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Background
Male osteoporosis is an important public 
health problem that affects approximately 
2 million men in the US and 5.5 million 
men in the European Union. This condi-
tion is currently responsible for approx-
imately 600,000 fractures and over $4 
billion in direct medical costs in the US (1). 
Although male osteoporosis is often het-
erogeneous in nature and typically results 
from more than one contributing factor, 
male hypogonadism commonly underlies 
the disease. Androgen deficiency has pro-
found skeletal effects, resulting in reduced 
trabecular and cortical bone density (2). 
In keeping with this primary defect, tes-
tosterone replacement therapy in hypogo-
nadal men does restore bone homeostasis 
and improves bone mineral density (3); 
however, studies have also suggested that 
lower baseline testosterone levels (<200 
ng/dl) are clinically predictive of a bone 
mineral density response (4). Additionally, 
there is no substantial evidence that tes-
tosterone replacement reduces the risk of 
osteoporotic fracture.

Within the past two decades, clinical 
observations have provided fundamental 

insight into the nature of sex steroid reg-
ulation of male skeletal biology. Specifi-
cally, the identification of an inactivating 
mutation of estrogen receptor α in a man 
with severe and refractory osteoporo-
sis (5) and the identification of treatable 
estrogen deficiency due to mutation of 
the CYP19A1 gene and defective aromati-
zation confirmed the obligatory nature of 
estrogen in bone mass accrual and main-
tenance (6). Subsequent studies have cor-
roborated these findings and have linked 
estradiol deficiency to more rapid rates of 
bone loss in older men (7, 8). Additionally, 
treatment with dihydrotestosterone, a 
nonaromatizable androgen that reduces 
estradiol levels, and aromatase inhibitors 
provoke substantial bone mineral density 
loss in men (9, 10). Furthermore, there is 
a stronger inverse association between 
estrogen level and fractures in older 
men than testosterone (11, 12). Although 
these studies are compelling, others have 
found that androgen deficiency predicts 
fracture risk independent of estrogen 
status in men (13). It is clear that andro-
gen receptor signaling contributes to the 
maintenance of trabecular and cortical 

bone, as androgen receptor KO mice have 
reduced bone volume (14). Furthermore, 
men with complete androgen sensitivity 
have diminished bone density in spite 
of adequate estrogen levels, supporting 
an obligatory role for androgens in the 
accrual and/or maintenance of bone den-
sity in men (15, 16). Together, these find-
ings question the relative independent 
contributions of estrogen and testoster-
one to male skeletal metabolism.

Current and previous findings
In this issue, Finkelstein and colleagues 
attempted to further dissect the relative 
contributions of estrogen and testosterone 
to skeletal homeostasis (17). Specifically, 
young men were rendered either testos-
terone deficient (cohort 1) or both testos-
terone and estrogen deficient (cohort 2) 
via a gonadotropin-releasing hormone 
(GnRH) agonist without or with aroma-
tase inhibitor letrozole, respectively. Tes-
tosterone levels less than 200 ng/dl and 
estradiol levels less than 10 pg/ml dra-
matically increased bone resorption, as 
measured by serum C-telopeptide (CTX), 
in the presence of testosterone deficiency 
alone. Induction of more severe estra-
diol deficiency (<2.8 pg/ml) profoundly 
increased bone resorption, and this effect 
was independent of testosterone level or 
testosterone replacement dose. Procol-
lagen type-1 amino-terminal propeptide 
(P1NP), a marker of bone formation, was 
elevated in men with very low estradiol 
levels (<5 pg/ml), though this marker did 
not consistently correlate with higher 
levels of estradiol and testosterone. Con-
sistent with bone resorption results, bone 
mineral density loss was generally greater 
in estrogen-deficient men and indepen-
dent of testosterone level. Finally, indi-
ces of microarchitectural deterioration, 
including cortical thickness and porosity, 
as measured by high-resolution peripheral 
quantitative computerized tomography 
(HRpQCT), were modest but consistent 
with an independent effect of estradiol 
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gesting that sex steroid regulation of bone 
may well be compartment specific (17, 18, 
28). This model postulates that androgens 
and estrogens in men primarily modulate 
cancellous and cortical bone, respectively, 
though observed anabolic effects on corti-
cal bone by both sex steroids may well be 
ligand independent (29). As cortical bone 
compromises approximately 80% of the 
adult human skeleton, the proportionate 
effects of estrogen and androgen deficiency 
on bone turnover would be consistent with 
this hypothesis. Moreover, current evidence 
based on animal models of estrogen defi-
ciency and longitudinal, prospective stud-
ies in humans supports a life-long pattern of 
trabecular bone loss and a higher estrogen 
threshold for this loss that is likely exacer-
bated by cell-specific senescence–related 
changes, in contrast to a lower estrogen 
threshold required for cortical bone loss 
(30). Regarding other potential factors in 
male osteoporosis, studies have shown that 
higher sex hormone–binding globulin lev-
els are associated with a higher risk of frac-
ture in men, perhaps due to a direct effect 
on bone or an indirect effect as the result 
of lowering free and/or bioavailable sex 
steroid levels (12, 31). In addition, an indi-
rect contribution of androgen deficiency to 
fracture risk in men due to reduced muscle 
mass and increased fall risk is also plau-
sible. Finally, it is important to mention 
the potential contribution of nongenomic 
and ligand-independent effects of both 
testosterone and estrogen on bone health, 
although existing in vivo animal data indi-
cate that such factors do not generally com-
pensate for the negative skeletal effects of 
frank sex-steroid deficiency (32).

Despite the compelling evidence that 
adequate estrogen levels are critical for 
normal bone health in men, much more 
work is needed before these findings can 
be translated into meaningful clinical care. 
Foremost, the ability to accurately mea-
sure serum estradiol is paramount to these 
efforts. Although improved, immunoas-
says for determining levels of sex ste-
roids have continued challenges related 
to sensitivity, accuracy, and interference 
by other factors (33). As such, the use of 
LCMS, as was used by Finkelstein et al. 
(17), should be considered, given that this 
technique has become more widely and 
commercially available. Increased utiliza-
tion of LCMS may ultimately reduce the 

above, there is prospectively acquired data 
that does associate higher fracture risk in 
older men with lower estrogen levels (11, 
12). More importantly, there appears to 
be a fairly consistent threshold estrogen 
level (~16 pg/ml), below which the risk of 
fracture appears to increase in an expo-
nential manner. This level is somewhat 
higher than the 10 pg/ml level reported 
by Finkelstein et al. to confer increased 
skeletal catabolism in younger men (17). 
These discrepancies may potentially be 
reconciled by differences in estrogen 
assay type and sensitivity, as well as by 
differences in patient populations (young 
vs. old). Indeed, higher levels of sex hor-
mone–binding globulin in older men likely 
reduce free and/or bioavailable estrogen 
levels, thereby possibly confounding the 
interpretation of total estradiol levels in an 
older population.

Unresolved issues/future 
directions
Although the data presented by Finkelstein 
and colleagues strongly suggest that estro-
gen, irrespective of sex, is the dominant sex 
steroid in male bone metabolism, there is 
evidence that other sex steroids and fac-
tors contribute to male skeletal health (17). 
For example, testosterone appears to be 
critical for periosteal bone expansion that 
occurs both during growth and with aging 
in older men, likely conferring a biome-
chanical advantage for men over women 
for many types of appendicular fracture 
(22, 23). Additionally, testosterone defi-
ciency independently predicts fracture 
risk in some populations (13). Perhaps 
most convincingly, a recent study in mice 
supports skeletal site–specific effects of 
estrogens and androgens by showing that 
targeted deletion of the murine androgen 
receptor–encoding gene in osteoblast pro-
genitors compromises trabecular but not 
cortical bone (24). Conversely, comple-
mentary studies in men confirm that serum 
estradiol is positively associated with cor-
tical thickness and inversely associated 
with cortical porosity, with evidence of a 
threshold effect on structural bone param-
eters, as well (25–27). These data prompted 
Khosla and colleagues to recharacterize 
bone resorption data of Falahati-Nini et al. 
in a model that is consistent with estrogen- 
dependent HRpQCT changes in cortical 
bone observed by Finkelstein et al., sug-

deficiency, although corresponding data 
in the isolated testosterone-deficient 
cohort was not procured. Together, these 
data confirm a dominant effect of estra-
diol in regulating bone homeostasis in 
younger men.

The study by Finkelstein and col-
leagues (17) confirms and extends previous 
investigations that support a role for estro-
gens in bone homeostasis in men. How-
ever, this study may also further discern 
sex steroid thresholds that are concerning 
for untoward bone effects in men. A sem-
inal study by Falahati-Nini and colleagues 
elegantly demonstrated a dominant effect 
of estradiol on bone resorption and forma-
tion over three weeks in older men who 
were both estrogen and testosterone defi-
cient, though sex steroids were measured 
by a less sensitive and specific method 
(radioimmunoassay) than that used by 
Finkelstein et al. (liquid chromatography–
tandem mass spectroscopy [LCMS]) (17, 
18). Sanyal and colleagues found similar 
results in men on an abbreviated three-
week protocol, albeit with an apparent 
larger increase in bone resorption with 
estradiol and testosterone deficiency as 
measured by serum CTX (19). However, in 
contrast to Finkelstein et al. (17), P1NP was 
also lower in the Sanyal et al. study, perhaps 
due to an inability to capture recoupling of 
bone formation to resorption over a short 
time frame (19). Leder and colleagues also 
confirmed an important effect of estradiol 
in younger men through a similar, albeit 
longer (12-week) investigation, though the 
magnitude and discrimination of effects 
between estradiol and testosterone defi-
ciency were less pronounced (20). These 
differences could be related to the prior 
use of immunoassays and urinary bone 
resorption markers, which have greater 
intraindividual variation than serum mea-
sures (21). Perhaps most importantly, the 
study by Finkelstein and colleagues (17) 
extends previous observations and con-
firms a deleterious effect of estrogen defi-
ciency on bone macroarchitecture (bone 
mineral density) and microarchitecture in 
a younger population who would theoreti-
cally be less prone to such a decrement.

While the findings of Finkelstein et 
al. are certainly intriguing in aggregate, 
they would confer maximal clinical signif-
icance if they also predicted an increased 
risk of fracture in men (17). As detailed 
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be necessary to establish efficacy of both 
hormonal and nonhormonal antifracture 
therapies in men with both de novo and 
induced estrogen deficiency. Although 
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men with presumed normal aromatiza-
tion activity is a logical trial choice (with 
obvious attention to extraskeletal risk and 
benefit), intriguing pilot studies also sug-
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tional utility in the prospective prediction 
of osteoporotic fractures, which is obvi-
ously integral to potential clinical utility 
of such measurements (37). Finally, it will 
be critical to determine the relative con-
tribution and the interrelated nature of 
additional factors — such as IGF-1, 25-OH 
D, frailty, and falls — that are known to 
influence bone health and fracture risk in 
men (32). In light of the aggregate data to 
date, it is more appropriate to use better- 
established clinical surrogates for frac-
ture risk prediction in men — including 
femoral neck bone mineral density, prior 
fractures, and FRAX scores — until sex 
steroid measurements are truly ready 
for prime time in the clinic (38, 39). Until 
then, we will all eagerly anticipate and 
enjoy the further unraveling of this truly 
fascinating aspect of bone biology.
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