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Abstract 

 

Bone marrow adipose tissue (MAT) is a unique fat depot located in proximity to bone 

surfaces and exerts regulatory functions in the skeleton. Recent studies have demonstrated that 

MAT responds to changes in whole-body energy metabolism, such as in obesity and anorexia 

nervosa, where MAT expands, resulting in deleterious effects on the skeleton. Interestingly, 

MAT shares properties with both brown and white adipose tissues but exhibits distinct features 

with regard to lipid metabolism and insulin sensitivity. Recent reports have addressed the 

capacity of MAT to undergo browning, which could be an attractive strategy for preventing 

excessive MAT accumulation within the skeleton. In this review, we summarize studies 

addressing the browning phenomenon of MAT and its regulation by a number of 

pathophysiological conditions. Moreover, we discuss the relationship between adaptive 

thermogenesis and bone health. Understanding the thermogenic potentials of MAT will delineate 

the biological importance of this organ and unravel its potential for improving bone health and 

whole-body energy metabolism.  
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1. Introduction  

 

1.1. Definition and origin of MAT  

Bone marrow adipose tissue (MAT) expands rapidly postnatally in humans, more rapidly 

in distal than in proximal bones, until it occupies 70% of medullary cavities in adult humans 

[reviewed in [1]]. MAT is surrounded by a unique microenvironment of hematopoietic and 

skeletal niches [2] and accounts for ~13% of total fat mass in lean, healthy individuals [3]. Two 

types of MAT have been described: proximal regulated MAT (rMAT) and distal constitutive 

MAT (cMAT) [reviewed in [4]]; however, the existence of these types in humans remains 

unconfirmed [5]. The physiological importance of MAT is still incompletely understood. MAT 

may provide an energy-rich microenvironment for the stromal-reticular network in the bone 

marrow (BM) that is essential for hematopoietic and bone cell functions [2]. MAT promotes 

hematopoietic regeneration in irradiated mice by producing secreted factors; e.g., stem cell 

factors [6] and provides the skeleton with the needed nutrients for the synthesis, deposition, and 

mineralization of the bone matrix [reviewed in [7]]. MAT also participates in bone remodeling 

through secreted factors; e.g., CXCL1 and CXCL2 [8].  

Marrow adipocytes are bona fide adipocytes that differentiate from non-endothelial, non-

hematopoietic progenitors with a mesodermal origin, known as skeletal (or mesenchymal, 

stromal) stem cells (MSCs), that are present within the BM stroma [[9], reviewed in [10,11]]. 

Although the cellular identity of BM adipocyte progenitor cells requires further definition, BM 

adipocyte precursors are presumably distinct from the adipocytes in peripheral tissues, as they 

share an early common progenitor with osteoblasts [discussed in [11–13]] (Table 1 summarizes 

major differences in the progenitor markers of marrow, white, and brown adipocytes). 

Interestingly, some studies have reported that BM-derived progenitor cells can contribute to the 

development of a subset of adipocytes in peripheral adipose tissues [14–16]. In one animal study, 

transplanting whole BM cells from green fluorescent protein (GFP+)-expressing transgenic mice 

into wild-type mice created ~2%–7% GFP+ adipocytes in the interscapular brown (BAT) and 

omental fat pads, respectively.  The number of GFP+ adipocytes in the peripheral adipose tissues 

of these mice was further induced by high-fat diet feeding or rosiglitazone treatment. These 

GFP+ adipocytes likely originated from BM-derived circulating mesenchymal progenitor cells 
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(CD45– Sca1+) but not hematopoietic progenitor cells (CD45+ c-kit+) [14]. However, another 

study identified a subset of adipocytes that originated from the BM-derived 

hematopoietic/myeloid lineage in the murine peripheral fat tissues, which was more evident in 

visceral than subcutaneous fat and was affected by age and gender [15]. Human data show that 

patients who have undergone allogeneic transplantation with either whole BM or mobilized 

peripheral blood stem cells (PBSCs) manifest a ~10% contribution of BM/PBSC-derived 

progenitor cells to their subcutaneous fat [16]. The role of BM/PBSC-derived progenitor cells in 

adipose tissue expansion of abdominal subcutaneous fat is more evident in obese individuals; 

however, the identity of these BM/PBSC progenitor cells responsible for generating adipocytes 

in peripheral fat is unclear [16].  

 

1.2. Morphology and characteristics of MAT 

Generally, BM adipocytes resemble white adipocytes on a morphological level [5,17]. 

BM adipocytes isolated from patients undergoing hip replacement surgery show a unilocular, 

perilipin-positive lipid droplet enclosed by a thin cytoplasm with a nucleus located at the cell 

periphery that is indistinguishable from subcutaneous adipocytes [5]. Although MAT is 

predominantly unilocular, in 3- and 9-week-old mice, a subset of the MAT adipocytes (~5%) in 

both the femur and tibia contain multiple small perilipin-positive lipid droplets positioned around 

a central nucleus. These multilocular BM adipocytes are largely observed near the periosteum in 

the proximal tibia-fibula junction and near the femoral neck [17].  

Recent studies indicate that marrow adipocytes harbor distinct metabolic features 

compared to conventional white adipocytes [5,17]. BM adipocytes express similar levels of 

adiponectin and leptin compared to subcutaneous adipocytes; however, proteomic and lipidomic 

approaches have revealed that BM adipocytes have unique lipid metabolic properties [5]. BM 

adipocytes are enriched in proteins involved in cholesterol metabolism, correlating with 

increased free cholesterol content [5]. Lipolysis in both human [5] and animal [18] marrow 

adipocytes is substantially lower than that in white adipocytes, regardless of the expression of β-

adrenergic receptors [5,18]. Although altered lipolysis in these cells is probably due to the 

downregulation in the expression of monoacylglycerol lipase [5], mechanisms of lipolysis in BM 

adipocytes have been only partially delineated. In fact, most of the metabolic specificities of BM 

adipocytes have not been recapitulated in in vitro experiments using adipocytes differentiated 
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from human primary bone marrow stromal cells (hBM-MSCs) [5]. It is worth noting that there 

are regional-specific variations in metabolic features of adipocytes within the BM. For instance, 

adipocytes from the distal tibia contain more unsaturated fatty acids than those from the proximal 

femur in humans. Similarly, adipocytes from the distal tibia and the tail vertebrae of rats show a 

higher unsaturation index [C16:1(n7)/C16:0 and C18:1(n9)/(C18:0)] than those from proximal 

regions [19]. Therefore, MAT metabolic features are incompletely defined and might be 

influenced by anatomical location.  

The capacity of MAT for thermogenesis is still under investigation. Brown or beige 

adipocytes are adipocytes with several small lipid droplets and a high number of mitochondria 

that consume fuel for thermogenesis via a futile cycle of proton transport across the inner 

mitochondrial membrane by uncoupling protein 1 (UCP1) [20–24]. Adult humans are capable of 

developing functional beige adipocytes in white adipose tissue (WAT) residing in the cervical, 

supraclavicular, axillary, and paravertebral regions [25–28] in response to different thermogenic 

stimuli [21,24,27]. Because activation of brown fat exerts anti-obesity and anti-diabetic effects, 

unraveling the capability of MAT to harbor brown-like adipocytes has gained attention recently. 

In the following sections, we will discuss the browning phenomenon found in BM adipocytes as 

well as common diseases affecting this phenomenon. In addition, we will summarize the 

literature addressing the relationship between adaptive thermogenesis and bone health. 

 

2. Response of skeletal adipocytes to different thermogenic inducers 

The effect of different browning stimulants (depicted in Fig.1) on BM adipocytes has been 

examined in several studies using in vitro and in vivo approaches. Most of these studies have 

evaluated the browning phenomenon by inspecting morphology, brown-specific gene expression, 

and UCP1 immunostaining.  

 

2.1. Cold exposure 

Conventional white adipocytes can be transformed into brown/beige adipocytes upon 

cold stimulation in both animals and humans [21,28]. Significant controversy exists in the 

literature regarding the expression of UCP1 in MAT [2,9,17,29–31]. In the absence of 

thermogenic stimulation, in vitro-differentiated mouse marrow adipocytes express the known 

adipocytic gene markers Pparγ and Cebpα, but not brown fat-specific gene markers Ucp1 and 
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Cidea [9]. Lineage tracing of Ucp1 expressing cells showed that adipocytes within the 

developing skeleton express adiponectin, but not Ucp1 [17]. In Ucp1
Cre+/DTA+ 

mice, in which 

expression of Ucp1 drives intracellular expression of diphtheria toxin subunit A (DTA), resulting 

in cell death, the volume of MAT is unaffected compared to BAT [17]. Since undetectable levels 

of Ucp1 transcript in the absence of thermogenic activators are expected in white adipocytes 

[32], evaluating the browning potential of BM adipocytes in the presence of thermogenic 

inducers, such as cold exposure, is essential. In contrast to previous reports, whole-tibial RNA 

analysis of 5-month-old mice showed elevated expression in some brown-specific gene markers 

[29]. However, results based on RNA acquired from whole bone samples may not be reliable due 

to cellular heterogeneity [17,29].  

The anatomical location of MAT might determine the level of brown-specific marker 

expression.  In one study, MAT in the proximal tibia of mature mice showed elevated expression 

of Ucp1 and other thermogenic gene markers, including HoxC9, Prdm16, Tbx1, and Dio2, 

compared to MAT located in the distal tibia [30]. Additionally, a histological analysis of 

developing murine vertebral BM samples found multilocular adipocytes that were positive for 

UCP1 protein expression [31]. Furthermore, in a three-dimensional analysis of the ultrastructure 

of MAT in the proximal tibia of adult mice, small triacylglycerol deposits surrounded by a dense 

network of mitochondria have been observed. A subset of MAT that was innervated by the 

sympathetic nervous system has also been identified in mice [2]. Although human data indicate 

that adipocytes differentiated from hBM-MSCs do not express UCP1 and PRDM16, RNA from 

BM samples of 27- and 41-year-old males shows high levels of these transcripts [31]. 

Additionally, in comparison to abdominal subcutaneous adipocytes, mature adipocytes isolated 

from human BM show higher gene expression of type II iodothyronine deiodinase (DIO2) [33]. 

Moreover, thermogenic adipocytes in the vertebral BM of healthy young volunteers have been 

found to be functionally bioactive, as they uptake high levels of 18F-fluorodeoxyglucose (FDG) 

upon cold exposure [31].  

The effect of cold exposure on MAT volume and cell size in C3H/HeJ (C3H) mice, 

which retain a robust proportion of MAT in both the proximal and distal regions of the tibia, has 

also been examined. C3H male mice at 12 and 56 weeks of age were exposed to either 22 ᵒC or 4 

ᵒC for 21 days. In both age groups, the MAT volume in the proximal tibia decreased by 71%, as 

measured by osmium staining and micro-CT scanning. In comparison, the MAT volume in the 
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distal tibia was not affected by cold exposure. Nano-CT examination showed that adipocytes in 

the proximal tibia were decreased in size, whereas those in the distal tibia remained unaffected. 

Thus, in response to cold exposure, adipocytes in the proximal but not distal tibia decreased in 

both number and size. However, the expression of thermogenic markers in the MAT depots of 

these mice has not been evaluated [19]. Culturing adipocytes differentiated from mouse BM-

MSCs at a low temperature (32 °C) and comparing them to those kept at a standard temperature 

(37 °C) revealed upregulation in adipogenic (Pparγ, AdipoQ and Fabp4 genes) and thermogenic 

(Ucp1, Cd137, Cited1, P2rx5, Prdm16, Lhx8, Cox8b, and RIP140) markers. Furthermore, 

adipocytes differentiated at low temperature exhibited enhanced mitochondrial staining around 

the lipid droplets and induced uncoupled respiration, probably via TRPV1 mediating 

temperature-sensing mechanisms [34]. However, these results must be interpreted with cautions 

as enhanced adipogenesis itself may affect the measured parameters. Moreover, changes in 

temperature directly in isolated cells can bypass the sympathetic nervous system [34]. 

 

2.2. β3-Adrenergic receptor agonists 

β3-Adrenegic receptor (AR) plays a critical role in induction of the thermogenic program 

in brown and white adipocytes through the cAMP/PKA signaling pathway [35,36]. Although all 

β-AR genes are expressed in MAT [18], reports on MAT response to β-AR activation vary 

greatly. Ex vivo lipolysis assays performed on isolated human marrow adipocytes show reduced 

glycerol and FFA release compared to subcutaneous adipocytes under basal and β-AR activation. 

Defective lipolytic responses in BM adipocytes have been attributed to the downregulation of 

monoacylglycerol lipase [5]. In rodents, the response of MAT to β-AR-induced lipolysis is 

affected by MAT location and the type of β-AR agonist. Adipocytes isolated from proximal tibia 

and femur undergo lipolysis in response to β3-specific agonist CL 316,243 (CL), while those 

from the tail do not respond. Although distal MAT is more resistant to lipolysis than proximal 

MAT, the pan-β-AR agonist isoproterenol is more potent than CL at phosphorylating hormone-

sensitive lipase in this tissue. Even though defective lipolytic response has not yet been fully 

explored, it is not related to either the expression of β-AR or to the coupling of β-AR to the 

lipolytic machinery through caveolin 1 [18]. 

Several studies have examined the expression of UCP1 in MAT in response to β3-AR 

stimulation. Immunostaining for UCP1 in C3H mice treated with CL exhibited positively stained 
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adipocytes with a morphology of multiple small lipid droplets near the periosteal surface, 

femoral neck, and proximal tibia-fibula junction. However, within the bone, tail MAT appeared 

negative for UCP1 staining, while MAT in the proximal tibia, which resides in diverse, 

multicellular niches, showed non-specific staining [17]. Resistance of MAT in the distal tibia to 

changes in MAT volume and lipid droplet remodeling upon CL treatment has been also observed 

in C3H mice. In contrast, adipocyte size is decreased upon CL treatment in the proximal tibia, 

and modest lipid droplet remodeling resembling lipolysis-induced lipid partitioning has been 

observed in the distal femur especially in female mice. Although this may support the hypothesis 

that proximal MAT is more responsive to β3-AR stimulation and lipid droplet remodeling than 

distal MAT in rodents, UCP1 expression has not been fully determined [18]. In a lineage tracing 

study, β3-AR stimulation failed to induce Ucp1-Cre expression in the MAT of male and female 

adult mice [17]. Although this may suggest that MAT adipocytes are not UCP1-expressing 

beige/brown adipocytes, UCP1-independent mechanisms for adaptive thermogenesis mediation 

have not been investigated in MAT [17]. 

BM-derived cells (BMCs) are involved in the emergence of a subset of thermogenic 

adipocytes in peripheral adipose tissues in response to adrenergic activation.  The absence of 

BMCs in irradiated mice is associated with impaired induction of CL-induced UCP1 and brown-

like morphology in inguinal WAT (iWAT), while transplantation of BMCs into irradiated mice 

has rescued CL-induced iWAT browning. Furthermore, transplantation of GFP-labeled BMCs, 

isolated from GFP-expressing transgenic mice, into irradiated mice followed by CL injection 

causes a significant reduction in GFP-labeled BMCs in the thigh bone, and the appearance of 

GFP-positive preadipocytes (CD31– CD34+ Sca1+ PDGFRα+ GFP+) and GFP+ UCP1-

expressing multilocular adipocytes in iWAT. Among all UCP1+ adipocytes in the iWAT of 

these mice, GFP+ UCP1+ adipocytes accounted for ~80%. Therefore, BMCs may serve as 

nonresident precursors for a subset of thermogenic adipocytes in iWAT [37]. However, the 

cellular identity of the BM cells responsible for thermogenic adipocyte formation in peripheral 

adipose tissue has not been clarified. Although it is not clear how BMCs contribute to adipocyte 

browning in iWAT, it is plausible that BM provides adipocyte progenitors that can be mobilized 

and infiltrate selectively into iWAT. This is based on the following: (a) β3-AR mRNA 

expression was induced by CL treatment of isolated BMCs and (b) a number of BMC-derived 

adipocyte progenitors appeared in iWAT. Interestingly, in these experiments, the level of UCP1 
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protein and the presence of multilocular adipocytes in BAT were not affected by BMC depletion. 

Additionally, GFP+ UCP1-expressing multilocular brown adipocytes in BAT were undetected 

after transplantation of GFP+ BMCs. However, the number of BMC-derived progenitors of 

endothelial cells (CD34+ CD31+ GFP+) was significantly increased in BAT after CL treatment, 

suggesting that BMCs contribute to the vascularization of brown fat. Thus, β3-AR-induced 

thermogenic cell formation is, at least in part, mediated by trafficking of BM-derived progenitor 

cells into peripheral fat depots [37].  

 

2.3. BMP7 

Bone morphogenic protein 7 (BMP7) induces the formation of metabolically active 

human brown/beige adipocytes [38,39]. The effect of BMP7 on the differentiation of hBM-

MSCs into adipocytes expressing UCP1 has been studied [40,41]. In one study, obtaining MSCs 

from human BM aspirates of healthy donors and culturing them in presence of BMP7 induced 

the formation of numerous small fat vacuoles surrounded by a compact network of actin 

microfilaments. Moreover, mature adipocytes pre-exposed to BMP7 showed a remarkable 

increase in UCP1 during differentiation, as demonstrated by Western blotting and indirect 

immunofluorescence staining. The mitochondria in these adipocytes changed their localization 

from scattered throughout the cytoplasm in undifferentiated cells to mainly near the fat vacuoles 

in differentiated adipocytes, and they displayed a low membrane potential, probably owing to the 

abundant presence of UCP1 [40]. Since these data focused on the changes induced by BMP7 

over the differentiation process, evaluation of the same parameters in BMP7-treated cells in 

comparison to non-BMP7-treated cells within the same differentiation stage is still required. In 

another study, the exposure of hBM-MSCs to BMP7 along with T3 and rosiglitazone robustly 

induced UCP1 gene expression in the presence of macromolecular crowding [41], a biophysical 

approach that enhances extracellular matrix deposition [42], compared to those subjected to a 

standard white adipocyte differentiation protocol in the presence or absence of macromolecular 

crowding [41]. However, the expression levels of other brown-related genes such as PRDM16 

and CIDEA as well as mitochondrial mass were not significantly affected [41]. A recent study 

showed that even porcine BM-MSCs were able to respond to BMP7, which enhanced their 

potential for differentiation into brown adipocytes and promoted their response to acute 
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norepinephrine stimulation [43]. Therefore, the browning potential of adipocytes derived from 

BM-MSCs is likely promoted by BMP7 [40,41,43]; however, in vivo evidence is still lacking.  

 

2.4. Thyroid hormone 

Thyroid hormone (TH) negatively regulates MAT expansion but positively regulates 

brown adipocyte marker genes. TH-deficient (Tshr−/−) mice manifest an increase in BM 

adiposity in the tibiae (20%), femur (19%), and lumbar vertebrae (60%) compared to euthyroid 

controls (Tshr+/− mice). Interestingly, administration of T3/T4 to TH-deficient mice reduced 

BM adiposity to levels comparable to those of the euthyroid controls. Therefore, MAT may be 

induced during TH deficiency but decreased during TH replacement [44]. TH can positively 

regulate thermogenic gene markers in different cell models of MAT. Exposure of cultures of 

primary mouse BM-MSCs or ST2 cells to T3 or TH receptor β-specific agonist (GC-1) 

upregulates the expression of several thermogenic markers, such as Pgc1α, P2rx5, and PAT2. In 

addition, administration of GC-1 to Tshr−/− mice reduces MAT volume but induces Ucp1 gene 

expression in the femoral and tibial epiphyses by 149-fold compared to Tshr−/− mice treated 

with a vehicle control [44]. However, it remains unclear whether TH reduces MAT volume by 

shifting the differentiation of BM-MSCs from adipocytes to osteoblasts or by converting marrow 

white into brown/beige adipocytes [44]. 

 

2.5. Rosiglitazone 

Rosiglitazone (Rosi) is one of the thiazolidinediones (TZD), a class of insulin-sensitizing 

drugs that act as agonists for nuclear transcription factor peroxisome proliferator-activated 

receptor gamma (PPARγ) [45]. Rosi can stimulate WAT thermogenesis and tissue weight loss 

[29]. In BM, Rosi promoted MAT expansion during dietary supplementation of mice with Rosi 

at 20 mg/kg/day for 4–8 weeks, causing a significant accumulation of lipids in the tibia [29,46] 

and femur [47]. This effect of Rosi on MAT volume has been observed in both proximal and 

distal MAT [46]. In addition, analyses of total tibial mRNA show higher gene expressions of 

adipogenic markers, such as perilipin, fatty acid synthase, fatty acid binding protein 4, leptin, and 

adiponectin, following Rosi treatment [29,46,47]. However, studies on the effect of Rosi on 

UCP1 expression in BM have yielded mixed results [29,46,47]. Some studies have shown a 

positive effect of Rosi on the gene expression of Ucp1 [29,46] and other brown-related markers 
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including Pgc1α, Prdm16, β3AR, and Foxc2, in murine tibiae [29], while others showed no 

significant effects of Rosi on Ucp1 and type II iodothyronine deiodinase (Dio2) mRNA levels in 

the same tissue [47]. Irrespective of the induction of Ucp1 mRNA in the tibia bones of TZD-

treated animals, its transcription level is considerably lower than that of BAT and WAT [29,46]. 

Moreover, evidence for Ucp1 functional relevance in marrow adipocytes is lacking, and its 

protein expression in BM of TZD-treated animals has been questioned [46]. Therefore, the 

potential of Rosi for altering marrow adipocyte phenotype and stimulating MAT thermogenesis 

remains unclear. 

 

2.6. Foxc2  

The forkhead box c2 (Foxc2) transcription factor plays a key role in upregulating brown 

fat-related markers by sensitizing adipocytes to the β-AR-cAMP-PKA pathway [48]. Adipocyte-

specific overexpression of Foxc2 in mice leads to a lean and insulin-sensitive phenotype [48,49]. 

Enhanced expression of Foxc2 in adipocytes also promotes mitochondrial biogenesis and 

metabolism [50]. Transgenic mice with adipose tissue-specific overexpression of Foxc2 

manifested acquisition of beige phenotype in epididymal WAT, as the Ucp1, Dio2, Prdm16, and 

Adrb3 genes were all upregulated. Interestingly, the number of adipocytes in the proximal tibia 

of these mice was elevated, whereas the average size of these adipocytes was significantly 

smaller than that in wild-type animals. UCP1 immunostaining showed raised UCP1 levels in the 

marrow of the proximal tibia of these transgenic mice compared to the wild-type controls [51]. 

However, this bone area, which is rich in hematopoietic cells, has been shown to exhibit non-

specific staining of UCP1 [17]. Ectopic expression of Foxc2 in immortalized murine marrow-

derived cells committed to the adipocyte lineage induces acquisition of the beige phenotype 

based on the increased expression of several gene markers of brown adipocytes such as Ucp1, 

Dio2, Prdm16, and Adrb3. These induced changes by Foxc2 overexpression are associated with 

an enhancement in insulin sensitivity [51].  

 

3. Conditions affecting MAT browning potentials 

Aging is associated with a decline in brown fat development and function [reviewed in 

[52]]. Although few number of studies have addressed the relationship between aging and MAT 

browning, aging seems to negatively regulate MAT browning [29,53]. Analysis of brown-
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specific gene markers in bone samples of 5- and 26-month-old C57BL/6 mice showed that 

despite the increased number of marrow adipocytes in the bone of 26-month-old animals, the 

expression of brown-specific transcriptional regulators Prdm16 and Foxc2 and the genes 

involved in β-adrenergic signaling, Adrb3 and Dio2, were significantly lower than those in 

younger animals [29]. Based on microarray analysis of isolated marrow adipocytes from older 

mice, age imposes a substantial effect on global gene expression in these adipocytes. The 

majority of altered gene expression in these cells was related to adipocyte differentiation, 

lipolysis, mitochondrial function, lipid metabolism, and inflammation [53]. However, the impact 

of these age-related alterations in the gene expression of BM adipocyte functions on the 

thermogenic program of these adipocytes is still unknown. In addition, the physiological impact 

of age-induced MAT browning alterations is yet to be determined. Furthermore, human 

relevance data on cellular senescence and MAT browning potentials are lacking.   

In addition to aging, metabolic diseases such as diabetes also affect MAT thermogenic 

markers. A bone analysis of yellow agouti diabetic mice (Avy/a strain) showed that although 

Avy/a mice had a larger number of adipocytes in the tibia than their non-diabetic a/a controls, the 

expression of brown-specific gene markers in the tibia of diabetic mice was significantly lower 

than that in non-diabetic controls. Moreover, Rosi failed to stimulate most of the thermogenic 

markers in the whole-tibial RNA of the same diabetic model [29]. The effects of metabolic 

diseases on MAT browning have not yet been firmly established. Additionally, the impacts of 

obesity-associated negative regulators of WAT browning, such as inflammation [54,55], on 

MAT thermogenic gene markers are not known.  

 

4. Effects of adaptive thermogenesis on bone health 

The link between brown fat activation and changes in bone mass has been addressed 

previously. In one study, the relationship between BAT volume and development of the 

appendicular skeleton was examined in children and young adults who were successfully treated 

for cancer. As determined by FDG-PET/CT, the volume of BAT was positively associated with 

the amount of bone and the cross-sectional dimensions of the bone at the midshaft of the femur. 

As a limitation, possible confounding variables known to be regulators of bone, such as the 

degree of physical activity and nutrition, were not examined [56]. In another study, overnight 

exposure of women and men to mild cold temperatures (19 °C) followed by FDG-PET/CT and 
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DXA measurements showed that BAT volume in women, who had higher BAT activity than 

men, was positively correlated with total and spine bone mineral density (BMD), independent of 

age and body composition. Surprisingly, this relationship was not found in men [57]. An 

additional study tested young women with anorexia nervosa, those who had recovered from 

anorexia nervosa, and normal-weight controls, and found that women with cold-activated BAT 

had higher total-body BMD compared to women without active BAT. This positive correlation 

between BAT and BMD remained significant after controlling for disease status and body mass 

index. This positive correlation between BAT and BMD was found in the femoral neck, total hip, 

total body, lateral lumbar spine, and total lumbar spine [58]. Although the mechanism by which 

BAT activation links to bone formation is uncertain, UCP1 appears to be critical for bone mass 

protection. Exposure of UCP1 knockout mice to mild cold temperatures decreased bone mass 

compared to wild-type mice housed at the same temperature. The protective role of UCP1 on 

bone mass in these mice is probably mediated by alterations in the hypothalamic neuropeptide Y 

and sympathetic nervous system activity [59].  

Although a positive correlation between BAT and bone mass has been reported, the direct 

effect of MAT browning on bone health has not been fully examined. One study showed that 

despite the extensive loss of MAT in mice in the proximal tibia upon 21-day cold exposure, 

trabecular and cortical parameters in the tibia remained largely unaffected [19]. In contrast, 

female [60] and male [61] mice housed at thermoneutral temperatures exhibited different 

responses in BM adiposity, but with similarities in protection from premature cancellous bone 

loss compared to those housed at room temperature [60,61]. However, the MAT phenotype was 

not determined in these studies [19,60,61]. One study showed that decreasing MAT volume and 

inducing Ucp1 mRNA in tibia of young female mice by exercise was accompanied by enhanced 

bone formation [47]. Another found that adipose-specific overexpression of Foxc2 in mice, 

which induced UCP1 expression in the proximal tibia, increased trabecular bone mass in the 

proximal tibia and L4 lumbar vertebra. In addition, ectopic expression of Foxc2 in immortalized 

murine marrow-derived cells committed to the adipocyte lineage promoted the expression of 

bone-anabolic factors, including Igfbp2, Wnt10b, Bmp4, and angiopoietin 2. Moreover, culturing 

pre-osteoblastic cells with conditioned media collected from Foxc2-induced beige adipocytes 

showed enhanced alkaline phosphatase activity and osteoblast-specific gene markers [51]. 

Interestingly, MAT with a brown-like phenotype was found to exist in marrow cavities where 
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bone remodeling is active, while MAT with the white-like phenotype was located in non-

remodeling bone of the distal tibia in mature mice [30]. Collectively, the body of evidence 

suggests the existence of bone-forming activity in association with active browning process of 

either peripheral or skeletal adipocytes. However, the bone-anabolic effects of 

endocrine/paracrine factors produced by marrow brown-like cells have yet to be fully explored. 

Advancing our understanding about the relationship between MAT browning and bone health 

holds promise for developing new tools to enhance bone health, especially in conditions 

associated with MAT accumulation.  

 

5. Summary  

Existing knowledge about the browning of MAT remains limited and requires further 

clarification. The MAT browning precursors, transcriptional regulations, metabolic features, and 

physiological impacts are still unclear. Some of the studies relied on analysis based on whole 

bone RNA extracts, which might be affected by the heterogeneity of the bone samples, while 

other studies used UCP1 immunostaining, which might provide false estimates due to its non-

specific binding in some areas of the bone [17]. Progress in this field is hampered by many 

challenges, including current cell models, differing mouse strains, technical difficulties in 

obtaining marrow adipocytes, and ethical considerations with human studies. In vitro studies 

based on BM-MSC-derived adipocytes are widely used, but their ability to recapitulate 

physiologic status is questionable [5]. To obtain a sufficient amount of MAT, some mouse 

strains might be subjected to drugs, such as glucocorticoids and TZD, that may affect the MAT 

phenotype and metabolic response [62]. Regardless of these challenges, understanding the 

capacity of MAT in thermogenesis is still of great importance. MAT browning holds promise in 

targeting MAT accumulation and its related health impacts on bone and body metabolism. The 

contribution of MAT browning in restoring adipogenic/osteogenic balance in conditions such as 

obesity and diabetes is worthy of investigation. Additionally, it is vital to understand the 

systemic advantages of MAT browning and its contribution to overall body metabolism. Finally, 

future work in this area should delineate the biological importance of this organ with respect to 

bone and overall body health. 
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Table 1. Summary of the adipocyte progenitor markers in MAT, WAT and BAT.  

 

  Bone marrow adipocytes  Peripheral tissue adipocytes  

  MAT Ref WAT Ref BAT Ref 

Location  Medullary canal of long bones  [12] 

 

Subcutaneous and visceral [32] Interscapular and 

neck region 

[32] 

 

Lipid droplet  Unilocular [12] 

 

Unilocular [32] Multilocular [32] 

Developmental 

Origin 

 Myf5
−
 progenitors [12] 

 

Myf5
−
/Pax7

−
 progenitors [12] 

 

Myf5
+
/Pax7

+
 

progenitors 

[12] 

 

 

 

 

 

 

Adipocyte 

progenitor 

markers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sca1+, CD13+, CD44−, CD29−, 

CD34−, CD106−, and CD117−
 

 

CD53+, CD80+, CD134+, 

CD141+ and CD212+ 

 

CD45−, CD31−, Sca1+, and 

CD24−
 
(or CD24+) 

 

 

CD45−, CD31−, Sca1−, and 

Zfp423+ 

 

Pdgfrα+, Sca1+, CD45−, and 

Ter119− 

 

LepR+; Osterix+; Hoxa11+; 

Nestin+; Prx-1+ 

 

[63] 

 

 

[64] 

 

 

[9,12] 

 

 

[9] 

 

 

[65] 

 

 

[12,66–

72] 

Lin−, CD29+, CD34+, Sca1+, 

PdgfRa+, and CD24− (or CD24+). 
 

CD31−, CD45−, Ter119−, CD34+, 

CD29+, Sca1+, and CD24+ (or 

CD24−)  

 

Sca1+, CD45

, and Mac1


 

 

Lin−, CD29+, CD34+, Sca1+, 

CD105−, CD117−, CD24+, 

CD90+, Pdgfrα+, CD11b−, 

CD14−, CD31−, CD45−, and 

CD140a− 
 

CD31−, CD45−, CD29+, and 

CD34−, CD34
lo
, or CD34

hi
 

[12] 

 

 

[73] 

 

 

 

[38] 

 

 

[74] 

 

 

 

[75] 

Sca1+, CD45−, 

Mac1− 

 

CD29+, CD31−, 

CD11b−, CD34+ 

 

CD34+, Sca1+, 

CD29+, CD31−, 

and CD45− 

 

Myf5+, Ebf2+, 

Pdgfrα+, and 

MyoD− 

[38] 

 

 

[76] 

 

 

 

[77] 

 

 

 

[78] 
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Figure 1: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Summary Figure on Factors Inducing Browning Phenomenon in Bone Marrow 

Adipocytes. Upon the presence of different thermogenic stimuli, BM-derived adipocyte 

progenitors can either: 1) contribute to peripheral adipose tissue beige adipocyte formation, or 2) 

locally give rise to brown-like adipocytes in the BM cavity. 3) Enhancing WAT browning can 

improve metabolic parameters and adaptive thermogenesis, while 4) the physiological impact of 

MAT browning and its role in hematopoiesis and bone metabolism is yet to be determined. 

MMC, macromolecular crowding; β3-AR, β3-adrenergic receptor; BMP7, bone morphogenetic 

protein 7; TH, thyroid hormone; Rosi, rosiglitazone; WAT, white adipose tissue; MAT, marrow 

adipose tissue.  
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Highlights 

 Bone marrow adipocytes share properties with both brown and white adipocytes. 

 Skeletal adipocytes respond to a number of thermogenic inducers. 

 Aging and diabetes affect the thermogenic program of marrow adipocytes. 

 Brown fat activity positively correlates with bone mass.  
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