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Abstract

Purpose of Review—Bone marrow adipocytes (BMAs) have distinct molecular properties and
physiologic responses depending on their location within the skeleton.

Recent Findings—This concept was introduced in the 1970s and validated more recently in the
contexts of cold exposure, sympathetic tone, hematopoiesis, diabetes, lactation, fasting and caloric
restriction.

Summary—In this brief review, we discuss the concept of regulated vs constitutive BMAsS,
explore their evolutionary and microenvironmental origins, define the site-specific molecular
features of BMAs, and discuss the translational implications of the dual bone marrow adipose
tissue hypothesis.
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Introduction

Bone marrow adipocytes (BMAS) decrease in size and/or number in response to
interventions such as cold exposure, fasting, lactation and anemia (1-6). The magnitude of
these responses depends on the location of the BMAs within the skeleton. This is the core
observation that led to the hypothesis that there is more than one functional category, or
type, of BMAs. However, despite the first publications on this topic more than 40 years ago
(4,5), the field is still working to understand its implications for both skeletal and systemic
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pathophysiology. In this review we will discuss the concept of regulated vs constitutive
BMAs, explore their evolutionary and microenvironmental origins, define the site-specific
molecular features of BMAs, and discuss the translational implications of the dual bone
marrow adipose tissue hypothesis.

Defining regulated vs constitutive bone marrow adipocytes

The initial report of BMA subtypes is credited to Dr. Mehdi Tavassoli and was based on site-
specific responses of BMAs to phenylhydrazine-induced hemolysis in rabbits (4). He wrote
that, “Unlike those of yellow marrow, fat cells of red marrow are in a state of flux. When
hemopoietic tissue expands (...), lipid contained in the fat cells undergoes resorption, and
the fat cell mass is reduced (...). On the other hand, fat cells of the yellow marrow (...) are
not easily displaced by the expansion of hemopoietic tissue” (5). Dr. Tavassoli called these
cells “labile’ and “stable’. This observation of site-specific BMA responses has since been
recapitulated in rodents after 21-day cold exposure or a 48-hour fast (1,3). In addition,
transgenic mice with PTRF deficiency, a model of congenital generalized lipodystrophy,
have differential loss of BMAT (1). In each of these cases, cells within the red,
hematopoietic marrow were decreased in size or depleted while cells in the yellow, fatty
marrow remained relatively unchanged. These cells have since been termed regulated and
constitutive bone marrow adipocytes (rBMA and cBMA) (7,8). Regulated BMAs are
equivalent to Dr. Tavassoli’s ‘labile’ BMAs and defined histologically as single cells
interspersed within the hematopoietic bone marrow (Figure 1). They form gradually
throughout life and accumulate with aging. Constitutive BMAs (also known as “stabile’
BMAGs), by contrast, form early in development, are larger in size, and appear histologically
as densely packed groups of adipocytes with little intervening hematopoiesis (Figure 1).

Regulated BMAs are generally enriched in the proximal and central parts of the skeleton
owing to the hematopoietic nature of these regions. This includes, for example, BMAs in the
area starting above the tibia/fibula junction (in rodents) and extending into the femur, pelvis,
sternum, ribs, and thoracic/lumbar vertebrae (1,9). Constitutive BMAs are enriched in the
distal skeletal regions including the hands, feet, distal tibia, and tail vertebrae (when
present). It is worth noting here that the term “‘enriched’ is key; in higher vertebrates with
larger marrow spaces, it is easy to find areas of the skeleton where regions of rBMAs and
cBMAs exist side-by-side. In rabbits, for example, cores of cBMA-like yellow marrow run
through the center of the femur and tibia (10,11). This core is surrounded by a ring of red
marrow with interspersed rBMAs which is then encased by the cortical bone. In humans, it
is well established that during development, yellow marrow fills into mid-diaphysis of the
femur of the mature adult (9,12). However, it is unknown if the endocortical ring of rBMA-
enriched red marrow is present. This point requires further clarification and could have
implications for both hematopoiesis and cortical bone turnover. In Tavassoli’s experiments
with rabbits, for example, the outer rBMAs of the femur and tibia were preferentially
depleted with phenylhydrazine while the core cBMAs extending through the mid-tibia were
preserved (5). It remains unclear whether one BMA subtype represents a more immature
version of the other, whether they are derived from distinct lineages, or whether their unique
responses are simply a product of their divergent microenvironments.
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Adipocyte size is a commonly reported biological variable, which reflects relative rates of
lipid storage, release and utilization. In rodents and rabbits, the size of the BMAT adipocyte
is notably constrained relative to that of peripheral white adipose tissues (1,3,9). In rats and
mice, the average size of rBMAs is consistently smaller than cBMAs (1,3). In addition,
relative to cBMAs in the tail vertebrae, rBMAS in the distal femur of mice have an increased
number of small, accessory lipid droplets in the peripheral cytoplasm around their core
unilocular lipid globule (3,13) (Figure 1). This increase in lipid surface area may be
important for enhancing the responsiveness of rBMAs to lipolytic stimuli. In rabbits, similar
size BMAs were found throughout the femur, tibia, humerus, radius, and ulna (11).
However, unlike the work in rodents, the analysis regions were not oriented to red marrow
and may have included the core cBMAs in addition to the rBMAs near the endocortical
surface (11). Thus, in addition to clarifying species-specific effects of mechanical loading,
nutrition, hormonal regulation, etc - it will be important to distinguish between these areas to
map region-specific BMA-responses.

Which came first — cell autonomy or microenvironment?

Our findings to date raise the question: in the early stages of differentiation, were all BMAs
the same? Conversely, if taken out of their microenvironmental context, does one BMA
become equivalent to another? In vertebrates, bone marrow adipose tissue (BMAT) first
evolved in the bony fishes, presenting simultaneously in skeletal regions with adjacent
hematopoiesis (rBMA-like) and without (cBMA-like) (reviewed in (14)). Beyond fish,
BMAs are present in all higher vertebrates studied to date including amphibians, reptiles,
birds, and mammals (14). This suggests that, from an evolutionary perspective, all BMAs
appeared around the same time — though some were introduced into hematopoietic-rich
contexts while others were relegated to purely osseous portions of the skeleton. In mammals
such as rabbits, regions of cBMAs and rBMAs are defined at birth, even before lipid
accumulation in the adipocytes, and are distinguished by their general architecture and
differences in cellularity (10). This suggests that the BMA progenitors, particularly in areas
of yellow marrow, are patterned embryonically. Experiments which transplant whole red or
yellow bone marrow to ectopic sites further support this concept. Transplantation initiates a
regenerative process which mimics de novo bone marrow development, including re-
derivation of mature cells (15). In this setting, transplantation of rBMA-rich red marrow
results in formation of a hematopoietic bone marrow nodule (15,16). Conversely,
transplanted cBMA-rich yellow marrow develops, once again, into a fat-filled bone nodule
in which BMAT adipocytes displace the hematopoiesis (15,16). This suggests that there
exists inherent developmental patterning to the nature of the BMAT niche that is preserved
even after transplantation (10,15,16).

The BMA progenitor was originally defined microscopically as a perivascular cell (17).
BMA progenitors have since been characterized as derived from non-hematopoietic
(CD45-), non-endothelial (CD31-) lineages expressing factors including osterix, Scal and
leptin receptor (18-20). In the adult mouse, BMA progenitors are distributed throughout the
limb skeleton (18). However, despite their generalized presence, rBMAs have been shown to
accumulate preferentially in the metaphyses and along the endocortical surface of the
diaphysis during aging and high-fat diet-induced expansion (1,21). This suggests that local
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regulatory signals, in addition to the presence of appropriate progenitors, are necessary to
drive differentiation of mature BMAs (18). Lastly, work by Mizoguchi ef a/implies that
cBMAs, which begin to fill with lipid days after birth (9,22), may be derived initially from a
transient, primitive wave of progenitor stem cells, while rBMAs may differentiate
throughout life from a definitive adult progenitor population (19). That said, there must be a
persistent source of cBMA progenitors that can be recruited during aging and turnover and
more work is needed to clarify this point and the turnover rates of both rBMAs and cBMAs.
Taken together, published evidence to date suggests that rBMAs and cBMAs are
evolutionarily similar in that they both appeared in vertebrates around the time that
hematopoiesis was relegated to the skeleton. However, they may derived from unique
embryonic and adult progenitor pools. Moreover, the development of new BMAs and their
phenotypic specification undoubtedly depends on factors within the local microenvironment.

Do functional demands dictate divergent responses within bone?

In addition to possible differences in progenitors, the distinct features of the rBMA and
cBMA microenvironments likely dictate the unique biochemical and physiologic properties
of these cell types. Three-dimensional electron microscopy of the BMA niche reveals
intimate associations of rBMAs with endothelial-lined vasculature, erythroblast islands, and
myeloid/granulocyte-lineage cells in addition to extension of endoplasmic reticulum and
lipid droplet-rich cytoplasm toward osteoblast-lined bone surfaces (13) (Figure 1). These
interactions connect the BMA to peripheral tissues through the systemic circulation and also
to a diverse set of cells within the local microenvironment. It has been estimated that one
rBMA is capable of interacting with over 100 hematopoietic cells both through direct cell-
cell contact and indirect interactions with core macrophages of the erythroid islands (13).
Indeed, maintenance of the rBMA niche is critical for physiologic myelo-erythroid
maturation (23). This helps to explain why increasing the bioenergetic needs of one cell
type, for example during acute anemia, results in lipid hydrolysis by the rBMA and an
overall decrease in cell size (2). By contrast, lack of an appropriate stimulus contributes to
increased lipid esterification and storage, leading to BMAT expansion. Indeed, it is easy to
envision Tavassoli’s concept of lipid ‘flux’, with rBMAs serving as an energy-rich hub
within the stromal-reticular network of the bone marrow.

By contrast, cBMAs are densely packed, closely associated with one another with little
intervening hematopoiesis (1,5). Evolutionary analysis and lineage tracing reveal that BMAT
adipocytes are more similar to WAT adipocytes than to brown adipose tissue (BAT) (14,18).
Specifically, both BMAs and WAT adipocytes are present in diverse vertebrate species
including fish, amphibians, reptiles, birds and mammals (14,24). This is unlike brown
adipose tissue which is only present in mammals (24). In birds, for example, thermogenesis
is generally relegated to the muscle (25). However, despite its similarities to WAT, traditional
lipolysis-stimulating signals including acute fasting and caloric restriction fail to mobilize
the energy reserves of cBMAs, contributing to the concept that BMAs make up a distinct
adipose tissue depot (3,11,26-29). Spatially, when compared to rBMAs, the opportunities
for energy utilization by cBMAs are further limited by lack of ‘needy’ surrounding cell
populations. The mechanisms underlying their robust resistance to peripheral stimuli remain
unknown, however, this may be an important evolutionary survival mechanism (30). Indeed,
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it has been proposed that cBMAs protect the body from death, providing a last resort energy
reserve during the final stages of starvation (30).

Constitutive BMAs generally exist in environments that have decreased amounts of
hematopoiesis, however, recent evidence suggests that, like rBMAS (31), they are capable of
supporting blood cell production and hematopoietic progenitor maintenance (32).
Transplantation experiments further demonstrate that cBMAs can take on an rBMA-like role
of hematopoietic support in ectopic bone marrow explants or developing tail vertebrae when
the appropriate stimuli are applied (33). This includes simultaneously increasing the
temperature of the cBMA region in addition to sustained induction of hematopoiesis with
phenylhydrazine (4,33,34). These interventions are much more effective in developing
cBMAs, for example in young vertebrae or regenerating transplants, suggesting that the
phenotypic fate of the cell is more plastic early in differentiation. To date, there is no direct
evidence of rBMAs obtaining a cBMA-like phenotype. However, during BMAT expansion
in the proximal tibia and femur the number of cells often increases and displaces
hematopoiesis, histologically resembling constitutive BMAT. Additional work is needed to
clarify the molecular properties of the BMASs in these pathophysiologic states.

The composition of the BMAT extracellular matrix (ECM) may also dictate its response to
peripheral cues (reviewed in (14)). The ECM interacts with cellular receptors such as
integrins to activate intracellular signaling pathways and establishes local signaling gradients
in both time and space by sequestering (or presenting) molecules like growth factors and
cytokines to cell surface receptors. The mechanical rigidity of the matrix also mediates cell
spreading and motility. Whole human BMAT from tibia or the 15t metatarsal (also known as
cBMA-enriched ‘yellow marrow’) has a liquified, jelly-like consistency that does not hold
its shape after removal from the bone marrow cavity (personal observation). By contrast,
subcutaneous WAT is springy and rubbery with defined lobules, which maintain their
morphology after isolation. This may be due to the fact that WAT is rich in collagenous
matrix while whole BMAT is not (13,35,36). The impact of these unique matrices on BMAT
function and resistance of the cBMAS to dissolution remains unknown.

Molecular differences between types of bone marrow adipose tissue

This subsection will review what we know about site-specific differences in the molecular
cell biology of the BMA, including secretory profile, receptor expression, intracellular
signaling pathways, lipid composition, and gene expression.

Fatty Acid and Protein Secretion

BMAs are secretory cells, capable of modifying the actions of both surrounding cells and
distant tissues (reviewed in (8,37,38)). This point is exemplified in electron micrographs
which reveal that BMAs extend endoplasmic reticulum-rich processes toward regions of
cellular activity in the bone marrow (13). Vascular catheterization experiments also show
that bone marrow contributes free fatty acids to the peripheral circulation at baseline and
after stimulation with isoproterenol, presumably through induction of lipolysis by BMAs
(39). In addition to fatty acids, BMAs have been shown to secrete factors such as
adiponectin, leptin, stem cell factor (SCF) (32), and RANKL (40) (reviewed in (38)).
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However, it remains relatively unknown whether the secretory profile of rBMAs and cBMAs
is distinct. Three observations of site-specificity, or lack thereof, exist to date. First, it was
reported that secretion of SCF by BMAT adipocytes provides crucial support for
hematopoietic progenitor cells (32). Though absolute amounts of secreted SCF per cell were
not quantified, this was true in both limbs and tail vertebrae, implying similar mechanisms
of SCF-mediated hematopoietic support by rBMAs and cBMAs (32). Second, cursory
observations of whole human BMAT explants showed that adiponectin expression was
higher from tibial BMAT relative to peripheral WAT (26). By contrast, adiponectin
expression in femoral BMAT was similar to WAT (41). This may indicate that cBMAs have
higher adiponectin production than rBMAs. Third, work with isolated rat adipocytes reveals
that acute adrenergic-stimulated glycerol release, a marker of triacylglycerol breakdown via
lipolysis, was greater in rBMA-like cells from femur and proximal tibia than in cBMAs
from the tail vertebrae (3). This may be due to the increased numbers of small lipid droplets
in the peripheral cytoplasm of rBMAs which increases the surface area available for
intracellular lipases (13,42). Together, these results show situations in which secretion is of
similar effect (SCF), increased in cBMAs (adiponectin), or increased in rBMAs (fatty acids).
This reinforces the notion that each BMA is capable of releasing a diverse, but likely well-
defined, set of secreted factors that is dependent on local and systemic needs.

Surface receptors and intracellular signaling

Lipids

Lipid storage and breakdown in adipocytes is controlled by pathways including insulin and
B-adrenergic signaling, respectively.

Intraperitoneal injection of insulin for 15-minutes causes phosphorylation of Akt at serine
473, but not threonine 308, in distal tibia BMAT (rat) or whole tail vertebrae (mouse)
(E.L.S., personal observation). Conversely, deficiency of the insulin receptor in BMAT
adipocytes with adiponectin-cre causes a ~50% reduction in BMA volume within the distal
tibia due to a decrease in adipocyte size (43). These results demonstrate that BMAS in the
assessed regions are capable of responding to insulin and require insulin signals for maximal
lipid storage. Regulated BMASs in the proximal tibia and/or femur were not examined in
these reports. Thus, potential differences in insulin responsivity between regulated and
constitutive BMAS remain unknown. While insulin promotes lipid storage, B-adrenergic
signals induce lipolysis, lipid droplet remodeling, and fatty acid release. This has been
shown to occur more readily in rBMAs when compared to cBMAs as discussed above (3). It
is worth noting, however, that the BMA response to adrenergic stimuli /7 vivoand ex vivois
significantly less than the response by iWAT regardless of skeletal site (3). This implies that,
as a population, BMAT is less susceptible to conventional lipolytic stimuli through -
adrenergic receptors and is consistent with the documented resistance of BMAs, particularly
in constitutive regions, to fasting (3,11,26-29). Future work is needed to define the receptors
and/or signals that can stimulate maximal BMA lipid hydrolysis.

Performic acid Schiff (PFAS) lipid staining maps a spatial profile for rBMAs (PFAS
positive) and cBMAs (PFAS negative) in rabbits that is consistent with developmental
patterns (5,10). Specifically, in rabbits, PFAS negative cBMAs are located in the distal tibia
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and the central core of adipocytes which extends through the center of the proximal tibia and
the femur; PFAS negative cBMAs are also found in the tarsal bones of the foot (5). By
contrast, also in rabbits, PFAS positive rBMAs are located throughout the red marrow-filled
bones including the ribs, sternum, lumbar/thoracic vertebrae, proximal end of the femur and
along the length of the femur near the endosteum (5). During phenylhydrazine-induced
hemolysis, PFAS positive rBMAs are depleted while PFAS negative cBMAs are retained (5).
The PFAS stain was originally thought to be based on the proportion of unsaturated lipids.
However, in rats, lipidomic analysis of isolated, purified BMAs shows that rBMAS have an
increased proportion of saturated fatty acids while cBMAs have increases in unsaturated
lipid species (1). This is opposing Tavassoli’s initial interpretation of the PFAS stain but may
be explained by inaccurate assumptions about the PFAS stain mechanism at the time (5).
Indirect analyses of lipid composition in humans with 1H-MRS further reinforce the notion
that lipid saturation in bone marrow is highest in rBMA-enriched skeletal regions of the
femur relative to the cBMA-enriched distal tibia (1). Increases in bone marrow lipid
saturation (measured indirectly with 1H-MRS) have since been observed in patients with
osteoporosis, fragility fractures, and type 2 diabetes mellitus (44-46), indicating that this
may serve as a biomarker of disease and/or play a direct role in disease pathogenesis.
However, a limitation of this measurement is that it encompasses both intracellular BMA
lipid and lipid in the marrow serum, which may have unique patterns of saturation with
divergent implications (47).

Gene expression

To date, gene expression has been compared between purified, primary BMAs and WAT
adipocytes in mice (48,49), rats (1) and humans (31,50). These studies show that BMAs
express key adipogenic transcription factors including PPAR+y, C/EBPa, and C/EBPB and
target genes including GAPDH, lipoprotein lipase, adiponectin, FABP4, and leptin (50). A
small-scale, but direct comparison of purified rBMA and cBMA gene expression in rats
revealed that expression of PPARy was similar between the BMAs regardless of skeletal
site, but expression of C/EBPa and C/EBP was elevated in cBMAs from tail vertebrae (1).
BMAs have also been consistently found to express genes Dio2 and CIDEA which are more
characteristic of brown or beige adipocytes (50-52). Though their functional similarity to
beige adipocytes remains controversial, it seems clear that BMAs have a unique genetic
signature relative to WAT and BAT. For example, higher levels of desaturases are reportedly
expressed by cBMAs relative to iWAT adipocytes — potentially contributing to increases in
lipid unsaturation (1). Changes in gene expression of the pool of BMAs from tibia and
femur with aging or obesity may also provide clues about region-specific signatures. Though
it is a point that requires additional clarification, we hypothesize that age- and diet-
associated cells are rBMA-like. In aged mice (12- and 18-months old), for example, BMAs
within the limbs collectively have increased expression of genes involved in fatty acid
synthesis and lipolysis, indicative of increased capability for lipid turnover (48). Similarly, in
obesity, upregulation of genes including hormone sensitive lipase and the p2-adrenergic
receptor were noted in the pool of limb BMAs after 6-months of high-fat diet relative to
control chow, indicating potential for enhanced adrenergic responsivity (49).
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Translational implications of the dual BMAT hypothesis

Spatial patterning of rBMAs and cBMAs is a defined developmental event which is
conserved in vertebrate species ranging from fish and amphibians to birds and mammals
(10,14). The skeleton is not the primary site of hematopoiesis in fish, implying that BMAT
may have developed to balance bone formation in addition to hematopoiesis. During
development, BMA expansion (presumably cBMA-like cells) is positively associated with
bone accrual. By contrast, regions of rBMAs form gradually throughout life and
accumulation of BMAT with age and disease has been associated with bone loss and fracture
risk. In at least some circumstances, osteoblasts and BMAs are derived from the same
progenitor population (reviewed in (53)), and PPAR~y phosphorylation acts as a key fate
switch in this process (54). In addition to exhaustion of the progenitor pool, correlations
between pathophysiologic BMAT acquisition could also reflect direct actions of rBMASs on
the skeleton. For example, through increases in pro-osteoclastogenic cytokine secretion (55)
or inhibition of osteoblast formation (56). Tumors also tend to metastasize to regions of red
marrow, and thus regions of rBMAs (12). These adipocytes may represent a more readily
accessible fuel source for tumor growth than cBMAs. This is evidenced by recent work
showing that a higher frequency of small BMAT adipocytes correlates with myeloma
occurrence and drug resistance (57), implying that myeloma tumor cells can utilize BMAT
adipocytes to fuel their growth. Thus, pharmacologic intervention to inhibit BMAT
expansion or the pathologic features of BMAs, making them more inert and/or cBMA-like
while still preserving their hematopoietic-supporting capabilities, may limit disease
progression and promote healing.

Conclusions

The main advantage of the dual BMAT hypothesis is the recognition that BMAS exist in
multiple states, some of which provide positive and potentially critical support to the body.
Incorporating this concept into our work and cataloging any divergent responses will help to
determine when and where to deplete or regulate BMAs to promote overall skeletal and
systemic health. Though it seems indisputable that BMAs behave differently depending on
their surroundings, there are key limitations. Assignment of a regulated or constitutive
designation to regions of BMAs is convenient, but is likely an over-simplification of overall
BMAT physiology. Future work is needed to define the spectrum of cellular morphology and
biochemistry that defines BMA physiology in states of health and disease. In addition, a key
step moving forward will be to determine if, when and where BMAs evolve from necessary
to detrimental, and whether BMAs can be harnessed to promote local or systemic health.
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Figure 1. Regulated vs constitutive bone marrow adipocytes
Regulated bone marrow adipocytes (rBMAS) exist in a highly cellular, generally peri-

vascular niche which contains a diversity of populations including: (1) endothelial cells and
perivascular progenitors, (2) osteoblasts and bone lining cells, (3) granulocyte/macrophage
lineage cells, and (4) erythroblast islands. In addition to releasing fatty acids into the
bloodstream, these diverse surrounding populations represent possible utilizers of BMA
energy reserves (arrows outward). By contrast, constitutive BMAS are located in a relatively
homogeneous niche that is packed with adipocytes and relatively inaccessible to
hematopoietic and osteogenic cell populations. It remains unclear when and where the lipid
from the cBMA:s is utilized, however, evidence to date suggests that these cells may serve as
a last-resort energy reserve in times of tertiary starvation.

Curr Mol Biol Rep. Author manuscript; available in PMC 2019 March 01.



	Abstract
	Introduction
	Defining regulated vs constitutive bone marrow
adipocytes
	Which came first – cell autonomy or microenvironment?
	Do functional demands dictate divergent responses within bone?
	Molecular differences between types of bone marrow adipose tissue
	Fatty Acid and Protein Secretion
	Surface receptors and intracellular signaling
	Lipids
	Gene expression

	Translational implications of the dual BMAT hypothesis
	Conclusions
	References
	Figure 1

