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The mainstay of therapy for osteoporosis is anti-resorptive in mechanism.
Drugs such as estrogen, raloxifene, the bisphosphonates, and calcitonin all
inhibit osteoclast-mediated bone loss and thus reduce bone turnover [1-6].
These anti-resorptive drugs lead to an increase in bone density by permitting
bone formation to proceed while bone resorption is inhibited. The net result
is to reduce the remodeling space and to prolong the duration of
mineralization. The increase in bone density is variable depending on the
site and the drug but is generally less than 10% over 3 years [7,8]. These anti-
resorptive therapies reduce fracture risk, particularly in the spine, and for
alendronate and risedronate at the hip as well.

The concept of an anabolic agent is based upon a therapeutic mechanism
entirely different from inhibition of bone resorption. Anabolic agents
directly stimulate bone formation. Inherent in this concept is the potential
for anabolic agents to increase bone mass to a far greater extent than anti-
resorptives. The potential of anabolic agents to improve bone density more
substantially than anti-resorptives suggests that they might reduce fracture
risk to a greater extent than the anti-resorptives. In this article we review the
evidence for various anabolic therapies in osteoporosis, including fluoride,
growth hormone (GH), insulin-like growth factor-I (IGF-I), strontium,
statins, tibolone, and parathyroid hormone (PTH). Of these, PTH has
emerged as the most promising treatment at this time.
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Fluoride

Sodium fluoride was the first anabolic agent to be investigated in
postmenopausal osteoporosis. It has been available in Europe for decades
but has not been approved in the United States for osteoporosis. Fluoride
directly stimulates osteoblasts to form new bone but has little effect on
osteoclasts. Early studies of fluoride administration revealed impressive
increases in bone mass radiographically and by determination of bone
mineral density (BMD). However, randomized, placebo-controlled trials
with sodium fluoride at relatively high doses (75 mg daily) were dis-
appointing [9,10]. Despite marked increases in spine BMD, fluoride was not
associated with a reduction in vertebral fracture incidence. Of additional
concern was a possible increase in nonvertebral fracture risk. Furthermore,
severe gastrointestinal side effects and a disturbing lower extremity pain
syndrome were reported as common adverse events.

Subsequent clinical trials with a lower dose, slow-release formulation of
fluoride have been more encouraging. Increases in bone mass and significant
reductions in vertebral fractures were observed [11-13]. With this lower dose
formulation, increases in vertebral BMD ranged from 3% to 6% per year
[14]. There was no increase in the nonvertebral fracture rate [15] and possibly
beneficial effects at cortical skeletal sites were observed [16]. Another
formulation of fluoride, monofluorophosphate (MFP), has also yielded
promising results when administered in similarly low doses [17-19].

Fluoride has been used in combination with anti-resorptive agents. The
rationale for combination therapy is that an anabolic agent like fluoride
should stimulate bone formation, whereas the anti-resorptive agent should
limit any catabolic effect and contribute its own effect to increase BMD.
Therefore, anabolic and anti-resorptive therapy could be more effective than
either approach alone. When fluoride was administered with hormone
replacement therapy to healthy postmenopausal women for 96 weeks, an
increase in spine BMD of 11.8%, which is greater than with either agent
alone, was observed [20]. Markers of bone formation increased while
markers of bone resorption decreased with the combination of the two
agents [20]. Most recently, Ringe et al have reported preliminary results of
a pilot study combining fluoride and the bisphosphonate etidronate [21].
Thirty-three men with severe osteoporosis were randomized to cyclic
etidronate and MFP, as compared with etidronate or fluoride alone. The
combination of etidronate and fluoride resulted in a higher BMD than
either agent administered individually. Preliminary results of a larger on-
going study with fluoride and alendronate in 65 men have suggested
similarly positive BMD effects at the spine and total hip [21] in the com-
bined treatment arm.

Fluoride, therefore, has the potential to be an efficacious agent in
osteoporosis. When administered in a low dosage, either alone or in
combination with an anti-resorptive agent, significant gains in BMD result.



M.R. Rubin, J.P. Bilezikian | Endocrinol Metab Clin N Am 32 (2003) 285-307 287

Fluoride also has the advantage of being relatively inexpensive. Unfortu-
nately, the limited extent of many of the clinical trials with fluoride in the
United States has delayed approval of this product. More data, especially in
terms of fracture efficacy, are needed.

GH and IGF-I

The rationale for considering GH and IGF-I as potential anabolic agents
is that both are critical for the acquisition and maintenance of bone mass.
IGF-I promotes chondrocyte and osteoblast differentiation and growth [22].
It is also a pivotal factor in the coupling of bone turnover because it is stored
in the skeletal matrix and released during bone resorption [22]. Two
prospective studies have suggested that low levels of IGF-I are linked with
a greater risk of spine and hip fractures [23,24].

Most of the studies using GH have been disappointing. Changes in bone
mass are minimal [25-27]. The lack of a beneficial effect with GH on bone mass
could be due to the concomitant activation of bone resorption along with
formation [27] so that a net gain does not occur. Another explanation for a lack
of effect could be the relatively short (1-year) duration of many of these studies.
Recent evidence has suggested a delayed positive effect of GH on bone. In
a double-blind, randomized, placebo-controlled trial, 80 postmenopausal
women with osteoporosis on estrogen replacement therapy were administered
placebo, GH 1.0 U/d, or 2.5 U/d for 18 months [28]. The women in both GH
groups continued on treatment with GH for an additional 18 months.
Although there was no difference between the groups after 3 years, at 4 years,
the higher dose of GH resulted in a 14% increase in lumbar spine bone mineral
content. These results are somewhat surprising and are at odds with most of
the published literature on effective osteoporosis therapies in which the major
increments in bone mass are invariably confined to the first 3 years of therapy.

IGF-I is theoretically more appealing than GH because it stimulates bone
formation more directly and does not demonstrate many of the side effects
related to GH, such as diabetes mellitus or carpal tunnel syndrome. When
elderly women were administered low doses of rhIGF-I, markers of bone
formation were differentially stimulated, with only a minimal increase in bone
resorption [29]. Similarly, markers of bone formation increased in a short-
term trial of young women with anorexia nervosa who were administered
IGF-I [30]. There is also evidence that IGF-I might be more effective if
administered together with its major binding protein IGFBP-3 [31]. A major
drawback to the development of IGF-I as a therapy for osteoporosis is its
widely pervasive effect on many organ systems. Similar to GH, potential
serious adverse effects could surface with chronic use of this agent.

Growth hormone and IGF-I require further evaluation as anabolic
agents. Longer studies with fracture data are needed. A future direction of
investigation might involve co-administration of anti-resorptive agents to
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prevent activation of the entire remodeling system. Efforts are also needed
to develop formulations and analogues that are more specifically active in
the skeleton.

Strontium

Strontium is a divalent cation that chemically resembles calcium and
appears to participate in bone mineralization [32]. Anabolic properties
include an increase in bone formation and an uncoupling of bone formation
from bone resorption. The mechanism seems to be stimulation of osteoblast
proliferation and inhibition of osteoclast formation, possibly through
regulation of bone cell differentiation [33]. An alternative mechanism might
be activation of signaling pathways through a putative cation-sensing
receptor (CaSR), which is believed to be specifically expressed in bone cells
[34,35]. The CaSR seems to be activated by strontium ranelate in rats and
mice, although the degree of activation probably depends on variations in
the local calcium concentration [36]. This receptor is believed to be different
from the classical membrane-bound calcium receptor described by Brown,
Nemeth, et al [137].

In ovariectomized rats, strontium ranelate prevents bone loss by reducing
resorption while bone formation remains elevated [37,38]. However, as with
fluoride, high doses were found to retard effective bone mineralization [39].
With lower doses, there was no adverse effect on mineralization; rather,
there was a salutary effect on trabecular bone [37]. This finding was recently
confirmed in adult mice administered strontium ranelate for 104 weeks [40].
Trabecular bone volume increased along with the osteoblastic surface, and
concomitant decreases in osteoclast surface and number were observed [40].
Histomorphometric analyses have not revealed any defects in skeletal
mineralization at the crystal level in monkeys [41] or rats administered
strontium ranelate for as long as 2 years [42].

Clinical trials support the use of strontium ranelate as a treatment for
postmenopausal osteoporosis [43-47]. A double-blind, placebo-controlled,
dose-finding study in early postmenopausal women showed that 1 g of
strontium ranelate administered daily for 2 years prevented the decrease in
lumbar spine density that occurred in the placebo group [45]. In a larger
study, 160 healthy early postmenopausal women were randomized to
placebo or escalating doses of strantium ranelate (125 mg, 500 mg, or 1 g
daily) for 2 years. The highest dose of strontium ranelate showed a sig-
nificantly greater increase of 2.4% in adjusted lumbar BMD than placebo.
Increased levels of bone formation were observed, without an effect on
markers of bone resorption [48]. Strontium ranelate has not been found to
have a negative impact on bone mineralization in human subjects [49].

Recently, the results of a Phase II, dose-ranging, randomized, placebo-
controlled, double-blind trial have corroborated the anabolic potential of
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Fig 1. Changes in lumbar BMD in postmenopausal osteoporotic women treated with strontium
ranelate for 2 years. Changes are measured by DXA after adjustment for the effect of bone
strontium content. (From Meunier PJ, Slosman DO, Delmas PD, et al. Strontium ranelate: dose-
dependent effects in established postmenopausal vertebral osteoporosis: a 2-year randomized
placebo controlled trial. J Clin Endocrinol Metab 2002;87:2060-6; with permission.)

strontium ranelate [50]. A total of 353 osteoporotic women with at least one
vertebral fracture were randomized to receive placebo, 0.5 g, 1 g, or 2 g of
strontium ranelate daily for 2 years. In the group receiving the highest dose,
lumbar BMD increased significantly by 3.0% after adjustment for the
presence of strontium in bone (Fig. 1). The rate of increase in BMD was
almost the same during the second year of treatment as during the first year,
in contrast to anti-resorptive treatments in which most of the gain occurs
during the first year [51,52]. New vertebral deformities were also reduced
significantly (Relative Risk 0.56) [50]. An increase in the bone formation
marker, bone-specific alkaline phosphatase (BSAP), was observed in the
group receiving the highest dose of strontium ranelate, along with a reduction
in the bone resorption marker, urinary N-telopeptide. Strontium ranelate was
well tolerated at all doses. Results of the Phase III clinical trial of 2 g daily of
strontium ranelate have also been recently reported [53]. In a double-blind,
randomized, placebo-controlled trial, 1649 postmenopausal women with at
least one vertebral fracture were administered strontium ranelate daily or
placebo for 3 years. A 41% reduction in relative risk of a new vertebral
fracture was observed. Lumbar BMD also increased in the treatment group
by 11.4% (uncorrected for the presence of strontium in bone), along with
increases in BSAP and decreases in serum C-telopeptide [53].

Strontium ranelate thus harbors anabolic properties and is a promising
agent to treat postmenopausal osteoporosis. Recent data support its efficacy
and safety. By apparently inhibiting resorption as well, strontium ranelate is
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probably not best regarded as a purely anabolic agent but instead as a
unique drug that has dual activities in bone.

Statins

Recent data, mostly epidemiologic and cross-sectional, have suggested
that the use of HMG coenzyme A reductase inhibitors (statins) is associated
with a modest increase in BMD and a significant fracture risk reduction [54—
59]. An anabolic effect of statins has been implied by several observations.
New bone formation was observed when statins were injected into the
calvariae of mice [60]. This growth was associated with an increase in bone
morphogenic protein-2 (BMP-2), a protein that plays an important role in
osteoblast differentiation and bone formation. Statins probably enhance
BMP-2 through a reduction in the prenylation of Rho and a subsequent
increase in endothelial nitric oxide synthase [61]. The increase in BMP-2 is
inhibited by mevalonate, a downstream metabolite of HMG coenzyme A
reductase, which is the rate-limiting step in cholesterol production [62—64].
Recently, lovastatin was found to increase cortical bone by single, local
administration to the bone marrow cavity of young male rats [65]. In a small
clinical trial, 17 hypercholesterolemic subjects who were administered
simvastatin 20 mg daily for 4 weeks had a significant increase in the bone
formation marker osteocalcin, although other markers, including BSAP, did
not change [66].

Other lines of evidence have indicated that the protective skeletal effect of
the statins is due to an anti-resorptive mechanism. Statins elicit an anti-
osteoclastic effect by interfering with the mevalonate pathway in a step
upstream from the site of action of the bisphosphonates [67]. In one study,
osteoclast formation and activity were inhibited similarly by either
lovastatin or alendronate and were reversed by the administration of
mevalonate and geranylgeraniol, respectively [68]. Similarly, in vitro studies
of statin administration have revealed an inhibition in the development and
prenylation of osteoclasts but not osteoblasts [69,70]. Several clinical trials
also support an anti-resorptive effect of statins, as shown by decreases in
bone resorption markers [71,72]. In a small, randomized trial, 14 post-
menopausal healthy women were administered cerivastatin 0.4 mg daily
or placebo for 12 weeks. Markers of bone resorption were reduced by 20%
in the cerivastatin group, whereas there was no change in the indices of bone
formation [73].

Important questions remain unresolved about the beneficial skeletal
effects of statins. First, because the bisphosphonates also work on the
cholesterol biosynthetic pathway by inhibiting a downstream step, it is
unclear how statins could stimulate bone formation when bisphosphonates,
working in the same path, inhibit bone resorption. Second, when admin-
istered orally, statins do not localize preferentially to bone. They are almost
exclusively cleared via first-pass hepatic metabolism, so it is not apparent
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how they could affect bone turnover. Third, no randomized, placebo-
controlled trials to assess fracture risk reduction with statin administra-
tion have been reported. The existing observational trials may be prone
to ascertainment bias. Statin users might have fewer fractures because of
a higher baseline bone mass [74], possibly associated with a higher BMI.
Moreover, fracture risk reduction has not been found uniformly in
all statin studies to date [75,76]. Two large-scale, cross-sectional sur-
veys failed to show an association between statin use and fracture risk
[77,78]. Tt is therefore too early to reach any conclusions as to whether
statins have anti-fracture potential and, if so, whether they can be classified
as anabolic.

Tibolone

Tibolone (Livial, Org OD 14) is a synthetic non-estrogen steroid that by
its metabolism has estrogenic, androgenic, and progestogenic properties.
Tibolone has no activity before it undergoes metabolic conversion. Tissue-
specific conversion of tibolone occurs in different tissues to form the
metabolites 3o-hydroxytibolone, 3B-hydroxytibolone, and the A4-isomer
[79]. The properties of tibolone at specific tissue sites relate to the extent to
which its metabolites are formed. Several clinical trials have shown that
tibolone significantly improves trabecular BMD and reduces bone turnover,
especially in women with established osteoporosis [80-86]. Tibolone’s
actions on bone seem to be mediated by stimulation of the estrogen receptor
[80-82,87,88]. This idea is supported by the observation that administration
of an anti-estrogen counteracts the protective effects of tibolone in
maintaining bone mass in rats after ovariectomy [89]. Because tibolone
can be metabolized to isomers that have affinity for androgen and progestin
receptors, it is plausible that tibolone may exert an additional anabolic effect
on bone.

PTH

Continuous PTH secretion elicits a catabolic response in the skeleton, as
demonstrated by the model of severe primary hyperparathyroidism [90,91].
When PTH is administered in a low-dose, intermittent fashion, its anabolic
properties surface. This effect is observed most dramatically in the
cancellous skeleton. Possible mechanisms include stimulation of growth
factors, especially IGF-1 [92-100], and unique subsets of ‘““bone-forming”
genes [101], including gene expression of osteocalcin and tartrate-resistant
acid phosphatase [102]. In addition, intermittent PTH seems to prevent
osteoblast apoptosis [103] and an increase in receptor activator of NF-kf3
ligand (RANKL), an osteoclast-enhancing cytokine [104,105]. Several
studies in animals support increases in cancellous bone with PTH



292 M.R. Rubin, J.P. Bilezikian | Endocrinol Metab Clin N Am 32 (2003) 285-307

administration [94-100,103,106,107]. Recent animal data also suggest that
cortical bone might be similarly enhanced [108,109].

PTH monotherapy in postmenopausal osteoporosis

PTH as a single therapy has been studied in postmenopausal osteoporotic
women. One randomized, placebo-controlled trial was a multicenter Phase I1
dose finding with PTH 1-84 in 217 postmenopausal women with low BMD
(T scores <—2.0) [110,111]. After 1 year, women receiving the highest dose
(100 ng[400 IU] PTH) demonstrated a nearly 7% increase (P < 0.001) in spine
BMD with virtually no change in femoral BMD and a slight decrease in total
body BMD [110,111]. Lower doses of PTH showed lesser changes in spine
BMD, consistent with a dose-dependent effect on trabecular BMD. PTH
treatment was not associated with any major adverse events, although nearly
20% of the subjects receiving the highest dose of PTH had transient
hypercalcemia.

The largest randomized, placebo-controlled trial tested daily adminis-
tration of 20 or 40 pg of subcutaneous hPTH 1-34 in 1637 women with
postmenopausal osteoporosis (ie, low BMD and fractures) [112]. Median
follow-up was 21 months. For the two doses of PTH, spine BMD increased
10% to 14%. Femoral BMD also increased by approximately 3%. Total
body BMD increased significantly as well. Most impressive was the reduction
in risk for vertebral and nonvertebral fractures in women receiving 20 or 40
pg/d of PTH. Compared with placebo, PTH reduced the risk of one or more
new vertebral fractures by 65% and 69%, respectively. New nonvertebral
fractures were reduced by 35% and 40%, respectively. Among the women
with new vertebral fractures, the mean loss in height was greater in the
placebo group (—1.1 cm) than in the 20-pg and 40-pug PTH groups (—0.2 and
—0.3 cm, respectively; P = 0.002). Back pain was significantly reduced in the
PTH group. Nausea and headache occurred infrequently in a dose-
dependent manner. Sustained increases in serum calcium above the normal
range occurred in 3% of the 20-pg group and in 11% of the 40-pg group.
There was no increase in the incidence of hypercalciuria or urolithiasis.

PTH in men with osteoporosis

Idiopathic osteoporosis in men constitutes a group for whom PTH could
be suited ideally because this is a disorder of impaired bone formation and
low bone turnover [113,114]. The first randomized, controlled trial of PTH
in men with idiopathic osteoporosis was carried out by Kurland et al [115].
A total of 23 men, 30 to 68 years old, with idiopathic osteoporosis as defined
by z-scores less than —2.0 at the lumbar spine or femoral neck, were
randomized to hPTH (1-34) 400 U/d or placebo in a double-blind
experimental design for 18 months. The PTH group had an impressive
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linear increase in lumbar spine bone density from the beginning to the end of
the 18-month trial, culminating in a 13.5% increase of lumbar spine bone
density (Fig. 2). Bone turnover markers increased substantially in the men
treated with PTH. A baseline pyridinoline cross-link determination and a 3-
month osteocalcin level were the best predictors of the skeletal response to
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Fig. 2. Changes in bone density after PTH (1-34) treatment in men with idiopathic
osteoporosis. Bone density at lumbar spine (A), femoral neck (B), and 1/3 site of the distal
radius (C) in men receiving PTH (closed circle) and in control subjects (open square). The data
are shown as percent changes from baseline + SEM for lumbar spine, FN, and 1/3 radius.
x* = P < 0.05 for repeated measures analysis of between-group comparisons. #x = P < 0.005
for repeated measures analysis of between-group comparisons. + = P < 0.05 for repeated
measures analysis of within-group comparisons between baseline and 6, 12, or 18 months.
++ = P < 0.005 for repeated measures analysis of within-group comparisons between baseline
and 6, 12, or 18 months. (From Kurland ES, Cosman F, McMahon D, et al. Parathyroid
hormone as a therapy for idiopathic osteoporosis in men: effects on bone mineral density and
bone markers. J Clin Endocrinol Metab 2000;85:3069-76; with permission.)
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PTH [116]. When PTH was continued in an open-label design for an
additional year, bone density increases were maintained, and bone turnover
markers returned to baseline values [117].

The anabolic activity of PTH can perhaps also be understood in kinetic
terms by changes in bone formation and bone resorption markers. Studies in
which these markers have been tracked after PTH therapy indicate that
bone formation markers rise rapidly, sometimes within 1 to 2 weeks.
Delayed by perhaps as much as 3 months, bone resorption markers then
begin to rise. There is a difference in the kinetics of change over the first 6 to
9 months of therapy with PTH. The difference in these kinetics suggests that
bone formation is stimulated earlier than bone resorption. There is an
anabolic “‘window” in the first 9 months of therapy, which is a period that
best defines when PTH is maximally anabolic.

Histomorphometric analysis of eight treated men before and after 18
months of PTH made it possible to evaluate more directly the potential
anabolic effects of PTH and any possible deleterious effects on the cortical
skeleton. Using standard two-dimensional static and dynamic histomorph-
ometry and three-dimensional microcomputed tomographic analysis in
tetracycline-labeled samples, it was seen that not only were there quantitative
improvements in cancellous bone indices but that there were major improve-
ments in indices of connectivity [119]. Trabecular elements that were separated
by short distances seemed to become connected or reconnected because the
increase in connectivity density was associated with improvements in
trabecular number and thickness. PTH therefore not only helped to
remineralize the skeleton but also helped to reverse defects in trabecular
microarchitecture. Equally important were the results at the cortical skeleton.
Instead of an increase in cortical porosity, impressive increases in bone were
apparent on the endocortical surface. The gains seemed to be based on positive
bone balance during remodeling; a decrease in the eroded perimeter was
consistent with a reduction in resorption at the endocortical surface [119].

A salutary effect at cortical bone was confirmed in other human subjects
when postmenopausal osteoporotic women treated with PTH underwent
peripheral quantitative computed tomography (pQCT) of the proximal
radius [120]. Similar to the primate model, PTH treatment resulted in
greater periosteal circumference and cortical area [120]. These differences
resulted in greater polar and axial moments of inertia and torsional bone
strength index, which are findings that predict increased biomechanical
strength. The greater periosteal distribution of cortical bone, reflected in the
moments of inertia, may contribute to the reduction in nonvertebral
fractures that is not explained by changes in DXA in BMD alone. These
observations help to substantiate the densitometric observations at a
structural level, suggesting that PTH may be improving the skeleton in ways
that are distinctly different from the anti-resorptives and may help to allay
concerns that PTH may have adverse effects upon the cortical skeleton.
Further studies are needed to confirm these points.
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Most recently, results from a larger randomized, controlled trial of PTH
in men have confirmed the findings of Kurland et al [115]. A total of 437
men with idiopathic or hypogonadal osteoporosis were randomized to
placebo, hPTH (1-34) 20 pg daily, or 40 pg daily for a mean of 11 months
[121]. At 12 months, BMD had increased significantly at the lumbar spine in
the treatment groups by 6% and 9%, respectively, regardless of gonadal
status. An even more important finding was the 50% reduction in vertebral
fracture risk observed over an 18-month observational follow-up period
after the discontinuation of PTH [122]. Twenty-two percent of the men
continued on anti-resorptive treatment after PTH discontinuation, which
may have helped to maintain gains caused by PTH.

These trials reinforce findings from earlier human trials and confirm that
PTH administered intermittently is safe and efficacious with respect to
enhancing BMD. Although concern about cortical bone loss with PTH was
an issue in earlier trials, the data from these more recent studies are
reassuring and suggest that with adequate calcium and vitamin D, PTH has
no effect or a modest positive action on cortical bone sites.

PTH in combination with another agent
PTH and estrogen

Combined therapy with PTH and estrogen was studied in a 3-year
randomized, controlled trial of 52 postmenopausal osteoporotic women
who were on hormone replacement therapy [123,124]. The group receiving
PTH had significant increases in bone density: 13% at the spine (the greatest
increase occurring during the first year of treatment), 4.4% at the hip, and
3.7% in the total body (Fig. 3). There was no evidence of cortical bone loss.
PTH significantly reduced the percentage of women who had a vertebral
fracture, based on a reduction in loss of vertebral height. Bone formation
markers (osteocalcin) rose before bone resorption markers (N-telopeptide)
during the first 6 months, followed by a return of both indices to baseline
values within 2.5 years of initiation of treatment.

Iliac crest bone biopsy analysis of eight of the women treated with
estrogen and PTH was performed [119]. Similar to the histomorphometric
findings in the men treated with PTH, quantitative improvements in
cancellous bone indices along with major improvements in indices of
connectivity were found [119] (Fig. 4). At the cortical skeleton, the increases
were even more impressive in the women, reaching statistical significance.
The greater increase in cortical width in the women could be attributed to
the longer duration of PTH treatment (36 months versus 18 months in the
men) and perhaps to the additive effects of estrogen and PTH.

In another study, 74 postmenopausal women were randomized to receive
400 TU of PTH (1-34) or placebo while remaining on stable doses of
conjugated equine estrogens [125]. There was a nearly 30% increase in spine



296 M.R. Rubin, J.P. Bilezikian | Endocrinol Metab Clin N Am 32 (2003) 285-307

-
<}

1

-
(6]
2|

-
N
]

LUMBAR SPINE BMD (% change)
T

B 6 12 18 24 30 36
TIME (months)

Fig. 3. The effect of PTH in women being treated with estrogen. Changes in lumbar spine bone
mass when estrogen was given with (closed squares) or without (closed circles) PTH over 3 years
to postmenopausal osteoporotic women. (From Cosman F, Nieves J, Woelfert L, et al. Para-
thyroid hormone added to established hormone therapy: effects on vertebral fracture and main-
tenance of bone mass after parathyroid hormone withdrawal. J Bone Miner Res 2001;16:
925-31; with permission.)

BMD and an 11% increase in femoral BMD as measured by DXA among
women receiving combination therapy compared with women on estrogen
alone. The increase in vertebral BMD was even greater—close to
80%—when measured by QCT of the vertebrae.

Fig. 4. Bone structure by scanning electron microscopy of bone biopsies before (A) and after
(B) PTH treatment in one patient. Note the marked improvement in trabecular architecture
and increase in cortical thickness after PTH treatment. (From Dempster DW, Cosman F,
Kurland ES, et al. Effects of daily treatment with parathyroid hormone on bone micro-
architecture and turnover in patients with osteoporosis: a paired biopsy study. J Bone Miner
Res 2001;16:1846-53; with permission.)
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PTH in glucocorticoid-induced osteoporosis

Glucocorticoid-induced osteoporosis is characterized by prolonged
suppression of bone formation and transient increases in bone resorption.
With a secondary increase in PTH considered by many no longer to be a
major pathophysiologic component of glucocorticoid-induced osteoporosis,
the use of PTH in combination with an anti-resorptive to treat
glucocorticoid-induced osteoporosis is attractive. Lane et al conducted a
12-month, randomized, controlled trial of 51 postmenopausal women on
hormone replacement therapy and glucocorticoids (>5 mg/d prednisone)
who were randomized to hPTH (1-34) for | year or not (placebo injections
were not used). In the PTH group, vertebral bone density increased 35% by
QCT and 11% by DXA. The total hip bone density increased by 2% in the
PTH group, whereas there was no difference in forearm BMD between
groups. Bone markers showed an increase of bone formation in the first
3 months, whereas resorption peaked at 6 months [126]. This pattern is sim-
ilar to that seen in an earlier study of PTH and estrogen [123] and is con-
sistent with the recent histomorphometric observation that PTH treatment
directly stimulates bone formation without previous resorption at cancel-
lous and endocortical surfaces [127].

PTH and alendronate

The rationale for combination therapy with a bisphosphonate, as with
alendronate, is to decrease the enlarged remodeling space created by PTH
exposure and thus consolidate further gains in bone density and to prevent
any decline. A randomized, controlled trial was performed to assess the
effects of PTH followed by alendronate [111]. Sixty-six women with
postmenopausal osteoporosis were treated for 1 year with placebo or
varying doses of hPTH, followed by 1 year of alendronate for all subjects.
After the year of alendronate treatment, those who had received the highest
dose of PTH had spinal bone density increases of up to 14.6%. On the other
hand, women receiving placebo showed a second-year increase in spine
BMD of 7%, consistent with the effects of alendronate alone. In fact, the
slope of change during the second year in spine BMD did not differ between
groups, even though during the first year the treatment effects differed
dramatically. Hence, PTH did not hinder the subsequent alendronate
response in the second year; in fact, the response was additive. It is unclear,
however, how much of the bone density improvement occurred solely as a
result of a continued anabolic effect after PTH withdrawal because there
was no placebo group that did not receive alendronate. It is also not known
whether PTH and a bisphosphonate used simultaneously is better, worse, or
no different than sequential therapy. A randomized trial sponsored by the
NIH is currently underway to test that hypothesis [128].
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Withdrawal of parathyroid hormone

A powerful anabolic agent like parathyroid hormone might be expected
to lead to certain consequences after therapy is withdrawn. Although there
is concern that parathyroid hormone withdrawal without any subsequent
therapy (ie, anti-resorptive) could lead to bone loss, another expectation
might be that there could be even further increases in bone mass. First,
reflections on surgical cure of primary hyperparathyroidism, a paradigm of
parathyroid hormone withdrawal, are noteworthy. Parathyroidectomy for
primary hyperparathyroidism leads to increases in lumbar spine and femoral
neck bone density that can exceed 10% [129,130]. The increased bone
density in the setting of parathyroidectomy may occur because of the
postoperative remineralization that occurs in the enlarged bone remodeling
space created by excess PTH [131]. Similarly, in patients treated with PTH,
there is evidence that the new bone matrix is not fully mineralized because of
the high rate of bone turnover [132]. A greater than normal amount of
matrix is found at lower mineralization densities because of the higher
amounts of newly formed bone that have not had time to undergo complete
secondary mineralization. This provides an explanation for the observation
that apparent bone density, as measured by DXA, increases after
parathyroidectomy [129]. As the bone turnover rate is decreased, more
time is available for secondary mineralization, resulting in an increase in
apparent bone density. The technology of quantitative backscattered
electron imaging will shed light on transformations at the level of bone
mineralization [133].

The data are sparse in therapeutic regimens. Estrogenized postmeno-
pausal women treated with PTH did not lose bone density 1 year after the
PTH was withdrawn [124]. During this post-treatment year, their estrogen
replacement continued, suggesting that the maintenance of BMD could
have been due to the anti-resorptive effects of estrogen. Women on
glucocorticoids and hormone replacement therapy treated with PTH had a
maintenance in lumbar spine BMD and a 2% increase in total hip BMD
1 year after PTH was discontinued [134]. The withdrawal of PTH with the
continued presence of an anti-resorptive seems to permit maintenance of the
gains achieved by PTH therapy [129,131].

Nevertheless, it is possible for withdrawal of PTH to be associated with a
reduction in bone mass if an anti-resorptive is not present. If this is the case,
the rationale for using an anti-resorptive agent after a course of parathyroid
hormone therapy would be evident. Preliminary data from Kurland et al
support the concept that anti-resorptive therapy may be necessary to
maintain gains due to PTH after its withdrawal [118]. Men who immediately
began a bisphosphonate after PTH therapy had further increases of 3% in
lumbar spine BMD, whereas those who did not take additional treatment
lost as much as 6% of lumbar spine bone density over 2 years of follow-up.
The results of further clinical trials to address these points are awaited [128].
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Concerns about PTH

There are concerns about the use of PTH as an anabolic agent in
osteoporosis. Along with the increase in cancellous bone mass, there is the
fear of cortical bone loss, or a “cortical steal”” phenomenon [135]. If cortical
bone is lost, sites enriched in cortical bone could be placed in jeopardy for
fracture. However, histomorphometric analysis of eight osteoporotic men
treated with PTH for 18 months and eight osteoporotic women treated with
PTH and estrogen therapy for 18 months demonstrated an anabolic effect in
cortical bone. Cortical width was maintained in the men and was
significantly increased in the women. There was no increase in cortical
porosity. A distinct anabolic effect on cortical bone was observed at the
endosteal surface, with significant increases in the width of bone packets.
This was accompanied by a significant decrease in eroded perimeter on this
surface in both groups. The positive effect of increased endocortical wall
width and cortical thickness may have been enhanced by a reduction in
resorption on that surface due to a marked decrease in eroded perimeter.
Anabolic action may have additionally occurred at the subperiosteal
surface, but it was not possible to assess the wall width of newly formed
bone units there. A recent study in ovariectomized cynomolgus monkeys has
shown that even when PTH administration increased intracortical porosity,
there was no detrimental effect on the mechanical properties of bone [108].
The increased cortical porosity did not translate into decreased strength
because it occurred in the inner one third of the bone where the mechanical
effect was small and was offset by increases in cortical area and cortical
thickness [108]. The consequent increase in cross-sectional diameter would
be expected to increase bone strength.

This effect was recently confirmed in human subjects. Postmenopausal
women treated with PTH underwent pQCT of the proximal radius to assess
specific changes in cortical bone density that were undetectable by DXA
[120]. Similar to the primate model, PTH treatment resulted in greater
periosteal circumference and cortical area [120]. Recent data in PTH-treated
mice suggest that the anabolic actions of PTH can occur at the long bones,
possibly because they constitute areas of greater mechanical stress in mice
[102]. These observations provide evidence that PTH is anabolic for cortical
bone. Furthermore, fracture data from the study of Neer et al [112] indicate
a substantial reduction in fractures of the nonvertebral skeleton. This would
be unlikely if PTH were exerting a catabolic effect on cortical bone.

Long-term studies (18 to 24 months) with high-dose hPTH (1-34)
administered to 6-week-old Fisher 344 rats have demonstrated an increased
risk of osteogenic sarcoma. This effect, which is dose dependent, seems to be
related to duration of use and is consistent with lifetime exposure in a
growing rodent to an anabolic agent that increases osteoblast proliferation.
There is uncertainty, however, about whether this toxicity study in a rodent
model has relevance to human physiology. All primate studies have failed to
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find an association between intermittent administration of PTH and
osteogenic sarcoma. Moreover, there have been no cases of osteogenic
sarcoma in patients with primary, secondary, or tertiary hyperparathyroid-
ism from several large patient cohorts or from any of the 1- to 3-year clinical
trials performed in over 2500 patients. Osteogenic sarcoma has also never
been reported in parathyroid cancer, a disorder in which patients can
survive for years with markedly elevated levels of PTH. Although further
safety data are needed, it is reasonable to assume that PTH is safe in humans
who are most likely to benefit (ie, postmenopausal women and men with
clinical fractures and low BMD). The benefits of PTH are also likely to
extend to individuals with established osteoporosis before fractures occur.

Summary

Anabolic agents represent an important new advance in the therapy of
osteoporosis. Their potential might be substantially greater than the anti-
resorptives. Because the anti-resorptives and anabolic agents work by
completely distinct mechanisms of action, it is possible that the combination
of agents could be significantly more potent than either agent alone. Recent
evidence suggests that a plateau in BMD might occur after prolonged
exposure to PTH [118]. Anti-resorptive therapy during or after anabolic
therapy might prevent this skeletal adaptation. Protocols to consider
anabolic agents as intermittent recycling therapy would be of interest.

Of all the anabolics, PTH is the most promising. However, there are
unanswered questions about PTH. More studies are needed to document an
anabolic effect on cortical bone. More large-scale studies are needed to
further determine the reduction in nonvertebral fractures with PTH,
especially at the hip. In the future, PTH is likely to be modified for easier
and more targeted delivery. Oral or transdermal delivery systems may
become available. Recently, Gowen et al have described an oral calcilytic
molecule that antagonizes the parathyroid cell calcium receptor, thus
stimulating the endogenous release of PTH [136]. This approach could
represent a novel endogenous delivery system for intermittent PTH
administration. Rising expectations that anabolic therapies for osteoporosis
will soon play a major role in treating this disease are likely to fuel further
studies and the development of even more novel approaches to therapy.
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