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Abstract
Purpose of Review Since its discovery 15 years ago, inhibi-
tion of sclerostin has come to be identified as a potent anabolic
agent. The sclerostin neutralizing antibody, romosozumab, is
a promising treatment for postmenopausal osteoporosis.
Animal studies also show a role of sclerostin in regulating
hematopoietic cells and, more recently, adipocytes. This re-
view will summarize the newly discovered effects of
sclerostin on white, beige, and bone marrow adipocytes.
Recent Findings Sclerostin treatment of a preadipocytic cell
line shows dose-dependent increase in differentiation of white
adipocytes. The supraphysiological increase in circulating
sclerostin in mice shows an increase in beige adipocytes,
i.e., brown adipocyte-like cells in white adipose tissue depots.
Sclerostin treatment also increases bonemarrow adipogenesis.
Moreover, sclerostin-deficient mice show decreased whole
body fat due to increased fatty acid oxidation.
Summary These recent findings show that circulating
sclerostin could affect the development of all types of adipo-
cytes. However, sclerostin levels vary significantly depending
on age, gender, and disease conditions. Moreover, significant

variation is present among adipocytes depending on develop-
mental stage and tissue location. Further studies are needed to
determine the more precise role of sclerostin on adipocytes.
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Introduction

Sclerostin is a 213 amino acid protein encoded by the gene
SOST localized, in human, on chromosome 17 g12-q21. This
cysteine-rich protein, with homology to gremlin, is primarily
secreted by osteocytes, the bone cells deeply encased into the
hard tissue of bone [1, 2]. Sclerostin was first identified in
2001–2002 as the factor responsible for two rare skeletal dis-
orders, sclerosteosis and van Buchem disease, characterized
by generalized osteosclerosis [3–5]. Consequently, most of the
studies on sclerostin have focused on its role in bone homeo-
stasis. Over the past decade SOST/sclerostin has emerged as a
potent regulator of bone formation and a very promising ther-
apeutic target. Phase 2 clinical trial of anti-sclerostin antibody
(romosozumab) shows promising potential for osteoporosis
treatment [6].

Sclerostin exerts its effect by binding to co-receptors of
Wnt-signaling LRP4, LRP5, and LRP6 [7, 8]. Upon binding
to these receptors, it inhibits Wnt ligand-receptor binding and
subsequent activation of the canonical β-catenin signaling [7].
Mutational analysis of the protein identified a flexible loop
and the cysteine knot that are important for the Wnt-signaling
inhibition. Asn92 and Ile94 amino acids reside in the second
loop and are key residues for binding to LRP5 and LRP6 [9].
LRP4, which acts as chaperone, is also required for the full
inhibitory effects of sclerostin [10].
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Several factors influence sclerostin circulating levels, includ-
ing vitamin D, parathyroid state, myeloma, kidney diseases,
and arthritis [11–15]. Serum sclerostin is elevated in patients
with early chronic kidney disease (CKD) and is negatively
correlated with CKD progression [16]. In vitro and in vivo
studies, both in humans and in animal models, have demon-
strated that parathyroid hormone (PTH) is a potent suppressor
of SOST expression and sclerostin synthesis [17–19]. For ex-
ample, intermittent PTH treatment to female volunteers signif-
icantly reduced their circulating sclerostin levels [20] and serum
sclerostin is negatively correlated with PTH levels in postmen-
opausal women [21]. Moreover, serum sclerostin was signifi-
cantly suppressed in patients with hyperparathyroidism and
significantly elevated in hypoparathyroid patients [22].

Given that sclerostin is detected in the circulation [11] and that
it targets ubiquitous Wnt-signaling pathway, it raises the pos-
sibility that it may exert biological effects in distant cell types
and organs. In this review, we summarize the role of sclerostin
in bone cells, its paracrine effects on hematopoietic cells in
bone marrow microenvironment, and recently identified en-
docrine effects on peripheral adipose tissues.

Effects of Sclerostin on Bone

As stated above, sclerostin was initially discovered as the
causative factor for two rare skeletal disorders: sclerosteosis
and van Buchem disease. Since then, sclerostin-neutralizing
antibodies have been developed as potent therapy for osteo-
porosis and osteopenias. Dramatic osteoanabolic effects were
observed after antibody-mediated suppression of sclerostin in
rat models of ovariectomy-induced osteoporosis [23] and age-
based model of osteoporosis [24]. Mice lacking sclerostin
(SostKO mice) displayed markedly increased bone formation
and bone strength [25]. Loss of sclerostin-binding partners,
the Wnt co-receptors LRP5 and LRP6, in mature osteoblasts
resulted in loss of trabecular and cortical bone [26]. Similarly,
ablation of β-catenin in osteoblasts and/or osteocytes resulted
in marked osteopenia due to increased bone resorption [27,
28]. These studies indicate that sclerostin is a potent negative
regulator of bone mass via its binding partner Wnt co-
receptors on mature osteoblasts. However, mice with deletion
of LRP4 have high bone mass despite high circulating level of
sclerostin indicating that LRP4 is needed to Bpresent^
sclerostin protein to LRP5 and LRP6. Indeed, neutralizing
Ab against LRP4 was also effective in increasing bone forma-
tion in mature animals [29].

Secreted from osteocytes, sclerostin acts on nearby osteo-
blasts and bone lining cells to block their proliferation and
function [7]. The osteoanabolic effect of sclerostin reduction
by neutralizing antibody is associated with new bone forma-
tion on quiescent bone surfaces by increasing osteoblast num-
bers and activity [30]. However, how sclerostin treatment

recruits new osteoblasts to the bone surface remains largely
unknown. The Wnt-signaling pathway targeted by sclerostin
plays essential role in osteoblast biology, and it has been im-
plicated in osteolineage commitment, osteoblast proliferation,
and function [7]. Sclerostin has been shown to inhibit osteo-
genic commitment of mesenchymal cells [31] and the progres-
sion of late osteoblasts to mature osteocytes in in vitro cultures
[32]. Sclerostin is also elevated during unloading or reduced
gravity (as during human space flights) and recent animal data
suggests that sclerostin neutralizing antibody may be an effec-
tive countermeasure to unload-induced bone loss [33–35].

Effect of Sclerostin on Hematopoietic Compartment

Sclerostin also affects hematopoiesis and B cells survival.
Animals lacking sclerostin (SostKO) have generalized hyper-
ostosis associated with B cell defect due to altered bone mi-
croenvironment. The importance of the bone marrow micro-
environment in maintaining the hematopoietic stem cells
(HSCs) niche, a specialized stromal environment that protect
and support the HSCs, was first described in 2003 [36, 37],
when two independent groups demonstrated that endosteal
osteoblasts were needed to maintain the niche. Over the last
decade, the complexity and identity of the niche-supporting
cells has expanded to delineate an intricate and sophisticated
network between different bone marrow cells (such as endo-
thelial, perivascular, and CAR cells) and different hematopoi-
etic cells subtypes. The emerging concept is that the bone
marrow is a dynamic entity comprising multiple microniches
supporting different hematopoietic subtypes. Myeloid and
lymphoid cells are also influenced by osteoblasts, but the ex-
act mechanisms that regulate these cells fate are still unclear.
In SostKO animals, HSCs were unchanged, whereas lym-
phoid and myeloid lineages were significantly reduced due
to increased apoptosis. Bone marrow transplants studies in
these animals demonstrated that the B cell defect in these
animals was non-cell autonomous, but dependent of the bone
marrowmicroenvironment [38]. Interestingly, no hematologic
abnormalities have been reported in patients affected by
sclerosteosis or van Buchem disease, indicating that in human
other compensatory mechanisms might be in place. Opposite
to SostKO animals, when SOST/sclerostin expression is in-
creased, there is an increase inmyeloid cell proliferation that is
not rescued by treatment with Scl-Ab suggesting a possible
paracrine or intracrine effect of the protein [39].

The Adipose Tissue

Traditionally, fat is known to function as storage for excess
energy in the form of triglycerides that can be reused when
needed. Adipocytes are the major building blocks of adipose
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tissue along with other supporting cells such as adipocyte
precursors, vascular endothelial cells, fibroblasts, and tissue
resident macrophages. These supporting cells, along with sig-
nals from insulin and other endocrine hormones, guide the
development of adipocyte precursors into mature adipocytes.
It is much evident now that fat tissue also acts as an endocrine
organ by secreting several endocrine factors including leptin,
adiponectin, resistin, tumor necrosis factor alpha (TNFα), in-
terleukin 6 (IL-6), and others [40]. Thus, the adipose tissue
plays multi-faceted role in nutrient homeostasis.

Distinct specialized adipocyte cells are characteristic of
vertebrates compared to other lower organisms. There are
multiple fat depots in vertebrates. In mice, there are eight
major fat depots: gonadal, inguinal, retroperitoneal, mesenter-
ic, omental, pericardial, popliteal, and brown adipose tissue
(BAT). Gonadal white adipose tissues (GWAT) are the largest
fat depots in mice, comprising about 30% of dissectible fat.
The next largest fat depot is the pair of inguinal white fat
tissues (InWAT). These are found subcutaneous anterior to
the upper segment of the hind limbs. Surrounding the kidney
consists of the paired retroperitoneal white adipose tissue de-
pots along the dorsal wall of the abdomen. The mesenteric
white adipose tissue supports the intestines, the stomach,
and the omental depot by forming a web-like structure.
Minor depots include the pericardial and the paired popliteal
depots. In mice, BAT is located subscapular between the dor-
sal crests of the scapulae and is often covered by Binfused^
white adipose tissue. In addition to these traditionally recog-
nized eight fat depots, recently bone marrow adipocytes have
also been proposed as a new adipose tissue due to its distinct
developmental pattern and endocrine activities [41]. Although
similar in composition, the response of different adipose de-
pots to pathophysiological conditions varies in gender depen-
dent manner. In humans, adipose tissue depots develop in
distinct regions and do not even have precise correlation with
fat depots in mice. For example, large visceral fat in omentum
in humans is barely present in mice; conversely large gonadal
fat in male mice do not exist in humans [42]. Moreover, adi-
pocytes from different depots display distinct gene signatures
[43]. These considerations should be taken into account when
interpreting data from mice experiments.

Currently, three distinct types of adipocytes are recognized
in peripheral fat depots: white, brown, and beige adipocytes.
The unilocular white adipocytes are the most abundant adipo-
cytes and constitute the bulk of fatty tissue. They specialize in
storing excess glucose as triglycerides in large lipid droplets.
During low-glucose stages, this triglyceride is used to
generate energy. Brown adipocytes, specifically localized
in BAT, are highly specialized cells that dissipate excess
chemical energy in the form of heat via the actions of a
mitochondrial protein, uncoupling-protein 1 (UCP1). Via
this action, the BAT acts as a thermoregulatory organ in addi-
tion to shivering-induced thermogenesis in muscle. It should

be noted that although BAT is present in mice throughout the
life-span; in humans, only newborns have distinct and signif-
icant BAT and it is gradually lost with age. Instead, the third
type of adipocytes, the beige adipocytes, were observed in
human adults by [18F]-2-fluoro-D-2-deoxy-D-glucose
(FDG) positron emission tomography (PET) which showed
UCP1-postive loci in the supraclavicular and spinal regions
[44]. In rodents, prolonged cold exposure or adrenergic
signaling can induce UCP1-positive brown adipocyte-like
cells in white adipose depots, especially in inguinal and
gonadal depots [45]. These inducible UCP1-positive cells
within the white adipose depots are now recognized as beige
adipocytes. Because UCP1-positive cells facilitate excess en-
ergy expenditure, confirmations of these cells in human adults
have opened new therapeutic investigations into targeting these
cells to tackle obesity and better metabolic controls.

The cellular-lineage origins of white, brown, and beige
adipocytes are quite distinct. White adipocytes are mostly de-
rived from mesenchymal lineage cells primary guided by the
action of the transcription factor peroxisome proliferator-
activated receptor gamma (PPARγ). For a long time, white
and brown adipocytes were thought to originate from same
common precursor. However, recent studies unambiguously
showed that brown adipocytes originate from the same pre-
cursors of muscle cells. Interestingly, the beige adipocytes do
not share the same origins as the classical brown adipocytes of
BAT. Indeed, lineage-tracing studies demonstrated that brown
adipocytes and muscle cells derive from Pax7+/Myf5+ pro-
genitors; whereas, white and beige adipocytes derive from
Pax7−/Myf5 stem cells [45].

Effect of Sclerostin on Adipocytes

A number of studies have reported altered body metabolism and
composition in mice with genetic manipulation of osteoblast
lineage cells or their intracellular signaling [46–54]. At least
two differentmechanisms have been shown to contribute to these
effects: (i) regulation of insulin and glucose metabolism via se-
cretion of undercarboxylated osteocalcin (ucOCN) by mature
osteoblasts [55] and (ii) ucOCN independent mechanisms regu-
lating body fat [56]. This is evident from studies of mice with
induced osteoblast or osteocyte deficiency which show lean phe-
notypes and/or abnormal glucosemetabolism [53, 54].Micewith
induced osteoblast cellular deficiency develop hyperglycemia,
hypoinsulinemia (due to decreased pancreatic β-cell prolifera-
tion), decreased glucose tolerance and insulin sensitivity [53].
On the other hand, mice with osteocyte-deficiency do not show
any changes in glucose or insulin metabolism [54]. Interestingly,
both the osteoblast and osteocyte deficient mice have decreased
white adipose depots [53, 54]. Many studies showed that
osteolineage cells regulate insulin-glucose metabolism via the
osteoblast secreted ucOCN [46, 57]. The target of ucOCN action
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is pancreatic β-cells where ucOCN binds to its receptor
GPCR6A to induce insulin secretion [51, 58]. In osteoblasts,
components of insulin receptor signaling, including insulin re-
ceptor, mTORC2, and Foxo1, are involved in regulation of
ucOCN [48, 49, 52, 59]. Treatment of the osteoblast-deficient
micewith ucOCN completely normalized the glucose and insulin
metabolism abnormalities; however, it could not rescue the lean
phenotype [53]. These data suggests presence of other, ucOCN-
independent mechanisms, through which osteolineage cells
could directly regulate body adiposity. Indeed, mice lacking
LRP5 in osteoblast have increased body adiposity without
changes in glucose metabolism or ucOCN levels [56].

Several studies have shown thatWnt signaling is an impor-
tant determinant of both white and brown adipogenesis.
Activated Wnt signaling inhibits white adipogenic differenti-
ation in favor of osteoblastogenesis [7, 60]. In brown adipo-
cytes Wnt signaling has biphasic effects. Activated Wnt sig-
naling inhibits brown adipogenesis in pre-adipocytes and in-
hibits UCP1 in differentiated brown adipocytes [60, 61]. This
raises the possibility that the osteocytes-secreted factor
sclerostin, which inhibits Wnt signaling by binding to the
LRP5/LRP6 co-receptors, could also alter adipogenesis.
Sclerostin is secreted into the circulation and is detectable in
serum of healthy humans. In humans, LRP6 inactivating mu-
tations and circulating sclerostin are associated with metabolic
syndrome [62, 63] whereas LRP6 haploinsufficient mice

show reduced body fat with increased PGC1α and UCP1
expression in white and brown fat [64]. In both men and
postmenopausal women, circulating sclerostin levels increase
with age with men having significantly increased sclerostin
compared to women [65]. Circulating sclerostin levels are also
positively correlated with bone mineral density, body mass
index, and gonadal fat after partial correlation analysis adjust-
ed for age, gender, and kidney function [65, 66].
Paradoxically, despite being a negative regulator of bone for-
mation, high circulating sclerostin levels are positively asso-
ciated with higher bone density [63, 65]. This suggests that the
effects of sclerostin are more complex or that the circulating
levels of this protein merely reflect bone mass rather than its
biological effect. In other words, bigger bone, with more os-
teocytes, will produce more sclerostin compared to smaller
bone with less osteocytes.

To examine the direct effects of sclerostin on white adipogen-
esis, Ukita et al. tested the effects of sclerostin treatment on
differentiation of 3 T3-L1 pre-adipocyte cell line [67••].
Treatment of 3 T3-L1 cell with 5–10 ng/ml recombinant
sclerostin for the whole differentiation period significantly and
dose dependently increasedwhite adipogenesis as assessed by oil
red O staining and gene expression of PPARγ. Sclerostin treat-
ment also rescued inhibition of adipogenesis byWnt3a treatment.
Sclerostin achieved this effect, at least in part, by activation of
C/EBPβ protein levels and suppression of TAZ (Transcriptional

Fig. 1 Effects of sclerostin on peripheral adipocytes. Sclerostin is highly
upregulated by deletion of Gsα signaling in osteocytes. Sclerostin is
secreted into circulation via blood vessels in close proximity to

osteocytes. In white adipocytes, sclerostin acts to increase expression of
PPARg and adipocyte differentiation. Sclerostin also increases beige
adipogenesis and expression of UCP1
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coactivator with PDZ binding domain) [67••]. This data demon-
strates that sclerostin directly enhances white adipogenic differ-
entiation of 3 T3-L1 cells (Fig. 1). Further studies are needed to
examine role of sclerostin in primary adipocytes and determine at
which stage of adipocyte differentiation and maturation the pro-
tein exerts its effect.

We have recently investigated body composition and metabo-
lism in mice with high circulating sclerostin [68••]. We have
focused our studies on Gsα signaling in osteolineage cells. Gsα
is the cAMP stimulatory secondary messenger of G-protein
coupled receptors. We have generated two constitutive and one
inducible mouse models of Gsα-disruption specifically in
osteolineage cells. Mice lacking Gsα in osteocytes were generat-
ed using the Dmp1-Cre promoter (Dmp1-GsαKO) whereas mice
lacking Gsα in both mature osteoblasts and osteocytes were gen-
erated using the Osteocalcin (Oc)-Cre promoter (Oc-GsαKO). In
addition, a tamoxifen-inducible postnatal loss of Gsα in osteo-
cytes was also generated by using the Dmp1-Cre-ERT2 promoter
(Dmp1-ERT2GsαKO). All three mouse models had significant in-
crease in serum sclerostin and increased sclerostin expression in
osteocytes. We observed that these mice become progressively
lean with age with reduction in gonadal and inguinal fat pad
weights. Serum insulin levels were unchanged indicating that
the decreased body fat mass was not due to altered levels of
ucOCN levels. Interestingly, the lean phenotypes were associated
with a dramatic increase in UCP1-positive beige adipocytes in
both the inguinal and gonadal white adipose tissues. Because
activation of Wnt signaling in differentiated brown adipocytes
suppresses UCP1 expression, we hypothesize that the inhibition
of Wnt signaling by sclerostin could lead to increased UCP1
expression and beige adipogenesis in these mice. Treatment of
the Dmp1-GsαKO mice with anti-sclerostin neutralizing antibody
significantly reduced the increased expression of beige adipogenic
markers in WAT depots. Conversely, treatment of wild-type mice
with sclerostin significantly increased UCP1-expression in WAT
of these animals. Sclerostin also dose dependently increased
UCP1 expression in primary white adipocytes. Altogether these
data show that the increased sclerostin in vivo, at least in part,
contribute to increased beige adipogenesis (Fig. 1).

By contrast, in a converse in vivo model, Frey et al. recent-
ly examined body composition and metabolism changes in
sclerostin-null (SostKO) mice [69••]. Whole-body fat mass
and fat pad weights were significantly decreased in SostKO
mice whereas glucose tolerance and insulin sensitivity were
significantly increased. UcOCN levels were not changed in
these mice. Overexpression of sclerostin by adeno-
associated virus gene transfer to liver led to increased fat pad
weights with impaired glucose tolerance. Examination of
white adipose depots from SostKO mice showed enhanced
ability to oxidize fatty acids, increased in the gene expression
of UCP1 and Ppargc1α, and a reduction in de novo fatty acid
synthesis. Therefore, significant decrease in fat pad weights in
SostKO mice appears to be the result of cell non-autonomous

enhancements inWnt signaling in white adipocytes and a shift
towards anabolic metabolism in this tissue. This paradoxically
similar phenotypes in mouse models of increased and de-
creased sclerostin demonstrate the need for additional investi-
gation to unravel the precise effect of sclerostin on adipocytes.

In addition to the effect of sclerostin on white and beige
adipocytes, circulating sclerostin levels are also associated
with higher vertebral marrow fat in men [70]. Recently
Reagan et al. showed that sclerostin increases bone marrow
adipogenesis [71••]. The authors also reported that sclerostin
increases adipogenesis of 3 T3-L1 cells, as previously ob-
served [67••] and also in bone marrow mesenchymal stem
cells from both mouse and human.

Conclusion and Future Directions

Taken together, these recent in vivo and in vitro studies demon-
strate a role for sclerostin in the development and function of
white and beige adipocytes. It should be noted that serum
sclerostin levels are influenced by gender, age, and disease con-
ditions. To complicate the matter further, energy metabolism and
body composition are also highly influenced by gender, age, and
disease conditions. Therefore, determining precise effects of
sclerostin on adipocytes or energymetabolism is fairly complicat-
ed and additional studies, both in vitro and in vivo, are needed to
elucidate the effects of this protein on adipose tissue. Population-
based studies show that the serum sclerostin levels are higher in
men compared towomen, it increasesmarkedlywith age, and it is
surprisingly higher in older individuals [72, 73]. Circulating
sclerostin levels are also increased in patientswith Type 2 diabetes
mellitus [73] and in patients with early chronic kidney disease
(CKD) where they negatively correlated with CKD progression
[16]. Interestingly, these disease conditions also affect adipocytes
and energy metabolism. Therefore, further studies are needed to
determine precise effects of sclerostin on adipocytes, fat accumu-
lation, and energy metabolism.
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