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L
Almeida M, Laurent MR, Dubois V, Claessens F, O’Brien CA, Bouillon R, Vander-
schueren D, Manolagas SC. Estrogens and Androgens in Skeletal Physiology and Patho-
physiology. Physiol Rev 97: 135–187, 2017. Published November 2, 2016;
doi:10.1152/physrev.00033.2015.—Estrogens and androgens influence the growth
and maintenance of the mammalian skeleton and are responsible for its sexual dimor-

phism. Estrogen deficiency at menopause or loss of both estrogens and androgens in elderly men
contribute to the development of osteoporosis, one of the most common and impactful metabolic
diseases of old age. In the last 20 years, basic and clinical research advances, genetic insights
from humans and rodents, and newer imaging technologies have changed considerably the land-
scape of our understanding of bone biology as well as the relationship between sex steroids and the
physiology and pathophysiology of bone metabolism. Together with the appreciation of the side
effects of estrogen-related therapies on breast cancer and cardiovascular diseases, these ad-
vances have also drastically altered the treatment of osteoporosis. In this article, we provide a
comprehensive review of the molecular and cellular mechanisms of action of estrogens and
androgens on bone, their influences on skeletal homeostasis during growth and adulthood, the
pathogenetic mechanisms of the adverse effects of their deficiency on the female and male
skeleton, as well as the role of natural and synthetic estrogenic or androgenic compounds in the
pharmacotherapy of osteoporosis. We highlight latest advances on the crosstalk between hor-
monal and mechanical signals, the relevance of the antioxidant properties of estrogens and
androgens, the difference of their cellular targets in different bone envelopes, the role of estrogen
deficiency in male osteoporosis, and the contribution of estrogen or androgen deficiency to the
monomorphic effects of aging on skeletal involution.
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I. INTRODUCTION

Estrogens and androgens promote the acquisition of bone
mass during puberty and help to maintain it thereafter. A
decline of estrogen levels in females at menopause or estro-
gens and androgens in males later in life leads to loss of bone

mass and strength and contributes to the development of
osteoporosis, one of the most common metabolic disorders
of old age (254, 333, 520).

In this review, we provide a comprehensive treatise of the
role of estrogens and androgens in bone physiology and
pathophysiology. After an introduction of the fundamental
principles of bone biology for the nonexperts in the subject,
we will review the molecular mechanisms of action and
specific effects of estrogens and androgens on bone cells and
other cell types and organs relevant to skeletal homeostasis,
the effects of these two hormones on the skeleton during
growth and adulthood, the pathological mechanisms caus-
ing the adverse effects of estrogen or androgen deficiency on
skeletal homeostasis in either sex, and the pharmacology of
natural and synthetic estrogenic or androgenic compounds
used for the treatment of osteoporosis. Specific emphasis
will be placed on relatively newer advances, including the
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crosstalk with mechanical loading, the antioxidant proper-
ties of estrogens and androgens, the difference of their cel-
lular targets in different bone compartments, the contribu-
tion of estrogen deficiency to osteoporosis in males, and
finally the contribution of estrogen or androgen deficiency
to the effects of old age on the skeleton.

A. The Structure and Function of Bone

The skeleton is one of the most structurally complex and
heterogeneous tissues in mammals. In adult humans it com-
prises a total of 206 bones of widely varying shapes and
sizes. It is subdivided into an axial component, which in-
cludes the skull, spine, sternum, and the ribs, and an appen-
dicular component that comprises long bones like the femur
and radius. Its main functions are protection of internal
organs and provision of levers for muscles during locomo-
tion. Additionally, the skeleton houses the bone marrow,
provides a critical niche for hematopoiesis, and serves as
reservoir for calcium, phosphate, and carbonate.

Bone comprises specialized cell types and mineralized, as
well as nonmineralized connective tissue matrix called os-
teoid, which form cortical and cancellous (also known as
trabecular) structures (FIGURE 1). It also contains spaces
that include the bone marrow cavity and vascular canals as
well as lacunae and canaliculi that surround the bodies and
dendritic processes of cells embedded in the mineralized
matrix. Cortical bone is relatively solid and compact and
represents �80% of the skeleton. It comprises the shafts of
the long bones (e.g., femur and tibia), the shell of the verte-
brae, and the surfaces of flat bones like the cranium or the
pelvis. In higher mammals, cortical bone at the microscopic
level is made by cylindrical concentric layers of lamellae
that are crossed perpendicularly in the middle by canals in

which lie the blood vessels. This organizational system is
known as Haversian or osteonal. Cancellous bone has a
honey comb-like appearance and consists of interconnected
plates and strands. Cancellous bone is found mainly inside
the ends of long bones and flat bones and is surrounded by
the bone marrow. The ratio of surface to volume is much
higher in cancellous than cortical bone, although this may
change eventually in old age due to extensive cancellous
bone loss and increasing cortical porosity (452).

B. The Executive Cells of Bone

Bone is formed and removed by two highly specialized and
terminally differentiated bone cell types: osteoblasts, which
are responsible for the deposition of new bone matrix and
its mineralization, and osteoclasts, which are uniquely ca-
pable of resorbing the mineralized matrix (324). Osteo-
blasts are the progeny of the mesenchymal cell lineage,
whereas osteoclasts derive from hematopoietic precursors
(314, 494) (FIGURE 2).

The differentiation of pluripotent mesenchymal progenitors
to osteoblasts is dependent on the sequential expression of
two key transcription factors: the Runt domain-containing
RUNX2 and OSX1, which contains three C2H2-type zinc-
fingers (314). Wnts, a family of glycoproteins, engage mem-
brane-associated Frizzled receptors and their co-receptors
low-density lipoprotein receptor-related protein 5 (LRP5)
or LRP6 in RUNX2/OSX 1 expressing cells and activate
intracellular pathways, some of which are dependent on
�-catenin (32, 314). This event promotes the replication
and progression of Runx2/Osx1 cells to osteoblasts, and it
is indispensable for the generation of osteoblasts. Addition-
ally, canonical Wnt/�-catenin signaling helps to maintain a
population of undifferentiated, proliferating progenitor
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FIGURE 1. Micro-CT images of 6- and

24-month-old murine femurs depicting the

cortical and cancellous envelopes. Higher

resolutions of the distal epiphyses, the ar-

eas contained in the red boxes, are pro-

vided next to the images of the whole fe-

murs. Please note the thinning of the cor-

tex, the virtual disappearance of the

cancellous bone, and the extensive cortical

porosity in the 24-month-old femur as com-

pared with the 6-month-old femur.
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mesenchymal stem cell (MSC), whereas noncanonical Wnts
facilitate osteogenic differentiation (56). Simultaneously,
canonical Wnt signaling suppresses the commitment of the
pluripotent MSCs to the chondrogenic and adipogenic lin-
eage (431). Wnts also prolong the lifespan of osteoblasts by
preventing their apoptosis by both �-catenin-dependent
and independent pathways (12). Genetic evidence from
both humans and mice during the last few years has
established that by virtue of its ability to control the
supply of osteoblasts, �-catenin-dependent WNT signal-
ing is the master regulator of bone mass accrual during
postnatal life (32).

The generation of osteoclasts from progenitors of the
monocyte/macrophage lineage is a multistep process (494).
Initially, bone marrow macrophages differentiate into tar-
trate-resistant acid phosphatase (TRAP)-positive preoste-
oclasts. These cells then fuse with each other to form multi-
nucleated osteoclasts. In humans, the number of nuclei per
osteoclast ranges from 2 to 8 under physiological condi-
tions. Binding of the macrophage colony-stimulating factor
(M-CSF) to its receptor c-Fms and of the receptor activator
of nuclear factor kappa B (NF-�B) ligand (RANKL also
known as TNFSF11) to its receptor RANK are the two
necessary and sufficient signals for the generation of oste-
oclasts (433). M-CSF promotes the proliferation and sur-
vival of osteoclast precursors via the activation of several
kinases, including Src, PLC-�, PI(3)K, Akt, and Erk (134,
189, 455). RANKL induces the association of RANK with
TRAF6, which activates NF-�B and MAPKs (Erk, JNK, and
p38). These kinases, in turn, induce the transcription of the
nuclear factor of activated T-cells, cytoplasmic, calcineurin-
dependent 1 (NFATc1), the master transcription factor for
osteoclast differentiation and function (71). Osteoprote-
gerin (OPG) (176) is the endogenous decoy receptor of
RANKL (281). Mitochondria biogenesis and intracellular
H2O2 accumulation, resulting from downregulation of cat-
alase, an H2O2-inactivating enzyme, is a critical adaptation
for the differentiation and survival of osteoclasts (37). Wnt/

�-catenin signaling stimulates the production and secretion
of OPG and thereby decreases osteoclast differentiation.
Osteoclasts remove bone mineral and the demineralized
bone matrix by secreting protons and lysosomal enzymes
into a sealed microenvironment formed by a “podosome
belt” that tightly adheres to the bone area targeted for re-
moval (69, 94, 128).

Both osteoblasts and osteoclasts are relatively short-lived
cells. In humans, osteoclasts live between 1 and 25 days and
osteoblasts live 1-200 days. After the completion of their
function, all osteoclasts and the majority of osteoblasts die
by apoptosis. Some of the remaining osteoblasts become
flattened and cover quiescent bone surfaces; these dediffer-
entiated cells are called lining cells. Some other osteoblasts
undergo a dramatic morphological transformation into
stellate cells, called osteocytes, with an average of 50 den-
dritic processes per cell. Simultaneously, the cell bodies and
their processes are entombed within lacunae and canaliculi
formed inside the mineralized matrix (FIGURE 3). As they
run along the interconnected canalicular system, the den-
dritic processes of osteocytes form gap junctions with the
processes of neighboring osteocytes to form a communica-
tion network that extends all the way to the surface of bone,
the cells of the bone marrow stroma, and endothelial cells
residing inside sinusoids and the wall of blood vessels. The
osteocyte bodies and their processes are surrounded by a
gelatinous matrix that is in continuity with the peripheral
circulation. This allows the transport of solutes, small mol-
ecules (e.g., steroid hormones), and proteins as large as 70
kDa, from the circulation into and through the lacunar-
canalicular system (491). Osteocytes are by far the most
numerous cells of bone: 10 times more than osteoblasts and
100–200 times more than osteoclasts (334). In contrast to
the short-lived osteoblasts and osteoclasts, osteocytes live
as long as 50 years and, in some instances, as long as the
organismal life. Osteocytes can sense and respond to
changes in mechanical forces. In addition, osteocytes pro-
duce RANKL, the Wnt antagonist sclerostin (32), and fi-
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FIGURE 2. Schematic representation of

the remodeling process and the effects of

estrogens and androgens. Osteoclasts and

osteoblasts are derived from hematopoi-

etic and mesenchymal precursors, respec-

tively. During bone remodeling, bone matrix

excavated by osteoclasts is replaced with

new matrix produced by osteoblasts. Both

estrogens and androgens influence the

generation and lifespan of osteoclasts and

osteoblasts, as well as the lifespan of os-

teocytes. Negative and positive effects of

sex steroids on the generation and survival

of the cells are depicted, by bookends and

arrowheads.
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broblast growth factor 23 (FGF23), a bone-derived hor-
mone that regulates systemic phosphate homeostasis (413).

Aberrant osteoblast and/or osteoclast number, resulting
from changes in their supply as well as their lifespan, is the
key pathogenic change in most acquired metabolic bone
diseases, including osteoporosis (324). The effects of estro-
gens and androgens on bone are by and large the result of
their influence on the generation and lifespan of osteoclasts,
osteoblasts, and osteocytes (FIGURE 2).

C. Bone Modeling and Remodeling

Bone is a highly dynamic tissue that responds and adapts to
changes in systemic signals, including hormones, as well as
mechanical strains. During intrauterine development and

postnatal growth, bones are sculpted to achieve their
unique shapes and sizes. In parallel, they adapt the spatial
distribution of their mineralized mass to the prevailing
loads, so as to maintain optimal mechanical performance
with as little weight as possible (544). This is accomplished
by the resorption of bone from one site and formation in a
different one. This process is termed modeling (450). Dur-
ing modeling, the cortical bone envelop enlarges and thick-
ens because bone apposition at the periosteal (outer) enve-
lope exceeds the widening of the medullary cavity by endo-
cortical resorption. Even more remarkably, throughout life
bones regenerate periodically in discrete sites via a process
that is termed remodeling. In normal adult humans, the
remodeling process in a particular site lasts between 6 and 9
months (324, 326). During remodeling, old, damaged, hy-
permineralized, or effete bone is replaced with new at the
same site from which it was previously resorbed (400, 450).
Additionally, remodeling contributes to extracellular cal-
cium and mineral homeostasis. Nonetheless, not all remod-
eling is purposeful and targeted to replace micro damaged
bone. Remodeling may also be random (also known as
stochastic) with respect to localization, as for example in
the setting of sex steroid deficiency (325).

In the remodeling process, teams of osteoclasts and osteo-
blasts assemble in distinct anatomical structures, called ba-
sic multicellular units (BMUs) (FIGURE 4). As the BMUs
advance on trabecular, endocortical, and intracortical bone
surfaces, osteoclasts, located always in the advancing front
of the BMU, excavate pits. The resorption pits are subse-
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FIGURE 3. Osteocytes and their lacunar-canalicular network. A:

human cortical bone section stained with India ink (courtesy of Rob-

ert S. Weinstein). B: bovine cortical bone section stained with fluo-

rescein isothiocyanate (FITC) (from the laboratory of C. A. O’Brien).

In both A and B, please note the cylindrical concentric organization of

the osteocyte bodies, corresponding to the lamellar structures of

osteonal bone with the blood vessel in the middle. C: electron mi-

croscopy images depicting reliefs of osteocytes and their canalicular

network, following acid-etching of murine bone sections. Please note

multiple attachments of the osteocyte processes to the vessels

depicted in the center of the image. [From Manolagas (326).] D:

confocal 3D imaging of phalloidin (green) and DAPI (blue) stained

osteocytes in adult mouse long bone. Please note the intricate

dendritic network and an intracortical blood vessel visible at the right

of the image. [From Kamel-ElSayed et al. (241), with permission

from Elsevier.]

Basic multicellular unit (BMU)

FIGURE 4. Photomicrograph of a basic multicellular unit (BMU), in

a section of vertebral murine cancellous bone (�630 magnification).

Please note the osteoclasts, identified by their discrete tartrate-

resistant acid phosphatase-positive red granules and the osteo-

blasts, identified by their large nuclei with multiple nucleoli and un-

derlying light blue osteoid. Two capillaries containing erythrocytes

are also seen. Several osteocytes (blue stained cells) can be seen

embedded individually within the mineralized bone (beige) surround-

ing the BMU. [Republished with permission of The Endocrine Society

from Weinstein et al. (555); permission conveyed through Copyright

Clearance Center, Inc.]
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quently filled by osteoblasts which follow in the rear of the
BMU. In cortical bone, the advancing BMUs excavate and
replace a tunnel; in cancellous bone they excavate and refill
a trench. Capillaries are an essential component of the BMU
and are most likely the route by which the hematopoietic
osteoclast precursors reach the site that is targeted for re-
modeling (77, 402). Bone formation almost always occurs
in close proximity to capillaries (73). Furthermore, perivas-
cular cells [adventitial reticular cells (ARCs)] serve both as
the mesenchymal skeletal stem cells that are pivotal for the
growth and regeneration of the skeleton as well as the es-
tablishment of the hematopoietic stem cell niche (52).

The rate of bone remodeling is rapid during growth (but
much slower after puberty), and it varies widely from one
bone to the other or even different anatomical localities in
the same bone. For example, the mandible remodels several
times faster than the ileum, whereas the ossicles in the inner
ear never remodel. On average, the periodic replacement
(turnover) of bone is 10% per year. This corresponds to a
mean lifespan of �10 years and a mean age of �5 years;
thus most of the skeleton in adult humans is no more than
10 years old (401). The rate of remodeling in different
bones is determined, by and large, by the magnitude of the
mechanical strains and the physical demand experienced by
the particular anatomical locality (for example, the strains
exerted during mastication on the mandible) and thereby
the chances of micro damage. If not repaired, micro damage
compromises structural integrity and eventually leads to the
mechanical failure of the tissue, i.e., fracture. Loss or de-
crease of mechanical loading, as for example in weightless-
ness during space flights or immobilization, increases the
rate of remodeling, but in these instances the end result is
removal of bone that is likely perceived as unneeded. The
latter situation is well illustrated also by the alveolar bone
atrophy in edentulous mandible specimens compared with
specimens with teeth (532).

In the last few years, a substantial body of evidence has
revealed that remodeling is orchestrated and targeted by
osteocytes to a particular site that is in need for repair (574).
Osteocytes have mechanosensory properties that allow
them to sense mechanical loads and effete bone and direct
the homing of osteoclasts and osteoblasts to the site that is
in need of remodeling (398). The central role of osteocytes
in the choreography of remodeling relies on their ability to
independently control bone resorption and formation, by
producing rate-limiting factors for the generation of oste-
oclasts and osteoblasts (58, 574). Additionally osteocytes
control and modify the mineralization of the matrix depos-
ited by osteoblasts, by producing a systemic phosphate con-
trolling hormone, FGF23 (57, 325). In agreement with this
role, reduced osteocyte density in human central cancellous
bone is associated with increased surface remodeling (412),
which is an independent contributor to bone fragility (200).
Furthermore, signals arising from apoptotic and old, or

dysfunctional, osteocytes may be seminal cellular culprits in
the pathogenesis of osteoporosis caused by sex steroid de-
ficiency or old age (334, 335).

Under physiological conditions, bone resorption and forma-
tion during remodeling are linked in time and space; this spa-
tial and temporal relationship is termed coupling. Addition-
ally, under physiological conditions, the cavities formed by
osteoclastic resorption are refilled by an equal amount of new
bone formed by osteoblasts. The relative amount of bone re-
sorbed and formed within individual BMUs is referred to as
balance. Balanced remodeling depends on the adequate supply
of osteoblasts at the right place and time (399). This is accom-
plished by the generation of stimulatory signals for osteoblast
formation produced by osteoclasts and osteocytes as well as
matrix-derived factors released during resorption. An increase
in the rate of tissue level remodeling due to increased number
of BMUs (i.e., more osteoclasts and osteoblasts), as it occurs
for example in the estrogen deficient state, predisposes to tra-
becular penetration and increased cortical porosity; in addi-
tion, the negative balance in individual BMUs contributes to
bone loss and structural change. A negative balance within an
individual BMU can be caused by either too many osteoclasts
relative to the need for repair, e.g., in estrogen deficiency, or
too few osteoblasts relative to the need to refill the resorption
cavities, e.g., aging. Over the years, several signals have been
proposed to account for coupling (464). Whether defective
“coupling” plays a role in these, or for that matter, in any
other cause of osteoporosis, remains unknown.

D. The Contribution of Knowledge Gained
From Rodent Models

Rats and mice have provided invaluable insights to our under-
standing of bone physiology and pathophysiology. Moreover,
discoveries from rodents complemented with human studies
have led to the development of both anabolic (368, 490) and
anticatabolic (70, 115, 280) therapies for diseases of low bone
mass (e.g., osteoporosis), including the class of selective estro-
gen receptor modulators (SERMs) (88, 125). As we will detail
in the following sections, studies in rodents and in particular
modern mouse genetics have also contributed a great deal to
our understanding of the cellular and molecular mechanisms
of sex steroid action on bone and the mechanisms of the ad-
verse effects of their deficiency on skeletal homeostasis. In
particular, together with clinical observations in humans,
studies in rodents have established that estrogens and andro-
gens contribute to the maintenance of bone mass during adult-
hood, primarily by slowing the rate of bone remodeling. Nev-
ertheless, as we have reviewed elsewhere, rodents differ from
humans in many important ways, and genetic manipulations
have their inevitable limitations and need to be interpreted
cautiously (333, 520). It will, therefore, be useful to point out
at this time the similarities and differences between rodents
and humans in the context of bone remodeling and its modu-
lation be sex steroids.
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In contrast to humans, rats and mice do not experience the
abrupt loss of estrogens at menopause, nor do androgen
levels seem to decrease with age in male mice (14). Never-
theless, gonadectomy of mice or rats over the age of 4–5
months, the time at which both species have achieved peak
bone mass, faithfully replicates the loss of cancellous and
cortical bone mass caused by estrogen or androgen defi-
ciency in humans (197). In contrast, gonadectomy of imma-
ture mice and rats causes a failure to gain bone mass. Insuf-
ficient peak bone mass acquisition related to abnormal go-
nadal steroids may contribute to the risk of osteoporosis
later in life (288, 453, 515). Nevertheless, findings from
studies with gonadectomized growing rodents cannot be
extrapolated to the effects of acquired sex steroid deficiency
after menopause or in aging men, a situation in which pre-
existing bone is lost. This important caveat is frequently
overlooked in preclinical studies, leading to inappropriate
conclusions.

Old age and estrogen deficiency are the two most critical
factors for the development of osteoporosis in both
women and men. However, it is unknown whether the
molecular changes caused by estrogen deficiency and ag-
ing are similar or distinct or how they may influence each
other. Because of the abrupt decline of ovarian function
at menopause in women and a slower decline of both
androgen and estrogen levels in men with advancing age,
the two conditions inexorably overlap making it impos-
sible to dissect their independent contribution to the cu-
mulative anatomic deficit. Because mice do not experi-
ence menopause, they are an invaluable model for dis-
secting the contribution of sex steroid deficiency versus
aging per se to the involution of the skeleton. We (S. C.
Manolagas and M. Almeida) have recently elucidated
that both female and male mice exhibit all major features
of skeletal aging, including the decline of cortical and
cancellous bone mass as well as the development of cor-
tical porosity by 18 months of age, independently of sex
steroid deficiency as mice are sex steroid sufficient at the
time that all these changes are already manifested (506).
These discoveries from the mouse model indicate for the
first time that the effects of aging, one of the most fun-
damental biologic processes experienced by all living or-
ganisms, and sex steroid deficiency on a mammalian skel-
eton are independent.

Finally, rats and mice do not normally exhibit osteonal
remodeling. Therefore, particular caution must be exer-
cised in translating results to human cortical bone. That
being said, osteonal organization is likely a consequence
of body size and habitual loading related to it, rather
than of phylogenetic origin. In fact, histologic evidence
supports the contention that rodents do, indeed, have
osteonal remodeling, albeit not as well-organized as hu-
mans (197).

II. MOLECULAR MECHANISMS OF SEX
STEROID ACTION ON BONE

Estrogens and androgens are derived from cholesterol and
are synthesized in the gonads and the adrenals. In addition,
they are locally activated or catabolized within target tis-
sues such as bone (520). In women, estradiol (E2) is made
primarily in the granulosa and theca cells of the ovarian
follicles. In men, �15% of E2 is secreted directly from the
testes, and the remaining �85% is derived from peripheral
aromatization (170). Contrary to the abrupt decline of E2
during menopause, older men do not experience a true “an-
dropause,” and total E2 concentrations remain above a
level sufficient to maintain skeletal homeostasis (152, 168,
217). Testosterone (T), the primary circulating androgen, is
made by the Leydig cells of the testicles and acts unmodified
or following conversion to the more potent dihydrotestos-
terone (DHT). T can also be converted to E2 by the aroma-
tase (CYP19A1) enzyme. The bioactivity of circulating es-
trogens and androgens is controlled by gonadotropins [fol-
licle-stimulating hormone (FSH) and luteinizing hormone
(LH)] via hypothalamic-pituitary feedback. In humans, the
bioavailability of either estrogens or androgens is restricted
by high-affinity binding to circulating sex hormone-binding
globulin (SHBG) (293). Only 1–5% of circulating T, DHT,
and E2 (the free fraction that is not bound to SHBG, albu-
min, or other proteins) is thought to be biologically active.

A. Receptors

As in other tissues, the effects of estrogens and androgens
on bone are exerted upon binding with high affinity to
the estrogen receptor (ER) � and � (also known as
NR3A1 and NR3A2) and the androgen receptor (AR)
(also known as NR3C4), respectively (43, 410). The
genes encoding these receptors share an evolutionary
conserved template with other members of the large nu-
clear receptor (NR) family of ligand-inducible transcrip-
tion factors (146). Like other NRs, the ERs and the AR
display a modular structure consisting of an amino-ter-
minal domain (NTD), a DNA-binding domain (DBD)
containing two zinc-fingers, a hinge region, and a car-
boxy-terminal ligand-binding domain (LBD) (105, 278).
Two critical coactivator interaction surfaces called tran-
scriptional activation functions, AF-1 and AF-2, are lo-
cated in the NTD and the LBD, respectively.

All three sex steroid receptor proteins form homodimers
that bind to DNA sequences called hormone response
elements (EREs or AREs) (FIGURE 5A). EREs or AREs
comprise palindromes of two hexads of nucleotide se-
quences separated by three base pairs. The first of the two
zinc fingers makes sequence-specific contacts with the
DNA, while the second is involved in receptor dimeriza-
tion (105, 202). In the absence of ligand, the homodimers
recruit a complex of factors (co-repressors) that repress
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transcription. Binding of the ligand to a hydrophobic
pocket of the LBD causes conformational changes that
reveal a nuclear localization signal as well as an AF-2
surface to which coactivators can bind (359, 378).

Several proteins are capable of coactivating or co-repress-
ing sex steroid receptors (201). The best-characterized
subgroup is the p160 family, which includes the steroid
receptor coactivator 1 (SRC-1) (386). SRC-1 interacts
with ER� or AR via their LBD as well as their NTD (47,
102). The AR-NTD also harbors a polyglutamine stretch
(CAG repeats) of variable length, which decreases AR
transcriptional activity when sufficiently long (84, 223).
In full agreement with its role as a coactivator, SRC-1
knockout mice of both sexes display trabecular bone loss,
due to estrogen resistance in females (356) and androgen
resistance in males (355, 576).

Apart from ligand-dependent transactivation, nuclear re-
ceptors may also display ligand-independent effects. At
least some of the effects of ER� on bone (particularly its
role in bone’s response to mechanical loading) appear to
be independent of estrogens (15). To date, there is no
evidence for ligand-independent actions of AR on bone
(529).

B. Putative Gene Targets

Estrogen- and androgen-responsive genes are well-docu-
mented in breast and prostate cancer, respectively. In con-
trast, direct target genes of sex steroid action on bone, de-
fined as genes whose expression is regulated in 24 h or less
by ER or AR binding to their promoter or enhancer (274),
remain poorly characterized.
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Based on in vitro evidence from cell lines and primary cell
cultures, several genes have been proposed over the years as
putative targets of the antiresorptive effect of estrogens on
bone. This long list includes cytokines such as interleukin
(IL)-1�, IL-6, IL-7, tumor necrosis factor (TNF)-�, M-CSF,
RANKL, and OPG produced by bone marrow stromal cells,
T and B lymphocytes, macrophages, and dendritic cells
(332, 556). The IL-1 receptor, c-jun, c-fos, cathepsins, and
TRAP expressed in osteoclasts have also been implicated
(272, 323, 393, 485). Heretofore, it remains unknown
whether any of these genes are direct targets of estrogen
action, as evidence for DNA binding of the ER� or -� using
techniques such as chromatin immunoprecipitation (ChIP)
is missing.

Fasl, which encodes the proapoptotic protein Fas ligand, is
directly regulated by estrogen-activated ER� signaling in
osteoblasts, but not in osteoclasts, via an ERE-containing
transcriptional enhancer located downstream from this
gene (275). The biologic relevance of this finding, however,
remains unclear as genetic evidence that will be discussed
later shows that the ER� in osteoclasts, but not in osteo-
blasts, mediates the proapoptotic effect of estrogens on os-
teoclasts, and estrogens have an antiapoptotic, not proapo-
ptotic, effect on osteoblasts (270, 340, 365). In recent stud-
ies from the authors’ laboratories (M. Almeida and S. C.
Manolagas), we have searched for estrogen target genes by
starting with ER�-deficient cells from mice with cell-specific
targeted deletions (226, 506). The advantages of this ap-
proach are that it ensures a priori that 1) putative target
genes are indeed ER� sensitive and 2) are expressed in cell
targets that have been functionally validated in vivo. The
Fas ligand (FasL) mRNA levels were not affected by the
ER� deletion in our studies. Moreover, contrary to an ear-
lier report (365), we found that FasL plays no role in the
effects of estrogen deficiency on the murine skeleton or the
OVX-induced increase in osteoclast numbers (506). In-
stead, we found that ER� deletion in cells of the myeloid
lineage (targeted by LysM-Cre) causes an increase in the
expression of the calcium binding protein S100A8 (also
known as MRP8, Calgranulin A, or CP-10); and silencing
S100A8 greatly attenuated osteoclastogenesis and in-
creased osteoclast apoptosis in vitro (226).

Over the years, several genes in cells of the osteoblast lin-
eage have been proposed as targets of a putative “bone
forming” effect of estrogens, based again on evidence from
in vitro studies with osteoblast-like cell lines. This list in-
cludes retinoblastoma-binding protein 1 (RBBP1, a RUNX
coactivator), transforming growth factor (TGF)-�-induc-
ible early gene-1 (TIEG, a modulator of OPG), GATA4, and
alkaline phosphatase (Alpl) (198, 276, 353, 358). RBBP1
and TIEG were shown to be regulated by ER� and ER�,
respectively, and this regulation was confirmed by ChIP.
Other ChIP-validated ER� target genes in osteoblasts are
Svep1 (175), insulin-like growth factor (IGF) binding pro-

tein 4 (127), ER� itself (282), and MMP3 (164). Finally,
three gene clusters (CTSZ-SLMO2-ATP5E, TRAM2-
TMEM14A, and MAP4K4), associated with risk for bone
fractures in ER-positive breast cancer patients treated with
aromatase inhibitors, have been shown to be regulated by
estrogens in human fetal osteoblasts transfected with ER�

(313), but evidence of direct ER regulation by ChIP is miss-
ing.

In our (S. C. Manolagas and M. Almeida) latest work, we
have found that ER� deletion in mesenchymal/stromal cells
(targeted by Prx1- or Osx1-Cre), as well as estrogen or
androgen deficiency in wild-type mice causes an increase in
the expression of stromal derived factor 1 (SDF1), also
known as CXCL12 (226). SDF1 is a C-X-C motif contain-
ing chemoattractant with a seminal function in the BM
niche (4, 130, 180, 506). The major source of SDF1 is
mesenchymal progenitor-derived cells called CXCL12
abundant reticular (CAR) cells, a heterogeneous population
of reticular cells closely associated with the perivascular
niches in the BM. SDF1 functions as a key recruiting signal
for hematopoietic cells into the bone compartment and pro-
motes osteoclastogenesis in vitro (178, 179, 570, 579) and
in vivo (267). ER� deletion in mesenchymal/stromal cells
also increases the expression of the matrix metalloprotei-
nase 13 (MMP13), which promotes osteoclast fusion inde-
pendent of its enzymatic activity (158). These latest insights
suggest that the protective effects of estrogens against bone
resorption result not only by actions in both osteoclasts and
mesenchymal/stromal cells, but also via different target
genes in each cell type, S100A8 in the former and MMP13
and SDF1 in the latter.

TGF-�, cathepsin B, and TRAP have been suggested as
direct target genes of the antiresorptive effects of androgens
(408), but recent genetic evidence has revealed that the os-
teoclast AR plays no role in bone resorption (469, 504),
casting doubts on the biologic significance of AR target
genes in this cell type. TGF-�, IL-6, OPG, MYBL2,
HOXD11, and ADCYAP1R1 have been suggested as direct
targets of a bone-forming effect of androgens (209, 210,
245, 350), but once again, there has been no demonstration
of AR binding to DNA by ChIP.

Finally, in addition to direct DNA binding on EREs or
AREs, sex steroid receptors are able to bind chromatin
and regulate transcriptional activity indirectly by tether-
ing with other transcription factors such as Mef2 and
SRF (536, 573) (FIGURE 5B). Through such mechanism,
ER� can repress the transcription of the IL-6 gene in
osteoblast lineage cells by binding to components of the
NF�B complex (162). In addition, AR may form a het-
erodimer with RUNX2 in osteoblasts (250). The biolog-
ical significance of these observations to the in vivo situ-
ation remains unknown.
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C. Nonnuclear Initiated Signaling Pathways

In addition to nuclear initiated actions, estrogens or andro-
gens bind to subsets of their cognate receptors that are
localized outside the nucleus, either on the cell membrane or
in the cytosol. Binding of these ligands to receptors localized
on the membrane initiates signal transduction cascades that
involve the production of cyclic nucleotides, calcium flux,
and activation of cytoplasmic kinases. Activated kinases, in
turn, phosphorylate substrate proteins and transcription
factors that then modulate gene transcription (FIGURE 5, C

AND D) (190). At least in breast cancer cells, the number of
genes regulated by the ERs through nonnuclear initiated
actions is larger than the one regulated by the direct associ-
ation of the ERs with DNA (415).

During the last 15 years, it has been shown in rodents that
synthetic ligands that can selectively activate nonnuclear
initiated actions of the ER�, but have minimal or no effects
on the nuclear-initiated actions of this receptor, may repli-
cate the beneficial effects of estrogens on skeletal mainte-
nance without affecting reproductive organs, such as the
uterus and the breast. These synthetic ligands have been
dubbed activators of nongenomic estrogen-like signaling
(ANGELS), and may represent a safer alternative to estro-
gen therapy in postmenopausal women (270, 271, 330,
331). The synthetic compound originally used to test this
hypothesis, 4-Estren-3�-17�-diol, was shown in retrospect
to bind to the androgen receptor with 30-fold lower affinity
than DHT, and thereby affect reproductive organs, at least
under some experimental conditions (329, 565). Albeit,
studies using an isomer of this compound showed that it
had minimal effects on the prostate and the seminal vesicles
of rats but still prevented the loss of bone and muscle
caused by orchidectomy (ORX) (396). Similarly, several
other synthetic compounds that selectively activated
nonnuclear initiated actions of the ER�, but had minimal
or no effects on nuclear-initiated actions, were shown to
have potent bone protecting effects of E2, but had mini-
mal effects on the uterus and breast (392, 559).

More recently, the idea that the beneficial effects of estro-
gens on bone and other nonreproductive target tissues can
be dissociated from their effects on reproductive organs by
selectively activating nonnuclear initiated actions of the
ER� has been tested using a cell membrane-impermeable E2
conjugate. In this compound, E2 is attached to a large, inert,
positively charged nondegradable poly(amido)amine
(PAMAM) dendrimer via a hydrolytically stable linkage
(195). The E2-dendrimer conjugate (EDC) binds to ER with
the same affinity as E2 and is very effective in stimulating
nonnuclear initiated signaling (264). It cannot, however,
enter the nucleus and stimulate nuclear ER target gene ex-
pression (195). With the use of this compound, it was
shown that one can simulate the protective effects of E2 on
the cardiovascular system in mice without affecting uterine
or breast cancer growth (95).

The EDC also prevents the loss of cortical bone mass in the
OVX mouse model as effectively as E2, but unlike E2, it
does not prevent the loss of cancellous bone mass; on the
other hand, unlike E2, EDC has no effect on the uterus in
OVX mice (36). These results suggest that the protective
effects of estrogens on cortical bone mass result from non-
nuclear-initiated actions of the ER� and are mechanistically
different from the nuclear-initiated actions of the ER� on
reproductive organs. Taken together with evidence from
mouse models with conditional deletion of the ER� from
osteoclasts and osteoblast progenitors (discussed in the fol-
lowing section), the existing evidence suggests that EDC
protects cortical bone mass through nonnuclear signaling
on osteoblast progenitors. On the other hand, the protective
effects of estrogens on cancellous bone result from nuclear-
initiated actions of the ER�. In line with these conclusions,
deletion of a coactivator of the nuclear actions of the ER�,
SRC1, or inactivation of the AF1 domain of the ER� in
mice, and thereby prevention of its’ nuclear-initiated ac-
tions, abrogates the protective effect of estrogens on cancel-
lous bone, but it has no effect on cortical bone (66, 356).

III. EFFECTS OF SEX STEROIDS ON BONE
CELLS

ER�, ER�, and AR have been detected in several cell types
along the differentiation progression of mesenchymal and
myeloid precursors to osteoblasts and osteoclasts (522), as
well as in other cell types residing in the bone marrow or
even in tissues distant from bone that may indirectly influ-
ence bone homeostasis. However, it was not until the de-
velopment of mouse models with global or cell-specific de-
letion of these receptors that their function in bone, and by
extension the role of their ligands, could be gleaned in vivo
(333).

Mice with global deletion of ER� have a complex bone
phenotype that is incongruent with the known effects of
estrogen deficiency (463). This is because of high circulating
levels of estrogens and androgens, resulting from the loss of
receptor function in the pituitary gland. The skeletal phe-
notype of mice with global deletion of ER-� is minimal
(196, 533). However, deletion of ER� specifically in osteo-
blast lineage cells, in the absence of splice variants, increases
trabecular bone mass in females and the differentiation of
osteoblast precursor cells into osteoblasts (374). The skele-
ton of male mice with global deletion of the AR exhibits low
bone mass and high bone turnover, consistent with the ef-
fects of androgen deficiency (249, 577).

During the last few years, the development of mouse models
with targeted deletion of the ER and the AR in specific cell
types using Cre/LoxP technology has provided a much
clearer picture of the cellular targets of sex steroid action in
vivo (333, 520). With the use of a cycling recombinase (Cre)
driven by a cell-specific promoter, a genomic region flanked
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by LoxP sites (floxed allele, e.g., crucial exons of ER� or
AR) can be selectively deleted. This can be accomplished
very early in myeloid precursors of osteoclasts (LysM-Cre)
or mesenchymal precursors of osteoblasts (Prx1-Cre, Osx1-
Cre, Runx2-Cre), leading to deletion in all descendent cells
of the lineage; or in differentiated osteoclasts (e.g., Cathep-
sinK-Cre) and mature osteoblasts and osteocytes [2.3 kb

Col1A1-Cre, osteocalcin (OCN)-Cre, and Dmp1-Cre]
(TABLES 1 AND 2). Importantly, in a recent report the inves-
tigators have used high-resolution microscopy of bone sec-
tions and flow cytometry to carefully define the targeting
specificity of the OCN-Cre and Dmp1-Cre. They found that
in addition to mature osteoblasts and osteocytes, OCN-Cre
and Dmp1-Cre target broader stromal cell populations in-

Table 1. Murine models of targeted deletion of ER� or -� in bone cells

Cell Type Mouse Model Sex Cancellous Bone Cortical Bone
Age at

Phenotyping, wk
Reference

Nos.

Myeloid progenitor LysM-Cre;ER�f/f F Increased osteoclast
number

ND 4, 8, 12, 18, 22,
28

339

M ND ND 12 504

Osteoclast CtsK-Cre;ER�f/f F Increased osteoclast
number

12, 14 365

M ND ND 12

Mesenchymal
progenitor

Prx1-Cre;ER�f/f F ND Low bone mass, reduced
periosteal bone
formation rate

8, 12, 28 15

M ND Low bone mass (transient) 6, 8, 18

Prx1-Cre;ER�f/f F Increased bone mass ND 6, 12, 16 374

Osteoblast progenitor Osx1-Cre;ER�f/f F ND Low bone mass 8, 12, 24 15

M ND Low bone mass (transient) 6, 10, 26 504

Osteoblasts and
osteocyte

Col1-Cre;ER�f/f F Increased osteoblast
apoptosis

ND 4, 8, 12, 26 15

M ND ND 4, 8, 12 504

OCN-Cre;ER�f/f F Low bone mass and
decreased osteoblast
number

Low bone mass 14, 24, 48, 20 318, 348

12, 18

Dmp1-Cre;ER�f/f F None or low bone mass ND 12 268, 564

11, 16

M None or low bone mass
with reduced bone
formation rate

ND 12

ND, no changes detected.

Table 2. Murine models of targeted deletion of AR in bone cells

Cell Type Mouse Model Sex Cancellous Bone Cortical Bone
Age at

Phenotyping, wk
Reference

Nos.

Myeloid progenitor LysM-Cre;ARf/y M ND ND 12, 26 504

Osteoclast CtsK-Cre;ARf/y M ND ND 12, 16 469

Mesenchymal
progenitor

Prx1-Cre;ARf/y M Low bone mass with increased
osteoclast number

ND 7, 16, 26 504

F Low bone mass ND 16

Osteoblast and
osteocyte

2.3 kb Col1A1-Cre;ARf/y M Low bone mass ND 6, 12, 32 376

OCN-Cre;ARf/y M Low bone mass with increased
osteoclast number

None or transient
low bone mass

6, 12, 24, 12,
20, 24

101, 319

F Low bone mass ND 12, 20, 24 319

Dmp1-Cre;ARf/y M Low bone mass ND 12, 32 468

ND, no changes detected.

ALMEIDA ET AL.

144 Physiol Rev • VOL 97 • JANUARY 2017 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



cluding the CXCL12-abundant reticular (CAR) cells, re-
ferred to earlier in section IIB, and both venous sinusoidal
and arteriolar pericytes (582).

A. Osteoclasts

In humans and rodents alike, estrogens or androgens sup-
press bone resorption in trabecular and endocortical bone
surfaces by decreasing osteoclast numbers. This results
from attenuation of the differentiation of osteoclasts as well
as shortening their life span by stimulating apoptosis. The
anti-osteoclastogenic actions of sex steroids are mediated
via direct effects in cells of the osteoclast lineage as well as
indirectly. Mouse models with targeted deletion of ER� in
osteoclasts (using CathepsinK-Cre) or the entire myeloid
lineage (using LysM-Cre) exhibit increased osteoclast num-
ber in trabecular bone and are resistant to the loss of bone
mass caused by ovariectomy (OVX) (339, 365). The loss of
bone mass at the endocortical surfaces following OVX is
unaffected in these mice, indicating that the predominant, if
not exclusive, mechanism of the antiresorptive actions of
estrogens on cortical bone is not the result of direct actions
on osteoclasts. As we will detail in section IIIB, the antire-
sorptive effects of estrogens on cortical bone are instead
mediated via actions on cells of the osteoblast lineage. In
contrast to females, male mice with targeted ER� deletion
in mature osteoclasts (using cathepsinK-Cre) exhibit no
change in osteoclast numbers or cancellous bone mass, in-
dicating that direct actions of estrogens on osteoclasts play
no role in the maintenance of cancellous bone in males
(365, 504).

Over the years, experimental evidence has implicated sev-
eral factors as mediators of the effects of estrogens on oste-
oclasts (TABLE 1). More recently, it was shown that Wnt/�-
catenin signaling is a negative regulator of osteoclastogen-
esis (32). In support of this evidence, mice with deletion of
�-catenin in osteoclast lineage cells exhibit increased oste-
oclast number and decreased bone mass (7, 552). In addi-
tion, Wnt ligands like Wnt3a reduce osteoclast formation
(7) and promote osteoclast apoptosis (M. Almeida, unpub-
lished data). Estrogens act on osteoclasts to increase the
expression of the Wnt co-receptor LRP5 as well as
�-catenin (543). This finding raises the possibility that es-
trogens attenuate bone resorption by potentiating Wnt sig-
naling directly in osteoclasts.

Heretofore, the most compelling explanation for the sup-
pressive effects of estrogens on bone resorption, at least in
cancellous bone, is that estrogens promote osteoclast apo-
ptosis (214, 240). Nonetheless, the molecular mechanism
responsible for this pro-apoptotic effect remains unknown.
Some studies have suggested that estrogens promote oste-
oclast apoptosis by increasing the transcription of the FasL
gene (365). Consistent with this contention, estrogens stim-
ulate FasL expression in osteoclasts derived from human

monocytes (543). However, this conclusion remains con-
troversial because the stimulatory effect of estrogens on
FasL expression in osteoclasts has not been observed in
some other studies (275, 339, 438). Furthermore, as we
discussed in the previous section, contrary to a report by
others (275, 339, 365), we have found that FasL plays no
role in the effects of estrogen deficiency on the murine skel-
eton or the OVX-induced increase in osteoclast numbers.
Instead, our latest findings support the hypothesis that an
increase of S100A8 expression in osteoclasts in the estro-
gen-deficient state is the proximal mediator of the increased
resorption of cancellous bone.

Similar to the case with estrogens, in vitro evidence has
suggested that T or the nonaromatizable androgen DHT act
directly on osteoclast progenitors and mature osteoclasts to
inhibit osteoclastogenesis and promote osteoclast apoptosis
(365). However, genetic evidence from mice with oste-
oclast-specific AR deletion indicates that androgen signal-
ing in osteoclasts plays no role in the antiresorptive effect of
androgens on the cancellous or cortical bone compart-
ments. Indeed, mice with targeted deletion of AR in oste-
oclast lineage cells exhibit no changes in osteoclast number
or bone mass (469, 504) (TABLE 2).

In concluding this section, genetic evidence from murine
models of targeted ER or AR deletion indicates that direct
sex steroid actions on osteoclasts account only for the an-
tiresorptive effect of estrogens on cancellous bone in fe-
males. As will be discussed below, the direct targets of the
antiresorptive effects of androgens on cancellous bone as
well as the antiresorptive effects of both estrogens and an-
drogens on cortical bone are evidently uncommitted pluri-
potent mesenchymal progenitors.

B. Osteoblasts

Sex steroids help to maintain bone mass predominantly by
decreasing osteoclastic bone resorption and thereby sup-
pressing the rate of bone remodeling. Consistent with this
conclusion, antiresorptive agents such as bisphosphonates
are effective inhibitors of the bone loss caused by estrogen
or androgen deficiency. However, because during remodel-
ing bone formation is inexorably tied to bone resorption,
loss of sex steroids is accompanied by an increase in bone
formation; albeit, the remodeling balance in this setting is
negative and the end result is bone loss. Estrogen or andro-
gen replacement attenuates bone formation in the setting of
sex steroid deficiency (183, 271, 524, 571). It remains un-
clear, however, whether the suppressive effect of sex ste-
roids on bone formation is secondary to their antiresorptive
properties as opposed to a direct inhibition on osteoblast
generation. Irrespective of whether sex steroids may or may
not suppress osteoblast generation, extensive evidence from
studies in humans and rodents shows that either class of sex
steroids attenuates osteoblast and osteocyte apoptosis, an
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effect that is diametrically opposite to their proapoptotic
actions on osteoclasts (271, 495, 496).

The generation of mouse models with targeted ER� or AR
deletion at different stages of the differentiation progression
of the osteoblast lineage, including pluripotent mesenchy-
mal osteoblast progenitors (using Prx1-Cre), bipotential os-
teoblast precursors (using Osx1-Cre), or mature osteoblasts
and osteocytes only (using collagen1-Cre, OCN-Cre, or
Dmp1-Cre) has been very informative on the role of direct
estrogen or androgen signaling on this lineage. Deletion of
ER� from mesenchymal progenitors or from osteoblast
progenitors using Prx1- or Osx1-Cre, respectively, causes a
decrease in periosteal bone apposition and cortical bone
mass (15). These effects result from the potentiation of Wnt/
TCF signaling by ER� and, thereby, stimulation of prolif-
eration and differentiation of periosteal osteoblast progen-
itor cells. Deletion of ER� from osteoblasts and osteocytes
expressing Col1a1- or Dmp1-Cre has very modest or no
impact on bone mass and architecture (15, 268, 564). Al-
beit, deletion of ER� with OCN-Cre, which is expressed in
chondrocytes and osteoblasts, causes a decrease in trabec-
ular and cortical bone mass, as well as a decrease in osteo-
blast number (318, 348). The decrease in osteoblast number
could be due to an increase in apoptosis, as seen in mice
with deletion of ER� with Col1a1-Cre (15). Be that as it
may, the conclusions of the findings from mice with ER�

deletion using Dmp1-Cre and OCN-Cre need to be reas-
sessed in view of the latest evidence that OCN-Cre and
Dmp1-Cre target broader stromal cell populations than
previously appreciated, discussed in section IIB (582). In
any case, the evidence that the bone formation rate in can-
cellous and endocortical surfaces is not altered by ER� de-
letion in progenitors and mature osteoblasts indicates that
estrogens may play no significant role in osteoblast genera-
tion (15, 348). Intriguingly, deletion of the ER� with Prx1-
Cre increases cancellous bone mass, without changes in
osteoblast or osteoclast numbers or activity at 6 or 12
weeks (wk) of age, raising the possibility that the deletion
affected bone development (374) (TABLE 1).

In males, deletion of ER� from osteoblast progenitors
causes a delay in cortical bone mass accrual during puberty
(15). However, in contrast to females, this effect is transient
and at 3 months of age male mice have normal bone mass,
suggesting that androgens acting via AR compensate for the
lack of ER�. Indeed, studies with mice with global deletion
of ER�, AR, or both have suggested that both receptors
contribute to periosteal bone accrual in males (529). Sur-
prisingly, deletion of AR from the entire mesenchymal lin-
eage including progenitors, osteoblasts, and osteocytes has
no effect on cortical bone mass, indicating that the actions
of androgens on this compartment are indirect (101, 319,
376, 468, 504). In contrast, direct actions in cells of the
osteoblast lineage are responsible for the effect of andro-
gens on cancellous bone. Indeed, mice lacking AR in osteo-

blasts exhibit increased cancellous osteoclast number but
no changes in osteoblasts, indicating that androgens atten-
uate osteoclast numbers in cancellous bone indirectly (319,
504). Nevertheless, the levels of RANKL and OPG are not
altered by AR deletion in osteoblast and osteocytes (468),
suggesting that other factors are responsible for the antire-
sorptive effects of androgens on cancellous bone. Con-
versely, transgenic mice overexpressing AR under the con-
trol of the 2.3-kb �1(I)-collagen promoter fragment have
low bone turnover and increased cancellous bone volume
(567). In female mice, deletion of the AR in mesenchymal
progenitors or mature osteoblasts decreases cancellous
bone mass in the femur, but this effect is less pronounced in
females than males (319, 504). Consistent with the possi-
bility that androgens promote the accrual or maintenance
of bone mass in females, administration of DHT to ovari-
ectomized mice protects against loss of bone mineral den-
sity (BMD), as determined by dual energy X-ray absorpti-
ometry (DXA) (14, 271). The evidence for a positive skele-
tal effect of androgens in women is contradictory (45, 215,
337, 418) (TABLE 2).

Estrogens restrain the production of osteoclastogenic cyto-
kines produced by cells of the osteoblast lineage and via this
indirect mechanism inhibit osteoclast formation and bone
resorption (260, 324, 328). This mechanism accounts for
the protective effect of estrogens on cortical bone. This
conclusion is based on the observation that mice with dele-
tion of ER� in mesenchymal progenitors are protected from
the OVX-induced increase in osteoclast numbers in the en-
docortical surface and the loss of cortical bone mass (15). In
contrast, the OVX-induced loss of cortical bone is unaf-
fected in mice lacking ER� in osteoblasts and osteocytes.

As discussed in section IIB, ER� deletion in mesenchy-
mal/stromal cells increases the expression of SDF1 and
MMP13, and loss of ovarian or testicular function in
mice increases the levels of secreted SDF1 in the bone
marrow plasma (229). Furthermore, E2 prevents the
ORX-induced loss of cortical bone mass in mice. On the
other hand, DHT has no effect on the ORX-induced
endosteal bone resorption and loss of cortical bone mass
in adult mice, but it does prevent the ORX-induced loss
of cancellous bone (229, 517). These latest findings sup-
port the conclusion that estrogens protect against endo-
cortical bone resorption in both female and male mice;
likely via an ER�-mediated suppression of SDF1 in un-
committed mesenchymal progenitors. Of note, these re-
sults in male mice allow the re-interpretation of earlier
studies in men (147, 255, 299). In those earlier studies, in
men with suppressed sex steroid production with a
GnRH agonist and selective replacement of either estro-
gens, T, or both, estrogens accounted for �70% and T
for at most �30% of the protective effect of sex steroids
on bone resorption, consistent with the fact that the skel-
eton is �80% cortical and �20% cancellous (255).
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Taken together, the evidence from humans and mice sug-
gests that estrogens protect against endocortical resorp-
tion in both males and females, at least in part, via ER�-
mediated actions (upon aromatization of androgens to
estrogens in males) on mesenchymal/stromal cells. In ad-
dition, our latest findings from the mouse models with
ER� deletion in specific cell types (226) support the no-
tion that the protective effects of estrogens against the
resorption of cortical bone result from the suppression
MMP13 and SDF1 in mesenchymal/stromal cells. Hence,
an increase in MMP13 and SDF1 expression in the estro-
gen deficient state may be the proximal mediator of the
increased resorption of cortical bone.

In summary, the available evidence indicates that the ER�

in osteoblast progenitors plays a critical role in the accrual
of cortical bone mass in female mice. This effect results
from an increase in bone formation at the periosteum. In
addition, ER� signaling in mature osteoblasts may contrib-
ute to the maintenance of cancellous bone mass. However,
the molecular details by which ER� signaling in mature
osteoblasts helps to maintain cancellous bone mass remain
unclear. AR signaling in osteoblasts is responsible for the
protective effects of androgens on cancellous bone mass.
Such signaling leads to a decrease in osteoclast numbers and
bone resorption. On the other hand, the target cell(s) for the
effects of AR on periosteal bone formation remains un-
known. Finally, estrogens protect against endocortical re-
sorption in both males and females, at least in part, via ER�

signaling in mesenchymal/stromal cells. Elucidation of the
target cells of androgen action on cortical bone and the
molecular mediators of estrogen and androgen action in
this compartment awaits future studies.

C. Osteocytes

ER� is required for load-induced bone formation in female
mice, apparently without the need for a ligand (301). In
addition, ER� mediates many of the effects of estrogen on
cortical and cancellous bone remodeling as determined by
germline ER� mutations. Osteocytes are thought to partic-
ipate in sensing changes in load and have been shown to
produce factors that control bone remodeling (118). There-
fore, it is possible that ER� expression in osteocytes partic-
ipates in one or both of these actions. If this were the case,
then deletion of ER� specifically from osteocytes would be
expected to have the following consequences. First, changes
in bone formation in response to changes in skeletal load
should be blunted in mice lacking ER� in osteocytes. Sec-
ond, these mice should display a high remodeling pheno-
type mimicking that seen with estrogen deficiency.

Conditional ER� alleles in mice have been deleted at vari-
ous stages of osteoblast differentiation. In each of these
studies, ER� was deleted from osteocytes since Cre-medi-
ated recombination is irreversible and osteocytes are de-

rived from osteoblasts. However, none of the Cre driver
strains used in these studies was specific for osteocytes.
Nonetheless, since the Dmp1-Cre driver strain causes gene
deletion primarily in mature osteoblasts and osteocytes, de-
letion of ER� using this model should provide the best
evidence for or against a role for this receptor in osteocytes
in vivo. Two such studies have been performed. The first
analyzed the skeletons of female and male mice at 11 wk of
age and found that female mice lacking ER� in osteocytes
had normal skeletons compared with control littermates
(564). In contrast, male conditional KO mice had reduced
cancellous bone volume in the tibia and L5 vertebra, which
was associated with a reduced bone formation rate. In the
second study, which analyzed mice at 12 wk of age, female
conditional KO mice had low bone mass, but there was no
effect on the skeletons of male mice (268). There was not a
significant reduction in bone formation rate in the condi-
tional KO mice, but osteoblast number was reduced. Thus
the two studies agree that ERa in osteocytes is important for
cancellous bone mass, but they disagree about the sex of the
animals in which this occurs (TABLE 1).

An explanation for the discrepant outcomes of the two
studies is not obvious. It is important to point out that the
histological changes observed in the mice with low bone
mass in either study (reduced bone formation) do not re-
semble those seen with estrogen deficiency (elevated bone
formation and resorption). Moreover, tail-suspension was
performed in the second study and revealed that bone loss
due to unloading still occurred in the mice lacking ER� in
osteocytes (268). Overall, the results of these studies do not
support the idea that ERa in osteocytes mediates the known
effects of ER� on either physiological bone remodeling or in
response to load.

An increase in osteocyte apoptosis during estrogen defi-
ciency has been observed in humans, rats, and mice (270,
495, 496). Moreover, osteocyte apoptosis in estrogen-defi-
cient mice has been spatially correlated with regions of in-
creased bone resorption (142). Based on this evidence, it has
been proposed that loss of estrogen increases osteoclast for-
mation and bone resorption, in part, as a result of the in-
creased osteocyte apoptosis. Although osteocyte death cor-
relates with increases osteoclast formation in some models
(492), this is not a universal finding (360). Be that as it may,
if estrogen suppresses osteoclast number via control of os-
teocyte viability or function, such regulation must be indi-
rect since none of the models in which ER� was deleted
from osteocytes displayed increased osteoclast number or in
bone resorption.

The AR has also been deleted using the Dmp1-Cre trans-
gene, and this led to a moderate reduction of cancellous
bone volume in the long bones and trabecular number in the
spine of 8-month-old male mice (468). This change, how-
ever, was not yet present at 3 months of age. Although a
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definitive cellular mechanism could not be demonstrated in
this study, the results suggest that the effects of androgens
on trabecular bone mass are partly mediated by late osteo-
blasts and osteocytes (TABLE 2).

To conclude this section, the study of conditional deletion
models has unexpectedly revealed that the effects of both
estrogens and androgens on the cancellous and cortical
bone compartments are mediated via different cell types.
The antiresorptive effect of estrogens on cancellous bone in
females results, by and large, from direct actions on oste-
oclasts, whereas the antiresorptive effects of androgens on
cancellous bone in the male are exerted indirectly. In corti-
cal bone, estrogens protect against resorption in both fe-
males and males, at least in part, via ER�-mediated actions
(upon aromatization of androgens to estrogens in males) on
uncommitted mesenchymal progenitors.

D. Attenuation of Reactive Oxygen Species

Mechanistic studies of the effects of sex steroid deficiency
on the murine skeleton have revealed that loss of estrogens
or androgens, similar to old age, leads to an increase in
reactive oxygen species (ROS) in bone cells (14, 295, 326).
Conversely, systemic administration of antioxidants atten-
uate the loss of bone mass due to sex steroid deficiency in
male and female mice (14, 295). These observations have
raised the possibility that an increase in ROS may be a
common mechanism of the adverse effects of sex steroid
deficiency and old age on bone homeostasis; and that sex
steroid deficiency may accelerate the effects of aging on
skeletal involution.

Generation of ROS occurs primarily in mitochondria dur-
ing respiration and is caused by the escape of electrons
passing through the electron transport chain (174, 371).
This process generates superoxide, which is rapidly con-
verted to H2O2, the more stable and most abundant form of
ROS (31, 96, 117). High ROS levels cause damage to pro-
teins, lipids, and DNA, leading to cell demise (194). How-
ever, at low levels ROS can also promote intracellular sig-
naling for physiological cell functions (149, 233, 454).

In line with a pathogenetic role of oxidative stress on bone
formation, ROS attenuate osteoblastogenesis via activation
of FoxOs, transcription factors that promote compensatory
adaptations in response to oxidative stress and growth fac-
tor deprivation (11, 13). In the osteoblast lineage, the over-
riding function of FoxOs is to provide an optimal balance
among the maintenance of self-renewing stem cells, the rep-
lication of lineage-committed intermediates, and the sur-
vival of the terminally differentiated progeny, for the pur-
pose of compensatory adaptations to stresses that accumu-
late in bone with advancing age (18, 227). Nonetheless, as is
the case with several other defense responses against aging,
FoxO activation can eventually aggravate the effects of ag-

ing on bone and become a culprit of involutional osteopo-
rosis. Administration of antioxidants to ovariectomized or
aged mice prevents osteoblast and osteocyte apoptosis, in-
dicating that ROS shorten the lifespan of these cells (14,
235).

Consistent with the role of “lower levels” of ROS in signal-
ing involved in physiological cell functions, RANKL and
MCS-F, the two cytokines that are indispensible for oste-
oclast generation, promote mitochondria biogenesis and
the accumulation of ROS in osteoclasts. These events are
essential for the bone-resorbing function of osteoclasts and
the bone loss caused by estrogen deficiency (37, 166, 185,
224, 302). Indeed, mice expressing mitochondria-targeted
catalase, an enzyme that prevents H2O2 accumulation, in
osteoclasts exhibit a decrease in osteoclast numbers and
increased bone mass (37). Moreover, these mice are pro-
tected against the loss of cortical bone caused by either
OVX or ORX (505); however, they undergo the same
amount of cortical bone loss caused by aging as their litter-
mate controls. These findings indicate that whereas attenu-
ation of H2O2 generation in osteoclasts is sufficient to pre-
vent the adverse effects of sex steroid deficiency on cortical
bone, it has no impact on the effects of old age. On the other
hand, mice expressing mitochondria-targeted catalase in
cells of the osteoblast lineage are protected from the effects
of old age on cortical bone, indicating that increased H2O2

generation with old age in cells of the mesenchymal lineage
is a seminal culprit of the effects of aging on cortical bone
(10). At present it remains unknown whether estrogens sup-
press the generation of H2O2 directly or indirectly, for ex-
ample, by attenuating osteoclastogenesis via the suppres-
sion of pro-osteoclastogenic cytokines produced in cells of
the osteoblast lineage, such as SDF1. The relevance of these
findings in mice to humans remains unknown.

IV. EFFECTS OF SEX STEROIDS ON BONE
VIA EXTRASKELETAL ACTIONS

A. B and T Lymphocytes

Lymphocytes have been proposed to contribute to the bone
loss caused by sex steroid deficiency via a variety of mech-
anisms (211, 395). The role of T lymphocytes has been
addressed primarily using various mouse strains deficient in
this cell type. Specifically, it has been shown that a number
of different T cell deficient mouse strains are protected from
bone loss caused by OVX (395). The major mechanism is
thought to be increased production of T cells that produce
TNF-� (307), with a possible additional contribution of
RANKL produced by T cells (497). Consistent with the
latter possibility, increased production of RANKL by T
cells has been observed in postmenopausal women com-
pared with premenopausal controls (140). In contrast to
these studies, others have shown that various mouse
strains lacking T cells do lose cortical bone after OVX
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(303). More recently, the authors (S. C. Manolagas, M.
Almeida, and C. A. O’Brien) and others have demon-
strated that mice lacking RANKL specifically in T cells
have normal bone mass and lose bone similar to control
mice after OVX (366, 385). Thus it remains unclear
whether T lymphocytes contribute to the bone loss
caused by sex steroid deficiency.

On the other hand, numerous studies have reproducibly
demonstrated that the number of B lymphocytes increases
in the bone marrow of rodents after loss of either estrogen
or androgens (304, 342, 354, 387, 503, 563), raising the
possibility that this cell type plays an important role in the
bone loss caused by sex steroid deficiency (354). This view
is also supported by evidence that elevation of B cell num-
bers via administration of IL-7 is sufficient to increase oste-
oclast number and cause bone loss in mice (354). However,
mature B cells are not required for bone loss induced by
OVX as OVX leads to similar amounts of bone loss in mice
lacking mature B cells compared with control littermates
(310).

Deletion of RANKL from the entire B cell lineage prevents
the increase in osteoclast number and loss of cancellous
bone caused by OVX in mice (385). The amount of RANKL
mRNA or protein expressed by B cells in wild-type mice
does not increase, either 2 or 6 wk after OVX, supporting
the idea that it is the increase in the total number of B cells
expressing RANKL, rather than the expression level per
cell, that stimulates osteoclastogenesis after loss of estro-
gen. Consistent with this, the number of bone marrow cells
expressing RANKL is elevated in estrogen-deficient
women, compared with women treated with estrogen for 3
wk or premenopausal women (493). However, a second
study suggests that estrogen suppresses the amount of
RANKL on the surface of B cells, as well as in T cells and
bone marrow stromal cells, but does not change total cell
number (140). The reason for the difference between the
latter two studies is unknown but may be related to differ-
ent durations of estrogen deficiency.

An increase in B cell number may contribute to osteoclast
formation via multiple mechanisms. Perhaps the simplest
scenario is that RANKL on the surface of B cells interacts
with RANK on osteoclast progenitors and stimulates their
differentiation into osteoclasts. However, it is also possible
that B cells may be a source of cytokines other than, or in
addition to, RANKL that promote osteoclast differentia-
tion or function. Another possibility is that B lymphocytes,
at specific stages of commitment, may act as a source of
osteoclast progenitors, which are known to increase in the
bone marrow after loss of sex steroids.

Multiple studies have shown that isolated B lymphocytes
can act as osteoclast progenitors, at least in vitro (55, 247,
411, 443). These studies have used various methods to iso-

late cells expressing cell surface markers for B cells, such as
B220 or CD19, and then exposed these cells in vitro to
RANKL and M-CSF. Under these conditions, the cells that
are formed are multinucleated, express TRAP and calci-
tonin receptor, and can resorb bone matrix. Nonetheless,
some have attributed osteoclast formation in these cultures
to contamination with macrophage-lineage cells (232).
None of these studies has examined the ability of B cells to
form osteoclast in vivo using lineage-tracing, and such stud-
ies will be required to definitively address this question.

How sex steroids control B cell number is only partially
understood. Male mice with germline deletion of the AR
exhibit increased B cells in the bone marrow (17, 562).
Deletion of the AR gene in either osteoblast-lineage cells or
in B lymphocytes also increases B cell number in the bone
marrow, suggesting that androgens act both directly and
indirectly on B cells to suppress their number (17, 562). Less
is known about estrogen control of B lymphopoiesis. How-
ever, reconstitution studies using bone marrow from wild-
type and ER� null mice suggest that, similar to androgens,
estrogen acts on both hematopoietic and nonhematopoietic
cells to control B cell number (203).

B. Muscle Cells

Estrogens and androgens are important for the growth and
homeostasis of both bone and muscle, and a decline in the
circulating levels of sex steroids leads to loss of mass and
functional integrity in either tissue (86). Moreover, as it will
be discussed in the following section on mechanical loading,
it has been long postulated that mechanical strains exerted
on bone by muscles are critical signals for bone mass ac-
crual and strength (157). Therefore, the effects of sex ste-
roids on bone may result in part via the effects of these
hormones on muscle.

It is widely believed that in humans androgens, but not
estrogens, are responsible for the beneficial effects of sex
steroids on muscle. Strong support for this view has been
recently provided by compelling evidence that in men with
suppressed endogenous T and estrogen levels, the deficiency
of androgens, but not estrogens, is responsible for the de-
creases in lean mass, muscle size, and strength (151, 220).
Some studies in mice, on the other hand, have suggested a
role of estrogens on muscle mass. Indeed, ER� as well as
aromatase, but not ER�, deletion reduces mass as well as
contractile properties of some muscles in mice (74). In ad-
dition, combined ablation of AR and ER� results in a fur-
ther decrease in quadriceps weight compared with AR ab-
lation alone (83). These results, however, may have been
confounded by effects of estrogens on the GH/IGF-I axis.
Thus the contention for an indirect effect of estrogens on
skeletal homeostasis, secondary to an anabolic effect on
muscle, remains a matter of conjecture.
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T increases muscle mass both in young (49) and older
healthy men (51). Similarly, in postmenopausal women,
which also have low androgen levels, androgens augment
muscle mass (132, 213) as well as muscle protein synthesis
(475). Nonetheless, while there is agreement that androgens
increase muscle mass, it is not clear that T administration
improves muscle strength and physical function (116, 172).
Myocyte- or satellite-cell specific AR ablation reduces mus-
cle mass or strength. Additionally, androgens may exert
muscle-anabolic actions via paracrine mechanisms or ac-
tions on muscle-resident fibroblasts (136–138, 389). Im-
portantly, muscle-specific AR ablation in mice has hitherto
not been shown to affect cortical or cancellous bone (389).

In conclusion, the effects of androgens on bone are not
mediated by direct actions on muscle, at least in mouse
models. Whether the same is true in humans remains un-
known.

C. Other Putative Targets

Estrogen deficiency causes an increase in fat mass in rodents
(83, 153, 279, 344). A recent randomized trial in men also
showed that estrogen deficiency promotes fat accumulation
in men (87). In postmenopausal women however, it remains
unclear whether body weight gain and fat accumulation are
caused by estrogen deficiency (151). On the other hand,
high fat mass may increase extragonadal estrogen produc-
tion through aromatization in adipocytes. On the basis of
these two lines of evidence, as well as higher BMD measure-
ments in obese subjects, it has been thought in the past that
overweight postmenopausal women may be protected from
osteoporosis because of increased estrogen levels as well as
increased mechanical strain on their skeleton. However,
recent studies using quantitative computed tomography
(QCT), which is less likely to be confounded by projectional
artifacts, indicate that bone volumetric density, geometry,
or strength-to-load ratio are not necessarily increased in
obese subjects (457, 578). Additionally, higher bone mass
in obese people does not necessarily translate into decreased
fracture susceptibility (108, 238). BMI may also have site-
specific effects, with increased hip fracture risk associated
with low BMI and relatively increased risk of upper arm
fractures in obesity (238). Moreover, estrogen levels are
lower in obese subjects with type 2 diabetes (129).

The central nervous system (CNS) is a target organ of es-
trogens and androgens, and AR, ER�, and ER� are widely
expressed in the brain (173). And, central nervous path-
ways may control skeletal homeostasis (244). Taken to-
gether, these two lines of evidence have raised the possibility
that sex steroids regulate bone mass in part via influencing
neuronal pathways. In support of this notion, ER� deletion
in neuronal cell progenitors using nestin-Cre led to higher
bone mass because of increased accrual of bone during early
growth (381). AR deletion leads to decreased spontaneous

physical activity, which may explain some of the skeletal
effects of androgen deficiency (388, 416).

The possibility that actions of sex steroids on the adipose
tissue and CNS mediate some of their effects on bone re-
quires further investigation.

V. DISTINCT CELLULAR TARGETS IN
CANCELLOUS VERSUS CORTICAL BONE
AND WHAT IT MEANS

The most unexpected discovery and perhaps the most sig-
nificant insight gained from the generation and study of
mouse models with cell-specific deletion of the ER and AR
is that the effects of sex steroids on cancellous and cortical
bone are mediated by different cell types and mechanisms
(TABLES 1 AND 2). The implications of these new insights
deserve highlighting here as they represent important con-
ceptual advances in our understanding of the role of sex
steroids in skeletal physiology and pathophysiology. More-
over, they will help the reader to better understand the
pathophysiology of skeletal disorders caused by sex steroid
deficiency, the subject of subsequent sections.

To recap the evidence from the cell-specific deletion models
of the ER and AR, in females the osteoclast ER� mediates
the protective effect of estrogens on the cancellous, but not
the cortical bone compartment, which represents the ma-
jority of the skeleton (339, 365). The ER� in committed
osteoblast progenitors targeted by Osterix1 (Osx1-Cre), on
the other hand, promotes cortical bone accrual at the peri-
osteum in both females and males; while the ER� in uncom-
mitted mesenchymal progenitors targeted by Prx1-Cre me-
diates the protective effect of estrogens against endocorti-
cal, but not cancellous, bone resorption in females (15). As
in the case of estrogens in females, the effects of androgens
on the cancellous and cortical bone compartment in the
male are mediated via different cell types. Nonetheless,
whereas the antiresorptive effects of estrogens on cancel-
lous bone result from direct actions on osteoclasts, the an-
tiresorptive effects of androgens on cancellous bone are
exerted indirectly (339, 365). Indeed, androgen signaling
through the AR expressed in cells of the mesenchymal lin-
eage, most likely the mature osteoblasts and osteocytes,
mediates the protective effects of androgens on cancellous
bone by indirectly decreasing osteoclast numbers and re-
straining bone resorption in this compartment (520).

Collectively, these new insights point to the inexorable con-
clusion that the signals of estrogens and androgens are or-
chestrated and fine-tuned in different anotomical sites and
for different purposes. Specifically, these hormonal signals
are modified and integrated at different bone sites with
different environmental cues (mechanical strains or the lo-
cal concentration of paracrine cytokines and growth fac-
tors).
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Importantly, the same principle of signal orchestration and
fine-tuning in different anatomical sites and for different
purposes is becoming increasingly more clear from ad-
vances in other areas of bone biology, including the mech-
anisms responsible for the development and maintenance of
the skeleton, topics that will be our focus in subsequent
sections. Briefly here, another good example of bone site-
specific signal orchestration is the evidence that RANKL is
not only produced by multiple cell types but the contribu-
tion of one cell type versus another differs depending on the
particular bone site and physiological versus pathological
conditions (321, 377). Moreover, the production and/or
release of RANKL is modulated differently at particular
environmental niches by local cues, including other factors
that can enhance RANKL activity (Wnt5a), mimic it
(SDF1), or dampen it (OPG). In line with the general prin-
ciple, osteoblast/osteocyte-specific deletion of RANKL
causes a cancellous, but not cortical, phenotype (574). Sim-
ilarly, Wnt5a increases bone resorption and decreases bone
mass in the cancellous, but not the cortical, compartment;
whereas Wnt16 increases cortical, but not cancellous, bone
mass (364).

VI. CROSSTALK BETWEEN SEX STEROIDS
AND MECHANICAL LOADING

Mechanical loading or lack thereof are seminal signals for
the formation and removal of bone, respectively, and are
critical factors for the optimal accrual of bone mass
during growth and the development of osteoporosis later
in life. Mechanical loading tilts the balance between bone
formation and resorption in favor of the former, by stim-
ulating bone formation and suppressing bone resorption
(426, 436). Mechanical unloading has the exact opposite
effects. For example, exposure to frequent high-impact
loading with physical exercise promotes bone formation
as evidenced by the increased bone mass in the dominant
arm of tennis players (222, 239). Conversely, the unload-
ing that results from immobilization, prolonged bed rest,
or weightlessness during space flights causes precipitous
and marked reduction in bone mass, associated with de-
creased bone formation and increased bone resorption
(284, 296). Because the adaptation of bone to mechanical
loading is greater during growth than during adulthood,
the accrual of bone mass and size in youth has profound
influence on the risk for osteoporosis and fractures later
in life (60, 206, 548). The major effects of mechanical
loading or unloading on the skeleton have been readily
reproduced in rodent models employing tibia- or ulna-
loading, tail suspension, or neurogenic paralysis of the
hindlimbs (292, 345) Nevertheless, the cellular and mo-
lecular mechanism(s) mediating the effects of physical
signals initiated by loading remain poorly understood.

A. Crosstalk With Estrogens

Harold Frost was the first to postulate that estrogens en-
hance the mechanoresponsiveness of bone, and estrogen
deficiency has the opposite effect (156). He proposed that
similar to disuse, changes in estrogen levels like the ones
that occur with puberty or menopause affect the adaptive
response of bone to mechanical loading, but only in bone
adjacent to the marrow, i.e., cancellous and endocortical
bone. These ideas have received considerable attention and
followed up with extensive experimental work showing
that the ER�, in and of itself (i.e., in its unliganded state),
rather than estrogens participate in mechanosensing (41,
286). Loss of estrogens in female mice or rats has no effect
on the response of cortical bone to loading (187, 566). On
the other hand, female mice with global ER� deletion fail to
exhibit the expected response of cortical bone to mechani-
cal loading (301). In contrast, male mice with global ER�

deletion have normal response to mechanical loading (80,
445).

Studies with mice lacking the AF1 or the AF2 domains of
the ER� have further revealed that the effects on mechanical
loading are dependent on the AF1 function domain of ER�,
whereas the AF2 domain is dispensable (445, 566). Con-
versely, the effects of estrogens on bone mass maintenance
require the AF2, but not the AF1 domain (66). Interestingly,
global deletion of ER� in mice enhances the response of
cortical bone to mechanical loading, raising the possibility
that ER� and -� may exert opposite effects in the adapta-
tion of bone to loading (445, 447).

Several cell types of bone are capable of responding to me-
chanical loading (437). The earliest and most critical event
in the adaptive response of bone to mechanical loading is an
increase in the proliferation of mesenchymal/stromal cells
(407, 439, 502). Consistent with this evidence, the ER�

expressed in mesenchymal/stromal cells (expressing Osx1-
Cre) is indispensable for optimal periosteal bone accrual
and the periosteal response to loading (15, 228). Further-
more, osteoblastic cell proliferation in vitro in response to
strain requires ER� and is associated with stimulation of
IGF-I and Wnt signaling (15, 26, 121, 161, 484). Taken
together, these lines of evidence raise the possibility that
both mechanical forces and ER� exert their effects on bone
by stimulating Wnt signaling. Consistent with this hypoth-
esis, Wnt/�-catenin signaling in osteoblast lineage cells is a
critical mediator of the bone formation induced by mechan-
ical loading. Loading increases the expression of Wnt li-
gands, such as Wnt16, and reduces the expression of Sost,
the gene encoding the potent Wnt antagonist sclerostin
(427, 557). Moreover, mice lacking the Wnt co-receptor
Lrp5 or Wnt16, or mice overexpressing Sost, exhibit re-
duced osteogenic response to mechanical loading (444,
446, 500, 557).
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Osteocytes are traditionally thought of as the principal
mechanosensing cell in bone (3, 59). However, mice with
targeted deletion of ER� in mature osteoblasts and osteo-
cytes (using Dmp1-Cre) have normal cortical bone, and the
cortical bone response to mechanical loading is unaffected.
This evidence argues against the possibility that osteocytes
are the mediators of the osteogenic actions of estrogens or
the unliganded ER� itself (268, 564).

B. Crosstalk With Androgens

In contrast to the extensive study of estrogenic effects on
loading-induced bone accretion in male and female rodents,
only a few studies have addressed the potential role of an-
drogens in modulating bone’s adaptive response to mechan-
ical loading.

Contrary to the effect of ER� deletion in female mice, ORX
increases the osteogenic loading response in cancellous
bone of male mice (155). This counterintuitive result is
consistent with the finding that genetic AR disruption en-
hances periosteal bone formation in response to identical
strain magnitudes compared with the wild-type littermates
(80). Furthermore, Both T and DHT suppress the loading-
related increase in cortical thickness and periosteal bone
formation, indicating a direct role for AR activation in in-
hibiting skeletal mechanoresponsivity (470). Similarly, T
decreases the response of wild-type but not ARKO-derived
primary bone cells to mechanical stimulation (80). Alto-
gether, these lines of evidence indicate that AR activation
limits bone’s response to mechanical loading, at least in
mice. Whether the same mechanism also occurs in humans
requires further investigation.

The increase in the RANKL/Opg mRNA ratio in bone fol-
lowing ORX in mice is prevented by loading, indicating
that in the context of androgen deficiency physical activity
may ameliorate the loss of bone through an antiresorptive
effect (470). Notably, forced physical exercise also amelio-
rates some of the musculoskeletal deficits observed in male
ARKO mice (388). Mice with global AR deletion display a
stronger load-induced inhibition of sclerostin (80). Simi-
larly, in castrated mice, T stimulates sost expression and
abrogates the suppressive effect of loading on sost (470).
Thus AR signaling seems to suppress load-induced bone
formation by inhibiting Wnt/�-catenin signaling secondary
to increasing sost. A similar mechanism is observed in mus-
cle, where AR signaling directly upregulates myostatin, a
negative regulator of muscle mass, as a feedback mecha-
nism to avoid excessive muscle growth (137).

The evidence discussed in the previous paragraph notwith-
standing, the effects of androgens on sost expression are not
necessarily the result of AR signaling in osteocytes. Indeed,
osteocyte-specific deletion of the AR in males has no effect
on the loading response (470). Therefore, the inhibition of

mechanoresponsiveness may result from AR actions in
other cell types, such as mesenchymal/stromal or periosteal
cells.

In conclusion, mouse models with androgen deficiency or
global AR deletion have decreased cortical and trabecular
bone mass, but their skeletal response to mechanical load-
ing is not impaired and may even be increased.

VII. EFFECTS OF SEX STEROIDS ON
SKELETAL DEVELOPMENT AND
GROWTH

Mammalian skeletons grow in three dimensions. In the long
bones and the vertebrae, longitudinal growth (Z-axis) is
mediated by chondrocytes at the epiphyseal growth
plates, and appositional growth (X- and Y-axis), the out-
ward bone expansion, results from osteoblastic bone for-
mation at the periosteal surface. Simultaneously, bone is
resorbed at the endosteal surface to expand the marrow
cavity. All these events are sexually dimorphic and in
humans contribute to sex differences in bone strength
and fracture risk later in life (76, 373, 483).

A. Longitudinal Growth and Final Height

A sex difference in longitudinal bone growth in humans is
universally recognized from the smallest pygmy tribes to the
Neanderthals. Adult men are on average 7–8% taller than
women (184, 432). In the year 2000 United States growth
charts, the P50 values for women and men are 164 versus
176 cm, a difference of about two standard deviations
(379). Such a difference is quite remarkable given the fact
that adult human height is a highly polygenic trait associ-
ated with no less than 697 variants in recent genome-wide
meta-analysis, and ESR1 (the gene for ER�) is just one of
these (569). Most of the common autosomal variants ap-
pear to influence prepubertal growth. Sex differences in
growth and ultimate height on the other hand are accrued
during puberty. Before puberty, skeletal features show no
significant sex differences (375, 451). Thus sexual dimor-
phism in height is likely regulated by pubertal sex steroids.
Nonetheless, growth-controlling factors on the X and Y
chromosomes are also known to exert a strong influence
(391).

The main determinant of greater ultimate height in men is
the later onset of puberty in boys compared with girls. The
pubertal growth spurt starts on average 2 years later in
boys, allowing more time for prepubertal growth which, at
a rate of about 5.5 cm/yr, already explains an 11 cm differ-
ence (FIGURE 6). In other words, boys are taller than girls
before their growth spurts start, with less difference in
height gained during their growth spurts. Within each sex
there is considerable variation in the timing of puberty, but
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later onset of puberty is generally associated with greater
final height (53, 199). Peak height velocity is also somewhat
greater in males (252, 458), but its effect on ultimate height
is considerably smaller. A third possible mechanism is de-
layed growth plate closure in men, i.e., longer duration of
the growth spurt (225).

In both sexes, prepubertal growth velocity is greater in the
appendicular than in the axial skeleton (40, 72, 225, 451).
Therefore, prepubertal children or patients with disorders
of puberty exhibit so-called eunuchoid proportions (i.e.,
long limbs relative to the spine). At the start of puberty,
truncal growth accelerates, while appendicular growth does
so only minimally, before it decelerates at the end of pu-
berty. Because of the longer duration of prepubertal growth
(predominantly in the appendicular skeleton) in boys, the
average man has longer legs than the average woman, but
sitting height is affected less (40, 72, 225, 451).

In summary, men are on average �8% taller than women.
This difference in adult height is mainly due to later onset of
puberty in males, allowing more time for prepubertal, pre-
dominantly appendicular growth. Greater peak height ve-
locity and longer duration of intrapubertal growth (delayed
epiphyseal closure) play only a minor role (225). Notably,
taller women have greater fracture risk than shorter
women, possibly due to increased fall impact as well as

comparatively more porous and slender bones (54). It is
unknown, however, whether sex differences in height also
contribute to sex differences in fracture risk.

B. Peak Bone Mass Acquisition

The sex difference in osteoporotic fracture risk can be at-
tributed in part to differences in peak bone mass [PBM, i.e.,
peak bone mineral content (BMC) at the end of the skeletal
maturation] and bone width. Differences in subsequent
bone loss are another important contributor. Mathematical
models predict that even small increases in PBM, followed
by identical rates of age-related bone loss, would consider-
ably delay and decrease fracture burden (206). However, in
preclinical and clinical interventional studies aiming to in-
crease PBM (mainly by physical exercise), BMD returns to a
homeostatic set point after the intervention stops (44). It is
important to note that DXA BMD is only a two-dimen-
sional (not a volumetric) surrogate measurement of bone
mass that relies on the attenuation of an X-ray beam by the
mineral content (i.e., hydroxyapatite) of bone. The BMD
value is derived by dividing BMC in grams by bone area in
square centimeters. BMC is another important determinant
of bone strength in and of itself. Structural bone adapta-
tions, especially development of a wider cortex gained, for
example, by exercising early in life, can be maintained into
old age (547, 548). Conversely, studies in osteoporotic men
and their sons suggest that low PBM continues to be rele-
vant into old age (256, 288, 515). Thus it is plausible that
the decreased risk of osteoporotic fractures in older men
versus women is at least partly due to greater PBM devel-
opment in young men, especially cortical bone expansion.

Young adult men have almost 25% greater whole body
BMC compared with women (63), but such difference is not
more than what can be expected for their �8% greater
height (extrapolated to three dimensions, 3�125%
�108%). Upon closer examination, PBM at different sites
shows time- and sex-specific differences, but these rely al-
most entirely on greater bone area (42, 44, 205, 316). For
example, BMC in one study peaked at ages 21–22 in men
and ages 23–28 in women, with greater BMC at the femoral
neck (�28%), ultradistal radius (�44%), and lateral spine
(�12%) in men compared with women (205). Areal BMD
differences are however much smaller (�5–10%) or even
absent at certain sites like the lumbar spine, especially fol-
lowing adjustment for bone size (44, 63, 204). In fact, cal-
culated volumetric BMD (vBMD) tends to be lower in men,
especially at the lumbar spine (205, 541). In other words,
men develop greater PBM because their bones are longer
and also wider, but certainly not denser.

Later puberty is associated with greater final height, but
lower PBM particularly in girls (99, 123, 230). During
young adulthood, skeletal consolidation (or catch-up devel-
opment) may counter some of the adverse effects of delayed
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FIGURE 6. Mean height velocity (in cm/yr) in non-African Ameri-

can children according to age and sex [from the U.S. Bone Mineral

Density in Childhood Study (252).] The growth spurt starts �2 yr

later in boys (9 vs. 11 yr). The striped area under the height velocity

curve indicates the effect of delayed growth spurt onset on ultimate

height in boys compared with girls. Peak height velocity (PHV) is also

somewhat greater in boys on average, and growth velocity may be

better maintained (and growth plate closure delayed) in late puberty

(225). However, the latter factors play only a minor role in the sex

difference in ultimate height, as indicated by the size of the two

respective gray areas under the height velocity curve. [Based on

results from Kelly et al. (252), with permission from the Endocrine

Society.]

ESTROGENS AND ANDROGENS IN SKELETAL PHYSIOLOGY

153Physiol Rev • VOL 97 • JANUARY 2017 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



puberty on PBM, but subtle deficits in cortical and trabec-
ular bone structure may persist (60, 98–100, 123, 380).

Thus PBM advantages in men appear to be site-specific and
mainly due to greater bone area. Still, because of the low
resolution and the two-dimensional nature of DXA, ad-
vanced techniques like high-resolution, peripheral quanti-
tative computed tomography (HR-pQCT) (148, 291) are
necessary to determine true differences in vBMD, cortical
bone area, cortical porosity, or trabecular bone volume
(FIGURE 7). As it will be discussed below, the single most
important determinant of greater bone strength and peak
bone mass in young men is development of a wider bone
due to greater periosteal bone expansion. Whether skeletal
microarchitecture (e.g., osteocyte lacunae or vascular chan-
nel volume) or material properties are sexually dimorphic in
humans remains unknown.

1. Cortical bone

HR-pQCT has recently provided unprecedented under-
standing of sex differences in peri-pubertal bone develop-
ment (148). However, some limitations should be consid-
ered. First, HR-pQCT can only be performed on the distal
radius and tibia. Although microstructure at these sites pre-
dicts both vertebral and nonvertebral fractures (534), it
may not be representative of the entire skeleton (in partic-
ular of the spine). Second, microporosity from osteocyte
lacunae or vascular channels is below the resolution of HR-
pQCT scanners; therefore, measured porosity mainly re-
flects larger resorption pores. Bone strength is not measured
directly but estimated from finite element analysis model-
ing, which does not take into consideration possible varia-
tions in material properties or nanostructure. Finally, esti-
mation of cortical thickness critically depends on the
boundary between cortical and trabecular bone, which is
arbitrary due to trabecularization of the endocortical sur-
face with aging (580).

All parameters measured by HR-pQCT in the radius and
tibia are different between young adult men and women,
with the exception of total volumetric BMD (2). These find-
ings clearly show that men build a structurally stronger
skeleton with similarly or even slightly less mineralized ma-
terial (TABLE 3).

As compared with women, men have a greater cortical bone
diameter due to greater periosteal apposition, placing the
cortex further away from the neutral axis. Bone strength
scales as the fourth power to bone diameter, independent of
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FIGURE 7. Schematic representation of the differences

in cortical bone structure and density for girls (G) and boys

(B) across puberty [by Tanner (T) stage]. Boys acquire

higher estimated bone strength (failure load) due to their

greater cortical bone diameter. The medullary cavity is also

wider in boys, resulting in only mildly greater cortical thick-

ness. Volumetric bone mineral density (vBMD) is higher in

girls (whither cortex). Trabecular bone volume and cortical

porosity (Ct.Po) are also higher in boys (differences not

depicted). [From Nishiyama et al. (375), with permission

from John Wiley & Sons, Inc.]

Table 3. Determinants of greater peak bone strength in men

Men Versus Women
at PBM (age 20–30

yr)

Bone strength* _

Strength-to-load ratio 1

Cortical bone

Volumetric BMD 2

Cortical thickness � or 1

Total cross-sectional area
or periosteal
circumference

_

Endosteal (marrow) area 1

Cortical porosity 1�

Trabecular bone

Trabecular bone volume _

Trabecular number � or 1

Trabecular thickness 1

Nanostructure ?

Material properties ?

*Relative difference in failure load (in N) estimated by micro-finite
element analysis. �Although the sex difference is large in relative
terms, it is still quite low in both sexes in absolute terms. �, Not
significantly changed; 1, slightly increased; 2, slightly decreased;
_, markedly increased.
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cortical thickness (76, 120, 193, 193, 261, 320, 375). This
is the key reason why men have stronger bone. The medul-
lary cavity is also wider in men (i.e., periosteal expansion is
accompanied by endosteal resorption and net outward
bone expansion), while cortical thickness is only mildly in-
creased (TABLE 3 AND FIGURE 7) (193, 261, 320). Contrary
to earlier ideas that girls have more endosteal apposition
than boys, endocortical resorption dominates in both sexes,
but less so in females (160). Thus, even though estrogens
may stimulate endosteal bone formation resulting in net
endosteal contraction in some situations (489), normal pu-
bertal bone development is characterized by diminished en-
dosteal expansion in girls. In other words, the marrow cav-
ity enlarges during puberty in both sexes but less so in
females. The idea that estrogens shrink the bone marrow
cavity in girls is most likely erroneous. Importantly, sex
differences in bone structure are accrued during puberty, as
evidenced by minimal or no sex differences in prepubertal
children by (HR-)pQCT (375).

On the other hand, young adult men appear to have slightly
but significantly lower cortical vBMD and higher intracor-
tical porosity (76, 193, 320, 375, 542). Especially during
rapid growth, a transient deficit in cortical bone thickness
and increased porosity coincide with the peak incidence of
fractures in childhood, typically at the radius and more
frequently so in boys (265, 545). Still, the greater cortical
bone diameter far outweighs the lower cortical vBMD and
greater porosity, with an estimated 34–48% greater ulti-
mate failure load in young adult men versus women (193).

2. Trabecular bone

Young men develop greater trabecular bone volume in late
puberty, at least at the distal radius and tibia. This is mainly
due to greater trabecular thickness, at least at the radius.
Trabecular number may also be higher in men, especially at
the tibia (76, 120, 261, 265, 320, 375).

At central skeletal sites, however, the situation seems to be
opposite. Calculated vBMD of the lumbar spine is in fact
lower in men (205, 541). QCT studies confirm that at PBM,
men have wider lumbar spine and femoral neck with para-
doxically lower trabecular vBMD (46, 423). This may be
due to the dominant effect of cortical bone which bears
most of the loads, thus obviating the need for additional
trabecular support. Further studies on bone structure at
central sites in different sexes and ages are needed to clarify
this subtlety.

In summary, men have a biomechanically superior PBM
acquisition characterized mainly by wider bones due to
greater periosteal bone expansion. Trabecular bone volume
in men is also greater at peripheral, but not central skeletal
sites.

C. Periosteal Expansion

Periosteum is a thin layer of connective tissue that covers
the external surfaces of most bones and is rich in osteogenic
cells. Periosteal bone apposition is, by and large, responsi-
ble for the enlargement of bones during growth. At the
completion of longitudinal growth and epiphysial closure,
periosteal apposition slows precipitously (9, 452). Impor-
tantly, greater periosteal expansion during puberty ac-
counts for the larger bones in men compared with women
(423), hence the increased strength and reduced fracture
risk in men (6, 390).

Sex steroids are critical contributors to periosteal bone ex-
pansion. Indeed, higher serum levels of T are associated
with larger periosteal circumference in long bones of young
adult men (316). However, part of the effect of androgens
on periosteal expansion results from aromatization to es-
trogens, a conclusion strongly supported by evidence that
estrogen administration to aromatase-deficient adolescents
(with normal androgen levels) increases bone size due to
periosteal expansion (67).

Similar to humans, estrogens and androgens promote the
expansion of the periosteum in growing male rodents. In-
deed, suppression of estrogen synthesis by administration
of an aromatase inhibitor reduces periosteal expansion over
and above the reduction caused by ORX (82). Furthermore,
male mice with global AR or ER� deletion exhibit lower
periosteal circumference, which is further diminished in
mice lacking both of these receptors (529). Female mice
lacking ER� globally similarly exhibit lower periosteal cir-
cumference (463). Mice with targeted ER� deletion in mes-
enchymal/stromal cells (using Osx1-Cre) have decreased
periosteal bone apposition and cortical bone mass. In con-
trast, mice with targeted ER� deletion in osteoblasts and
osteocytes have no cortical bone phenotype (15, 268, 564).
This genetic evidence strongly suggests that the ER� pool in
mesenchymal/stromal cells, but not in mature osteoblasts, is
responsible for the effects on periosteal expansion. As dis-
cussed in section V, however, the effects of ER� on perios-
teal apposition are independent of the binding of the ligand.

Targeted deletion of the AR across all stages of the osteo-
blast differentiation progression from mesenchymal pro-
genitors to mature osteoblasts and osteocytes (using Prx1-
Cre, Col1-Cre, OCN-Cre and Dmp1-Cre) has no effect on
cortical bone mass in mice, indicating that the stimulatory
actions of androgens on periosteal expansion are not medi-
ated via osteoblasts or their progenitors (101, 319, 376,
468, 504). Thus the target cell(s) of the actions of androgens
on the periosteum remains unknown.

D. Epiphyseal Closure

During postnatal life, long bones grow and elongate via the
process of endochrondral ossification, during which carti-

ESTROGENS AND ANDROGENS IN SKELETAL PHYSIOLOGY

155Physiol Rev • VOL 97 • JANUARY 2017 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



lage made by chondrocytes is formed and then replaced by
bone (273). Puberty and the associated production of sex
steroids exert major regulatory influence on this process. At
the onset of puberty, the relatively low concentration of
estrogens and androgens stimulate the growth spurt by in-
creasing growth hormone (GH)/IGF-I levels. The stimula-
tory effects of androgens during early puberty is most likely
due to modulating influences on the pattern of GH produc-
tion. During the late stages of puberty, the higher estrogen
concentrations, but not androgens, shut off longitudinal
growth in both girls and boys by stimulating the closure of
the epiphyseal growth plates, an effect mediated via direct
actions of estrogens on proliferating chondrocytes (FIGURE

8) (65, 520).

Invaluable insights on the critical role of estrogens in longi-
tudinal bone growth have been provided by the study of
rare genetic disorders of estrogen action. Indeed, individu-
als with aromatase (CYP19) deficiency have tall stature and
delayed bone age, consistent with the restraining effect of
estrogens on epiphyseal closure and final height. These pa-
tients continue to grow at prepubertal rates into adulthood

but lack a pubertal (mainly truncal) growth acceleration,
resulting in long limbs compared with their trunk height
(eunuchoid proportions; see sect. VIIA) (361, 430). Simi-
larly, one woman and a man with loss of function ER�

mutations did not experience clear pubertal growth spurt.
On the other hand, their epiphyses remained open and were
taller than their predicted adult height due to continued
growth into adulthood (414, 473). Consistent with this,
chondrocyte-specific ER� inactivation in mice did not affect
the pubertal growth spurt but prevented epiphyseal fusion
and growth deceleration thereafter (65). Collectively, this
genetic evidence strongly supports the hypothesis of bipha-
sic effect of estrogens on bone growth: stimulatory at low
concentrations early in puberty during the growth spurt and
inhibitory at the growth plate at the end of puberty. Addi-
tional support for the biphasic model of estrogen action is
provided by evidence in the general population, showing
that common variants in the ESR1 gene are significantly
associated with adult human height (569).

In subjects with androgen insensitivity syndrome (AIS) due
to inactivating AR mutations, adult height is greater than
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female and close to male reference values (122, 191). The
taller stature compared with women is probably due to
impaired epiphyseal fusion from estrogen deficiency as well
as growth-stimulating factors on the Y chromosome. The
lower height compared with normal male values in turn is
probably due to lack of sex steroid actions on GH and IGF-I
(122, 191).

Support of the biphasic model of sex steroid regulation of
bone growth is also provided by both observational as well
as therapeutic intervention studies. For example, E2 and
IGF-I levels in girls are positively associated with tibia
length early in puberty, while E2 is negatively associated
with tibia length thereafter (575). High-dose estrogens, on
the other hand, cause fusion of the growth plates and pre-
vent undesirable longitudinal growth in girls. Low-dose es-
trogens in turn can trigger the pubertal growth spurt in girls
with Turner syndrome or constitutional delay of growth
and puberty (CDGP), without adverse effects on ultimate
height (167, 417, 551). Conversely, aromatase inhibitors
(which decrease estrogen and increase androgen concentra-
tions) prevent growth plate closure in boys and advance
bone age, with positive effects on predicted adult height
(208, 440, 561).

Short courses of low-dose T or the weak, nonaromatizable
androgen oxandrolone have been used in boys with CDGP
to accelerate puberty and height velocity, without adversely
affecting age/epiphyseal closure or ultimate height (107,
417). Likewise, oxandrolone treatment of girls with Turner
syndrome receiving GH increases ultimate height by accel-
erating height velocity, without altering bone maturation or
pubertal progression (167, 409, 434). The mechanism by
which nonaromatizable androgens accelerate growth in the
face of supraphysiological GH treatment remains unex-
plained, but an increase in IGF-I due to androgen modula-
tion of GH patterns remains a possibility (112, 409).

E. Interaction of Sex Steroids and Growth
Factors

1. Effects on longitudinal growth

GH has direct effects on chondrocytes and osteoblasts as
well as indirect effects via stimulation of hepatic secretion of
IGF-I and IGF-binding proteins (IGFBPs). Moreover, osteo-
blasts and chondrocytes produce IGFs and IGFBPs and de-
posit them locally within the bone matrix. Mice with ge-
netic deficiency in GH or IGF-I action have short stature
and reduced periosteal bone expansion, but normal trabec-
ular bone mass. Similarly, humans with GH deficiency have
decreased areal BMD, but volumetric density is unaffected,
suggesting an adverse effect on bone size (68, 322). The role
of GH in skeletal maintenance is far less clear; albeit, low
circulating IGF-I levels have been associated with increased
fracture risk (165, 172, 382). Moreover, recombinant IGF-

I/IGFBP3 complex treatment has beneficial effects on bone
density, grip strength, and functional recovery in postmeno-
pausal women with hip fracture (62).

Puberty is accompanied by a rise in both amplitude and
duration of GH secretory peaks as well as IGF-I concentra-
tions in both sexes. However, circulating IGF-I as well as
average GH concentrations are not sexually dimorphic in
humans. The main sex difference is the pattern of GH
spikes, with males exhibiting a more ordered secretion than
females, both before and after puberty (528). Sex steroids
affect GH secretion both in puberty and adulthood (104,
441). Additionally, the perinatal T peak determines male-
pattern pituitary GH secretion as well as sex-specific he-
patic steroid metabolism via imprinting mechanisms (234).
Accordingly, androgen-resistant (testicular feminization,
Tfm) rats display femalelike GH secretion (351).

Observational and experimental studies in humans support
a role for both E2 and T in modulating different properties
of GH spikes, while GH and estrogens codetermine circu-
lating IGF-I levels (526–528) (FIGURE 8). Similarly, IGF-I is
increased in estrogen-treated (362, 531) and decreased in
ER�KO, ER��KO, aromatase-KO, and aromatase inhibi-
tor-treated male mice. These observations suggest that aro-
matization plays a key role in the maintenance of circulating
IGF-I, probably via both GH-dependent and direct hepatic
effects (82, 83, 394, 529). Aromatase inhibition may also
decrease IGF-I in young men (287), while androgenic stim-
ulation seems to have no clear effect (370). The effects of
sex steroids on IGF-I in rodents are conflicting. Studies in
orchidectomized mice treated with an aromatase inhibitor
suggest that sex differences in body size rely on synergistic
effects of both androgen actions and GH/IGF-I (82). A di-
rect role for androgens on GH-dependent growth (indepen-
dent of aromatization) is further supported by evidence that
mice with conditional deletion of the AR in the nervous
system (nestin-AR�/�) have decreased length and IGF-I
concentrations (419). Furthermore, GH-receptor-KO
(GHRKO) mice are not only small but have decreased pu-
bertal growth (82). The Jak/STAT5b-pathway acts down-
stream of the GH-receptor with STAT5b-KO mice being
resistant to GH pulses. These mice have female-like growth
curves in both sexes (507). Still, E2 can restore defective
hepatic Jak/STAT5b signaling in GHRKO mice, thereby
independently stimulating IGF-I secretion (531). Further-
more, patients with Laron syndrome (congenital GH recep-
tor deficiency with low IGF-I) do not experience a growth
spurt despite a delayed but full puberty. Furthermore, a
unique study in GnRH-deficient (hypogonadal, hyp) mice
showed that the perinatal T surge and consequent hypotha-
lamic and hepatic imprinting effects are required for an
optimal growth spurt (462). Collectively, these data show
that GH/IGF-I actions are primordial mediators of sex ste-
roid actions on the pubertal growth spurt.
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Conversely, sex differences in height do not rely entirely on
GH/IGF-I. Indeed, Laron patients still display a sexually
dimorphic growth during adulthood, with males having a
lower height velocity but delayed growth plate closure com-
pared with females, the latter resulting in continued growth
and greater ultimate height in adult males compared with
female Laron subjects (269, 289, 290). This pattern is in
line with a GH-independent effect of estrogens on hepatic
IGF-I secretion, which explains why girls with Laron syn-
drome exhibit earlier height velocity acceleration, and
growth plate chondrocytes. This also explains why these
girls experience earlier growth plate closure compared with
men with Laron syndrome. Also in subjects with combined
GH and gonadotropic deficiency, GH replacement restores
prepubertal growth rates, but add-on treatment with low-
dose E2 in girls or T in boys is required to initiate the
growth spurt (417).

In summary, the effects of androgens and estrogens on the
pubertal growth spurt are mediated via effects on the GH
secretion patterns, while estrogens also have direct effects
on hepatic IGF-I release (FIGURE 8).

2. Effects on periosteal bone expansion

Male mice have greater periosteal bone formation during
early puberty, and concomitantly greater radial bone ex-
pansion due to actions of both AR and ER� (82, 83, 394).
GHRKO mice, however, show no sexual dimorphism in
cortical bone size. Hence, the effects of sex steroids on cor-
tical bone expansion in male pubertal mice rely largely on
GH/IGF-I signaling (81, 82, 530). Similarly, osteoblast-spe-
cific deletion of GH-receptor results not only in reduced
osteoblastic sensitivity to IGF-I in vitro but also in a striking
feminization of cortical bone geometry in male mice in vivo
(467). Nevertheless, castration and replacement studies re-
veal that androgens still enhance cortical bone development
in GH-deficient rats and mice (263, 530, 583) without clear
IGF-I changes (82, 530). Furthermore, the perinatal T surge
is not required for the effects of androgens on cortical bone
expansion (462). Thus androgens regulate cortical bone
expansion both directly and indirectly via circulating GH/
IGF-I.

Global or osteoblast-specific ER�KO decreases periosteal
bone formation and cortical bone expansion (15, 83). Con-
versely, OVX increases cortical bone expansion as well as
the endocortical perimeter (82, 177, 263, 583). Periosteal
expansion is inhibited by estrogens and stimulated by GH-
signaling in females (154, 263, 583). Since the stimulatory
effects of ER� on periosteal bone expansion occurs through
osteoblast-lineage cells and estrogens have the opposite ef-
fect, neither of these effects is likely to involve systemic
GH/IGF-I regulation.

Data on cortical bone in human growth hormone resistance
remain scanty but suggest sex differences in cortical thick-

ness (269). At least one study showed significantly greater
bone diameter and cortical thickness in adult men com-
pared with women with untreated GH deficiency (219).
Therefore, the mechanistic insights from mouse models are
applicable to humans, although further investigation into
cortical bone geometry in humans with GH/IGF-I defi-
ciency or resistance is needed.

Trabecular bone on the other hand is probably regulated
directly by androgens and estrogens and not indirectly via
GH/IGF-I. Indeed, male GHRKO mice have normal trabec-
ular bone mass and respond normally to androgen or estro-
gen deficiency and replacement (530). Yet, OVX results in
bone loss at trabecular sites even in GH- or IGF-I-deficient
female rodents (154, 583).

In conclusion, both AR and ER� are required for optimal
cortical bone expansion in males, acting largely but not
exclusively via systemic GH/IGF-I signaling. In females,
ER� is required for optimal periosteal expansion while es-
trogens maintain the endosteal perimeter and limit perios-
teal expansion; both of these effects are independent of the
somatotropic axis.

VIII. EFFECTS OF SEX STEROIDS ON
SKELETAL MAINTENANCE

The progressive increase in the mass of bone during devel-
opment and growth is accomplished primarily by bone
modeling. The maintenance of skeletal assets during adult-
hood, on the other hand, depends on the balance between
bone resorption and formation during the continuous re-
generation of the skeleton by remodeling. Because both os-
teoclasts and osteoblasts are short-lived cells, balanced re-
modeling in turn depends on the timely and coordinated
supply of these two cell types. An oversupply of osteoclasts
relative to the need for remodeling or an undersupply of
osteoblasts relative to the need for cavity repair are, by and
large, responsible for the pathophysiological changes of
most acquired metabolic bone diseases (324, 332).

Estrogens and androgens slow the rate of bone remodeling
and help to maintain a focal balance between bone resorp-
tion and formation. These effects, as it was discussed ear-
lier, result from their ability to restrain the birth rate of both
osteoclasts and osteoblasts. In addition, sex steroids influ-
ence the lifespan of both of these cells in opposite direction
by exerting pro-apoptotic effects on osteoclasts and anti-
apoptotic effects on mature osteoblasts. Estrogen or andro-
gen deficiency causes loss of bone mass which is associated
with an increase in the bone remodeling rate, increased
osteoclast and osteoblast numbers, and increased resorp-
tion and formation, albeit unbalanced (324).

Estrogens or androgens attenuate also the apoptosis of os-
teocytes, and estrogen or androgen deficiency increases the
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prevalence of osteocyte apoptosis in both cancellous and
cortical bone in animals and humans (271, 495, 496). The
increased osteocyte apoptosis caused by loss of estrogens is
regional, rather than uniform, and in the bone cortex the
location of the apoptotic osteocytes is tightly correlated
with the areas where endocortical resorption is subse-
quently activated (142). Furthermore, while osteocyte apo-
ptosis triggers the bone remodeling response to microdam-
age, the neighboring nonapoptotic osteocytes are the major
source of RANKL, and both the apoptotic and osteoclast-
signaling osteocyte populations are localized in a spatially
and temporally restricted pattern consistent with the tar-
geted nature of this remodeling response (253). In addition,
ablation of osteocytes in young mice recapitulates at least
some of the effects of old age on bone and rapidly leads to
decreased bone strength, microfractures, and osteoporosis
(492). Collectively, these observations support the idea that
the live neighbors of apoptotic osteocytes can sense me-
chanical damage and/or the death of their neighbors and
become beacons for the excavation and repair of a specified
area of bone and the removal of the dead cells (325). In
agreement with this contention, OVX or ORX in adult mice
and rats increases osteocyte apoptosis and causes an in-
crease in RANKL levels in bone marrow plasma (309).

At the age of peak bone mass, long bones in men have
greater total cross-sectional area, whereas women have a

narrower endosteal area (FIGURE 9). This sex difference in
skeletal assets accounts for greater bone strength in men, in
spite of the fact that cortical thickness is similar at this stage
or only mildly greater than in women, an advantage that
remains present throughout the subsequent stages of life.

After reaching peak bone mass, periosteal apposition con-
tinues in both sexes but is greater in men. Endosteal resorp-
tion, on the other hand, is greater in women (487, 581).
However, the mechanisms of cortical thinning may be not
only gender specific but also site specific. In a population-
based cross-sectional study, men showed smaller declines in
cortical area from age 20 to 90 (�8% at the radius and
�9% at the tibia) compared with women (�17 and �18%,
respectively). This difference was mainly due to greater
periosteal expansion at the radius in men (423). In a longi-
tudinal QCT study at the tibia, it was found that these
differences are not linear between ages 20 and 90 (294).
Until age 60–70, men gained more cross-sectional area than
women and continue to increase their cortical bone area.
Women, however, lost cortical bone area from age 50, due
to endosteal expansion. After age 70, women had a wider
marrow cavity than men, and periosteal expansion ap-
proached or even slightly exceeded that of men, but it could
not compensate for the increased endocortical resorption
(294). Another population-based cross-sectional HR-
pQCT study showed that the greater losses of cortical area
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FIGURE 9. Schematic representation of sex differences around the age of peak bone mass (20 yr) and

subsequent lifetime changes at the endosteal and periosteal surface at the tibia [based on the longitudinal QCT

findings from Lauretani et al. (294)]. The black interrupted circumferences represent the lower endosteal

expansion in women and greater periosteal expansion in men, as compared with the other sex. Changes in

cortical thickness are shown as bars in the inset; differences become progressively greater with age. The

yellow circles represent the average degree of endosteal bone resorption (and cortical trabecularization) at the

tibia in both genders (greater in women). The outer gray circles represent ongoing periosteal expansion in

adulthood, which is particularly greater in men between the ages of 20 and 50. The black outer circles indicate

ongoing periosteal expansion in old age, which is similar or even slightly greater in women at the tibia (but lower

at the radius). [Adapted from Lauretani et al. (294), with permission from John Wiley & Sons, Inc.]

ESTROGENS AND ANDROGENS IN SKELETAL PHYSIOLOGY

159Physiol Rev • VOL 97 • JANUARY 2017 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



and thickness at the tibia in women are mainly due to
greater endocortical expansion, while at the radius the
greater cortical area loss in women is due to insufficient
periosteal expansion (320). The failure of periosteal expan-
sion at the radius in women, but not men, confirms earlier
findings (482, 487). Thus greater cortical bone area loss in
women is due to greater endosteal resorption, but failure of
periosteal bone expansion also plays an important role at
the radius, but not at the tibia.

Soon after the attainment of peak bone mass, during the
third decade of life in humans, the balance between bone
formation and bone resorption begins to progressively tilt
in favor of the latter, in both women and men (315). This
change begins long before and independently of any
changes in sex steroid levels. This process is slowed by the
presence of sex steroids and accelerated, at least for a few
years, following gonadectomy in both females and males or
the abrupt decline of the circulating levels of estrogens at
menopause. The rate of bone loss in women slows within
5–10 years after menopause and is followed by a slower
phase of bone loss that also occurs in men. This later phase
affects primarily cortical bone, and a significant portion of
it is due to increased endocortical resorption and intracor-
tical porosity (581). Similar to humans, mice experience a
progressive loss of bone mass almost immediately after the
attainment of peak bone mass, but unlike women, mice do
not experience the equivalent of menopause (326). None-
theless, as in postmenopausal women, the effects of OVX in
adult female mice are transient and the OVX-induced in-
creases in osteoclastogenesis and osteoblastogenesis return
to baseline in less than 2 months (237).

Genetic evidence from the mouse model has also revealed
that increased H2O2 generation with old age in cells of the
mesenchymal lineage is a seminal culprit of the loss of cor-
tical bone (10). In contrast, increased H2O2 generation in
cells of the osteoclast lineage is the culprit of the loss of
cortical bone caused by acute sex steroid deficiency, but not
old age (505, 506). Hence, the cellular culprits of cortical
bone loss in the two conditions may be distinct. Finally,
consistent with the biologic role of osteocytes in the chore-
ography of bone remodeling, emerging evidence indicates
that signals arising from apoptotic and/or old dysfunctional
osteocytes are seminal culprits in the pathogenesis of invo-
lutional, postmenopausal, steroid-, and immobilization-in-
duced osteoporosis (335). In other words, in conditions of
overwhelming stress, including age-accumulated damage,
physiological mechanisms of bone repair are exaggerated
and eventually become disease mechanisms.

IX. SEX STEROID DEFICIENCY AND THE
DEVELOPMENT OF OSTEOPOROSIS

Osteoporosis is a skeletal disorder predisposing to fractures
(1). Each year there are �2 million osteoporotic fractures in

the United States and 3.5 million in Europe, which are as-
sociated with substantial mortality, morbidity, and eco-
nomic losses (186, 207, 465).

The lifetime risk of osteoporotic fractures in high-risk Cau-
casian populations is �50% in women versus 20–25% in
men (2, 311, 372). Regardless of ethnicity, hip fracture risk
displays an almost constant 1:2 male-to-female ratio world-
wide (243). As such, sex is a key clinical risk factor for
osteoporosis, second in importance only to aging. In
women, fracture incidence starts to rise from around the age
of menopause, while in both sexes the risk increases expo-
nentially from the seventh decade as a consequence of ag-
ing. This sex difference can largely be attributed to sex
steroid actions, since the most recent genome-wide associ-
ation meta-analysis found no significant autosomal gene-
by-sex interactions (312). However, even such large meta-
analysis may be underpowered to detect such interactions
because of adjustment for multiple testing. It remains,
therefore, possible that autosomal genes may still play an
important role in skeletal sexual dimorphism (221).

A. Female Osteoporosis

An association between the decline of estrogen levels at
menopause and the development of osteoporosis was first
noted in 1940 by Fuller Albright in a seminal article in
which he coined the term “postmenopausal osteoporosis”
(8). In the following 50–60 years, attention to postmeno-
pausal osteoporosis grew exponentially, and the condition
came to be recognized as one of the most common meta-
bolic disorders in older women. The heightened awareness
and interest in postmenopausal osteoporosis owed a great
deal to the development of convenient and inexpensive
methods for the determination of BMD by single- and later
dual X-ray absorptiometry (DXA). Simultaneously, re-
placement therapy with estrogens (alone or in combination
with progesterone) became the mainstay of therapy for the
prevention and treatment of osteoporosis. However, with
the turn of the 21st century, major research advances,
newer imaging technologies, including the advent of high-
resolution peripheral quantitative computed tomography
(HR-pQCT), as well as the startling realization of the side
effects of estrogen-related therapies on breast cancer and
cardiovascular diseases has changed considerably the land-
scape of our understanding of the relationship between
menopause and osteoporosis as well as the treatment of the
condition.

It is widely appreciated nowadays that osteoporosis, the
Greek word for porous bones, has been erroneously used
for a long time as synonymous with low BMD. The disease
is bone fragility, and low BMD is just one of many other risk
factors. In fact, most osteoporotic fractures occur in pa-
tients with normal BMD (27, 110, 540). Moreover, even
though low BMD is predictive of fractures in untreated
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patients, an increase in BMD in patients that are treated
with anti-osteoporosis medications accounts very little for
the decrease of fracture incidence (114). Similarly, bone
strength is, by and large, determined genetically, and of the
genetic contribution to bone strength, very little is mediated
by BMD (308, 558).

Faced with such improved understanding, in 2001 the Na-
tional Institutes of Health changed the definition of osteo-
porosis to “a skeletal disorder characterized by compro-
mised bone strength predisposing a person to an increased
risk of fractures.” Extensive research conducted since then
has made it clear that osteoporosis is a multifactorial dis-
ease of both sexes (349, 405, 535, 553, 560) in which a
decline in ovarian or testicular function is only one of sev-
eral other progressive and cumulative pathologies. Old age
is the most critical predictor of fractures (218), the clinical
manifestation of the disease. Additional non-BMD factors
that determine susceptibility to fractures are small bone size
(135), disrupted bone architecture (266), excessive rate of
bone remodeling (200), changes in the quality of the bone
matrix and the maturity of its mineral (28), delayed repair
of fatigue micro-damage (79), loss of osteocyte viability
with age (554), falls (242), and increased cortical porosity
(581). As a result of these and several more advances in our
understanding of the cellular and molecular mechanisms of
osteoporosis, the “estrogen-centric” paradigm of osteopo-
rosis as a disease largely caused by a decrease in sex hor-
mones is slowly yielding ground to the recognition that
fundamental age-related processes play a primary role in
the development of osteoporosis and changes in the ovaries
are contributory (326, 327, 334). In fact, osteoporosis may
not be an isolated disease entity resulting from its own
unique mechanisms; instead, it appears to share several
pathological processes with other age-related disorders,
such as atherosclerosis, myocardial hypertrophy, sarcope-
nia, insulin resistance, and Alzheimer’s disease (327).

Bone loss in either sex begins within 10 years after the
achievement of peak bone mass, which occurs during the
third decade of life. This is clearly much earlier and inde-
pendent of any changes in sex steroid levels, in both rodents
and humans (14, 258, 373, 424). In fact, a significant por-
tion of the loss of cancellous bone in estrogen sufficient
women is age-related and estrogen-independent (424). At
menopause, the loss of cancellous bone in the spine accel-
erates. Importantly, however, the “menopausal” bone loss
is a composite caused by estrogen deficiency and aging per
se, with estrogen deficiency being perhaps more critical for
the loss of bone in the spine compared with the loss of bone
in the hip and total body (420). Indeed, as measured pro-
spectively by DXA, women lose �22% of their total body
bone mineral between menopause and the age of 75. Of this
amount only 7.75 percent is due to estrogen deficiency, with
the remaining 13.3 percent due to aging. In the femoral
neck, only 5.3 percent of the loss is due to estrogen defi-

ciency while 14 percent is “age related” (420). Moreover, as
determined by HR-pQCT, the contribution of estrogen de-
ficiency versus aging to the loss of cancellous and cortical
bone is much greater in the former compartment. Indeed, in
women over the age of 65, most bone loss is cortical, not
trabecular; and after the age of 80, 90% of the decline of
bone mass is cortical. Notably, non-vertebral, non-hip frac-
tures are approximately five times more common and bur-
den healthcare resources twice as much as spine and hip
fractures combined (549).

The acceleration of cancellous bone loss that ensues with
estrogen deficiency results predominantly from a decrease
in trabecular number caused by trabecular perforation and
loss of connectivity (FIGURE 10). The precise mechanism of
this pathological event is unclear, but histological evidence
from human bone biopsies suggests that acute estrogen de-
ficiency gives rise to “killer osteoclasts” (403) capable of
complete perforation of trabeculae in the cancellous bone
compartment, such that it precludes subsequent refilling of
the cavities by the bone-forming osteoblasts (FIGURE 10).
The evidence from the study of mice with cell-specific dele-
tion of the ER�, discussed in previous sections, supports the
notion that the acceleration of trabecular bone loss follow-
ing menopause is due to the prolongation of osteoclast lifes-
pan, which results from the loss of the direct pro-apoptotic
effects of estrogens on osteoclasts (339, 365).

With the use of HR-pQCT, it has been shown that in
women between the ages of 50 and 80, the majority of the
loss of cortical bone is largely due to increased cortical
porosity (29, 30, 373, 581). Consistent with this finding,
most fractures over the age of 65 occur predominantly at
cortical sites (425). Importantly, the marked increase of
cortical porosity with age is not captured by DXA BMD
(373, 581). The age-dependent increase in cortical porosity

FIGURE 10. Microphotograph of a human trabecula perforated by

osteoclastic resorption. The image is taken from an iliac crest biopsy

specimen. Please note that resorption from either side of the tra-

becula has left only a thin thread of bone. [From Weinstein (553a).]
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and the decrease in cortical thickness in mice is clearly due
to increased bone resorption (236). Be that as it may, this
later phase of bone mass decline that affects primarily the
cortical bone compartment is also associated with a de-
crease in osteoblast number and bone formation rate. In-
deed, the most consistent histological finding in both elderly
women and men with osteoporosis is decreased wall width,
the hallmark of decreased osteoblast work output. This
finding is in line with the idea that decreased bone forma-
tion, combined with increased resorption, is a critical
pathogenetic contributor to the loss of bone due to aging
per se (192, 398, 404). In support of this contention, the
cellular culprits responsible for the loss of cortical bone
following acute sex steroid deficiency in mice are different
from those responsible for the loss of trabecular bone, and
also different from the mechanisms causing loss of cortical
bone with old age (333). Specifically, as was discussed ear-
lier, H2O2 generated in the mitochondria of osteoclasts is
required for the loss of cortical bone mass caused by estro-
gen or androgen deficiency, but not aging (505, 506). On
the other hand, attenuation of H2O2 accumulation in mes-
enchymal/stromal cells abrogates the effects of aging on
cortical bone. The dissimilarity of the effects of acute estro-
gen deficiency (as in menopause) and prolonged estrogen
deficiency (as in elderly osteoporotic females) indicates that
the effects of loss of estrogens are drastically modified and
perhaps overridden by aging mechanisms intrinsic to bone.

Following menopause, periosteal bone apposition increases
(6). This observation is also consistent with the evidence
from the mouse model that in the presence of estrogens
periosteal expansion is attenuated as a result of estrogen
signaling via the ER� of osteoblast progenitors (15). None-
theless, endosteal bone resorption in women far outpaces
the effect of periosteal expansion, cancelling the benefit of
the outward expansion on strength.

Finally, estrogen deficiency may contribute to the develop-
ment of osteoporosis by decreasing the sensitivity of bone to
mechanical loading. Support of this contention has been
provided by evidence that the ER� enhances the responsive-
ness of bone to mechanical loading (5, 301, 566), at least in
part, by potentiating the activation of the Wnt signaling
(15, 26). However, the effect of ER� on mechanical loading
does not require ligand binding. Therefore, one would have
to postulate that estrogen deficiency decreases estrogen re-
sponsiveness, by decreasing the expression of the ER�.

In conclusion, estrogen deficiency plays an important role in
the development of osteoporosis in women. Nonetheless,
during the last 10 years, genetic evidence from the mouse
model has provided a paradigm shift from the traditional
“estrogen-centric” account of the pathogenesis of involu-
tional osteoporosis to one in which age-related (sex mono-
morphic) mechanisms intrinsic to bone, including mito-
chondrial dysfunction, oxidative stress, FoxO activation,

senescence of mesenchymal stem cells and osteocyte, and
declining autophagy are protagonists, and age-related
changes in other organs and tissues, such as the ovaries, are
contributory (16, 227, 326, 334, 384). Similar to humans,
sex steroid-sufficient female and male mice experience an
age-dependent progressive decline in bone mass and
strength. In mice, this is temporally associated with in-
creased oxidative stress. Although both estrogen deficiency
and aging inexorably contribute to the development of os-
teoporosis, the extent to which pathogenetic mechanisms
resulting from the former overlap or amplify mechanisms
resulting from the latter remains unknown.

B. Male Osteoporosis

In contrast to the inevitability of menopause, a true andro-
pause does not exist. In fact, total T levels decline only
slightly with age, and in the majority of elderly men, T levels
are maintained above a threshold that separates normalcy
from symptomatic hypogonadism (�200–300 ng/dl or
8–11 nM/l) (48, 572). Nonetheless, old age in men is con-
sistently associated with a mild to moderate increase in
SHBG. As a result, the free (non-protein bound) or bioavail-
able (non-SHBG bound) concentration of either T or E2
shows a decline with age in a substantial portion of older
men (48).

In the last 50 years, most, but not all, cross-sectional or
longitudinal studies in men have found an association be-
tween lower serum E2 or T concentrations and low BMD or
the rate of loss of BMD. Bioavailable or free E2, higher
SHBG, or both of these measurements independently gen-
erally show a stronger positive association with BMD. The
association between total or free T and BMD, on the other
hand, is weaker, absent, or dependent on E2 (181, 257,
472). Based on these associations, it was hypothesized in the
late 1990s that estrogen deficiency is the cause of not only
postmenopausal osteoporosis, but also idiopathic male os-
teoporosis and the osteoporosis of old age (422). Specifi-
cally, it was proposed that estrogen deficiency in the elderly
leads to the so-called type II or involutional osteoporosis by
impairing intestinal calcium absorption and causing sec-
ondary hyperparathyroidism. With the hindsight of ad-
vances in our understanding of estrogen action on bone and
the biology of skeletal aging since that time (discussed in
previous as well as following sections of this article), a
mechanistic link between estrogen deficiency and secondary
hyperparathyroidism is no longer a plausible explanation of
involutional osteoporosis. Nonetheless, in a portion of the
elderly, particularly those residing in northern latitudes,
estrogen deficiency can coincide with vitamin D deficiency
and secondary hyperparathyroidism.

Epidemiological evidence has also suggested that low bio-
available serum E2, SHBG, or both independently, but not
serum T, is associated with higher bone remodeling mark-
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ers, cross-sectional and longitudinal BMD differences (20,
24, 92, 169, 256, 277, 305, 317, 486, 501, 513, 514, 568).
More recently, low free E2, but not free or total T have been
also associated with increased cortical porosity (518) as
well as decreased cortical volumetric BMD, cortical thick-
ness, endosteal expansion, and trabecular density (25, 259,
488, 546) in older men. In addition, cortical, but not can-
cellous, bone loss is accelerated in older men below a
threshold around the median bio-E2 value (�40 pM for
BMD at cortical sites, and �30 pM for cortical vBMD)
(169, 256, 259). However, this threshold has not been con-
firmed in other studies.

All of these observational studies, as well as more recent
ones using reliable mass spectrometry methods, as opposed
to less reliable immunoassays, consistently show an associ-
ation of male bone loss with bioavailable (but not total)
estrogens and/or SHBG (61, 89, 212, 383, 518, 521). In the
largest of these studies (MrOS), longitudinal BMD loss was
associated with bioavailable E2 (bioE2) but not T; however,
the combination of high SHBG, low bio-E2, and bio-T was
associated with threefold faster BMD loss (89). Circulating
T and E2 levels are intrinsically related because T is the
substrate for E2 synthesis via aromatization. Associations
with T may still reflect estrogen actions on bone, because of
local aromatization within the tissue (471). Moreover, bio-
available and free sex steroid calculations are based on
SHBG concentrations, making it impossible to disentangle
independent contributions of each one of these measures.
Albeit, it is unlikely that SHBG, in and of itself, has a direct
role in skeletal homeostasis, as opposed to being just a
biomarker (212). Importantly, sons of men with idiopathic
osteoporosis have lower bioavailable sex steroids and low
BMD, raising the possibility that the cross-sectional associ-
ations in older men could be due to the earlier effects of sex
steroids on peak bone mass acquisition (288, 515).

Epidemiological studies have also shown associations be-
tween sex steroid and SHBG concentrations with fracture
outcomes in older men (19, 297, 346, 347, 568). However,
the value of these measurements in predicting fracture risk
remains unknown, and in the larger one of these studies
(MrOS), the attributable risks of low bioavailable E2, high
SHBG, and low bioavailable T were 5.7, 7.7, and 1.5% (91,
519). Hence, in spite of the fact that sex steroids play an
important role in skeletal homeostasis and an association
between low E2 and fracture risk is plausible, the added
benefit of sex steroid measurements will be modest at best.
Still, the epidemiologic evidence leaves open the possibility
that low sex steroid concentrations and, in particular, high
SHBG are biomarkers of increased risk rather than direct
mediators of this effect (93, 212). This possibility is
strengthened by the fact that incident fractures are in-
creased in men with a combination of low sex steroid and
vitamin D, but with neither in isolation (33).

The associations between sex steroid levels with BMD and
fracture risk in elderly men aside, meta-analysis of genome-
wide studies has shown an association between polymor-
phisms of ESR1 and DXA BMD as well as cortical volumet-
ric BMD (144, 312), but not fractures in both sexes (499,
516). On the other hand, there is no association between
polymorphisms of the AR with BMD, vBMD, fractures, or
even frailty (406). If any, a higher number of CAG repeats
in the AR (polyglutamine tracts which decrease AR activity
when above a certain length) are associated with higher
BMD resulting from higher T concentrations, due to hypo-
thalamic feedback, and thus increased substrate for periph-
eral aromatization and estrogen actions (216, 499).

Additional support for the contention that declining E2,
rather than T, levels are a culprit of the decline in BMD and
strength with advancing age is, at least at first glance, pro-
vided by the two case reports of a man and woman with loss
of function of ER� mutations (414, 473), already referred
to in the section on the effects of sex steroids on epiphyseal
closure. An important caveat in drawing conclusions from
these two genetic cases, however, remains that in these in-
dividuals, loss of estrogen signaling began from conception
and affected primarily the development and growth of the
skeleton, rather than its maintenance during adulthood.
Moreover, unlike the high bone turnover (reflected in high
bone resorption and formation markers) caused by sex ste-
roid deficiency after development and growth has been
completed, the rate of remodeling and trabecular number in
the man with the ER� mutation was normal in an iliac crest
biopsy, and serum markers of bone resorption, but not
formation, were high (474). These incongruences aside,
periosteal circumference was normal in this man, consistent
with the rest of the evidence for a predominant role of AR
signaling in periosteal bone apposition in men.

The caveats with the ER� genetic mutations notwithstand-
ing, the skeletal phenotype of humans with aromatase de-
ficiency also supports a role of estrogens in skeletal homeo-
stasis in men. Apart from an abnormal growth phenotype,
these patients have low BMD and high turnover that can be
reversed with estrogen replacement (67, 283, 428). Nota-
bly, in a man with concomitant mild hypogonadism from
bilateral cryptorchidism, addition of T to estrogen replace-
ment resulted in incremental gains in cortical expansion and
thickness compared with estrogens alone (429), once again
lending support to a model in which optimal periosteal
bone expansion during growth requires both AR and ER�

actions (523).

In contrast to human ER� mutations, AR mutations in
patients with androgen insensitivity syndrome (AIS) have
only a very mild effect on bone (122, 191), and treatment
with estrogens restores cortical and trabecular vBMD and
endosteal, but not periosteal circumference (489). Collec-
tively, these genetic findings reinforce the notion that estro-
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gens and ER� play an important role not only for female
but also for male skeletal development and probably the
maintenance of bone mass during adulthood, whereas AR
has only selective but important effects on periosteal expan-
sion during growth.

Finally, in (usually older) men with prostate cancer, near-
total androgen deprivation therapy (ADT) is clearly as-
sociated with bone and muscle loss, micro-architectural
bone decay, and increased fracture risk (182, 188, 456).
However, AR antagonists alone (which increase serum T
and also E2 concentrations) can control prostate tumors
effectively without increasing bone turnover or BMD loss
(477, 539). Whether this will remain true with the latest
and more powerful AR antagonist enzalutamide is un-
known. In male-to-female transsexuals, estrogen therapy
maintains cortical and trabecular vBMD despite de-
creased muscle mass and strength and increased fat mass
(511). Conversely, female-to-male transsexuals not only
have higher muscle mass, muscle strength, and lower fat
mass, but also display increased hip BMD (512) as well as
greater cortical bone circumference and lower cortical
vBMD at the radius and tibia (510). Thus the deleterious
effects of androgen deficiency on bone are again mainly
determined by the degree of concomitant estrogen depri-
vation.

In summary, a large body of epidemiological evidence
suggests that bioavailable/free E2 and/or SHBG, but not
T, concentrations in the serum are associated with bone
loss in men. Bone maintenance appears to be compro-
mised when bioavailable E2 falls below certain thresh-
old(s), but the cut-off level is not clearly defined. Much
stronger support for a role of estrogens in the mainte-
nance of the male skeleton is provided by genetic evi-
dence in men and women with loss of function mutations
of the ER� or aromatase deficiency, as well as genome-
wide association studies indicating a role of the ER�, but
not the AR, in skeletal homeostasis. Hence, the hypoth-
esis that estrogen deficiency plays a role in the develop-
ment of osteoporosis in both sexes holds, but it does
require refinement and needs to integrate the profound
effects of skeletal aging and its sex monomorphic effects
in the involution of the skeleton (258, 326). Be that as it
may, observational studies cannot prove causality, and
ultimately, other lines of evidence will be necessary. Re-
cent findings from mouse genetic studies indicating that
estrogens (derived from androgen aromatization) are the
sex steroid responsible for the protection of cortical bone
mass in both sexes, whereas nonaromatizable androgens
are responsible for the protection of cancellous bone in
males should help to clarify some of these issues (229,
504). Lastly, at present, the extent to which sex steroid
deficiency in either sex contributes to the adverse effects
of aging, per se, on the skeleton, remains unclear.

X. SEX STEROIDS IN THE TREATMENT OF
OSTEOPOROSIS

A. Estrogens

Replacement therapy with estrogens, commonly known as
hormone replacement therapy (HRT), was the mainstay
treatment for postmenopausal osteoporosis (and chronic
disease prevention in older women in general) for almost 50
years. However, during the last decade, the use of HRT has
diminished dramatically for two reasons: 1) the risk of ad-
verse effects, such as breast cancer, venous thromboembo-
lism, stroke, and coronary heart disease revealed by the
Women’s Health Initiative (WHI) trial (435); and 2) the
availability of more potent and effective antiresorptive
drugs that work regardless of whether increased resorption
is the result of estrogen deficiency or other pathogenetic
mechanisms.

Nonetheless, more recent reanalysis and extended fol-
low-up of the WHI data and other studies suggest that
starting HRT early after menopause and maintaining it for
a limited time may have beneficial effects without increasing
the risk of major complications (442). The higher risk for
breast cancer and cardiovascular diseases with HRT was
identified in women receiving conjugated equine estrogen
(CEE) plus progestin, but not CEE alone. Still, both CEE
and CEE with progestin increased the risk of stroke, deep
vein thrombosis, urinary incontinence, gallbladder disease,
and breast tenderness. On the other hand, both CEE and
CEE with progestin significantly decreased hip and clinical
vertebral fractures, vasomotor symptoms and diabetes risk,
while CEE alone tended to decrease invasive breast cancer
risk (336). Notably, there was a significant interaction with
age, with a tendency for cardiovascular disease protection,
lower mortality, and a favorable global disease index in
women 50–59 years of age. Nevertheless, these younger
postmenopausal women were also at low fracture risk, es-
pecially because the WHI study population consisted
mainly of women without prior fracture risk (336). There-
fore, the strong evidence for prevention of hip and clinical
vertebral fractures by HRT is all the more remarkable
(338).

Postmenopausal women with higher bioavailable E2 con-
centrations have higher trabecular vBMD and cortical
vBMD and area (262) and lower hip fracture risk (300).
Nonetheless, the fracture benefits of HRT are independent
of baseline E2 (or SHBG) (90), possibly because all women
with E2 levels in the postmenopausal range may benefit.
Interestingly, however, moderate to severe vasomotor
symptoms are independent predictors of BMD and hip frac-
ture risk (109). Potentially, these symptoms may better re-
flect biological estrogen status than the conventional radio-
immunoassays and bioavailable E2 calculations.
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Nowadays, HRT is used for the symptomatic management
of menopausal symptoms like flushing, and no longer for
general chronic disease prevention in asymptomatic elderly
women. In women less than 60 years of age, however, the
benefit-risk ratio of CEE appears favorable, especially com-
pared with alternative antiresorptive therapies and their
risk for long-term side effects. Women on HRT for symp-
tomatic reasons generally do not require additional anti-
osteoporotic drugs, unless fracture risk is very high (e.g.,
when fractures occur under HRT). For women seeking frac-
ture prevention, more effective antiresorptive drugs are
available, e.g., bisphosphonates. HRT may still be an alter-
native when other therapies are contraindicated or in
women who are younger than 60 years of age and have
increased fracture risk and/or menopausal symptoms that
compromise their quality of life.

B. Androgens

Some evidence from animal models, as well as results from
studies with hyperandrogenic women with polycystic ovar-
ian syndrome (PCO) (85, 246, 449, 522), had suggested
that androgen therapy may benefit the maintenance of fe-
male bone mass. However, observational studies in patients
with PCO are confounded by altered body weight, insulin
resistance, and estrogen deficiency (248). T replacement
may also have small benefits on sexual function in post-
menopausal women, but this remains controversial because
of uncertainty with its effectiveness and safety (141). None-
theless, several drug trials testing the benefit of adding T to
estrogen replacement therapy found no significant increase
in BMD (35, 124, 141, 550), and virilization may be prob-
lematic at least in some subjects (171).

T replacement in young or adult men with organic causes of
hypogonadism increased BMD (21, 172, 480). Similarly, T
administration to adult men with primary hypogonadism
increased vertebral cortical and trabecular volumetric
BMD, but cortical area was not affected (150, 306). Impor-
tantly, most of the men in that study had low-turnover
osteopenia, so the risk of osteoporosis was probably due to
compromised PBM acquisition. Cortical area was not af-
fected by T administration, but because of the low-turnover
osteopenia, the osteoporosis risk was probably due to com-
promised PBM acquisition. Nevertheless, other men with
severely compromised androgen and estrogen levels may
develop high turnover osteopenia, similar to what is seen in
animal models (150).

In states of milder T deficiency in older men, so-called late-
onset hypogonadism, the situation is less clear. Several ran-
domized trials have demonstrated that androgens have an-
abolic musculoskeletal effects in normal middle-aged and
elderly men. Albeit, the efficacy of androgens in this popu-
lation was demonstrable in individuals with endogenous T
levels below 200–250 ng/dl at baseline and was dependent

on the duration and intensity of the treatment (172). Trans-
dermal replacement may be less effective than depot injec-
tions (498), possibly due to higher androgen peak concen-
trations (466).

In a post hoc analysis, lumbar spine BMD increased with a
T patch in older men, but this benefit was again limited to
patients with pretreatment serum T levels significantly be-
low 200–300 ng/dl (481). In contrast, several trials with
short-term follow-up (�6 months) and lower androgen
doses showed no BMD differences compared with placebo
(103, 143). Interestingly, adding a 5�-reductase inhibitor to
T replacement prevents the adverse effects of T on the pros-
tate without compromising the musculoskeletal benefits
(22, 23, 50, 231, 343).

By far, the greatest concern with T replacement therapy is
the potential of increased risk of cardiovascular events
which were observed in a frail, older population (38, 39).
The T Trial in Older Men is expected to shed new light on
some of the previous equivocal musculoskeletal benefits as
well as the cardiovascular safety of T in the near future
(479).

The potential benefits of T or dehydroepiandrosterone
(DHEA) therapy on bone and perhaps other tissues, could
be due to conversion to estrogens via aromatization and
stimulation of the ER�. To address this possibility, several
trials have used either nonaromatizable androgens like
DHT, or GnRH analogs combined with T replacement and
aromatase inhibition. In a seminal study, both T and E2 had
independent effects on bone turnover in older men (147).
Although not significant by stringent two-way ANOVA,
the effect on bone resorption was greater with combined T
and E2 replacement than with E2 alone (FIGURE 11) (255).
This conclusion is supported by another study in younger
adult men, in which both androgens and estrogens indepen-
dently suppressed resorption markers; bone formation
markers initially declined but later increased, probably due
to effects on resorption (299). Similarly, aromatase inhibi-
tion in men with borderline T levels at baseline resulted in
higher T and lower E2 concentrations without affecting
bone turnover markers over 12 wk, suggesting that high T
levels may compensate for mildly decreased E2, perhaps
when the latter is still above the putative skeletal estrogen
threshold (298). In men with already low E2 levels, how-
ever, aromatase inhibition did not alter bone turnover
markers but still decreased spinal BMD (78). Transdermal
DHT, which suppresses endogenous T and E2, produced a
1.4% decrease in spinal but not femoral BMD (220). In men
receiving long-term glucocorticoids, both T and nan-
drolone improved muscle mass and strength but only T
increased lumbar BMD (111). Thus, despite an anabolic
effect on muscle, nonaromatizable androgens may not be
beneficial for bone in subjects with relatively normal endog-
enous estrogens. Finally, in the most recent trial with go-
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nadotropin and aromatase inhibition (153), estrogen defi-
ciency largely explained the increased bone turnover, spinal
trabecular bone loss, and peripheral cortical bone loss in
men with low T, while androgens contributed to increased
bone turnover. Serum concentrations of E2 �10 pg/ml or T
�200 ng/dl were required before bone loss became evident.
This study, however, was also of limited duration and per-
haps underpowered to detect effects of androgens on HR-
pQCT changes.

In conclusion, the results of trials with nonaromatizable
androgens show that profound estrogen deficiency leads to
male bone loss, and the adverse effects of estrogen defi-
ciency cannot be overcome by stimulation of the AR. This
conclusion is perfectly aligned with the observational evi-
dence described above. However, heretofore an effect of
varying androgen levels in the face of unaffected estrogen
levels has not been examined (152). On the basis of the
results of bone turnover markers in men, as well as evidence
from mice that the effects of androgens on cancellous bone
maintenance result from AR signaling, not via aromatiza-
tion and ER signaling, it is very likely that androgens do,
indeed, have independent effects on cancellous bone resorp-
tion (504). Albeit, the key physiological effect of androgen
action on bone is on periosteal bone formation during pu-
berty and possibly further into midlife.

C. Selective Estrogen Receptor Modulators

SERMs are a group of compounds synthesized and tested
during the last 40 years for the purpose of maintaining the
beneficial effects of estrogens on bone and other nonrepro-
ductive organs while diminishing or eliminating their ad-
verse effects on reproductive organs like the uterus and the
breast. SERMs bind to the ER� ligand binding pocket with
high affinity but, due to the presence of a bulky side chain
and steric hindrance, prevent approximation of helix 12
and availability of the AF-2 cofactor surface on the LBD
(FIGURE 12) (509). In addition, they preclude more specific
conformational changes required for ligand-induced effects
via the AF-1 domain. As discussed earlier, mice with specific
deletion of the ER� AF-1 display a normal response to E2 in

cortical bone, but fail to exhibit the effects of SERMs (64,
66). It is theoretically possible that SERMs may selectively
activate the AF-1 domain in ovariectomized ER AF-2 null
mice, because ICI 182,780, a potent ER� antagonist, acts as
an agonist on trabecular bone and the uterus and as an
inverse agonist on the growth plate of these mice (363).
Thus SERMs competitively inhibit estrogen binding to
ER�, and in the estrogen-deficient state they trigger ERE-
mediated signaling with decreased cofactor recruitment to
AF-1 and AF-2. The net result is agonistic activity in some
tissues, manifested as protection against bone resorption,
increased tromboembolic risk, and decreased LDL choles-
terol, but antagonistic activity in other tissues, manifested
as increased vasomotor symptoms and protection against
breast cancer. However, the bone-sparing effect of SERMs
is seen only in postmenopausal women; in premenopausal
women SERMs, e.g., tamoxifen, cause bone loss (525).

Randomized trials have produced favorable results for
the use of raloxifene (145), bazedoxifene (461), and la-
sofoxifene (113) in the prevention of vertebral fractures.
However, evidence of breast cancer chemoprophylaxis is
lacking for bazedoxifene (or bazedoxifine with conju-
gated estrogen). Lasofoxifene also reduced nonvertebral
fractures as well as coronary heart disease and stroke
(113). Raloxifene, on the other hand, reduced nonverte-
bral fractures in a post hoc subgroup analysis in high-risk
women with baseline severe vertebral fractures (126), but
increased the risk of stroke with no effect on coronary
heart disease (34). Similarly, a post hoc analysis has sug-
gested that bazedoxifene might prevent nonvertebral
fractures in high-risk women (460). Compared with
raloxifene, tamoxifen is more effective against breast
cancer but carries greater risks of endometrial cancer,
uterine hyperplasia, thromboembolic events, and cata-
racts (538). Like all SERMs, tamoxifen, another ER�

antagonist and degrader, induces bone loss in premeno-
pausal breast cancer patients, but its fracture-prevention
properties in postmenopausal women may be similar to
raloxifene (537). Individuals with the highest risk of frac-
ture are most likely to benefit from SERMs, but the lack
of demonstrated efficacy in hip fractures remains a con-
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cern. Of note, the bisphosphonate alendronate has
greater efficacy on BMD than raloxifene in a direct com-
parison trial, which was however underpowered to ascer-
tain fracture outcomes (421). Based on these results,
raloxifene and lasofoxifene may be clinically useful in
osteoporotic women with low thromboembolic and hip
fracture risk, and high breast cancer risk or contraindi-
cations to other drugs.

SERMs may also be beneficial in men, but only in those
with very low E2 concentrations, i.e., lower than most
elderly men. Indeed, a randomized trial in elderly men
showed that men in whom bone turnover markers de-

creased with raloxifene had lower E2 levels (22 pg/ml)
(133). Similarly, in a randomized trial of middle-aged
men, a high dose of raloxifene reduced bone turnover
markers only in those with quite low bioavailable E2
concentrations (�4.79 pM) (508). SERMs also raise go-
nadotropin levels and consequently the circulating con-
centrations of T and E2, but the skeletal effects may still
be mediated via ER� (139, 508).

The efficacy of SERMs in the treatment of low bone mass
in men can be better demonstrated in men with prostate
cancer receiving androgen deprivation therapy, which
also potently deprives estrogens. In this setting, ralox-

A Estradiol (E2) B

C Raloxifene D Lasofoxifene

4-OH-Tamoxifen 

FIGURE 12. Cartoon representations of the 3D crystal structure of ER� ligand-binding domain (LBD) ho-

modimers (red-blue or blue-blue) in complex with estradiol (E2) (75) (A), 4-OH-tamoxifen (459) (B), raloxifene (75)

(C), and lasofoxifene (509) (D). In A, occupancy of the ligand-binding pocket by E2 stabilizes helix 12 in a folded

position (red arrow), revealing an interaction surface (AF-2) for coactivators (yellow star). In B–D, SERMs occupy the

ligand-binding pocket but additionally contain a bulky side chain (underlined in red) which pushes helix 12 (light blue

arrows) in front of AF-2, rendering it unavailable (red stars). Note that the crystal structure of ER� in complex with

bazedoxifene is not yet available. Created using JSmol using structural data from the Protein Data Bank.
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ifene attenuates the loss of BMD (476) while toremifene
(no longer available due to thromboembolic risk) also
reduces fracture risk (478). Interestingly, estrogen ther-
apy suppresses androgens and may be effective in pros-
tate cancer treatment without the skeletal adverse effects
of ADT (285).

Collectively, the results of these studies demonstrate that
SERMs may have similarly beneficial skeletal effects in men
as they do in postmenopausal women, but only if E2 bioac-
tivity is severely compromised.

D. Selective Androgen Receptor Modulators

Potential adverse effects of androgen-based therapies, due
to a lack of tissue selectivity, together with their poor oral
bioavailability and pharmacokinetic profile, have prompted
the development of selective AR modulators (SARMs).
SARMs belong to one of the following four major structural
classes: aryl propionamide analogs, hydantoin analogs, in-
doles, and quinoline analogs (357, 367). An ideal SARM
should elicit anabolic effects on muscle and bone while
sparing reproductive tissues such as the prostate. A consid-
erable body of evidence has documented in animal models
that several SARM compounds have the required in vivo
tissue selectivity (357). In contrast to SERMs, however, the
molecular mechanisms behind this tissue selectivity remain
elusive. Plausible mechanisms include resistance to 5�-re-
duction or aromatization, differential recruitment of co-
regulator proteins, as well as use of diverse intracellular
signaling cascades by the same ligand in different tissues
(367). Notably, whereas SERMs act as ER agonists in some
tissues while showing ER antagonistic activity in other tis-
sues, the SARMs studied to date only show agonistic activ-
ity. The degree of their stimulatory effect on the AR varies
across tissues, with a more pronounced effect on muscle and
bone compared with reproductive tissues (106). In other
words, SARMs may be better characterized as selective AR
marginators, i.e., widening the therapeutic margin, rather
than true modulators. In a recent study the muscle-anabolic
actions of enobosarm (GTx-024) did not require myocyte
AR and may involve a paracrine effect on AR-expressing
muscle-resident fibroblasts (138).

The dual anabolic effect of SARMs on muscle and bone
makes them good candidates for the treatment of sarcope-
nia and osteoporosis in both men and women. Other po-
tential applications include their use in muscle wasting syn-
dromes, cancer cachexia, prostate cancer, and male contra-
ception (369). Several preclinical studies provide proof of
concept for the beneficial effects of SARMs on bone. The
aryl propionamide SARM S-4 (andarine) was able to main-
tain bone mass and strength to the levels of intact controls
and exhibited greater efficacy than DHT in both ovariecto-
mized (251) and orchidectomized (163) rat models. Simi-
larly, a dose-dependent increase in bone formation rate was

observed upon administration of MK-0773 to ovariecto-
mized rats (448). Biomechanical testing of bones from go-
nadectomized animals treated with the quinolines LGD-
2226 and its derivative LGD-2941 showed strong enhance-
ment of bone strength above sham levels (341, 352).
S-101479, a quinoline reported to increase femoral BMD in
ovariectomized rats, even has an additive effect with ralox-
ifene treatment (159).

Thus far, few SARMs have advanced to the clinical trial stage.
S-22 (ostarine or enobosarm) is the furthest ahead. Indeed, in
phase II trials of healthy elderly men and postmenopausal
women (119) as well as cancer patients with muscle wasting
(131), S-22 increased lean body mass and improved physical
function. However, neither of these studies showed increased
bone mass with SARM administration. In another phase II
trial evaluating the efficacy of MK-0773 in female subjects
with sarcopenia, the drug improved BMC, but this was not
statistically significant (397).

In conclusion, whereas several SARMs can increase bone
mass in rodent models, evidence for beneficial effects in
humans is lacking. Moreover, the observation that some
SARMs lower E2 levels by suppressing FSH and LH (97,
119) requires a careful consideration of their use in osteo-
porosis patients, given the importance of aromatization for
male skeletal maintenance. Adverse effects of AR agonists
in general on the cardiovascular system have further damp-
ened the enthusiasm about SARMs.

XI. SUMMARY AND CONCLUSIONS

Bone is a highly dynamic, structurally complex, and heteroge-
neous tissue, comprising specialized cell types and a mineral-
ized matrix that forms the compact cortical compartment
(80% of the entire skeleton) and the interconnected plates and
strands of the cancellous compartment lying within the cortex.
Bone is formed and resorbed by osteoblasts and osteoclasts,
arising from mesenchymal and hematopoietic precursors, re-
spectively. Osteocytes, former osteoblasts embedded in the
mineralized matrix, are responsible for orchestrating the ac-
quisition and removal of bone in response to mechanical de-
mands and perhaps other signals. Signals arising from apopto-
tic and/or old dysfunctional osteocytes may be seminal culprits
in the pathogenesis of metabolic bone diseases, including os-
teoporosis. During growth, bone is shaped by modeling. Af-
terwards, bone mass and functional integrity is maintained
primarily by remodeling, periodical cycles of resorption and
formation at the same site accomplished by teams of oste-
oclasts and osteoblasts assembled in the BMU.

Estrogens and androgens promote the acquisition of bone
mass during puberty and are responsible for the sexual di-
morphism of the skeleton. Low levels of estrogens and an-
drogens at the early stages of puberty stimulate the pubertal
growth spurt. The stimulatory effects of estrogens and an-
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drogens on the pubertal growth spurt are mediated indi-
rectly, via effects on the secretion patterns of GH. In boys,
pubertal growth spurt starts two years later than in girls,
allowing more time for prepubertal appendicular growth.
This accounts for the ultimate greater height (�8%) in men.
At the end of puberty, the higher estrogen concentrations,
but not androgens, stimulate the closure of the epiphyseal
growth plates and shut longitudinal growth in both girls
and boys. The effects of estrogens on the closure of the
epiphyses are mediated by direct actions on chondrocytes.

By the end of skeletal maturation, men achieve higher PBM
and greater long bone width (i.e., cortical diameter). The
latter is accomplished by greater accrual of bone at the
outer surface, placing the cortex further away from its neu-
tral axis, a biomechanically advantageous distribution. The
higher PBM and greater long bone width in men, along with
lower bone losses later in life, are the most likely reasons
why men have stronger bones and lower incidence of osteo-
porotic fractures.

Both AR and ER� are required for the optimal expansion of
cortical bone during puberty in males, acting largely but not
exclusively via systemic GH/IGF-I signaling. Estrogens, but
not androgens, have direct effects on hepatic IGF-I release.
In females, estrogens acting through the ER� limit perios-
teal expansion and maintain the endosteal perimeter; both
of these effects are independent of the somatotropic axis.
The cellular target of the effects of AR on periosteal bone
formation remains unknown.

In addition to their influence on skeletal growth, sex ste-
roids help to maintain bone mass and strength during adult
life by slowing the rate of bone remodeling and maintaining
a balance between resorption and formation. Epidemio-
logic evidence in women along with mechanistic studies in
rodents indicate that an abrupt decline of estrogens (at
menopause or following pharmacological or surgical OVX)
leads to a transient increase in the rate of bone remodeling
and accelerates the age-dependent decline of cancellous
bone mass that begins independently of sex steroid changes
sometime around the third decade of life in humans and at
4–5 months of age in mice. Abrupt loss of estrogens con-
tributes to the thinning of the cortices of long bones by
increasing resorption of the endocortical surface. In con-
trast to the inevitability of menopause, a true andropause
does not exist. Nonetheless, old age in men is associated
with a gradual decrease in bioavailable E2 caused by a mild
to moderate increase in SHBG, but not T. The decrease in
bioavailable E2 in men with advancing age is associated
with a decrease of bone mass. Therefore, in either sex, es-
trogen deficiency contributes to the profound and sex
monomorphic effects of aging on skeletal involution and
the development of osteoporosis in humans. Presently, the
extent to which sex steroid deficiency in either sex contrib-
utes to the adverse effects of aging, per se, on the human

skeleton, remains unclear. Nonetheless, in the mouse the
effects of age and sex steroid deficiency are independent.

Strong support of the evidence that estrogens and ER� play
an important role in male skeletal growth and probably the
maintenance of bone mass during adulthood has been pro-
vided by two case reports of a man and a woman with loss
of function ER� mutations. These individuals exhibited
lack of clear pubertal growth spurt, continued growth into
adulthood, and osteopenia. In contrast to human ER� mu-
tations, AR mutations in patients with AIS cause very minor
bone phenotype, and treatment of such patients with estro-
gens restores cortical and cancellous BMD as well as en-
dosteal, but not periosteal, circumference. The inability of
estrogens to restore periosteal circumference in AIS patients
supports the notion that androgens and AR play an impor-
tant role on periosteal expansion during growth.

Consistent with the role of estrogens on the maintenance of
cortical bone mass in both women and men, recent mouse
genetic studies suggest that estrogens (derived from androgen
aromatization in males) are responsible for the protection of
cortical bone mass in both sexes, whereas nonaromatizable
androgens are responsible for the protection of cancellous
bone in males. Evidence from the mouse model also suggests
that increased H2O2 generation in cells of the osteoclast lin-
eage is the culprit of the loss of cortical bone caused by acute
sex steroid deficiency in both females and males, but not old
age. In contrast, increased H2O2 generation in cells of the
mesenchymal lineage is a contributing culprit of the loss of
cortical bone with old age. Hence, the molecular culprits re-
sponsible for the loss of cortical bone loss in the two conditions
may be distinct. If that were confirmed in humans, it would
suggest that the acute effects of estrogen deficiency (as in
menopause) are drastically modified and perhaps overridden
by aging monomorphic, as opposed to sex steroid dimorphic,
mechanisms intrinsic to bone.

The effects of estrogens and androgens on bone mass are
mediated by the ER� and AR expressed in osteoblast and
osteoclast progenitors and their descendants, as well as B
lymphocytes and perhaps other extraskeletal targets. Some
of the effects of estrogens and androgens on bone may result
from direct binding to EREs or AREs, but the target genes
of these actions remain unknown. The protective effect of
estrogens on cortical bone mass maintenance may be the
result of nonnuclear initiated signaling of the ER�. The ER�

in mesenchymal/stromal cells residing in the periosteum
may promote periosteal bone apposition in both females
and males independently of ligand binding. Additionally,
ER� may be a critical node on which hormonal and me-
chanical signals are integrated.

Estrogens slow the rate of bone remodeling by attenuating
the birth rate of osteoclasts and osteoblasts. Additionally,
estrogens shorten the lifespan of osteoclasts and prolong the
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lifespan of osteoblasts and osteocytes. Genetic evidence for
the function of ER and AR in the mouse suggests that in
females the osteoclast ER� mediates the protective effect of
estrogens on the cancellous, but not the cortical bone com-
partment. The ER� in committed osteoblast progenitors
promotes cortical bone accrual at the periosteum in both
females and males, while the ER� in uncommitted mesen-
chymal progenitors mediates the protective effect of estro-
gens against endocortical, but not cancellous, bone resorp-
tion in females. The effects of androgens on the cancellous
and cortical bone compartment in the male are also medi-
ated via different cell types. Nonetheless, whereas the anti-
resorptive effects of estrogens on cancellous bone result
from direct actions on osteoclasts, the antiresorptive effects
of androgens on cancellous bone are exerted indirectly via
osteoblasts and osteocytes. In cortical bone, estrogens pro-
tect against resorption in both females and males, at least in
part, via ER�-mediated actions (upon aromatization of an-
drogens to estrogens in males) on uncommitted mesenchy-
mal progenitors.

Replacement therapy with estrogens or combinations of
estrogens and progesterone was the treatment of choice
for postmenopausal osteoporosis for almost 50 years. In
the last 20 years, the use of estrogens for the prevention
and treatment of osteoporosis for women over the age of
60 has decreased because of the appreciation of the side
effects of estrogens on breast cancer and cardiovascular
diseases, as well as the emergence of alternative and very
potent antiresorptive agents, such as bisphosphonates
and denosumab, a neutralizing antibody against
RANKL. SERMs, like raloxifene and lasofoxifene, can
overcome at least some of the adverse effects of estrogen
replacement therapy and are a useful alternative in
women with high breast cancer risk and/or contraindica-
tions to the other drugs. However, contrary to the situa-
tion for other antiresorptive therapies, their efficacy in
hip fractures has not been demonstrated, and their effects
on nonvertebral fractures are less convincing, at least for
some of the SERMs.

T effectively maintains bone density in young and adult
hypogonadal men with overt hypogonadism, but has little
osteoanabolic activity in postmenopausal women. The ben-
efits or risks of T replacement in older men with milder
late-onset hypogonadism, however, are currently unclear.
SARMs have a dual anabolic effect on muscle and bone in
rodent models, which makes them appealing candidates for
the treatment of sarcopenia and osteoporosis in both men
and women. There is, however, no evidence of their efficacy
in humans, and their appeal is decreased by evidence that
AR agonists may have adverse effects on the cardiovascular
system.

In the last 50 years, major research advances, genetic in-
sights from humans and rodents, and newer imaging tech-

nologies have changed considerably the landscape of our
understanding of the relationship between menopause and
osteoporosis. Along with the appreciation of the side effects
of estrogen-related therapies on breast cancer and concerns
for increased risk of cardiovascular diseases for women
over the age of 60, this progress has also drastically altered
the treatment of the condition. Future work aiming to elu-
cidate the target genes of sex steroid on bone and the over-
lap, or lack thereof, of the pathogenetic mechanisms of
estrogen deficiency to those of aging represent, in the au-
thors’ opinion, two of the most important remaining fron-
tiers in this area. Knowledge gained from this future quest
should yield critical insights for optimizing the prevention
and treatment of osteoporosis.
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