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Abstract

Calcilytics are calcium receptor antagonists that stimulate the secretion of parathyroid hormone (PTH)
from the parathyroid glands. Some calcilytics are orally bioavailable and can elicit a rapid and transient
increase in circulating levels of endogenous PTH. Daily oral administration of a calcilytic compound to
ovariectomized rats stimulates new bone formation and increases bone mineral density and biomechanical
strength at cortical and cancellous sites. An orally-active calcilytic compound is currently being assessed for
safety and efficacy in a Phase Il clinical trial in postmenopausal women with osteoporosis. It can be
anticipated that some of the safety and efficacy properties of exogenously administered PTH peptides will be
shared with calcilytics, whereas others will be unique to these small molecule compounds. IBMS BoneKEy.

2008 June;5(6):196-208.
©2008 International Bone & Mineral Society

Introduction

Parathyroid hormone (PTH) is perhaps
uniqgue amongst the hormones that affect
skeletal metabolism because it stimulates
both osteoclastic bone resorption and
osteoblastic formation of new bone; and it is
largely the pharmacokinetics of PTH that
determine the net effect on the skeleton.
Thus, a sustained increase in PTH, as
occurs in severe cases of primary or
secondary hyperparathyroidism, results in
net bone loss at both cortical and cancellous
sites. In contrast, intermittent increases in
circulating levels of PTH caused by the daily
(or near daily) administration of exogenous
hormone result in an anabolic -effect,
especially at sites of cancellous bone (1-4).
Both anabolic and catabolic effects of PTH
are mediated by a G protein-coupled
receptor, the PTH-R1 (5). One approach to
anabolic therapy for osteoporosis therefore
involves the administration of ligands that
activate this receptor. At present, the only
ligands reported to do so are the native
hormone and various N-terminal-intact
peptide fragments of PTH or parathyroid
hormone-related peptide (PTHrP). When
administered daily by subcutaneous
injection, PTH or PTH(1-34) (teriparatide)
stimulates new bone formation, increases
bone mineral density (BMD) and reduces
the risk of fracture in postmenopausal

women with osteoporosis (6;7). Other
anabolic peptides in clinical development
include PTHrP(1-36) (8), an N-terminal
analog of PTHrP (BA0S58; (9)) and the cyclic
peptide analog Ostabolin C™ (10).

While peptide agonists of the PTH-R1 are
generally safe and effective anabolic
therapies, their use is compromised by the
systemic administration of a costly biological
product. A number of alternative delivery
systems are therefore being explored, of
which the more common are nasal,
pulmonary, and dermal (11). Although these
routes of administration might increase
patient compliance, they are unlikely to
diminish the cost of goods inherent in
biological products and their delivery
devices.

An orally-active small molecule that directly
or indirectly activates the PTH-R1 might be
an alternative anabolic therapy for
osteoporosis  that would conceivably
overcome these drawbacks of peptide
ligands. However, potent and selective small
molecule agonists of the PTH-R1 (and of
Family B G protein-coupled receptors in
general (12)) have proven difficult to design
and discover. An indirect means of
activating the PTH-R1 is by stimulating
secretion of endogenous PTH. And the most
effective way to do this is by blocking the
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activity of the parathyroid calcium receptor.
Indeed, drugs acting on the calcium receptor
might be the only way to achieve rapid and
transient changes in the circulating levels of
endogenous PTH. The ability of calcium
receptor activators (calcimimetics) like
cinacalcet to rapidly lower PTH levels in
patients with hyperparathyroidism
establishes the parathyroid calcium receptor
as a tractable drug target. Calcium receptor
antagonists (calcilytics) stimulate secretion
of PTH and might provide a novel approach
for anabolic therapy based on orally-active
small molecules.

The purpose of this Perspective is partly to
summarize the data currently obtained with
calcilytics but mostly to anticipate some of
the safety and efficacy issues relevant to
this therapeutic approach to treating
osteoporosis. Some of these issues will

likely be similar to those that have been
encountered with peptide agonists of the
PTH-R1. Other aspects of safety and
efficacy will be specific to calcilytics and,
because there is no precedent for this kind
of therapy, are more speculative.

Calcilytics and Their Effects on
Parathyroid Cells

It was not always certain that a calcium
receptor antagonist would stimulate PTH
secretion because, unlike calcimimetics,
there was no organic or inorganic substance
known to block receptor activity (13). This
ligand void has now been filled with several
structurally distinct, small organic
compounds that have been shown to act as
calcilytics and stimulate the secretion of
PTH (Figure 1).
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Figure 1. Structures of compounds reported to act as calcilytics. Most medicinal chemists would classify

these compounds into four distinct chemotypes.

These compounds were discovered either
by high-throughput screening or they were

generated by progressive modifications to
the amino alcohol structure of NPS 2143. All

197

Copyright 2008 International Bone & Mineral Society



IBMS BoneKEy. 2008 June;5(6):196-208

http://lwww.bonekey-ibms.org/cgi/content/full/ibmske;5/6/196

doi: 10.1138/20080318

of these compounds inhibit extracellular
calcium-induced increases in inositol
phosphates or cytoplasmic ca” in
heterologous expression systems like HEK
293 cells; in these in vitro assays, the
compounds have potencies (ICsq) <100 nM
(14-19). Most of the compounds shown in
Figure 1 are believed to act as negative
allosteric modulators of the calcium
receptor; they shift the concentration-
response curve for extracellular calcium to
the right without affecting maximal or
minimal responses (20). Radioligand binding
studies reveal several distinct binding sites
for these compounds  within  the
transmembrane domain of the receptor
(17;21;22). With the exception of Calhex
231, all of these compounds have been
shown to elicit a rapid increase in plasma
levels of PTH in rats when injected
intravenously.

The parathyroid calcium receptor regulates
a number of distinct responses including the
synthesis and secretion of PTH and cellular
proliferation. Activating the calcium receptor
with a calcimimetic compound like cinacalcet
inhibits all these cellular responses (23), so
it might be expected that -calcilytic
compounds would affect these same
responses but conversely. Calcilytics do
stimulate the secretion of PTH, and they
additionally stimulate the synthesis of PTH,
in part by stabilizing the mRNA for prepro-
PTH (24). This latter effect might ensure that
daily dosing with a calcilytic will not deplete
the supply of glandular PTH available for
release.

One of the initial concerns in the calcilytic
approach for treating osteoporosis was that
repetitive antagonism of the calcium
receptor could be perceived by the
parathyroid gland as hypocalcemia and this,
in turn, could elicit parathyroid gland
hyperplasia. The long-term consequence
could be sustained increases in serum
levels of PTH — essentially a treatment-
induced secondary hyperparathyroidism that
would be expected to cause bone loss
rather than gain. So it was reassuring to find
that daily dosing of normal or
ovariectomized (OVX) rats with NPS 2143
for five weeks did not stimulate parathyroid
cell proliferation (25).

The failure of NPS 2143 to stimulate
parathyroid hyperplasia does not necessarily
conflict with the finding that calcimimetics
completely block parathyroid cell
proliferation (26). Parathyroid cells have
very low rates of mitosis but undergo rapid
and massive proliferative responses in
animal models of end-stage renal disease.
Calcimimetics are very effective in blocking
this induced proliferative response and will
halt ongoing proliferation even in animals
with  profound hyperphosphatemia and
negligible levels of 1,25-(OH),D; (27). The
failure of calcilytics to induce parathyroid cell
proliferation in animals with normal kidney
function suggests that hypocalcemia alone
is not sufficient to trigger parathyroid cell
proliferation; concomitant increases in
phosphate and/or decreases in 1,25(0OH),D;
(or some other factor(s)) might be required.
Together, the results obtained with
calcimimetics and calcilytics suggest that
activation of the calcium receptor is
sufficient to  block parathyroid cell
proliferation but inhibition of the receptor is
insufficient to stimulate proliferation.

It is not known if prolonged treatment with a
calcilytic compound will decrease
expression of the parathyroid calcium
receptor. Calcimimetics have been shown to
increase calcium receptor expression in
hyperplastic parathyroid glands of rats with
chronic renal failure (28). In HEK 293 cells
engineered to overexpress the calcium
receptor, incubation with the calcimimetic
NPS R-568 increased whereas NPS 2143
decreased receptor expression (29). There
is a rather direct relationship between
calcium receptor number and functional
responses to calcimimetics and calcilytics in
this heterologous expression system but it
might differ from that in cells that normally
express the calcium receptor. In parathyroid
cells, there appears to be a large receptor
reserve and calcium receptor expression
can be profoundly decreased without
altering the magnitude of response to or the
potency of calcimimetic compounds (30).
Moreover, patients with primary or
secondary hyperparathyroidism have
reduced expression of the calcium receptor
yet respond with rapid decreases in serum
PTH levels when administered cinacalcet
and do not show tolerance to the effects of
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this drug (31;32). Analogously, rats treated
daily with NPS 2143 for eight weeks or with
SB-423557 for twelve weeks still show a
rapid increase in serum PTH levels when
challenged with the calcilytic compound near
the end of the dosing regimen (25;33). So
even if there is a reduction of parathyroid
calcium receptors following repeated dosing
with a calcilytic, it does not manifest itself as
a diminished secretory response, at least
within the time frames studied so far.

Efficacy in the Rat Model of Osteoporosis

To be most useful as a therapeutic, a
calcilytic compound must possess some
challenging pharmacokinetic properties. The
compound must be orally bioavailable and it
must rapidly reach a maximal concentration
(Crax) in blood yet have a short plasma half-
life (t4,2). Additionally, there can be no active
metabolites that linger in the circulation.
These are the pharmacokinetic properties
that will facilitate patient compliance and
achieve a rapid and transient increase in
plasma levels of PTH.

Compound 1 (Figure 1) has some of the
desired pharmacokinetic properties. It is
orally bioavailable in rats and reaches a C,.x
of about 2 uM at 1 hour following a single
oral 30 mg/kg dose (its ICsy in vitro is 64
nM). At this dose, there was a 2- to 3-fold
increase in plasma levels of PTH that
coincided with the C.. of the compound
and returned to baseline levels within 3
hours (17). The effects of Compound 1 in an
animal model of osteoporosis have yet to be
reported but the magnitude and time-course
of the change in plasma PTH levels are
appropriate to achieve an increase in BMD.

The first calcilytic compound examined in
detail, NPS 2143, was orally-active but had
a very long ty,, due mostly to a large volume
of distribution; it caused a sustained
increase in serum PTH levels that remained
elevated for at least four hours (but returned
to baseline by 24 hours; (25)). Despite this
less than ideal pharmacokinetic profile, the
compound was useful for determining
whether a calcilytic could release enough
endogenous PTH to affect bone turnover in
the OVX rat. Daily oral administration of

NPS 2143 for five weeks increased
circulating levels of PTH and increased bone
turnover in osteopenic rats (25). It did not,
however, achieve a net anabolic effect in the
OVX rat because it increased both formation
and resorption to a similar extent so there
was no net increase (or decrease) in BMD.
When resorption was depressed by the co-
administration  of  17p-estradiol, then
formation predominated and there was an
increase in BMD. Although the compound by
itself did not result in an anabolic effect, it
did demonstrate that PTH could be released
from the parathyroid glands in amounts
sufficient to stimulate bone turnover. As
noted above, these studies additionally
showed that prolonged daily dosing with a
calcilytic did not cause hyperplasia of the
parathyroid glands and tolerance to the
compound did not develop. In the
aggregate, the results obtained with NPS
2143 established the preclinical proof-of-
concept for the calcilytic approach to
anabolic therapy.

These initial findings justified a medicinal
chemistry effort aimed at improving the
pharmacokinetic properties of the amino
alcohol chemotype. It was a long and
frustrating task because upgrades in one
pharmacokinetic parameter were often
accompanied by downgrades in another.
And of course each structural modification
can jeopardize potency and/or selectivity. A
brute force approach finally did yield a series
of compounds that were promising in all
respects save one: their oral bioavailability
was too low. To circumvent this caveat,
esters of the amino alcohol chemotype were
synthesized. This yields a pro-drug: the
ester has much higher oral bioavailability
and, once absorbed, is rapidly cleaved to
the free acid that then enters the systemic
circulation (19).

One ester/acid pair is SB-423557/SB-
423562 (Figure 2). The pro-drug is SB-
423557 and is rapidly converted to SB-
423562 following oral administration. The
oral administration of SB-423557 caused a
dose-dependent, transient increase in
plasma levels of PTH in rats, dogs and
monkeys (33). The efficacy of this pro-drug
approach was assessed in OVX rats. Six-
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Figure 2. The pro-drug approach to overcoming limited bioavailability of amino alcohol calcilytics.

month-old female rats underwent
ovariectomy and osteopenia was allowed to
develop for 6 weeks before starting 12
weeks of daily oral dosing with 50 mg/kg
SB-423557 or vehicle control. Teriparatide
(5 ug/kg s.c.) was included as a comparator.
A single oral dose of SB-423557 (50 mg/kg)
caused a 2- to 3-fold increase in plasma
PTH levels that peaked within 20 minutes
and returned to baseline levels by 2 hours.
The changes in plasma levels of PTH
induced by SB-423557 were similar at the
start and at the end of the study. These
changes in endogenous levels of PTH were
associated with a number of skeletal
parameters indicative of a net anabolic
effect. The OVX-induced decrease in BMD
occurring during the three-month treatment
period was completely (lumbar spine) or
partially (proximal tibia) prevented by daily
treatment with SB-423557. There were
improvements in a number of biomechanical
properties at the lumbar spine and femoral
diaphysis, compared to vehicle-treated
controls. Significantly, there was a 72%
increase in cortical area and a more than 2-
fold increase in endosteal bone formation
rate in the distal tibia that was not
accompanied by any change in eroded

perimeter. The magnitude of the anabolic
effect of SB-423557 was similar to that
achieved by teriparatide and neither effect
required the co-administration of an anti-
resorptive (33). These findings in the OVX
rat showed that daily oral dosing with a
calcilytic compound can, by itself, increase
BMD and biomechanical estimates of bone
strength when administered orally.

Clinical Studies

The preclinical studies with SB-423557
prompted clinical studies with this pro-drug
and its corresponding acid. In the first study,
SB-423562 (the acid) was infused
intravenously over ten minutes in healthy
adult men (34). There was a rapid, dose-
dependent increase in plasma levels of PTH
that peaked at 15 min. after infusion and,
depending on the dose, returned to baseline
levels within one hour. The higher doses
(1.25 to 5 mg) elicited 3- to 5.5-fold
increases in plasma PTH levels that were
accompanied by dose-dependent increases
in total and ionized levels of serum calcium.
In the second study, SB-423557 was
administered orally to healthy adult men
(35). As anticipated, blood levels of SB-
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423557 were typically undetectable; instead,
levels of SB-423562 increased with
increasing doses of SB-423557. There were
dose-dependent increases in plasma levels
of PTH that tracked the time course of SB-
423562 concentrations and that peaked
(Tmax) at 1 to 2 hours after dosing. Doses of
50 mg SB-423557 or higher elicited 1.8- to
4.2-fold increases in plasma levels of PTH
(at Tmax) when compared to placebo.
Elevations in plasma PTH, defined as twice
the pre-dose levels, rarely exceeded eight
hours. In this study, there were no significant
increases in serum levels of calcium. And in
both studies, the calcilytic compounds were
generally safe and well-tolerated at all doses
and no serious adverse events were
reported.

Moving forward in the clinic is SB-751689
(ronacaleret), another orally-active amino
alcohol chemotype. A multiple dose, proof-
of-concept study in postmenopausal women
has been completed and this compound is
currenty in a Phase Il study in
postmenopausal women with osteoporosis.

Comparison with Anabolic PTH Peptides

It's tempting but risky to draw comparisons
between calcilytics and exogenously
administered PTH peptides, mostly because
the clinical experience with the former is so
nascent. Moreover, not all anabolic PTH
peptides are clinically equivalent: they differ
in their pharmacokinetic profiles and,
although all act on the PTH-R1, they have
subtle pharmacodynamic differences even
when tested at bioequivalent doses (36).
Finally, calcilytic compounds stimulate
secretion from parathyroid cells so all
vesicular contents (in addition to PTH) will
be released. We don't know everything
that's in the parathyroid secretory vesicle but
besides the intact hormone there are C-
terminal fragments derived from it by
proteolysis, cathepsin-like enzymes, and
perhaps as much chromogranin A as in
chromaffin cells. The impact of these
additional constituents on the efficacy and
safety profile of a calcilytic, if any, is not
known. So there are some reasons to
suppose that a calcilytic will not simply be an
oral version of any of the anabolic PTH
peptides either on the market or in clinical

development. Nonetheless, it would not be
prudent to ignore the data that have been
obtained with the anabolic PTH peptides.

There are a number of unresolved issues
concerning the efficacy of the anabolic PTH
peptides. Many of them are related to the
dosing regimen and include how long to
treat, how fast bone will be lost after
treatment ceases, and whether daily and
alternate day dosing are equivalent. One
surprising finding was the decrease in
efficacy when teriparatide or PTH was co-
administered with alendronate (37;38). The
diminished efficacy of combination therapy
is dependent on the type of anti-resorptive
and efficacy is not impaired when
teriparatide or PTH is co-administered with
estrogen (39;40). In the OVX rat, co-
administration of the long-acting calcilytic
NPS 2143 and estrogen uncovered an
anabolic effect that could not be obtained by
treating with this calcilytic alone. It is not
known how alendronate or other
bisphosphonates will affect the efficacy of
the newer calcilytic compounds that are by
themselves anabolic. Nor has the optimal
duration and frequency of dosing with a
calcilytic compound been established.

The safety concerns with anabolic PTH and
PTHrP peptides that have received the most
attention are osteosarcoma and
hypercalcemia (3;41;42). An increased
incidence of osteosarcoma in rats was
observed following daily treatment for two
years with high doses of PTH (43) or
teriparatide (44;45). As yet, there is no
evidence linking these PTH peptides with
osteosarcoma when used therapeutically in
humans. These peptides are not approved
for use in children or in any patient with an
increased risk for cancer or with a high
turnover bone disease (like Paget’s
disease). The increased incidence of
osteosarcoma seen in the rodent studies
might be a result of daily, essentially life-
long treatment with a supra-therapeutic dose
of peptide. It is not at all certain that such
high levels of endogenous PTH, similar to
those that are produced by administration of
the exogenous peptide, can be achieved
with a calcilytic compound.
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In contrast to the tentative relationship
between PTH and osteosarcoma is the well-
established relationship between circulating
levels of PTH and calcium. Although there is
no single pharmacokinetic parameter of the
PTH response that is prognostic, serum
levels of calcium appear to respond more to
time above baseline, rather than to the C,,.
or area under the curve (AUC) of plasma
PTH (46). The t;, of calcilytics is therefore a
pharmacokinetic property that impacts both
efficacy (transient increase in PTH) and
safety (no accompanying hypercalcemia).
It's noteworthy, but not clear, why the
intravenous injection of SB-423562 elicited a
significant increase in serum levels of
calcium whereas the oral administration of
SB-423557 did not (34;35).

Known Knowns, Known Unknowns, and
Unknown Unknowns

Decades before Donald Rumsfeld’s seminal
contribution to epistemology, | heard this
nub of wisdom: “There are two mechanisms
of action for every drug: those we know, and
those we don’t know...” (see footnote).
Those we don’t know are the off-target
actions of a compound: in the case of
calcilytics, actions that are exerted on
molecules other than the calcium receptor.
These are the unknown unknowns that can
affect safety and/or efficacy and that, we
hope, reveal themselves before the
compound enters the clinic. The calcilytic
currently moving forward in the clinic
(ronacaleret; SB-751689) has already
jumped a number of safety hurdles, but
clinical experience with this compound is still
at an early stage.

The mechanism of action we know is
antagonism of the calcium receptor. And we
know that a number of distinct cellular
functions of the parathyroid cell are linked to
the calcium receptor and some are affected
by calcilytic compounds. Overall,
antagonism of this receptor produces the
desired responses (stimulation of PTH
synthesis and secretion) and is not
accompanied by effects that could
compromise efficacy (development of
tolerance) or safety (parathyroid
hyperplasia). But calcium receptors are
expressed throughout the body (47), and it

is uncertain whether the activity of these
receptors will be affected by therapeutic
doses of calcilytics. And the extent to which
such actions might contribute to the overall
safety and efficacy of calcilytic compounds
is unclear. These are the known unknowns.

While the functions of the calcium receptor
in many tissues are uncertain, there are
some tissues where the consequences of
blocking receptor activity can be inferred.
Most of these are the classic calciotropic
tissues involved in systemic calcium
homeostasis: the parathyroid gland,
parafollicular cells (C-cells) of the thyroid,
the kidney, the gastrointestinal tract, and the
skeleton. The C-cell calcium receptor is
linked to the regulation of calcitonin
secretion and calcimimetic compounds like
cinacalcet stimulate secretion of calcitonin
(48); calcilytic compounds would be
expected to inhibit secretion of calcitonin. In
humans, this hormone is a minor player in
systemic calcium homeostasis and it is
unlikely that transiently lowering circulating
levels of calcitonin will adversely affect the
safety or efficacy of a calcilytic compound.

Functions of the calcium receptor in the
gastrointestinal tract are thought to include
the regulation of acid and gastrin secretion
in the stomach and fluid excretion in the
distal colon (49). Calcilytics might decrease
all three of these functions. In the kidney,
the calcium receptor is expressed along
most of the nephron and many of its
functions within discrete segments of the
nephron are known (50). Blocking calcium
receptor activity in the kidney should yield
an overall effect not unlike that caused by
increasing circulating levels of PTH:
increased  phosphate  excretion and
increased calcium reabsorption. So in
humans with intact parathyroid glands, it will
be difficult to distinguish a direct effect of a
calcilytic on renal calcium receptors from
one that is indirect and results from
increases in serum levels of PTH.

In contrast to the aforementioned tissues is
the exceedingly controversial role of the
calcium receptor in skeletal tissue. In
summarizing a session on skeletal calcium
receptors several years ago, | stated that a
compelling story has yet to emerge and
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instead we have “a collection of chapters,
each using the same characters (PCR,
antibodies, pharmacological probes) but
providing a different account, not unlike
Kurosawa’'s Rashomon” (51). | regret that
this Perspective is a re-run. One can still
make a case that the calcium receptor is
expressed in various types of bone cells
(52;53) or that it is not (54) and instead a
homologous G protein-coupled receptor
(GPRC6A) mediates the effects of
extracellular calcium in bone (55). Likewise,
cellular responses in vitro have been shown
to be affected by calcimimetic or calcilytic
compounds in some studies (56;57) but not
in others (25;58). And while a global
knockout of the calcium receptor did not
reveal any altered skeletal phenotype
(59;60), more recent experiments using
conditional expression or deletion of the
receptor in bone cells do show profound
changes in a number of skeletal parameters
(61;62). | find this morass somewhat ironic
because it was, after all, a bone cell (the
osteoclast) that, together with the
parathyroid cell, got people thinking about
cell surface calcium receptors (63). And yet,
two decades later, we haven’t remotely
neared a consensus on this topic.

The data already obtained with NPS 2143
and SB-423557 in the OVX animals are
interesting in this context. Recall that these
two compounds have markedly different
effects on the skeleton: the latter is anabolic
whereas the former is not. Yet the essential
difference between these two compounds is
their pharmacokinetics, not their
pharmacodynamics. So it seems reasonable
to look to pharmacokinetics to explain the
difference and the most parsimonious
explanation is that SB-423557 causes a
transient increase in serum levels of PTH
(and therefore is anabolic) whereas NPS
2143 causes a sustained increase (and
therefore is not). We need not invoke any
action on calcium receptors in bone to
explain the differential effects of these two
compounds in the OVX rat. This explanation
does not deny some important role for
skeletal calcium receptors during
development and in adult animals. It implies
only that these receptors might not
contribute significantly to the efficacy of
these particular calcilytic compounds.

Conclusion

The calcilytic approach to treating
osteoporosis is conceptually simple. And
this therapeutic approach arguably carries a
lower technical risk than the typical drug
development program, for two reasons.
First, the parathyroid calcium receptor is a
tractable drug target. There are now four
years of clinical experience with the
calcimimetic cinacalcet; the efficacy of this
compound shows that targeting the calcium
receptor is probably the best, if not the only
way to rapidly alter circulating levels of PTH
on a daily basis. Second, exogenously
administered teriparatide and PTH are
approved anabolic therapies. There is no
reason to suppose that transient increases
in levels of endogenous PTH will not
likewise build new bone in patients with
osteoporosis. And they certainly do so in the
OVX rat model. A validated drug target and
therapeutic approach tends to lower the risk
of development — but the risk is still high.

Footnote: The quote in its entirety,
delivered by Professor Jack Cooper during a
lecture to us graduate students, is: “There
are two mechanisms of action for every
drug: those we know, and those we don’t
know...except ouabain.”
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