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Abstract
Purpose of Review Bonemarrow fat expresses mixed characteristics, which could correspond to white, brown, and beige types of
fat. Marrow fat could act as either energy storing and adipokine secreting white fat or as a source of energy for hematopoiesis and
bone metabolism, thus acting as brown fat. However, there is also a negative interaction between marrow fat and other elements
of the bone marrow milieu, which is known as lipotoxicity. In this review, we will describe the good and bad roles of marrow fat
in the bone, while focusing on the specific components of the negative effect of marrow fat on bone metabolism.
Recent Findings Lipotoxicity in the bone is exerted by bone marrow fat through the secretion of adipokines and free fatty acids
(FFA) (predominantly palmitate). High levels of FFA found in the bone marrow of aged and osteoporotic bone are associated
with decreased osteoblastogenesis and bone formation, decreased hematopoiesis, and increased osteoclastogenesis. In addition,
FFA such as palmitate and stearate induce apoptosis and dysfunctional autophagy in the osteoblasts, thus affecting their differ-
entiation and function.
Summary Regulation of marrow fat could become a therapeutic target for osteoporosis. Inhibition of the synthesis of FFA by
marrow fat could facilitate osteoblastogenesis and bone formation while affecting osteoclastogenesis. However, further studies
testing this hypothesis are still required.
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Introduction

The bone marrow microenvironment is a very active milieu,
which involves multiple interactions between cells, hormones,
growth factors, neural connections, and the vasculature [1–3].
These interactions are affected by the normal aging process
and in higher proportion in conditions such as osteoporosis.
The increasing volumes of marrow fat, which are observed in
aging and osteoporosis, are associated with a set of local
changes that are explained by the adipocytes and their secreted
factors [4•, 5]. There is growing evidence that these factors

regulate not only bone metabolism but also other functions of
the bone marrow such as hematopoiesis [5, 6••].

There is still controversy whether high volumes of mar-
row fat play a negative, positive, or neutral role in the bone
marrow [2, 7–9], which would depend on the physiological
or pathological role of marrow fat and its secreted factors.
Indeed, the understanding of the biological role of marrow
adipocytes has gone from just replacing the vacuum left by
other bone tissues to having very active thermogenic and
metabolic roles [10, 11]. In contrast, other authors have
proposed that marrow fat is a toxic presence within the
marrow microenvironment [12, 13].

The hypothesis that the only biological role of marrow fat
is to replace the vacuum left by decreased bone mass and
lower hematopoiesis could be easily contradicted by evidence.
The loss of bone mass observed in osteoporotic bone is not
just replaced by marrow fat. In fact, marrow fat volumes
gained in osteoporotic bones are much higher than the bone
volumes lost in the same anatomical areas, thus suggesting
that marrow fat is not there to replace the bone volumes, but
that marrow fat could play a role in the pathophysiology of
this disease [7, 10]. In this review, we will focus on both the
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positive and negative roles of marrow fat in bone biology.
Recent evidence on the thermogenic and metabolic roles of
marrow fat will be reviewed. In addition, the new evidence on
the lipotoxic role of marrow fat will be summarized. Finally,
the potential therapeutic applications of regulating lipotoxicity
in the bone will also be discussed.

The Good Marrow Fat

The question whether marrow fat has the characteristics attrib-
uted to white and/or brown fat would determine its predomi-
nant biological role (Fig. 1) [4•, 14]. Krings et al. [14] dem-
onstrated that marrow fat has a very distinctive phenotype that
resembles both white and brown adipose tissue (WAT and
BAT, respectively), thus suggesting that marrow fat

corresponds to a third type, which the authors described as
“beige.” BAT is known to regulate thermogenesis and stimu-
late energy expenditure thus controlling body weight by pro-
moting energy dissipation [15]. Beige fat contains
multilocular droplets and is spread throughout WAT, albeit
in low amounts during normal physiological conditions [16].
Earlier thought to exist only in small mammals and newborns,
the presence of BAT in adult humans was established by
fludeoxyglucose F 18 (18F-FDG)-PET/CT scans, and its loca-
tion was established in the supraclavicular, axillary, and
paravertebral regions [17]. Many studies have also established
the thermo-regulatory role of BAT in response to cold [15, 18].
This effect is carried out by the sympathetic nervous system
stimulation through norepinephrine by increasing the expres-
sion of uncoupling protein (UCP)-1, a protein that converts
metabolic energy generated in the mitochondria to heat [19].
UCP-1 expression is induced by norepinephrine binding to the
α-adrenergic receptors [20].

In contrast, WAT is composed of monolocular lipid drop-
lets that function as a storage compartment for the release of
lipids, when required. WAT is found in the viscerae and sub-
cutaneously and displays several important physiological
functions, including the storage of postprandial glucose as
triglyceride, and the secretion of signaling factors that regulate
appetite and energy homeostasis [21•,22]. Interestingly, con-
trary to its effect on WAT, caloric restriction has been associ-
ated with a significant increase in marrow fat, which may
indicate that increasing volumes of this fat are induced as a
potential metabolic supplier [23]. This could be explained by
the capacity of marrow fat to store triglycerides similarly as
WAT [24].

The beige characteristics of marrow fat suggest that
marrow adipocytes constitute a particular adipose depot,
which could have some beneficial roles associated with
their brown component. For instance, marrow adipocytes
store significant quantities of fat and produce adipokines,
leptin, and adiponectin, which are known for their role in
the regulation of energy metabolism [25]. In addition,
marrow fat is found in areas of high bone turnover, thus
suggesting that it could play a role as an energy provider
in this process [26]. Scheller et al. [27••] highlighted the
differences in marrow fat that occur due to spatial orien-
tation and named distally located fat as constitutive mar-
row adipose tissue (cMAT) and the proximally located fat
as regulated marrow adipose tissue (rMAT). cMAT is
expressed earlier in life and is less affected by physiolog-
ical changes, whereas rMAT is affected by physiological
changes like temperature. Levels of marrow fat are higher
in the axial skeleton where the temperature is higher.
Also, higher marrow fat volumes occur in animals ex-
posed to low temperatures [28••].

Beige fat secretes endocrine/paracrine factors that are
beneficial for the skeleton. An interesting study by

Fig. 1 Biological roles of bonemarrow fat.Marrow fat acting as a brown-
like type stimulates bone formation and osteoblastogenesis. In contrast,
when acting a yellow-like type, marrow fat secretes multiple factors
which have been associated with a deleterious effect on hematopoiesis,
bone metabolism, and bone quality
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Rahman et al. [29], using FoxC2(AD)(+/Tg) mice, a well-
established model for inducible beige fat, showed a ben-
eficial effect on the bone. FoxC2(AD)(+/Tg) mice showed
high bone mass due to increased bone formation associ-
ated with high bone turnover. Inducible BAT activated
endosteal osteoblasts whereas osteocytes had decreased
sclerostin expression and elevated levels of receptor acti-
vator of nuclear factor kappa-β ligand (RANKL). Also,
conditioned media collected from beige adipocytes de-
rived from FoxC2(AD)(+/Tg) mice activated osteoblast
phenotype and increased phospho-AKT and β-catenin ex-
pression in recipient cells. This effect was reversed by
using anti-wnt 10b and anti-I insulin-like growth factor
binding protein 2 antibodies, confirming the involvement
of endocrine/paracrine secretions in the observed anabolic
effect of beige fat.

The beneficial role of marrow fat via their brown and white
characteristics could be attenuated by conditions such as aging
and diabetes [14]. In both conditions, the systemic energy
metabolism and thermogenic response are significantly de-
creased. Marrow fat seems to play a role in this phenomenon
by losing its capacity to assume a brown-like phenotype. This
finding has been associated with alterations in the levels of
several hormones (i.e., growth hormone and sex steroids),
increasing levels of adipokines, and lower expression of
brown fat gene markers (i.e., UCP1, Dio2, PGC1α, and β3
adrenergic receptor) [14].

The Bad Marrow Fat

It would be expected that when the phenotype of the bone
marrow fat closely corresponds to WAT, the accumulation
and concurrent secretion of fatty acids and adipokines
could play a deleterious effect on the bone marrow micro-
environment, a phenomenon known as lipotoxicity [30].
Lipotoxicity is defined as the effect of fat on nonadipose
tissues [31]. These effects include generalized steatosis,
lipotoxicity, and lipoapoptosis [31, 32]. Abnormal fat in-
filtration and lipotoxicity are observed in several organs
and is associated with a variety of diseases [31].
Lipotoxicity of pancreatic beta-cells, myocardium, and
skeletal muscle leads, respectively, to type 2 diabetes, car-
diomyopathy, and insulin resistance [31, 33]. Sarcopenia,
a disease that has very similar risk factors than osteopo-
rosis, is also associated with fat infiltration and
lipotoxicity [34, 35••]. Considering that fat infiltration of
the marrow space is a regular finding in aged and osteo-
porotic bone, it has been proposed that lipotoxicity could
explain some of the changes observed in bone metabolism
and tissue quality usually associated with osteoporosis
and fractures [8, 13].

Mechanisms and Consequences of Lipotoxicity
in the Bone

Bone tissue homeostasis is largely regulated and maintained
by the bone marrow microenvironment. Increasing levels of
marrow fat would affect bone metabolism through a variety of
mechanisms. This has been demonstrated by studies showing
that osteoporosis can be introduced in normal mice by injec-
tion of total bone marrow cells from old mice directly into the
bone marrow cavity of normal recipients [36–39]. However,
the specific mechanisms involved in this lipotoxic effect have
been partially explored.

Based on the observation that increasing levels of marrow
fat are associated with low bone mass [40, 41], we initially
explored the possibility that marrow fat behaves differently
in young than older bone. To test this hypothesis, we char-
acterized the age-related changes in cytokine expression in
bone marrow flush as compared to subcutaneous fat isolated
from young (4-month-old) and old (24-month-old) male
C57BL/6J mice, using proteomic analysis. Proteins showing
a significant change were grouped according to their known
function in the bone. We found a significant age-induced
difference in the expression of 53 cytokines. As compared
with subcutaneous fat, aging bone marrow showed a more
pro-adipogenic, anti-osteoblastogenic, and pro-apoptotic
phenotype [42]. Our data suggested that, with aging, the
bone marrow microenvironment becomes significantly more
toxic than subcutaneous adipocytes. We concluded that these
adipokines, if secreted, could play a role in the pathogenesis
of age-related bone loss by affecting other cells within the
marrow milieu.

The next question was whether the increasingly toxic pro-
file of aging adipocytes could have an impact on other cells in
their vicinity. MSC exposed to adipocyte-secreted factors lose
their capacity to differentiate into bone cells while favoring
adipogenesis [43, 44], an effect that could be explained by
several mechanisms including oxidative stress, which favors
adipogenesis, and secretion of inflammatory cytokines (i.e.,
IL-6 and TNFα) and adipokines.

To test whether adipokines are involved in osteoblast dif-
ferentiation and function, we mimicked the bone marrow mi-
croenvironment in vitro using a two-chamber system co-
culturing normal human osteoblast with differentiating pre-
adipocytes in the absence or presence of the inhibitor of fatty
acid synthase (FAS) cerulenin [45]. After 3 weeks in co-cul-
ture, osteoblasts showed significantly lower levels of differen-
tiation and function as indicated by lower mineralization and
expression of alkaline phosphatase, osterix, osteocalcin, and
Runx2. In addition, osteoblast survival was decreased while
also showing higher levels of apoptosis, which was associated
with higher activation of caspases 3/7. Additionally, we ana-
lyzed the composition of the supernatants obtained from the
osteoblast side of the chamber. We found that two free fatty
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acids (FFA)—palmitate and stearate—were the most preva-
lent FFA observed in these supernatants. Interestingly, a pre-
vious study in humans identified palmitate as the most preva-
lent FFA in the bonemarrow of osteoporotic women [46], thus
suggesting a potential role of palmitate in the pathogenesis of
lipotoxicity in the bone.

Subsequently, we characterized the lipotoxic effect of pal-
mitate on human osteoblasts [47•, 48]. Initially, we tested for
changes in palmitoylation in this model. Palmitoylation is as-
sociated with the activation/inhibition of the aspartate-
histidine-histidine-cysteine (DHHC) palmitoyl transferases
genes that have a specific response to palmitate [49].

Initially, we found negative changes in the expression of
palmitoyl transferase genes in human osteoblasts exposed to
palmitate in vitro, thus confirming that palmitate is internal-
ized and has a biological effect on osteoblasts. We found that
palmitate negatively affected differentiation and bone nodule
formation and mineralization by osteoblasts. Furthermore,
from a mechanistic approach, we assessed changes in the nu-
clear activity of β-catenin and runt-related transcription factor
2 (Runx2)/phosphorylated mothers against decapentaplegic
(Smad) complexes. Although the expression of β-catenin in
palmitate-treated cells was not affected, there was a significant
reduction in the transcriptional activities of both β-catenin and
Runx2. A more recent study by Yeh et al. [50], confirmed
these findings using fetal rat calvarial cells.

In addition to MSC and osteoblasts, osteoclasts could also
be targeted by marrow fat thus increasing bone resorption and
decreasing bone mass. Age-related marrow adipogenesis is
linked to increased expression of RANKL [51•], which is a
strong inducer of osteoclast differentiation and activity.
Adipogenic transcription factors C/EBPβ and C/EBPδ, but
not peroxisome proliferator-activated receptor γ, bind to the
RANKL promoter and stimulate RANKL gene transcription
with concomitant downregulation of osteoprotegerin. A sim-
ilar study also reported that palmitate enhances RANKL-
stimulated osteoclastogenesis and is sufficient to induce oste-
oclast differentiation even in the absence of RANKL [52].
Interestingly, in this study, adenovirus-mediated expression
of diacylglycerol acyl transferase 1 (DGAT1), a gene involved
in triglyceride synthesis, inhibits palmitate-induced osteoclas-
togenesis, suggesting a protective role of DGAT1 for bone
health. Overall, by increasing osteoclastic activity and thus
bone resorption while decreasing osteoblast differentiation
and function, FFA (and predominantly palmitate) affect bone
metabolism, which could add a lipotoxic component to the
pathogenesis of osteoporosis.

Additionally to its deleterious effect on bone metabolism,
marrow fat also affects hematopoiesis. Whereas a recent study
reports that bone marrow adipocytes support hematopoietic
stem cell survival [53], most of the studies have demonstrated
that increasing levels of marrow fat have a negative effect on
hematopoiesis. Bone-resident cells committed to the

adipocytic lineage inhibit hematopoiesis and bone healing,
potentially by producing excessive amounts of dipeptidyl pep-
tidase-4, a protease that is a target of diabetes therapies [6••].
In addition, adipocytes of both rabbit and human secrete a
soluble factor(s) that inhibits B lymphopoiesis. Pretreatment
of BM mononuclear cells with adipocyte-conditioned medi-
um dramatically inhibited their differentiation into proB cells
in cocultures with OP9 stromal cells [54].

In summary, increasing levels of marrow fat are associated
with global changes in the bone marrow microenvironment
which includes low levels of osteoblastogenesis, decreased
osteoblast function, reduced mineralization, high levels of
bone resorption, and alterations in hematopoiesis. These ef-
fects are explained by both direct and indirect interaction be-
tween adipocytes and their secreted factors (predominantly
FFA) and the cells in their vicinity.

Lipoapoptosis

Apoptosis plays an important role in bone metabolism.
Whereas osteoclasts undergo apoptosis after a cycle of bone
resorption, a percentage of osteoblasts undergo apoptosis un-
der physiological conditions. However, the number of apopto-
tic osteoblasts is dramatically increased in aged and osteopo-
rotic bone [55].

The intrinsic mechanisms explaining these high levels of
osteoblast apoptosis remain unknown. Nevertheless, there are
several identified triggers such as IL-6, TNFα, and corticoste-
roids, which activate a variety of apoptotic pathways in bone
cells [56]. Although there is no evidence that high levels of
marrow fat are also associated with osteoblast apoptosis
in vivo, some in vitro studies suggest that adipocyte-secreted
products could trigger osteoblast apoptosis, a process known
as lipoapoptosis. Unger and Orci [57] defined lipoapoptosis as
“a metabolic cause of programmed cell death, which has been
identified to occur in obesity and aging”. Lipoapoptosis,
which is usually mediated by palmitate [58], has been associ-
ated with the mechanisms of diabetes, cardiomyopathy, and
fatty liver disease [57]. Considering that the fat infiltration
observed in aged and osteoporotic bone is similar to the one
observed in these diseases, it has been proposed that the apo-
ptosis observed in the osteoblasts in aged and osteoporotic
bone could be associated with the secretion of high levels of
FFA by marrow fat into the bone marrow milieu.

Our group tested the effect of palmitate on osteoblast sur-
vival [48]. Lipoapoptosis was observedwhen osteoblasts were
exposed to palmitate in the media, which induced apoptosis
though the activation of the Fas/Jun kinase (JNK) apoptotic
pathway. In addition, osteoblasts were rescued from palmitate-
induced apoptosis adding the JNK inhibitor SP600125 to the
media. Furthermore, other studies have identified additional
mechanisms of lipoapoptosis in the bone. Kim et al. [59] re-
ported that palmitate induces osteoblast apoptosis through the
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impaired activation of ERK. Dong et al. [60], used a co-
culture system, to demonstrate that FFA-generated reactive
oxygen species responsible for adipocytes-induced activation
of ERK/P38 signaling thus of osteoblast lipoapoptosis. In ad-
dition, the phosphorylation of extracellular signal-regulated
kinase (ERK)/P38 was increased, and inhibition of ERK/P38
significantly suppressed lipotoxicity.

Fat-Induced Autophagy

Autophagy has been identified as an important regulator of
bone metabolism [61, 62]. Autophagy is an endocytic process
that is mediated by lysosomes and is critical for an efficient
cell defense to stressful stimuli [63]. Autophagy is responsible
for the recycling of cellular materials, such as unwanted or
damaged proteins, and the generation of amino acids during
periods of starvation, as well as adaptive immunity.

The process of autophagy involves interaction among sev-
eral key proteins. It starts with activation of UNC-51-like ki-
nase (ULK), phosphorylation of autophagy protein (ATG) 13
and FIP 200 [64–66]. ULK1 phosphorylation leads to trans-
location of class III PI3K complex I, containing atg6 (also
known as beclin), beclin 1-regulated autophagy (AMBRA).
ATG14L, Vps15, and class III phosphoinositide 3-kinase
(PI3K CIII) then generate phosphatidylinositol 3-phosphate
(PI3P), leading to the formation of the autophagosome [67],
which is then fused with a lysosome resulting in digestion of
their contents.

Autophagy affects various cells types. In MSC derived
from umbilical cord, autophagy leads to increased stemness
[68]. In bone marrow-derived MSC, autophagy leads to in-
creased survival under oxidative stress conditions [69].
Accumulation of large quantities of autophagic vacuoles have
been reported in undifferentiated MSC [70]. These vacuoles
are consumed during early osteogenic differentiation of MSC,
suggesting that they are used as energy sources [71].
Autophagy is also important during differentiation in MSC
and autophagy inhibitors like bafilomycin, NH4Cl, and
shRNA-mediated knockdown of LC3 are reported to impair
differentiation of dental pulp-derived MSC into osteoblasts
[72].

Autophagy increases osteoblast differentiation and miner-
alization [71, 73]. Autophagic vesicles containing apatite
needles are found in osteoblasts, suggesting their role in intra-
cellular mineralization, a phenomenon that has been reported
by several groups [74–76]. Autophagy inhibition in osteo-
blasts using 3-MA and chloroquine leads to impairment in
osteoblast differentiation [73], as does knocking down of
key genes in autophagy like atg7 and beclin 1 [71].

Autophagy failure has been linked not only to degenerative
diseases of the nervous system, such as Alzheimer’s and
Parkinson’s disease [77], but also to osteoporosis [78•]. In
our study [48], palmitate induced dysfunctional autophagy

in cultured osteoblasts, which was preceded by the activation
of autophagosomes that surround palmitate droplets. In addi-
tion, osteoblasts were protected from lipotoxicity by inhibiting
autophagy with the phosphoinositide kinase inhibitor 3-
methyladenine.

In addition, autophagy is also reported in osteocytes [79].
Autophagy is induced in this cell type under stressful condi-
tions like starvation, hypoxia [80], and oxidative stress [81].
However, whether FFA induce dysfunctional autophagy in
osteocytes remains unknown.

Therapeutic Implications

Regarding reversibility of marrow fat-induced lipotoxicity,
several potential therapeutic approaches have been recently
tested. In our in vitro model, inhibition of FAS and thus of
FFA production rescued osteoblasts from lipoapoptosis and
lipotoxicity [45]. Another study has reported that bezafibrate,
a fibrate drug used as a lipid-lowering agent to treat hyperlip-
idemia, inhibits palmitate-induced apoptosis via the NF-κB
signaling pathway [82]. Gillet et al. [83] reported that oleate
abrogates palmitate-induced lipotoxicity and proinflammatory
response in human bone marrow-derived MSC and
osteoblasts.

Overall, therapeutic approaches to lipotoxicity would in-
volve one or some of the following approaches: (1) affecting
the capacity of marrow adipocytes to produce lipotoxic prod-
ucts; (2) inhibiting lipoapoptosis and promoting autophagy of
fat products; or (3) changing the type of marrow fat from a
toxic (WAT-like) to a bone-forming phenotype.

Conclusion

Cell interactions within the bone marrow milieu are complex.
Whereas brown-like and beige marrow fat seem to act simi-
larly to other types of fat in the body, white-like marrow fat
has a toxic effect onmost of the cells in its vicinity. High levels
of marrow fat observed in aged and osteoporotic bone have
been associated with low bone mass. Although this finding
could be explained by the release of several adipocyte-
secreted factors, the current evidence indicates that palmitate
is the predominant factor that is not only highly prevalent in
the bone marrow but also has the strongest toxic effect on
osteoblasts and hematopoietic cells while it also induces oste-
oclastic activity and bone resorption.

Understanding the role of marrow fat in regulating bone
metabolism is pivotal. Marrow adipocytes have moved from
being peripheral components of the pathogenesis of osteopo-
rosis into major regulators of the bone marrow microenviron-
ment and potential therapeutic targets. Therefore, lipotoxicity
is a promissory target that deserves further exploration.
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