ADIPOCYTE
2017, VOL. 6, NO. 3, 193-204
https://doi.org/10.1080/21623945.2017.1367881

Taylor & Francis
Taylor &Francis Group

REVIEW

Bone marrow adipocytes

‘ W) Check for updates ‘

Mark C. Horowitz?, Ryan Berry?®, Brandon Holtrup®, Zachary Sebo®, Tracy Nelson?, Jackie A. Fretz®, Dieter Lindskog®,
Jennifer L. Kaplan®, Gene Ables?, Matthew S. Rodeheffer, and Clifford J. Rosen®

*Department of Orthopaedics and Rehabilitation, Yale University School of Medicine, New Haven, CT, USA; "Department of Molecular, Cell,
and Developmental Biology, Yale University, New Haven, CT, USA; “Department of Comparative Medicine and Molecular, Cellular, and
Developmental Biology, Yale University School of Medicine, New Haven, CT, USA; “Orentreich Foundation for the Advancement of Science,
Cold Spring, NY, USA; “The Center for Clinical and Translational Research, Maine Medical Center Research Institute, Scarborough, ME, USA

ABSTRACT

Adipocytes were identified in human bone marrow more than a century ago, yet until recently little
has been known about their origin, development, function or interactions with other cells in the
bone marrow. Little functional significance has been attributed to these cells, a paradigm that still
persists today. However, we now know that marrow adipose tissue increases with age and in
response to a variety of physiologic induction signals. Bone marrow adipocytes have recently been
shown to influence other cell populations within the marrow and can affect whole body
metabolism by the secretion of a defined set of adipokines. Recent research shows that marrow
adipocytes are distinct from white, brown and beige adipocytes, indicating that the bone marrow is
a distinct adipose depot. This review will highlight recent data regarding these areas and the
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interactions of marrow adipose tissue (MAT) with cells within and outside of the bone marrow.

Introduction

Mammalian bone marrow (BM) is a complex, heteroge-
neous tissue, found for the most part in the medullary
canal of the long bones (tibia, femur and humerus) as
well as the vertebrae and iliac crest. The differentiation
of many cellular lineages including hematopoietic and
mesenchymal, starting from the most immature stem
cells and culminating in mature functional cells occurs
in the BM. This includes bones cells such as osteoblasts,
the cells that form bone, osteocytes, the most mature
population of osteoblast lineage cells found in bone
matrix and mineralized bone. These cells are mesenchy-
mal in origin. The bone marrow contains hematopoietic
cells, composed in their majority by hematopoietic pre-
cursors of the myeloid, lymphoid and erythroid lineages,
as well as differentiated cells such as osteoclasts, which
resorb bone, red blood cells, B and T lymphocytes, mac-
rophages, megakaryocytes and natural killer cells.
Although the presence of BM fat (adipocytes) was
recognized grossly and histologically more than century
ago, the BM adipocyte has been ignored, and until
recently its function(s) were unknown." Unlike adipose
tissue in other better-known depots, these cells have
never been considered more than “filler” for other BM
cells. Although this concept is passé, it persists today.

However, it is now well-accepted that the number of
BM adipocytes increase with age and as a result of a
variety of induction signals. In many but not all cases
these changes have been correlated with reduced bone
mass.” Additionally, BM adipocytes have been impli-
cated as negative regulators of hematopoiesis.” These
studies suggest that BM adipocytes play an important
role in regulating not only the local BM environment,
but also may contribute to overall body homeostasis.
However, very little is known about the origin (stem
cell), lineage progression (differentiation), or function
(regulatory activity) of marrow adipocytes. In this
review, we will highlight recent data regarding these
areas and explore the current state of marrow adipose
tissue (MAT) research.

Adipose tissue development and expansion

There are 3 distinct adipocyte cell populations outside of
BM. White adipocytes are primarily dispersed through-
out the body in distinct subcutaneous white adipose tis-
sue (SWAT) and visceral white adipose tissue (VWAT)
depots. Within the peritoneum there are individual vis-
ceral depots including perigonadal, retroperitoneal and
mesenteric. SWAT and VWAT serve as both major lipid
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reservoirs and important endocrine organs.* However,
VWAT does have functions distinct from those of
SWAT.>® Brown adipocytes are much less abundant
than white adipocytes, with distinct brown adipose tissue
(BAT) depots located intra-scapullarly in mice and in
the neck and supraclavicular region in humans.” Unlike
white adipocytes, which store and provide lipids as an
energy source for other tissues, brown adipocytes actively
metabolize fatty acids to generate heat.® BAT is derived
from a Myf5"/Pax7* progenitor cell while WAT progen-
itors are Myf5 /Pax7", indicating the lineages are dis-
tinct.”!" Beige adipocytes constitute the third adipocyte
cell population. The progenitors of beige adipocytes are
interspersed within WAT depots, located in inguinal
WAT in mice, are Myf5~ /Pax7", are inducible (e.g. cold
exposure), multilocular, brown-like thermogenic adipo-
cytes.""* In both mouse and human, WAT forms early
in life. In humans, lipid filled SWAT first arise during
the second trimester'* with developed SWAT depots
being present at birth."*'® In mouse, lipid filled SWAT
adipocytes are observed concomitantly at birth and a dis-
tinguishable SWAT depot develops within 24 hours."”
Murine VWAT develops shortly after murine SWAT as
lipid filled visceral white adipocytes become present on
postnatal day 4.'® Less is known about human VWAT
development. However, it is known that some human
VWAT does not develop until after birth and there is lit-
tle VWAT in non-obese humans at puberty.'”*' There-
fore, in both species, SWAT forms at or before birth and
VWAT forms shortly after birth.

Distinct BAT depots are present embryonically in
both mouse and human, functioning to maintain
thermo-neutrality.'>** Murine BAT persists throughout
adulthood and recent data indicates that BAT is both
present in adult humans and increases in activity upon
cold exposure.ZS’24 However, functional BAT mass is
negatively correlated with age,”’ suggesting that aging is
characterized by increased WAT mass and decreased
BAT mass in humans.

Early in life, the BM is “red” with hematopoietic and
osteogenic cells. The development of BM adipocytes
leads to “yellow” fatty marrow, which replaces the “red”
marrow within long bones of humans and mice with age
and appears late in life at other skeletal sites such as the
spine.”>*® The yellow color of MAT is clearly different
from white or brown adipose tissue in humans. This was
one of the early clues that MAT might be different from
WAT and BAT. In mice, the presence of MAT postna-
tally is strain-dependent and appears to be a heritable
trait (Farber and Horowitz unpublished). As an example,
C3H/HeJ mice have high numbers of marrow adipocytes
extending from below the growth plate through the
metaphysis and into the diaphysis by 16 weeks of age.”’”

This tissue is referred to as inducible or regulated mar-
row adipose tissue (rMAT). In contrast, the adipocytes
that fill the medullary canal from the tibia-fibular junc-
tion into the malleolus are referred to by some as consti-
tutive marrow adipose tissue (c(MAT). This is because it
appears early in postnatal development, is in high con-
centration in this site compared with rMAT and does
not appear to be susceptible to agents that induce rMAT.
In contrast to C3H mice, C57BL/6] mice have exceed-
ingly low numbers rMAT until more than 21 weeks of
age’”*® (For a more detail discussion of C3H MAT and
bone mass please refer to the Autocrine, Paracrine and
Endocrine Interactions section).

The known inducers of marrow adiposity include com-
monly used drugs such as glucocorticoids and thiazolidine-
dione, which also induce bone loss.”” Mice fed a diet
containing rosiglitazone for at least 5 weeks develop a
striking number of BM adipocytes, extending through the
metaphysis into the diaphysis and exhibit bone loss.”>"!
While high fat diet (HFD) is a potent inducer of subcuta-
neous and visceral adiposity, its ability to induce MAT and
bone loss is variable. We have reported that adult male
C57BL/6] mice on a HFD (60 kcal %) for 12 weeks leads
to increased body weight, total body fat and MAT.* In
addition, mice on a single-source HFD for 12 weeks indu-
ces extensive visceral and subcutaneous WAT with no
induction of MAT, as measured by osmium tetroxide
staining, or bone loss (Horowitz, Kaplan and Rodeheffer
unpublished). Using the same mice and diet, it has been
reported that a significant increase in weight occurs after
12 weeks and an increase in MAT only after 16 weeks.>
These data are in agreement with our data, suggesting that
MAT appears after 12 weeks on a HFD. In contrast to our
data, bone loss was seen after 12 weeks of HFD feeding.33
This suggest that the mechanism of HFD induced MAT is
different than that for bone loss. This is yet another param-
eter that distinguishes MAT from WAT. In contrast, irra-
diation can be a potent and rapid inducer of MAT
depending on the dose. Altered states of metabolism such
as starvation and calorie restriction or the syndrome of
anorexia nervosa can cause increased MAT. Restriction of
sulfur amino acids, particularly methionine, which may be
the major effector of calorie restriction, is a potent inducer
of beige adipogenesis, induces MAT and causes bone
loss.***” While many pathways lead to increased marrow
adiposity, accurate measurement of BM adipogenesis has
been problematic until recent experimental advances.

Marrow adipose tissue - measurement and
imaging

Although MAT can be found in the ribs, vertebrae and
sternum the majority of MAT is located in the medullary



canal of long bones (tibia, femur and humerus). Because of
the physical location of MAT (inside bone) and the small
volume of tissue, at least in mice, MAT is much more diffi-
cult to study. Standard histologic/histomorphometric
methods are good for measuring adipocyte cell size and
cell number in some cases. However, these are 2 dimen-
sional measurements and therefore cannot quantitate
MAT accurately. To overcome these limitations, we devel-
oped an ex vivo technique that allows for the quantitation
and visualization of MAT in the medullary canal of mouse
long bones and vertebrae using osmium tetroxide, which
has been used for decades to stain lipid.’*** Importantly,
because osmium tetroxide is a heavy metal, it is opaque
when imaged using computerized tomography (CT),
which makes it ideal for staining lipid in bone. Briefly,
mouse bones (tibia, femur, and/or humerus) are harvested,
the soft tissue removed and the bones fixed in 10% neutral
buffered formalin for 18-24 hours.*” The formalin is
removed by washing the bones in tap water. The fixed
bones are then decalcified in EDTA for 20 d at 4°C,
changing the EDTA every 3-4 d. Gentle decalcification is
critical to allow for complete penetration of the osmium
tetroxide through the cortical bone and into the medullary
canal. Our previous experience showed that 15 d of decal-
cification with EDTA may be sufficient, however, we can-
not guarantee sufficient decalcification to allow full
penetrance of the osmium in mouse bones from strains
with high bone density. The EDTA is removed by washing
in tap water and the bones are then stained with 1%
osmium tetroxide for 48 hours. Because we are working in
osmium excess, 48 hrs is sufficient to completely stain the
marrow adipocytes. The osmium tetroxide is also removed
by washing in tap water and the bones imaged by micro-
CT. CT images of osmium stained bones shows the posi-
tion of MAT in the bone and provides quantitation in
3 dimensions (adipocyte volume/total volume - AV/TV).
This measurement is similar in scope to bone volume/total
volume (BV/TV). The vast majority of the osmium
appears as a solid black sphere inside the adipocyte mem-
brane. It has been our experience that little staining is seen
in the smaller hematopoietic cells when examined histo-
logically (Horowitz, unpublished). One of the few limita-
tions of this method is that when BM has few adipocytes
the variability within experiments increases. We always do
multiple experiments, with different animals to overcome
this limitation. In addition, using image analysis and
masking, MAT measurements in different experiments
can be compared directly."' We have been uniformly
unsuccessful using this method for staining rat long bones,
even when we have used harsh methods (i.e. formic acid)
to decalcify the bones. Stain penetrates the cortical bone
but does not enter the marrow space. We assume this is a
result of the lack of osmotic pressure or passive flux.
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Using osmium staining to visualize and measure BM
adipogenesis we have been able to map MAT develop-
ment in long bones. In the region below (distally) the
tibia-fibula junction extending the rest of the length of
the medullary canal ending in the malleolus, marrow fat
can be seen as early as one-week post-birth in C57BL/6]
and C3H/HeJ mice.”” This is referred to by some as con-
stitutive marrow adipose tissue (cMAT) or constitutive
marrow fat. cMAT is present in the distal tibia before the
appearance of adipocytes in the proximal tibia and
femur. In contrast, we found that C57BL/6] mice (from
4-21 weeks old) have very few naturally occurring BM
adipocytes in the proximal tibia and femur. These adipo-
cytes are difficult to quantitate by osmium staining and
cannot be visualized histologically (Horowitz and Rosen,
personal observation of hundreds of individually stained
bones). However, extensive BM adipogenesis in these
sites, which can be quantitated by osmium staining and
confirmed by histology, can be induced using a variety of
methods including feeding mice a rosiglitazone contain-
ing diet, a methionine restricted diet or x-irradiation
(Fig. 1). This is sometimes referred to as inducible or reg-
ulated marrow adipose tissue (rMAT) or regulated mar-
row fat. It is important to note that in addition to the
cMAT seen in the distal tibia, tail vertebrae of C57BL/6]
mice also have high numbers of endogenous marrow

Ctrl Diet

Rosi Diet

Figure 1. FVB mice were fed a rosiglitazone or control diet for
8 weeks. Tibias were fixed in 10% buffered formalin overnight,
washed in tap water, decalcified for 20 d in EDTA and stained
with osmium tetroxide. The bones were then washed and
imaged by micro-CT. Micro-CT images show the tibia on control
diet (Ctrl Diet) and on rosiglitazone (rosi Diet).
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adipocytes. However, whether these adipocytes arise
from the same lineage as the cMAT in distal tibia is
unknown.

Induction of bone marrow adipogenesis can be quite
striking with adipocytes filling the medullary canal from
the region just below the growth plate (primary spon-
giosa) extending distally through the metaphysis and
into the diaphysis. This induction often results in
increased adipogenesis above the growth plate in the sec-
ondary center of ossification. cMAT is thought not to
respond to the signals that induce rMAT. However, the
sensitivity of cMAT to these signals and therefore the
ability of cMAT to respond by increased adipogenesis in
situ remains to be shown. It is possible that cMAT and
rMAT represent different populations of MAT arising
from different progenitors. However, further experi-
ments are required to define the differences in the
anatomically distinct populations of cells. While these
studies have quantitatively assessed the process of mar-
row adipogenesis, little is still known about the cellular
or molecular regulation of BM adipogenesis in vivo.

Marrow adipose tissue - origin and
differentiation

It is generally accepted that marrow adipocytes arise in
the BM from mesenchymal stem cells (MSC) and are
more closely related to osteoblasts than other cells of
mesenchymal origin (chondrocytes, myocytes and mar-
row stromal cells). Recent data supports this conclusion.
Several recent studies have focused on identifying the
BM osteoblast/adipocyte progenitor cell in vivo.
Although the bone marrow of young C57BL/6] mice is
largely devoid of BM adipocytes, a small number of peril-
lipin*:osterix (OsxI) traced cells were observed in the
BM of 8-week old mice.** Osterix was thought to be
expressed solely in osteoblasts, but this result has raised
the possibility of a bi-potent progenitor capable of gener-
ating osteogenic and adipogenic cells within the BM. In a
separate set of experiments, the majority of colony form-
ing unit-fibroblasts (CFU-Fs) (94%) were found to be
traced by expression of the leptin receptor (LepR).*
LepR also traced most adipocytes and osteoblasts in
adult BM. Importantly, the LepR™ traced BM population
largely overlaps with a Nestin-GFP* BM population.
Notably, others have reported that a Gremlin 1 express-
ing cell in the BM can self-renew and give rise to osteo-
blasts, chondrocytes and reticular marrow stromal cells
but not adipocytes.** Using flow cytometry 2 populations
of bone marrow cells could be separated based on the
expression of Scal.*” CD45; CD317; PdgfRa™; Scal™
cells, which were highly adipogenic but had limited
osteochondrogenic potential as measured by in vitro

differentiation. In contrast, CD457; CD317; PdgfRa™;
Scal™ cells, did not differentiate into adipocytes in vitro
but had a strong osteochondrogenic potential. The
CD457; CD317; PdgfRa™; Scal™ population could be
further separated based on CD24 expression. CD457;
CD317; PdgfRa™; Scal™; CD24™ population was able to
differentiate into osteoblasts, chondrocytes and adipo-
cytes; while the CD457; CD317; PdgfRa™; Scal™;
CD24~ population gave rise to only adipocytes.*> Based
on these data, BM adipocytes must be derived from BM
resident mesenchymal progenitor cells. However,
whether this is a single population of progenitors or a
small number of different progenitors remains contro-
versial. In addition, it remains unclear whether BM adi-
pocytes are lineage related to white, brown or beige
adipocytes, or if they are a separate, fourth class of adipo-
cyte. Consequently, the cellular identity of BM adipocyte
progenitor/precursor cells requires additional definition.
While adipocyte progenitors (AP) have been identified
in WAT and skeletal muscle in mice,***® flow cytometry
analysis of whole C57BL/6] BM failed to identify cells
sharing the cell surface marker profile of WAT AP
(Lin~; CD29™; CD34™; Scal™; PdgfRa™; with or without
CD24) (Fretz and Horowitz, unpublished), suggesting
that BM adipocytes arise from a non-white AP cell. Our
group and others have therefore performed lineage trac-
ing of BM adipocytes coupled with flow cytometry to ret-
rospectively identify BM AP cells.

Because young (4-21 weeks) C57BL/6] BM contains
few mature adipocytes, we have used several methods to
induce marrow adipogenesis for lineage tracing of BM
adipocytes in vivo. These techniques include: 1) feeding
with a rosiglitazone-containing diet; 2) feeding with a
methionine restricted diet; 3) x-irradiation (700-1000
rads) with or without BM reconstitution.

We have performed lineage tracing in vivo using
the fluorescent mT/mG reporter mouse in concert
with various mouse models driving cre-recombinase
from lineage specific promoters. In the mT/mG model,
all cells express membrane-targeted dTomato (mT).
The expression of cre-recombinase induces the perma-
nent excision of the upstream cassette encoding a
membrane-targeted dTomato (mT) reporter protein to
allow expression of a downstream cassette encoding a
membrane targeted eGFP (mG) reporter protein. In
this manner, cells expressing cre-recombinase “flip”
from being dTomato+ to being eGFP+. Each daugh-
ter cell from mG+ cells will also be mG+. Impor-
tantly, in this system, expression of eGFP reflects the
expression of the gene of interest at any time the cell
expressed that gene. Therefore, gene expression can be
indicative of progenitor as well as more mature cell

3 4
expression. ?



We have developed new approaches to visualize BM
adipocytes in vivo using confocal microscopy. To visual-
ize traced cells ex-vivo, the femur is dissected out, the
femoral head removed and a 20 gauge needle inserted
through the medullary shaft until it protrudes out the
distal end of the femur. A 5cc syringe is attached to the
needle and the BM plug is gently blown onto a micro-
scope slide. The BM plug is immersed in Fluoromount-
G (eBioscience), coverslipped and the cells visualized
(Fig. 2A). This approach has the added advantage of
being able to visualize BM adipocytes by staining their
intracellular lipid with LipidTox (fluorescent dye that
stains neutral lipids; Lifetechnologies). A second
approach involves fixing the isolate bones in 4% parafor-
maldehyde overnight, followed by washing in PBS, decal-
cifying the bones for 20 d in 4% EDTA and then
processing the bones for frozen sections. Importantly,
the fluorescent mT/mG is unaffected by this processing
(Fig. 2B). The advantage of this approach is BM in verte-
brae and other difficult to access sites can be examined
and the location of the cells in the bone, BM, or on bone
surfaces can be determined.

Following induction of BM adipogenesis, BM adipo-
cytes within the BM plug were visualized through fluo-
rescent confocal microscopy. Although it has been
reported that WAT can arise from hematopoietic cells,”
more recent data using the mT/mG reporter mouse does
not support this conclusion.*” Because the BM is the
major site of hematopoiesis, we first determined if MAT
could develop from hematopoietic progenitors. Lineage
tracing shows that BM adipocytes are not derived from
the hematopoietic lineage as BM adipocytes were uni-
formly dTomato+ in VavI-cremT/mG mice, which
traces hematopoietic stem cells and their progeny.”"** In
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contrast, BM adipocytes were uniformly eGFP+ in adi-
ponectin-cre:mT/mG mice. Because adiponectin is an
insulin-sensitizing adipokine expressed by white adipo-
cytes,” these data suggest that BM adipocytes may play
an active role in the regulation of systemic metabolism.>*

Preformed brown adipocytes, are found for the most
part, in a single discrete depot in the intrascapular region
of mice. These cells arise from Myf5 expressing progeni-
tors and are traced in Myf5-cre:mT/mG mice."' We have
found that BM adipocytes induced by rosiglitazone are
not lineage related to brown adipocytes as they are
uniformly dTomato+ in Myf5-cre:mT/mG mice. In addi-
tion, all BM adipocytes we observed, whether constitu-
tively present or induced, were unilocular (single large
lipid droplet within the cell membrane). In contrast,
brown adipocytes are multilocular (multiple small lipid
droplets within the cell membrane). These data indicate
that MAT does not derive from a BAT lineage.

Beige adipocyte progenitors are found interspersed
among white adipocytes, predominantly in the inguinal
(IWAT) depot in mice. Beige adipocytes, like brown adi-
pocytes are multilocular and can be induced by cold
exposure.”> However, it has been reported that UCP-1
mRNA is present in mouse BM fat.>® We have previously
shown that feeding mice a diet deficient in cysteine and
restricted (0.12%) in methionine (MR) is a potent
inducer of beige adipogenesis in IWAT (Ables and Horo-
witz unpublished).”® To determine whether MAT was
able to develop beige adipocytes, C57BL/B6] mice were
fed an MR or control (CF) diet for 6-8 weeks, the tibia
and femur collected and examined histologically and
UCP-1 expression determined by immunohistochemis-
try (IHC). As expected, IWAT from CF fed mice con-
tained a small population of multilocular UCP-1+ beige

Figure 2. Meox1-cre:mT/mG mice were fed a rosiglitazone diet for 8 weeks. (A) BM plugs were collected from the femurs using a 20
guage needle, placed on a microscope slide and covered with Fluoromount-G. (B) The most proximal tail vertebrae were fixed in para-
formaldehyde overnight, washed, decalcified in EDTA for 20 d and then processed for frozen sections. Fluorescence was observed using

confocal microscopy.
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adipocytes interspersed among a much larger population
of unilocular UCP-1 negative white adipocytes. In con-
trast, the IWAT of MR mice had significantly more mul-
tilocular adipocytes with increased UCP-1 staining than
CF. Consistent with our previous report, MR mice had a
striking increase in unilocular BM adipocytes as com-
pared with CF and were unvaryingly UCP-1 negative.””
These data indicate that feeding mice an MR diet induces
BM adipogenesis and unlike brown or beige adipocytes,
BM adipocytes are uniformly unilocular and do not
express UCP-1."7

In mice as in humans, marrow ablation, either by irra-
diation or by chemotherapy induces a striking marrow
adipogenic response.””>® We have also used lethal irradi-
ation followed by BM reconstitution to induce BM adi-
pogenesis. C57BL/6] mice received 1000 rads of whole
body x-irradiation in a single does and were then
injected intravenously with 10° syngeneic BM cells. The
BM reconstitution rescues the mice by providing
hematopoietic stem cells. Mice lethally irradiated and
reconstituted with syngeneic BM cells develop large
numbers of adipocytes in the medullary canal of tibias
and femurs as early as 3 d post irradiation peaking
between 7 and 10 d post irradiation. The appearance of
MAT precedes BM repopulation by hematopoietic cells.
To identify the origin of the marrow adipocyte progeni-
tor, C57BL/6] or mT/mG (on the C57BL/6] background)
mice were irradiated and reconstituted with C57BL/6] or
mT/mG BM. Reconstitution of irradiated C57BL/6] mice
with mT/mG BM resulted in adipocytes that were not
dTomato+. In contrast, reconstitution of irradiated mT/
mG mice with C57BL/6] BM resulted in dTomato+ adi-
pocytes, indicating that the BM adipocyte progenitor
resides in the irradiated host, does not arise from the
transplanted cells and is radio-resistant.

WAT adipocyte progenitors have recently been shown
to express Pdgf-receptor o (PdgfRo) leading to tracing all
white adipocytes in PdgfRa-cre:mT/mG mice.*® How-
ever, this is not the case with BM adipocytes. A subset
(~50%) of BM adipocytes, induced by rosiglitazone feed-
ing was traced by PdgfRa-cre. Importantly, a similar sub-
set (~70%) of marrow adipocytes, induced by lethal
irradiation, was also traced by PdgfRo-cre. These data
indicate that regardless of the induction method, BM
adipocyte progenitors and WAT adipocyte progenitors
appear distinct.

Osterix1 (osx1) is a transcription factor required for
osteoblast differentiation that is expressed immediately
downstream of Runx2. Deletion of osxl results in an
early arrest in osteoblast differentiation.” Osx1 expres-
sion was believed to be osteoblast specific. Previous line-
age tracing studies have suggested a mesenchymal-
osteogenic lineage for BM adipocytes.**®* Therefore, we

performed lineage tracing of BM adipocytes in 2 reporter
strains known to label mesenchymal-osteogenic cells;
Prx1-Cre:mT/mG and Osx1-Cre:mT/mG.°**> Mice were
fed a rosiglitazone-containing diet for 8 weeks to induce
marrow adipogenesis. Tibial and femoral derived BM
adipocytes were found to be uniformly eGFP+ and
traced by Cre expression in PrxI-Cre:mT/mG mice. In
addition, cells on the endosteum, osteocytes embedded
deep in mineralized bone and articular chondrocytes
were eGFP+ and traced in PrxI-Cre:mT/mG mice fol-
lowing rosiglitazone feeding or x-irradiation. Prx1 is dif-
ferentially expressed in WAT.®> As an example, inguinal
but not visceral white adipocytes are traced in PrxI-Cre
mice.®>** Whether Prx1 traces BM adipocytes in the
axial skeleton remains to be shown. However, all white
and brown adipocytes in all major adipose tissue depots
were found to be tdTomato+ and untraced in Osx1-Cre:
mT/mG mice. Supporting this finding was the low to
non-existent tracing of APs, in these same mice. In con-
trast, BM adipocytes were found to be uniformly eGFP+
and traced by Cre expression in Osx1-Cre:mT/mG. These
lineage-tracing results indicate that BM adipocytes arise
from a mesenchymal-osteogenic lineage and are there-
fore distinct from white and brown adipocytes. These
data suggest that BM adipocytes are different from adi-
pocytes in other depots and agree with other data show-
ing that Osx1 is not osteoblast specific due to the tracing
of adipocytes in normal, non-induced BM.®® The rela-
tionship of marrow adipocyte and osteoblast differentia-
tion remains poorly understood as the tracing of
endosteal bone lining cells, osteocytes and marrow adi-
pocytes could be the result of a single bi-potent progeni-
tor or of 2 distinct precursor populations both traced by
expression of osx1.

To further assess the relationship of BM adipocytes to
white adipocytes, we examined PdgfRa-Cre:InsulinR""
mice. In these mice, the insulin receptor is deleted in all
PdgfRo expressing cells, including 50-60% of BM adipo-
cytes. These mice are not overtly diabetic. They have no
glucose tolerance phenotype at weaning, but are glucose
intolerant by 8-weeks of age and the phenotype worsens
over time. (Holtrup and Rodeheffer personal communi-
cation). These mice had extensive BM adipogenesis in
the tibia and femur, with more than a 100% increase in
osmium staining just distal to the growth plate, a more
than 6-fold increase in the metaphysis and a 3-fold
increase in the diaphysis as compared with the wild-type
littermate controls. This increase in BM adipogenesis
occurred in the absence of any exogenous induction
(e.g., rosiglitazone or x-irradiation). In contrast, these
same mice had what appeared to be, a severe generalized
lack of white adipocytes. However, more extensive analy-
sis showed the SWAT and GWAT contained much



smaller adipocytes than Cre- controls (Holtrup and
Rodeheffer unpublished). In contrast, marrow adipocytes
were not reduced in size, with many large cells observed
histologically. These data indicate that PdgfRa expres-
sion is different in BM adipocytes than in white adipo-
cytes and that insulin signaling is not required for lipid
filling in BM adipocytes. Moreover, our results suggest
that BM adipocytes arise from progenitors that are dis-
tinct from white APs.

Marrow adipose tissue - autocrine, paracrine
and endocrine interactions

Although the process of BM adipogenesis is poorly
understood at the cellular or molecular level, it is becom-
ing clear that MAT may regulate the activity of other cell
populations in and out of bone.

Adipocyte-rich BM from the tail vertebrae of wild-
type mice contains fewer, less proliferative hematopoietic
stem cells (HSCs) and hematopoietic progenitors than
adipocyte-free thoracic vertebrae. Importantly, the per-
centage of hematopoietic stem cells cKit* Lin~ Scal™
Flk2™, multipotent progenitors, common myeloid pro-
genitors, granulocyte-macrophage progenitors, and
megakaryocyte-erythroid progenitors are all reduced 2-
to 3-fold in BM from adipocyte-enriched tail vertebrae
compared with BM from thoracic vertebrae.” Addition-
ally, preventing BM adipogenesis following lethal irradia-
tion and bone marrow reconstitution using genetic or
pharmacologic methods results in accelerated hemato-
poietic recovery.” Similarly, removal of BM adipocytes
from rabbit tibias results in increased hematopoiesis.®®
Using a competitive transplantation model, mice receiv-
ing adipogeneic transplants had significantly reduced
hematopoietic progenitor cells.*> In contrast, transplan-
tation of multipotent (CD45-CD31-Scal+CD24+) cells
significantly increased repopulation of donor hematopoi-
etic progenitors.*> These data suggest that the stage of
differentiation of BM adipocyte precursors dictates their
ability to regulate hematopoiesis in vivo.

However, the relationship of adipocytes in the verte-
brae, especially the tail vertebrae, to adipocytes in the
long bones is unknown. It is certainly possible that like
differences between subcutaneous and visceral WAT,
differences in lineage origin and function may exist
between different MAT depots (i.e., long bones and ver-
tebrae). Moreover, mice (PrxI -cre:Pparyﬂ/ﬂ) made unable
to develop adipocytes in their long bones survive follow-
ing x-irradiation and BM reconstitution (S. Zehentmeier
and M.C. Horowitz personal communication).

Although the precise nature of this inhibition is
unclear, adipocytes secrete a variety of cytokines, includ-
ing adiponectin and TNFew, both of which can inhibit
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hematopoietic cell proliferation.**® Yet, C3H/HeJ mice,
which have very high marrow adiposity, have intact
hematopoiesis and high cortical bone density (Horowitz
and Rosen unpublished). In another example, although
Early B Cell Factorl (Ebfl) knockout mice are B-cell
deficient, are lipodystrophic and have high levels of BM
fat, the rest of their hematopoietic system is intact.®®”°
Culturing of OP9 cells or rabbit BM mononuclear cells
with human or rabbit adipocyte-conditioned media
results in a significant reduction in the number of
CD79a+ pre-pro-B cells, indicating that adipocytes are
capable of inhibiting B-lymphopoiesis through secretion
of a soluble factor.”*”? Additionally, while the BM
derived mesenchymal cell line BMS2 supports osteoclas-
togenesis in vitro, co-culture of BMS2 derived adipocytes
with primary BM depleted of adherent stromal and mac-
rophage populations has been shown to prolong this
osteoclastogenic support. This results in osteoclasts
remaining in culture for at least 24 d.”* Mechanistically,
this could be due to the macrophage colony- stimulating
factor expressed by the BMS2 derived adipocytes. Simi-
larly, differentiation of whole bone marrow with adipo-
genic inducers dexamethasone and IBMX has been
reported to enhance osteoclastogenesis in vitro. This
study indicated a mechanism by which osteoclastogene-
sis is supported by RANKL expression in Prefl+ bone
marrow cells undergoing adipogenic differentiation.”
Pref-1 is a member of the EGF-like family of proteins
and is a trans-membrane protein highly expressed in
preadipocytes, osteoblastic cell lines and hMSCs.”® Pref-
1 has been shown to be an important negative regulator
of adipocyte and osteoblast differentiation. However,
Prefl4 bone marrow cells have yet to be demonstrated
as adipogenic or directly capable of inducing osteoclasto-
genesis in vitro or in vivo. Prxl -cre:PTHIRY" mice were
generated to delete the PTH/PTHrP receptor from
Prx1+ mesenchymal progenitor cells.”” These mice had
a bone phenotype characterized by increased bone
resorption, low bone mass, severely deformed tibias,
increased numbers of tartrate-resistant acid phosphatase
positive (TRAP+) cells and increased MAT. RT-PCR
analysis showed that the marrow adipocytes from the
Cre+ but not the Cre- cells expressed RANKL and are
likely responsible for the increased numbers of osteo-
clasts and bone loss. Some of the RANKL+ cells were
also Pref-1+. In addition, PTH treatment reduced mar-
row adipocyte numbers in humans by 27% after
18 months of PTH.”” These data show that the anabolic
effect of PTH on bone can be attributed, at least in part,
to regulation of osteoblast-adipocyte lineage allocation.
In general, the amount of MAT is low in the long bones
and vertebrae of young animals, including humans and
increases with age. The reason for this age dependent
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increase in MAT is unknown. Young women with
anorexia nervosa and mice on a calorie-restricted diet
have increased MAT, which correlates with increased frac-
ture rate.”® The trauma of bone fracture itself induces
MAT.*® Interestingly, fracture repair is mediated, at least
in part, by mesenchymal progenitor cells that are likely
descendants of Osx+, LepR+, Nestin+ stromal progeni-
tor cells and are traced by @ smooth muscle actin.***
Mouse and human marrow adipocytes can induce multi-
ple myeloma proliferation in vitro.””* In addition, mar-
row adipocyte adipokines protected multiple myeloma
from chemotherapy.®" Murine models have demonstrated
that increasing MAT promotes the progression of osteo-
Iytic prostate cancer growth within bone.*” Thus, it is com-
monly perceived that the presence of MAT results in bone
loss with biomechanically compromised bones. However,
little if any data is currently available demonstrating a
causal relationship between MAT and low bone volume.
Indirectly, states of high MAT could allocate MSCs away
from the osteoblast lineage and toward the adipocyte line-
age resulting in less bone. In mice, strain (genetics) has a
significant effect on the amount of MAT (Farber unpub-
lished). As previously mentioned, C3H/HeJ (C3H) mice
have very high endogenous levels of MAT even in young
mice. In contrast, C57BL/6] mice have very low endoge-
nous levels of MAT. Interestingly, C3H mice have one of
the highest endogenous bone mineral densities (both tra-
becular and cortical) of any mouse strain examined.
C57BL/B6], on the other hand, have one of the lowest
bone mineral densities of inbred strains.*” These data are
important because they contradict the dogma that high
marrow fat correlates with low bone density. The effect of
MAT on bone density in humans is also unclear. Treat-
ment with TZDs, in particular rosiglitazone in mice, indu-
ces MAT and correlates with decreased bone mass due to
high rates of bone loss from enhanced osteoclastic activ-
ity.”" Similar findings are noted in humans, although the
degree of MAT is far less than in mice. Obesity is corre-
lated with increased MAT and studies in older men, post-
menopausal women and children show that obesity
increases the risk of fractures.*>***> 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 following long- (84 d in males) or
short-term (14 d in males and females) HFD. We found
that consumption of a HFD increases the volume of
MAT, albeit to an extent much less than rosiglitazone, but
has little or no effect on trabecular and cortical bone as
measured by DXA, histomorphometry, and micro-CT.*
These data indicate that the amount of MAT does not
always correlate with changes in bone. The type of

induction signal (ie, x-irradiation vs rosiglitazone)
appears to be another factor in this relationship (Horowitz,
unpublished). Inflammation has been linked to the delete-
rious effects of visceral WAT.*® Therefore, one possible
explanation for the bone loss is that MAT is involved in a
localized inflammatory response with the release of cyto-
kines that induce osteoclast activation.*

MAT - Conclusion

In long bones, MAT develops in the distal tibia and tail
vertebrae ahead of the MAT in the proximal tibia and
femur. However, the relationship of the MAT in the dis-
tal tibia to the tail vertebrae in unknown. As in humans,
mouse MAT increases with age in the long bones. In
young mice, MAT can be induced by a variety of stres-
sors including feeding with a rosiglitazone containing
diet or a diet low in methionine and x-irradiation. If
feeding younger mice a HFD induces and increase in
MAT it is difficult to detect by either osmium staining
coupled with micro-CT or histology.

We have developed methods (osmium tetroxide stain-
ing and micro-CT) to measure and identify the position
of MAT in mouse bones in vivo. Fluorescent Cre-lox
methods have been developed to lineage trace marrow
adipocytes ex-vivo as well as the cells in the medullary
canal, on bone surfaces or perivascularly.

Our data and that of others indicate that marrow adi-
pocytes are different from white, brown and beige adipo-
cytes and arise from a distinct progenitor. Adipocytes
that are found in long bones arises from mesenchymal
stem cells and there is ample evidence that MAT and
osteoblasts share an early common progenitor. However,
there is also evidence that multiple progenitors, with dif-
ferent cell surface phenotypes can give rise to adipocytes.
Whether this reflects different stages of differentiation or
truly different lineages; or if these cells give rise to both
lineages or separate precursors that differentiate down
distinct lineages remains to be shown in vivo. Moreover,
the cell surface phenotype of this precursor remains to
be identified as well as whether it is in the BM, on the
endosteum or in association with the vasculature.

There is a developing body of evidence just as like dif-
ferent WAT depots (i.e., anterior vs posterior expression
of Prxl) express different lineage markers, different
MAT depots (distal tibia vs tail vertebrae) arise from dif-
ferent progenitors.”> Although not discussed here in
detail, differences in rMAT between C57BL/6] and C3H/
HeJ mice strongly suggest that development of MAT has
a strong genetic component.

A variety of physiologic signals result in the develop-
ment of MAT in young animals and the increase in
MAT in older animals. This suggests an important role



for MAT in local (in the BM) interactions such as repair,
as a source of energy and in systemic interactions as a
source of adipokines. These data raise a series of critical
questions; particularly related to the role BM adipocytes
play in regulating BM cell differentiation and function.
One thing is clear, BM adipocytes are not “just filler.”
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