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Abbreviations 

adiponectin       ADIPOQ  

bone marrow      BM 

bone morphogenetic protein   BMP 

BM adipose tissue      BMAT 

C-C Motif Chemokine Ligand 2                          CCL2 

chemokine (C-X-C motif) ligand 12   CXCL12 

glucagon-like peptide-1                                      GLP-1 

leptin receptor     Lepr 

magnetic resonance imaging                              MRI 

parathyroid hormone                                          PTH 

peroxisome proliferator-activated receptor    PPAR 

subcutaneous adipose tissue    SAT 

uncoupling protein-1     UCP-1 

visceral adipose tissue        VAT 
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Abstract 

Global trends in the prevalence of overweight and obesity put the adipocyte in the 

focus of huge medical interest. This review highlights a new topic in adipose tissue 

biology, namely the emerging pathogenic role of fat accumulation in bone marrow 

(BM). Specifically, we summarize current knowledge about the origin and function of 

BM adipose tissue (BMAT), provide evidence for the association of excess BMAT with 

diabetes and related cardiovascular complications, and discuss potential therapeutic 

approaches to correct BMAT dysfunction.There is still a significant uncertainty about 

the origins and function of BMAT, although several subpopulations of stromal cells 

have been suggested to have an adipogenic propensity. BM adipocytes are higly 

plastic and have a distinctive capacity to secrete adipokines that exert local and 

endocrine functions. BM adiposity is abundant in elderly people and has therefore 

been interpreted as a component of the whole-body ageing process. BM senescence 

and BMAT accumulation has been also reported in patients and animal models with 

type 2 diabetes, being more pronounced in those with ischaemic complications. 

Understanding the mechanisms responsible for excess and altered function of BMAT 

could lead to new treatments able to preserve whole-body homeostasis.  
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Introduction  

Body fat exerts vital regulatory roles in systemic metabolic homeostasis, functioning as 

an energy storage organ (1) and a paracrine and endocrine entity regulating the function 

of neighbouring cells as well as influencing distant organs and tissues.(2-4)  

During the development of obesity, adipose tissue expands through increases in cell 

number (adipocyte hyperplasia) and size (adipocyte hypertrophy). Fat accumulation is 

often associated with the acquisition of a pathogenic phenotype, for which the term 

“adiposopathy” has been coined.(5) Sick fat contributes to systemic inflammation, insulin 

resistance, and lipid accumulation in the liver and cardiovascular tissue (6-9)  Research 

has mainly focused on the opposing influences of visceral adipose tissue (VAT) and 

subcutaneous adipose tissue (SAT) in these processes.(10, 11) 

The observation that human bone marrow (BM) contains fat cells dates to over a 

century ago. Surprisingly, BM adipose tissue (BMAT) has attracted much less clinical 

attention than classical fat storing tissues. In the last 20 years, however, there has been 

an increasing number of publications on BMAT. Searching for “bone marrow fat tissue”, 

on PubMed, we retrieved 36 publications in year 2000; these increased sharply until 

2014 (n=353) remaining stable to the present time. The first international meeting on 

BMAT was held in Lille, France, in 2015. Successful follow-up meetings culminated in 

the creation of a new scientific society, the International Bone Marrow Adiposity Society 

(BMAS, http://bma-society.org/), with the ambition to network and promote an 

interdisciplinary approach to the study of this emerging tissue. One important milestone 

of the BMAS has been the publication of guidelines for the standardisation, 

nomenclature, and harmonisation in BM adiposity research.(12) 

Despite the growing interest on BMAT, there are still controversies regarding the 

relevance of this fat depot in the pathophysiology of diabetic cardiovascular 

complications. A critical review of BMAT accumulation in relation to global BM 
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remodelling in diabetes is also missing. Therefore, the overall scope of this review article 

is to put the BMAT into a more precise pathophysiology context, both at local and 

systemic level. 

The review has three specific objectives: (1) Summarize current knowledge about 

the origin and function of BMAT and its association or direct contribution in a variety of 

pathological processes. (2) Provide evidence for the association of excess BMAT with 

diabetes mellitus and related cardiovascular complications. (3) Discuss potential 

therapeutic approaches to preserve BM function and whole-body health. 

Review purpose 1: Current knowledge about the origin and function of BM 

adipose tissue  

An extensive review of this topic has been provided by three recent publications. (13-

15) Here, we summarize the most important concepts as a basis for subsequent 

interpretation of studies on the impact of diabetes on BMAT. 

• Assessment, characterisation, and imaging of BMAT. Various analytic methods 

are available to study BMAT. Histology is a standard approach to determine adipocyte 

size and the association with other marrow cells, but is not suitable to assess the 

absolute volume of fat and can be affected by bias due to anatomical heterogeneity.(16) 

New flow cytometry methods have resolved the problems associated with the large 

volume and frailty of adipocytes as well as lipoprotein clogging in the apparatus.  It is 

now possible to use flow cytometry to distinguish adipocyte subpopulations with high 

precision.(17). Sorting methods have been also improved with resolution at a single cell 

level (18, 19) Recently, Schwalie and colleagues have performed single-cell RNA 

sequencing to determine the diversity of gene expression in each cell.(20) Using 

bioinformatic approaches, they identified two major adipocyte populations associated 

with stemness or the early steps of adipocyte formation. A rarer population was 

attributed with adipogenesis regulatory function (20) However, there is a paucity of 
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single-cell RNA sequencing studies to define the heterogeneity and adipogenic 

commitment of BM cells. Tikhonova et al have mapped the transcriptional landscape of 

mouse BM vascular, perivascular, and osteoblast cell populations at single-cell 

resolution, under normal conditions and following stress-induced haematopoiesis. This 

analysis demonstrated a dynamic and heterogeneous molecular landscape of the BM 

niche, including an adipocytic skewing of perivascular cells in conditions of stress (21)  

Imaging methodologies to visualize and quantify the BMAT in vivo include proton 

magnetic resonance spectroscopy, magnetic resonance imaging (MRI) (22-24) and 

osmium-based μCT.(25, 26) 

• Origin of BM adipocytes. Lineage tracing studies indicate BM adipocytes derive 

from resident mesenchymal progenitor cells,(27, 28) renamed recently as skeletal stem 

cells,(29) which also have osteo/chondrogenic potential.(30, 31) Although osteoporosis 

often associates with BMAT accumulation, recent work indicated the latter can develop 

in the setting of preserved or increased bone density.(32-34) This observation suggests 

the existence of distinctive populations of stromal cells specifically committed to 

differentiate into osteoblasts and chondrocytes, or adipocytes. Candidate adipogenic 

populations comprise perisinusoidal mesenchymal cells expressing the leptin receptor 

(Lepr) and platelet-derived growth factor receptor α (35-37), the chemokine (C-X-C 

motif) ligand 12 (CXCL12), (38) or neural/glial antigen 2 and nestin.(39) On the other 

hand, expression of the bone morphogenetic protein antagonist gremlin 1 defines a 

population of BM osteo-chondro-reticular stem cells, endowed with capacity to self-

renew and generate osteoblasts and chondrocytes, but not adipocytes.(40) 

• Comparison of BMAT with other fat depots. Adipocytes from classical depots 

have been divided into two subtypes derived from distinct precursors (Figure 1A). The 

first subtype consists of unilocular white adipocytes that derive from Pax7–/Myf5– stromal 

cells and represent the bulk of fatty tissue in most animals. White adipocytes store 
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excessive energy supply in a triglyceride droplet and release fatty acids in periods of 

energy depletion. In addition, white adipocytes exert endocrine activity through the 

secretion of adipokines that regulate metabolism and inflammation. The second subtype 

comprise thermogenic brown adipocytes and beige adipocytes. They derive from 

Pax7+/Myf5+ stromal cells, are multilocular, rich in mitochondria, and highly specialized 

in dissipating stored energy in the form of heat through a mitochondrial mechanism 

involving the uncoupling protein-1 (UCP-1). For the sake of conciseness, we refer the 

reader to a recent review about the similarities and distinct features of white, brown and 

beige adipocytes.(41) 

BMAT shares some phenotypic similarities with but constitutes a distinct category 

from both white and brown adipose tissue. In term of morphological features, BM 

adipocytes tend to be smaller than those in other depots are, are filled with a large 

unilocular lipid vacuole, a typical feature of white adipocytes, but appear isolated and 

scattered among haematopoietic cells, which is a striking difference compared with well-

packed adipocytes forming subcutaneous or visceral fat lobules (Figure 1B).(4, 42, 43) 

The molecular phenotype of BM adipocytes reportedly varies according to the 

localisation. In the long bones, they show gene expression features typical of the white 

lineage, whereas in the vertebrae brown-like thermogenic characteristics seemingly 

prevail. (4) Differences are also known regarding functional modulation by aging, caloric 

and amino acid intake, and cold or beta-adrenergic stimulation (Table 1).(44)  

• BMAT plasticity. A distinction has been proposed for the existence of constitutive 

and regulated BMAT (Figure 1C). The former appears early during postnatal 

development in distal skeletal regions including the hands, feet, distal tibia and tail (in 

rodents). The latter accumulates in areas of red, haematopoietic marrow throughout life 

and changes in quantity and quality in response to environmental or pathological 

factors.(14, 26, 45) This topographical distinction is more evident in rodents than in 
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larger animal species, where the two subtypes tend to overlap. Moreover, constitutive 

BMAT contains more unsaturated lipids than the regulated BMAT in proximal/central 

skeletal regions.(26) 

In an adult subject weighing 65 kg, the average weight of BM is about 2.6 kg, of 

which half is fat tissue. In the same individual, total body fat is about 10 kg; hence, BMAT 

is estimated to be 10-15% of the total fat mass.(4, 46) BMAT increases with ageing more 

sharply in female subjects between 55 and 65 years of age, while male subjects continue 

to increase marrow fat at a more gradual steady rate.(30, 47, 48)  

• Molecular regulators of adipocyte turnover. The increase of fat mass in obesity 

and diabetes is attributed to two mechanisms: adipocyte hypertrophy, the process where 

pre-existing fat cells increase in size due to lipid accumulation, and adipocyte 

hyperplasia, occurring through differentiation from preadipocytes. Preadipocytes are 

replicative cells, but they are also committed to differentiation under the regulatory 

influence of a cascade of transcription factors, which cause growth arrest and promote 

adipogenesis. (49)   Adipocytes are instead considered terminally differentiated cells, 

though recent research suggests that a low level of turnover occurs at this cellular 

level.(50-52) Moreover, aged adipocytes can be cleared through apoptosis.(53) 

Activation of adipocyte apoptosis/necrosis could result in increased blood lipid 

concentrations, ectopic lipid storage and detrimental metabolic effects.(54)  

 In peripheral fat, preadipocyte differentiation is regulated by transcription factors 

with most belonging to the C2H2‐type zinc finger and HOX families,(55) and including 

the peroxisome proliferator-activated receptor γ (PPARγ).(56) These work together, 

directly or indirectly, to regulate the expression of hundreds of downstream protein‐

coding genes and noncoding RNAs responsible for adipogenesis. (57)  

 The molecular machinery controlling adipocyte turnover in BM is not different from 

other fat depots.(58) However, BM adipogenesis seems to be particularly dependent on 
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the leptin-dependent activation of a downstream signaling encompassing Jak2/Stat3 

and Cebpα.(59) This mechanism was verified by investigating mice with conditionally 

deleted leptin receptor and using Jak2/Stat3 inhibitors, which  blocked the effect of leptin 

on preadipocyte differentiation. (59) In contrast, the mechanisms triggering BMAT 

apoptosis and the contribution of BMAT in increasing blood lipid concentrations have 

not been deeply explored as for other tissue depots.  

• Putative BMAT functions and implication in disease states. BMAT plays 

functional roles in energy storage, bone metabolism, and haematopoiesis and exerts 

systemic endocrine effects. Here, we will discuss the aspects in relation to health and 

disease, while the implication for obesity and diabetes is discussed in a subsequent 

section.  

Energy storage. Lipids released by BM adipocytes represent a fuel source for 

neighbouring cells, including for bone and haematopoietic cells.(60) When cellular 

energy is requested, either by the BM adipocytes themselves or neighbouring cells, lipid 

droplets are broken down to free fatty acids through lipolysis. This process is regulated 

in a way like other adipose depots, but responsiveness to stimuli can be different, for 

instance following beta-adrenergic stimulation.(61) Implication in disease states: BMAT 

induced lipolysis is exploited by proliferating neoplastic cells thereby facilitating cancer 

spreading. For instance, BM adipocytes reportedly transfer lipids to leukemic cells; 

contrasting this mechanism can be useful to inhibit cancer growth.(62-64) 

Haematopoiesis. A keystone contribution from Naveiras et al. reported BM 

adipocytes act as negative regulators of the haematopoietic microenvironment.(16). 

However, contrasting findings have been reported in humans and animal models and 

even in different anatomical locations in the same individual, suggesting a complex 

interplay between BM adipocytes and haematopoietic cells.(65-69) Implication in 

disease states: Changes in BM haematopoietic cellularity with aging seemly reflects a 
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pattern of peripheral to central replacement of the haematopoietic component with 

adipose tissue.(60) Excessive expansion and dysfunction of BMAT, as in aging, obesity, 

or exogenous adipocyte transplantation, reportedly results in inhibition of 

haematopoiesis, and bone frailty. (30, 70) BMAT accumulation in aging mice and 

humans is associated with an inflammatory environment referred to as 

inflammaging.(71) Increased levels of inflammatory cytokines, including IL-1, IL-6, and 

TNFα, found in aged BM, can negatively regulate B lymphopoiesis, and enhance 

myelopoiesis. Early arrest of B lymphopoiesis in rabbit BM corresponds with increases 

in fat and myeloid cells, through a mechanism involving inflammatory molecules IL-1β 

and S100A9.(72) The inhibition of B lymphopoiesis by adipocytes could be partially 

prevented by an inhibitor of the NLRP3 inflammasome.(72) 

Endocrine functions. A recent review by Li et al. summarized the endocrine functions 

of BMAT.(46) BM adipocytes release different molecules either in a soluble form or 

packaged in microvesicles and exosomes.(73, 74) Although an overlap exists in the 

adipokine repertoire with other fat depots, BMAT surpasses the more widespread WAT 

as a source of adiponectin.(75) Moreover, BMAT secretes an extensive number of 

cytokines, such as leptin, resistin, and C-C Motif Chemokine Ligand 2 (CCL2).(76, 77) 

Implication in disease states: Mounting evidence indicates that paracrine/endocrine 

activity of BMAT is altered in myeloproliferative disease and can favour metastatic 

tumour growth in the bone through induction of a local inflammatory microenvironment 

(77-80)  

Review purpose 2: Association of excess BMAT with diabetes and related 

cardiovascular complications.  

Excess VAT is widely acknowledged to be a pathogenic factor in the metabolic 

syndrome and to increase the risk of cardiovascular complications. In contrast, an 
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association between BMAT, diabetes, and cardiovascular disease is still matter of 

debate.  

• Data regarding BMAT expansion. Several studies investigated BMAT in type 2 

diabetes with conflicting results. Sheu reported an increased adiposity in the vertebral 

marrow of 38 older diabetic participants in the Osteoporotic Fractures in Men Study in 

comparison with the 118 participants without diabetes.(81) Other authors did not find an 

association between BMAT volume and diabetes; yet, marrow adiposity was positively 

related to HbA1c levels and lower lipid unsaturation in patients with diabetes.(82, 83) 

Studies in mouse models showed consistently increased marrow adiposity;(84-86). The 

discrepancy between patients and experimental models could be attributed to the limited 

group size of clinical studies and the confounding influence of background factors, such 

as comorbidities and drug treatment.(60) 

Our group has performed an extensive investigation of the impact of diabetes on the 

general BM structure and function, including animal models and human subjects.(43, 

86-90) Results indicate that type 2 diabetes causes a profound remodelling of the 

marrow, including rarefaction of microvessels and sensory nerves, apoptotic 

pauperization of CD34 haematopoietic progenitor cells and fat accumulation (Figure 

2A). Morphometric analysis of the human BM showed a remarkable increase in the area 

covered by adipocytes compared with controls without diabetes, due to an increase in 

both adipocyte number and size (Figure 2B).(43, 87) The average adipocyte volume 

was 1.7-fold larger in patients with type 2 diabetes compared with non-diabetic controls. 

In a multiple regression model, the abundance of BMAT was associated with diabetes, 

independently of age, gender and body mass index (Table 2). (43, 87) This suggests 

that diabetes has an impact on BMAT accumulation that is autonomous from other major 

determinants of marrow adiposity. The mechanisms underpinning excess fat in the BM 

of patients with diabetes remains in large part unknown. Recent evidence suggests 



 

12 
 

hyperinsulinemia, microangiopathy, neuropathy and adipokine-mediated processes 

could be implicated. 

Activation of aging mechanisms. The expansion of BMAT occurring in diabetic 

people is regarded as a facet of the whole-body accelerated senescence process.(91) 

On the other hand, BMAT aging could amplify senescence at systemic levels through 

direct endocrine mechanisms, but also indirectly impinging upon regenerative 

mechanisms presided by hematopoietic and mesenchymal stromal cells.(92) The 

intricate nature of this reciprocal interaction requires further investigation. Table 3 

summarizes the typical features of senescence in peripheral fat and BMAT. The 

chronological aging of adipocytes from peripheral depots has been defined as a 

propensity to undergo apoptosis, accumulate reactive oxygen species, (93) and 

manifest an inflammatory profile. (94-97) Moreover, aged adipocytes show increased 

levels of p53, p21 and p16, and a decrease in SIRT-1 protein compared to younger 

cells. (97-99) Studies in established obesity and type 2 diabetes indicated that the 

number of adipogenic progenitor cells is not altered, whereas signalling responsible 

for adipogenic differentiation is suppressed (98-102)  

In apparent contrast with peripheral fat, we found that in BM of diabetic patients 

preadipocytes expressed higher transcript levels of the differentiation markers 

C/EBPα, PPARγ, adiponectin, and fatty acid–binding protein 4 (FABP4) and were 

further stimulated to differentiate under the influence of mature adipocytes (see 

below). (Ferland-McCollough et al., 2018). It is therefore probable that newly formed 

adipocytes fill the space left by necrotic and apoptotic adipocytes.(43, 87)   In addition, 

BMAT secretes a unique repertoire of chemokines(103) A recent study comparing BM 

and peripheral adipocytes from the same healthy subject showed that the former 

express increased levels of pro-inflammatory molecules concomitant with an elevated 

generation of reactive oxygen species.(104) This characteristic is exacerbated in 



 

13 
 

diabetes. BM-adipocytes from diabetic patients secrete higher quantities of MCP-1, 

leptin, resistin, MMP2 and interferon-γ, but lower quantities of adiponectin.(43)  

Hyperinsulinemia and glycation. Insulin signaling role in regulation of mitochondrial 

function has been investigated in liver, muscle, or adipose tissue, but only marginally in 

BM adipocytes and pre-adipocytes. A recent report indicates that enhanced insulin 

signaling increases the activity of the mitochondrial oxidative phosphorylation system 

and production of reactive oxygen species in BM pre-adipocytes of obese subjects. 

(Tencerova, Frost et al., 2019) The authors posited that the insulin-mediated 

hypermetabolic status induces pre-adipocyte conversion to adipocytes but also 

senescence and pro-inflammatory phenotype.  

 RAGE, the receptor for advanced glycation end products, is a candidate inducer of 

BMAT. Deletion of RAGE prevents the upregulation of adipogenic factors induced by 

type 1 diabetes in BM stromal cells and their differentiation into adipocytes. (105) 

• Microangiopathy and hypoxia. The BM is considered a constitutively low-oxygen 

tension tissue, a characteristic instrumental in maintaining haematopoietic stem cells 

quiescence. Using two-photon phosphorescence lifetime microscopy, Spencer et al 

have determined the absolute pO2 of the BM.(106) The lowest pO2 (~9.9 mmHg, or 

1.3%) was found in deeper peri-sinusoidal regions; whereas the endosteal region, which 

is perfused by small arteries, was less hypoxic. In mice, constitutive BMAT is reportedly 

more abundant in the zone with higher vascular density while regulated BMAT is 

prevalent in the hypoxic zone.(107)  

 Jiang et al. have shown that extreme hypoxia enhanced adipogenic differentiation 

of BM stromal cells, through a mechanism involving the HIF-1A dependent activation of 

adipocyte-specific genes.(108) However, these findings are in contradiction with an 

earlier report showing no effect of hypoxia on differentiation.(109) In peripheral fat 

depots, chronic hypoxia and nutrient starvation may also result in the induction of 
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several inflammation-related adipokines as well as adipocyte degeneration and death 

with liberation of the lipid cargo.(110) However, to the best of our knowledge, this 

mechanism has not been explored in the BMAT. In BM of people and models with 

diabetes, we observed a remarkable association between microvascular rarefaction and 

BMAT accumulation, which indirectly supports the hypothesis of hypoxia being an 

inducer of adipogenesis.(43, 87) Nonetheless, the demonstration of a cause effect 

relationship between these phenomena warrants further investigation. 

• Neuropathy. The central nervous system is a key mediator of adipose tissue 

function through sympathetic adrenergic signalling. BM adipocytes are surrounded by 

neuronal fibers, with a density that increases from proximal to distal along the length of 

the tibia.(111, 112) Moreover, BMAT autonomic innervation shares common central 

pathways with peripheral adipose tissue. These include putative “command” neurons 

that may facilitate an interplay between the BM, BMAT and peripheral adipose 

tissue.(111) Several groups, including ours, have demonstrated the occurrence of 

sympathetic and nociceptive neuropathy in the BM of mice and humans with type 2 

diabetes, characterized by the dysfunctional release of neurokinins, such as substance 

P.(88, 113-115) This altered nociceptor signalling may contribute to BMAT 

accumulation. In line with this, substance P is capable of inducing lipid accumulation in 

3T3-L1 cells during their differentiation into adipocytes in response to a high 

concentration of glucose.(116) We confirmed the occurrence of sensory neuropathy in 

BM of type 1 diabetic mice and the possibility of preventing BM adverse remodelling 

with nerve growth factor gene therapy.(117) 

• Differentiation bias of BM stromal cells. Diabetes could also influence the fate 

of mesenchymal progenitors, the initial precursor and major source of adipocytes and 

osteoblasts, leading to an imbalance between adipogenesis and osteogenesis.(118) A 

recent study in cells isolated from the BM of type 1 diabetic rats suggests the activation 
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of Notch2 may have a role in this imbalance.(119) We recently reported that BM stromal 

cells from type 2 diabetic patients have an increased propensity to differentiate into 

mature fat cells in an in-vitro adipogenesis assay as compared with cells from 

nondiabetic controls.(43) This was associated with the upregulation of PPAR and 

Adiponectin (ADIPOQ), which are master regulators of adipocyte differentiation and 

metabolism. The increase of adipogenic inducers observed in diabetic BMAT is an 

apparent contrast with findings from a study in elderly people, in which BM fat 

accumulation was attributed, at least in part, to repression of transcription factors in 

adipocyte precursors.(44) Understanding the difference between conditions that induce 

BMAT formation is crucial to develop personalised therapeutic strategies.  

 Interestingly, the secretome of diabetic adipocytes contains factors that can 

stimulate BM stromal cells specification to adipogenesis, thereby creating an 

incremental feedback loop by which existing fat stimulates other fat to accumulate. (43) 

To identify pathogenic components of the secretome, we measured the expression of 

multiple adipokines and cytokines in freshly harvested human BM adipocytes (Figure 

3A). The combined assessment of intracellular mRNA levels and secreted factors 

indicates diabetic BM adipocytes express and release leptin, CCL2, metalloproteinase 

2, and interferon- more abundantly than nondiabetic BM adipocytes.(43) Moreover, 

resistin, which is known to contribute to insulin resistance, was increased, whereas 

adiponectin, which promotes insulin sensitivity, was decreased in the conditioned 

medium of diabetic BM adipocytes. A STRING analysis of differentially regulated factors 

denoted they were associated in a functional network PPI enrichment p-value < 1.0e-16 

(Figure 3B). Among KEGG pathways hsa04933 AGE-RAGE signalling pathway was 

enriched with a false discovery rate of 3.42e-9. 
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The pathogenic relevance of CCL2, a key notch in the network, was further explored 

by using the CCR2 antagonist RS504393. In-vitro, the antagonist abrogated the ability 

of the conditioned medium from BM adipocytes of type 2 diabetic patients to promote 

adipogenesis in BM stromal cells.(43) This was associated with inhibition of the 

transcription factor, CCL2-induced protein, which mediates inflammatory actions of 

CCL2 via sequential indunction of oxidative stress, endoplasmic reticulum stress and 

autophagy.(120) Likewise, in-vivo treatment of type 2 diabetic mice with RS504393 

reduced BM fat abundance and adipocyte quantities and size. Interestingly, RS504393 

treatment also improved the glycaemic control and reduced the quantity of epididymal 

fat, which is considered equivalent to white adipocytes of human VAT, but not inguinal 

fat, which is comparable in terms of location to the large gluteofemoral subcutaneous 

depot in humans.(43) This data suggests that blocking CCL2 signaling could be a viable 

option to blunt BMAT and VAT adiposopathy in type 2 diabetes.  

• Induction of adipogenic microRNA. MicroRNAs (miRNAs) are evolutionarily 

conserved small non-coding RNAs of ∼22 nucleotides in length involved in a range of 

pathophysiological processes. Several miRNAs have implicated in the regulation of 

adipocyte function, diabetes, obesity, and cardiovascular pathologies.(121) We found 

that five adipo-miRNAs were significantly upregulated and three downregulated in BM 

adipocytes from patients with type 2 diabetes (Figure 4A). Interestingly, the analysis of 

candidate targets showed all the downregulated miRNAs converge towards the CCL2 

pathway (Figure 4B). MiRNA-124a (-19.4-fold vs. ND, P<0.01) directly inhibits CCL2 

thereby regulating the fate of M2 tissue-resident macrophages,(122-124) and the 

suppression of FoxP3 Tregs.(125)  Likewise, miRNA-193b (-18.4-fold, P<0.01 vs. ND) 

and miRNA-126 (-6.1-fold vs. ND, P<0.05 vs. ND) inhibit CCL2 expression in adipocytes 

and M1 macrophages, either directly or through the transcription factors ETS1 and 

MAX.(126)  
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 Moreover, as illustrated in Figure 4B, three miRNAs that we found upregulated in 

BM adipocytes from type 2 diabetic patients, miRNA-15a, miRNA-16, and miRNA-223 

converge in inhibiting IKKα, a suppressor of the NF-κB pathway (127-130) Altogether, 

these data provide evidence for the activation proadipogenic and inflammatory signalling 

in the BM of diabetic patients and rodents. 

Review purpose 3: Therapeutic approaches to inhibit BM adiposity 

Restoring proper fat content in BM of diabetic patients may benefit hematopoiesis, bone 

strength, and metabolic homeostasis. In the next paragraphs, we will provide a brief 

prospect of available and new candidate treatments. Mechanisms underpinning the 

effect of the described therapies are also reported in the subheadings, if this was 

supported by robust experimental evidence. In fact, for several proposed treatments, 

only observational data are available, with insufficient understanding of the underpinning 

mode of action. In addition, given the difficulties in a direct appreciation of the amount 

of BMAT, the graded approach used in obesity is generally not applicable.  

• Metabolic control. There is a consensus on the fact that BMAT formation is affected 

by glycaemic control; nonetheless, further studies are needed to determine whether 

these effects are independent of insulin action. BM adiposity is directly related with 

serum glucose and HbA1c.(103) Improvement in the glycaemic control induced by 

gastric bypass surgery and pharmacological treatment is reportedly associated with 

reduced BM fat content.(131)  

 Glucagon-like peptide-1 (GLP-1) is an intestinal hormone implicated in the 

regulation of glucose homeostasis. Exendin-4, a stable GLP-1 analogue currently used 

for the treatment of type 2 diabetes, promotes adipocytic and osteoblastic differentiation 

by influencing the number of committed progenitors.(132) Exendin-4 also stimulates 

lipolysis without affecting osteoblast metabolic activity.(133) The effect of GLP-1 on 

obesity- or diabetes-associated BMAT expansion remains to be determined.  
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 Thiazolidinediones such as troglitazone, rosiglitazone and pioglitazone are PPARγ 

agonists that improve glucose control in patients with type 2 diabetes by enhancing 

insulin sensitivity. Side effects include induction of adipogenesis, osteoporosis and 

lowering of blood counts. These effects could be partially reversed by the selective 

PPARγ antagonist bisphenol A diglycidyl ether.(134) 

• Parathyroid Hormone. Treatment with Parathyroid Hormone (PTH) promotes bone 

formation, which may be mediated by a shift in the differentiation fate of BM stromal cells 

from adipocytes toward osteoblasts.(135, 136) This mechanism is seemingly implicated 

in suppression of BMAT by PTH in ovariectomized mice. Nonetheless, PHT treatment 

in mice with type 1 diabetes increases trabecular bone mass and suppresses osteoblast 

apoptosis without reducing BMAT.(137)  

• Exercise regulation of BMAT. Exercise can burn BMAT according to research 

conducted by Steiner et al. (138) Using obese mice, the authors challenged the 

established concept of BMAT incapability to fuel energy during exercise. Two groups of 

mice were randomly allocated to be fed a normal diet (lean mice) and or a high-fat diet 

(obese mice) starting a month after birth. When they were four months old, half the mice 

in each group were offered to exercise using a running wheel for the next six weeks. As 

expected, the obese mice showed more and larger fat cells in their marrow. After 

exercising, both obese and lean mice had a significant reduction in the overall size of 

fat cells and the overall quantity of BMAT. There was however a remarkable difference 

in the number of BM adipocytes, which remained unchanged in lean mice but fell by 

more than half in exercised obese mice compared with sedentary obese mice. 

Additionally, exercise improved the thickness of bone, with this effect being more 

pronounced in obese mice. The authors speculated that BMAT was burned to generate 

the energy necessary to build more bone. 
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Interestingly, exercise is effective in preventing the side effects of PPARγ 

agonists.(139) In mice, the PPARγ agonist rosiglitazone induced BMAT extension to the 

femoral diaphysis, while superimposing exercise suppressed BMAT accumulation, 

induced adipocytes browning, and supported  bone formation.(25)  

Observational studies comparing athletes and sedentary people, as well as 

interventional studies in children and older men confirm a benefit of exercise on BM 

adiposity.(140, 141) Moreover, prolonged bed rest increases BMAT and this could be 

inhibited by exercise.(142)  

• Caloric restriction. In a follow-up of the above study, the same group demonstrated 

that adding caloric restriction to exercise can be detrimental to the bone health. This 

time, the authors split mice into two groups: one given a regular diet and the other with 

30% less calories than the regular diet but with supplements of minerals and vitamins 

to match the content in the normal diet. Then, mice were assigned into sedentary and 

exercise subgroups, and monitored for 6 weeks. Interestingly, adding exercise to calorie 

restriction consistently reduced BMAT volume but also made bones more fragile.(143) 

Therefore, a balanced diet seems to be necessary to take full advantage from exercise.  

Studies in humans are contradictory regarding the effect of caloric restriction. Bosy-

Westphal et al investigated 55 premenopausal women and 12 men undergoing 12 

weeks of low-calorie diet, which was followed by return to the usual diet.(144) Results 

showed a reduction of fat mass and marrow adiposity (~4%) during the low-calorie diet 

and regain of body weight and marrow adiposity with return to the usual diet. In line with 

this, Vogt at al showed obese patients with type 2 diabetes had a significant weight loss 

that was accompanied by a 5% decrease in vertebral marrow adiposity.(145) However, 

other two studies on obese subjects did not show any effect of diet on BMAT, despite 

evident reduction of SAT and VAT depots.(146, 147)  
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• Adipocyte dedifferentiation. Recent research has shown that adipocytes can 

dedifferentiate into fibroblast-like cells in-vitro and thus re-acquire proliferation and 

multipotent capacities. A physiological example is represented by the capacity of 

adipocytes in mammary glands to undergo lipid loss and acquire a preadipocyte-like cell 

phenotype during late pregnancy and lactation. The dedifferentiated cells can re-

differentiate to generate adipocytes during the involution of the gland after 

lactation.(148) However, an earlier study in rodents discounted the possibility that 

lactation is responsible for decreased adipocyte content in BM during post-partum.(149) 

Therefore, mechanisms activated during mammary gland dedifferentiation could be 

organ specific.  

• Targeting the inflammasome. Danger signals that accumulate during aging, obesity, 

and diabetes can trigger active IL-1 production by myeloid lineage cells through 

paracrine signaling by BM adipocytes.(150) Blocking the NLRP3 inflammasome with 

glybenclamide indeed, inhibited accumulation of myeloid-derived suppressor cells, and 

stimulated B lymphopoiesis in vitro.(72) Similarly, in mice, deletion of NLRP3 prevented 

the decline of T lymphopoiesis.(151) These findings and data from our recent study, 

showing a CCL2 antagonist halted BMAT accumulation and re-established the 

abundance of long-term haematopoietic stem cells in type 2 diabetic mice, suggest that 

targeting the inflammasome pathway could be an effective means to restore BM health 

in diabetes. (43)  Strategies to reduce the inflammasome activation diabetes could prove 

useful as a treatment to contrast the myelopoiesis/lymphopoiesis imbalance in patients 

with type 2 diabetes.(152, 153) 

• Senolytic agents. A breakthrough study from Kirkland’s group showed that 

intermittent administration of the senolytic drugs dasatinib and quercetin promoted the 
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elimination of senescent preadipocytes and increased lifespan in recipient mice.(154) 

The effect of such a radical treatment on BMAT needs to be demonstrated.  

• Miscellanea. Several bioactive molecules may stimulate osteogenic differentiation 

while inhibiting BM adipogenesis. For instance, resveratrol, a phytoalexin acting as a 

caloric mimetic, can contrast the adipogenic commitment of BM stromal cells,(155) and 

promote anti-aging functions on lipolysis, mitochondrial biogenesis and thermogenesis, 

in part through activation of SIRT1.(156) Vitamin D combined with genistein, quercetin, 

and resveratrol showed inhibitory effects on BMAT.(157) Puerarin, a phytoestrogen 

used in Chinese traditional medicine, in association with zinc supported BM stromal cells 

proliferation, and induced the expression of alkaline phosphatase, while decreasing 

BMAT mass.(158) Similar effects have been reported for genistein, epigallocatechin and 

various oxysterols; all of them being capable of inhibiting PPARγ expression and 

repressing adipogenic differentiation of BM stromal cells.(159-161) Strontium ranelate 

is used for the treatment osteoporosis; it also reportedly exerted a dose-dependent 

inhibitory effect on BM adipocyte differentiation and lipotoxicity within the BM 

environment.(162) In senescent mice, strontium ranelate treatment increased bone 

mass and reduced BMAT through stimulation of Wnt and NFATc/Maf pathways, and 

consequent inhibition of adipogenesis due to inhibition of PPARγ expression.(163) 

• Authors’ view regarding therapeutic intervention. Evidence from literature is not 

enough to determine when, how, and to which extent treating excess BMAT. Difference 

and even contraindication exist for the use of drugs that benefit the general metabolic 

control. Moreover, imaging techniques may not be available or justified on a cost-benefit 

basis to the general population. Surrogate molecular and cellular markers in peripheral 

blood reflecting the state of the BM niche could be useful in this respect.(164, 165)   
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Concluding remarks 

Studies from our group and others clearly indicate that diabetes impinges upon the BM 

integrity, one major characteristic being the accumulation of fat and depletion of the 

vascular and hematopoietic niche. Excess BMAT goes in parallel with cardiovascular 

complications, suggesting possible causative relationship between these pathological 

processes. Several therapeutic options are available, and others may be developed 

soon as underpinning mechanisms of BM adiposopathy are unravelled. If BM 

adiposopathy can be halted or reversed, then next question is whether the empty space 

left by fat loss will be replaced by functional hematopoietic and stromal tissue or become 

a scar. Future research should address optimal windows for treatments in relation with 

the patient’s specific BMAT profile.   
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Figures 

  

Figure 1: Characteristics of different fat depots. (A) Histology of white (WAT), 

brown (BAT), and bone marrow adipose tissue (BMAT). (B) Distribution of WAT, BAT 

and beige adipose tissue in mice and humans. (C) distribution of constitutive and 

inducible BMAT. 

 

Figure 2: Association of BMAT with vascular complications. (A) Histology of 

human BM from non-diabetic controls and type 2 diabetic patients with or without 

critical limb ischaemia. Relative proportion of fat increases in diabetes and even more 

in the case of associated limb ischaemia. (B) Shift of BM adipocyte (ADPC) toward 

larger sizes in type 2 diabetic patients.  

 

Figure 3: Alteration of the BMAT secretory phenotype in diabetes. (A) T2D 

modulates the expression and secretion of adipokines and cytokines in BM 

adipocytes. Bars graphs showing secreted factors in conditioned media from BM 

adipocytes of subjects without diabetes (ND) and with T2D, as assessed by ELISA. 

(B) Network analysis of secreted factors. 

 

Figure 4: microRNA profile of diabetic BM adipocytes. (A) differentially modulated 

microRNAs. (B) cartoon highlighting alterations in lipid flux, storage, and efflux and 

microRNA convergence on inflammatory targets. 
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Table 1: Difference in modulation of adipogenesis in BMAT versus other depots. an 

up arrow indicates increased numbers of cells; and adown arrow indicates decreased 

numbers of cells 

Type White Brown    Beige BMAT 

Aging 

 
 

  

High fat diet 

    

Methionine restriction  

   

Cold/beta adrenergic 
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Table 2: BMAT abundance in type 2 diabetes 

 Controls T2D T2D+CLI 

Number 41 19 10 

Sex (Male) 24 12 6 

Age (years) 71±1 

(39-83) 

70±1 

(47-80) 

73±2 

(56-88) 

BM Fat (%) 50.2 ±2.3  

(23.4-80.5) 

65.5 ±2.6* 

(48.0-95.9) 

75.5 ±4.3** 

(61.7-92.7) 

BMI 

 

28.4±0.8 

(20-46) 

34.1±2.2* 

(22-53) 

26.6±1.5 

(21-35) 

 

T2D, Type 2 diabetes; CLI, Critical limb ischaemia. Values are mean±SEM with min-

max in parenthesis; *p<0.01 and **p<0.001 vs. Controls. Results of Covariance 

analysis: Diabetes p<0.001, Sex p=0.38, Age p=0.62, BMI p=0.34 
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Table 3: Comparison of aging features in BM of diabetic patients and peripheral fat depots 

Peripheral fat senescence BMAT senescence in diabetes 

Senescent adipocytes present progressive changes 

with aging typically showing roundish shape, greater 

diameters, smaller peripheral nuclei and a large central 

lipid droplet.(166) 

Increased in BM adipocyte number and size. In our 

study, the average size was 4,487 ± 675 and 7,812 ± 

666 μm2 in subjects without or with diabetes, 

respectively, corresponding to a 1.74-fold increase. (43) 

Senescent preadipocytes/adipocytes produce more 

inflammatory cytokines, such as interleukin-6 (IL-6) and 

monocyte chemoattractant protein-1 (MCP-1/CCL2), 

and less anti-inflammatory cytokines, such as 

adiponectin. This associates with an increased 

infiltration of macrophages. Another feature of the so-

called senescence-associated secretory phenotype 

(SASP) is the secretion of extracellular matrix proteins, 

such as COL1α1 and MMP-11. Proinflammatory 

phenotype can be propagated to neighbouring cells.  

(94-96) 

BMAT secretes a unique repertoire of chemokines(103) 

A recent study comparing BM and peripheral adipocytes 

from the same healthy subject showed that the former 

express increased levels of pro-inflammatory molecules 

concomitant with an elevated generation of reactive 

oxygen species.(104) We showed BM-adipocytes from 

diabetic patients have upregulated levels of adipokines 

leptin, resistin TNF, and MCP-1, while IGF1, PEDF, 

IL18, adiponectin and angiopoietin are downregulated. 

Diabetic BM adipocytes secrete high quantities of MCP-

1, leptin, resistin, MMP2 and interferon-γ, but less 

adiponectin. They propagate the inflammatory 

phenotype to BM stromal cells. (43)  

In obese individuals with type 2 diabetes, SAT cells 

showed to have reduced proadipogenic signals, with 

downregulation of CCAAT/enhancer binding protein α 

(C/EBPα) and peroxisome proliferator-activated 

receptor gamma (PPARɣ) leading to larger fat cells, 

ectopic fat deposition and insulin resistance. (100-102) 

In contrast to peripheral adipocytes, diabetic BM-

preadipocytes expressed higher transcript levels of the 

differentiation markers C/EBPα PPARγ, adiponectin, 

and fatty acid–binding protein 4 (FABP4). (Ferland-

McCollough et al., 2018) 

Obesity is characterised by chronic low-grade 

inflammation with permanently increased oxidative 

stress. The number of apoptotic events is significantly 

higher in adipocytes and related with intracellular 

oxidative stress levels.(167) Oxidative stress reportedly 

Inhibits adipose expansion through suppression of 

lipogenic pathway.(93) 

Oxidative stress, assessed using the CM-H2DCFDA 

fluorophore, is increased in total BM cells together with 

p-H2AX (Ser139), a marker of double DNA strand 

breaks.(86, 87) 

Studies of hypertrophic obesity and diabetes indicate 

the number of adipogenic progenitor cells is not altered. 

Instead, a key mechanism for the impaired 

adipogenesis is an increased progenitor cell 

senescence, characterised by induction of BCL-2, BAX 

and LITAF, dysregulated p53 and P16ink4 resulting in 

inhibition of cell adipogenic differentiation. (98, 99) 

Stromal cells were reportedly not reduced in the BM of 

diabetic patients. Cell cycle was not assessed in 

preadipocytes. However, we could not find defects in 

the proliferation of BM preadipocytes from diabetic 

patients. In contrast, adipocyte precursors seem to be 

committed to adipogenic differentiation. It is therefore 

probable that new adipocytes fill the space left by 

necrotic and apoptotic adipocytes in BM.(43, 87)   

 

 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/inflammatory-peptide


 

27 
 

References 

1. Rosen ED, Spiegelman BM. What We Talk About When We Talk About Fat. 

Cell. 2014;156(1-2):20-44. 

2. Cao HM, Gerhold K, Mayers JR, Wiest MM, Watkins SM, Hotamisligil GS. 

Identification of a lipokine, a lipid hormone linking adipose tissue to systemic 

metabolism. Cell. 2008;134(6):933-44. 

3. Olefsky JM. Fat talks, liver and muscle listen. Cell. 2008;134(6):914-6. 

4. Hardouin P, Rharass T, Lucas S. Bone Marrow Adipose Tissue: To Be or Not 

To Be a Typical Adipose Tissue? Front Endocrinol (Lausanne). 2016;7:85. 

5. Bays HE. Current and investigational antiobesity agents and obesity 

therapeutic treatment targets. Obes Res. 2004;12(8):1197-211. 

6. Bickerton AST, Roberts R, Fielding BA, Tornqvist H, Blaak EE, Wagenmakers 

AJM, et al. Adipose tissue fatty acid metabolism in insulin-resistant men. Diabetologia. 

2008;51(8):1466-74. 

7. Kirkland JL, Tchkonia T. Cellular Senescence: A Translational Perspective. 

EBioMedicine. 2017;21:21-8. 

8. Kabir M, Catalano KJ, Ananthnarayan S, Kim SP, Van Citters GW, Dea MK, et 

al. Molecular evidence supporting the portal theory: a causative link between visceral 

adiposity and hepatic insulin resistance. Am J Physiol Endocrinol Metab. 

2005;288(2):E454-61. 

9. Smith U. Abdominal obesity: a marker of ectopic fat accumulation. J Clin Invest. 

2015;125(5):1790-2. 

10. Manolopoulos KN, Karpe F, Frayn KN. Marked resistance of femoral adipose 

tissue blood flow and lipolysis to adrenaline in vivo. Diabetologia. 2012;55(11):3029-

37. 



 

28 
 

11. Tran TT, Yamamoto Y, Gesta S, Kahn CR. Beneficial effects of subcutaneous 

fat transplantation on metabolism. Cell Metab. 2008;7(5):410-20. 

12. Bravenboer N, Bredella MA, Chauveau C, Corsi A, Douni E, Ferris WF, et al. 

Standardised Nomenclature, Abbreviations, and Units for the Study of Bone Marrow 

Adiposity: Report of the Nomenclature Working Group of the International Bone 

Marrow Adiposity Society. Front Endocrinol (Lausanne). 2019;10:923. 

13. Ambrosi TH, Schulz TJ. The emerging role of bone marrow adipose tissue in 

bone health and dysfunction. J Mol Med (Berl). 2017;95(12):1291-301. 

14. Horowitz MC, Berry R, Holtrup B, Sebo Z, Nelson T, Fretz JA, et al. Bone 

marrow adipocytes. Adipocyte. 2017;6(3):193-204. 

15. Muruganandan S, Govindarajan R, Sinal CJ. Bone Marrow Adipose Tissue and 

Skeletal Health. Curr Osteoporos Rep. 2018;16(4):434-42. 

16. Naveiras O, Nardi V, Wenzel PL, Hauschka PV, Fahey F, Daley GQ. Bone-

marrow adipocytes as negative regulators of the haematopoietic microenvironment. 

Nature. 2009;460(7252):259-U124. 

17. Majka SM, Miller HL, Helm KM, Acosta AS, Childs CR, Kong R, et al. Analysis 

and Isolation of Adipocytes by Flow Cytometry. Method Enzymol. 2014;537:281-96. 

18. Hepler C, Vishvanath L, Gupta RK. Sorting out adipocyte precursors and their 

role in physiology and disease. Genes Dev. 2017;31(2):127-40. 

19. Berry R, Jeffery E, Rodeheffer MS. Weighing in on adipocyte precursors. Cell 

Metab. 2014;19(1):8-20. 

20. Schwalie PC, Dong H, Zachara M, Russeil J, Alpern D, Akchiche N, et al. A 

stromal cell population that inhibits adipogenesis in mammalian fat depots. Nature. 

2018;559(7712):103-8. 



 

29 
 

21. Tikhonova AN, Dolgalev I, Hu H, Sivaraj KK, Hoxha E, Cuesta-Dominguez A, 

et al. The bone marrow microenvironment at single-cell resolution. Nature. 

2019;569(7755):222-+. 

22. Karampinos DC, Ruschke S, Dieckmeyer M, Diefenbach M, Franz D, Gersing 

AS, et al. Quantitative MRI and spectroscopy of bone marrow. J Magn Reson Imaging. 

2018;47(2):332-53. 

23. Cordes C, Baum T, Dieckmeyer M, Ruschke S, Diefenbach MN, Hauner H, et 

al. MR-Based Assessment of Bone Marrow Fat in Osteoporosis, Diabetes, and 

Obesity. Front Endocrinol (Lausanne). 2016;7:74. 

24. He J, Fang H, Li X. Vertebral bone marrow fat content in normal adults with 

varying bone densities at 3T magnetic resonance imaging. Acta Radiol. 

2019;60(4):509-15. 

25. Styner M, Pagnotti GM, Galior K, Wu X, Thompson WR, Uzer G, et al. Exercise 

Regulation of Marrow Fat in the Setting of PPARgamma Agonist Treatment in Female 

C57BL/6 Mice. Endocrinology. 2015;156(8):2753-61. 

26. Scheller EL, Doucette CR, Learman BS, Cawthorn WP, Khandaker S, Schell 

B, et al. Region-specific variation in the properties of skeletal adipocytes reveals 

regulated and constitutive marrow adipose tissues. Nat Commun. 2015;6:7808. 

27. Tencerova M, Kassem M. The Bone Marrow-Derived Stromal Cells: 

Commitment and Regulation of Adipogenesis. Front Endocrinol (Lausanne). 

2016;7:127. 

28. Bianco P, Cao X, Frenette PS, Mao JJ, Robey PG, Simmons PJ, et al. The 

meaning, the sense and the significance: translating the science of mesenchymal stem 

cells into medicine. Nature Medicine. 2013;19(1):35-42. 

29. Bianco P, Robey PG. Skeletal stem cells. Development. 2015;142(6):1023-7. 



 

30 
 

30. Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank AM, Bocian C, et al. 

Adipocyte Accumulation in the Bone Marrow during Obesity and Aging Impairs Stem 

Cell-Based Hematopoietic and Bone Regeneration. Cell Stem Cell. 2017;20(6):771-

84 e6. 

31. Muruganandan S, Roman AA, Sinal CJ. Adipocyte differentiation of bone 

marrow-derived mesenchymal stem cells: cross talk with the osteoblastogenic 

program. Cell Mol Life Sci. 2009;66(2):236-53. 

32. Styner M, Thompson WR, Galior K, Uzer G, Wu X, Kadari S, et al. Bone marrow 

fat accumulation accelerated by high fat diet is suppressed by exercise. Bone. 

2014;64:39-46. 

33. Doucette CR, Horowitz MC, Berry R, MacDougald OA, Anunciado-Koza R, 

Koza RA, et al. A High Fat Diet Increases Bone Marrow Adipose Tissue (MAT) But 

Does Not Alter Trabecular or Cortical Bone Mass in C57BL/6J Mice. Journal of Cellular 

Physiology. 2015;230(9):2032-7. 

34. Lecka-Czernik B, Stechschulte LA, Czernik PJ, Dowling AR. High bone mass 

in adult mice with diet-induced obesity results from a combination of initial increase in 

bone mass followed by attenuation in bone formation; implications for high bone mass 

and decreased bone quality in obesity. Mol Cell Endocrinol. 2015;410(C):35-41. 

35. Ding L, Saunders TL, Enikolopov G, Morrison SJ. Endothelial and perivascular 

cells maintain haematopoietic stem cells. Nature. 2012;481(7382):457-U65. 

36. Mizoguchi T, Pinho S, Ahmed J, Kunisaki Y, Hanoun M, Mendelson A, et al. 

Osterix Marks Distinct Waves of Primitive and Definitive Stromal Progenitors during 

Bone Marrow Development. Developmental Cell. 2014;29(3):340-9. 

37. Zhou BO, Yue R, Murphy MM, Peyer JG, Morrison SJ. Leptin-Receptor-

Expressing Mesenchymal Stromal Cells Represent the Main Source of Bone Formed 

by Adult Bone Marrow. Cell Stem Cell. 2014;15(2):154-68. 



 

31 
 

38. Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the 

hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow 

stromal cell niches. Immunity. 2006;25(6):977-88. 

39. Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD, Lira 

SA, et al. Mesenchymal and haematopoietic stem cells form a unique bone marrow 

niche. Nature. 2010;466(7308):829-34. 

40. Worthley DL, Churchill M, Compton JT, Tailor Y, Rao M, Si Y, et al. Gremlin 1 

identifies a skeletal stem cell with bone, cartilage, and reticular stromal potential. Cell. 

2015;160(1-2):269-84. 

41. Ikeda K, Maretich P, Kajimura S. The Common and Distinct Features of Brown 

and Beige Adipocytes. Trends Endocrinol Metab. 2018;29(3):191-200. 

42. Guerra DAP, Paiva AE, Sena IFG, Azevedo PO, Batista ML, Jr., Mintz A, et al. 

Adipocytes role in the bone marrow niche. Cytometry A. 2018;93(2):167-71. 

43. Ferland-McCollough D, Maselli D, Spinetti G, Sambataro M, Sullivan N, Blom 

A, et al. MCP-1 Feedback Loop Between Adipocytes and Mesenchymal Stromal Cells 

Causes Fat Accumulation and Contributes to Hematopoietic Stem Cell Rarefaction in 

the Bone Marrow of Patients With Diabetes. Diabetes. 2018;67(7):1380-94. 

44. Sebo ZL, Rendina-Ruedy E, Ables GP, Lindskog DM, Rodeheffer MS, Fazeli 

PK, et al. Bone Marrow Adiposity: Basic and Clinical Implications. Endocr Rev. 

2019;40(5):1187-206. 

45. Berry R, Rodeheffer MS, Rosen CJ, Horowitz MC. Adipose Tissue Residing 

Progenitors (Adipocyte Lineage Progenitors and Adipose Derived Stem Cells (ADSC). 

Curr Mol Biol Rep. 2015;1(3):101-9. 

46. Li Y, Meng Y, Yu X. The Unique Metabolic Characteristics of Bone Marrow 

Adipose Tissue. Front Endocrinol (Lausanne). 2019;10:69. 



 

32 
 

47. Griffith JF, Yeung DK, Ma HT, Leung JC, Kwok TC, Leung PC. Bone marrow 

fat content in the elderly: a reversal of sex difference seen in younger subjects. J Magn 

Reson Imaging. 2012;36(1):225-30. 

48. Liney GP, Bernard CP, Manton DJ, Turnbull LW, Langton CM. Age, gender, 

and skeletal variation in bone marrow composition: a preliminary study at 3.0 Tesla. J 

Magn Reson Imaging. 2007;26(3):787-93. 

49. Marcon BH, Shigunov P, Spangenberg L, Pereira IT, de Aguiar AM, Amorin R, 

et al. Cell cycle genes are downregulated after adipogenic triggering in human adipose 

tissue-derived stem cells by regulation of mRNA abundance. Sci Rep. 2019;9(1):5611. 

50. Rigamonti A, Brennand K, Lau F, Cowan CA. Rapid cellular turnover in adipose 

tissue. PLoS One. 2011;6(3):e17637. 

51. Arner E, Westermark PO, Spalding KL, Britton T, Ryden M, Frisen J, et al. 

Adipocyte turnover: relevance to human adipose tissue morphology. Diabetes. 

2010;59(1):105-9. 

52. Arner P, Bernard S, Appelsved L, Fu KY, Andersson DP, Salehpour M, et al. 

Adipose lipid turnover and long-term changes in body weight. Nat Med. 

2019;25(9):1385-9. 

53. Kusminski CM, Bickel PE, Scherer PE. Targeting adipose tissue in the 

treatment of obesity-associated diabetes. Nat Rev Drug Discov. 2016;15(9):639-60. 

54. Herold C, Rennekampff HO, Engeli S. Apoptotic pathways in adipose tissue. 

Apoptosis. 2013;18(8):911-6. 

55. Wei S, Zhang L, Zhou X, Du M, Jiang Z, Hausman GJ, et al. Emerging roles of 

zinc finger proteins in regulating adipogenesis. Cell Mol Life Sci. 2013;70(23):4569-

84. 



 

33 
 

56. Ma X, Lee P, Chisholm DJ, James DE. Control of adipocyte differentiation in 

different fat depots; implications for pathophysiology or therapy. Front Endocrinol 

(Lausanne). 2015;6:1. 

57. Ambele MA, Pepper MS. Identification of transcription factors potentially 

involved in human adipogenesis in vitro. Mol Genet Genomic Med. 2017;5(3):210-22. 

58. Bukowska J, Frazier T, Smith S, Brown T, Bender R, McCarthy M, et al. Bone 

Marrow Adipocyte Developmental Origin and Biology. Curr Osteoporos Rep. 

2018;16(3):312-9. 

59. Yue R, Zhou BO, Shimada IS, Zhao Z, Morrison SJ. Leptin Receptor Promotes 

Adipogenesis and Reduces Osteogenesis by Regulating Mesenchymal Stromal Cells 

in Adult Bone Marrow. Cell Stem Cell. 2016;18(6):782-96. 

60. Veldhuis-Vlug AG, Rosen CJ. Clinical implications of bone marrow adiposity. J 

Intern Med. 2018;283(2):121-39. 

61. Scheller EL, Khandaker S, Learman BS, Cawthorn WP, Anderson LM, Pham 

HA, et al. Bone marrow adipocytes resist lipolysis and remodeling in response to beta-

adrenergic stimulation. Bone. 2019;118:32-41. 

62. Tabe Y, Yamamoto S, Saitoh K, Sekihara K, Monma N, Ikeo K, et al. Bone 

Marrow Adipocytes Facilitate Fatty Acid Oxidation Activating AMPK and a 

Transcriptional Network Supporting Survival of Acute Monocytic Leukemia Cells. 

Cancer Res. 2017;77(6):1453-64. 

63. Chung, E. S. et al. Changes in ventricular remodelling and clinical status during 

the year following a single administration of stromal cell-derived factor-1 non-viral gene 

therapy in chronic ischaemic heart failure patients: the STOP-HF randomized phase 

II trial. Eur. Heart J. 10.1093/eurheartj/ehv254. 



 

34 
 

64. Shafat MS, Oellerich T, Mohr S, Robinson SD, Edwards DR, Marlein CR, et al. 

Leukemic blasts program bone marrow adipocytes to generate a protumoral 

microenvironment. Blood. 2017;129(10):1320-32. 

65. Zhou BO, Yu H, Yue R, Zhao Z, Rios JJ, Naveiras O, et al. Bone marrow 

adipocytes promote the regeneration of stem cells and haematopoiesis by secreting 

SCF. Nat Cell Biol. 2017;19(8):891-903. 

66. Wang H, Leng Y, Gong Y. Bone Marrow Fat and Hematopoiesis. Front 

Endocrinol (Lausanne). 2018;9:694. 

67. Hawkes CP, Mostoufi-Moab S. Fat-bone interaction within the bone marrow 

milieu: Impact on hematopoiesis and systemic energy metabolism. Bone. 

2019;119:57-64. 

68. Mattiucci D, Maurizi G, Izzi V, Cenci L, Ciarlantini M, Mancini S, et al. Bone 

marrow adipocytes support hematopoietic stem cell survival. Journal of Cellular 

Physiology. 2018;233(2):1500-11. 

69. Wilson A, Fu H, Schiffrin M, Winkler C, Koufany M, Jouzeau JY, et al. Lack of 

Adipocytes Alters Hematopoiesis in Lipodystrophic Mice. Front Immunol. 2018;9. 

70. Holt V, Caplan AI, Haynesworth SE. Identification of a subpopulation of marrow 

MSC-derived medullary adipocytes that express osteoclast-regulating molecules: 

marrow adipocytes express osteoclast mediators. PLoS One. 2014;9(10):e108920. 

71. Tuljapurkar SR, McGuire TR, Brusnahan SK, Jackson JD, Garvin KL, 

Kessinger MA, et al. Changes in human bone marrow fat content associated with 

changes in hematopoietic stem cell numbers and cytokine levels with aging. J Anat. 

2011;219(5):574-81. 

72. Kennedy DE, Knight KL. Inflammatory Changes in Bone Marrow 

Microenvironment Associated with Declining B Lymphopoiesis. J Immunol. 

2017;198(9):3471-9. 



 

35 
 

73. Thomou T, Mori MA, Dreyfuss JM, Konishi M, Sakaguchi M, Wolfrum C, et al. 

Adipose-derived circulating miRNAs regulate gene expression in other tissues. 

Nature. 2017;542(7642):450-5. 

74. Martin PJ, Haren N, Ghali O, Clabaut A, Chauveau C, Hardouin P, et al. 

Adipogenic RNAs are transferred in osteoblasts via bone marrow adipocytes-derived 

extracellular vesicles (EVs). BMC Cell Biol. 2015;16:10. 

75. Cawthorn WP, Scheller EL, Learman BS, Parlee SD, Simon BR, Mori H, et al. 

Bone marrow adipose tissue is an endocrine organ that contributes to increased 

circulating adiponectin during caloric restriction. Cell Metab. 2014;20(2):368-75. 

76. Falank C, Fairfield H, Reagan MR. Signaling Interplay between Bone Marrow 

Adipose Tissue and Multiple Myeloma cells. Front Endocrinol (Lausanne). 2016;7:67. 

77. Hardaway AL, Herroon MK, Rajagurubandara E, Podgorski I. Bone marrow fat: 

linking adipocyte-induced inflammation with skeletal metastases. Cancer Metastasis 

Rev. 2014;33(2-3):527-43. 

78. Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone: a fatal attraction. 

Nat Rev Cancer. 2011;11(6):411-25. 

79. Morris EV, Edwards CM. Adipokines, adiposity, and bone marrow adipocytes: 

Dangerous accomplices in multiple myeloma. J Cell Physiol. 2018;233(12):9159-66. 

80. Luo G, He Y, Yu X. Bone Marrow Adipocyte: An Intimate Partner With Tumor 

Cells in Bone Metastasis. Front Endocrinol (Lausanne). 2018;9:339. 

81. Sheu Y, Amati F, Schwartz AV, Danielson ME, Li XJ, Boudreau R, et al. 

Vertebral bone marrow fat, bone mineral density and diabetes: The Osteoporotic 

Fractures in Men (MrOS) study. Bone. 2017;97:299-305. 

82. de Araujo IM, Salmon CE, Nahas AK, Nogueira-Barbosa MH, Elias J, Jr., de 

Paula FJ. Marrow adipose tissue spectrum in obesity and type 2 diabetes mellitus. Eur 

J Endocrinol. 2017;176(1):21-30. 



 

36 
 

83. Baum T, Yap SP, Karampinos DC, Nardo L, Kuo D, Burghardt AJ, et al. Does 

vertebral bone marrow fat content correlate with abdominal adipose tissue, lumbar 

spine bone mineral density, and blood biomarkers in women with type 2 diabetes 

mellitus? J Magn Reson Imaging. 2012;35(1):117-24. 

84. Botolin S, McCabe LR. Bone loss and increased bone adiposity in spontaneous 

and pharmacologically induced diabetic mice. Endocrinology. 2007;148(1):198-205. 

85. Devlin MJ, Van Vliet M, Motyl K, Karim L, Brooks DJ, Louis L, et al. Early-Onset 

Type 2 Diabetes Impairs Skeletal Acquisition in the Male TALLYHO/JngJ Mouse. 

Endocrinology. 2014;155(10):3806-16. 

86. Oikawa A, Siragusa M, Quaini F, Mangialardi G, Katare RG, Caporali A, et al. 

Diabetes mellitus induces bone marrow microangiopathy. Arterioscler Thromb Vasc 

Biol. 2010;30(3):498-508. 

87. Spinetti G, Cordella D, Fortunato O, Sangalli E, Losa S, Gotti A, et al. Global 

remodeling of the vascular stem cell niche in bone marrow of diabetic patients: 

implication of the microRNA-155/FOXO3a signaling pathway. Circ Res. 

2013;112(3):510-22. 

88. Amadesi S, Reni C, Katare R, Meloni M, Oikawa A, Beltrami AP, et al. Role for 

substance p-based nociceptive signaling in progenitor cell activation and angiogenesis 

during ischemia in mice and in human subjects. Circulation. 2012;125(14):1774-86, 

S1-19. 

89. Deng T, Lyon CJ, Minze LJ, Lin JX, Zou J, Liu JZ, et al. Class II Major 

Histocompatibility Complex Plays an Essential Role in Obesity-Induced Adipose 

Inflammation. Cell Metabolism. 2013;17(3):411-22. 

90. Mangialardi G, Katare R, Oikawa A, Meloni M, Reni C, Emanueli C, et al. 

Diabetes causes bone marrow endothelial barrier dysfunction by activation of the 



 

37 
 

RhoA-Rho-associated kinase signaling pathway. Arterioscler Thromb Vasc Biol. 

2013;33(3):555-64. 

91. Nehlin JO, Jafari A, Tencerova M, Kassem M. Aging and lineage allocation 

changes of bone marrow skeletal (stromal) stem cells. Bone. 2019;123:265-73. 

92. Mangialardi G, Madeddu P. Bone Marrow-Derived Stem Cells: a Mixed 

Blessing in the Multifaceted World of Diabetic Complications. Curr Diab Rep. 

2016;16(5):43. 

93. Okuno Y, Fukuhara A, Hashimoto E, Kobayashi H, Kobayashi S, Otsuki M, et 

al. Oxidative Stress Inhibits Healthy Adipose Expansion Through Suppression of 

SREBF1-Mediated Lipogenic Pathway. Diabetes. 2018;67(6):1113-27. 

94. Xu M, Tchkonia T, Ding HS, Ogrodnik M, Lubbers ER, Pirtskhalava T, et al. 

JAK inhibition alleviates the cellular senescence-associated secretory phenotype and 

frailty in old age. P Natl Acad Sci USA. 2015;112(46):E6301-E10. 

95. Makki K, Froguel P, Wolowczuk I. Adipose tissue in obesity-related 

inflammation and insulin resistance: cells, cytokines, and chemokines. ISRN Inflamm. 

2013;2013:139239. 

96. Mancuso P. The role of adipokines in chronic inflammation. Immunotargets 

Ther. 2016;5:47-56. 

97. Zoico E, Rizzatti V, Policastro G, Tebon M, Darra E, Rossi AP, et al. In vitro 

model of chronological aging of adipocytes: Interrelationships with hypoxia and 

oxidation. Exp Gerontol. 2019;121:81-90. 

98. Gustafson B, Nerstedt A, Smith U. Reduced subcutaneous adipogenesis in 

human hypertrophic obesity is linked to senescent precursor cells. Nature 

Communications. 2019;10. 



 

38 
 

99. Minamino T, Orimo M, Shimizu I, Kunieda T, Yokoyama M, Ito T, et al. A crucial 

role for adipose tissue p53 in the regulation of insulin resistance. Nat Med. 

2009;15(9):1082-7. 

100. Dubois SG, Heilbronn LK, Smith SR, Albu JB, Kelley DE, Ravussin E, et al. 

Decreased expression of adipogenic genes in obese subjects with type 2 diabetes. 

Obesity (Silver Spring). 2006;14(9):1543-52. 

101. Ghaben AL, Scherer PE. Adipogenesis and metabolic health. Nat Rev Mol Cell 

Biol. 2019;20(4):242-58. 

102. Longo M, Zatterale F, Naderi J, Parrillo L, Formisano P, Raciti GA, et al. 

Adipose Tissue Dysfunction as Determinant of Obesity-Associated Metabolic 

Complications. Int J Mol Sci. 2019;20(9). 

103. Li YJ, Meng Y, Yu XJ. The Unique Metabolic Characteristics of Bone Marrow 

Adipose Tissue. Front Endocrinol. 2019;10. 

104. Miggitsch C, Meryk A, Naismith E, Pangrazzi L, Ejaz A, Jenewein B, et al. 

Human bone marrow adipocytes display distinct immune regulatory properties. 

EBioMedicine. 2019;46:387-98. 

105. Aikawa E, Fujita R, Asai M, Kaneda Y, Tamai K. Receptor for Advanced 

Glycation End Products-Mediated Signaling Impairs the Maintenance of Bone Marrow 

Mesenchymal Stromal Cells in Diabetic Model Mice. Stem Cells Dev. 

2016;25(22):1721-32. 

106. Spencer JA, Ferraro F, Roussakis E, Klein A, Wu J, Runnels JM, et al. Direct 

measurement of local oxygen concentration in the bone marrow of live animals. 

Nature. 2014;508(7495):269-73. 

107. Roche B, David V, Vanden-Bossche A, Peyrin F, Malaval L, Vico L, et al. 

Structure and quantification of microvascularisation within mouse long bones: What 

and how should we measure? Bone. 2012;50(1):390-9. 



 

39 
 

108. Jiang C, Sun J, Dai Y, Cao P, Zhang L, Peng S, et al. HIF-1A and C/EBPs 

transcriptionally regulate adipogenic differentiation of bone marrow-derived MSCs in 

hypoxia. Stem Cell Res Ther. 2015;6:21. 

109. Cicione C, Muinos-Lopez E, Hermida-Gomez T, Fuentes-Boquete I, Diaz-

Prado S, Blanco FJ. Effects of severe hypoxia on bone marrow mesenchymal stem 

cells differentiation potential. Stem Cells Int. 2013;2013:232896. 

110. Trayhurn P. Hypoxia and adipose tissue function and dysfunction in obesity. 

Physiol Rev. 2013;93(1):1-21. 

111. Wee NKY, Lorenz MR, Bekirov Y, Jacquin MF, Scheller EL. Shared Autonomic 

Pathways Connect Bone Marrow and Peripheral Adipose Tissues Across the Central 

Neuraxis. Front Endocrinol (Lausanne). 2019;10:668. 

112. Robles H, Park S, Joens MS, Fitzpatrick JAJ, Craft CS, Scheller EL. 

Characterization of the bone marrow adipocyte niche with three-dimensional electron 

microscopy. Bone. 2019;118:89-98. 

113. Dang Z, Maselli D, Spinetti G, Sangalli E, Carnelli F, Rosa F, et al. Sensory 

neuropathy hampers nociception-mediated bone marrow stem cell release in mice and 

patients with diabetes. Diabetologia. 2015;58(11):2653-62. 

114. Ferraro F, Lymperi S, Mendez-Ferrer S, Saez B, Spencer JA, Yeap BY, et al. 

Diabetes impairs hematopoietic stem cell mobilization by altering niche function. Sci 

Transl Med. 2011;3(104):104ra1. 

115. Albiero M, Poncina N, Tjwa M, Ciciliot S, Menegazzo L, Ceolotto G, et al. 

Diabetes causes bone marrow autonomic neuropathy and impairs stem cell 

mobilization via dysregulated p66Shc and Sirt1. Diabetes. 2014;63(4):1353-65. 

116. Dubon MJ, Byeon Y, Park KS. Substance P enhances the activation of AMPK 

and cellular lipid accumulation in 3T3L1 cells in response to high levels of glucose. 

Mol Med Rep. 2015;12(6):8048-54. 



 

40 
 

117. Dang Z, Avolio E, Albertario A, Sala-Newby GB, Thomas AC, Wang N, et al. 

Nerve growth factor gene therapy improves bone marrow sensory innervation and 

nociceptor-mediated stem cell release in a mouse model of type 1 diabetes with limb 

ischaemia. Diabetologia. 2019;62(7):1297-311. 

118. Napoli N, Chandran M, Pierroz DD, Abrahamsen B, Schwartz AV, Ferrari SL, 

et al. Mechanisms of diabetes mellitus-induced bone fragility. Nat Rev Endocrinol. 

2017;13(4):208-19. 

119. Huang KC, Chuang PY, Yang TY, Huang TW, Chang SF. Hyperglycemia 

inhibits osteoblastogenesis of rat bone marrow stromal cells via activation of the 

Notch2 signaling pathway. Int J Med Sci. 2019;16(5):696-703. 

120. Roy A, Kolattukudy PE. Monocyte chemotactic protein-induced protein 

(MCPIP) promotes inflammatory angiogenesis via sequential induction of oxidative 

stress, endoplasmic reticulum stress and autophagy. Cell Signal. 2012;24(11):2123-

31. 

121. Icli B, Feinberg MW. MicroRNAs in dysfunctional adipose tissue: cardiovascular 

implications. Cardiovasc Res. 2017;113(9):1024-34. 

122. Veremeyko T, Siddiqui S, Sotnikov I, Yung A, Ponomarev ED. IL-4/IL-13-

dependent and independent expression of miR-124 and its contribution to M2 

phenotype of monocytic cells in normal conditions and during allergic inflammation. 

PloS one. 2013;8(12):e81774. 

123. Gu W, Yao L, Li L, Zhang J, Place AT, Minshall RD, et al. ICAM-1 regulates 

macrophage polarization by suppressing MCP-1 expression via miR-124 upregulation. 

Oncotarget. 2017;8(67):111882-901. 

124. Manoharan P, Basford JE, Pilcher-Roberts R, Neumann J, Hui DY, Lingrel JB. 

Reduced levels of microRNAs miR-124a and miR-150 are associated with increased 



 

41 
 

proinflammatory mediator expression in Kruppel-like factor 2 (KLF2)-deficient 

macrophages. J Biol Chem. 2014;289(45):31638-46. 

125. Jiang S, Li C, McRae G, Lykken E, Sevilla J, Liu SQ, et al. MeCP2 reinforces 

STAT3 signaling and the generation of effector CD4+ T cells by promoting miR-124-

mediated suppression of SOCS5. Sci Signal. 2014;7(316):ra25. 

126. Kulyte A, Belarbi Y, Lorente-Cebrian S, Bambace C, Arner E, Daub CO, et al. 

Additive effects of microRNAs and transcription factors on CCL2 production in human 

white adipose tissue. Diabetes. 2014;63(4):1248-58. 

127. Li T, Morgan MJ, Choksi S, Zhang Y, Kim YS, Liu ZG. MicroRNAs modulate 

the noncanonical transcription factor NF-kappa B pathway by regulating expression of 

the kinase IKK alpha during macrophage differentiation. Nat Immunol. 

2010;11(9):799-U48. 

128. Lawrence T, Bebien M, Liu GY, Nizet V, Karin M. IKK alpha limits macrophage 

NF-kappa B activation and contributes to the resolution of inflammation. Nature. 

2005;434(7037):1138-43. 

129. Li QT, Lu QX, Bottero V, Estepa G, Morrison L, Mercurio F, et al. Enhanced 

NF-kappa B activation and cellular function in macrophages lacking I kappa B kinase 

1 (IKK1). P Natl Acad Sci USA. 2005;102(35):12425-30. 

130. Salminen A, Kauppinen A, Kaarniranta K. Emerging role of NF-kappaB 

signaling in the induction of senescence-associated secretory phenotype (SASP). Cell 

Signal. 2012;24(4):835-45. 

131. Kim TY, Schwartz AV, Li XJ, Xu KP, Black DM, Petrenko DM, et al. Bone 

Marrow Fat Changes After Gastric Bypass Surgery Are Associated With Loss of Bone 

Mass. J Bone Miner Res. 2017;32(11):2239-47. 



 

42 
 

132. Sanz C, Vazquez P, Blazquez C, Barrio PA, Alvarez MD, Blazquez E. Signaling 

and biological effects of glucagon-like peptide 1 on the differentiation of mesenchymal 

stem cells from human bone marrow. Am J Physiol-Endoc M. 2010;298(3):E634-E43. 

133. Luciani P, Fibbi B, Mazzanti B, Deledda C, Ballerini L, Aldinucci A, et al. The 

effects of Exendin-4 on bone marrow-derived mesenchymal cells. Endocrine. 

2018;60(3):423-34. 

134. Lu W, Wang W, Wang S, Feng Y, Liu K. Rosiglitazone Promotes Bone Marrow 

Adipogenesis to Impair Myelopoiesis under Stress. PLoS One. 2016;11(2):e0149543. 

135. Yang MY, Arai A, Udagawa N, Zhao LJ, Nishida D, Murakami K, et al. 

Parathyroid Hormone Shifts Cell Fate of a Leptin Receptor-Marked Stromal Population 

from Adipogenic to Osteoblastic Lineage. J Bone Miner Res. 2019;34(10):1952-63. 

136. Fan Y, Hanai J, Le PT, Bi RY, Maridas D, DeMambro V, et al. Parathyroid 

Hormone Directs Bone Marrow Mesenchymal Cell Fate. Cell Metabolism. 

2017;25(3):661-72. 

137. Motyl KJ, McCauley LK, McCabe LR. Amelioration of type I diabetes-induced 

osteoporosis by parathyroid hormone is associated with improved osteoblast survival. 

Journal of Cellular Physiology. 2012;227(4):1326-34. 

138. Styner M, Pagnotti GM, McGrath C, Wu X, Sen B, Uzer G, et al. Exercise 

Decreases Marrow Adipose Tissue Through ss-Oxidation in Obese Running Mice. J 

Bone Miner Res. 2017;32(8):1692-702. 

139. Bilezikian JP, Josse RG, Eastell R, Lewiecki EM, Miller CG, Wooddell M, et al. 

Rosiglitazone Decreases Bone Mineral Density and Increases Bone Turnover in 

Postmenopausal Women With Type 2 Diabetes Mellitus. J Clin Endocr Metab. 

2013;98(4):1519-28. 



 

43 
 

140. Rantalainen T, Nikander R, Heinonen A, Cervinka T, Sievanen H, Daly RM. 

Differential Effects of Exercise on Tibial Shaft Marrow Density in Young Female 

Athletes. J Clin Endocr Metab. 2013;98(5):2037-44. 

141. Casazza K, Hanks LJ, Hidalgo B, Hu HH, Affuso O. Short-term physical activity 

intervention decreases femoral bone marrow adipose tissue in young children: A pilot 

study. Bone. 2012;50(1):23-7. 

142. Trudel G, Coletta E, Cameron I, Belavy DL, Lecompte M, Armbrecht G, et al. 

Resistive exercises, with or without whole body vibration, prevent vertebral marrow fat 

accumulation during 60 days of head-down tilt bed rest in men. J Appl Physiol. 

2012;112(11):1824-31. 

143. McGrath C, Sankaran JS, Misaghian-Xanthos N, Sen B, Xie Z, Styner MA, et 

al. Exercise Degrades Bone in Caloric Restriction, Despite Suppression of Marrow 

Adipose Tissue (MAT). J Bone Miner Res. 2019. 

144. Bosy-Westphal A, Later W, Schautz B, Lagerpusch M, Goele K, Heller M, et al. 

Impact of Intra- and Extra-Osseous Soft Tissue Composition on Changes in Bone 

Mineral Density With Weight Loss and Regain. Obesity. 2011;19(7):1503-10. 

145. Vogt LJ, Steveling A, Meffert PJ, Kromrey ML, Kessler R, Hosten N, et al. 

Magnetic Resonance Imaging of Changes in Abdominal Compartments in Obese 

Diabetics during a Low-Calorie Weight-Loss Program. PLoS One. 

2016;11(4):e0153595. 

146. Shen W, Chen J, Punyanitya M, Shapses S, Heshka S, Heymsfield SB. MRI-

measured bone marrow adipose tissue: Changes during weight loss and its 

relationship with DXA-measured bone mineral. Faseb Journal. 2007;21(6):A1057-A. 

147. Cordes C, Dieckmeyer M, Ott B, Shen J, Ruschke S, Settles M, et al. MR-

detected changes in liver fat, abdominal fat, and vertebral bone marrow fat after a four-



 

44 
 

week calorie restriction in obese women. J Magn Reson Imaging. 2015;42(5):1272-

80. 

148. Wang QA, Song AY, Chen WZ, Schwalie PC, Zhang F, Vishvanath L, et al. 

Reversible De-differentiation of Mature White Adipocytes into Preadipocyte-like 

Precursors during Lactation. Cell Metabolism. 2018;28(2):282-+. 

149. Honda A, Kurabayashi T, Yahata T, Tomita M, Matsushita H, Takakuwa K, et 

al. Effects of pregnancy and lactation on trabecular bone and marrow adipocytes in 

rats. Calcif Tissue Int. 2000;67(5):367-72. 

150. Kennedy DE, Knight KL. Inhibition of B Lymphopoiesis by Adipocytes and IL-1-

Producing Myeloid-Derived Suppressor Cells. J Immunol. 2015;195(6):2666-74. 

151. Youm YH, Kanneganti TD, Vandanmagsar B, Zhu X, Ravussin A, Adijiang A, 

et al. The Nlrp3 inflammasome promotes age-related thymic demise and 

immunosenescence. Cell Rep. 2012;1(1):56-68. 

152. Barrett TJ, Murphy AJ, Goldberg IJ, Fisher EA. Diabetes-mediated 

myelopoiesis and the relationship to cardiovascular risk. Ann N Y Acad Sci. 

2017;1402(1):31-42. 

153. Albiero M, Ciciliot S, Tedesco S, Menegazzo L, D'Anna M, Scattolini V, et al. 

Diabetes-Associated Myelopoiesis Drives Stem Cell Mobilopathy Through an OSM-

p66Shc Signaling Pathway. Diabetes. 2019;68(6):1303-14. 

154. Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Weivoda MM, et al. 

Senolytics improve physical function and increase lifespan in old age. Nat Med. 

2018;24(8):1246-56. 

155. Dai Z, Li Y, Quarles LD, Song T, Pan W, Zhou H, et al. Resveratrol enhances 

proliferation and osteoblastic differentiation in human mesenchymal stem cells via ER-

dependent ERK1/2 activation. Phytomedicine. 2007;14(12):806-14. 



 

45 
 

156. Rayalam S, Della-Fera MA, Baile CA. Synergism between resveratrol and other 

phytochemicals: Implications for obesity and osteoporosis. Mol Nutr Food Res. 

2011;55(8):1177-85. 

157. Lai CY, Yang JY, Rayalam S, Della-Fera MA, Ambati S, Lewis RD, et al. 

Preventing Bone Loss and Weight Gain with Combinations of Vitamin D and 

Phytochemicals. J Med Food. 2011;14(11):1352-62. 

158. Liu H, Li W, Ge XY, Jia SN, Li BB. Coadministration of puerarin (low dose) and 

zinc attenuates bone loss and suppresses bone marrow adiposity in ovariectomized 

rats. Life Sci. 2016;166:20-6. 

159. Li ZW, Piao CD, Sun HH, Ren XS, Bai YS. Asiatic Acid Inhibits Adipogenic 

Differentiation of Bone Marrow Stromal Cells. Cell Biochem Biophys. 2014;68(2):437-

42. 

160. Xiong YM, Walker K, Min XS, Hale C, Tran T, Komorowski R, et al. Long-acting 

MIC-1/GDF15 molecules to treat obesity: Evidence from mice to monkeys. Science 

Translational Medicine. 2017;9(412). 

161. Ko CH, Siu WS, Wong HL, Shum WT, Fung KP, Lau CBS, et al. Pro-bone and 

Antifat Effects of Green Tea and Its Polyphenol, Epigallocatechin, in Rat Mesenchymal 

Stem Cells in Vitro. J Agr Food Chem. 2011;59(18):9870-6. 

162. Vidal C, Gunaratnam K, Tong J, Duque G. Biochemical changes induced by 

strontium ranelate in differentiating adipocytes. Biochimie. 2013;95(4):793-8. 

163. Saidak Z, Hay E, Marty C, Barbara A, Marie PJ. Strontium ranelate rebalances 

bone marrow adipogenesis and osteoblastogenesis in senescent osteopenic mice 

through NFATc/Maf and Wnt signaling. Aging Cell. 2012;11(3):467-74. 

164. Spinetti G, Fortunato O, Caporali A, Shantikumar S, Marchetti M, Meloni M, et 

al. MicroRNA-15a and microRNA-16 impair human circulating proangiogenic cell 



 

46 
 

functions and are increased in the proangiogenic cells and serum of patients with 

critical limb ischemia. Circ Res. 2013;112(2):335-46. 

165. Spinetti G, Specchia C, Fortunato O, Sangalli E, Clerici G, Caminiti M, et al. 

Migratory activity of circulating mononuclear cells is associated with cardiovascular 

mortality in type 2 diabetic patients with critical limb ischemia. Diabetes Care. 

2014;37(5):1410-7. 

166. Tchkonia T, Morbeck DE, Von Zglinicki T, Van Deursen J, Lustgarten J, Scrable 

H, et al. Fat tissue, aging, and cellular senescence. Aging Cell. 2010;9(5):667-84. 

167. Marseglia L, Manti S, D'Angelo G, Nicotera A, Parisi E, Di Rosa G, et al. 

Oxidative stress in obesity: a critical component in human diseases. Int J Mol Sci. 

2014;16(1):378-400. 

 


