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Considerable progress has been made in the development and
testing of agents to treat osteoporosis. Most impressive are
reports on new antiresorptive agents—both bisphosphonates
(ibandronate and zoledronic acid) and monoclonal antibodies
(MAbs) (denosumab) directed against receptor activator of
nuclear factor �B-ligand, a key molecule in the control of
commitment and activation of osteoclasts. Bisphosphonates
promise convenience and potency at slowing bone loss,
whereas denosumab offers powerful suppression of resorp-
tion and rapid offset of action. Attention is also shifting from
the osteoclast as a target for new therapies to the osteoblast
and the osteocyte, with its complex network within the depths
of bone. Wnt signaling through the frizzled receptor and its
coreceptor, the low-density lipoprotein receptor related pro-
tein-5, appears from both molecular and in vivo evidence to be

a pivotal pathway for modulating osteoblastic activity, bone
formation, and bone strength. The recently identified product
of the SOST gene or sclerostin has also been shown to block
Wnt signaling. Sclerostin is produced by the osteocytes buried
in the bone and is a new target to treat bone loss. Clinical trial
reports indicate that the calcimimetic cinacalcet can effec-
tively treat PTH hypersecretion due to primary and second-
ary hyperparathyroidism and parathyroid carcinoma. Lastly,
it is now recognized that the matrix protein dentin matrix
protein-1 enhances the release of the phosphate-regulating
factor fibroblast growth factor 23 and that mutations in den-
tin matrix protein-1 play a causative role in a form of hy-
pophosphatemic rickets. (J Clin Endocrinol Metab 92: 747–753,
2007)

INSIGHTS INTO THE actions of hormones and cytokines
in bone cells and their effects on skeletal mass and

strength continue to develop at a brisk pace, and the past 2
yr have been no exception (1, 2). Just when it appeared that
the field of therapies for postmenopausal osteoporosis had
reached maturity, pivotal trial data on the efficacy of a
monthly oral and quarterly iv infusion of the bisphosphonate
ibandronate were released, and the drug was approved by
the United States Food and Drug Administration (FDA) (3–
5). Data from another large clinical trial recently demon-
strated the efficacy of annual infusions of the iv bisphos-
phonate zoledronic acid in preventing osteoporotic fractures
(6).

Looming on the horizon are therapies directed at prom-
ising new targets in the pathway of osteoclast-mediated bone
resorption. The most recent such target is receptor activator
of nuclear factor �B (RANK) ligand (RANK-L), an essential
molecule in the RANK/RANK-L/osteoprotegerin (OPG)
pathway that governs the commitment, differentiation, life
span, and function of cells of the osteoclast lineage. The

efficacy of neutralizing MAbs against RANK-L to treat bone
loss has been solidified in a pivotal proof-of-concept study
(7). Such monoclonal antibodies are currently in larger phase
3 trials with the endpoint of reducing osteoporotic fractures
and in other trials for prevention of skeletal-related events in
patients with cancer metastatic to bone.

Progress continues on other fronts. The extracellular cal-
cium-sensing receptor (CaR) is well established as the critical
molecule for the control of PTH secretion and a drug target.
The past 2 yr have seen reported new findings from trials on
the efficacy of cinacalcet, a first-generation calcimimetic (or
CaR agonist), in the management of uremic secondary hy-
perparathyroidism (8, 9). Open-label studies with this agent
in patients with parathyroid cancer have also documented its
efficacy and support its approval for the treatment of these
patients (10). Other studies suggest that cinacalcet can con-
trol the hypercalcemia of primary hyperparathyroidism (11,
12).

Finally, our understanding of the fundamental pathways
that control phosphate and 1,25 dihydroxyvitamin D (1,25 D)
metabolism and both normal and pathological calcification
has grown considerably. The protein Klotho (13, 14) appears
to be part of the fibroblast growth factor 23 (FGF-23) receptor
complex; inactivating mutations in both the enzyme
GALNT3 (UDP-N-acetyl-�-d-galactosamine/polypeptide
N-acetyl galactosminyl transferase-3) involved in the
O-linked glycosylation of FGF-23 (15) and in FGF-23 itself
(16) lead to reduced FGF-23 biological activity and are as-
sociated with familial tumoral calcinosis (described below);
and the dentin matrix protein-1 (DMP-1) (17, 18) participates
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in mineralization and in the control of FGF-23 secretion by
bone cells.

Osteoporosis
Pathophysiology of osteoporosis

An imbalance between osteoclast-mediated bone resorption
and bone formation remains a key means to understanding
and treating postmenopausal osteoporosis (1, 2). The RANK-
L/RANK/OPG pathway mediates the production and ac-
tivity of cells in the osteoclast lineage (Fig. 1). RANK-L, a
member of the TNF superfamily, is produced by bone mar-
row stromal cells and lining cells both of the osteoblastic
lineage. It interacts with RANK, a TNF receptor family mem-
ber, on cells of the macrophage/monocyte lineage as well as
mature osteoclasts. The soluble protein OPG, released by
osteoblasts into the microenvironment, interrupts the inter-
action between RANK-L and RANK in the role of OPG as a
decoy receptor. Knockout and transgenic mouse models, as
well as rare cases of human mutations in the genes encoding
the members of this pathway, further establish the essential
features of this paradigm for the control of osteoclastogenesis
and bone resorption.

The spotlight for understanding and treating bone loss is,
however, beginning to shift from osteoclasts to bone-forming
osteoblasts and the complex network of osteocytes buried
deep in the bone matrix. Numerous studies over the last few
years have provided important insights into the role of Wnt
signaling in controlling osteoblast differentiation, the accrual
of bone mass, and bone loss (1, 2, 19, 20) (Fig. 2). As it is
currently understood, one of the Wnt proteins serves as a
ligand for the receptor frizzled (fzl), whose co-receptor is the
low-density lipoprotein receptor related protein 5 (LRP-5) in
osteoblasts. Together fzl and LRP-5 transduce Wnt signals.
The soluble protein Dickkopf (Dkk) antagonizes this signaling,
as does the osteocyte-derived product of the SOST gene

sclerostin (20). After a series of biochemical events within the
cell, Wnt signaling leads to stabilization of �-catenin. �-Cate-
nin accumulation promotes transcriptional events that in-
crease osteoblast number and activity and ultimately bone
formation.

Therapies for osteoporosis

Antiresorptive agents: bisphosphonates

Ibandronate. This potent aminobisphosphonate has been
studied in a variety of dosing regimens. In a study called the
MOBILE (Monthly Oral Ibandronate in Ladies) trial, re-
sponses in bone mineral density (BMD) and bone turnover
markers in postmenopausal women with low bone mass
were compared on daily and monthly dosing schedules. The
analysis of responses after 1 yr of treatment showed nonin-
feriority for the three-monthly regimens and superiority in
the responses in the cohort of women dosed at monthly (150
mg) compared with daily (2.5 mg) schedules (3). The same
results were confirmed in the second year of this trial (4).
Another trial with ibandronate called DIVA (Dosing Intra-
venous Administration) showed that BMD responses in pa-
tients on the two iv regimens (2 mg every 2 months and 3 mg
every 3 months) compared favorably to daily (2.5 mg) oral
dosing (5). This latter daily regimen of ibandronate was
shown previously to reduce vertebral fracture risk, when
compared with placebo, in the phase 3 fracture trial called
BONE (Ibandronate Osteoporosis Vertebral Fracture Trial in
North America and Europe), which was reported in 2004
(21). The two most recent trials noted above (MOBILE and
DIVA) supported the approval of ibandronate as a 150-mg
tablet for monthly use (3, 4) and a 3-mg iv preparation (5) for
the treatment of postmenopausal osteoporosis.

Alendronate. The Fracture Intervention Trial (FIT) estab-
lished the efficacy of alendronate in the prevention of frac-

FIG. 1. RANK-L/RANK/OPG pathway for regulating osteoclastogenesis and osteoclast function. Precursor cells from the macrophage/monocyte
lineage reach the bone marrow microenvironment where the growth factor macrophage colony-stimulating factor (M-CSF) released by osteo-
blasts and stromal cells interacts with the receptor for M-CSF, c-fms on osteoclastic precursors. M-CSF, in concert with RANK-L produced by
osteoblasts and bone marrow stromal cells, induces these precursor cells to begin differentiation toward fully mature and functional osteoclasts
containing multiple nuclei and the ruffled border as shown. The interaction between RANK-L, expressed on cells in the osteoblastic/stromal
cell population, and RANK, expressed on osteoclast precursors and osteoclasts during differentiation, maintain the life span and promote the
bone-resorbing capabilities of active osteoclasts. The soluble decoy receptor OPG released by osteoblasts antagonizes the interaction between
RANK-L and RANK and inhibits osteoclast formation. The balance between signaling generated via the interaction of RANK-L and RANK and
its blockade by circulating OPG balance the rate of osteoclast formation and thereby bone resorption. [Modified with permission from L. G. Raisz:
J Clin Invest 115: 3318–3325, 2005 (1).]
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tures in postmenopausal osteoporosis nearly a decade ago
(22, 23). FIT included approximately 4–5 yr of treatment with
alendronate or placebo. Subsequently, women who had been
treated with alendronate for 3–4.5 yr were randomized to
either daily alendronate or placebo for an additional 5 yr in
FLEX (the FIT Long-term Extension) (24). BMD, biochemical
markers of bone turnover, and fractures were assessed in
FLEX. There were modest decreases in BMD by dual energy
x-ray absorptiometry at the total hip (�2.4%) and spine
(�3.7%) in patients switched to placebo after 5 yr of therapy
with alendronate in FLEX. When the cumulative incidence of
clinical vertebral fractures during FLEX was compared, there
was a significant decrease in the relative risk (RR) of clinical
vertebral fractures [RR, 0.45; 95% confidence interval (CI),
0.24–0.85] in women treated with alendronate for nearly 10
yr, compared with 3–4.5 yr of alendronate followed by pla-
cebo for 5 yr. The incidences of morphometric vertebral,
clinical nonvertebral, and hip fractures were not statistically
different between placebo- vs. alendronate-treated patients
during FLEX (24).

Important safety data from bone biopsies in postmeno-
pausal women who, after long-term alendronate therapy in
FLEX were treated with either alendronate or placebo, have
also been presented (n � 9 per group). These findings were
compared with premenopausal (n � 34) and historical os-
teoporotic controls (n � 90). Dual-labels of tetracycline were
evident in all specimens, supporting the idea that skeletal
turnover was not completely suppressed (24). Trabecular

microarchitecture was preserved, and other trabecular pa-
rameters were not significantly different from controls. Al-
though the numbers of biopsies were small, these are key
safety data from patients with the longest record of exposure
to alendronate thus far.

Zoledronic acid. Preliminary results were reported in 2006
(6) on the antifracture efficacy of the iv aminobisphosphonate
zoledronic acid from a study of 7736 women with postmeno-
pausal osteoporosis. Women treated for 3 yr with zoledronic
acid (5 mg/yr), along with supplemental calcium (1000–1500
mg/d) and vitamin D (400–1200 IU/d), showed significantly
reduced risks of morphometric vertebral (by 70%), nonver-
tebral (by 25%), and hip fractures (by 40%), compared with
placebo. This study did not assess how long annual infusions
of iv zoledronic acid remained active in vivo, in terms of
suppressing bone turnover, although this is an important
issue for clinicians. Adverse events included mild reversible
renal impairment. There was no difference in the number of
cases of osteonecrosis of the jaws (ONJ) in placebo- vs.
zoledronic acid-treated patients (two vs. one patients, re-
spectively). If this agent receives FDA approval, it will rep-
resent an exceptionally convenient therapy for patients with
osteoporosis.

Risedronate. Risedronate has been FDA-approved for treat-
ment of osteoporosis in men. Recent data from a 1-yr open-
label study of men with primary or secondary osteoporosis

FIG. 2. Wnt signaling pathway in osteoblasts. In the liganded state on the right side of the figure, the ligand Wnt is shown binding to the receptor
frizzled and its coreceptor LRP-5. With a host of cofactors (Axin, Frat-1, Dsh), the signal is transduced, leading to inhibition of the activity of
the enzyme glycogen synthetase kinase 3 (GSK3). This inhibitory effect leads to a stabilization of the levels of the protein �-catenin that then
translocates to the nucleus and activates genes that promote osteoblastic differentiation. A coactivator for �-catenin (p300/cAMP response
element-binding protein-binding protein) and a corepressor [silencing mediator for retinoid and thyroid hormone receptors (SMRT)/nuclear
receptor corepressor (NcoR)] are shown. In the unliganded state on the left side of the figure, the frizzled protein is not associated with the ligand
Wnt and no signaling can occur. Two known inhibitors Dkk and SOST (sclerostin or the product of the SOST gene) can engage LRP-5 and block
Wnt signaling. Under unliganded conditions, inhibition of GSK3 and the stabilization of �-catenin do not occur, and transcription does not become
active. �-Catenin, by a series of steps involving phosphorylation, is transported to the proteosome for degradation. APC, adenomatous
polyposiscoli tumor suppressor protein; TCF/LEF, T cell factor/lymphocyte enhancer factor. [Modified with permission from V. Krishnan, H. U.
Bryant, and O. A. Macdougald: J Clin Invest 116:1202–1209, 2006 (19).]
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showed increases in BMD at the lumbar spine, femoral neck,
and total hip that were significantly greater than placebo and
a 60% reduction in new vertebral fractures vs. the control
group (P � 0.028) (25).

Safety concerns with bisphosphonates. Because of the long half-
life of potent aminobisphosphonates in bone matrix, con-
cerns have heightened about the possibility of oversuppress-
ing bone turnover with these agents. Theoretically, this could
lead to failure to repair microdamage to bone and poor
healing of fractures. These concerns were brought to the
forefront by the report of Odvina et al. (26) of nine patients
receiving alendronate. These patients presented with frac-
tures at unusual sites (sacrum, femoral shaft, proximal fe-
mur) that were slow to heal. Bone biopsies in these patients
showed suppressed bone formation parameters and reduced
osteoblast surfaces, and there was an absence of double-
tetracycline labels—compatible with low bone turnover. Al-
though in several of the cases in this series there were other
contributors to low turnover (glucocorticoids and concom-
itant estrogen and alendronate therapy), this report height-
ened awareness of the ramifications of oversuppressing re-
modeling by potent bisphosphonates.

Several case reports and clinical series have documented
a newly appreciated oral complication associated with ami-
nobisphosphonate therapy—ONJ. Approximately 94% of
cases have been seen with iv bisphosphonate therapy, typ-
ically in patients with cancer (27). The condition is charac-
terized by typically painful sites of exposed bone in the
mandible or maxilla that do not resolve after 8–12 wk in
patients who have not received radiation therapy to the jaw
(27–29). Infections may also accompany ONJ. Longer dura-
tion and potency of iv bisphosphonate use, prior dento-
alveolar surgery, preexisting oral inflammatory disease, age,
underlying cancer, chemotherapy, and the presence of os-
teopenia or osteoporosis at time of diagnosis have been iden-
tified as precipitating factors for the condition. There have
been 15, one, and one cases of ONJ in patients with osteo-
porosis treated with oral alendronate, risedronate, and iban-
dronate, respectively (27). Only 15 of the 368 cases of ONJ
reviewed by Woo et al. (27) had a primary diagnosis of
osteoporosis. Thus, estimates are that the risk of ONJ in
patients with osteoporosis is very rare (30).

The pathogenesis of ONJ is poorly understood. Manage-
ment strategies continue to evolve but are largely empirical,
based on the personal experience of expert oral and maxil-
lofacial surgeons (28, 29). Continued dental surveillance of
patients being treated with potent aminobisphosphonates is
indicated, package labeling for the aminobisphosphonates
now reflect this possible complication, and additional studies
are needed to improve our understanding of this potentially
devastating condition.

Antiresorptive therapy: selective estrogen response modulators
(SERMs). Several studies assessing the advantages and or
disadvantages of SERM therapy on other than skeletal end-
points in postmenopausal women have recently been pub-
lished. In 2004, the CORE (Continuing Outcomes Relevant to
Evista) trial reported that postmenopausal women treated
with raloxifene for 8 yr demonstrated a 66% reduction in the

risk of invasive breast cancer compared with placebo (31).
The RR of thromboembolism in raloxifene- vs. placebo-
treated women in CORE was 2.17 (95% CI, 0.83–5.70) (31).

Because tamoxifen is approved for the prevention of breast
cancer and studies with raloxifene had been shown decre-
ments in new cases of breast cancer, the National Surgical
Adjuvant Breast and Bowel Project Study of Tamoxifen and
Raloxifene (STAR) was designed to examine in a random-
ized, double-blind trial the efficacy of daily tamoxifen (20
mg) vs. raloxifene (60 mg) for a maximum of 5 yr to prevent
breast cancer (32). A total of 19,747 postmenopausal women,
deemed at high risk for breast cancer based on the Gail
model, were randomized to one of these two SERMs. After
a mean follow-up of 3.9 yr, there was no significant difference
between tamoxifen and raloxifene in the rate of invasive
breast cancers (32). Similar numbers of noninvasive breast or
other invasive cancers, ischemic heart disease events, stroke,
osteoporotic fractures, and deaths were seen in both cohorts
of women. There were, however, fewer occurrences of
thromboembolic events (�30% less) and either cataracts or
cataract surgeries (�20% less for each) in raloxifene- vs. ta-
moxifen-treated women.

Shortly after this report came the findings of the RUTH
(Raloxifene Use for the Heart) trial (33). This study random-
ized 10,101 postmenopausal women (mean age, 67.5 yr) with
coronary heart disease or risk factors for it to receive ralox-
ifene (60 mg/d) or placebo. After 5.6 yr of treatment, ralox-
ifene did not significantly affect the risk for coronary events,
but it did reduce the risk of invasive breast cancer compared
with placebo (hazard ratio, 0.56; 95% CI, 0.38 to 0.83). The
rates for total deaths and strokes were no different between
groups, but the risk of fatal stroke was greater in raloxifene-
vs. placebo-treated women (hazard ratio, 1.49; 95% CI, 1.00
to 2.24). Raloxifene, at present, is approved for the prevention
and treatment of postmenopausal osteoporosis. Data from
the above-described trials give providers a more compre-
hensive safety and risk reduction profile for this SERM that
will be useful when considering the options for preserving
BMD and reducing fractures as well as other health risks in
their postmenopausal patients.

Anabolic and combination therapies

Teriparatide and alendronate. As important as it is to develop
new therapies and identify novel drug targets to stave off
bone loss, it is equally important to maximize the use of
approved therapies—in combination or in sequence—espe-
cially if these therapies have different mechanisms of action.
For this reason, there is inherent appeal to combining a
powerful anabolic agent such as PTH—either the 1–84 or
1–34 form of the hormone—with an antiresorptive agent
such as alendronate. The results of this strategy were re-
ported in two studies in 2003—one in women (34) and the
other in men (34) with osteoporosis. Adding alendronate to
therapy with PTH, in both men and women, blunted the
anabolic effects of PTH—both in terms of BMD and bone
formation marker responses (34–36). Results from the second
year of the PaTH (Parathyroid Hormone and Alendronate)
study in postmenopausal women showed that gains in BMD
due to 1 yr of PTH therapy were lost if PTH was followed by
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12 months of placebo (34, 37). Gains in BMD due to PTH were
preserved, however, if 12 months of PTH were followed by
12 months of daily alendronate (10 mg) therapy. Thus, se-
quential therapy (anabolic followed by antiresorptive) ap-
pears to be essential to maintain the benefits of PTH admin-
istration. These studies represent the first steps to maximize
our rational use of available osteoporosis therapies.

Novel therapies

Strontium ranelate. One therapy proposed to have both
anabolic and antiresorptive properties is strontium ranelate.
This agent was shown to reduce vertebral fractures in post-
menopausal women with osteoporosis by 40% (38). More
recent findings from the trial TROPOS (Treatment of Periph-
eral Osteoporosis) in postmenopausal women indicated that
3 yr of therapy strontium ranelate (2 g/d) reduced the RR for
all nonvertebral fractures by 16% (P � 0.04) and by 19% for
all major fragility fractures (hip, wrist, pelvis, sacrum, ribs,
sternum, clavicle, humerus) (P � 0.031) compared with pla-
cebo (39). In subgroup analysis of high-risk women (age �
74 yr, femoral neck BMD T score � �3.0), the RR reduction
was 36% for hip fractures (P � 0.046). This agent was well
tolerated except for mild gastrointestinal adverse effects
(nausea and diarrhea), which usually resolved by 3 months
of treatment.

Denosumab. This agent is an investigational fully human
MAb directed against RANK-L that binds to it with high
affinity and blocks its actions on osteoclastogenesis (see Fig.
1). The approach of using such a MAb to treat bone loss was
tested extensively in animal studies. In a phase 2 dose-rang-
ing study reported in 2006 (7), postmenopausal women with
low BMD (n � 412) were randomized to one of seven reg-
imens with denosumab administered sc either every 3 or 6
months, once-weekly alendronate (70 mg), or placebo for 12
months. Lumbar spine BMD and bone turnover markers
were the main endpoints of the study. Denosumab produced
3.0–6.7% increases in lumbar spine BMD at 12 months com-
pared with a 4.6% increase with alendronate and 0.8% de-
crease with placebo. Increases in the total hip BMD were
1.9–3.6% with denosumab vs. a 2.1% increase with alendro-
nate and 0.6% decrease with placebo. Adverse events were
not significantly different from placebo- or alendronate-
treated patients. Although fracture endpoints were not as-
sessed in this 12-month study, a larger study with that goal
is ongoing and should determine whether a therapy targeted
to RANK-L is an effective means to control postmenopausal
bone loss.

Vitamin D and Calcium

Progress in understanding vitamin D action at the molec-
ular and cellular level continues rapidly. Surprisingly, how-
ever, major clinical questions about what levels of vitamin
D—reflected in the metabolite 25 hydroxyvitamin D (25 OH
D)—constitute “sufficiency” and “insufficiency” continue to
be argued, as does the issue of whether vitamin D and cal-
cium supplementation prevents fractures. Several relevant
studies are noted below.

A study by Dawson-Hughes et al. (40) reported the views
of several experts as to the levels of 25 OH D and the amount

of vitamin D supplements needed to reach them to maintain
adequate calcium absorption and bone health. Interestingly,
the six experts surveyed varied as to the following: what
levels of 25 OH D constituted sufficiency (70 to 80 nmol/liter
or 28 to 32 ng/ml); what levels of 25 OH D were optimal to
prevent fractures (50 to 80 nmol/liter; 20 to 32 ng/ml); and
how much vitamin D3 supplements were needed daily to
maintain these levels (800 to 1000 IU vitamin D3). Although
the preferred supplement is vitamin D3 and not D2, in the
United States high-potency vitamin D3 or cholecalciferol
supplements are not available.

How successful are clinicians at maintaining sufficient 25
OH D levels in patients with osteoporosis? In a survey by
Holick et al. (41), approximately 50% of 1536 women (average
age, 71 yr) from 61 sites across North America had levels of
25 OH D less than 30 ng/ml. All of the patients recruited to
this study were being treated with prescription medications
for osteoporosis (alendronate, risedronate, etidronate, calci-
tonin, raloxifene, or teriparatide) but were insufficient in
vitamin D. Approximately 60% of the sample was taking at
least 400 IU vitamin D daily. Thus, physicians caring for
patients with postmenopausal osteoporosis need to devote
more effort to achieving vitamin D sufficiency and supple-
menting their patients with higher doses of the vitamin.

The ability of vitamin D supplements to prevent fractures
continues to be discussed. This issue was carefully addressed
in a meta-analysis published in 2005. Bischoff-Ferrari et al.
(42) found that, in trials that supplemented with 700–800 IU
of vitamin D, there was a reduction of hip fractures (by 26%;
RR, 0.74; 95% CI, 0.61–0.88) and of any nonvertebral fractures
(by 23%; RR, 0.77; 95% CI, 0.68–0.87).

In contrast, a trial done as part of the Women’s Health
Initiative reported that the supplementation of postmeno-
pausal women (ages, 50–79; n � 36,282) for 7 yr with vitamin
D3 (400 IU) and calcium carbonate (1000 mg) vs. placebo
failed to prevent hip fractures (43). There was a slight im-
provement in hip BMD but an increase in kidney stones.
Several issues have been raised regarding this study, includ-
ing lower rates of adherence to therapy, higher calcium in-
take at baseline in study participants, and perhaps the se-
lection of a suboptimal vitamin D3 supplement.

Disorders of Parathyroid Function

Calcimimetics act as allosteric modulators of calcium re-
ceptors (CaRs) by binding to these receptors on parathyroid
cells and mimicking the action of high extracellular Ca2� to
inhibit PTH secretion. The efficacy of the calcimimetic cina-
calcet in uremic secondary hyperparathyroidism has been
confirmed in an analysis by Moe et al. (9) of several clinical
trials that enrolled nearly 1200 hemodialysis patients. These
investigators reported that once-daily doses of cinacalcet
(30–180 mg) vs. placebo for 6 months lowered serum intact
PTH by 56% vs. (10% in controls). Serum phosphorus and
Ca2� levels both fell modestly, whereas the Ca2� � phos-
phorus product reached less than 55—the target level rec-
ommended by the National Kidney Foundation guide-
lines—in 65% of cinacalcet-treated vs. in only 36% of placebo-
treated controls. This agent is approved by the FDA to treat
secondary hyperparathyroidism in patients on dialysis. Ef-
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ficacy of cinacalcet has also been reported in a placebo-
controlled trial of 78 patients with mild primary hyperpara-
thyroidism (11) and in an open-label study of 29 patients with
parathyroid cancer (10). In patients with primary hyperpara-
thyroidism, serum Ca2� levels normalized (to �10.3 mg/dl)
in 73% of patients in the first year vs. 5% in placebo-treated
patients (11). These effects were maintained over 5 yr of
therapy in an open-label extension study (12). BMD deter-
minations by dual energy x-ray absorptiometry showed no
significant changes from baseline or between groups. The
number of subjects was small, however, and both males and
females (ages, 27–83 yr) were enrolled, rendering the group
heterogeneous from a skeletal perspective. In subjects with
severe hypercalcemia due to parathyroid cancer, cinacalcet
lowered serum Ca2� levels on average by 1.6 mg/dl, and
approximately 60% of patients experienced at least a
1-mg/dl fall in serum Ca2� (10). Due to the severe symp-
tomatology of patients with parathyroid cancer and lack of
treatment options, cinacalcet was approved by the FDA for
this indication but has not as yet been approved for treatment
of primary hyperparathyroidism.

Phosphate Metabolism, Calcinosis, and Osteomalacia

Bone is the storage site for most of the body’s phosphorus.
Mounting evidence indicates that osteocytes—embedded in
bone matrix but in close communication with each other,
surface osteoblasts, and lining cells via the canalicular net-
work—are the sites for production of several proteins es-
sential to the regulation of phosphate metabolism. The avail-
ability of phosphorus has been clearly demonstrated to be a
key factor in the orderly regulation of many steps in bone
mineralization.

One critical phosphate-regulating factor secreted by os-
teocytes is FGF-23. This factor acts on the kidney to promote
phosphate excretion and reduce 1,25 D production. The ev-
idence implicating FGF-23 in mineral metabolism in health
and disease states is impressive (1). FGF-23 plays a causative
role in the majority of cases of oncogenic or tumor-induced
osteomalacia (44). FGF-23, overproduced by the unusual tu-
mors that cause the syndrome, circulates as an endocrine
factor inducing phosphate-wasting, bone demineralization
(osteomalacia), and often painful fractures (2). FGF-23 levels
tend to be elevated in X-linked hypophosphatemic rickets.
This entity is due to loss-of-function mutations in the coding
or regulatory regions of a gene encoding a peptidase on the
X chromosome that is thought to participate in some way,
likely indirectly, in FGF-23 breakdown and inactivation (3).
Point mutations in the protease cleavage site of FGF-23, in-
volving key arginine residues, have been further shown to
explain many, but not all, cases of autosomal dominant hy-
pophosphatemic rickets. These have been considered gain-
of-function mutations as they reduce the clearance of FGF-23
(4). Autosomal recessive inactivating mutations in GALNT3,
an enzyme involved in the O-linked glycosylation of FGF-23
that renders the molecule fully active (15), and inactivating
mutations in FGF-23 both cause familial tumoral calcinosis
(16). This condition is characterized by hyperphosphatemia
with inappropriately normal or elevated 1,25 D levels and
ectopic and vascular calcifications. These and many other

reports, along with detailed data from several key knockout
mouse models, firmly establish the primacy of FGF-23 in the
control of normal and pathological calcification and phos-
phate balance.

Most recently, the noncollagenous bone matrix protein
DMP-1 has been shown to participate in the FGF-23-medi-
ated regulation of phosphate metabolism (17, 18, 45). DMP-1,
mainly a product of osteocytes, induces them to secrete FGF-
23. DMP-1 in the matrix gets phosphorylated. In this form,
it promotes skeletal mineralization by osteoblastic cells along
with a host of other factors. An autosomal recessive form of
hypophosphatemic rickets was just reported to be due to
loss-of-function mutations in the DMP-1 gene (17, 18). Ab-
normal mineralization, rickets or osteomalacia, elevated lev-
els of FGF-23, and hypophosphatemia are the features of this
rare disorder. Along with information on the pathogenesis of
this form of rickets/osteomalacia came the report of a DMP-1
null mouse model (17). Studies in these mice indicate that
DMP-1 may also play a role in mediating the progression of
osteoblasts to osteocytes as well as in promoting the syn-
thesis of FGF-23. As Schiavi (45) points out, it has long been
held that the kidney controls bone metabolism through PTH
and vitamin D, this dogma is now challenged because key
products from bone cells (FGF-23 and others) are critical for
phosphate handling by the kidney.
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