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Bone marrow (BM) is a reliable source of multipotent mesenchymal stromal cells (MSCs), which have been successfully

used for treating osteonecrosis.
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1. Introduction

Bone marrow-multipotent mesenchymal stromal cells (BM-MSCs), the key bone regenerating cells, were first identified as

attached to plastic culture surfaces and characterized by a self-renewal capacity to form a colony and the ability to

differentiate into bone, cartilage and fat cells . With accumulating scientific knowledge on the MSC roles in tissue

regeneration, their other functions, including immunoregulation, proliferation, angiogenesis support and pro-survival

abilities, became important to consider for application in regenerative therapies . The best-characterized and most

frequently used source of MSCs is BM, even with the very low frequency of these progenitor cells, i.e., 0.01–0.001% of

nucleated BM cells .

Osteonecrosis (ON), also named avascular necrosis, is a multifactorial and painful bone disease characterized by

vascular insufficiency, progressive collapse of subchondral bone and cartilage damage. This disease often develops in the

femoral head, but it could also affect other joints, mostly in young or middle-aged individuals. One main mechanism of ON

pathogenesis is vascular damage due to clotting, embolism, increased intraosseous pressure and direct blood vessel

injury . ON can also be caused by direct trauma or infections. The most common non-traumatic conditions that can

trigger ON are corticosteroids, alcohol abuse, Gaucher’s disease, sickle cell disease, Systemic Lupus Erythematosus,

diabetes, chronic renal diseases and chemotherapy (Figure 1) . Over the last three decades, autologous MSCs have

attracted considerable interest as cellular regenerative therapies for ON . For enhancing therapeutic outcomes, it is also

important to consider the effects of patients’ age as ON is common among young and old populations but can occur in

elderly individuals according to the underlying conditions . Here, we review how these predisposing causes of ON

and age can affect the biological characteristics of MSCs.

Figure 1. Underlying causes and pathogenesis of osteonecrosis (ON). Chronic diseases can cause ON, such as sickle

cell disease, Gaucher’s disease, Systemic Lupus Erythematosus, diabetes, chronic renal disease and chemotherapy.

Additionally, corticosteroids and alcohol abuse are other triggers.

2. MSC Therapy for Osteonecrosis

2.1. Pre-Clinical Studies

Extensive experimental research (in vitro and in vivo studies) has confirmed the unique and multifaceted regenerative

capacities of MSCs. Because of their unique biological properties, MSCs represent a promising therapeutic tool for ON

(Figure 2). Importantly, MSCs provide angiogenic support function mostly due to the production of Vascular endothelial
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growth factor (VEGF) and control osteoclastogenesis via the release of soluble factors such as RANKL and OPG .

These cells also have essential differentiation capacities needed to repair damaged bone and cartilage tissues in ON .

More recently, their high proliferation and ability of suppression of immune response associated with tissue damage via

the production of immunosuppressive factors, indoleamine 2,3 dioxygenase (IDO), Transforming growth factor-beta (TGF-

β), prostaglandin E2 (PGE-2) and IL-10 have been considered equally important . A controlled inflammatory

reaction is required for the normal bone healing process and is deemed necessary for timely fracture repair and tissue

regeneration in ON .

Figure 2. Functional characteristics of MSCs for therapeutic use in ON. MSCs can differentiate into bone or cartilage,

support angiogenesis via VEGF secretion, proliferate to compensate for bone cell death, regulate osteoclastogenesis via

RANKL and OPG and suppress inflammation associated with tissue damage via the production of immunosuppressive

factors IDO, TGF-β, PGE-2 and IL-10.MSC: mesenchymal stromal cells. IDO: indoleamine 2,3 dioxygenase.

An important factor in the therapy of ON is the use of 3D scaffolds that are used as bone fillers and additionally support

the repair functions of MSCs . These scaffolds also overcome the disadvantages of autografts and allografts, such as

limited accessibility and side effects of immune rejection and infection . The needed criteria for scaffolds used in

regenerative therapies include biocompatibility, biodegradability, porosity, and mechanical support to avoid bone collapse

during the repair process. Several natural and synthetic materials are used to fabricate scaffolds . Polymers are

commonly used in ON treatment include as poly lactide-co-glycolide (PLGA), poly ε-caprolactone (PCL), Cervi Cornus

Colla (CCC), polyethylene glycol maleate citrate (PEGMC), polylactide (PLA), polymethyl methacrylate (PMMA), and

peptide-based hydrogels, but they lack mechanical stability . Other materials include natural polymers, such as

hyaluronic acid and collagen reinforced with demineralized bone matrix (DBM), and inorganic components of bone, e.g.,

calcium phosphate (CP), β-tricalcium calcium phosphate (TCP) and hydroxyapatite (HA) . Using porous HA or TCP

scaffolds together with BM MSCs enhanced bone regeneration in osteonecrosis, as seen in experimental models .

Popular materials for synthetic scaffolds also include ceramics, bio-glass and porous titanium (Ti) .

In a composite approach, bioactive cells and growth factors are included to ‘functionalize’ the scaffolds and enhance the

osteoinductivity. A combination of scaffolds and MSCs is a popular method to repair necrotic areas, as the scaffolds help

direct MSCs to the necrotic areas and deliver mechanical support for these cells. Ceramic scaffolds loaded with BM-

MSCs promoted the healing of bone defect in a canine model of femoral head ON . Porous tantalum scaffolds were

used to load MSCs following surface cover with Bio-Gide  collagen membrane . This hybrid therapy has helped induce

bone and cartilage repair of femoral head necrosis in a rabbit model . The seeding collagen scaffold with hypoxia-

pretreated BM MSCs induced bone regeneration and angiogenesis in rabbit femoral head ON as hypoxia increase

viability and osteogenic capacity of MSCs . In addition to MSCs, more complex constructs can be potentially used as

scaffolds loaded with both adipose-derived MSCs and endothelial cells, shown as a potential therapy for ON in a rat

model .

Another successful approach for ON therapy is the use of scaffolds functionalized by growth factors to ensure the

sustained release of these factors, which would enhance MSC regenerative functions and blood vessel formation. This

combination also solves the problems of local application of growth factors, such as their short half-life in vivo or

heterogenous ossification related to the applications of BMPs . Encapsulation of growth factors, such as BMP-2 or

VEGF  in the PLGA microsphere, showed great results in experimental models of bone necrosis. Combined platelet-

rich plasma (PRP) with scaffold has been shown to have the capacity to heal defects in a rabbit model of ON . Another

potential tool includes platelet-derived growth factors that can be used in different formats. Allogeneic platelet lysate or

PRP prepared from young, healthy donors has a great potential enhancing chondrogenic and osteogenic potential of
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MSCs. This combination therapy is popularly considered for traumatic bone damage and various degenerative joint

diseases . In a case study, a combined local injection of adipose tissue-MSCs with platelet-rich plasma showed

satisfactory outcomes in an experimental model of femoral head ON . Another approach for enhancing MSC-based

therapy is the use of genetically modified MSCs. The bFGF- gene overexpressed lentivirus-transfected BM MSCs

combined with cancellous bone is one example that was tested in a rabbit model of ON with bone healing success .

Furthermore, synthesized adenovirus-mediated BMP-2 and bFGF modified BMSCs combined with DBM were effective in

the repair of a canine femoral head defect .

2.2. Clinical Studies

Initial studies on using autologous MSCs for the treatment of ON were based on cultured MSCs from bone marrow (BM)

aspirates and have demonstrated excellent patient safety and efficacy profiles as proved by pain relief and radiological

signs of healing . A phase I/II study in sickle cell disease patients who had ON showed a high success rate when

using autologous MSCs up to 60 months of follow-up . Similarly, Gangii et al. showed that autologous BM-MSCs were

effective to treat the early stage of ON for the 60-month follow up . In common, the outcome of MSC-based therapy

shows better outcomes in the early stages of ON and traumatic rather than non-traumatic patients .

Using uncultured autologous MSCs are particularly preferred for ease of extraction, safety and minimal need for handling,

processing, and ethics . Pioneering work by Hernigou et al. of using BM autologous MSCs to treat patients with femoral

head ON in combination with core decompression has indicated the potential therapeutic value of these cells, particularly

in a dose-dependent fashion . The same group showed that the numbers of BM MSCs are reduced in ON and

suggested better techniques to increase the yield of harvested progenitor cells, such as optimizing the BM aspiration

method and using BM concentrates . While the benefits of autologous BM MSCs in ON seem evident, more focus on

assessing the numbers and, particularly, the biological fitness of therapeutic autologous MSCs is needed to develop these

therapies further.

Core decompression is a classical surgical treatment for ON but usually effective for small necrotic lesions. The

combination of core decompression with autologous BM was associated with improved clinical scores and radiological

signs . Some clinical studies have included other supporting factors for MSCs. Injection of concentrated BM and

platelet-rich plasma was used for 77 ON patients and showed clinical improvement in 86% of the tested group . In

another study, a combination of core decompression, autologous BM-MSCs and calcium sulphate/calcium ceramic

scaffold showed satisfactory outcomes. However, that study lacked controls of single therapeutic tools . Other

functional scaffolds were tested, and Kuroda et al. showed that using slow-release scaffolds to deliver human FGF was an

advantage to promote regeneration of bone necrosis in femoral ON patients .

The BM is a common source for MSCs used for ON, and the clinical delivery of BM MSCs as mononuclear cells was

found to be better than using whole BM, likely because of concentrated cells . Adipose stromal cells were also applied

into hip joints and resulted in positive clinical outcomes . In another study, a combination of umbilical cord MSCs and

BM mononuclear cells improved ON patient symptoms . Furthermore, the delivery of MSCs is commonly directed into

the area of ON, but the systemic infusion could be another route of delivery. Co-infusion of BM cells and umbilical cord

MSCs through femoral artery resulted in clinical improvement as conducted in Phase I/II clinical study on 30 femoral head

patients . Additionally, Mao et al. found that intra-arterial MSCs was effective in treating early-stage ON . However,

additional research is still required to determine whether the local delivery or the systemic infusion of MSCs is more

effective in ON therapy.

In summary, the great potential of autologous MSCs alone or in combination with scaffolds and growth factors for tissue

repair in ON is evident . However, different ON-underlying factors could hamper the regenerative potential of

autologous MSCs. As there are multiple causes for the development of ON, it is essential to assess the patient’s suitability

for autologous MSC use carefully and consider how the underlying cause of ON might affect the biological fitness of these

regenerative cells. This knowledge will help to optimize autologous MSC-based regenerative therapies for ON.

Furthermore, the effect of a patient’s age should be taken into account based on the recent advances in this area of

research.

3. Age-Related Changes in MSCs

ON is common in the young/middle age group . While chronological aging is related to the numbers of years, the

process of biological aging can be promoted by environment, diet, disease, heredity and lifestyle . At the cellular level,

aging is a complex process caused by an accumulation of various types of damages in cells over time . The free
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radical theory refers to the damage caused by intermediate oxygen molecules resulting from cellular metabolism. In older

age, oxidative stress outgrows the level of anti-oxidant enzymes resulting in increasing levels of reactive oxygen species

(ROS) . Another theory suggests that replication errors and extrinsic factors (such as radiation and ROS) progressively

cause damage to the DNA, ultimately leading to cell senescence or death . These general theories apply to MSC

ageing characterized by a decline in their number , increased ROS leading to a shift towards adipogenic differentiation

, a decline in telomere length , as well as increased DNA damage .

3.1. Pre-Clinical Studies

Previous in vitro studies have used the long-term passaged MSCs in vitro as an indication of ageing. These studies

showed that several changes are associated with in vitro ageing of MSCs . These changes include reduced survival

and proliferation, increased senescence and ROS expression levels, decreased differentiation potential, and increased

genetic instability . However, recent studies on MSC healthy aging in vivo (as discussed below) could change our

understanding of aged MSCs and their use in therapy for ON.

3.2. Clinical/Human Studies

The CFU-F assay has been the oldest method for enumerating BM-MSCs by counting the numbers of single cell-derived

colonies based on first the MSC ability of plastic-adherence and second their ability to proliferate forming a colony. Over

the years, several groups have performed CFU-F experiments to examine the age-related changes in the number of

aspirated iliac crest BM-MSCs (Table 1). The variable results obtained can be due to different factors. For example,

different volumes of BM aspirates have been used (Table 1), but larger-volume aspirations could lead to the dilution of BM

aspirates with blood  and subsequently produce artificially low MSC frequencies, as MSCs are not present in the

peripheral blood . Further processing of the BM aspirate for MSC isolation as well as using different media and

different scoring criteria, could also impact the CFU-F frequency  (Table 1).

Table 1. List of previous studies investigating age-related changes in the numbers of BM MSCs counted by the CFU-F

assay.

Age (Years) Volume (mL) Isolation Media Colony
Definition CFU-F Ref

Y: 22–44, O: 66–74 10 mL DC α-MEM + 10%FCS >16 cells No change

13–79, no groups 4 × 2 mL
pooled DC α-MEM + 10%FCS + ASC + Dex >8 cells No change

Y: 0–18, O: 59–75 NR DC DMEM + 10%FCS NR Decline

Y: 19–40, O: > 40 NR DC DMEM + 10%FCS >50 cells Decline

Y: 6–16, O: 29–76 NR PA DMEM + 20%FCS NR NS decline

1–52, no groups NR DC DMEM + 20%FCS >50 cells No change

22–80, no groups 8 mL PA StemMacs medium >50 cells Decline in
women

Y: 20–40, I: 41–60,
O: >60 10 mL PA StemMacs medium >50 cells Decline

14–59, no groups 30 mL, 3 × 10
mL PA DMEM/Ham’s F12 + 10% FCS +

bFGF + heparin >50 cells Decline

Y: <45, I: 45–65, O:
>65 NR DC α-MEM + 10% human serum >50 cells Decline

BM: Bone marrow, I: intermediate, O: Old, Y: Young, PA: Plastic adhesion, DC: Density centrifugation α-MEM: Alpha–

Minimum essential medium, DMEM: Dulbecco’s minimum essential medium, FCS: Fetal calf serum, ASC: sodium

ascorbate, Dex: dexamethasone, bFGF: basic fibroblast growth factor, NR: Not reported, NS: Non-significant.

Irrespective of these compounding factors, a general trend for a decline in BM MSC numbers has been confirmed in

several recent studies. Most recent data from our laboratory (n = 67 donors, 33 females and 34 males) indicated a

significant age-related decline in the number of colonies in relation to donor age in both males and females .

Interestingly, while the overall median CFU-F frequency was the lowest in the old donor group (61–89 years old), the

decline was the steepest between young donors (19–40 years old) and the donors of the intermediate age group (41−60
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years old) . Similarly, another study has found a decline with age, but no groups were analyzed . This was also

noted in the study by Siegel et al., which implied that the decline in MSC numbers begins in the fifth decade of life .

Enumeration of uncultured BM-MSCs has also been attempted by flow cytometry using several surface markers .

CD271 (low-affinity nerve growth factor receptor) in combination with CD45 (pan-hematopoietic lineage cell marker) has

been recently reported to provide the best gating strategy for BM-MSCs . In two of our recent studies, BM-MSCs

were quantified volumetrically using the CD45 CD271  phenotype , and in both studies, we observed trends for

age-related decline in the numbers of MSCs . However, a steeper decline was observed in the intermediate age

group (41–60 years old) as compared to the young donor group (19–40 years old), rather than in the donors of the old age

group (61–89 years old) compared to the intermediate age group, in agreement with CFU-F findings . Overall, these

studies indicate that autologous MSCs in relatively young ON patients are likely to be higher in number compared to those

from the middle-age group.

Using uncultured MSCs, our group has recently shown no significant age-related increase in adipogenic or osteogenic

differentiation transcripts or ROS levels in uncultured MSCs from old donors compared to young donors . This

contrasts with the higher ROS levels found in minimally cultured MSCs from older donors . Very recently, another group

evaluated the number and functionalities of MSCs from young and old donors and found no age-related differences in

growth kinetics, tri-lineage potential, gene expression profiles and immunosuppressive properties . When the same

biological characteristics were compared between early and late passage MSCs, they displayed significant differences.

Although this indicted little implication of donor age on MSC immunomodulatory functions, more research would be

needed to assess this function in other ON-underlying diseases. This research will be particularly important for therapeutic

MSCs as defective immunosuppression has been recently reported with a link to complicated bone healing .

The age-related changes of the extra cellular matrix (ECM) could affect the functions of MSCs and their use for ON

therapy . The ECM is formed of proteoglycans, fibrous proteins (mainly collagens), minerals and water. In joints,

proteoglycans absorb water and act primarily to resist load compression and create flexibility. In contrast, collagens

enable cartilage to resist sheer stress. With aging, changes in these ECM components can lead to osteochondral tissue

damages. As the age increases, the molecular weight of proteoglycans is decreased, and the proteolytic enzyme activity

is increased , leading to reduced proteoglycan aggregates and higher levels of serum aggrecan fragments .

Similarly, thickness and cross-linking of collagen type II fibers are detected with aging . Furthermore, an age-mediated

increase in the expression and activity of collagenase activity by chondrocytes could lead to articular surface fibrillation

and erosion . Such disturbance in ECM homeostasis could affect the reparatory performance of intrinsic or implanted

therapeutic MSCs as ECM is essential for cell survival, proliferation and communication. Collagen type II enhances

chondrogenesis and osteogenesis of MSCs by facilitating osteogenic marker RUNX2 stimulation via the integrin α2β1-

FAK-JNK signaling pathway . Another component of ECM proteoglycans, Syndecan-1, is involved in osteo-adipogenic

balance during the early induction of MSC lineage differentiation . In addition to ECM, an inflammatory

microenvironment such as that seen in osteoarthritis can also negatively affect MSC function by suppressing

chondrogenic and osteogenic differentiation . Consequently, it is important to consider the joint microenvironment to

optimize MSC-based therapy for ON, particularly in aged patients. Suggestions of using young ECM to rejuvenate

therapeutic MSCs also necessitates further investigations .

Summarizing the current literature in relation to age-related changes in BM-MSCs, it becomes apparent that young

individuals are likely to have several-fold more MSCs in aspirated BM compared to donors over 40 years old. This can

have implications on the dose of MSCs delivered into the damaged femoral head in ON patients. However, middle-aged

and older donors show significant variability in relation to their MSC numbers, possibly because their skeletal biological

ages are not the same as their chronological ages and may have been affected by environmental causes listed at the

beginning of this section. With regards to MSC functions, such as differentiation, anti-oxidative and bone-remodeling

capacities, age-related declines reported using cultured MSCs may represent an artefact of culture-expanded in vitro, and

different types of assays need to be developed for the assessment of these functions in uncultured MSCs. In relation to

ON treatment with autologous MSCs, these findings indicate that MSC dose-determination based on rapid laboratory tests

, rather than ‘predicted’ from patients age, is needed for standardization of these therapies.
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