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Abstract
The calcium-sensing receptor (CaR), a seven-
transmembrane domain receptor belonging to the G
protein-coupled receptor family, is responsible for
calcium-mediated signalling initiated at the surface of
parathyroid cells that controls the synthesis and secretion
of parathyroid hormone (PTH). Expression of the CaR is
downregulated in animal models of uraemia and in patients
with secondary hyperparathyroidism (SHPT). Cinacalcet
is a type II calcimimetic agent that acts as an allosteric
modulator of CaR signalling. It has been shown in clinical
studies to improve control of serum PTH levels and in
preclinical studies to attenuate SHPT disease progression
and parathyroid hyperplasia. Cinacalcet represents the first
of this novel class of agents and a major advance in the
treatment of SHPT.
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The calcium-sensing receptor

The calcium-sensing receptor (CaR) plays a central role
in the development of secondary hyperparathyroidism
(SHPT). The CaR is a seven-transmembrane domain re-
ceptor belonging to the G protein-coupled receptor (GPCR)
superfamily [1]. The CaR was cloned first from bovine [1]
and then from human [2] parathyroid cells, as well as from
rat kidney cells [3]. It is expressed on the surface of parathy-
roid cells and consists of three principal structural domains:
an N-terminal extracellular domain (ECD) containing the
calcium-binding site(s) [4]; a membrane-spanning domain
and a cytosolic domain, which mediates intracellular sig-
nalling (Figure 1) [1,2]. The CaR is coupled to a number
of intracellular signalling pathways [5–7], and its activation
typically elicits an increase in intracellular calcium [8,9].
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Thus, in this context, calcium is both the extracellular
ligand and an intracellular second messenger. The CaR has
been shown to dimerize [10] at the cell surface, and key
cysteine residues mediate this dimerization process [11].

Calcium binds to the inside pocket of two lobes in the
ECD, which are separated by a hinge region [12,13]. An-
other hinge region between membrane-spanning helices 6
and 7 and, particularly, a proline residue (P823) in TM6 has
been identified as a key structural element involved in cal-
cium signalling [14]. The bilobed structure of the ECD for
another related GPCR, the metabotropic glutamate recep-
tor mGluR1, has been elucidated through crystallographic
studies [15]. Homology modelling of the CaR based on the
mGluR1 structure has confirmed several structural simi-
larities [12,13], including common cysteine residues that
mediate receptor dimerization and a set of polar residues
involved in calcium coordination.

Unlike intracellular calcium-binding proteins, which
contain consensus calcium-binding sequences and have a
very high affinity for calcium, the CaR does not contain
conserved structural motifs for high-affinity binding of
calcium at micromolar or nanomolar concentrations. The
relatively low affinity of the CaR for calcium (50% effec-
tive concentration of ∼3 mmol/L in cultured cells) [1,4] is
consistent with its role as a sensor of extracellular circu-
lating calcium levels; normal serum-free ionized calcium
levels are in the range of 1.15 to 1.36 mmol/L (i.e. 4.6–
5.4 mg/dL) [16].

Pathophysiology and characteristics of SHPT

Parathyroid gland cell proliferation and hyperplasia

A major characteristic of SHPT is increased parathyroid cell
proliferation. As chronic kidney disease (CKD) progresses,
this increase in cell proliferation results in the develop-
ment of diffuse parathyroid gland hyperplasia and subse-
quently nodular hyperplasia [17,18]. Both hypocalcaemia
and hyperphosphataemia appear to stimulate parathyroid
cell proliferation or hyperplasia [19,20], with the effects
of calcium being mediated by the actions of p21 (Waf1)
and transforming growth factor (TGF)-alpha, a cytokine
that mediates cell growth in normal and malignant tissue
[21]. The protein p21 (Waf1 or Cip1) is an inhibitor of
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Fig. 1. The extracellular CaR. The CaR consists of three molecular domains: an extracellular ligand-binding domain; a transmembrane domain and a
cytosolic domain, which mediates intracellular signalling. Adapted with permission from Brown et al. [1].

cyclin-dependent kinases [22], which stimulate a progres-
sion into S phase and active replication [23,24]. Induction
of p21 and downregulation of TGF-alpha are thought to
be responsible for the antiproliferative effects of vitamin
D [21,25]. When a low-phosphate diet was imposed on
uraemic 5/6 nephrectomized rats, parathyroid cell prolifer-
ation was halted with a concomitant induction of p21 and
reduced expression of TGF-alpha [26]. The expression of
the proliferating cell nuclear antigen (PCNA), an indica-
tor of mitotic status, was inversely correlated with p21 and
directly correlated with TGF-alpha [21,26].

Because inhibition of apoptosis is frequently associated
with hyperplasia and dysregulated cell growth, it is im-
portant to consider the influence of potential treatments
for SHPT on this natural mode of cell death. An in vitro
study examining the effects of calcitriol (D3) on cell pro-
liferation and apoptosis has shown that calcitriol inhibits
both parathyroid cell proliferation and apoptosis in normal
glands from dogs [27], thus having a net effect of neither
increasing nor decreasing parathyroid gland size. In
parathyroid glands from patients with SHPT incubated in
culture medium, only high concentrations of calcitriol were
able to inhibit proliferation and apoptosis [27].

Receptor expression

A decline in CaR expression is characteristic of
hyperplastic parathyroid cells from uraemic animal models
[28,29] and also of patients with primary hyperparathy-
roidism (PHPT) and SHPT [30–32]. A study in uraemic
rats indicated that hyperplasia precedes the decline in CaR

expression [28]. Therefore, CaR expression is a key mea-
sure of disease status and progression. A 41% decrease
(P < 0.01) in CaR protein expression was observed in 5/6
nephrectomized rats on a high-phosphate diet, compared
with control animals [29]. This study also showed that the
decline in CaR expression was most noticeable in actively
proliferating cells and that a high-phosphate diet induced
parathyroid hyperplasia.

In studies of human parathyroid adenoma and hyper-
plastic glands from uraemic patients, these tissues showed
a 59% decrease in CaR expression compared with normal
glands [30]. In another large study examining tissue from
a total of 50 parathyroid glands from 23 haemodialysis pa-
tients with SHPT, tissue with the lowest CaR expression
levels secreted the most parathyroid hormone (PTH) [31].
Interestingly, low CaR expression was associated with a
decreased response to both inhibitory effects of high cal-
cium levels and receptor activation by low calcium levels.
Furthermore, an inverse relationship between gland weight
and CaR gene expression (P < 0.05) and between CaR
expression levels and calcium setpoint (P < 0.01) was
observed [31]. Consistent with these findings, calcitriol
was effective in preventing parathyroid hyperplasia in early
renal failure but ineffective in reducing parathyroid cell
proliferation after SHPT was established [33]. These data
offer a compelling illustration of the difficulty of reversing
SHPT in hyperplastic tissue. Once CaR (and vitamin D
receptor [VDR]) expression are decreased and parathyroid
cell proliferation advances, traditional therapies, such as
calcium and calcitriol, may be ineffective because of the
refractory responses to these treatments.
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Calcimimetic agents for the treatment of SHPT

Mechanism of action

Because the CaR is the main regulator of parathyroid
response to serum calcium and plays a central role in the
pathogenesis of SHPT, it is an attractive therapeutic target.
However, because the CaR belongs to the GPCR family,
some of which are also activated by extracellular di- or
polyvalent cations [4], one of the main challenges in de-
veloping potential modulators of the CaR involves accom-
plishing a high level of specificity for CaR binding. The
term calcimimetics has been coined for those compounds
that can modulate the activity of calcium receptors [8]. Type
I calcimimetics include inorganic cations, polyamines and
aminoglycosides that bind to the calcium-binding site on
the receptor and are capable of activating the CaR in the
absence of extracellular calcium. Some type I calcimimet-
ics are Mg2+, Gd3+, neomycin and spermine [1,8,34].
Type II calcimimetics are organic compounds that bind to
regions within the membrane-spanning domain of the CaR
and have the potential to increase the sensitivity of the CaR
to calcium, in effect lowering the threshold for receptor
activation by calcium [35]. They are thus, by nature,
allosteric modulators.

Cinacalcet is a potent and selective type II calcimimetic
agent. Treatment with cinacalcet has been demonstrated to
increase the mobilization of intracellular calcium in human
embryonic kidney 293 cells transfected with the human
parathyroid CaR [35]. This effect of cinacalcet was
dependent on the presence of extracellular calcium;
cinacalcet had no influence on PTH secretion in cultured
cells under conditions of low (<0.1 mmol/L) calcium
[35,36]. These in vitro data demonstrate that cinacalcet
is an allosteric modulator of the CaR. It is likely that its
in vivo effects are also dependent on an extracellular
calcium-initiated signal.

Control of disease progression

PTH expression and secretion. Both PTH expression and
secretion are regulated at multiple levels. Although both
vitamin D [37,38] and extracellular calcium [38,39] can
act to downregulate transcription of the PTH gene in
normal parathyroid cells, low extracellular calcium
promotes the stabilization of the PTH mRNA transcripts
[40], resulting in increased PTH synthesis. Calcimimetics
amplify the calcium-mediated signalling from the cell sur-
face and can be used to normalize serum PTH when serum
calcium levels prevent normal regulation of PTH or calcium
sensing is impaired in SHPT [41].

Type II calcimimetics produced concentration-dependent
decreases in PTH secretion from cultured bovine parathy-
roid cells at nanomolar concentrations [8]. Long-term oral
administration of cinacalcet (10 mg/kg/day) in 5/6
nephrectomized rats significantly decreased serum PTH
levels over 4 weeks, supporting the efficacy of cinacalcet
as a CaR signal modulator in vivo [42]. A dose-dependent
suppression of PTH by cinacalcet has also been observed
in a recent study examining primary human parathy-
roid cells from patients with PHPT or SHPT, in which

Fig. 2. Influence of cinacalcet on parathyroid cell proliferation in 5/6
nephrectomized (Nx) rats. Rats were administered either vehicle or
cinacalcet at the indicated concentrations for 4 weeks, beginning 6 weeks
after nephrectomy. ∗P < 0.001. Adapted with permission from Colloton
et al. [42].

immunohistochemical analysis revealed reduced expres-
sion of both the VDR and CaR [43]. Pharmacokinetic
exposure data show similar concentration-time profiles in
rats receiving the 10-mg/kg/day dose and patients receiv-
ing clinical doses of cinacalcet (75 mg) [35,44]. Cinacalcet
lowered PTH release by 61% in both PHPT and SHPT
cells, demonstrating that despite reduced CaR expression,
cinacalcet can effectively suppress PTH release [43].

CaR expression. Calcimimetic therapy has been shown to
directly influence CaR expression, which is significantly
reduced in SHPT. In a rat 5/6 nephrectomy model of CKD,
rats fed a high-phosphate diet rapidly developed SHPT and
exhibited a 75% reduction in parathyroid gland CaR mRNA
expression and a 79% reduction in parathyroid gland CaR
protein expression after 9 weeks compared with sham-
operated controls fed a standard diet [45]. In contrast, when
nephrectomized rats were fed a high-phosphate diet for 9
weeks and also orally administered R-568 (100 µg/kg/day)
for the final week of the treatment period, CaR expression
was not reduced compared with the sham-operated control
group.

Parathyroid cell proliferation. Calcimimetic treatment
has also been shown to reduce parathyroid cell prolifer-
ation and attenuate increases in parathyroid gland weight
in rat 5/6 nephrectomy models of CKD. Typically, 5/6
nephrectomy results in a marked increase in the number
of PCNA-positive (i.e. proliferating) cells in the parathy-
roid gland compared with sham-operated controls [45].
Treatment with R-568 (100 µg/kg/day for 1 week) and
with cinacalcet (5 or 10 mg/kg/day for 4 weeks) has been
demonstrated to prevent this increase in parathyroid cell
proliferation [42,45] (Figure 2). In addition to their ef-
fect on cell proliferation, these treatments also attenuated
the development of parathyroid enlargement. In both stud-
ies, parathyroid gland weight was significantly reduced in
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Fig. 3. Regulation of parathyroid gland cell cycle progression. Entry of parathyroid cells into the actively dividing S phase is regulated by the effects
of p21 on cyclin-dependent kinases (CDKs). Cdc2, cell division cycle 2 protein.

R-568- and cinacalcet-treated animals compared with
vehicle-treated animals [42,45].

These effects of cinacalcet on parathyroid cell prolifer-
ation and hyperplasia may be mediated through alterations
in the expression of the cell cycle inhibitor p21, which
inhibits the activity of a number of cyclin-dependent
kinases, thereby controlling the entry of cells into the
actively dividing S phase [22] (Figure 3). Expression of
p21 is suppressed in parathyroid hyperplasia [26]. In 5/6
nephrectomized rats, treatment with cinacalcet for 5 weeks
significantly (P < 0.03) increased expression of p21 [46].
Thus, cinacalcet treatment may, in effect, help reset the
proliferating cell cycle, bringing proliferating hyperplastic
cells back under normal cell-cycle control.

Taken together, these findings demonstrate that the
effects of cinacalcet are not limited to decreasing the re-
lease of PTH, but extend to altering the expression of the
CaR and reducing parathyroid cell proliferation and hyper-
plasia. These data suggest that cinacalcet could arrest—and
perhaps even reverse—the development of SHPT in CKD
patients.

Conclusions

The CaR clearly plays a central role in the onset and progres-
sion of SHPT because it mediates the signals that influence
PTH synthesis and secretion. With the advent of clinically
effective type II calcimimetic agents and the introduction of
cinacalcet, CKD patients with SHPT now have an additional
treatment option. Type II calcimimetics have been shown
to effectively control PTH secretion in preclinical studies
and in patients with SHPT and also to impede parathyroid
gland hyperplasia. Moreover, because cinacalcet and vita-
min D have complementary mechanisms of action, they
may be used in conjunction as therapy for SHPT. Type II
calcimimetics, therefore, represent a major advance in the
treatment of SHPT. As the first clinically effective and avail-
able agent in this new class, cinacalcet holds great promise
for improving clinical outcomes in CKD patients.
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