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Bone health and strength are dependent on the coupling of cone resorption and bone formation. This process
is governed by the interaction of osteoclasts and osteoblasts plus the modulating influence of the bone
mechanicosensory cells—the osteocytes. Both sex steroids—estrogen (E) and testosterone (T)— have
receptors on all bone cells, with androgen dominance on osteoblasts and osteocytes. Specific receptors for the
weaker androgens, such as DHEA have also been identified.

The activity of the sex steroids, influenced by various enzymes found in bone, is reflective of the hormone
ligand before its binding to the bone cells. As a result, T acts both directly and via its aromatization to
estradiol. The activity of the androgens also varies with the bone surface; periosteal cells, for example, do not
have 5�-reductase activity, indicating that T is the active metabolite at this clinically important site.
Androgens influence bone cell function via local and systemic growth factors and cytokines. By enhancing
osteoblast differentiation, androgens regulate bone matrix production, organization, and mineralization.
Androgens also regulate osteoclast recruitment and activity.

Endogenous androgens increase bone mineral density (BMD) in both adolescent and adult premenopausal
women. Women with excess endogenous androgen—for example, those with hirsutism and polycystic ovary
syndrome (PCOS)—have increased BMD compared with normal young women. E and androgen therapy
increases BMD to a greater degree than does E therapy alone. This is true for both oral combinations of
esterified E and methyltestosterone and for subcutaneous T implants. Androgenic progestins have an additive
effect on BMD when combined with E therapy and have the further advantage of being protective to the
endometrium in E-treated women.

Androgens increase muscle mass and strength. The resulting improvement in physical activity leads to the
activation of bone-forming sites and the stimulation of the bone formation–modulating cells, the osteocytes.
Mechanical loading, when combined with hormone therapy, results in greater osteogenic response than does either
alone. (Fertil Steril� 2002;77(Suppl 4):S34–41. ©2002 by American Society for Reproductive Medicine.)
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Androgenshaveaprofoundeffectonthephysiol-
ogy of bone and muscle in women. By direct
androgenic activity and transformation into estro-
gens (Es), androgens modulate the bone-remod-
eling cycle. Androgens also increase muscle mass
and strength and induce mechanical factors that
alter the balance between bone resorption and
formation in favor of formation. The net result is
increased bone mass and strength. Central to this
issue is an understanding of the interplay between
the various sex steroids—Es and androgens—and
the cells involved in bone remodeling: oste-
oclasts, osteoblasts, and osteocytes (Fig. 1).

PHYSIOLOGY OF BONE
REMODELING: A BRIEF

OVERVIEW

The Bone-Remodeling Cycle
Bone remodeling is a continuous process that

ensures bone strength by coupling the removal of

old bone (resorption) with the synthesis of new
bone (formation) (1). There are four distinct steps
in the bone-remodeling cycle that primarily in-
volve two cell types: osteoclasts and osteoblasts.

In activation, preosteoclasts are stimulated
and differentiated into mature osteoclasts by a
variety of cytokines and growth factors. In
resorption, an acidlike substance is secreted
from the ruffled border of the osteoclasts, dis-
solving, digesting, and absorbing the organic
matrix and minerals of old bone. In reversal,
once the resorptive cavity reaches a predeter-
mined depth, a cement surface, derived from
monocytes, covers the defect and prevents fur-
ther bone erosion. Finally, in formation, osteo-
blasts are attracted into the resorptive cavity
and, under the influence of various hormones
and growth factors, mature and refill the re-
sorptive cavity with “new” bone. There are two
interrelated stages to this last process. The first

Received October 16,
2001; revised and
accepted January 4, 2002.
Reprint requests: Morris
Notelovitz, M.D., Ph.D.,
Adult Women’s Medicine,
2801 NW57 Boulevard,
Gainesville, Florida 32605
(FAX: 352-335-8673;
E-mail: mnotel@aol.com.

FERTILITY AND STERILITY�
VOL. 77, NO. 4, SUPPL 4, APRIL 2002

Copyright ©2002 American Society for Reproductive Medicine
Published by Elsevier Science Inc.

Printed on acid-free paper in U.S.A.

0015-0282/02/$22.00
PII S0015-0282(02)02968-0

S34



stage involves the synthesis of bone matrix, 90% of which is
made up of type I collagen. The newly formed osteoid is then
mineralized with calcium hydroxyapatite crystals. The latter
also contain trace amounts of magnesium, potassium, so-
dium, and carbonate. Vitamin D3 (1,25 hydroxy D3) is
essential for this process. In its absence, mineralization is
defective, and osteomalacia may result.

Mechanical Loading and Bone Remodeling
Less well recognized in the bone-remodeling cycle is the

role of mechanical strain and its effect on the modulating
activity of osteocytes (3). The strength of the newly formed
bone is in some measure determined by the arrangements of
the triple-helix collagen fibrils within the matrix and by the
attachment and orientation of the hydroxyapatite crystals to
the collagen. The bone mineral has a relatively high stiffness
(hardness) and low elasticity, whereas the protein matrix is
highly elastic (4). This allows bone to absorb impacts with-
out breaking. Mechanical loading—exercise and gravity—
regulates the quality of bone via the stimulation of osteo-
cytes (3). Osteocytes are derived from the osteoblast lineage
and produce nitric oxide (NO) and prostaglandins (PG)E2,
both of which are responsible for osteogenesis by modifying
the activity of osteoblasts and osteoclasts (5).

Negative Bone Balance
Bone mass is maintained when the resorption and forma-

tion phases are balanced (coupled), that is, the amount of
bone removed is replaced with an equal amount of fresh
bone. Negative bone balance results from one of the follow-

ing two situations: [1] high activity or turnover of osteoclasts
and/or an increase in the number of resorptive sites or [2]
low turnover or inadequate osteoblast function, with dimin-
ished osteoid secretion and an inability to fill a normal
resorptive cavity (2).

Cancellous Vs. Cortical Bone
Cancellous and cortical bone have different anatomical

features but identical cell types and a similar remodeling
cycle.

Cortical bone is found primarily in the long bones of the
arms and legs (appendicular skeleton) and as a “shell” sur-
rounding the vertebrae. Cortical bone has three surfaces. The
endosteal envelope is the surface facing the marrow cavity;
the periosteal envelope is the outer surface of the bone; and
the intracortical envelope is the bone tissue between the
endosteum and periosteum. In addition to the quality of the
bone, the strength of the appendicular skeleton is dependent
on the diameter of the bone (cross-sectional moment of
inertia) and the cortical width. Bone remodeling in children
takes place on the periosteum (increasing the bone’s diam-
eter). In adults, endosteal bone loss predominates, with a
narrowing of the intracortical envelope (6). The degree to
which this process occurs premenopausally will impact on
subsequent strength of the long bones and—together with
the degree of the physiologic loss of cortical bone post-
menopausally—the eventual risk of fracture.

Cancellous (or trabecular) bone is found mainly in the

F I G U R E 1

Bone remodeling, sex steroids, and mechanical loading. E, Estrogen; A, Androgen; NO, nitric oxide; �, stimulatory; �,
inhibitory; PG, prostaglandin; double circle, primary activity; single circle, secondary activity. (From Smit and Burger (1).
Reprinted by permission of the publisher.)
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vertebrae and has a honeycomb-like arrangement of horizon-
tal and vertical plates that are interconnected. This ensures
its mechanical strength. Bone remodeling takes place on the
inner and outer envelopes of each trabecular plate. Excess
bone remodeling results in thinning of the plates, with even-
tual complete absorption of the trabecula, loss of mechanical
strength, and liability to fracture. Acute loss of estrogen
(with an increase in osteoclast activity) is more likely to
result in trabecular perforation in women than in men (7).
This may be due to the slower decline of androgens and their
conversion to estrogen in men.

ANDROGENS: PHYSIOLOGY AND
EFFECT ON BONE

Androgens and Estrogen Metabolism
As discussed in greater detail elsewhere (8), the primary

metabolism of androgens and estrogens takes place in three
sites: the ovary, adrenal cortex, and adipose tissue, with
additional contributions from the metabolism of the sex
steroids in muscle. The liver plays a significant role in at
least two respects: the metabolism of endogenous estrogen
into metabolites of varying degrees of estrogenicity and the
synthesis of sex hormone–binding globulin. The former
process is genetically determined and lifestyle modified. The
latter process controls the bioavailability of both Estradiol
(E2) and T. The activity of the sex steroids is also determined
by various enzymes, all of which are either found in bone or
reflect the state of the hormone ligand before its binding to
bone cells. These enzymes include aromatase activity (con-
verting T to E2); 17-� hydroxysteroid dehydrogenase (con-
trolling the androstenedione to T and the estrone (E1) to E2

pathways); and sulfatase, the enzyme that regulates estrone
sulfate to estrone interactions. Testosterone is further metab-
olized to dihydrotestosterone (DHT) by the 5�-reductase
enzymes. Periosteal cells do not have detectable 5�-reduc-
tase activity, indicating that T may be the active metabolite
at this clinically important site (9). The major androgens of
the adrenal gland include DHEA S and androstenedione (A).
The androgenic steroids—directly or by conversion to E2—
mediate their physiologic function through binding to the
androgen receptor. There is also a specific receptor for
DHEA in osteoblasts.

Androgen Receptors in Bone Cells
Androgen receptors (ARs) are found in all three bone

cells: osteoblasts, osteoclasts, and osteocytes. The AR is
similar to other steroid receptors (estrogen, progesterone,
mineralocorticoid, and glucocorticoid) and is found primar-
ily within the nucleus (10).

Androgen receptors are mainly expressed in osteoblasts
and to a greater degree in cortical than in cancellous bone.
Androgen receptor expression is greatest in osteoblast cul-
tures from young bone when compared with senescent bone.

Androgen receptors predominate in active osteoblasts at the
site of bone formation (11).

Androgen receptors in the nucleus are responsible for the
classic genomic transcription of the osteoblasts’ mRNA (Fig.
2). Androgens diffuse freely through the plasma membrane
and into the nucleus and bind to the ARs. Once the ligand–
AR complex is activated, the protein moiety is released with
the subsequent formation of a homodimer (or possibly a
heterodimer, because there is a report of two isoforms of AR
protein in osteoblast-like cells). Modulated by various coac-
tivators and corepressors, the AR, bound to DNA, influences
the transcription and translation of the genes that govern the
osteoblasts’ function (12). There is an abundance of both AR
and estrogen receptors in osteoblasts, indicating the dual role
of T and E2 in normal bone physiology. Androgens may also
regulate osteoblast activity via a more rapid, nongenomic mech-
anism through receptors on the osteoblast cell surface (13).

Androgen receptors are also found in bone marrow cells
that regulate osteoclastogenesis (14). The sex steroid regu-
lation of osteoclast function is controlled primarily by E2 and
the estrogen receptor. An indirect effect of T through its
aromatization to E2 is a possibility. ARs are found in osteo-
cytes embedded in the bone matrix (10).

Specific binding receptors for the following androgens
have also been identified: T, DHT (which have similar
binding affinities), and DHEA (11). The extent to which T

F I G U R E 2

Putative mechanism of androgen action in the human female
osteoblast. E, 17-� estradiol; ER, estrogen receptor; PTH,
parathyroid hormone; R, pth receptor; G, G protein; AC,
adenylate cyclase; cAMP, cyclic adenosine monophosphate.
(From Gasperino (17). Reprinted by permission of the pub-
lisher.)

Notelovitz. Androgen effects on bone and muscle. Fertil Steril 2002.

S36 Notelovitz Androgen effects on bone and muscle Vol. 77, No. 4, Suppl 4, April 2002



acts directly or via its aromatization to E2 is unclear and may
vary with the polymorphism of the AR. The fact that men
who have mutations in either their estrogen receptor or their
aromatase gene develop osteoporosis is illustrative of the
potential importance of the T to E2 conversion in bone.
Dihydrotestosterone is nonaromatizable. Other, weaker an-
drogenic compounds may also have specific binding sites
(15).

Factors Controlling Androgen Receptor
Expression and Osteoblast Function

Osteoblast Proliferation

Androgen receptors are up-regulated by androgens in
bone and also by exposure to glucocorticoids, estrogen, and
1,25 hydroxy D3 (16). Androgens stimulate osteoblast pro-
liferation, but under experimental conditions, prolonged ex-
posure to androgens may inhibit osteoblast cell proliferation
significantly. It is not known whether intermittent androgen
therapy improves bone mineral density (BMD) in women to
a greater degree than does continuous androgen therapy. The
modulation of cell apoptosis by androgens has not been
clearly established and is confounded by issues such as
programmed cell death and the influence of other steroids
and cell types. For example, apoptosis of osteocytes is
closely linked to estrogen withdrawal and may be one reason
that mechanical loading will not prevent bone loss in the
presence of low E2 levels (18).

Osteoblast Differentiation

Androgen exposure enhances osteoblast differentiation
and the synthesis of extracellular matrix proteins, such as
type 1�1 collagen, osteocalcin, and osteonectin. This is
reflected by a dose–response increase in bone-specific alka-
line phosphatase activity. Androgens also stimulate miner-
alization (19). In short, androgens appear to have an impor-
tant function in regulating bone matrix production and
organization.

Bone Microenvironment

Androgens also influence bone cells’ function through
their effect on local and systemic factors that control the
bone cells’ microenvironment. Androgens have a profound
effect on transforming growth factor (TGF) �, which is one
of the more potent osteoblast mitogens. Dihydrotestosterone-
mediated increases in TGF-� activity are via TGF-�2, but
other isoforms may be involved. Both DHT and T up-
regulate TGF-� synthesis. In its latent form, TGF-� is stored
in bone, where it functions as the body’s main reservoir for
this growth factor (20). Other growth factor systems that are
positively influenced by androgens (DHT) include fibroblast
growth factor and insulin-like growth factor (IGF) II. The
latter effect is caused by an increase in the IGF-II binding
affinity and not by an increase in the amount of the IGF-I or
IGF-II in the osteoblasts’ culture media (21). Androgens also

decrease osteoclast genesis by inhibiting the production of
interleukin-6 in the stromal cells of the bone marrow. This
results in diminished maturation and development of oste-
oclast precursors into osteoclasts (14). The effect of andro-
gens on the reduction of interleukin-6 has been demonstrated
for T, DHT, and the adrenal androgens, including A and
DHEA. Testosterone and DHT also regulate osteoclast activi-
ty—and reduce bone turnover—by the inhibition of both para-
thyroid hormone– and IL-1–stimulated PGE2 production (22).

ENDOGENOUS ANDROGENS AND BONE
MASS

Age-Related BMD and Androgens
Cross-sectional epidemiologic studies have demonstrated

a positive correlation between endogenous androgens and
BMD in both adolescent females and in premenopausal adult
women (23). The adolescent accrual of bone mass is prob-
ably influenced by both estrogens and androgens.

Studies in premenopausal women have shown an inde-
pendent and possibly additive effect of androgens and estro-
gens on peak bone mass. Free T is the androgen that is most
consistently associated with BMD at the lumbar spine, hip,
and distal radius (24). There is also an inverse relationship
between SHBG and BMD in menstruating premenopausal
and perimenopausal women (ages 35 to 50 y). Lower SHBG
was associated with higher BMD at all measured sites (25).

The situation in postmenopausal women is less clear. A
significant association between total serum T and diminished
vertebral bone mass has been shown by Davidson et al. (26).
Lower androgen levels, reduced BMD in the hip, and an
increase in hip fractures has also been noted. Lower bio-
available T levels have been correlated with loss of height.
Height loss is a surrogate marker for vertebral deformation
and osteoporotic fractures (27). Others have found no inde-
pendent association of free T and vertebral fractures in older
postmenopausal women, after correcting for 17-� E2 levels
(28). The progressive decline in DHEA with increasing age
(29) may contribute to senile osteoporosis. Variability in the
degree and rate of the age-related decrease of androgen (and
estrogen) synthesis could explain some of the discordance in
the results to date and serves to illustrate the importance of
individualizing androgen (and estrogen) therapy. Prescribed
hormonal therapy is additive to the endogenous production
of the sex and adrenal steroids.

Endogenous Androgen Excess
Women with hirsutism often have increased BMD. This

may be due to increased sensitivity of the peripheral tis-
sues—pilosebaceous unit and bone—to androgens, rather
than to an absolute increase in androgen blood levels. A
recent study (30), for example, evaluated a group of women
diagnosed with idiopathic hirsuties (hirsutism in the pres-
ence of normal ovulatory cycles and serum androgen levels)
and a matched nonhirsute control group of women. The
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BMD of the lumbar vertebrae (L2 through L4) and the
total-body BMD were significantly greater in the hirsute
group. Young women with documented hyperandrogenism
have also been shown to have increased BMD compared
with normal young women.

In various studies, women with polycystic ovary syn-
drome (PCOS), have been shown to have a correlation
between elevated T (total and bioavailable) and A and BMD
(23). This has been observed for the radial BMD and upper
body bone mass. The role of estrogen metabolism in PCOS
subjects is a confounding variable. However, a direct effect
of hyperandrogenism on bone mass was illustrated by a
study that observed that nonobese, young, hirsute oligomen-
orrheic and amenorrheic subjects have higher BMD than
nonhirsute oligomenorrheic and amenorrheic controls (31).
In a subgroup of PCOS patients with amenorrhea, spine and
femoral BMD values were comparable to control values but
were lower than the BMD in women with idiopathic hirsut-
ism and nonamenorrheic PCOS, despite comparable E2 val-
ues (32). The importance of endogenous androgens and
BMD is further illustrated by a decrease in BMD after the
use of androgen antagonists both in eumenorrheic women
with hyperandrogenemia and in women with PCOS (33).

ANDROGEN THERAPY AND BMD

Androgens
A number of clinical trials have shown that androgen

therapy (T by subcutaneous pellet implantation or oral meth-
yltestosterone) when combined with estrogen therapy, has an
additive effect on BMD compared with estrogen-alone treat-
ment. These studies were preceded by the earlier empiric use
of combination estrogen and androgen therapy in clinical
practice and by the observation in individual women of the
anabolic effect on bone of combination estrogen and andro-
gen therapy.

A recent study has advanced the rationale for knowing
when to choose estrogen and androgen therapy in preference
to estrogen-alone therapy when treating women with osteo-
porosis. Using clinically available bone marker tests (34),
postmenopausal women were treated for 9 weeks with daily
doses either of a combination of esterified estrogen (1.25
mg) and methyltestosterone (2.5 mg) or of 1.25 mg of
conjugated equine estrogen. Similar decreases in the urinary
excretion of the bone resorption markers (deoxypyridinoline,
pyridinoline, and hydroxyproline) were noted in both
groups. Subjects treated with conjugated equine estrogen
showed decreased serum markers of bone formation (bone-
specific alkaline phosphatase, osteocalcin, and C-terminal
procollagen peptide). In contrast, the estrogen and andro-
gen–treated women had significant increases in serum bone
formation markers. Levels of SHBG increased with conju-
gated equine estrogen therapy, but significantly decreased
after the estrogen and androgen regimen.

Nonresponse of BMD to adequate estrogen therapy may
be indicative of low-turnover osteoporosis, especially when
appropriate serum levels of estrogen have been achieved and
the urinary excretion of the collagen cross-link peptides are
appropriately suppressed. Under these circumstances—and
possibly in most women with osteoporosis—the anabolic
bone-building potential of androgens should be considered.
One study that supports combined estrogen and androgen
treatment separated women on oral therapy into two groups
based on whether they were satisfied with their current
hormone therapy. Group 1 (satisfied) remained on conju-
gated equine estrogen (1.25 mg) daily. Group 2 (dissatisfied)
subjects were changed to subcutaneous hormone implants
consisting of E2 (75 mg) and T (100 mg) every 6 months.
One year later, the BMD of women who continued with the
oral therapy remained the same. In contrast, the BMD in-
creased significantly in the women treated with pellets: 5.7%
at the spine and 5.2% at the femoral neck (35).

The efficacy of estrogen and androgen treatment has been
demonstrated in appropriately designed randomized blinded
studies. Surgically menopausal women were treated for 2
years with daily doses either of esterified estrogen (1.25 mg),
or of esterified estrogen (1.25 mg) and methyltestosterone
(2.5 mg). Both treatment regimens prevented bone loss at the
spine and the hip; only combined estrogen and androgen
therapy was associated with a significant increase in spinal
BMD as compared with baseline values (36). In a similar
study, surgically menopausal women were randomized to
one of the following treatments: daily conjugated equine
estrogen (0.625 mg); conjugated equine estrogen (1.25 mg);
esterified estrogen (0.625 mg) plus methyltestosterone (1.25
mg); or esterified estrogen (1.25 mg) plus methyltestosterone
(2.5 mg). All treatments prevented bone loss in the spine and
hip. The higher estrogen and androgen dose increased spine
and hip BMD significantly more than did the other treat-
ments (37).

The long-term effect of subcutaneous estrogen and an-
drogen administration on BMD was evaluated in a 2-year
single-blind trial. Patients received E2 (50-mg pellets) or E2

(50-mg pellet plus T 50-mg pellets), administered every 3
months for 2 years. Cyclic oral progestins were taken by
women with intact uteri. The BMD increased in both treat-
ment groups but increased earlier and to a greater degree in
the estrogen and androgen group. This was noted for the
BMD of the total body and of the vertebral and trochanteric
sites. The total serum T remained within the normal physi-
ologic range throughout the duration of the study (38). This
result may reflect the importance of sustaining hormone
levels by defining the interval between treatments. Women
in another study were treated with 75-mg E2 pellets every 6
months, alone or with added T (100 mg), every 6 months for
1 year. Both groups had an improvement in the BMD of the
spine and hip, but there was no difference in BMD between
the two treatment groups (39).
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Androgenic Progestogens
Progesterone receptors have been identified in primary

cultures of human osteoblasts and osteoclasts (40). Proges-
terone has been shown to stimulate the proliferation of
osteoblasts and to increase the number of alkaline phos-
phatase–positive colonies from osteoprogenitor cells (41).
Progesterone stimulates mineralization of newly formed
bone and increases cortical bone formation. Progesterone
also blocks the glucocorticoid receptor in bone. This exper-
imental animal data is complementary to the observation that
women with luteal phase defects (who are progesterone
deficient) lose bone mass compared with women with nor-
mal menstrual cycles (42). The anovulatory women in-
creased their bone mass when treated with medroxyproges-
terone acetate during their luteal phase (43). These findings
have not been confirmed.

Progesterone or progestins are prescribed for only one
reason: to protect the endometrium in naturally menopausal
women who are on estrogen therapy. Progesterone is avail-
able in the micronized form or as synthetic progestogens.
The latter are divided into derivatives that are structurally
related to progesterone and have minimal or no androgenic
activity, such as medroxyprogesterone acetate (MPA) and
megestrol acetate; and those that are related to T and do have
variable androgenic activity, such as norethindrone (NET)
and norethindrone acetate (NETA).

In clinical trials (44), micronized progesterone and me-
droxyprogesterone acetate (taken cyclically or continuously)
did not contribute significantly to the bone-protective effects
of estrogen-alone therapy (conjugated equine estrogen,
0.625 mg daily). In contrast, women receiving NETA, in a
dose of 1 mg daily, when additionally given either 5 �g or 10
�g of ethinyl E2 daily, displayed a significant increase in
their BMD when compared with matched controls or with
estrogen-alone treated patients (45). On the basis of the
results of this and other studies, it may be concluded that
NETA—by changing the bone remodeling cycle in favor of
bone formation—has an additive effect on BMD when com-
bined with estrogen therapy (46). Unopposed NETA, at
doses higher than that needed for hormone therapy, has also
been shown to increase BMD (47).

Progestins prevent estrogen-induced endometrial hyper-
plasia. Androgens do not. Natural-menopausal women who
are osteopenic and require estrogen therapy may benefit
from the use of an added androgenic progestin without the
need for additional androgen therapy.

Other Androgen Compounds
Dehydroepiandrosterone, the anabolic steroids (i.e., nan-

drolone decanoate) and a unique tissue-specific compound,
tibolone, have all been demonstrated to have bone-building
potential. Dehydroepiandrosterone is a precursor for the
synthesis of both androgens and estrogen (29). Treatment
with 50 mg of DHEA daily increases total T into the low

normal range for women. However, variability in the amount
of DHEA present in products currently available, concerns
regarding the long-term safety of DHEA in this dose, and
inadequate data of its effect on bone preclude DHEA from
routine use until more data are available.

Nandrolone decanoate, especially when used together
with hormone therapy (48), significantly increases BMD. It
may be useful in the elderly, who may also benefit from its
recognized anabolic effect on muscle.

Tibolone is a unique product that has mild estrogenic
(1/10th the potency of ethinyl E2), progestogenic (1/8th the
potency of norethindrone), and androgenic (1/50th of 17-�
methyltestosterone) effects (49). The biologic efficacy of
tibolone is mediated through three of its metabolites that
have weak affinity for the progesterone, estrogen, and an-
drogen receptors and by tissue-specific stimulation of vari-
ous enzyme systems. Clinical trials have shown that bone
loss can be prevented in the spine and hip with doses ranging
from 1.25–2.5 mg per day. In comparative studies, tibolone
(2.5 mg) is as effective as traditional hormone replacement
regimens (49). Tibolone significantly lowers high-density
lipoprotein cholesterol.

ANDROGENS, MUSCLE, AND EXERCISE

There are clear associations among muscle mass, muscle
strength, and bone density. Muscle exerts a greater load on
bone than does weight-dependent gravity (50). In one study,
�70% of the bending moments on bone were transmitted by
muscle force rather than by body weight (51). This mechan-
ical stimulation induces the activation of bone-forming sites
on periosteal bone surfaces. This new bone formation is
mediated through the synthesis and activity of both PG and
NO (5); the latter is derived from bone surface osteocytes
(3). Mechanical loading when combined with estrogen, re-
sults in a greater osteogenic response than either separately.
This is probably the result of estrogen’s antiresorptive effect
and of the stimulation of bone formation with exercise. This
is verified by a study conducted in young men, demonstrat-
ing an increase in markers of bone formation (serum bone-
specific alkaline phosphatase; osteocalcin) after resistance
training, with a transient suppression of bone resorption
markers (urinary deoxypyridinoline) (52).

Approximately 4% of muscle mass is lost during the first
3 years after menopause (53). This is associated with a
significant decline in muscle strength. In men, muscle
strength is preserved until age 60 years and reaches levels
found in menopausal women at about 75 years of age
(54)—a factor that may explain the greater tendency for falls
in older women. Muscle strength is first lost in the upper
extremities (55). Because loss of muscle strength precedes
the loss of bone mass, a grip strength test may be a good
predictor of future lower extremity bone loss and of loco-
motor or balance problems.

FERTILITY & STERILITY� S39



Postmenopausal androgen therapy increases lean tissue
mass and decreases fat mass. This is also noted in postmeno-
pausal women treated with tibolone. A recent double-blind
randomized study (56) evaluated the body composition (by
total dual energy x-ray absorptiometry [DEXA] analysis)
and muscle strength (by using the one-repetition maximum
technique in separate leg and arm bench-press exercises)
before and after 16 months of treatment either with esterified
estrogen (1.25 mg daily) or with the same dose of estrogen
plus methyltestosterone (2.5 mg per day). The following
results are shown in Table 1: The estrogen and androgen
group had a significant increase in their lean tissue mass and
a comparable improvement in lower body muscle strength.
The changes in the estrogen and androgen group were sig-
nificantly greater than those in the estrogen-alone–treated
group. The serum values of free T were significantly greater
in the androgen-supplemented group compared with the es-
trogen-alone treatment group. SHBG values were signifi-
cantly lower in the estrogen and androgen group compared
with the estrogen-alone group.

CONCLUSION

As stated in a recent review of muscle strength, bone
mass, and age-related bone loss (50), “both mechanical and
non-mechanical factors are crucial to reverse bone loss, and
it is the interaction between the two that needs to be under-
stood and that holds the key to success.” This interaction is
summarized at a cellular level in Figure 1 and highlights the
interrelationship of the various cell types involved in bone
remodeling. Sex steroids are directly involved in modulating
osteogenesis and muscle metabolism and function. In this
context, it can be concluded that androgens—either directly
or via aromatization to estrogen—have a profound influence
on the preservation of bone and on muscle mass and
strength. The scientific rationale for androgen therapy is well
founded. Long-term clinical trials are needed to confirm
clinical efficacy of E.A. therapy in osteoporosis prevention
and treatment.

References
1. Smit TH, Burger EH. Is BMU-coupling a strain-regulated phenome-

non? A finite element analysis. J Bone Miner Res 2000;15:301–7.
2. Parfitt AM. Bone remodeling and bone loss: understanding the patho-

physiology of osteoporosis. Clin Obstet Gynecol 1987;30:789–811.
3. El Haj AJ, Minter SL, Rawlinson SCF, Suswillo R, Lanyon LE.

Cellular responses to mechanical loading in vitro. J Bone Miner Res
1990;5:923–32.

4. Bailey DA, Martin AD, Houston CS, Howie L. Physical activity,
nutrition, bone density and osteoporosis. Aust J Sci Med Sport 1986;
18:3–8.

5. Chow JWM, Fox SW, Lean JM, Chambers TJ. Role of nitric oxide and
prostaglandins in mechanically induced bone formation. J Bone Miner
Res 1998;13:1039–44.

6. Welten DC, Kemper HC, Post GB, Van Mechelen W, Twisk J, Lips P,
et al. Weight bearing activity during youth is a more important factor
for peak bone mass than calcium intake. J Bone Miner Res 1994;9:
1089–96.

7. Eriksen EF, Hodgson SF, Eastell R, Cedel SL, O’Fallon WM, Riggs
BL. Cancellous bone remodeling in type 1 (postmenopausal) osteopo-
rosis: quantitative assessment of rates of formation, resorption and bone
loss at tissue and cellular levels. J Bone Miner Res 1990;5:311–9.

8. Clemons M, Goss P. Estrogen and the risk of breast cancer. N Engl
J Med 2001;344:276–85.

9. Turner RT, Bleiberg B, Colvard DS, Keeting PE, Evans G, Spelsberg
TC. Failure of isolated rat tibial periosteal cells to 5� reduce testoster-
one to 5� dihydrotestosterone. J Bone Miner Res 1990;5:775–9.

10. Abu EO, Horner A, Kusec V, Triffitt JT, Compston JE. The localization
of androgen receptors in bone. J Clin Endocrinol Metab 1997;82:
3493–7.

11. Kasperk C, Helmboldt A, Borcsok J, Heuthe S, Cloos O, Niethard F, et
al. Skeletal site dependent expression of the androgen receptor in
human osteoblastic cell populations. Calcif Tissue Int 1997;61:464–73.

12. McKenna NJ, Lanz RB, O’Malley BWO. Nuclear receptor coregula-
tors: cellular and molecular biology. Endocr Rev 1999;20:321–44.

13. Peterziel H, Mink S, Schonert M, Becker M, Klocker H, Cato AC.
Rapid signaling by androgen receptor in prostate cancer cells. Onco-
gene 1999;18:6322–9.

14. Bellido T, Jilka R, Boyce BF, Girasole G, Broxmeyer H, Dalrymple
SA, et al. Regulation of interleukin-6 osteoclastogenesis and bone mass
by androgens: the role of the androgen receptor. J Clin Invest 1995;95:
2886–95.

15. Meikle AW, Dorchuck RW, Araneo BA, Stringham JD, Evans TG,
Spruance SL, et al. The presence of a dehydroandrosterone-specific
receptor binding complex in murine T cells. J Steroid Biochem Mol
Biol 1992;42:293–304.

16. Kasperk CH, Wakley GK, Hierl T, Ziegler R. Gonadal and adrenal
androgens are potent regulators of human bone cell metabolism in vitro.
J Bone Miner Res 1997;12:464–71.

17. Gasperino J. Androgenic regulation of bone mass in women: a review.
Clin Orthop 1995;311:278–86.

18. Tomkinson A, Reeve J, Shaw RW, Noble BS. The death of osteocytes
via apoptosis accompanies estrogen withdrawal in human bone. J Clin
Endocrinol Metab 1997;82:2128–35.

19. Kasperk CH, Wergedal JE, Farley JR. Androgens directly stimulate
proliferation of bone cells in vitro. Endocrinology 1989;124:1576–8.

20. Centrella M, Horowitz MC, Wozney JM, McCarthy TL. Transforming

T A B L E 1

Change in lean tissue mass and strength after estrogen (E) or estrogen–androgen (E–A) therapy.

Variable E pre E post E–A pre E–A post P

Lean tissue (kg)
Upper 1.91 1.94 1.90 2.08 �.02
Trunk 20.58 20.61 20.48 21.29 �.001
Lower 6.85 6.91 6.77 7.01 �.04

Muscle strength (lb)
Lower body press 232 257 235 286 �.002

From Dobbs et al. (56) Reprinted by permission of the publisher. E–A � in free T and � decrease in SHBG compared with E only. E, esterified estrogen
(1.25 mg); E–A, esterified estrogen (1.25 mg), methyltestosterone (2.5 mg).

Notelovitz. Androgen effects on bone and muscle. Fertil Steril 2002.

S40 Notelovitz Androgen effects on bone and muscle Vol. 77, No. 4, Suppl 4, April 2002



growth-factor � gene family members and bone. Endocr Rev 1994;15:
27–39.

21. Kasperk CH, Fitzsimmons R, Strong D, Mohan S, Jennings J, Wergedal
J, et al. Studies of the mechanism by which androgens enhance mito-
genesis and differentiation in bone cells. J Clin Endocrinol Metab
1990;71:1322–9.

22. Pilbeam CC, Raisz LG. Effects of androgens on parathyroid hormone
and interleukin-1–stimulated prostaglandin production in cultured neo-
natal mouse calvaria. J Bone Miner Res 1990;5:1183–8.

23. Zborowski JV, Cauley JA, Talbott EO, Guzick DS, Winters SJ. Bone
mineral density, androgens and the polycystic ovary: the complex and
controversial issue of androgenic influence in female bone. J Clin
Endocrinol Metab 2000;85:3496–506.

24. Buchanan JR, Hospodar P, Myers C, Leuenberger P, Demers LM.
Effect of excess endogenous androgens on bone density in young
women. J Clin Endocrinol Metab 1988;67:937–43.

25. Steinberg KK, Freni-Titulaer LW, DePuey EG, Miller DT, Sgoutas DS,
Coralli CH, et al. Sex steroids and bone density in premenopausal and
perimenopausal women. J Clin Endocrinol Metab 1989;69:533–9.

26. Davidson BJ, Ross RK, Paganini-Hill A, Hammond GD, Siiteri PK,
Judd HL. Total free estrogens and androgens in postmenopausal women
with hip fracture. J Clin Endocrinol Metab 1988;54:115–20.

27. Jassal S, Barrett-Conner E, Edelstein SL. Low bioavailable testosterone
levels predict future height loss in postmenopausal women. J Bone
Miner Res 1995;10:650–4.

28. Cummings SR, Browner WS, Bauer D, Stone K, Ensrud K, Jamal S, et
al. Endogenous hormones and the risk of hip and vertebral fractures
among older women. Study of Osteoporotic Fractures Research Group.
N Engl J Med 1998;339:733–8.

29. Achermann JC, Silverman BL. Dehydroepiandrosterone replacement
for patients with adrenal insufficiency. Lancet 2001;357:1381–2.

30. Gregoriou O, Kouskouni E, Bakas P, Konidaris S, Papadias K, Kalovi-
douris A, et al. Bone mineral density in women with idiopathic hirsut-
ism. Gynecol Endocrinol 2000;14:364–8.

31. Dixon JE, Rodin A, Murby B, Chapman MG, Fogelman I. Bone mass
in hirsute women with androgen excess. Clin Endocrinol (Oxf) 1989;
30:271–7.

32. DiCarlo C, Shoham Z, MacDougall J, Patel A, Hall ML, Jacobs HS.
Polycystic ovaries as a relative protective factor for bone mineral loss
in young women with amenorrhea. Fertil Steril 1992;57:314–9.

33. Prezelj J, Kocijacic A. Antiandrogen treatment with spironolactone and
linestrenol decreases bone mineral density in eumenorrheic women
with androgen excess. Horm Metab Res 1994;26:46–8.

34. Raisz LG, Wiita B, Artis A, Bowen A, Schwartz S, Trahiotis M, et al.
Comparison of the effects of estrogen alone and estrogen plus androgen
on biochemical markers of bone formation and resorption in postmeno-
pausal women. J Clin Endocrinol Metab 1996;81:37–43.

35. Savvas M, Studd JW, Norman S, Leather AT, Garnett TJ, Fogelman I.
Increase in bone mass after one year of percutaneous oestradiol and
testosterone implants in post-menopausal women who have previously
received long-term oral oestrogens. Br J Obstet Gynecol 1992;99:757–
60.

36. Watts NB, Notelovitz M, Timmons MC, Addison WA, Wiita B,
Downey LJ. Comparison of oral estrogens and estrogens plus androgen
on bone mineral density, menopausal symptoms and lipid–lipoprotein
profiles in surgical menopause. Obstet Gynecol 1995;85:529–37.

37. Barrett-Connor E, Young R, Notelovitz M, Sullivan J, Wiita B, Yang
HM, et al. A two year double-blind comparison of estrogen-androgen
and conjugated estrogen in surgically postmenopausal women. Effects
on bone mineral density, symptoms and lipid profiles. J Reprod Med
1999;44:1012–20.

38. Davis SR, McCloud P, Strauss BJG, Burger H. Testosterone enhances
estradiol’s effects on postmenopausal bone density and sexuality. Ma-
turitas 1995;21:227–36.

39. Garnett T, Studd JW, Watson N, Savvas M, Leather A. The effects of
plasma estradiol levels on increases in vertebral and femoral bone
density following therapy with estradiol and estradiol with testosterone
pellets. Obstet Gynecol 1992;79:968–72.

40. Wei LL, Leach MN, Miner RS, Demers LM. Evidence for progesterone
receptors in human osteoblast-like cells. Biochem Biophys Res Comm
1993;195:525–32.

41. Ishida Y, Tertinegg I, Heersche JN. Progesterone and dexamethasone
stimulate proliferation and differentiation of osteoprogenitors for adi-
pocytes and macrophages in cell populations derived from adult rat
vertebrae. J Bone Miner Res 1996;11:921–30.

42. Prior JC, Vigna YM, Schechter MT, Burgess AE. Spinal bone loss and
ovulatory disturbances. N Engl J Med 1990;323:1221–7.

43. Prior JC, Vigna YM, Barr SL, Rexworthy C, Lentle BC. Cyclic me-
droxyprogesterone treatment increases bone density: a controlled trial
in active women with menstrual cycle disturbances. Am J Med 1994;
96:521–30.

44. The Writing Group for the PEPI Trial. Effects of hormone therapy on
bone mineral density. Results from the post-menopausal estrogen/
progesterone intervention (PEPI) trial. JAMA 1996;276:1389–96.

45. Speroff L, Rowan J, Symons J, Genant H, Wilborn W. The comparative
effect on bone density, endometrium and lipids of continuous hormones
as replacement therapy (Chart Study). JAMA 1996;276:1397–403.

46. Christiansen C, Riis BJ, Nilas L, Rodbro P, Deftos L. Uncoupling of
bone formation and resorption by combined oestrogen and progestogen
therapy in postmenopausal osteoporosis. Lancet 1985;2:800–1.

47. Abdalla HI, Hart DM, Lindsey R, Leggate I, Hooke A. Prevention of
bone mineral loss in postmenopausal women by norethindrone. Obstet
Gynecol 1985;66:789–92.

48. Erdtsieck RJ, Pols HA, van Kuijk C, Birkenhager-Frenkel DL, Zeelen-
berg J, Kooy PP, et al. Course of bone mass during and after hormonal
replacement therapy with and without addition of nandrolone decano-
ate. J Bone Miner Res 1994;9:277–83.

49. Berning B, Coelingh Bennink HJT, Fauser BCJM. Tibolone and its
effect on bone: a review. Climacteric 2001;4:120–36.

50. Burr DB. Muscle strength, bone mass and age-related bone loss. J Bone
Miner Res 1997;12:1547–51.

51. Lu TW, O’Connor JJ, Taylor SJG, Walker PS. Influence of muscle
activity of the forces of the femur: comparison between in vivo mea-
surements and calculation. Trans Orthop Res Soc 1997;22:721.

52. Fujimura R, Ashizawa N, Watanabe M, Mukai N, Amagai H, Fukuba-
yashi T, et al. Effect of resistance exercise training on bone formation
and resorption in young male subjects assessed by biomarker of bone
metabolism. J Bone Miner Res 1997;12:656–62.

53. Aloia JF, McGowan DM, Vaswani AN, Ross P, Cohn SH. The rela-
tionship of menopause to skeletal and muscle mass. Am J Clin Nutr
1991;53:1378–83.

54. Phillips SK, Rook KM, Siddle NC, Bruce SA, Woledge RC. Muscle
weakness in women occurs at an earlier age than men, but strength is
preserved by hormone replacement therapy. Clin Sci 1993;84:94–8.

55. Calmels P, Vico L, Alexandre C, Minaire P. Cross-sectional study of
muscle strength and bone mineral density in a population of 106 women
between the ages of 44 and 87 years: relationship with age and meno-
pause. Eur J Appl Physiol 1995;70:180–6.

56. Dobbs AS, Nguyen T, Pace C, Roberts CP. Differential effects of oral
estrogen versus oral estrogen-androgen replacement therapy on body
composition in post menopausal women. J Clin Endocrin Metabol 2002
(in press).

FERTILITY & STERILITY� S41


