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Abstract

Nephrolithiasis is a worldwide problem with increasing prevalence, enor-
mous costs, and significant morbidity. Calcium-containing kidney stones
are by far the most common kidney stones encountered in clinical prac-
tice, and thus, hypercalciuria is the greatest risk factor for kidney stone for-
mation. Hypercalciuria can result from enhanced intestinal absorption, in-
creased bone resorption, or altered renal tubular transport. Kidney stone
formation is complex and driven by high concentrations of calcium-oxalate
or calcium-phosphate in the urine. After discussing the mechanism medi-
ating renal calcium salt precipitation, we review recent discoveries in re-
nal tubular calcium transport from the proximal tubule, thick ascending
limb, and distal convolution. Furthermore, we address how calcium is ab-
sorbed from the intestine and mobilized from bone. The effect of acidosis
on bone calcium resorption and urinary calcium excretion is also considered.
Although recent discoveries provide insight into these processes, much re-
mains to be understood in order to provide improved therapies for hyper-
calciuria and prevent kidney stone formation.
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INTRODUCTION

Kidney stones are a common, costly condition, with nearly 11% of American men and 7% of
women reporting having had a kidney stone atleast once (1). Recurrence risk is high, and treatment
of kidney stones costs more than 2 billion dollars annually in the United States alone (1, 2). Kidney
stone formation is associated with other common metabolic diseases, including obesity, diabetes,
inflammatory bowel disease, and hypertension (3-6). Further, people with kidney stones are at
an increased risk of adverse health outcomes such as kidney and cardiovascular disease (3, 4, 7,
8). Thus, understanding the risk factors contributing to kidney stone formation is important for
prevention and cost reduction.

Most kidney stones are composed of calcium (~85 %), complexed to either oxalate or phosphate
(9). The greatest risk factor for kidney stone formation is hypercalciuria (10). In most instances, the
underlying mechanisms of hypercalciuria are not clinically evident (i.e., no systemic cause identi-
fiable) and hence the term idiopathic hypercalciuria is employed (11). The common definition of
idiopathic hypercalciuria is urinary excretion of calcium higher than the eightieth percentile for
healthy individuals (i.e., >250 mg/day in women and 300 mg/day in men). Idiopathic hypercal-
ciuria is a heritable trait but strongly influenced by dietary factors. Increased intestinal calcium
absorption, augmented bone resorption, and renal calcium leak can cause an excess of calcium ex-
cretion in urine in idiopathic hypercalciuria (12). Despite increased intestinal calcium absorption,
urinary calcium losses exceed dietary calcium absorbed, and therefore individuals with idiopathic
hypercalciuria are often in negative calcium balance. Idiopathic hypercalciuria therefore not only
increases the risk for calcium-containing kidney stones but also is associated with reduced bone
mineral density and increased fracture risk (13). As a consequence, treatments aimed at reducing
urinary calcium excretion both reduce recurrence risk of stones and attenuate bone mass loss.

"This review focuses on the molecular mechanisms that contribute to tubular calcium transport
in kidney, intestine, and bone, with emphasis on areas implicated in hypercalciuria that lead to
stone disease. Hyperoxaluria is also a significant risk factor for calcium-oxalate kidney stone for-
mation; however, we have elected to not discuss the causes of hyperoxaluria and instead refer the
reader to recent reviews (14, 15). The precipitation of calcium-oxalate or calcium-phosphate is in-
hibited by urinary citrate, with low urinary citrate excretion being a risk for calcium kidney stones.
Citrate metabolism and its contribution to stone disease are reviewed in detail elsewhere (16).

MECHANISMS OF INTRARENAL CALCIUM PRECIPITATION

Under certain circumstances, calcium-oxalate and calcium-phosphate leave the soluble phase
in urine and form solid deposits in the kidney (crystallization), in the form of either tissue
deposits (nephrocalcinosis) or as kidney stones outside of/attached to parenchymatous struc-
tures (nephrolithiasis). The primary physicochemical processes leading to nephrocalcinosis and
nephrolithiasis are similar and governed by the principle of supersaturation. If a calcium salt
in the urine exceeds the solubility limit (which can be determined empirically), the solution is
supersaturated. The level of supersaturation can be expressed as the ratio of the concentration
of the dissolved salt to its solubility (17). If solid seeds are added to a supersaturated solution,
crystallization occurs on the surface of the seeds and depletes the solution back to solubility.
Without solid seeds, the solution remains clear, with supersaturation increasing with the con-
tinued addition of salt (either calcium-oxalate or calcium-phosphate) until a critical empirical
limit is reached, and spontaneous nucleation occurs. This critical upper limit is known as the
upper limit of metastability (ULM). Both supersaturation and ULM for calcium-oxalate and
calcium-phosphate can be determined in human urine (18). The ULM strongly correlates with
the corresponding supersaturation in the urine, a phenomenon that remains poorly understood
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(17). In human urine, the ULM is considerably above supersaturation (2- to 11-fold above
supersaturation for calcium-phosphate and 11- to 50-fold for calcium-oxalate), reflecting the
presence of urinary factors that prevent crystallization (i.e., citrate, pyrophosphate, phytate, and
proteins). Empirical ULM determinations of urine are cumbersome and no robust commercial
assays are available. Because ULM is tightly linked to supersaturation and the latter can easily
be determined, urinary supersaturation is typically used clinically to guide therapy. Urinary
supersaturations determined on ambulatory 24-h urine collections accurately reflect the long-
term average urinary supersaturation, and thus crystallization forces, and strongly correlate with
kidney stone composition. Moreover, therapies that reduce stone recurrence strongly correlate
with reductions in urinary supersaturation (18-21). Despite multiple lines of defense, urinary
crystal formation occurs in most humans. In calcium stone formers, urinary crystal formation
exceeds physiological limits, resulting in the formation of large aggregates of calcium-oxalate or
calcium-phosphate in complex with urinary proteins, also known as kidney stones.

Although calcium-oxalate and calcium-phosphate supersaturation are key drivers of stone for-
mation in people with calcium stones, the early pathogenetic events leading to kidney stone for-
mation greatly differ, depending on stone type, comorbid conditions, and urine chemistry. Three
different pathways leading to kidney stone formation have been recognized thus far: (#) stones
attached to the kidney papilla at sites of interstitial calcium-phosphate plaques (known as Randall
plaques) as typically seen in idiopathic calcium-oxalate stone formers, () stones attached to plugs
obstructing terminal ducts of Bellini as typically seen in calcium-phosphate stone formers or in
persons with secondary forms of calcium-oxalate stones, and (¢) stones forming in free solution
in the renal collecting system (e.g., medullary sponge kidney) (22). In this review, we focus on
the two most common pathways, plaque- and plug-dependent calcium stone formation. In both
pathways, kidney stone formation starts with calcium-phosphate (apatite) crystallization, either in
the interstitium (Randall plaque) or in the intratubular compartment (plug). Both processes were
first described by Alexander Randall (23). Research over the past 25 years has shed additional light
on the underlying processes.

The earliest lesions in Randall plaque formation are multilayered spherulites composed of ap-
atite and matrix in basement membranes of thin loops of Henle, followed by interstitial spherulite
formation on type 1 collagen fibers in the adjacent interstitial space (24). Spherulite fusion then
leads to the formation of large interstitial plaque beneath the urothelium. Upon breaching the
urothelium, urinary proteins (Tamm-Horsfall and osteopontin) and amorphous apatite overlay
the plaque. As plaque overgrowth increases, conversion of apatite to calcium-oxalate occurs, ulti-
mately leading to a cauliflower-like calcium-oxalate outgrowth visible macroscopically as a kidney
stone. This sequence of events appears to be the primary mechanism of kidney stone formation in
idiopathic calcium-oxalate stone formers, which are by far the most common. The vas washdown
hypothesis has been used to explain Randall plaque formation (25). Individuals with idiopathic
hypercalciuria display reduced proximal tubular sodium and consequently calcium reabsorption,
which results in increased distal tubular calcium delivery that leads to compensatory increased
calcium reabsorption from the thick ascending limb of Henle’s loop (TAL) (26). Calcium reab-
sorbed from the TAL (without water) enters the descending vasa recta (located inside a ring of
surrounding medullary thick ascending limbs). Due to the countercurrent mechanism, the calcium
concentration is expected to increase in the inner medulla, thereby promoting apatite crystalliza-
tion on collagen fibers of basement membranes of thin loops.

Kidney stone formation on intraluminal deposits (tubular plugs) is the second mechanism me-
diating nephrolithiasis, typically observed in calcium stone formers with primary or enteric hy-
peroxaluria (calcium-oxalate) or calcium-phosphate stones (apatite or brushite). Plugs are located
primarily in the inner medullary collecting ducts (IMCDs) or ducts of Bellini and are associated
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with destruction of adjacent tubular cells and surrounding interstitial fibrosis. Plugs protrude at
openings of ducts of Bellini in the urinary space and can function as sites of local overgrowth of
kidney stone formation, which is driven by the prevailing supersaturation of calcium-oxalate or
calcium-phosphate. Stone formation on tubular plugs has been observed in all types of stone form-
ers except for calcium-oxalate stone formers with idiopathic hypercalciuria (22). In stone formers
with primary hyperparathyroidism, primary hyperoxaluria, and brushite stones, plugs may extend
more proximal beyond the IMCD and have even been observed in proximal tubules of stone for-
mers with primary hyperoxaluria. Hence, elevated urinary calcium plays a primary role in plaque
and plug formation, the two major pathways of kidney stone formation. The basic mechanisms
driving these processes still remain poorly understood and warrant further study.

ALTERED RENAL TUBULAR CALCIUM HANDLING

Ionized calcium is freely filtered at the glomerulus, with most (>98%) reabsorbed along the course
of the nephron. Most of this calcium (>60%) is reabsorbed from the proximal tubule predomi-
nantly by a paracellular pathway. The TAL reabsorbs a significant amount of the filtered calcium
(20-25%) via a regulated paracellular pathway. The remainder of calcium reabsorption (5-10%)
occurs via a tightly regulated transcellular mechanism from the distal convoluted tubule (DCT)
and connecting tubule (CN'T). Over the past 20 years our understanding of the molecular com-
ponents involved in these processes, with abnormalities in these transport processes being impli-
cated in the development of hypercalciuria and kidney stone formation, has increased significantly.
Consideration of urinary calcium excretion would not be complete without discussion of intestinal
calcium absorption, as well as formation of and resorption from bone. Newer insights into these
molecular mechanisms are provided to highlight their role in regulating urinary calcium excretion
and how they contribute to the risk for calcium kidney stone formation.

The Proximal Tubule

Most filtered calcium is reabsorbed from the proximal tubule (>60%), with most reabsorption
(90%) occurring through a passive paracellular process (27, 28). Therefore, it is not surprising
that defects in calcium reabsorption from the proximal tubule have been implicated in the patho-
genesis of hypercalciuria in calcium kidney stone formers (29, 30), highlighting the importance of
understanding the molecular mechanism that mediates calcium reabsorption from the proximal
tubule. The driving force for calcium reabsorption from the proximal tubule is the movement of
sodium, which creates an osmotic gradient for the reabsorption of water (27) (Figure 1). The re-
moval of water from the lumen of the proximal tubule increases the calcium concentration, thereby
generating a concentration gradient, down which calcium can flow via the paracellular shunt. As
such, the proximal tubule epithelium is leaky with a very low transepithelial resistance (measuring
5-15 Q* cm?) (31, 32). The ultrafiltrate~to—tubular fluid (UF/TF) ratio for calcium is reported
to be nearly equivalent (1.0-1.2) (27, 33, 34), and the flux of calcium is nearly always equivalent
to sodium, consistent with its passive paracellular reabsorption (33). These observations suggest
that convective flux of water across the proximal tubule may drive paracellular calcium reabsorp-
tion via a process called solvent drag (28). Recent mathematical modeling data, however, argue
against a significant fraction of calcium being reabsorbed by a convective process, but definitive
experimental studies have not been completed (35).

The apical influx of sodium into the proximal tubule occurs primarily in exchange for a
proton, a process mediated primarily by the epithelial sodium proton exchanger NHE3 (en-
coded by SLC9A3), with efflux predominantly occurring through the sodium-potassium-ATPase
(NatK+ATPase) (36). Skc943 null animals demonstrate increased urinary calcium excretion
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Molecular pathway of calcium transport in the proximal tubule. Sodium reabsorption is mediated primarily
by apical influx via the epithelial sodium proton exchanger NHE3 and basolateral secretion by the sodium-
potassium-ATPase (Na* KT ATPase) and the electrogenic sodium bicarbonate cotransporter (NBCel). This
drives paracellular calcium reabsorption through claudin-2 (CLDN2) or claudin-12 (CLDNI12) pores.
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Figure 1

(but not renal calcifications) (37). However, children with deleterious SLC943 mutations have
congenital sodium-losing diarrhea, as NHE3 is also present in the intestine, where it contributes
significantly to sodium and likely also calcium reabsorption (38, 39). However, urinary calcium
excretion has not been examined in these patients. The remainder of sodium reabsorption from
the proximal tubule is contributed by a myriad of apical transporters, including NHE8/SLC9A48,
and the sodium-glucose cotransporters SGLT1 and SGLT?2. The role of NHES in paracellular
calcium reabsorption from the proximal tubule is not known, although NHES function appears
to regulate the small amount of transcellular calcium reabsorption that occurs in the distal part of
this segment (27, 40). SGLT2 inhibition in healthy volunteers led to a slight increase in urinary
calcium and sodium excretion, supporting the claim that SGLT-driven sodium reabsorption
drives water and consequently calcium reabsorption from the proximal tubule (41). Consistent
with this finding, hypercalciuria has also been observed in patients with familial renal glucosuria
42).

Water reabsorption across the proximal tubule occurs predominantly (~70%) via a transcel-
lular pathway, with the remainder moving through the leaky paracellular tight junction (43).
Transcellular water reabsorption occurs through the water channel aquaporin-1 (AQP1), which
is expressed in both the apical and the basolateral membranes in this segment (43, 44). The
coupling of water flux to calcium reabsorption across the proximal tubule is consistent with single
nucleotide polymorphisms (SNPs) in AQPI associating with kidney stone formation (45). Exactly
how these SNPs contribute to increased risk for kidney stone formation is not known, although it
could be speculated that reduced AQP1 water permeability may increase water flux through the
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paracellular pathway, thereby increasing calcium reabsorption and thus reducing risk for kidney
stone formation.

Calcium is a divalent cation, with a valence of 42. Thus, the electrical potential difference
across the proximal tubule could significantly affect the driving force for paracellular calcium re-
absorption. Reabsorption of ions and small molecules along the length of the proximal tubule is
not uniform. In the first part of the proximal tubule there is significant SGLT2-mediated absorp-
tion of glucose, which is electrogenic because it is coupled to sodium, yielding an approximately
—2 mV potential difference (46). Bicarbonate is also absorbed preferentially in the first part of the
proximal tubule, contributing to an increased concentration of chloride. This increase provides the
driving force for paracellular chloride reabsorption, which by the late S2 proximal tubule segment
results in a net lumen-positive potential difference (~+2 mV) (27). This in turn creates a favorable
electrochemical gradient for paracellular calcium reabsorption from the late proximal tubule.

In order for paracellular reabsorption to occur, there must be not only a driving force but also
permeability of the epithelia (35). The proximal tubule is highly permeable to calcium (27). How-
ever, our understanding of how paracellular permeability is conferred to the proximal tubule has
significantly increased in the past few years. Claudins are four-pass membrane proteins, with the
Cand N termini in the cytosol, that localize to the tight junction (47). Interaction with claudins in
the same cell (cis) or adjacent cell (#7ans) confers permeability to the tight junction (47). Claudin-2
(CLDN2), CLDN10a, CLDN12, and likely CLDN17 are expressed in the proximal tubule (48).
CLDN10a and CLDN17 are anion-selective claudins and likely contribute chloride permeability
to this segment. In contrast, CLDN2 and CLDN12 are cation-selective claudins recently impli-
cated in contributing the calcium permeability of this segment (32, 49). Proximal tubules from
Cldn12 knockout mice display reduced sodium and calcium permeability when perfused ex vivo
and permeability assessed by bionic diffusion potential measurements (32). However, these ani-
mals do not display hypercalciuria, suggesting altered expression or function of CLDN12 does
not contribute to hypercalciuria in humans (32). In contrast, direct measurements of the calcium
permeability of proximal tubules from Cldn2 knockout mice have not been reported. However,
Cldn2 knockout mice display increased urinary calcium excretion relative to wild-type littermates,
even on a low-calcium diet, consistent with a primary renal calcium leak (49). Failed calcium re-
absorption from the proximal tubule is likely the cause of the increased urinary calcium excretion,
as CLDN2 is expressed only in the proximal tubule and thin descending limb and the expression
of other mediators of calcium reabsorption is not altered (49, 50). Finally, genetic variations in
CLDN? associate with kidney stones and a likely deleterious mutation in CLDN2 causes hyper-
calciuria and kidney stones (49).

The proximal tubule is where 25-hydroxyvitamin D is converted to 1,25-dihydroxyvitamin D,
the active form of vitamin D, and is inactivated by 24-hydroxylation. The enzyme responsible for
the latter enzyme reaction is 1,25-dihydroxyvitamin D3 24-hydroxylase (CYP24A1). Mutations in
this gene result in elevated levels of 1,25-dihydroxyvitamin D in plasma, hypercalcemia, hyper-
calciuria, and nephrolithiasis in infants, a condition called idiopathic infantile hypercalcemia (51).
Mutations in the proximal tubule sodium-phosphate cotransporters SLC34A41 and SLC34A3 also
result in conditions with hypercalciuria, although this is a secondary effect. Mutations in SLC34A1
cause a syndrome similar to that caused by mutations in CYP24A1 (idiopathic infantile hypercal-
cemia); however, these patients display urinary phosphate wasting and hypophosphatemia as well
as hypercalciuria and hypercalcemia (52). Patients with mutations in SLC3443 tend to display
symptoms later as children and present with hereditary hypophosphatemic rickets with hyper-
calciuria (53). Both disorders of primary renal phosphate wasting display hypercalciuria due to
increased levels of 1,25-dihydroxyvitamin D in plasma, which increase calcium absorption from
the gut and resorption from bone.
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Two diuretics primarily target the proximal tubule: osmotic diuretics such as mannitol and
carbonic anhydrase inhibitors such as acetazolamide. Osmotic diuretics work by retaining water
in the tubular lumen, thereby preventing reabsorption. Because most water is reabsorbed from the
proximal tubule, the action of osmotic diuretics is largely ascribed to this segment. Due to close
coupling of water and calcium reabsorption from the proximal tubule, it is not surprising that
higher doses of mannitol (i.e., 10-20%) increase urinary calcium excretion because of reduced
reabsorption from the proximal tubule (54). However, lower doses of mannitol do not confer
this effect, likely due to compensation by downstream nephron segments (54). Acetazolamide, a
common carbonic anhydrase inhibitor, causes increased urinary calcium excretion and reduced
calcium reabsorption from the proximal tubule (54). The calciuria is likely a consequence of the
inhibition of carbonic anhydrases in the proximal tubule, which are required to catalyze the con-
version of H,O and CO; into protons and bicarbonate, a step prerequisite for NHE3 activity and
thus sodium reabsorption. Regardless, the hypercalciuric effect of carbonic anhydrase inhibitors
combined with hypocitraturia, which they also cause, increases risk for kidney stone formation

(55).

The Thick Ascending Limb of the Loop of Henle

Transport of calcium across the TAL is critical for the maintenance of overall calcium homeostasis.
Consequently, failure of TAL transport severely diminishes the renal reabsorptive capacity for this
cation. As much as 25 % of calcium filtered by the kidney is reclaimed along the length of the TAL
via a paracellular pathway made up of pore-forming claudins (56). The TAL generates a lumen-
positive transepithelial voltage that provides a critical driving force for reabsorption of calcium
via the paracellular shunt (57).

This transepithelial potential difference is generated by the asymmetrical secretion of elec-
trolytes across the TAL (Figure 2). In brief, the furosemide-sensitive cotransporter NKCC2 (en-
coded by SLCI12A1I) is highly and specifically expressed along the length of the TAL and is the
main uptake mechanism for sodium, potassium, and chloride in this segment. NKCC2 cotrans-
ports sodium, potassium, and two chloride ions across the apical membrane (58-60). The inwardly
cotransported sodium is secreted basolaterally by the Na*K*ATPase, which provides the main
driving force for sodium reabsorption across this segment. The chloride ions leave the cell via
CLCNKB channels situated in the basolateral membrane. Chloride exit is driven by the trans-
membrane potential difference, which is negative intracellular and maintained around —80 mV
(59). Potassium is recycled back across the apical membrane via renal outer medullary potassium
(ROMK; KCN71) channels (59, 61). Because the diffusion potential for potassium across the apical
membrane is higher than the diffusion potential of chloride across the basolateral membrane, a
lumen-positive transepithelial voltage is generated.

This lumen-positive transepithelial potential difference increases from approximately +5-13
in the inner stripe of outer medulla (mTALjsowm) to approximately +30 mV in the cortical TAL
(60). This larger diffusion potential across the cortical TAL is best detected in microperfusion
experiments with low perfusion rates and is likely the result of interstitial sodium backflux into
the tubular lumen via the paracellular shunt rather than by active transport mechanisms (60).
The voltage gradient can be inhibited by furosemide, a NKCC2 inhibitor (54). Reduction in the
lumen-positive transepithelial voltage by furosemide collapses the transepithelial potential differ-
ence, resulting in marked inhibition of TAL calcium transport and urinary calcium wasting (54).
Consistent with this finding, loop diuretics, such as furosemide, cause hypercalciuria (54), and
premature babies receiving furosemide often develop nephrocalcinosis, which in 50% of cases
resolves 6 months after discontinuation (62).
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Figure 2

Molecular pathway of calcium transport in the thick ascending limb of the loop of Henle. The combined
transport of sodium, potassium, and two chloride ions through the sodium-potassium-chloride cotransporter
(NKCC2) is coupled to basolateral efflux of sodium through the sodium-potassium-ATPase
(NatK*ATPase) and chloride through the CLCNKB channel as well as luminal recycling of potassium
through the renal outer medullary potassium (ROMK) channel. This contributes to a lumen-positive
potential, which favors paracellular calcium reabsorption through a tight junction pore composed of
claudin-16 (CLDN16) and claudin-19 (CLDN19). Increased blood calcium activates the calcium-sensing
receptor (CaSR), leading to increased transcription of the cation-blocking claudin-14 (CLDN14).

Mutations in genes encoding this TAL transport pathway lead to Bartter syndrome (58, 61, 63),
a disease characterized by marked renal NaCl wasting, hyperreninemia, hypokalemia, metabolic
alkalosis, and hypotension (60). Importantly, mutations in SLCI1241 and KCN7I cause a severe
form of Bartter syndrome, termed antenatal Bartter syndrome, which presents with polyhydram-
nios and is often associated with premature birth. In these forms of Bartter syndrome, patients
experience severe calcium wasting, which leads to early-onset nephrocalcinosis (64). In fact, a
severe form of antenatal Bartter’s syndrome that resolves spontaneously as an infant ages was re-
cently identified. The syndrome is due to mutations in MAGED?2, a gene important for regulating
the expression of cotransporters, including NKCC2 (65). Importantly, these patients suffer from
hypercalciuria, which resolves with the renal salt wasting, although nephrocalcinosis persists in
several patients (65). In the classical form of Bartter syndrome due to mutations in CLCNKB,
there is larger phenotypic variability, including less-severe cases. Hypercalciuria and the related
sequelae are not frequently observed in these patients (63). The reason for this remains to be fully
delineated, as all mutations are predicted to impair the generation of the lumen-positive volt-
age gradient across the TAL, although the effect of CLCNKB mutations may impair the electric
potential across the TAL less than that found in the antenatal forms.
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Calcium transport predominates in the cortical portion of the TAL, with paracellular calcium
transport across the m TALjsom being markedly lower (66). This decrease is contributed in part by
the permeability characteristics of the TAL, which are complex and vary between the mTALsonm,
the outer stripe of outer medulla (nTALosonm), and the cortical TAL. The paracellular shunt
of the TAL is cation selective, with sodium permeability (Px,) 2-10 times higher than chloride
permeability (Pq) along the entire segment (67). The permeability to divalent cations increases
along the length of the TAL and is the lowest in the mTALgom (67). Conversely, sodium perme-
ability is highest in the mTALjsom, where nearly half of the sodium reabsorption occurs via a para-
cellular pathway (67). The permeability characteristics of this segment are dependent on the ex-
pression profile of specific claudins. Three claudins are predominantly expressed along the length
of the TAL and have been linked to the permeability characteristics of the epithelium: CLDNI10,
CLDNI16, and CLDN19. CLDN16 and CLDN19 likely contribute calcium- and magnesium-
permeable pores to the TAL, and CLDNI10 allows the permeation of sodium across the
epithelium.

Mutations in CLDNI16 and CLDNI19 were identified as causative in the rare genetic disease
familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC) (68, 69). Patients
affected with the disorder have marked perturbations of their mineral balance, including severe
hypomagnesemia as a consequence of severe renal calcium and magnesium wasting (68, 69). This
type of renal wasting leads to nephrocalcinosis, which often results in renal insufficiency. Loss of
renal expression of these claudins is responsible for the clinical phenotype, as the urinary losses
of calcium and magnesium were reversed in a patient with FHHNC after a renal transplant (70).
Cldn16-deficient mice replicate the renal phenotype with marked renal calcium and magnesium
wasting and hypomagnesemia (71). Tubular microperfusion of TAL segments from these animals
revealed markedly decreased Pc, and magnesium permeability (Py) compared with Py, while
the Pn,/P¢ ratio was unaltered. Furthermore, CLDN16 and CLDN19 directly interact to confer
cation selectivity in cell model systems, which explains why mutations in one gene are sufficient
to cause the disease (72).

Expression of CLDN16 and CLDN19 has been localized to basolateral membrane domains
and to the tight junction of TAL cells in kidney (67). While the function of CLDNI16 and
CLDN19 in basolateral domains is unknown, the tight junction localization likely confers the
specific permeability characteristics of this epithelium. Tight junction expression of CLDN16
and CLDN19 occurs in the mTALgsom but more so in the cortical TAL, and CLDNI10 is the
predominant claudin in the mTALjsoum, although it is also expressed in more cortical segments
(67). There is a mosaic expression of claudins in the mTALosom and cortical TAL, with CLDN16
and CLDN19 localizing to specific cell-cell contacts and CLDN10 localizing to other contacts
(67). Thus, CLDN16 and CLDN19 are present in tight junctions different from those in which
CLDNI10 is present in the TAL. Consistent with the molecular heterogeneity of this segment,
there is substantial evidence for cellular diversity in transport capabilities and morphology as well
(60). In human kidney, recent observations have mapped two types of TAL cells via single-cell
RNA sequencing. Here, the expression of CLDN16 predominates in one cell type, and the other
cell type has a high expression of CLDN10 (73). Recent similar findings have been demonstrated in
mouse kidney (74). Elegant experiments conducted by Milatz et al. (67) demonstrated the require-
ment of CLDN16 and CLDNI19 to confer divalent cation permeability by coupling perfusion of
single mouse mTALjgom, mTALosom, and cortical TAL tubules with claudin expression profiling
by immunohistochemistry of individual tubules. The authors measured Py, as an assessment of
divalent cation permeability and found that the Py;,/Px, ratio was more than threefold higher
in the cortical TAL, where CLDN16 predominated, than in the mTAL;jsop (67). Overall, these
observations are consistent with CLDN16 and CLDN19 complexes forming pores permeable to
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calcium and magnesium and CLDN10 forming pores permeable to sodium. Furthermore, these
findings explain the different permeability characteristics and to some extent the different reab-
sorptive properties along the length of the TAL.

The specific deletion of Cldn10 from the distal nephron, including the TAL in mice, using the
Ksp-Cre alters paracellular permeability in the TAL not only to sodium but also to divalent cations
(75). Microperfusion of these tubular segments revealed loss of Px, over P¢; as would be predicted
if CLDNI10 confers sodium permeability. This in turn markedly increased the lumen-positive
voltage. Importantly, deletion of Cldn10 from the TAL also increased Pc, and Py, compared
with Pn,, which coincides with a redistribution of CLDN16 to the mTALjisoym (76). Furthermore,
potentiation of the lumen-positive transepithelial potential (75, 76) may serve to augment renal
reabsorption of calcium and magnesium in these animals. In fact, deletion of C/dn10 from the distal
nephron results in increased renal reabsorption of both calcium and magnesium and promotes
the development of nephrocalcinosis, consistent with nephrocalcinosis caused by increased TAL
calcium reabsorption (75).

Calcium transport in the TAL is regulated by several calciotropic hormones (66, 77). Parathy-
roid hormone (PTH) increases calcium and magnesium reabsorption from this segment by af-
fecting both the transepithelial voltage and the permeability of the paracellular shunt (77). The
mechanism by which this latter process occurs remains to be determined in detail. However, in
cell models, a protein kinase A (PKA) phosphorylation site on Ser217 in CLDNI16 is required
for its localization to the tight junction, suggesting that increased PKA activity mediated by PTH
may play a role (78). Another key regulator of calcium transport in the TAL is the calcium-sensing
receptor (CaSR), which is expressed along the basolateral membrane of this segment. Here, the
CaSR senses changes in serum calcium concentration and adjusts tubular reabsorption accord-
ingly. Increases in extracellular calcium increase intracellular calcium levels and the production
of inositol trisphosphate and markedly reduce vasopressin-dependent cyclic AMP accumulation
(79). Acute changes in calcium transport in response to alterations in extracellular calcium have
also been observed in isolated and perfused cortical TALs. Acute activation of the CaSR by in-
creased bath calcium markedly inhibits net flux in the TAL. Importantly, these changes occur with-
out changes in the membrane voltage across the epithelium and without changes in sodium and
chloride fluxes (79). Calcimimetics are drugs that enhance CaSR sensitivity to calcium, whereas
calcilytics block CaSR function. These drugs have been used to study CaSR function in various
epithelia. Acute application of calcilytics to perfused cortical TALs increases net calcium flux and
calcium permeability, again without changes in sodium and chloride fluxes or the transepithelial
voltage. These findings are in line with CaSR activation directly attenuating calcium permeation
of the paracellular shunt (80).

CaSR activation also potently stimulates expression of CLDN14 in the kidney (81-85).
CLDNI14 was originally found to be mutated in individuals with nonsyndromic deafness, as
CLDN14 is also expressed in the organ of Corti; however, these individuals do not have alter-
ations in renal calcium handling (86). A role in renal calcium handling was implicated when a
large genome-wide association study linked SNPs in CLDNI4 to hypercalciuria, kidney stones,
and reduced bone mineral density. Renal CLDN14 expression was subsequently shown to in-
crease when serum calcium increases, via activation of the CaSR (81-84). Dietary calcium intake
and administration of 1,25-dihydroxyvitamin D5 also alter Cldn14 messenger RNA and CLDN14
protein expression, indirectly by increasing serum calcium and thereby activating the CaSR (81—
85). Chronic pharmacological activation of the CaSR with the calcimimetic cinacalcet leads to a
pronounced 40-fold increase in Cldn14 expression (81), and more rapid effects only 2 h after cal-
cimimetic administration have also been described (82). CLDN14 expression is observed predom-
inantly in the cortical TAL after a high-calcium diet (85). We have recently developed an antibody
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against CLDN14 that works on structurally well-preserved paraffin-embedded sections. Using
this antibody, we observed renal CLDN14 expression only in hypercalcemic animals (84). In mice
made hypercalcemic through the use of a vitamin D analog, CLDN14 was restricted to a subset
of cells in the mTALosom and cortical TAL that also expressed CLDN16 but not CLDN10 (84).

Overexpression of CLDN14 in cell lines alters the permeability characteristics of the para-
cellular shunt. Specifically, CLDNI14 overexpression reduces the permeability to calcium and the
Pna/Pc ratio, consistent with a pore-blocking effect (81, 83, 87). CLDN14 interacts specifically
with CLDN16 but not directly with CLDN19 (83). Cortical TALs expressing CLDN14 after
a high-calcium diet have reduced permeabilities to both calcium and magnesium (83). Based on
the localization and changes in permeability characteristics, CLDN14 expression likely blocks
divalent-cation-permeable pores formed by CLDN16 and CLDNI19 (84). As such, the CaSR
likely acts to prevent hypercalcemia via upregulation of CLDN14, thereby reducing paracellular
calcium permeability in the TAL and increasing renal calcium excretion and ultimately lowering
blood calcium levels. Evidence from genetic models of Cldn14 deletion and overexpression is in
line with these observations. CldnI14 knockout mice placed on a high-calcium diet have a lower
fractional excretion of calcium than wild-type mice do (83). Conversely, transgenic mice overex-
pressing CLDN14 in all TAL cells increased the fractional excretion of calcium. Furthermore,
activating mutations in the CaSR leads to autosomal-dominant hypocalcemia, with associated hy-
percalciuria visible at presentation or following treatment to raise serum calcium levels (88). Fi-
nally, rare activating mutations in the CaSR are so severe that they markedly change overall TAL
transport, resulting in a form of Bartter syndrome with hypocalcemia (88).

The Distal Convolution

The distal convolution is an anatomical structure that includes the DCT, the CNT, and the ini-
tial portion of the collecting duct (CD) (56). In these segments, filtered calcium is reclaimed via
an active transcellular pathway. Micropuncture studies estimate 3-7% of filtered calcium is reab-
sorbed along the length of the distal convolution (54). The DCT segment can be identified by the
expression of the thiazide-sensitive NaCl cotransporter (NCC; encoded by SLC12A3) (89) and
subdivided into the segments DCT1 and DCT?2, where the DCT2 segment also coexpresses the
epithelial sodium channel (ENaC). Little paracellular transport is thought to occur in the distal
convolution, consistent with this epithelium having a high transepithelial resistance that increases
along its length (56).

Calcium moves unidirectionally across the distal convolution via an active transcellular route
(90) (Figure 3). The key transport proteins involved in this process have been identified. Tran-
sient receptor potential vanilloid 5 (TRPVS) is the main entry pathway for calcium in the apical
membrane (54, 91). The channel was originally identified from rabbit primary cultures generated
from tubules isolated from the CNT and CD (91), and the channel subsequently localized to rab-
bit CNT (54). However, expression of Trpv5 in mice extends to the DCT2 segment as well as
the initial portion of the CD (54), but its distribution in humans has not been determined. The
calcium-binding protein calbindin-D,gx (Calb28K) is also abundantly expressed in these cells,
where it acts as a calcium buffer that can transport calcium from the apical entry site to the ba-
solateral membrane without perturbing cellular calcium signaling (92). The proteins Na?+/Ca?*
exchanger type 1 (NCX1) and plasma membrane Ca?*-ATPase 4 (PMCA4) (93, 94) are the pri-
mary mechanisms mediating calcium extrusion across the basolateral membrane.

The role of TRPVS in calcium reabsorption from the distal convolution is largely based on
findings from mice with a targeted deletion of Tipv5. These animals show marked disturbances
in calcium homeostasis, with severe hypercalciuria, decreased bone mineral density, and vitamin
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Figure 3

Molecular pathway of calcium transport from the distal convolution. Apical calcium entry occurs through
the transient receptor potential vanilloid 5 (TRPVS) channel expressed primarily in the distal convoluted
tubule 2 (DCT2) and connecting tubule (CT). Calcium binds to the buffering protein calbindin-Dgk
(Calb28K), which shuttles calcium to the basolateral membrane, where export is mediated by Na?*/Ca’*
exchanger (NCX) or plasma membrane calcium-dependent ATPase 4 (PMCA4). The distal convoluted
tubule 1 expresses the NaCl cotransporter (NCC), DCT?2 expresses both NCC and the epithelial sodium
channel (ENaC), and CT cells express only ENaC. All of these segments express the CLCNKB chloride
channel.

D-dependent intestinal calcium hyperabsorption (95). The hypercalciuria is driven by impaired
calcium reabsorption from the distal convolution, as evidenced by micropuncture of the superficial
distal aspect of the segment. This finding revealed fractional calcium delivery to be substantially
elevated in TipvS-deficient mice, in line with a primary defect in calcium transport along the length
of this segment (95). In humans, recurrent kidney stones have also been linked to rare variants in
the TRPVS gene (96).

TRPVS5 is regulated by many calciotropic hormones and other molecular factors. Tran-
scription of TRPVS is regulated in a 1,25-dihydroxyvitamin D;—dependent manner (97). PTH
increases channel abundance by increasing TipvS transcription (98). Furthermore, PTH nearly
doubles calcium reclamation between early and late collection sites along the distal convolution of
the same nephron (99). PTH also increases channel activity independent of changes in expression
via PKA-dependent phosphorylation, which increases channel open probability and calcium
influx (100). Moreover, PTH activates protein kinase C, which inhibits TRPVS endocytosis via
a caveolae-dependent pathway (101). Several other factors affect TRPVS function, including
alterations in dietary calcium, regulation by sex hormones, and disturbances in acid-base balance
(102, 103). Klotho is a protein expressed in the distal convolution and cleavage products are also
found in the circulation. Klotho-deficient mice have hypercalciuria and nephrocalcinosis (104).
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Klotho was initially identified as an enzyme that acts by hydrolyzing N-glycan-linked oligosac-
charides, thereby increasing TRPVS5 channel abundance at the plasma membrane (105). However,
subsequent studies found Klotho acts as a nonenzymatic scaffold required for FGF23 signaling
(106). Consistent with this finding, Fgf23-deficient mice and klotho-deficient mice have a similar
phenotype with respect to altered membrane expression of TRPV5 and hypercalciuria (107).

Thiazides and thiazide-like diuretics block NCC in the DCT. Thiazides are most often pre-
scribed to treat arterial hypertension but, in addition to their blood-pressure-lowering diuretic
effect, significantly affect renal calcium handling. Thiazide treatment results in hypocalciuria, a
property used to treat hypercalciuria in calcium kidney stone formers (108, 109). The effect of
thiazides on renal calcium excretion is observed in patients with both hypo- and hyperparathy-
roidism, in line with them being PTH independent (109). Patients with mutations in the SLC12A43
gene, and thus functional loss of the NCC cotransporter, develop Gitelman syndrome, which
is characterized by renal NaCl wasting, hypokalemic metabolic alkalosis, hypocalciuria, and hy-
pomagnesemia (110). The exact mechanisms mediating hypocalciuria following loss-of-function
mutations in the SLC12A43 gene or pharmacological treatment with thiazides are debated, but
they are generally considered the result of changes in calcium transport in the proximal tubule,
although an additional effect on the distal convolution has been described and reviewed in detail
elsewhere (111). Volume contraction secondary to renal NaCl wasting in these conditions leads
to compensatory increases in sodium reabsorption from the proximal tubule, which causes in-
creased calcium reabsorption from the proximal tubule in addition to driving renal reclamation
of NaCl. Micropuncture studies of Slc1243-deficient mice support this conclusion (112). When
NaCl restriction was imposed to reduce extracellular volume, a hypocalciuric effect was absent
in Slc1243-deficient mice (113). Furthermore, TipvS-deficient mice display a potent hypocalciuric
response to the administration of thiazides (114). Together, these studies highlight the central role
that more proximal paracellular calcium reabsorption plays in response to the hypocalciuric effect
of both thiazide administration and NaCl restriction.

INCREASED INTESTINAL CALCIUM ABSORPTION

Increased intestinal calcium absorption results in increased renal excretion when the capacity to
deposit calcium in bone is exceeded, to prevent increased plasma calcium levels. Moreover, el-
evated plasma calcium not only increases urinary calcium excretion as described above but also
directly feedback inhibits intestinal calcium absorption (81, 115). As outlined above, increased
intestinal calcium absorption is a hallmark of stone formers with idiopathic hypercalciuria (116).
Calcium is absorbed from the intestine via a saturable pathway present in the duodenum and prox-
imal colon/cecum and an unsaturable pathway found throughout the small intestine and colon.
These two observations are consistent with an active transcellular pathway (saturable) and a pas-
sive paracellular pathway (unsaturable) (34) (Figure 4).

Transcellular intestinal calcium absorption occurs via a mechanism analogous to the distal
nephron. Apical calcium entry is mediated by TRPV6, buffering and shuttling to the basolateral
membrane are mediated by calbindin-Dyk, and efflux is mediated by a calcium-dependent AT Pase
such as PMCA1b or NCX (117). Mice with genetic deletion of Tipv6 and EphB6 or engineered to
express a nonfunctional Trpv6 demonstrate significant transcellular intestinal calcium absorption,
even on a low-calcium diet, suggesting at least one other apical entry pathway (115, 118, 119).
The apical voltage-gated calcium channel Ca, 1.3 has been proposed to contribute apical calcium
influx from intestinal epithelium, although this has been contested (120, 121). An explanation for
the conflicting results is that this pathway is present in younger but not older animals (122). Al-
ternatively, intestinal deletion of transient receptor potential ion channel subfamily M, member 7
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Molecular pathways of calcium absorption from the intestine. Transcellular calcium absorption from the
duodenum and the colon is mediated via apical entry by transient receptor potential vanilloid 6 (TRPV6),
buffering and shuttling are mediated by calbindin-Dok (Calb9K), and basolateral efflux is mediated by
Na’*/Ca’* exchanger (NCX) and plasma membrane calcium-dependent ATPase 1b (PMCAL1b).
Paracellular calcium absorption is proposed to occur through claudin-2 (CLDN2) and claudin-12
(CLDNT12). The apical voltage-gated calcium channel Cay 1.3 has also been proposed to mediate apical
calcium influx.

(Tipm7) channel results in hypocalcemia, with appropriate hyperparathyroidism and increased
1,25-dihydroxyvitamin D, leading to the suggestion that TRPM?7 can confer intestinal calcium
absorption (123). The exact identity of the non-TRPV6 apical influx mechanism for transcellular
intestinal calcium absorption is not clear; however, it is an area of active research.

1,25-Dihydroxyvitamin D, the primary hormone that stimulates intestinal calcium absorption,
significantly upregulates the expression of Trpv6 in colon and duodenum (115, 124). This in turn
increases intestinal calcium absorption via the transcellular pathway (n.b. 1,25-dihydroxyvitamin
D also increases paracellular calcium absorption). Increased calcium influx into the epithelial cell
increases calbindin-Dyg expression (125). Trpv6 transgenic overexpression in the intestine by the
villin promoter results in increased intestinal calcium absorption and hypercalciuria (125). More-
over, individuals with a gain-of-function haplotype in TRPV6 also display absorptive hypercal-
ciuria and a propensity to kidney stone formation (126). These studies highlight how disorders
giving rise to increased 1,25-dihydroxyvitamin D levels result in enhanced intestinal calcium ab-
sorption, enhanced renal excretion, and a tendency to form renal calculi.

Under conditions of normal calcium ingestion, most calcium absorption is proposed to occur
via the paracellular route from the distal small intestine (34). As in the proximal tubule, paracellular
calcium absorption occurs down its concentration gradient between cells. Cell culture work has
implied a role for CLDN2 and CLDN12 in this process (127). Surprisingly, however, Cldn12
knockout mice do not have altered intestinal calcium absorption and C/dn2 knockout mice have

Alexander o Fuster o Dimke



increased net intestinal calcium absorption, likely in response to a renal leak (32, 49). What is
striking about the Cldn2 knockout animal studies is that paracellular calcium permeability in the
intestine was reduced only in the colon. This finding implies that decreased paracellular calcium
secretion in the intestine across the colon of C/dn2 knockout mice confers overall increased net
absorption. Depending on the electrochemical gradient, paracellular calcium flux can lead to either
secretion or absorption and the colon contributes net calcium absorption via both transcellular
and paracellular pathways (128-130). Detailed evaluation of the Cldn12 knockout mouse has not
been reported. However, it is tempting to speculate that CLDN2 and CLDN12 confer redundant
paracellular calcium permeability to the intestine, and only one claudin is required. More work is
needed to clarify the identity of the paracellular calcium pore(s) in the intestine.

INCREASED BONE RESORPTION

Increased calcium release from bone is an important contributor to excessive calcium excretion
in urine in idiopathic hypercalciuria. High levels of 1,25-dihydroxyvitamin Ds in serum are com-
mon in idiopathic hypercalciuria and likely a mediator of both increased intestinal calcium ab-
sorption and increased calcium release from bone. In support of this, administration of 1,25-
dihydroxyvitamin D; to normal subjects recapitulates these well-known features of idiopathic
hypercalciuria, including the tendency to have a negative calcium balance on a low-calcium diet
(131). Bone histomorphometry studies indicate reduced bone formation as the primary defect (13).
Diet strongly influences urinary calcium excretion in stone formers with idiopathic hypercalciuria.
As outlined above, sodium intake is a relevant and modifiable factor affecting calcium handling
in the proximal tubule. A second important and modifiable factor of urinary calcium excretion
is dietary acid intake (132). Overt metabolic acidosis is associated with increased urinary calcium
excretion and an overall negative calcium balance (103). But even without systemic acidosis, there
is a strong positive association between endogenous acid production and urinary calcium excre-
tion (133). Both renal and extrarenal mechanisms are involved (103) (Figure 5). Hydroxylapatite
[Cas(OH/PO4);] in bone provides a gigantic buffer reservoir and is thus an important defense
against the development of systemic acidosis. But this comes at a cost: Buffering of protons pro-
motes loss of bone mass by both physicochemical mineral dissolution (acute) and cell-mediated
bone resorption (chronic) via the activation of osteoclasts and the inhibition of osteoblasts (134).
Large amounts of cations, mainly calcium, are released into the circulation during buffering and
eliminated by the kidney (103). Glomerular filtration rate, plasma calcium, and hence filtered load
of calcium remain constant during acid loading (135). Despite this, urinary calcium excretion in-
creases in acidosis, reflecting altered tubular calcium handling. These changes are independent of
PTH, 1,25-dihydroxyvitamin D3, and tubular sodium handling (135, 136).

The bulk of calcium filtered at the glomerulus is reabsorbed from the proximal tubule and TAL
by paracellular pathways. In the proximal tubule, sodium reabsorption by NHE3 drives paracel-
lular calcium reabsorption. During chronic metabolic acidosis, NHE3 activity is increased and
calcium reabsorption is increased, as expected (137). Micropuncture studies suggest calcium trans-
portis unaltered in the TAL during chronic metabolic acidosis but inhibited in a segment after the
early distal convoluted tubule puncture site (137). Follow-up experiments found the abundance
and activity of the apical calcium entry channel TRPVS in the DCT significantly reduced during
metabolic acidosis (138, 139). In support of an important role of TRPVS in acidosis-induced
urinary calcium wasting, Tipv5-deficient mice were resistant to acidosis-induced urinary calcium
increases, although these mice have markedly elevated urinary calcium excretion at baseline (139).
Conflicting results exist for intestinal calcium absorption during metabolic acidosis: Increased,
unaltered, and decreased calcium absorption have been observed (103). Hence, the contribution
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Effect of pH on calcium homeostasis. Acidosis stimulates calcium reabsorption from the proximal tubule by enhancing the expression
of the epithelial sodium proton exchanger NHE3 and potentially inhibits reabsorption via attenuating transient receptor potential
vanilloid 5 (TRPV5) activity. Regardless, there is physiochemical release of calcium from bone induced by acidosis, activation of
osteoclasts, and inhibition of osteoblast activity, thereby favoring mineral release from bone. Note that paracellular Ca>* reabsorption
from the proximal tubule is driven by NHE3 and occurs through the paracellular Ca>* pore composed of claudin-2 (CLDN2).
Basolateral efflux of Ca?* occurs in the distal convolution by a Na?*/Ca?* exchanger type 1 (NCX1) and a plasma membrane
calcium-dependent ATPase (PMCA).
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of intestinal calcium transport to overall calcium balance during metabolic acidosis remains
unclear.

Large dietary acid loads (i.e., a Western diet rich in animal protein and poor in fruits and
vegetables) or an inability to excrete endogenously produced nonvolatile acid equivalents as with
distal tubular acidosis (dARTA) promotes formation of calcium-containing kidney stones through
two key factors: an increase in (prolitogenic) urinary calcium and a decrease in protective urinary
citrate (via acidosis-mediated increased citrate reabsorption from the proximal tubule). In the case
of dRTA, a third factor comes into play: alkaline urinary pH, which promotes calcium-phosphate
precipitation and formation of calcium-phosphate-containing kidney stones (apatite stones).
dRTA can be acquired or inherited. Acquired forms of dRTA occur with genetic diseases that
affect tubular function (e.g., Wilson disease, hereditary fructose intolerance), hypercalciuric
disorders (e.g., primary hyperparathyroidism, vitamin D intoxication), dysproteinemic syndromes
(e.g., hypergammaglobulinemia, cryoglobulinemia, amyloidosis), autoimmune diseases (e.g.,
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systemic lupus erythematosus, Sjogren’s syndrome), and drugs/toxins (e.g., amphotericin B,
lithium, pentamidine, vanadium) (140). Six monogenetic forms of dRTA are currently known:
autosomal-recessive and autosomal-dominant mutations in anion exchanger 1 (AE1; encoded by
SLC4A1), autosomal-recessive mutations in the B1 and a4 subunits of the V-ATPase (encoded
by ATP6V1B1 and ATP6V0A4, respectively), autosomal-recessive mutations in the transcription
factor Forkhead Box I1 (Foxil; encoded by FOXII), autosomal-recessive mutations in tryptophan-
aspartate repeat domain 72 (WDR?72), and autosomal-recessive mutations in carbonic anhydrase
type II (encoded by CA2) (141). CA2 mutations cause a combined proximal-distal RTA, also
known as type III RTA, but the renal phenotype is similar to that of isolated cases of inherited
dRTA. Pharmacological carbonic anhydrase inhibition (e.g., topiramate, acetazolamide) causes
systemic metabolic acidosis with a reduction in urinary citrate, a rise in urinary pH due to
impaired tubular bicarbonate reabsorption, and a rise in urinary calcium excretion, thereby
predisposing to calcium-phosphate stone formation (142).

FUTURE DIRECTIONS

To better understand and consequently design improved treatments for hypercalciuria and thereby
prevent kidney stone formation, model systems are required. Current cell models employ renal
tubular epithelial cells exposed to calcium-oxalate crystals. There are a variety of genetically modi-
fied mouse models with hypercalciuria. These include animals with hypercalciuria due to increased
1,25-dihydroxyvitamin D levels from hypophosphatemia, such as Sic3441 knockout mice, or due
to deletion of a 1,25-dihydroxyvitamin D feedback inhibitor such as FGF23 or klotho (104, 107), al-
though the latter models are complicated by direct effects on renal calcium handling. As described
above, mice with transgenic overexpression of 77pv6 in the intestine display hypercalciuria due to
increased intestinal calcium absorption (125). There are also many animal models of hypercal-
ciuria due to defects in tubular reabsorption. Mice knocked out for Nbhe3, Cldn2, and Clc5 have
hypercalciuria due, at least in part, to defective calcium reabsorption from the proximal tubule
(37,49, 143). Cldn16- and Sic12a1-deficient mice display defective calcium transport in the TAL,
causing hypercalciuria (144-146). Finally, mice with deletion of Tipv5 exhibit dramatic hypercal-
ciuria (95).

Most of these models, however, do not develop renal calcifications, with the exception of Abcc6,
Sle34al, Cldn2, klotho/fgf23, and Cldn10 knockout mice. Of these, only the Abcc6 and Cldn2 knock-
out mice demonstrate calcifications in the renal papillae, thereby resembling Randall plaques as
seen in hypercalciuric kidney stone formers (49, 147). Cldn2 knockout mice also display both a
renal calcium leak in the proximal tubule and increased intestinal calcium absorption, consistent
with the phenotype of many patients with hypercalciuria and calcium stones. This model therefore
shows promise in furthering our understanding of the pathophysiology of calcium stone disease.

The genetic hypercalciuric stone-forming rat is another model that has contributed greatly to
our understanding of hypercalciuria and kidney stone disease. This rat model has been specifically
inbred to have increased urinary calcium excretion. The hypercalciuria is multifold and a result
of increased intestinal calcium absorption, increased bone resorption, and reduced renal tubular
reabsorption. The molecular etiology of these physiological alterations appears to be increased
expression of the vitamin D receptor (VDR) at these sites (148). This is consistent with known
associations between SNPs in DR and kidney stone formation in some populations (149). More-
over, common interventions that reduce calciuria and kidney stone formation, including thiazide
diuretics and a low-sodium diet (148, 150), are effective in this model system. The genetic hy-
percalciuric stone-forming rat is therefore an excellent model to test novel prevention therapies
for stone formation. Given the absence of new therapies for the treatment of kidney stones, the
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limited effectiveness of current therapies, and the large financial and health care costs associated
with kidney stones, new therapies are greatly needed.

CONCLUSIONS

Kidney stones are common, painful, and costly. The greatest risk factor is increased urinary cal-
cium excretion, which can occur due to increased intestinal absorption, increased bone resorption,
or decreased renal reabsorption of calcium. Despite significant advances in our understanding of
the molecular pathways conferring calcium homeostasis in the intestine, bone, and kidney and the
creation of rodent models to study this, new therapies for calcium-based kidney stones have not
been generated for decades. With further understanding of the underlying pathways that drive
hypercalciuria and stone disease coupled with innovation, we hope this will be remedied in the
coming years.
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