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Abstract

The bone marrow niche is composed of cells from hematopoietic and mesenchymal origin. Both 

require energy to power differentiation and these processes are intimately connected to systemic 

metabolic homeostasis. Glycolysis is the preferred substrate for mesenchymal stromal cells in the 

niche, although fatty acid oxidation and glutaminolysis are important during stage specific 

differentiation. Autophagy and lipophagy, in part triggered by adenosine monophosphate-activated 

protein kinase (AMPK), may also play an important but temporal specific role in osteoblast 

differentiation. Enhanced marrow adiposity is caused by clinical factors that are genetically, 

environmentally, and hormonally mediated. These determinants mediate a switch from the 

osteogenic to the adipogenic lineage. Preliminary evidence supports an important role for fuel 

utilization in those cell fate decisions. Although both the origin and function of the marrow 

adipocyte remains to be determined, and in some genetic mouse models high marrow adiposity 

may co-exist with greater bone mass, in humans changes in marrow adiposity are closely linked to 

adverse changes in skeletal metabolism. This supports an intimate relationship between bone and 

fat in the marrow. Future studies will likely shed more light on the relationship of cellular as well 

as whole body metabolism on the ultimate fate of bone marrow stromal cells.
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I. Introduction

The bone marrow is composed of distinct cell types that exist at several developmental 

levels. Hematopoietic elements are the most prevalent and include erythrocytes, neutrophils, 

lymphocytes, and platelets. Hematopoietic stem cells (HSCs) are also found in even more 

abundance, primarily in or near niches adjacent to the endosteal bone surface or capillaries 

[1]. These HSCs are multi-potent with short and long term regenerative capacity to 

differentiate into the myeloid, lymphoid and erythroid lineages. Recently, attention has 

turned to cells within the marrow that originate from a mesenchymal source; these include a 

wide array of developmentally distinct cells including adipocytes, osteoblasts, and stromal 

fibroblasts. Mesenchymal stromal cells (MSCs) are also multi-potent and within the marrow 

can become mature adipocytes or osteoblasts [2]. These cells differ from HSCs in several 

important ways, including their origin, their ability to adhere to plastic in vitro and 

potentially their use of substrates for differentiation [3].

The bone marrow niche is an anatomical and functional unit that integrates endocrine, 

autocrine and paracrine signals for whole body homeostasis and provides a unique home for 

the stem cell [4]. Therefore it is not surprising that substrate availability plays an important 

role in cell fate decisions. Cells in the niche also influence their neighbors; for example adult 

mesenchymal cells, and in particular the osteoblast, have a vital role in maintaining the bone 

marrow niche for hematopoiesis [5]. The role of the adipocyte in hematopoiesis is more 

controversial but it is thought that these cells prevent active hematopoiesis at least during 

times of repopulation of the marrow after HSC transplantation [6].

The bone marrow niche has tremendous energy requirements. Over 2 million erythrocytes 

leave the marrow every second just to sustain the hemoglobin carrying capacity for oxygen, 

and this is only one of many hematopoietic cell types that are differentiating and then exiting 

the niche. During an inflammatory response anywhere in the body or activation of the 

sympathetic nervous system, neutrophils and some hematopoietic progenitors enter the 

circulation in large amounts [7]. These processes require adenosine triphosphate (ATP) and 

those molecules are principally derived from either glycolysis or oxidative phosphorylation 

in each cell. Moreover, the niche has to nourish progenitors and this requires not only 

nutrients but also support for their metabolism to generate ATP for subsequent use by the 

cell. During acute infectious episodes, hematopoietic cells may require an additional energy 

burst, probably through oxidation of fatty acids, to function properly. The bone marrow 

niche is uniquely suited anatomically to provide that support because of its rich vasculature, 

and, in the endosteal niche, abundant neural innervation [8]. There are also areas of hypoxia, 

which are attractive regions for HSC homing, particularly for quiescent cells [9]. Hypoxia is 

a potent stimulus for hypoxia-inducible factor 1-alpha (HIF1a), which can then induce a 

differentiation program for both pre-osteoblasts and HSCs [10]. HIF1a also serves to 

stimulate vascular endothelial growth factor (VEGF) that can in turn enhance vascular 

development and promote glycolysis through up-regulation of several key genes including 

glucose transporter 1 (GLUT1) [11].
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In this review, we will discuss the energy needs of bone marrow MSCs particularly as it 

relates to lineage allocation between osteoblasts and adipocytes. We will then support the 

premise that those cell fate decisions have major clinical implications.

II. Bioenergetics of mesenchymal stem cells, osteoblast and adipocyte

Each of the cells in the bone marrow niche has its own specific nutrient requirement in order 

to survive, particularly in a hypoxic environment and these, in turn, are linked to ATP 

demands. In general, the more differentiated the cell, the greater the energy needs. However, 

within that context, there are major differences between mature osteoblasts and adipocytes. 

First, when considering survival and maintenance of MSC ‘stemness’ in the relative hypoxia 

of the marrow, there is a need for metabolic adaptation. Stemness allows a stable pool of 

progenitors that can be called on in numerous circumstances, particularly injury and 

inflammatory states [12]. Hypoxia induces the stabilization of HIF1a, a major transcription 

factor for stem cells and progenitors as well as multiple downstream target genes, 

particularly VEGFa [13]. Metabolic reprogramming of quiescent cells is necessary to 

prevent differentiation and this occurs through a shift from oxidative phosphorylation to 

glycolysis. Importantly, glycolysis, although less efficient in generating ATP than 

mitochondrial oxidation, reduces oxidative stress and reactive oxygen species (ROS) 

generation, key elements that drive stem cell differentiation.

Although glycolysis is the major driver of ATP generation in MSCs, entrance into a specific 

differentiation program, either adipogenic or osteogenic, requires distinct metabolic 

requirements that are very context specific [14]. For adipocytic differentiation, several 

studies have suggested that mitochondrial oxidation of fatty acids and the generation of ROS 

are essential to achieve full maturation. The process of glucose entry and fatty acid oxidation 

through the Krebs Cycle generates more molecules of ATP per mol of glucose (36:1) than 

glycolysis (2:1), but it comes at a cost as mitochondrial respiration leads to the generation of 

ROS from the electron transport chain (ETC). ROS (e.g. H2O2, superoxides) can further 

suppress mitochondrial respiration and promote an adipogenic program that is associated 

with more insulin resistance and less lipolysis [15, 16]. Excess ROS in adipocytes may also 

cause mitochondrial DNA damage or further changes to complex I in the ETC leading to 

metabolic dysfunction [17]. But, some ROS is generated during normal adipocyte 

differentiation; much less is produced during early stages of osteoblast maturation.

During osteoblastic differentiation, glycolysis is the predominant ATP generator, even 

though it is less efficient per mol of glucose [14]. Glycolysis can occur rapidly and can 

happen in both hypoxic and normoxic states (i.e. Warburg effect). Two key proteins, Glut1, 

the principal glucose transporter and lactate dehydrogenase (LDH), the enzyme that converts 

pyruvate to lactate are essential during glycolysis. Karsenty and colleagues showed that in 

osteoblasts, glucose uptake through the Glut 1 transporter inhibits AMPK, which in turn 

prevents ubiquitination of runt-related transcription factor 2 (Runx2) [11]. In a feed forward 

system, Runx2 begins the differentiation program in osteoblasts and increases Glut1 

expression. Furthermore, pre-osteoblasts differentiate under the influence of various ligands, 

particularly the Wnts and insulin-like growth factors (IGFs). Long and colleagues 

demonstrated that glycolysis is a major feature of Wnt3a induced osteoblast differentiation 
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[18]. More recently the Long group reported that HIF1a, which is important for ‘stemness’, 

is also a critical transcriptional regulator of glycolysis, triggered in part, by relative hypoxia 

in the bone marrow niche [19]. Remarkably, much older ex vivo studies from Neumann and 

colleagues demonstrated that parathyroid hormone (PTH) produces lactic acid in calvarial 

osteoblasts supporting the tenet that osteoblasts utilize glycolysis to generate lactate and fuel 

collagen synthesis and mineralization [20]. Guntur et al also showed that glycolysis was 

essential for terminal differentiation of osteoblasts and that oxidative phosphorylation was 

more important early in the differentiation scheme [21]. Thus there appears to be a distinct 

metabolic program that features a transient phase of oxidative phosphorylation following 

glycolysis and that is then switched off as glycolysis re-emerges as a predominant driver of 

ATP. Indeed, recent studies suggest that both oxidative phosphorylation and glycolysis are 

occurring in differentiating cells, and that it is the relative change in one versus the other that 

predominates. Too much oxidative phosphorylation or glycolysis can inhibit the other, so 

there clearly must be a fine balance, which is very context specific and is driven by 

immediate ATP demands.

The transient phase of mitochondrial respiration is very time sensitive and may occur in 

vitro between days three and nine of osteoblastic differentiation in vitro. During this time 

period, AMPK is activated and this may induce lipophagy as well as oxidative 

phosphorylation [22]. Other studies have shown that metformin, which up-regulates AMPK 

can enhance differentiation but only during specific time periods. In a similar vein, Karner et 

al. demonstrated that glutaminolysis is essential for osteoblast differentiation through the 

Wnt signaling system [23]. Hence, there are at least three substrates for ATP generation and 

differentiation of MSCs: glutamine- which enters the Krebs Cycle via alpha ketoglutarate, 

glucose- which through glycolysis can generate lactate as well as ribose nucleotides via the 

pentose phosphate shunt, and fatty acids- which are metabolized via acetyl CoA in the 

mitochondria. Generation of acetyl coenzyme A (acetyl CoA) can also lead to enhanced 

nuclear acetylation that in turn can impact transcriptional processes unifying the processes 

of protein production and energy utilization [24]. Finally autophagy cannot be overlooked as 

a fueling mechanism for the cell particularly during times of stress or nutrient deficiency. 

AMPK stimulates autophagy as well as glycolysis and inhibits mammalian target of 

rapamycin (mTOR) and overall protein synthesis [25]. This would also lead to increased 

fatty acid entry into the mitochondria for ATP generation as lipophagy is also stimulated. 

The recent finding from McGhee Lawrence that a small percent (~15%) of Runx2 positive 

cells in a mouse model of HDAC3 null mice with a phenotype of accelerated aging, had 

large lipid droplets that stained positive for perilipin, raises a provocative question about fuel 

utilization and the plasticity of marrow progenitors [26]. If indeed those cells represent a 

hybrid (i.e. an ‘osteo-adipocyte’) in which osteoblasts exhibit impaired lipid utilization, it 

implies that switching between adult cell phenotypes can occur in response to nutrient 

sensing or environmental stressors.

In summary, the bone marrow niche has significant energy requirements that are tissue and 

temporal specific. Allocation into the osteoblast or adipocyte lineage is dictated by multiple 

transcription factors, which in turn must be governed by specific metabolic programs. On the 

other hand, changes in energy availability are certain to alter cell fate decisions and these in 

turn can impact metabolic homeostasis. Taken together, the determination of the identity of 
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marrow adipocytes as osteoblasts in disguise, or a novel fat cell, is a critical question 

because of the intimate relationship between adipogenesis and skeletal remodeling.

III. A Window into Cell Fate Decisions in the Marrow: Clinical Scenarios of 

Marrow Adiposity

At birth, the human bone marrow consists entirely of hematopoietic marrow, but during 

skeletal growth hematopoietic marrow is gradually replaced by adipose marrow tissue. This 

conversion proceeds from the peripheral to the central skeleton and by the age of 25 when 

peak bone mass is obtained, the conversion is almost complete in the femora whereas in the 

vertebrae 30–40% of the marrow consists of adipose tissue. During ageing, the conversion of 

hematopoietic to adipose marrow in the vertebrae continues, but now, in contrast, is 

accompanied by a decrease in bone mass.

In humans, marrow adiposity can be measured histologically by quantitating the amount of 

bone marrow fat in bone biopsies. Because of the invasiveness of the bone biopsy procedure, 

non-invasive imaging methods have been developed and magnetic resonance imaging (MRI) 

is currently standard practice to evaluate bone marrow adiposity in humans. MRI separates 

the water from the fat signal in the bone marrow and this enables calculation of the fat 

fraction in the bone marrow. Studies in healthy adults have shown that the marrow adiposity 

of the lumbar spine increases approximately 7% per decade from 30% at age 30 to >60% at 

the age of 80 years [27–29]. Comparing men and women, marrow adiposity is 10% greater 

in men than in women until menopause, when in women marrow adiposity accumulation 

accelerates resulting in higher marrow adiposity in women than men after menopause [27, 

28]. Bone mass in humans is mostly evaluated by dual energy x-ray scanning (DXA). This 

technique uses two X-ray beams to measure the bone mineral content and the bone area and 

then calculates an areal bone mineral density (BMD). This is compared to a reference 

population and yields a standard deviation T-score that is used to diagnose osteopenia (T-

score between −1 and −2.5) and osteoporosis (T-score <−2.5). In addition, DXA can also 

provide an estimate of an overall fat mass index but not marrow fat. The relation between 

marrow adiposity and bone mass has been studied extensively in the healthy adult 

population and an inverse relation was shown consistently across age groups in women and 

men in both the lumbar spine and the femur [30–33].

Many diseases are associated with increased fracture risk such as osteoporosis, anorexia 

nervosa, obesity, diabetes, Cushing’s disease, HIV and lipodystrophy. Some of these are 

characterized by decreases in bone mass, whereas in others areal BMD is maintained. 

Growing interest in marrow adiposity as a contributing factor to fracture risk has spurred the 

investigation of marrow adiposity in these diseases. Postmenopausal osteoporosis is 

characterized by accelerated bone loss following menopause in women ultimately leading to 

osteoporotic fractures classically of the vertebrae, femoral neck and forearm [34]. In 

osteoporotic patients, marrow adiposity is 10% higher compared to healthy age-matched 

subjects [30, 35–38]. Osteopenic patients have 5% higher marrow adiposity compared to 

healthy age-matched subjects suggesting a direct relation between BMD and marrow 
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adiposity. Furthermore increased marrow adiposity is an independent risk factor for fracture 

[30] and vertebral weakness as measured by endplate depression and vertebral wedging [39].

Anorexia nervosa is a psychiatric disease defined by restricted eating patterns and profound 

weight loss resulting in low body mass. Despite the profound loss of body fat (visceral and 

subcutaneous), anorectic women have much higher vertebral marrow fat than healthy age-

matched controls. In addition, bone mineral density is lower in anorexia and fractures are 

frequently occurring. In patients recovered from anorexia, vertebral marrow fat and bone 

mineral density are again comparable to healthy controls [40, 41].

Confirming the different behavior of body fat and marrow fat in underweight subjects, in 

normal weight subjects there is no clear correlation between marrow fat and other fat depots 

[42] or with cardiovascular risk factors such as insulin sensitivity and lipid profile. In obese 

subjects on the contrary, high body fat is positively related to high marrow fat and obese 

subjects have significantly higher marrow fat than normal weight controls [43, 44]. This 

implies that the regulation of marrow fat versus visceral and subcutaneous fat is different 

and depends at least partly, on the weight of the individual. Overweight individuals with and 

without diabetes type 2 have the same amount of marrow adiposity, although in the diabetic 

individuals there is a clear correlation with glycaemic control; the higher the HbA1c, the 

higher the marrow fat [45]. In addition, diabetic subjects had lower unsaturated lipid fraction 

of the marrow fat than the healthy same-weight subjects. Diabetes type 1 patients generally 

maintain normal body weight and again, there was no difference in marrow fat amount 

between healthy and type 1 diabetic, weight-matched subjects [46]. Comparing the studies 

between type 1 and 2 diabetic patients, this again shows that overweight individuals have 

higher marrow fat that normal weight individuals, although the studies used slightly different 

methods to estimate the amount of marrow fat. Interestingly, in the normal-weight healthy 

versus type 1 diabetes study, there was a positive correlation between serum lipids and 

marrow adiposity but not with HbA1c.

Cushing’s syndrome is characterized by hypercortisolemia and accompanied by increased 

subcutaneous and visceral fat. So far, only one study investigated the amount of marrow fat 

in Cushing syndrome patients and did not find a difference with healthy controls, although 

this was in just seven patients [47]. HIV infection is also accompanied by metabolic 

derangements and increased risk of fracture. Two studies showed that HIV patients have 

lower marrow fat than age and BMI-matched controls. Lipodystrophy, a loss of body fat 

occurring in some HIV patients treated with anti-retroviral therapy, augmented the decrease 

in marrow fat [48, 49]. Lipodystrophy can also present as a congenital syndrome of partial 

or generalized loss of body fat caused by a genetic mutation leading to a defect in adipocyte 

formation or maintenance. These patients have absent or low marrow fat, depending on the 

mutation and the resulting defect in adipocyte development (reviewed in [50]). The patients 

with absent marrow fat present with more severe bone phenotypes and metabolic 

derangements, implying that a lack of marrow fat, comparable to an excess of marrow fat, 

can be associated with negative effects on bone and metabolic health as well. Furthermore, 

this shows that a state of low body fat can be accompanied by both low and high marrow fat, 

implying that the mechanism behind the loss of body fat determines the effect on the marrow 

fat and not just the amount of fat itself.
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Finally, classically an important determinant of both bone and body fat mass, exercise is also 

linked to changes in bone marrow fat. Both loss of exercise due to spinal cord injury as well 

as high impact exercise can have an effect on marrow fat. Spinal cord injury is associated 

with an increase in marrow fat; this was previously investigated in 1988 using bone biopsies 

[51] and later confirmed using MRI [52]. In both studies, the gain in marrow fat was 

associated with a decrease in bone mass and bone quality. A recent study with competitive 

athletes in different sports showed that athletes in impact versus non-impact sports and 

nonathletic healthy controls have lower marrow adiposity in the tibia and this was 

accompanied by a higher cortical bone and bone strength [53].

In conclusion, the relations between bone, body fat, weight, metabolic (insulin resistance, 

insulin deficiency, hypercortisolemia) and hormonal status, exercise and marrow fat are 

complex and the mechanisms behind the observed effects are not completely clarified or 

understood yet. Clinical interventional studies in humans and animal studies could shed light 

on these issues.

Several intervention trials studying the effectiveness of osteoporosis treatment have reported 

effects on marrow fat. First, Syed et al treated osteoporotic postmenopausal women with 

estrogen in a placebo-controlled trial during one year and showed that estrogen treatment 

prevented the increase in marrow fat observed in the control group resulting in a difference 

in marrow fat between the groups as assessed by bone biopsies, in addition to increasing 

bone mineral density [54]. Limonard et al showed that the decrease in marrow fat by 

estrogen is already present after two weeks of treatment as assessed by MRI and is 

accompanied by a decrease in bone resorption and an increase in bone formation as assessed 

by bone markers [55]. Duque et al treated postmenopausal osteoporotic women with 

risedronate (bisphosphonate) in a placebo-controlled trial during three years and showed that 

risedronate decreased marrow fat compared to an increase in the control group as assessed 

by bone biopsies, again in addition to increasing bone mineral density [56]. Cohen et al 

treated premenopausal women with low bone mass or fragility fractures with teriparatide 

(parathyroid hormone) during 18–24 months in a pilot trial and showed that marrow fat 

fraction decreased after 12 months as assessed by bone biopsies, in addition to increases in 

bone parameters [57]. Recently, Yang et al treated osteopenic postmenopausal women with 

teriparatide in a placebo-controlled trial during 12 months and demonstrated a reduction in 

marrow fat fraction by almost 6% after 12 months as assessed by MRI [58].

No interventional or prospective studies have been reported in anorexia patients or caloric 

restriction in normal weight humans so far, but Schafer et al studied the effect of weight loss 

following gastric bypass surgery on marrow fat in overweight individuals [59]. Six months 

after gastric bypass, 5 out of 6 diabetic individuals could stop taking diabetes medication 

and normalized their HbA1c, body fat was markedly reduced in all subjects, and this was 

accompanied by a decrease in bone mineral density. Marrow fat though, decreased almost 

8% in the diabetic patients, but did not change in the overweight non-diabetic subjects. 

However at baseline, the diabetic subjects had 10% higher marrow fat than the non-diabetic 

subjects, so the effect on the marrow fat seems to be related to the change in HbA1c and not 

the weight loss, as reported previously in the study by Baum et al. Bosy-Westphal showed a 

>10% decrease in bone marrow adiposity measured with MRI in the arms, legs and pelvis in 
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overweight premenopausal women and men in a 12 week diet intervention study (mean 

weight loss 9%) and observed an increase in bone marrow adiposity with weight regain [60]. 

Cordes et al on the contrary did not find a change in vertebral bone marrow fat in obese 

women during a 4-week diet intervention (mean weight loss 7%) although other fat depots 

(liver, subcutaneous and visceral) did show a decrease [61].

On the contrary, rosiglitazone, an antidiabetic drug to treat diabetes type 2 (PPARg agonist), 

is associated with increased fracture rates and deterioration of bone strength. This negative 

effect on bone was hypothesized to result from an increase in marrow fat by increased 

adipocyte formation due to peroxisome proliferator-activated receptor gamma (PPARg) 

activation. However, Harslof et al surprisingly showed in a placebo-controlled trial in 

postmenopausal healthy women with rosiglitazone treatment during 14 weeks, that 

rosiglitazone decreased the marrow fat fraction as assessed by MRI in 6 out of 8 subjects in 

addition to decreasing bone mineral density [62].

Growth hormone is an important hormone during growth and skeletal development, 

coinciding with the conversion of hematopoietic to fatty marrow. Abdominal adiposity is 

associated with lower growth hormone secretion and BMD. Therefore Bredella et al treated 

premenopausal healthy, abdominally obese women with growth hormone in a placebo-

controlled trial during 6 months [63]. Growth hormone treated women had an increase in 

marrow fat during the study period, whereas in the control group there was a decrease in 

marrow fat, resulting in a significant difference between the groups. In addition the bone 

formation markers osteocalcin and N-terminal propeptide of type 1 procollagen (P1NP) 

increased as well, indicating a positive effect on bone metabolism. The interpretation of this 

study remains difficult considering the unexpected decrease in marrow fat in the control 

group.

A number of intervention studies investigated the effect of exercise or bed rest on marrow 

fat. Trudel et al performed two intervention studies, one in women and one in men, 

comparing the effect of 60 days of bed rest, to bed rest in combination with exercise or 

vibration [64, 65]. Both studies showed that 60 days of bed rest increases marrow fat 

fraction by approximately 3% and this effect is still present one year post-intervention. In 

the first study in women, exercise during the bed rest period did not prevent the increase in 

marrow fat. In the second study in men however, exercise decreased the fat fraction during 

the first 30 days, but not after 60 days and vibration decreased the marrow fat at both time 

points. Daly et al studied the effect of 18 months of exercise in older men in a controlled 

trial and showed that 18 months of training decreased the marrow fat fraction together with 

an increase in BMD, independent of a decrease in body fat [66]. Casazza studied the effect 

of 3 times per week exercise in 5-year old children during a controlled trial of 10 weeks and 

although they did not observe any changes in bone parameters, marrow adiposity decreased 

in the exercise group whereas it increased in the control group as expected during this 

skeletal growth period [67].

These studies show that interventions targeting improvement in bone mineral density in 

osteoporosis such as estrogen, bisphosphonates, parathyroid hormone and exercise, 

generally result in a decrease in marrow fat. However, interventions with less well-described 
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mechanisms and in different patient groups can have several, sometimes surprising, effects 

on marrow fat (table 1).

IV. Mechanisms

Several possible mechanisms have been proposed to explain the reciprocal relation between 

bone and marrow fat, or more specifically, the osteoblast and adipocyte. The central 

mechanism concerns the differentiation of the mesenchymal stem cell into either the 

osteoblastic or the adipocytic lineage. This differentiation is controlled by the osteoblastic 

transcription factor, Runx2 and the adipogenic transcription factor PPARg [68, 69]. In vitro 

experiments with mouse MSCs have shown that the addition of estrogen in vitro increases 

cell proliferation, expression of osteoblastic markers, alkaline phosphatase (AP) activity and 

calcium content [70, 71]. Mouse MSCs overexpressing the estrogen receptor showed an 

increase in AP activity and a decrease in adipocyte formation accompanied by a decrease in 

PPARg expression [72]. Human MSCs cultured with estrogen increase proliferation whereas 

adipocyte differentiation is decreased [73, 74].

PPARg is an essential adipocytic transcription factor, member of the nuclear hormone 

receptor superfamily and activated by ligands such as fatty acids, peroxisome proliferators 

and thiazolidinediones. Upon activation, PPARγ heterodimerizes with the retinoid X 

receptor and binds to the PPAR responsive element (PPRE) on the promoters of target genes. 

PPARg has also been described to act by interfering with the activator protein 1 (AP-1), 

transforming growth factor beta (TGFβ) or Wnt signalling pathways. To elucidate the 

function of PPARg, genetic mouse models have been developed. Homozygous knockout of 

the PPARg gene is embryonically lethal because of placental dysfunction. Embryonic stem 

cells of these mice lack adipogenesis in vitro and spontaneously initiate osteogenesis, which 

can be reduced by reintroduction of the PPARg gene. Heterozygous PPARg +/− mice 

develop normally but investigation of the bones of these mice shows an increase in 

trabecular bone mass by 40% caused by an increase in number of osteoblasts, accompanied 

by a lower number of adipocytes in the bone marrow. Ageing of the mice decreases bone 

mass, but to a lesser extent in the heterozygous mice than in the wildtype. Ovariectomy in 

female mice shows no difference in bone loss in heterozygous and wildtype mice [75]. Male 

mice overexpressing the PPARg gene specifically in osteoblasts, show a decrease in bone 

volume but no difference in adipocytes. Female mice overexpressing PPARg in osteoblasts 

do not have a difference in bone phenotype compared to wildtype, but following 

ovariectomy, overexpressing mice have an exaggerated bone loss compared to the wildtype 

mice [76]. Therefore, loss of PPARg inhibits adipogenesis and favours osteogenesis whereas 

PPARg overexpression favours adipogenesis in estrogen-deplete states. Thus, one could 

hypothesize that estrogen might stimulate osteogenesis and inhibit adipogenesis in the bone 

marrow by decreasing PPARg signalling.

Other mechanisms are likely operative when considering the fate of adipocytes versus 

osteoblasts in the niche. For example, zinc finger protein 467 (Zfp467), and Zfp 423 are 

transcription factors that can direct progenitors into the adipogenic lineage. The former, 

Zfp467, is downregulated by PTH, and silencing this protein results in suppressed 

adipogenesis and enhanced osteogenesis. Sclerostin has been reported to stimulate 
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adipogenesis in 3T3-L1 cells. The underlying mechanism may be related to antagonism of 

the Wnt/Lrp5 signaling pathway, resulting in a shift towards adipocyte development. 

Dickkopf-related protein 1 (DKK-1), another Wnt antagonist, has also been shown to favor 

adipogenesis in the marrow. Global overexpression of receptor activator of nuclear factor 

kappa-B ligand (RANKL), an essential factor for osteoclastogenesis, leads to significant 

marrow adiposity.

In addition, increase in bone marrow adiposity can result not only from hyperplasia (increase 

in cell number) but also from hypertrophy (increase in cell size) or an increase in lipid 

droplet size. The increasing use of MRI to assess bone marrow adiposity in humans has 

made it difficult to address this issue since MRI cannot discriminate between these 

processes. However, histomorphometry can provide information on the underlying 

mechanism and some data addressing this issue are available. Cohen et al have performed 

serial bone biopsies in a clinical study of teriparatide treatment of premenopausal women 

with idiopathic osteoporosis [57]. Histomorphometric analysis showed a decrease in 

adipocyte volume, but no change in adipocyte number or density. Syed et al treated 

postmenopausal women with estrogen and performed serial bone biopsies. 

Histomorphometry showed that in the placebo group the adipocyte volume, number and size 

increased whereas in the estrogen treated women the adipocyte volume decreased and the 

number and size did not change [54]. These results imply that all of the above mentioned 

processes (increase in number, size and lipid droplet size) can be present, although it 

remains uncertain which of these dominates and what circumstances determine the response.

V. Summary

The last decade has been characterized by important advances in our understanding of the 

marrow niche and particularly the functional aspects of MSCs. But, several features are still 

not well established. The origin of the marrow adipocyte, as noted, and their identity is still a 

matter of debate. Whether these cells arise from progenitor stromal cells, bone lining cells or 

reticular cells in the marrow is not known. Moreover, we still do not have a consistent 

marker of the marrow adipocyte progenitor despite extensive efforts using lineage tracing. It 

is not clear if marrow adipocytes sense fuel availability in a manner distinct from other 

adipocytes, and if they possess unique fatty acid transporters. But it is clear that marrow fat 

cells are intimately tied to nutrient status and in turn these cells have a profound effect on 

bone remodeling and ultimately, skeletal integrity. Future directions will undoubtedly define 

precisely how lineage allocation in the marrow is linked to metabolic homeostasis and this 

may ultimately lead to new therapeutic options for both obesity and osteoporosis.
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Highlights

• The bone marrow niche contains hematopoietic and mesenchymal stem cells

• Cell fate of the stem cells is influenced by substrate availability and utilization

• Marrow adiposity can result from increases in adipocyte number, adipocyte 

size and lipid droplet size

• Increased marrow adiposity is associated with skeletal deterioration
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Figure 1. 
The bone marrow niche is a multicellular compartment of mesenchymal and hematopoietic 

progenitors that is highly vascularized. Blood supplies basic nutrients that are needed for 

each of the cell types shown. The marrow adipocytes are located on the endosteal surface of 

bone as well as throughout the marrow, and are increased in conditions such as calorie 

restriction and diabetes. It is conceivable that marrow adipocytes could arise from vascular 

endothelial cells, pericytes, bone lining cells or mesenchymal precursors. Notwithstanding 

their unclear origin, both osteoblast and adipocyte precursors require nutrients to fuel the 

needs of differentiation. This need links the marrow compartment with the peripheral 

sources of energy, particularly fat depots and the liver. Hence, both transcriptional and 

metabolic programming determine the fate of mesenchymal progenitors, which in turn, 

define the marrow adiposity phenotype.
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Table 1

Human Studies

Bone Mass BM fat Body Fat Fracture Risk

Observational studies

Growth ↑ ↑ ↑ —

Aging ↓ ↑ ↑ ↑

Osteoporosis ↓ ↑ — ↑

Anorexia nervosa ↓ ↑ ↓ ↑

Obesity ↑ ↑ ↑

Diabetes ↑ ↑ ↑ ↑

HIV ↓ ↓ ↓ ↑

Lipodystrophy ↓ ↓ ↓ ↑/↓

Interventional studies

TZD ↓ ↓ — ↑

Exercise ↑ ↓ ↓ ↓

Estrogen ↑ ↓ ↓ ↓

Bisphosphonate ↑ ↓ — ↓

PTH ↑ ↓ — ↓

Bariatric surgery ↓ ↓/—* ↓

Growth hormone ↑ ↑ — ?

*
depending on HbA1c
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