP antibody (1:1000 

dilution) for 16 h at 4°C. Following washes with PBS containing tween® 20, samples were 

incubated with goat anti-rabbit Alexa® 647 antibody (1:1000 dilution) for 1 h. Samples were 

then stained with 4’,6-Diamidino-2-Phenylindole (DAPI; 300 nM, 5 min) as the nuclear 

stain. Samples were viewed under a Nikon 90i eclipse inverted microscope and images were 

captured using Photometrics Cool Snap camera and NIS elements Ar version 3.2 software. 

Emission times were standardized to negative control slides (no primary antibody). For 

FABP4 staining of adipocytes, samples were treated in a similar manner as for GFP except 

for using Sytox® Green (1:15000) as the nuclear stain and goat anti-rabbit Marina® Blue 

(1:100) as the secondary antibody. Rabbit anti-FABP4 was used at 1:40 dilution. At least 

2000 cells per cell type per transplant group were scored under high power magnification 

(×400).

Singh et al. Page 5

Bone. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.11 Statistics

Differences among transplanted groups were evaluated using one-way ANOVA. All 

statistics were performed using GraphPad Prism 4.0 software (San Diego, Ca). Differences 

were considered statistically significant at a p-value of < 0.05, and all data is represented as 

mean + SEM.

3.0 Results

MPCs were not propagated beyond the fourth passage in order to minimize the effects of in 

vitro replicative senescence. Proliferation parameters were measured at every passage and 

the average CPDL at the time of transplantation was 6.3 for all cultures. At the time of 

transplantation, the age of MPC cultures derived from young and old animals represented 

less than 40 percent of their in vitro lifespan completed, based on retrospective calculation 

using the number of cumulative doublings at the end of their proliferative life in culture. The 

change in population doubling at the fourth passage was 1.76 ± 0.66 (figure 1a), and the 

BrdU index (reflecting the number of cells capable of DNA synthesis) was nearly 85 percent 

(figure 1b). Based on these parameters, there was no significant difference in proliferation 

between cells derived from young and old donors prior to MPC transplantation.

In both young and old donors, MPCs were essentially negative for CD45 expression and 

positive for Sca-1 expression (figure 1c). Importantly, the isolated cells demonstrated a 

strong potential to differentiate into osteoblast and adipocyte lineages irrespective of their 

origin from young or old donors (figure 1d). Thus, we defined MPCs as adherent, CD45 

negative, Sca-1 positive cells with the ability to differentiate into osteoblasts and adipocytes.

Figure 2 shows that transplantation of young MPCs into old recipients increases both 

osteoblast (figure 2A and 2C) and adipocyte numbers (figure 2A and 2D). There is a non-

statistically significant trend toward increased bone volume in the young donor MPC into 

old recipient transplantation group (Y|O) compared to the old donor MPC into old recipient 

group (O|O) [figure 2B]. However, total adipocyte area is dramatically and significantly 

increased in both the Y|O and O|O transplant groups (figure 2E).

Tracing studies after transplantation confirmed that young donor MPCs showed high 

functional engraftment in the bone marrow compartment (28.8 ± 1.5 %) and in the bone-

lining region (56.7 ± 0.7 %) of young recipients (Table 1, figure 3). The engrafted cells 

differentiated further into osteocytes as was observed by 4.3 ± 0.6 % of osteocytes staining 

positively for GFP in this group (Table 1, figure 3).

GFP tracing studies after transplantation also confirmed that functional engraftment was 

observed in old recipients receiving MPCs from young animals; in fact, young donor MPCs 

showed highest engraftment into the marrow of old recipients (Table 1). Noticeably, the 

differentiation of young (donor) MPCs into osteoblasts was not adversely affected by 

recipient age, as high numbers of GFP positive cells were observed in old recipients as well 

(Table 1; figure 3). Old donor-derived MPCs, however, showed a significantly decreased 

ability to engraft into old recipients as compared to young donors (Table 1). Thus MPC 

Singh et al. Page 6

Bone. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



osteogenic differentiation with aging is a cell autonomous process superimposed upon 

microenvironmental influences.

Marrow fat is increased in old age and is thought to be an effect of lineage switching of 

progenitor cells present in bone. In our transplantation experiments we used FABP4 to 

identify adipocytes and pre-adipocytes, and we found that GFP-positive MPCs derived from 

both young and old donors differentiated into fat cells in vivo, but only in old recipients 

(figure 4; Table 1). Young recipients did not show any presence of GFP positive adipocytes. 

However, 87.4% of adipocytes in young donor MPC/old recipient transplants and 79.6% of 

old donor MPC/old recipient transplants were GFP positive. Thus, adipogenic differentiation 

is strongly dependent upon microenvironment-related aging processes.

4.0 Discussion

In the present study we investigated the role of aging in engraftment of MPCs under non-

myeloablative conditions. MPCs have a strong potential for usage in transplantation 

protocols, not only as immunosupressors but also as pluripotent progenitors capable of 

differentiating into a variety of cell types. Though MPCs are widely studied in vitro, little is 

known about the influence of the micro-environment on their ability to differentiate in vivo. 

Here, we studied the relative contributions of intrinsic cellular aging and micro-

environmental aging on MPC engraftment and differentiation into osteoblasts and 

adipocytes.

Non-myeloablative transplantation is a preferred way of transplantation in order to minimize 

the deleterious side-effects of radiation or other myeloablative protocols. In addition, 

radiation is also known to adversely affect bone strength by causing cell death among the 

osteoblast lineage [40, 41]. Bone loss following radiotherapy is thought to be a result of 

physiological changes that occur to both vasculature and bone cells [42–45]. We therefore 

used a non-myeloablative approach in our experiments.

We found that MPCs from young but not old donors exhibited high functional engraftment 

in old recipients. Engraftment of MPCs, thus, seemed to predominately be a cell 

autonomous process. This may be attributed to age-related changes in MPCs prior to 

isolation for transplantation, and perhaps a reflection of in vivo cell senescence. Replicative 

senescence is a major limitation of bone marrow derived mesenchymal cell cultures. Human 

MPCs undergo morphological changes with continued expansion in culture leading to 

proliferation arrest [46]. Similar results have been reported in mouse cultures [47]. In our 

experiments we did observe in vitro senescence in MPCs but only at passages well beyond 

those obtained prior to transplantation.

Several studies have examined the effect of donor age on the in vitro differentiation 

potential of MPCs. MPCs cultured from younger, older and osteoporotic patients are 

reported to maintain osteoblast differentiation potential at early passage in culture [48]. 

Similarly, Muraglia et al. [49] tested the osteogenic, chondrogenic and adipogenic 

differentiation capacity of MPCs in human donors of various ages and found that the 

number of tripotent clones did not change with age in culture at early passage. We used 
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early passage cells from young and old mice and found no observable differences in either 

osteogenic or adipogenic potential.

There are reports which provide indirect evidence of age-related changes in osteoblast 

differentiation of MPCs. Stenderup et al. demonstrated that MPCs derived from both young 

and old human donors were able to form similar amounts of mineralized matrix in vitro and 

normal lamellar bone in vivo [50]. The implication of these results is that age-related decline 

in bone formation can be attributed to decreased MPC number and not function. In contrast, 

Mendes et al. demonstrated that when human MPCs from 53 donors of various ages were 

seeded on calcium phosphate scaffolds and implanted under the skin of nude mice, the 

ability of cultures to form bone in vivo declined at as function of age with 67% of the 

cultures able to form bone when derived from donors between 41–50 years of age, 50% 

when derived from donors 51–70 years of age and less than 46% when derived from donors 

beyond 70 years of age [51]. Studies on ectopic bone formation using demineralized bone 

matrix powder from donors of different ages have reported an age-related decrease in bone 

formation [52–54].

Taken together, our results show direct evidence of intrinsic cellular aging to be responsible 

for decreased osteoblast differentiation in vivo. This direct evidence is provided by a 

comparison of Y|O versus O|O transplantation groups with respect to engraftment of MPCs 

that differentiate into bone-lining osteoblasts and osteocytes (Table 1). In this comparison 

the recipients (old animals) are the same and only the age of the donor MPCs varies. Robust 

engraftment occurred by MPCs that subsequently differentiated into bone-lining osteoblasts 

and osteocytes of the bony matrix in young recipients; however, significantly lower 

engraftment was seen at the same sites in old recipients transplanted with old MPCs. These 

results are supported by other indirect or circumstantial evidence for intrinsic MPC aging, 

such as decreased in vitro osteogenic capacity of MPCs derived from older individuals, and 

decline in mineral apposition rate and mean wall thickness with aging.

MPCs can differentiate into osteoblasts and other lineages including adipocytes. We found 

in vivo adipocyte differentiation to be directly related to recipient age. Old recipients seem 

to promote adipocyte differentiation preferentially, thus suggesting an environment-

mediated process with aging. In mouse models of accelerated senescence, including 

telomere-based and other models, decreased bone formation has been reported to be 

associated with enhanced adipogenesis [29, 55]. However, in this study ex vivo cultures 

from the animals were used to establish the propensity of MPCs to differentiate into 

adipocytes.

There is growing evidence that a reciprocal relationship exists between osteogenic and 

adipogenic differentiation which may explain the increased adipocyte and decreased 

osteoblast formation that occurs with aging and osteoporosis. An inverse relationship exists 

between osteoblast and adipocyte differentiation that likely is regulated at the level of a 

common mesenchymal precursor [56–58]. Grossly, in bone there is a decrease in the number 

of osteoblasts and an increase in the number of marrow adipoctyes with age [59, 60]. 

Activation of adipogenic and suppression of osteogenic programs occur in marrow MPCs 

with advancing age [60] and may in part be regulated by estrogen [31].
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Although circumstantial evidence exists that supports this reciprocal relationship, direct 

evidence has until now been lacking. In the current study, we show in vivo evidence for 

lineage switching, thus providing a biological basis for the testing and potential use of 

already existing compounds shown to inhibit adipogenesis and promote osteogenesis. For 

example, naturally-occurring oxysterols have been shown to be pro-osteogenic and anti-

adipogenic, effects likely mediated through hedgehog-dependent mechanism(s) that inhibit 

PPAR-gamma expression [61–63]. Estrogen, reduced atherogenic diets, protection against 

lipoprotein and lipid oxidation products, and other potential PPAR-gamma modulators/

antagonists may have similar effects on the balance between marrow osteogenesis and 

adipogenesis [58].

Reports based on in vitro expansion of cells have led to the hypothesis that with aging MPCs 

acquire a lineage switch in favor of adipogenesis over osteogenesis [14, 28]. Some studies, 

however, suggested either no difference or decreased in vitro differentiation of MPCs from 

old animals towards the adipogenic lineage as compared to younger animals [64, 65]. In our 

in vivo studies, an old bone environment promoted adipogenic differentiation, thus forcing 

young transplanted MPCs to differentiate into adipocytes. This is consistent with in vitro 

studies involving the use of sera from elderly donors reported to be selectively inhibitory to 

osteoblast but not adipocyte differentiation of MPCs in vitro [31].

Non-myeloablative transplantation protocols in humans are emerging as a possible method 

of choice. The pluripotency of MPCs makes them promising candidates for transplantation 

regimens. Our results indicate that older recipients would particularly benefit from non-

myeloablative transplantation of MPCs as a possible treatment for various bone disorders, 

especially given that engraftment would likely be high in older individuals. This approach 

might necessarily be accompanied by the administration of compounds that inhibit 

adipogenesis.
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Highlights

• In order to study the effects of mesenchymal progenitor cells (MPCs) and 

microenvironmental aging on functional engraftment and lineage switching, 

transplantation studies were performed under non-myeloablative conditions in 

old recipients, with donor MPCs derived from young and old green fluorescent 

protein (GFP) transgenic mice.

• Robust engraftment by young MPCs or their progeny was observed in the 

marrow, bone-lining region and in the matrix of young recipients; however, 

significantly lower engraftment was seen at the same sites in old recipients 

transplanted with old MPCs.

• Differentiation of transplanted MPCs strongly favored adipogenesis over 

osteogenesis in old recipients irrespective of MPC donor age, suggesting that 

microenvironmental alterations that occur with in vivo aging are predominately 

responsible for MPC lineage switching.

• These data indicate that aging alters bone-fat reciprocity and differentiation of 

mesenchymal progenitors toward an adipogenic fate.
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Figure 1. 
Donor MPCs from young and old animals display similar characteristics of proliferation and 

differentiation at early passage in vitro. (a) Growth curves through the fourth in vitro 

passage; (b) BrdU labeling index; (c) Sca-1+ CD45- MPCs by flow cytometry; (d) 

Differentiation of MPCs into adipocytes and osteoblasts. CPDL, cumulative population 

doubling level; AF, adipogenic factors; OF, osteogenic factors
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Figure 2. 
Transplantation of young MPCs into old recipients increases osteoblast and adipocyte 

numbers. (A) Representative sections of the metaphyseal distal femur from Y|Y, Y|O, and 

O|O mice, stained with H&E, and showing osteoblasts (upper panels, arrows) or adipocytes 

(lower panels). (B) Bone volume (BV/TV, %). Higher magnification insets show the greater 

numbers of bone-lining osteoblasts in the Y|O transplantation group (compared to the O|O 

group) and more adipocytes in the Y|O and O|O groups compared to the Y|Y group. (C) 

Osteoblast number per bone surface (OB N/BS, /mm). (D,E) Adiposity increased in old 

femurs from recipients transplanted with young or old MSCs. (D) Adipocyte number 

(Adipocyte N/Total Area, /mm2). (E) Adipocyte Area (Adipocyte Area/Total Area, %). Data 

represent means + s.e.m. Statisical significance is *p<0.05, **p<0.01, and ****p<0.0001 

compared to YIY group. Statisical significance is &p<0.05, compared to Y|O transplant 

group.
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Figure 3. 
MPC osteogenic differentiation with aging is a cell autonomous process superimposed upon 

microenvironmental influences. Y, Young; O, Old; →, indicates the transplant pairings as 

donor cells → transplant recipient; Yellow arrowheads, bone-lining cells; Red arrowheads, 

osteocytes.
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Figure 4. 
Engrafted MPCs differentiate into adipocytes only in old recipients and independent of 

donor MPC age. Higher magnification insets illustrate co-staining of both GFP (green) and 

FABP4 (red) in panels showing the merged images. Note that in the processing of tissue, 

sections were deparaffinized in xylene, which causes lipid extraction of adipocytes and 

limits immunostaining to the cellular periphery. Ad, adipocyte; b, bone
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Table 1

Distribution of engrafted and differentiated MPCs in recipient animals among transplantation groups.

a
Comparison between Y|Y and Y|O

b
Comparison between Y|Y and O|O

c
Comparison between Y|O and O|O.

**
p< 0.01;

***
p<0.001;

****
p<0.0001;

Y, Young; O, Old; The first letter in young and old transplant pairings indicates the donor cell; the second letter indicates the recipient animal.
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