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ARTICLE INFO ABSTRACT

Calcium stones and calculi are observed in numerous human tissues. They are the result of deposition of calcium
salts and are due to high local calcium concentrations. Prostatic calculi are usually classified as endogenous or
extrinsic stones. Endogenous stones are commonly caused by obstruction of the prostatic ducts around an en-
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I“f}af“mation larged prostate resulting from benign prostatic hyperplasia or from chronic inflammation. The latter occurs
gal‘:“;f“ mainly around the urethra and is generally caused by reflux of urine into the prostate. Calcium concentrations
alculi

higher than in the plasma at sites of infection may induce the chemotactic response that eventually leads to
recruitment of inflammatory cells. The calcium sensing receptor (CaSR) may be crucial for this recruitment as its
expression and activity are increased by cytokines such as IL-6 and high extracellular calcium concentrations,
respectively. The links between calcium calculi, inflammation, calcium supplementation, and CaSR functions in
prostate cancer patients will be discussed in this review.

Calcium stones
Calcium sensing receptor

1. Introduction

The effects of intracellular free calcium as a second messenger not
only in cytoplasm but also in endoplasmic reticulum, Golgi apparatus,
mitochondria, nuclei, and lysosomes have been extensively character-
ized [1-6]. The calcium-sensing receptor (CaSR) was first described
more than 25 years ago [7], and this discovery lead to the finding that
the calcium cation is a key regulator of the physiology and pathophy-
siology in many diseases and tissues [8,9]. CaSR, a G protein coupled
receptor (GPCR), has been studied at the gene, transcript, and protein
levels, and its functions in human tissues and its regulation have been
the focus of numerous reviews by experts in the field. Due to in-
tracellular and extracellular functions, calcium is a multipurpose mes-
senger indispensable for life [10].

The cytosolic free calcium concentration can jump from a few tens
of nM at rest to several tens of uMs when a cell is stimulated [11-13];
however, the extracellular calcium concentration is tightly controlled
[14]. Extracellular calcium concentrations higher than those observed
in plasma have been observed under certain conditions [15], and the
presence of calcium stones or calculi within human kidney [16], breast
[17], pancreas [18], and prostate [19,20] suggest that calcium con-
centrations in these organs can locally reach tens of mM. It remains
unclear how these confined extracellular calcium hotspots influence

activities of channels and GPCR activities within tissues. The relation-
ship between the occurrence of these calculi and cancer is also inter-
esting as calcium channel and CaSR expression are often increased as
cancer progresses [21,22]. Here we will review our current under-
standing of the links between calcium calculi, inflammation, calcium
supplementation, and CaSR functions in prostate cancer patients and
will discuss the putative sources of calcium calculi and the role of in-
flammation as either a cause or consequence of microcalcifications.

2. Calcemia and free extracellular calcium concentration

Most cells are faced with extracellular calcium concentrations close
to those measured in plasma, which is called calcemia. Normal calcemia
ranges from 9 to 10.5 mg/dl (2.2 to 2.6 mM) in human with upper and
lower limits depending on age as adults over 40 years old are mostly
between 9 and 10mg/dl, whereas calcemia in teenagers is slightly
above 10mg/dl [23]. Other factors can also influence calcemia in-
cluding sex and the season of the year [24].

Calcemia refers to total calcium in the plasma but only the free
ionized calcium is physiologically active. Calcium is present in serum in
three main fractions: protein-bound (approximately 45% of the total),
complexed calcium (approximately 10%) and the so-called ionized
fraction (approximately 45%) [24,25]. These fractions are in
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equilibrium. Several parameters control the plasma calcium con-
centration including regulation by parathyroid hormone (PTH), 1,25-
dihydroxy vitamin D (1,25(0OH),D), and kidney and skeleton factors,
pH, serum phosphate and magnesium concentrations, calcium daily
intake, and intestinal calcium absorption [24,26]. It is recommended
that in humans normal extracellular free calcium concentration be
maintained between 1.1. and 1.3 mM [14].

3. Extracellular calcium concentration and calcium-sensing
receptor

Extracellular calcium modulates cell physiology via plasma mem-
brane calcium channels and the CaSR, which senses extracellular levels
of calcium [27,28]. Opening of a plasma membrane calcium or cationic
channel leads to a rapid and massive increase in cytosolic free calcium
due to the large gradient for this cation [29]. The physiological func-
tions of these large and probably localized increases in cytosolic cal-
cium concentration have discussed in many reviews over the last
twenty years [30-34]. Whereas the channels work at steady-state ex-
tracellular calcium concentration, an increase in extracellular calcium
concentration is essential for CaSR activation.

CaSR is almost ubiquitously expressed in human tissues with a clear
predominance in parathyroid, gut, bone, and kidney [9,10,35]. The
structure of CaSR, the normally observed and alternatively spliced
transcripts, and transcriptional control of CaSR gene expression have all
been extensively discussed recently [36]. CaSR is a GPCR that influ-
ences calcium homeostasis by detecting variations in extracellular cal-
cium [7,10,26,37], and it induces various intracellular signaling path-
ways depending on the coupling to a specific G protein subunit, Gg/11,
Gi/o, G12/13, O G5 [22,38,39]. Expression of these subunits also depends
on the physiological state of the cells resulting in flexibility of the re-
sponses triggered by CaSR activation [40,41]. CaSR is involved in
several calcitropic and non-calcitropic diseases [9], and CaSR expres-
sion levels are increased in several cancers including that of the prostate
[22,42,43]. It is worth mentioning that several other GPCRs and mul-
tiple channels are able to sense variations in extracellular calcium
concentrations [15,44]. Structural homologies, conservation of specific
domains, and a common functional role as nutrient/salinity sensor
clearly indicate that CaSR is part of a family that includes metabotropic
glutamate and GABA receptors, taste receptors, GPRC6a, and seven
orphan receptors [15,45].

Acute increases in serum calcium into the borderline hypercalcemic
range were observed about 4 h following ingestion of 500-1000 mg of
calcium citrate or calcium carbonate as supplements [46]. However, the
change in calcium concentration, which is likely detected by the
parathyroid gland [47-49], was not more than 100 uM but was larger
than that recorded after ingestion of calcium-rich food [50]. This is a
lower concentration than the reported extracellular calcium-evoked
activation range for CaSR. When increases in cytosolic calcium con-
centration were monitored in fura2-loaded HEK293 cells expressing
CaSR, increasing extracellular calcium concentration from an initial
value of 0.5 mM showed a clear threshold effect at about 2 mM with an
ECs of about 3.5mM [10,51-53]. However, CaSR activity per se can be
modulated by numerous allosteric factors in the absence of increased
calcium levels [10,54]. These include aromatic L-amino acids such as
Trp or Phe, which sensitize CaSR to calcium. The L-amino acid binding
site recently identified [55] also involves magnesium ions and a tryp-
tophan-derivative ligand [56]. Both Trp and Phe concentrations are
dramatically impacted by dietary amino acid and protein ingestion
[57,58], and the postprandial elevation peak brings their plasma con-
centration up to levels of about 100 puM, a concentration at which they
likely increase CaSR affinity for extracellular calcium [58]. Moreover,
high levels of CaSR lower the threshold for calcium activation [52].
Therefore, in humans, CaSR is likely to detect variations in extracellular
calcium concentration in the range of 100 pM allowing parathyroid and
parathyroid hormone to compensate for changes in plasma calcium
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concentration.
4. High local extracellular calcium concentrations

In certain tissues and in the luminal contents of glands, calcium
concentrations can be much higher than that observed in plasma. An
obvious tissue where high local calcium concentrations are found is the
bone [59]. Osteoclasts that sense extracellular calcium may be exposed
to calcium concentrations of up to 40 mM in erosion sites [60]. Hence,
elevated calcium released during bone resorption may activate CaSR in
these cells, which in turn will allow completion of bone remodeling.
Another important point related to extracellular calcium concentrations
and CaSR activation is the volume of interstitial fluid surrounding cells
within an organized tissue [15,61]. This remarkably small volume
probably contributes to the local fluctuations in extracellular calcium
concentrations [62,63]. Several factors underlie these fluctuations.
Calcium export from the cells via plasma membrane calcium ATPase
(PMCA) and sodium-calcium exchangers, secretory vesicles, and cal-
cium influx can generate fluctuations in these thin interspaces between
cells. Localization and kinetics of activation of these different actors are
probably another source of changes that are much larger than those
recorded in the plasma where calcemia is tightly controlled.

Although calcium inflow and outflow are ultimately balanced as
cellular calcium concentrations return to resting levels upon signal
termination, transient gradients of extracellular calcium can be gener-
ated wherever there is temporal and/or spatial segregation of calcium
influx and efflux [64-66]. In another example, direct measurement of
extracellular calcium concentration using calcium-sensitive microelec-
trodes impaled into the interstitial spaces between gastric epithelial
cells and in the lumen of the gastric gland in an intact stomach revealed
transient increases in extracellular calcium of up to 500 uM [67]. Large
reductions in extracellular calcium concentration of the same magni-
tude were observed in the intercellular spaces of pancreatic islets fol-
lowing stimulation of islet cells with glucose [63]. Last but not least,
calcium contents of secretory vesicles can be very high [68-70] ranging
from 40 to 120 mM in insulin granules of rat insulinoma [71] and in
chromaffin vesicles [72].

Investigation of the co-localization of these actors with CaSR could
provide important information on how CaSR modulates cell signaling
even when calcemia remains unchanged. For instance, PMCA and CaSR
are co-localized on the apical membrane of polarized gastric acid-se-
creting cells [62]. CaSR (through Gg,11) is also able to modulate the
expression and activity of transient receptor potential channels TRPC1
[73,74]1, TRPC3 [75], and TRPC6 [42]. The signal transduction of CaSR
is also involved in the regulation of PMCA and SERCA calcium pumps
expression and activity [76]. Moreover, CaSR is likely to change the
driving force for calcium ions through the activation of plasma mem-
brane potassium channels [77]. Regulation via plasma membrane
pumps, exchangers, and channels are likely to trigger only transient
changes in extracellular calcium. Long-term increases in this cation
concentration such as those observed in bone may result from different
mechanisms.

5. Prostatic calcification: stones and calculi

Calcium stones and calculi are the result of deposition of calcium
salts and are caused by high local calcium concentrations. Although
also found in pancreas [18], kidney [16], and breast [17], we shall
focus here on their involvement in benign prostatic hyperplasia (BPH)
and prostate cancer. We propose that there is a link between in-
flammation and CaSR expression and activity.

Prostatic calculi are usually classified as endogenous (also known as
primary) stones or extrinsic (also referred to as secondary) stones.
Endogenous stones are commonly caused by obstruction of the prostatic
ducts around the enlarged prostate resulting from BPH or chronic in-
flammation [78]. Several hypothesis have been proposed regarding the
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Fig. 1. Schematic representation of the different prostate zones and putative localization of prostate calculi or stones in human. Calcium stones are mainly located
inside the main prostatic ducts in the peripheral zone and outside the ducts in transitional and central zones [129].

etiology of prostatic calculi but none are supported by definitive evi-
dence [79,80]. Reflux of urine into the ejaculatory ducts upon voiding
is not an uncommon phenomenon and is more likely to occur if there is
a degree of urine flow obstruction. Hence, intraprostatic urinary reflux
and the constituents of refluxing urine may contribute to the formation
of prostatic stones [80]. Inflammation associated with prostatic li-
thiasis, the deposition of hydroxyapatite crystals in the corpora amy-
lacea and the mineralization of these with calcium, and intraprostatic
reflux have also been proposed to lead to formation of prostate calculi
[81].

Extrinsic stones occur mainly around the urethra and are caused by
reflux of urine into the prostate [78]. The exact prevalence of prostatic
calculi is not known, and it has been reported to vary widely, from 7%
to 70%. Many patients have several small stones ranging from 0.5 to
5.0 mm in size. Most cases of prostatic calculi are not accompanied by
symptoms. Therefore, most cases are found incidentally during the di-
agnosis of BPH using transrectal ultrasonography [19]. Magnetic re-
sonance imaging can also detect prostatic calculi as well as intra-vas-
cular stones [82]. Intra-vascular stone formation is mediated by
inflammation as indicated by analysis of cytokine expression [83].
Intra-vascular stones are systemic and generally occur in large vessels
[84]; they are not included in our discussion.

The first step in the formation of prostatic calcification is accumu-
lation of desquamated acinar cells to form corpora amylacea [85].
Corpora amylacea are luminal secretions commonly present in benign
prostatic acini [81,86] that have also been noted in other organs in-
cluding lung and uterus [87]. Corpora amylacea are present in the
benign acini of prostates of approximately 25% of men aged 20-40
years, and they are common among men with prostate cancer [88]. The
intraluminal contents of prostatic acini also include mucin, crystalloids,
and proteinaceous debris. A variation in density of the matrix of the
corpora produces a laminated structure. Formation of corporal calculi
results from the deposition of hydroxyapatite crystallites in corpora
amylacea and is linked to further growth and mineralization that can
lead to the development of prostatic calculi, which are more readily
identifiable upon clinical examination [85,89].

The exact mechanism underlying the formation of prostatic calci-
fication is still unclear. Urine reflux into prostatic ducts, the penetration
of spermatozoa into prostatic tissue, and desquamation of prostate
epithelium due to chronic inflammation are believed to favor the for-
mation of prostatic corpora amylacea [90]. Subsequent chronic in-
flammation of the prostate epithelium may promote the formation of
calculi due to calcification of the corpora amylacea [85]. It is widely
accepted that prostatic calculi are uncommon in children, rare in men

below 40 years old, and common in men over the age of 50 [81].
Prostatic calcifications are frequently observed in men who are being
tested for prostate cancer and in those with symptomatic BPH, although
an association between prostatic calcification and these two diseases
has not yet been established [90]. Further, no direct association be-
tween stone type and the severity of prostate inflammation was de-
tected in more than 200 patients with BPH who were evaluated by
transurethral electroresection of the prostate gland [90,91].

One important point should be emphasized: Prostatic calcification
could result in an obstruction of the intraprostatic ducts stimulating the
inflammatory response of the prostate with cytokine activation or the
opposite could be the case. Chronic inflammation of the prostate tissue,
triggered by any of a wide variety of factors such as diet, autoimmune
response, urine reflux, or infections of the prostate epithelium could
promote prostatic calcification. Age-related prostatic calcification in
patients aged over 50 years may induce a cascade of events including
obstruction of the intraprostatic ducts stimulating an inflammatory
response in the prostatic tissue and damage of the epithelial and
stromal cells. Subsequent wound healing may result in excessive ex-
tracellular matrix and stromal proliferation [92].

Calcium phosphate or calcium oxalate with carbonate-apatite and
hydroxyapatite are the main components of prostate calculi [19,89,93].
Prostatic calculi, often observed in patients with acute or chronic
prostatitis, may lead to chronic prostatitis [94]. Hypercalciuria can be
one of the underlying causes of prostate calculi as evidenced by the fact
that stone formers (whose urine is more likely to be supersaturated with
stone-forming salts) are more likely to form prostatic calculi than non-
stone formers [89]. Hence, patients with calcifications often suffer from
inflammation, and there is a casual association between inflammation
and cancer development [95].

The prostate can be divided into three main zones: central, transi-
tional, and peripheral (Fig. 1). The peripheral zone accounts for almost
70% of the tissue of the prostate gland in the posterior and lateral re-
gions, and 70% of cases of prostate cancer occur in this area. The
peripheral zone is also the site where chronic prostatitis occurs.
Therefore zonal calcification could be important in the development of
cancer, and it has been proposed that prostatic calculi detected in the
peripheral zone of the gland represent a significant risk factor for
prostate cancer and therefore could be used as predictors of high cancer
risk [19,20,96].

6. Inflammation and high calcium concentrations

Inflammation, prostatic calculi, and prostate cancer progression are
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clearly related [19,97]. An important question remains, however: What
is the connection between these processes and CaSR activity in the
prostate? The relationship between extracellular calcium and in-
flammation works both ways (Fig. 2). First, inflammation can up-reg-
ulate CaSR expression. Several inflammatory cytokines can induce
CaSR expression [98,99], and immune cells such monocytes, eosino-
phils, and macrophages express CaSR [100-104]. Second, inflammatory
lesions often contain dead cells due to necrosis resulting in the release
of cellular constituents after membrane rupture [105]. High levels of
calcium are observed at sites of infections and calcifications are de-
tected at sites of chronic inflammation [106] and ischemic necrosis
[107] and are related to activation of NLRP3 inflammasome [108]. It is
now thought that necrotic cell death can be induced by biomolecules
known to initiate inflammation such as the cytokine TNFa and the
pathogen component lipopolysaccharide.

The role of the CaSR in the inflammation was investigated by Zeng
et al. in a model of acute myocardial infarction [109]. In this recent
work, the authors showed that expression of CaSR by T lymphocytes
enhanced expression of inflammatory cytokines. CaSR also activates
pulmonary inflammation as shown in a mouse model of pulmonary
inflammation using the CaSR inhibitor NPS2143 [110]. Immune re-
sponses are facilitated via the accumulation of immune cells attracted
by chemokines that are produced by almost all cell types in human
[111]. Localization of monocytes and macrophages to sites of injury or
inflammation is crucial for initiation of their role in host defense and
elevated extracellular calcium concentrations measured at sites of in-
flammation (94) are known to induce monocyte chemotaxis [112-114].

At sites of infection, immune cells secrete numerous cytokines that
are implicated in tumorigenesis. For example, interleukins 6 and 1,
TNFa, TGFf, and CXCL12 (also known as SDF-1) play important roles
in prostate cancer progression [115-119]. IL6, IL1f, and TNFa all ra-
pidly induce large increases in CaSR expression [98-100], and it is
likely that CXCL12-activated CXCR4 trigger similar activation through
STAT1, STAT3, and NFkB activation [118] as these three transcription
factors bind to the CaSR promoter region [120,121]. Thus, activation of
CaSR by high concentrations of calcium leads to inflammation, which in
turn further up-regulates CaSR expression. Hence, the chronic in-
flammation induced may enhance rick of prostate cancer.

There is evidence, however, that CaSR can moderate inflammation.
CaSR has been shown to protect against colon cancer development
[122], and evidence has been accumulating that this receptor might
also prevent colonic inflammation [123]. However, due to the com-
plexity of the gut homeostasis in large part due to the microbiota, the
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exact role of CaSR in the intestine inflammation remains unclear [124].
Thus, CaSR may promote or moderate inflammation, depending on the
situation [100].

7. Conclusion - Calcium supplements and cancer

The currently available data indicate that calcium has a deleterious
effect on prostate cancer progression [42,125], probably resulting from
a combination of factors. As described in this review, high levels of
calcium increase inflammation and urinary calcium and can cause
calcium stones to be disseminated in different prostate zones. Further-
more, low bone mineral density is common in men with prostate
cancer, even in those not treated with androgen-deprivation therapy
(ADT) [126]. The prevalence of low bone mineral density is higher in
men on ADT than untreated controls [127], and ADT is correlated with
an increased risk of fracture [128]. Calcium supplementation provided
to overcome this risk is likely to further increase urinary calcium con-
centration, the formation of calcium stones, immune cell chemotaxis,
and increased secretion of pro-inflammatory cytokines able to increase
CaSR expression and eventually tumorigenesis. Thus, as we argued
previously [125], men at risk of or diagnosed with prostate cancer
should avoid excessive calcium dietary intake.
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