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Summary

Calcium sensing receptor (CASR) is a G-protein couple
receptor which plays a key role in calcium homeostasis in
vertebrates. Its extracellular domain is sensitive to
divalent cations, aminoacids and polyamines. In para-
thyroid glands, CASR activation causes parathyroid
hormone (PTH) reduction and subsequently a decrease in
blood calcium concentration. In PTH-dependent disorders,
e.g. primary and secondary hyperparathyroidism (HPT),
the need for therapeutic options other than surgery led to
the synthesis of various allosteric CASR agonists
(calcimimetics), such as cinacalcet. Cinacalcet is the only
calcimimetic approved for HPT secondary to chronic
kidney disease (CDK), parathyroid carcinoma, and, in
some countries, primary HPT. Clinical trials showed that
cinacalcet reduced PTH and calcemia both in CDK and
primary HPT, lowering the risk of bone fractures, surgery,
and cardiovascular complications in the former patients.
Long-term safety and pharmacoeconomics have to be
fully tested yet. Few both in vitro and in vivo studies
showed an association between Arg990Gly-CASR poly-
morphism and cinacalcet sensitivity, though in patients
with severe CASR inactivating mutations the drug
substantially retained its positive clinical effects.

Recently, a new class of allosteric antagonists of CASR,
i.e. calcilytics, has been synthesized. Calcilytics are
structurally similar to calcimimetics, but exert their effects
acting on a different allosteric site. Infusion of calcilytics
was followed by transient rise in PTH and calcium. One of
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these compounds, ronacaleret, was able to increase femur
BMD in post menopausal women, but with induction of
mild hyperparathyroidism. In the future, calcilytics may
contribute to the osteoporosis treatment choice.
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Introduction

Calcium sensing receptor (CASR) is a G-protein coupled
receptor (GPCR) involved in calcium homeostasis in
vertebrates. In humans, extracellular calcium concentration
regulation is mainly carried out by parathyroid glands, kidney,
intestine, and bone, by mean of hormones, i.e. parathyroid
hormone (PTH), calcitonin, and 1,25(0OH),-vitamin D (1).
These hormones regulate calcium ion (Ca**) flux through body
compartments in order to maintain its blood concentration in a
narrow range. As in other mineral homeostasis systems, a
sensor able to detect ion concentration is essential for proper
regulatory actions. In calcium homeostasis, this key role is
played by CASR. This receptor belongs to the superfamily of
GPCR, which is characterized by a common seven trans-
membrane domain structure, and it is included in the 3/C
subfamily, together with metabotropic glutamate receptor and
gamma-aminobutyric acid (GABA) B receptor (2). CASR maps
on chromosome 3 g21.1 in a ~100 Kb locus. CASR transcripts
include seven exons, the first of them is untraslated. An
alternative splicing of exon 5 is reported to occur in
keratinocytes, with an in frame deletion of 77 aminoacids of
the extracellular domain (ECD) and consequent loss of
function (3). To date, it is unknown if this variant may have a
role in other tissues. The ECD is particularly large (612
aminoacids) and accounts approximately for half of the entire
CASR protein (4). According to the three-dimensional model
prediction, it is assumed that CASR ECD is divided in two
subdomains, separated by a slot, resembling the two leafs of
the trapping structure of the carnivorous plant Venus Flytrap
(Dionaea muscipula) (5). Interestingly, cell membrane CASR
expression occurs in dimers, whose components are linked by
covalent disulfide bonds of cysteine residues in position 129
and 131 (5).

The calcium sensing action of CASR is probably performed by
more than one binding site for each monomer (6) and one of
these may be located in the slot between the two ECD lobes
(6). Another Ca** binding site locates at transmembrane
domain (7), although evidence indicates that ECD Ca** site is
required for fully receptor activation, as shown by experiments
with ECD deleted CASR constructs (8). In presence of
calcium, the CASR complex undergoes to conformational
changes that eventually cause the activation of the
transduction pathways by mean of protein quy which
stimulates phospholipase C and subsequently induces

intracellular Ca* mobilization (9). Also protein G,and G,,,,
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dependent pathways are triggered by CASR activation (9). In
addition to Ca**, other physiologic endogenous allosteric
modulators are able to activate CASR. Both divalent (Mg** and
Sr+*) and trivalent (Gd®*, La®) cations may induce CASR
allosteric activation (10). Ca** and these cations are called
type 1 agonists, i.e. ligands able to directly activate the
receptor with no need of other cofactors. Conversely, type 2
agonists like polyamines, e.g. spermine, putrescine (11),
aminoacids (e.g. tryptophan, phenylalanine, histidine,
glutamate, alanine) (12, 13), and glutathione (14), need Ca**
to act, even in small amounts. These modulators are also
called allosteric ligands, to differentiate them from Ca**, which
is referred orthosteric ligand.

In parathyroids, CASR stimulation reduces PTH secretion and
synthesis, as well as cell proliferation (1). CASR plays an
important role also in kidney, where inhibits 1,25(OH),-vitamin
D production and Ca** reabsorption by cortical thick ascending
limb of the kidney tubule (1). In bone, CASR is expressed in
almost all cell type involved in bone metabolism and
morphogenesis and the net effect of receptor activation seems
to be anabolic (reviewed in 15).

CASR allosteric drugs: calcimimetics

The search for pharmacological CASR agonists was driven by
the need of a medical approach for parathyroid hormone (PTH)
hypersecretion diseases, principally secondary hyperparathy-
roidism and parathyroid carcinoma, in addition to the surgery
option. Unfortunately, organic compounds able to directly
mimic the action of an inorganic ion are very difficult to
synthesize. However, Ca** is not a classic ligand for CASR
since it activates the receptor by multisite steric interaction (6),
a mechanism that may be exploited by artificial molecules.
The first members of the calcimimetic pharmacological class
were the phenylalkylamines NPS568 and NPS467. These
modulators showed a clear and specific activation of CASR, but
only in presence of extracellular calcium (16). NPS568 was able
to induce rise in intracellular Ca** concentration in various
models (HEK293 cell lines, Xenopus laevis oocytes, bovine
parathyroid cells, human parathyroid adenoma cells) and to
reduce PTH secretion in bovine and human cells (16, 17).
NPS568 was also able to increase CASR expression (18).
Moreover, these drugs did not showed any activity in thyroid
parafollicolar C cells and kidney tubule, a phenomenon probably
due to differences in transduction mechanisms or receptor
expression in these tissues compared to parathyroids (19).
However, doses ~30-fold higher than those administered for
controlling PTH levels also induced rise in calcitonin levels (20).
Further structure modifications led to a new generation of
calcimimetics, which includes cinacalcet, the only calcimimetic
presently on the market. Cinacalcet showed the best
pharmacological profile and lesser interindividual variability in
absorption and response. Cinacalcet binding site was found to
be located near the external end of the seventh trans-
membrane helic (21), although the residues involved in this
interaction have not yet been clearly identified. Interestingly,
cinacalcet and structurally similar calcilytics (see below) share
most of their binding site (22).

Clinical utility of cinacalcet

In most countries cinacalcet may be administered in patients
affected with stage 5 chronic kidney disease (CKD) hyper-
parathyroidism or parathyroid carcinoma, whereas the use in
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primary hyperparathyroidism due to parathyroid adenoma or
hyperplasia is restricted to cases in which surgery is contra-
indicated or followed by disease recurrence.

In stage 5 CKD, cinacalcet is able to reduce PTH and calcemia,
with a better clinical outcome (23). Various studies carried out
on a overall group of more than one thousand patients, showed
a reduction in risk of parathyroid surgery, fractures, and
cardiovascular comorbidities, as well as an improvement in
perceived quality of life and pain. Clinical trials carried out in CKD
are fully reviewed in (24). In parathyroid carcinoma, cinacalcet
is able to reduce calcemia in about one third of patient, with minor
effects on PTH levels and survival (25).

Primary hyperparathyroidism may be treated with cinacalcet only
in some European countries and restricted to patients in whom
surgery is not suitable. In these patients, calcemia was well
controlled by cinacalcet, whereas PTH levels were only mild
reduced and frequently remained above the upper normal limit
(26). Unlike the parathyroidectomy, cinacalcet treatment did not
positively affect bone mineral density (27). Moreover, nausea
and vomiting were common adverse effects during treatment,
and may cause discontinuation of the therapy (26). No significant
resistance or tachyphylaxis have been observed (27).

Some case reports and one trial in type 1 multiple endocrine
neoplasia syndrome (MEN1) patients, showed the efficacy and
the safety of cinacalcet in controlling calcium levels and PTH
in these patients, at least in the short period (28-30). Cina-
calcet was able to normalize calcemia in a cohort of 11 MEN1
patients treated for three months, with significant reduction of
PTH, but normalization in only five patients (30). Similar results
were observed in a control group of 20 patients with sporadic
primary hyperparathyroidism, who showed a lower rate of PTH
normalization, probably due to PTH basal levels higher in
sporadic in comparison to MEN1 patients (30).

In primary hyperparathyroidism, some CASR polymorphisms
were previously reported to affect receptor activity, since they
associate with different serum calcium levels (31) and
nephrolithiasis (32), although pharmacogenetics in cinacalcet
treatment was not yes thoroughly investigated. Some evidences
link the Arg990Gly polymorphism with a difference in cinacalcet
sensitivity (33, 34), while other studies did not found significant
association (30). Admittedly, the patients cohorts so far reported
are inadequate to drew definitive conclusions.

As regards CASR mutations, sporadic reports in patients with
familial hypocalciuric hypercalcemia (FHH), a genetic disorder
due to inactivation of the receptor, showed a good clinical and
biochemical response to cinacalcet administration (35).
Clinical utility of cinacalcet in disorders unrelated to PTH
hypersecretion (e.g. calciphylaxis, phosphate-wasting) are
reviewed (36).

Finally, it should be highlighted that the use of cinacalcet in
primary hyperparathyroidism gave rise to a number of
pharmacoeconomics considerations. To date, cinacalcet
treatment is still expensive and surgery, when suitable, is more
cost effective than calcimimetics, especially considering the
poor, if any, effect of cinacalcet on bone.

CASR allosteric drugs: calcilytics

To date, no physiological CASR orthosteric antagonists have
been detected. In analogy with calcimimetics, the recently
synthesized allosteric antagonists have been named
calcilytics. The aim was to have compounds with anabolic
effect on bone to be used for osteoporosis treatment. A per os
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CASR antagonist with a well calibrated profile might induce
transient blood PTH rises similar to those observed in daily
injected recombinant PTH treatment (e.g. teriparatide), which
is known to have positive effects on trabecular and compact
bone (37). Moreover, these agents might also be used in
genetic disorders due to CASR activation.

Structurally, first generation calcilytics were similar to
calcimimetics. Their isolation was in fact obtained by screening
various molecules based on the same phenylalkylamine
structure (38). NPS2143 was the first calcilytic synthesized. In
rats, NPS2143 induced a strong PTH increase, followed by
hypercalcemia (39). Its pharmacokinetics, however, was not
adequate to induce bone anabolism, due to its prolonged
action. Further modifications of the NPS2143 led to
compounds with better profile, such as SB423557, which
demonstrated bone anabolic effects in ovariectomized rats
(40). During this screening process, the structures of calcilytics
differed significantly in comparison to first generation
molecules, so that the second generation-calcilytic was found
to act through a different site in CASR ECD (41). A
theoretically possible adverse effect, i.e. parathyroid hyper-
plasia, was not detected in preliminary studies carried out in
animals.

The most promising calcilytic, i.e. ronacaleret, was recently
evaluated in postmenopausal women in a phase 3 clinical trial
by comparing this agent with teriparatide, alendronate, and
placebo. Ronacaleret was able to significantly increase
volumetric bone mass density (vBMD). The effect was half of
that observed in women treated with teriparatide (42) and
similar to that obtained with alendronate. The main issue was
the presence of mild vBMD decrease in proximal femur and in
other cortical bone sites (42), that was attributed to a mild
hyperparathyroidism, due to more prolonged PTH elevations
induced by ronacaleret in comparison to teriparatide (42). A
phase 2 study in humans with SB423557 evidenced a better in
vivo profile (43), and this calcilytic might be tested for
osteoporosis treatment in the near future.

Conclusions

Nowadays a number of allosteric agents acting on calcium
sensing receptor has been synthesized and tested. The search
for positive allosteric modificators (i.e. calcimimetics) arose
from the need to have a medical treatment to flank surgery in
patients with PTH hypersecretion disorders. These expe-
ctations was met by the first on market calcimimetic cinacalcet.
Patients with stage 5 CHD secondary/tertiary hyperpara-
thyroidism had greater benefit with calcimimetic treatment. In
particular, this drug was able to reduce risk of parathyroid
surgery, comorbidities, and quality of life in these patients.
Good results was observed also in patients affected with
primary hyperparathyroidism, although cost analysis is still
favourable to surgery. The use of cinacalcet in other conditions
like calciphylaxis, phosphate-wasting disorders, lithium
induced hyperparathyroidism, and familial hypocalciuric
hypercalcemia was proposed, although to date the same
economic considerations should apply to these conditions.

By chemical variation of the calcimimetic structure, the
pharmacological research obtained a new class of compounds
with negative allosteric regulation of CASR, i.e. calcilytics. This
orally active drugs are able to transiently increase PTH and
they were thought to mimic the profile of recombinant PTH,
without the need of daily injection. Calcilytics were tested in
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animal models of menopause with good results. A phase 3 trial
in a cohort of postmenopausal women showed that the
calcilytic ronacaleret improved femur BMD, but less than those
observed with teriparatide, probably due to induction of mild
hyperparathyroidism. Calcilytics with better profile are in
evaluation.
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