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Abstract

Purpose of Review The development of adiposity in the bone marrow, known as marrow adipose tissue (MAT), is often
associated with musculoskeletal frailty. Glucocorticoids, which are a key component of the biological response to stress, affect
both bone and MAT. These molecules signal through receptors such as the glucocorticoid receptor (GR), but the role of the GR in
regulation of MAT is not yet clear from previous studies. The purpose of this review is to establish and determine the role of GR-
mediated signaling in marrow adiposity by comparing and contrasting what is known against other energy-storing tissues like
adipose tissue, liver, and muscle, to provide better insight into the regulation of MAT during times of metabolic stress (e.g.,
dietary challenges, aging).

Recent Findings GR-mediated glucocorticoid signaling is critical for proper storage and utilization of lipids in cells such as
adipocytes and hepatocytes and proteolysis in muscle, impacting whole-body composition, energy utilization, and homeostasis
through a complex network of tissue cross talk between these systems. Loss of GR signaling in bone promotes increased MAT
and decreased bone mass.

Summary GR-mediated signaling in the liver, adipose tissue, and muscle is critical for whole-body energy and metabolic
homeostasis, and both similarities and differences in GR-mediated GC signaling in MAT as compared with these tissues are
readily apparent. It is clear that GC-induced pathways work together through these tissues to affect systemic biology, and
understanding the role of bone in these patterns of tissue cross talk may lead to a better understanding of MAT-bone biology
that improves treatment strategies for frailty-associated diseases.
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Introduction

The skeleton facilitates biomechanical mobility and protection
for the body, with a dynamic nature regulated by the coordi-
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Tissue nated turnover activity of osteoblasts and osteoclasts. This
constant restructuring of the skeleton regulates the shape, size,
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cell abundance, decreasing the volume of bone forming cells
[2-4]. Although MAT shows a positive correlation with bone
mass at early ages, it is negatively associated with metrics of
bone mass like bone mineral density (BMD) later in life and is
often associated with the development of age-related osteopo-
rosis [5, 6].

Systemic factors that control bone remodeling activity in-
clude endogenous hormones and regulatory factors like mel-
atonin, growth hormone (GH), parathyroid hormone (PTH),
adiponectin, sclerostin (SOST), sex hormones, and glucocor-
ticoids [6—8]. The effects of these factors on bone mass have
been studied extensively. For example, low androgen and es-
trogen levels both contribute to bone loss in men, and estrogen
deficiency in females after menopause clearly increases the
likelihood of osteoporosis [1, 9]. Similarly, gonadectomy
and growth hormone deficiency both negatively affect bone
mass and size, whereas melatonin can be beneficial for skele-
tal integrity [10—12]. These same factors can also affect bone
marrow adiposity. As one example, osteocyte-secreted SOST,
which inhibits bone formation, drives adipogenesis in bone
marrow [13]. By regulating adipocyte differentiation and lipid
storage in bone marrow, hormonal factors can have both local/
paracrine and systemic/endocrine effects on bone formation.
This review focuses on our current understanding of marrow
fat, with particular attention to the role of glucocorticoid sig-
naling in the regulation of marrow adiposity and osteogenesis.

Marrow Adipose Tissue

Adipocytes are an energy storechouse, but can also be a
prime contributor to metabolic and cardiovascular dis-
eases. Visceral deposition of white adipose tissue (WAT),
is associated with several diseases [14]. In contrast, brown
adipose tissue (BAT) primarily functions in thermogenesis
and can be considered beneficial [15]. In light of these
characterizations, the question of whether marrow adipose
tissue (MAT) is “good” or “bad” is somewhat perplexing,
because MAT encompasses features of both WAT and BAT
depending upon site, functional demand, age, and disease
[3, 16—18]. The concept of constitutive and regulated bone
marrow adipose tissue (c(MAT and rMAT, respectively), as
first described by Scheller et al., highlights some of these
differences [19]. The cMAT that appears early in life,
found in the distal tibia, tail vertebrae, and paws of rodent
models, gives marrow a characteristic yellow appearance
and shares biological similarity with white adipose tissue
(WAT) [20]. In contrast, rMAT develops in the proximal
tibia and femur in response to nutritional and environmen-
tal changes, and is also influenced by genetic and endo-
crine factors. This rMAT is related to pathophysiology of
skeletal frailty starting even in early life (reviewed in
[21]). Physiologic variation of rMAT is also strongly
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evident in cold exposure and caloric restriction, the latter
of which may be partly under the influence of sympathetic
tone as MAT abundance during caloric restriction can be
reduced via treatment with propranolol [19, 22, 23].
Interestingly, tMAT shares characteristics of both WAT
and BAT, while its role in disease states is not yet fully
understood. Therefore, careful classification of MAT, in-
cluding comparing the quality and quantity of these fat
types as different states of marrow adiposity, is important
to describe its relationship to stages and progression of
skeletal frailty.

Despite the negative association between MAT and bone
mass, it is important to recognize that a small amount of fat
in the marrow may be beneficial. Some studies show that fatty
acids (FA) such as palmitate and L-carnitine are an important
fuel source for osteoblasts [24-26]; studies in mice showed
that defects in FA uptake and catabolism by osteoblasts im-
paired postnatal bone acquisition, increased body fat, and re-
duced global energy expenditure [27, 28]. Bone, and its mar-
row microenvironment, may be a major source of fat metabo-
lism for the body, as well as a site of fat synthesis [29, 30],
meaning that bone is well positioned to be a “combustion
engine” for fat within marrow. However, long-chain saturated
FA, particularly palmitate, also induce autophagy and apopto-
sis in osteoblasts [31]. Lipotoxicity from these FA causes in-
sulin resistance and defects in insulin receptor signaling, fur-
ther aggravating energy homeostasis and promoting more mar-
row fat depositions [32]. Work recently presented at the
American Society for Bone and Mineral Research annual
meeting demonstrated that genetic deletion of PPAR-gamma
under the control of the mesenchymal lineage Prx1 promoter
eliminated cMAT and rMAT in the bone, and led to an increase
in cortical and trabecular bone mass, bone formation, and bone
strength [33]. This parallels an earlier report where deletion of
PPAR-gamma with Coll — 3.6 kb Cre increased trabecular
bone mass and metrics of osteoblastic bone formation in 6-
month-old mice [34], as well as a recent report indicating that
treatment with an inhibitor of FA synthase (cerulenin)
prevented fatty infiltration of the bone marrow and bone loss
induced by ovariectomy [35], and a study showing that treat-
ment of skeletally mature (9-month-old) male mice with the
PPAR-gamma antagonist bisphenol-A-diglycidyl ether
(BADGE) increased bone volume, improved bone quality,
and increased metrics of osteoblastogeneiss while decreasing
marrow adiposity [36], all of which suggest a deleterious role
for MAT in skeletal homeostasis. However, it is important to
note that work presented at the same meeting demonstrated
that neither genetic deletion of PPAR-gamma with Dermol-
Cre nor treatment of aged mice with the PPAR-gamma antag-
onist GW9662 protected against aging-related trabecular bone
loss [37, 38]. Thus, the role of PPAR-gamma-expressing mar-
row adipocytes, particularly in the pathogenesis of aging-
related bone loss, remains somewhat unresolved.
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Glucocorticoids

Glucocorticoids (GC) are a component of stress responses and
circadian rhythm, playing a critical role in the regulation of
plasma glucose during times of stress by promoting metabolic
homeostasis in multiple cell types, for example increasing
gluconeogenesis in the liver or decreasing uptake and utiliza-
tion of glucose in WAT and skeletal tissues [39, 40]. GC also
affect endocrine and immune function through genomic and
non-genomic pathways, resulting primarily in modulation of
anti-inflammatory systems. Exogenous GC have been used
for decades in this capacity to treat a variety of diseases, al-
though they can engender a multitude of tissue-specific side
effects including growth retardation, osteoporosis, and muscle
atrophy in musculoskeletal system when used at high dosages
or for an extended period of time.

In the context of the skeleton, while much attention has
been paid to the negative effects of exogenous, pharmacologic
GC effects in bone (e.g., glucocorticoid-induced osteoporosis,
or GIO), it is important to note that endogenous GC are both
necessary and important for proper bone cell function [41].
However, dysregulated glucocorticoid signaling may also
contribute to age-related bone loss through effects on osteo-
blastic senescence and osteoprogenitor lineage selection (i.e.,
affecting the ratio of osteoblastic versus adipogenic differen-
tiation of progenitor cells) even in young subjects [42—45].
Local activation of endogenous GC is enhanced during aging;
in humans, this contributes to increased cortisol levels and
alterations in circadian cortisol variation, both of which may
be associated with bone frailty [46—48].

GC-induced signaling can be mediated through glucocorti-
coid receptor (GR, also known as the gene Nr3c/) in target
tissues, affecting the transcription of multiple genes, either by
the GR interacting with other transcription factors directly or by
occupying the glucocorticoid response element (GRE) in the
promoter regions of target genes as a GR—GR dimer complex
or GR-transcription factor complex. Regulation of GC activity
can be initiated in the brain, resulting in modulation of both
circulating levels of GC and their biological activity. In addition,
local regulation of GC activity and downstream signaling is pos-
sible through the activity of enzymes like 113-hydroxysteroid
dehydrogenase types 1 and 2 (Hsd11bl and Hsd11b2, respec-
tively), which catalyze the local conversion between inactive GC
(cortisone in humans and 11-dehydrocorticosterone or 11-DHC
in rodents) and active GC (cortisol in humans and corticosterone
in rodents) (Fig. 1). Tight regulation of each of these factors is
necessary to maintain proper homeostasis. Importantly, alter-
ations in either GC level or activity, as occurs with aging, dietary
changes, and other biological challenges, can have direct down-
stream effects on the skeletal system through bone cells
(reviewed in [41, 49]).

The role of endogenous GC in bone marrow, and specifi-
cally in MAT, is less clear. Along with understanding the

function of GC in bone marrow adipocytes, the role of GC-
based signaling in osteoblastic lipid storage and utilization,
and the possible contribution of these mechanisms to fat stor-
age in bone marrow, must be carefully considered, as previous
research suggests that osteoblast-lineage cells store lipids un-
der the influence of GC signaling, and that this process is
enhanced by aging [30]. It is possible that insights into the
role of endogenous GCs and their activity in the bone marrow
niche may be better appreciated through understanding the
role of endogenous GC signaling in other tissues capable of
lipid infiltration, utilization, and storage, such as traditional
adipose depots (WAT and BAT), liver, and muscle [30, 50].
In the next section, we will summarize known effects of GR-
mediated signaling in these systems, particularly with regard
to the metabolic responses to biological stressors such as die-
tary modification (caloric restriction and high fat diet) and
aging. These effects will be contrasted against what is known
with regard to endogenous GC and in the regulation of bone
and bone marrow adiposity.

Tissue-Specific Knockouts of the GR in Fat,
Liver, and Skeletal Muscle

Adipocytes Several recent studies have investigated the role of
GR-based signaling in adipocytes through the creation of
adipocyte-specific GR-knockout models. Mouse embryonic
fibroblasts isolated from GR-knockout mice (created with
GR-floxed mice and actin-Cre) formed fat pads, but tissues
and adipocytes formed were smaller as compared with cells
isolated from wildtype mice [51]. This indicates that while GR
signaling is not required for adipogenesis, it plays an impor-
tant role in processes of adipocyte differentiation and growth.
With regard to cellular metabolism, postnatal deletion of the
GR in adiponectin-expressing adipocytes (via a tamoxifen-
inducible adiponectin-Cre) promoted stress-induced lipid stor-
age in fat tissue and decreased lipolysis during fasting (as
measured by expression of adipose triglyceride lipase) [52].
Similarly, loss of GR in adiponectin-expressing adipocytes
(with a constitutive adiponectin-Cre) prevented WAT from
undergoing lipolysis due to defects in adrenergic signal trans-
duction [53¢]. This altered homeostasis on a whole-body
scale, where adipocyte-specific GR knockouts were protected
against systemic fat deposition in models of aging and high-fat
diet (HFD) administration, but adversely responded to caloric
restriction as seen by a disproportionate loss of lean mass
because muscle tissues were broken down when fat could
not be metabolized as an energy source during fasting.
Accordingly, GR-based signaling in adipocytes was deemed
essential for proper substrate mobilization in response to met-
abolic challenges [53¢]. These seemingly disparate systemic
effects between HFD and caloric restriction in adipocyte-
specific GR-knockout mice highlight the important,
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Fig. 1 “Classical” GR signaling:
Conversion between inactive and

active forms of glucocorticoids
(GC) is catalyzed by
hydroxysteroid dehydrogenase
enzymes Hsd11bl and Hsd11b2.

The active GC binds the GR, CORTISONE / @ @ Hsd11b1 O CORTISOL /
b bind 6 DA, g o 11-DHC @ —— _@ CORTICOSTERONE

affecting various transcriptional
activities. 11-DHC: 11-
Dehydrocorticosterone. Hsd11b1:
113-Hydroxysteroid
dehydrogenase type 1, Hsd11b2:
113-Hydroxysteroid
dehydrogenase type 2
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interconnected metabolic biology of organ systems such as
adipose tissue and liver, where adipocyte-specific GR-knock-
out mice were protected against HFD-induced hepatic
steatosis due to decreased circulating FA load from impaired
adipocyte lipolysis [53¢]. Likewise, adipocyte-specific GR-
knockout mice were protected against hepatic steatosis in-
duced by corticosterone treatment, likely by promoting in-
creased storage and sequestration of lipids in adipose tissues
[52]. However, some debate exists, as one study found that
deletion of the GR in adiponectin-expressing adipocytes was
not protective against increases in weight, fat mass, adipocyte
size, or hepatic lipid content in mice subjected to a high-fat—
high-sucrose diet (HFSD) [54], and another study found that
adipocyte-specific GR-knockout mice responded similarly to
a HFD in terms of weight gain and fat pad histology as com-
pared with wildtype mice [55]. Still, taken together, these
studies suggest that GR expression and downstream signaling
in adipocytes is an essential component of the body’s response
to metabolic stressors. The role of GR-mediated signaling in
adipose tissues under non-stressed conditions, however, is still
a matter of debate. Despite reported differences in the ob-
served responses to stressful challenges, it is interesting to
note that several independent studies reported that major phe-
notypic differences between adipocyte-specific GR-knockout
mice and wildtype mice were not seen under baseline (non-
stressed) conditions. Indeed, ~ 6-month-old male adiponectin-
Cre-driven GR-knockout mice showed no differences in body
weight, fat mass, lean mass, or percent fat as compared with
wildtype littermates on a normal chow diet [53°, 54-56].

Hepatocytes In the liver, glucocorticoid signaling is implicat-

ed in various stages of nonalcoholic fatty liver deposition [57];
however, loss of GR in hepatocytes surprisingly induced liver
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dysfunction in mice including the development of fatty liver
under normal and HFD feeding conditions [58]. There is some
disagreement about this phenomenon, however, as another
study of hepatocytic GR deficiency found no differences in
liver triglyceride content under non-stressed conditions [56].
As seen in adipocyte-specific knockouts of the GR, changes in
GR-mediated signaling in the liver may also cause compen-
satory changes elsewhere in the body. For example, a
hepatocyte-specific knockout of the GR (created with
albumin-Cre) triggered increased gluconeogenesis activity in
the kidney, although no major changes in body weight, lean
mass, or fat mass were seen [56]. However, upon treatment
with the GR agonist dexamethasone, insulin sensitivity was
improved and overall fat mass was decreased in these liver-
specific GR-knockout mice [56]. This suggests that GR-
mediated signaling in the liver, like in adipose tissue, is im-
portant for whole body energy and metabolic homeostasis.

Myocytes Fatty infiltration of skeletal muscle is associated
with musculoskeletal frailty [59-61], similar to how increas-
ing fat storage in bone marrow is associated with poor skeletal
outcomes. This process is correlated to the inflammatory pro-
file of muscle tissue in obesity and ageing [62, 63]. At the
opposite end of the spectrum from obesity, increased
intramyocellular lipid storage is also seen in cancer cachexia
despite an overall reduction in total body fat mass with in-
creased lipolysis, driven in part by inflammatory mediators
like TNF-alpha [64, 65]. Intramyocellular protein and lipid
metabolism is regulated by glucocorticoids [66, 67], although
the specific role of the GR in myosteatosis related to
intramyocellular lipid accumulation has not been addressed
in previous studies. However, it is interesting to note that
intermuscular fat, attributed to the presence of adipocytes
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within the muscle tissue, is less sensitive to GC than other
depots like subcutaneous and visceral WAT, and expresses
lower levels of the GR than these other depots [68]. GR-
mediated signaling does play a major role in muscle structure
and biology. Muscle hypertrophy was observed in muscle-
specific knockout mouse models of the GR created using
skeletal muscle actin (Actal)-Cre and fast myosin light chain
(Mlcf)-Cre, but did not occur when the knockout was created
with muscle creatinine kinase (Mck)-Cre [69-72].
Interestingly, this effect on muscle mass may occur across
species, as a recent report of a GR-deficient zebrafish model
(created with CRISPR-Cas9 technology) also presented with
increased muscle mass [73]. As with liver- and fat-specific GR
knockouts, systemic changes elsewhere in the body were in-
duced by GR knockout in the muscle. For example, knockout
of the GR with skeletal muscle actin (Actal)-Cre produced
smaller adipose tissues due to drastic shift of energy utilization
in liver and adipose tissue [69], and GR-deficient zebrafish
demonstrated increases in whole-body protein and lipid con-
tent [73].

Bone and Bone Marrow Mice with deletion of the GR under
the control of a macrophage-specific promoter (deleting the
GR in osteoclast-lineage cells) demonstrated few differences
as compared with wildtype mice in the absence of treatment
with exogenous GC [74]. One of the first studies reporting the
effects of an osteoblast-lineage-specific GR knockout (created

Fig. 2 Reported effects of tissue
specific GR knockout (KO),
including potential pathways for
tissue cross talk

using Runx2-Cre) demonstrated that GR-deficient mice pre-
sented with reduced trabecular bone mass [75]. Surprisingly,
these bone-targeted GR knockouts showed no changes in his-
tological indices of osteoblast nor osteoclast abundance that
could explain the low trabecular bone mass, although primary
osteoblasts from these mice were impaired in their ability to
proliferate and produce a mineralized matrix [75]. These re-
sults provided support for the idea that GR-mediated signaling
is important for promoting osteoblast expansion under the
influence of endogenous GC, but the response of MAT to loss
of the GR in this study was not reported [75]. A recent report
demonstrated that the GR is critical for proper fracture
healing, but again did not address the role of MAT in the
skeletal response to loss of the GR [76]. To address this gap
in knowledge, we recently developed a mouse model with
conditional knockout of the GR in osteoprogenitors using
Osx1-Cre, subjecting these mice to either ad libitum or caloric
restriction feeding to determine the effects of GR deficiency in
the regulation of bone and MAT [77+¢]. These GR-deficient
mice presented with reduced cortical and trabecular bone mass
under both feeding conditions, resulting from decreased bone
formation activity. The abundance of MAT was drastically
increased in GR-deficient mice under both ad libitum and
caloric restriction conditions, and surprisingly, treatment with
the (-adrenergic receptor antagonist propranolol was unable
to rescue CR-induced marrow fat in either WT or GR-
deficient mice [23, 77¢¢]. The mechanism for increased
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MAT in these GR-deficient mice is not yet known, but may
reflect processes such as impaired MAT lipolysis (as in
adipocyte-specific knockouts of the GR) [52, 53¢], altered
mesenchymal progenitor cell differentiation patterns, or al-
tered cross talk between the bone and other body systems.
Notably, unlike the adipocyte- and liver-targeted GR-knock-
out models described above, the effects of caloric restriction
on body mass and fat mass were not exacerbated nor altered in
osteoprogenitor-specific GR-knockout mice, but this does not
rule out the possibility for cross talk between the skeleton and
other body systems that is mediated by GR-based signaling in
bone [77¢¢]. It will be of interest to determine how these bone-
specific GR-knockout mice respond to the stress of aging and
other metabolic challenges. From a clinical perspective, a re-
cent study found that higher adrenal secretion of endogenous
GC, while still in the range of what is considered normal and
physiological, was associated with higher bone marrow fat
content in children [43].

Summary and Future Directions

In understanding the role of GC and the GR in MAT biology,
it must also be acknowledged that GC can bind other receptors
that facilitate signaling outside of the “classical” GR action. It
has been reported that GC bind the mineralocorticoid receptor
(MR) at up to 10-fold higher affinity than the GR [78], and
that the MR may mediate some of the harmful actions of
exogenous GC in bone [79]. Likewise, the “GR” actually
presents in two possible confirmations: GR-alpha, and GR-
beta, with GR-alpha mediating the classically known effects
of the GR as described above and GR-beta demonstrating an
inhibitory role [80, 81]. The MR, GR-alpha, and GR-beta are
all expressed in the skeletal system [82], although the specific
roles of each of these receptors in MAT biology are largely
unknown.

Reflecting upon the role of the GR- and GC-induced sig-
naling in the body systems described above, similarities and
differences among tissues are readily apparent (Fig. 2).
Several independent studies support the assertion that endog-
enous GC-induced and GR-mediated signaling is important
for lipolysis in fat [52, 53+, 55] and proteolysis in muscle
[70-73], suggesting commensurate induction of energy me-
tabolism responses between different tissues. However, dur-
ing fasting, GR-mediated signaling induces lipolysis in WAT,
whereas MAT expands during caloric restriction, although this
may occur independently from GR action [53e, 77ee].
Regardless, it is clear that these GC-induced pathways work
together to affect systemic biology, such as how the muscle-
liver-fat signaling axis is well established for lipolytic action
in adipose tissue through GR [69]. In future studies, it will be
critical to determine the molecular mechanisms by which GR-
mediated endogenous GC signaling affects the biology of
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bone and MAT. This may, in turn, lead to a better understand-
ing of the skeleton’s role in the systemic response to endoge-
nous glucocorticoids, and how these processes affect whole
body homeostasis during metabolic challenges such as altered
diet, stress, and aging.
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