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Abstract The formation of brown, white, and beige adipo-
cytes has been a subject of intense scientific interest in recent
years due to the growing obesity epidemic in the USA and
around the world. This interest has led to the identification and
characterization of specific tissue-resident progenitor cells that
give rise to each adipocyte population in vivo. However,
much still remains to be discovered about each progenitor
population in terms of their “niche” within each tissue and
how they are regulated at the cellular and molecular level
during healthy and diseased states. While our knowledge of
brown, white, and beige adipose tissue is rapidly increasing,
little is still known about marrow adipose tissue and its pro-
genitor despite recent studies demonstrating possible roles for
marrow adipose tissue in regulating the hematopoietic space
and systemic metabolism at large. This chapter focuses on our
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current knowledge of brown, white, beige, and marrow adi-
pose tissue with a specific focus on the formation of each
tissue from tissue-resident progenitor cells.
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Introduction

Adipose tissues are heterogeneous organs distributed through-
out the body that have important endocrine and metabolic
roles. Due to the their functions in storing (white adipose
tissue (WAT)) and burning calories (brown adipose tissue
(BAT) and beige adipocytes) in the form of lipids, significant
research has focused on understanding the mechanisms con-
trolling WAT, BAT, and beige adipocyte formation. In recent
years, significant advances in our knowledge about the cellu-
lar and developmental ontogeny of adipose tissue have shown
that each of these three tissues are derived from developmen-
tally distinct lineages and progenitor cells. This knowledge is
now allowing for directed studies on understanding the mo-
lecular mechanisms regulating the formation and function of
each tissue in vivo, with hopes for identifying targeted thera-
pies for obesity and other metabolic diseases.

While our knowledge of WAT, BAT, and beige adipocyte
has grown significantly in recent years, our knowledge of the
development and metabolic significance of marrow adipose
tissue (MAT) is comparatively primitive. However, recent and
ongoing studies point to a distinct ontogeny and genetic sig-
nature of MAT. Additionally, MAT is becoming more and
more appreciated as an endocrine organ with the ability to
affect systemic metabolism, highlighting the importance of
understanding the role of this often neglected adipose tissue
in metabolic disease. In this chapter, we will discuss the
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unique features of WAT, BAT, MAT, and beige adipocytes
with specific focus on their development from distinct
tissue-resident progenitor cells.

White Adipose Tissue

White adipose tissue serves as both the body’s major lipid
reservoir and as an important endocrine organ that regulates
systemic metabolism [1]. As an organ, WAT is relatively
unique in that it is dispersed throughout the body in several
distinct depots. WAT depots can be primarily separated into
subcutaneous (SWAT) depots residing directly beneath the
skin and visceral (VWAT) depots located within the abdomi-
nal cavity surrounding internal organs [2]. Regardless of loca-
tion, each WAT depot is composed of a heterogeneous mixture
of cells including immune, endothelial, and stromal popula-
tions as well as adipocyte lineage cells [3].

Within the adipocyte lineage, mature white adipocytes are
terminally differentiated postmitotic cells that comprise the
majority of WAT volume. The endocrine and metabolic func-
tions of WAT are primarily carried out by white adipocytes,
which store lipids in a large unilocular lipid droplet that fills
the majority of the cell. In times of caloric deficit, white adi-
pocytes catabolize stored lipids and release triglycerides into
the circulation as an energy source for other tissues [4].
Additionally, white adipocytes secrete a number of hormones
including adiponectin, resistin, leptin, TNF e, and IL-6, which
affect insulin sensitivity, inflammation, and feeding [1, 5].
Because of the central role of white adipocytes in regulating
several metabolic processes and the marked expansion of
WAT in obesity, regulation of adipocyte function and forma-
tion are potential therapeutic targets for obesity, type II diabe-
tes mellitus, and cardiovascular disease.

The formation of mature adipocytes is accomplished at the
cellular level through the differentiation of upstream adipocyte
lineage cells, termed adipocyte precursors. Adipocyte precur-
sors have been characterized in mice as tissue-resident cell
populations with either small or large in vivo adipogenic ca-
pacity. Early adipocyte progenitors (APs) are characterized by
the cell surface phenotype CD45-: CD31- (Lin-): CD29+:
CD34+: Sca-1+: PdgfRo+: CD24+, and have high adipogenic
capacity as demonstrated by their ability to generate an entire
functional WAT depot following in vivo transplantation [6°].
Pre-adipocytes are an intermediate population of adipocyte
precursors generated from the differentiation of APs [7¢].
Pre-adipocytes share the same cell surface phenotype as
APs, with the exception of being negative for expression of
CD24 [7., 8, 9]. Whereas APs have high adipogenic capacity,
pre-adipocytes have much lower adipogenic capacity as dem-
onstrated by the formation of only small numbers of adipo-
cytes following in vivo transplantation [7e, 8]. In adults, the
abundance of each precursor population is inversely
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correlated to their adipogenic capacity as APs are a rare cell
population that comprise less than 0.1 % of all stromal vascu-
lar fraction (SVF) cells (the heterogeneous mixture of all non-
mature adipocyte cells within WAT) within WAT depots,
while pre-adipocytes represent between 15 and 35 % of
WAT SVF cells by flow cytometry [6e, 7, 8]. During early
development in mice, connective tissue at the site of WAT
formation is filled with CD24+ APs that eventually give rise
in situ to both CD24- pre-adipocytes and mature adipocytes
[7+, 10]. While adipocyte precursors with in vivo adipogenic
capacity have yet to be identified in humans, several similar-
ities exist between murine and human WAT development.

In both mouse and human, white adipose tissue (WAT)
forms early in life. In humans, lipid-filled subcutaneous white
adipocytes first arise during the second trimester [11] with
developed SWAT depots being present at birth [11-13]. In
mice, lipid filled inguinal SWAT adipocytes are observed con-
comitantly with birth and a distinguishable SWAT depot de-
velops within 24 h [10]. Murine VWAT develops shortly after
murine SWAT as lipid-filled visceral white adipocytes become
present on postnatal day 7 [14]. Less is known about human
VWAT development, except that some human VWAT does
not develop until after birth and there is little VWAT in non-
obese humans at puberty [15—17]. Therefore in both species,
SWAT forms at or prior to birth and VWAT forms shortly after
birth.

The origin of WAT and adipocyte precursors has been a
subject of debate for several years. Since the early 1900s when
adipocytes were first observed within condensations of loose
connective tissue during early development, WAT was as-
sumed to be derived from a mesenchymal lineage [11].
However, publications over the last decade have proposed
endothelial, hematopoietic, and pericyte origins for adipocyte
lineage cells [9, 18-20]. While multiple lineages have been
proposed, more recent lineage tracing of adipocyte lineage
cells using the double fluorescent mT/mG reporter mouse line
demonstrated that white adipocytes and adipocyte precursors
are not of endothelial or hematopoietic origin, but are traced
by expression of the primarily mesenchymal marker PdgfRo«
in adipocyte progenitors [7¢]. Inconclusive results have been
published about the in situ location or “niche” of adipocyte
progenitors. Pericytes are exclusively perivascular cells, and
much of the hypothesis of the pericyte origin of adipocytes is
based on observations that cells with markers of APs can be
found along the vasculature [9]. Despite the high vascularity
of WAT, it has also been reported that only a fraction of cells
with markers of APs are found in close proximity to blood
vessels [7¢]. Therefore, the ontogeny of WAT and the AP
niche are still a matter of some debate. As no exclusive marker
of APs has yet been identified, it is possible that the currently
recognized population of CD24+ APs is a heterogeneous pop-
ulation and that the markers currently available are therefore
not specific enough to identify the true AP niche.
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Brown and Beige Adipose Tissue

Brown adipose tissue (BAT), like WAT, is found in discrete
depots. However, the number and size of BAT depots is less
than that of WAT depots. BAT develops during embryonic
differentiation, before other adipose tissue depots. In mice,
the majority of BAT resides in a single depot in the
interscapular space (interscapular, axillary, and cervical pads)
surrounded by back muscles. Because BAT develops early in
life, it is most prominent in human newborns and was thought
to disappear by adulthood. The pronounced presence in new-
borns is related to its major function of heat production, which
is central for survival of small mammals, especially in the
cold. Brown adipocytes in BAT contain large numbers of mi-
tochondria that contain uncoupling protein-1 (UCP1). UCP1
disrupts the electrochemical proton gradient that drives ATP
synthesis during oxidative phosphorylation by allowing the
transport of protons across the inner mitochondrial membrane
without passage through ATP synthase. The result is the burn-
ing of substrates (primarily stored triglycerides) to generate
heat with little ATP production. The heat generated by BAT
is distributed throughout the body via the circulation. The
interscapular space contains large numbers of blood vessels
to facilitate this heat transfer. It was thought for many years
that BAT was not present in adult humans, or if present, there
was too little to affect overall metabolism. Using more sophis-
ticated PET/CT imaging, this perception changed a few years
ago when UCP1-expressing adipocytes were discovered in the
supraclavicular region in adults and positive uptake of FDG
was noted during scanning in that same region [21, 22¢, 23].
The majority of brown adipocytes arise from progenitor
cells in the developing embryonic mesoderm. Using in vivo
lineage tracing, brown adipocytes develop from skeletal mus-
cle precursors that express Myf5, Pax7, and Engrailed [24e,
25, 26]. This is important because until these studies, Myf5
and Pax7 were thought to be expressed only in the myocyte
lineage. Furthermore, PRDM16 (PRD-BF1-RIZ1 homolo-
gous domain containing 16) is a zinc finger containing tran-
scription factor that regulates the cell fate between brown ad-
ipocytes and skeletal myocytes in vitro and is at least required
for the maintenance BAT in vivo [24¢, 27, 28]. Knockdown of
PRDM16 using shRNA in brown adipocyte precursors
in vitro caused the selected loss of genes expressed in brown
fat (Ucp1, Cidea, Elovi 3). Reduction of PRDM16 in the same
cells resulted in a marked increase in the expression of genes
associated with myogenesis (Myod, myogenin, and myosin
light chain, muscle creatine kinase) [24¢]. Conversely, expres-
sion of PRDM16 in myoblasts resulted in their differentiation
into brown adipocytes. Using a cre-lox system, PRDM16 was
deleted in brown adipocyte progenitors and skeletal muscle
in vivo [28]. While this conditional knockout did not affect the
development of BAT, the size of the BAT depot increased as
the mice aged. However, the increased size was not due to

increased numbers of multilocular brown adipocytes, but rath-
er the conversion of brown adipocytes to unilocular white
adipocytes within the BAT depot (a phenomenon called
“whitening”). This whitening correlated with a decrease in
BAT-specific genes and an increase in WAT-specific genes
[28]. The combination of in vitro and in vivo data suggests
that PRDM16 regulates both the formation of brown adipo-
cytes from early mesodermal Myf5 expressing precursors and
the maintenance of brown adipocyte function in adults, but
that biological redundancy prevents PRDM16 from being
necessary for the early fate switch in vivo [28].

Unlike BAT or WAT, beige adipocytes are not found in
discrete depots but rather interspersed within WAT, especially
in the subcutaneous inguinal depot. “Browning or beiging” of
white adipose tissue is induced by cold exposure or other
stimuli (i.e., 3 adrenergic) that increase sympathetic tone
[29]. Beige adipocytes are multilocular, contain large numbers
of mitochondria, and express brown fat genes (i.e., Ucpl,
Pgclo, Cidea). PRDM16 is expressed in WAT depots and
more in those that beige (i.e., inguinal) [30°].
Overexpression of PRDM16 in adipose tissue induces beige
adipocyte differentiation in WAT and functions to block high-
fat diet-induced weight gain and improve glucose tolerance
[30e].

The origin and development of beige adipocytes is less
well described than that of brown or white adipocytes. Beige
adipocytes and their progenitors do not trace with Myf3, sug-
gesting they come from a lineage distinct from brown fat [24,
31]. To better define the origin of beige adipocytes, adipogen-
esis was followed using a newly developed mouse model that
allows the permanent labeling of mature adipocytes with LacZ
and is inducible (AdipoChaser) [32]. Browning of subcutane-
ous white fat in AdipoChaser mice by cold exposure shows
that most beige adipocytes arise from a precursor population
rather than from preexisting adipocytes [32]. Using limiting
dilution analysis of the stromal vascular fraction of subcuta-
neous inguinal WAT, two kinds of adipocyte precursors were
identified, white and beige [33¢]. However, only the beige
precursors assumed a thermogenic gene profile in response
to 3-adrenergic agonist. In addition, beige precursors could
be separated from WAT precursors by expression of the cell
surface proteins CD137 and transmembrane protein 26, which
can be used to enrich for these precursors. These data suggest
that beige and white adipocytes are distinct. However, this
remains controversial. Others have reported that unilocular
white adipocytes can transdifferentiate into beige adipocytes
in response to cold or 3-adrenergic agonist [29]. More recent-
ly, using a variety of reporter mice for lineage tracing and
translating ribosomal affinity purification (TRAP) data sug-
gest that Myhll (a selective maker for smooth muscle-like
cells) expressing cells differentiate into mature beige adipo-
cytes, indicating the smooth muscle origin of beige but not
brown adipocytes [34, 35]. Taken together, these data suggest
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that both brown and beige adipocytes are important in regu-
lating thermogenesis and whole animal metabolism. Both
types of adipocytes share a set of genes associated with energy
expenditure, although they also express unique genes, sug-
gesting they are distinct. Because of their ability to influence
whole body metabolism, they are primary targets to regulate
obesity, glucose sensitivity, and cardiovascular disease.

Bone Marrow Adipose Tissue

Bone marrow (BM) is an extremely complex heterogeneous
mixture of hematopoietic, immune, and skeletal lineage cells.
Each cell lineage is represented within BM by cell populations
that extend from true stem cells to mature functional effector
cells. Early in life, the BM is “red” as it is predominantly
occupied with hematopoietic cells. Development of BM adi-
pocytes leads to “yellow” fatty marrow that replaces the “red”
marrow within long bones of humans and mice at the time of
peak bone acquisition and at other skeletal sites such as the
spine later in life [36, 37]. Anecdotally, the yellow color of
marrow adipose tissue (MAT) is distinct from white or brown
adipose tissue especially in humans, suggesting it might be
different than these other depots. One explanation for this
difference may be the number of mitochondria in each type
of adipocyte as white adipocytes have very few, brown adipo-
cytes have many, and BM adipocytes have an intermediate
number [38]. While BM adipocyte number increases as a re-
sult of normal aging, there are other known inducers of mar-
row adiposity. Commonly used drugs such as glucocorticoids
and thiazolidinediones induce progressive marrow adiposity
accompanied by rapid bone loss [39]. Mice fed for 8—12 weeks
with a diet containing rosiglitazone, a potent PPARyagonist
that increases the sensitivity of cells to insulin, develop large
numbers of BM adipocytes found extending through the meta-
phases into the diaphysis [40¢, 41]. Rosiglitazone-induced ad-
ipogenesis is also associated with bone loss [41]. High-fat diet
(HFD), irradiation, altered states of metabolism (e.g., calorie
restriction and anorexia nervosa), gene mutations (e.g., loss of
Ebf1), strain differences, and estrogen deficiency all can lead
to increased MAT.

Mesenchymal lineage cells including mesenchymal stem
cells, stromal cells, osteoblasts, and adipocyte lineage cells
also inhabit the BM [42e, 43]. Culture of mesenchymal stro-
mal cells from whole BM resulted in the identification of
fibroblast colony-forming units (CFU-F) that were self-
renewing and had the capacity to differentiate into all mesen-
chymal lineage cells [44]. Osterix] (Osx1) is a transcription
factor required for osteoblast differentiation that is expressed
immediately downstream of Runx2. Deletion of osx/ results in
an early arrest in osteoblast differentiation [45¢]. Using lincage
tracing in fluorescent reporter mice Osterix+ cells have been
shown to trace osteoblast lineage and BM stromal cells at
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different stages of mouse BM development [46¢]. In a separate
set of experiments, the majority of CFU-Fs (94 %) were traced
with the leptin receptor (LepR) [47¢]. These LepR+ cells also
traced with Nestin, which is also found on CFU-Fs [47¢].
Leptin+ cells traced most adipocytes and osteoblasts in adult
BM. LepR+ cells have also been reported to trace BM stromal
cells that support hematopoietic stem cell maintenance [48].
Importantly, the LepR+ traced BM population largely over-
laps with Nestin-GFP+ population and the LepR+ BM cells
[46e, 47¢, 49, 50]. In summary, these data suggest that mesen-
chymal progenitors are Osx+ in neonatal BM and give rise to
Nestint and LepR+ cells in adult BM, which can differentiate
down the adipocyte and osteoblast lineages. In a separate set
of experiments, Gremlin-creER mice were crossed with a va-
riety of fluorescent reporter mice to trace mesenchymal line-
age differentiation [51¢]. Gremlin was used because of its
mesenchymal stem cell expression and because it is known
to inhibit bone morphogenetic protein activity and be impor-
tant in skeletal development [52, 53]. Using lineage tracing
with tamoxifen induction, Gremlinl-creER+ cells (Grem+)
never gave rise to Nes-GFP-expressing cells. However, oste-
oblasts, chondrocytes, myofibroblasts and BM stromal cells
were all traced in Grem1-creER+ mice. Importantly, Grem 1+
cells failed to trace adipocytes in long bones and in the verte-
bra even after 1 year of induction [51¢]. These data suggest
that at least two separate progenitor populations are present in
adult BM: the Osx+, Nes+, and LepR+ population, which
give rise to osteoblasts, stromal cells, and adipocytes, and
the GremI+ population, which give rise to all of the mesen-
chymal lineage with the exception of adipocytes.

Although it is now accepted that BM adipocytes arise from
mesenchymal stem cells, their ontogeny and relationship to
white adipocytes, brown adipocytes, beige adipocytes, and
osteoblasts remains only partially delineated. Because of the
potential importance of MAT in local regulation of immune,
skeletal, and hematopoietic events in the BM as well as the
effect of MAT on whole body metabolism, we have started a
detailed investigation of the lineage development of BM
adipocytes.

In general, the amount of MAT is low in the long bones and
vertebrae of young animals including humans and increases
with age. In mice, strain has a significant effect on the amount
of MAT. As an example, C3H/Hel (C3H) mice have very high
endogenous levels of MAT even in young mice. In contrast,
C57BL/6 (B6) mice have very low endogenous levels of
MAT. Interestingly, C3H mice have one of the highest endog-
enous bone densities (both trabecular and cortical) of any
mouse strain examined. B6, on the other hand, have one of
the lowest bone densities of inbred strains. These data are
important because they contradict the dogma that high mar-
row fat correlates with low bone density. The effect of MAT on
bone density in humans is also unclear. Obesity is correlated
with increased MAT, and studies in older men,
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postmenopausal women, and children show that obesity in-
creases the risk of fractures [54¢]. However, there are currently
no data demonstrating a causative relationship between MAT
and fractures. To better understand the relationship of diet,
MAT, and bone mineral density, we studied the effects of a
high-fat diet (HFD) on bone mass and MAT in B6 mice fol-
lowing long- (84 days in males) or short-term (14 days in
males and females) feeding. We found that consumption of a
HFD rapidly increases the volume of MAT but has little or no
effect on trabecular and cortical bone as measured by DXA,
histomorphometry, and micro-CT [54¢]. These data indicate
that the amount of MAT does not always correlate with chang-
es in bone.

Because of the generalized low endogenous level of MAT
in most mice, study of marrow adipocytes requires induction
of marrow adipogenesis. We induce MAT formation through
feeding the mice a diet containing the PPARy agonist
rosiglitazone for a minimum of 6 weeks, lethally irradiating
(700 rads) and reconstituting mice with syngeneic BM cells or
a variety of other treatments. In non-treated mice, MAT can be
observed above the growth plate, in the secondary center of
ossification and just below the growth plate in the primary
spongiosa. Treatment with rosiglitazone or irradiation results
in a marked increase in MAT above the growth plate and
extending from the growth plate through the metaphysis into
the diaphysis filling the bone [40+, 55]. This filling of the
medullary canal in both the tibia and femur is similar to that
seen in humans by the time they reach 40 years old [56]. In
addition to this regulated MAT (rMAT), which is not always
present but forms in response to a stimulus, there is evidence
for another type of MAT, which we refer to as constitutive
MAT (cMAT). The characteristics of cMAT are that it is pres-
ent in bone prior to the appearance of rMAT, it is anatomically
located in the distal tibia and caudal vertebra, and it differs
from rMAT by its lipid profile [57]. The relationship between
and functional roles of cMAT and rMAT are unknown.

Despite the ease of inducing marrow adipogenesis, both the
presence of bone, which makes accessing MAT difficult, and
the heterogeneous mixture of cells within the BM, which
makes lineage tracing difficult, have hindered the study of
MAT. Therefore, new techniques have been developed to cir-
cumvent these issues and allow for the study of MAT in vivo.
Our laboratory and others have utilized a variety of fluorescent
reporter mice to trace the lineage of bone cells. To determine
the origin of BM adipocytes, we have performed lineage trac-
ing using the fluorescent m7/mG reporter mouse in concert
with various mouse models driving cre-recombinase from
lineage-specific promoters. In m7/mG mice, expression of
cre-recombinase results in permanent removal of the
membrane-targeted dTomato (mT) cassette and expression
of the membrane-targeted eGFP (mG) cassette, resulting in
“flipping” from dTomato+ to eGFP+ cells. The m7/mG model
is extremely useful for lineage tracing because expression of

cre-recombinase in progenitor cells results in the permanent
expression of eGFP in both progenitor and daughter cells.
Following the induction of marrow adipogenesis with either
rosiglitazone diet or lethal irradiation with bone marrow re-
constitution, femurs are collected and one of two approaches
is used to visualize the in vivo fluorescence of the BM adipo-
cytes. In the first, the femoral head is removed and a 20-gauge
needle is inserted through the medullary shaft until it protrudes
out the distal end of the femur. The BM plug is gently blown
onto a microscope slide using a 5-cc syringe, cover-slipped
and the cells visualized by confocal microscopy (Fig. 1). A
second approach involves fixing the dissected bones in forma-
lin, decalcifying the bones for more than 2 weeks in EDTA,
and processing the bones for frozen sections. Additionally,
both these techniques allow for subsequent fluorescent label-
ing of intracellular lipid with the fluorescent lipophilic dye
LipidTox, which allows for the rapid identification of adipo-
cytes within the BM cells (Fig. 1).

Using this approach, lineage tracing shows that BM adipo-
cytes are uniformly dTomato+ in Vavi-cre:mT/mG mice,
which traces hematopoietic stem cells and their progeny.
This is important because it has been reported that WAT can
arise from hematopoietic progenitor cells [58], although more
recent data using the m7/mG reporter mouse does not support
this conclusion [7¢]. To further characterize the BM adipocyte
progenitor, B6 or mT/mG mice were lethally irradiated (1000
rads) and reconstituted with B6 or mT/mG BM cells.
Reconstitution of irradiated mT/mG mice with B6 BM result-
ed in dTomato+ adipocytes, indicating that the BM adipocyte
progenitor resides in the irradiated host and do not arise from
transplanted cells. In contrast, reconstitution of irradiated B6
mice with mT/mG BM resulted in adipocytes that were not
dTomato+. These data indicate that BM adipocyte progenitors
are radio-resistant, non-hematopoietic cells that reside in situ
in long bones and do not come from the circulation.

Prdml6 and Ucp-1 expression from whole B6 tibia has
been reported, suggesting the presence of preformed brown
or beige adipocytes [38]. We have found that BM adipocytes
are not lineage related to brown adipocytes as they are uni-
formly dTomato+ in Myf5-cre:mT/mG mice. Moreover, all
BM adipocytes we have observed, whether constitutively
present or induced, were unilocular. As mentioned previously,
brown and beige adipocytes are multilocular. Placing B6 mice
on a methionine-restricted (MR) diet extends life span, im-
proves insulin sensitivity, reduces WAT, and reduces bone
mass [59]. In contrast, MR induces a significant increase in
MAT and concomitant “beige-ing” of inguinal WAT (J. Hens,
G. Ables, M. Horowitz unpublished). However, BM adipo-
cytes from MR mice show no “beige-ing” (G. Ables, J. Hens,
M. Horowitz, unpublished). These data suggest that BM adi-
pocytes do not derive from the brown or beige lineages.

It was reported recently that white adipocyte progenitors
in vivo express PdgfRa resulting in tracing of all white
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Fig. 1 Induction and lineage
tracing of MAT. a Adipocytes are
largely absent from the bone
marrow of C57BL/6 mice (left
panel) unless bone marrow adi-
pogenesis is induced with one of
several techniques (right panel). b
Bone marrow adipocytes express
the adipocyte hormone
adiponectin as shown by eGFP+
bone marrow adipocyte plasma
membranes in Adiponectin-
cre:mT/mG mice fed a
rosiglitazone diet for 8 weeks

oy) LipidTox A647 >

Adiponectin-Cre

adipocytes in PdgfRa-cre:mT/mG mice [7¢]. Despite the mor-
phological similarities between white and bone marrow adi-
pocytes, we have not observed similar uniform tracing of bone
marrow adipocytes as only a subset (approx. 50 %) of BM
adipocytes were eGFP" in PdgfRa-cre:mT/mG mice. As men-
tioned above, Osx/ expression was believed to be osteoblast
specific. However, Osx1+ BM cells trace a population of mes-
enchymal progenitor cells. In addition, x-irradiation of Lepr-
cre/Tomato and Osx/Tomato reporter mice resulted in
Tomato+, perilipin+, and BODIPY (lipid staining dye) adipo-
cytes [46¢]. Moreover, it was shown that BM adipocytes were
traced by expression of Osx-1 [60, 61]. Importantly, we ob-
serve uniform dTomato" adipocytes and adipocyte progeni-
tors in visceral WAT, subcutaneous WAT, and BAT depots in
Osx-1-cre:xmT/mG mice. In contrast, all BM adipocytes are
traced in irradiated or rosiglitazone treated Osx-1-cre:mT/mG
mice, while tracing a subset of cells on bone surfaces and
osteocytes in this same model [62¢]. These data suggest that
tracing by osx-/ distinguishes BM adipocytes from other
types of adipocytes.

Conclusions and Perspectives

Although fat cells have been studied for hundreds of years,
interest in adipocyte biology has accelerated over the past
20 years and is the subject of renewed interest due to their role
in the growing epidemic of obesity, cardiovascular disease,
and the loss of metabolic regulation. For many years, it was
widely accepted that there were two types of adipocytes, white
and brown. White adipocytes were found in discrete depots
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Standard Diet

Rosiglitazone Diet

subcutaneously or in the peritoneal cavity in close association
with major organs. It has only been 7 years since the cell
surface phenotype (Lin-, CD29+, CD34+, Scal+, CD24+)
of WAT progenitors was identified in vivo [6¢] and 2 years
since the adipocyte cellular lineage was established in vivo
[7¢].

In mice, brown adipocytes are found in a single
interscapular depot and the cells disappear with age. In
humans, brown adipocytes were observed to be most promi-
nent in the young and, as in mice, disappear with age.
However, recent studies show that brown adipocytes persist
into adulthood. Substantial data now indicates that browning
or beiging of WAT is the result of the differentiation of beige
adipocyte progenitors present in WAT. This result, along with
the identification of markers defining beige adipocytes, dem-
onstrates that beige adipocytes differentiate from a lineage
distinct from white and brown adipocytes. These cells play a
role in thermogenesis and the regulation of obesity, at least in
mice. The functional role of beige adipocytes in regulating
metabolism in humans remains to be clearly demonstrated.

While much attention has been given to the paracrine, en-
docrine, and metabolic roles of white, brown, and beige adi-
pocytes, the importance of bone marrow adipocytes has been
marginalized if not outright ignored. Adipocytes were identi-
fied in the BM more than a century ago, but unlike adipose
tissue in other depots, these cells have never been considered
more than “filler” for other “more important” BM cells [63].
Although this concept is out-of-date, it persists today. MAT is
generally low in young mice and humans and increases with
age for reasons that are not well understood. Importantly, a
variety of other stressors or agents that cause BM injury
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induce increased MAT. The accumulation of MAT has
clinical implications. Young women with anorexia
nervosa and mice on a calorie-restricted diet have in-
creased MAT, which correlates with increased fracture
rate [64¢]. The trauma of bone fracture itself induces
MAT [47¢]. Interestingly, fracture repair is mediated, at
least in part, by mesenchymal progenitor cells that are
likely descendants of Osx+, LepR+, Nestint+, and
Grem1+ stromal progenitor cells and are traced by alpha
smooth muscle actin [65, 66]. Additionally, multiple
myeloma in the BM had been associated with increased
MAT [67]. Thus, it is commonly perceived that the
presence of MAT results is bone loss with biomechani-
cally compromised bones. However, little if any data is
currently available demonstrating a causal relationship
between MAT and low bone volume. In fact, data show-
ing B6 mice have low MAT and low bone mass while
C3H mice that have high MAT and high bone mass
indicates that a causal relationship does not exist. The type
of induction appears to be another fact in this relationship.
Treatment with TZDs potently induces MAT and correlates
with decreased bone mass due to high rates of bone loss from
enhanced osteoclastic activity [41]. In contrast, high-fat diet
feeding, which induces MAT does not result in loss of bone
[54-]. Inflammation has been linked to the deleterious effects
of visceral WAT [68+]. Therefore, one possible explanation for
the bone loss is that MAT is involved with a localized inflam-
matory response with the release of cytokines that induce os-
teoclast activation [68¢].

Based on morphological similarities between WAT
and MAT, we initially reasoned that the MAT progenitor
was identical to the WAT progenitor. However, we were
unable to identify the WAT progenitor in B6 BM
through flow cytometry. In subsequent experiments, we
have shown that MAT does not express WAT or BAT
markers and appears unable to beige in vivo. In addi-
tion, these cells express markers unique to MAT. Thus,
the preponderance of the data suggests that MAT is
distinct from other types of fat and likely arises from
a different progenitor. Although BM adipocytes and os-
teoblasts arise from BM MSCs, their lineage develop-
ment and relationship to each other is unclear. Lineage
tracing shows that cells with markers of BM adipocytes
are seen on bone surfaces [62¢]. This suggests that cells
intermediate in differentiation between MSCs and ma-
ture BM adipocytes are on the endosteum or trabecular
bone surfaces, and is consistent with our data that BM
adipocytes arise from a distinct progenitor.

In summary, these studies suggest that BM adipocytes have
an important role in regulating bone function and may con-
tribute to overall body homeostasis. However, much remains
to be done to identify the origin (differentiation) and function
(regulatory activity) of marrow adipocytes.
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