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Abstract
Nephrolithiasis is a result of formation and retention of crystals within the kidneys. The driving
force behind crystal formation is urinary supersaturation with respect to the stone forming salts,
which means that crystals form when the concentrations of participating ions are higher than the
thermodynamic solubility for that salt. Levels of supersaturation are kept low and under control by
proper functioning of a variety of cells including those that line the renal tubules. It is our
hypothesis that crystal deposition i.e. formation and retention in the kidneys, is a result of
impaired cellular function, which may be intrinsic and inherent or triggered by external stimuli
and challenges. Cellular impairment or dysfunction affects the supersaturation, by influencing the
excretion of participating ions such as calcium, oxalate and citrate and causing hypercalciuria,
hyperoxaluria or hypocitraturia. The production and excretion of macromolecular promoters and
inhibitors of crystallization is also dependent upon proper functioning of the renal epithelial cells.
Insufficient or ineffective crystallization modulators such as osteopontin (OPN), Tamm Horsfall
protein (THP), bikunin (BK) etc are most likely produced by the impaired cells.
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INTRODUCTION
Kidney stone formation is a common urological disorder with a lifetime risk in the U.S. of
nearly 13% in men and 7% in women [1]. Recurrence of stone formation is common.
Probability of recurrence in idiopathic stone formers is 40 to 50% within five years of the
initial episode and 50% to 60% by 10 years. Thus approximately 40% of the stone formers
do not produce another stone. Stone formers with systemic diseases such as cystinuria,
primary hyperoxaluria, and primary hyperparathyroidism have a higher rate of recurrence.
Calcium oxalate (CaOx) is the major constituent of most stones and is generally found
mixed with calcium phosphate. Hypercalciuria, hyperoxaluria and hypocitraturia, alone or in
combination are main abnormalities in most idiopathic calcium oxalate stone formers.
Obviously stone formation is episodic and stone formers have specific abnormalities, some
innate resulting in regular and frequent stone recurrences and others that require triggering
and activation leading to long intervals between stone events. It is our hypothesis that
abnormalities are the result of cellular dysfunctions, some inherited and endogenous and
others extrinsic and environmental.
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The stones can form anywhere in the urinary system, from kidneys to the bladder but in the
industrialized and affluent societies, they are generally restricted to the kidneys. By and
large the kidney stones form attached to the renal papillary tips. Randall first emphasized the
importance of renal papilla when he described minute tubular calculi and subepithelial
calcium plaques within and on human renal papillae and suggested that these could serve as
focal points for stone development [2]. He suggested that interstitial subepithelial deposits of
calcium phosphate or calcium carbonate arising from pathological conditions of the renal
papilla erode through to the papillary surface forming a lesion, which he called type 1. He
further suggested that excessive urinary supersaturation in association with tubular cell death
results in crystal deposition in the collecting ducts producing a type 2 lesion. Both types of
lesions acted as foci for further stone growth in the pelvis or papillary ducts. Thus Randall
proposed a theory in which both urinary supersaturation and renal tubular damage/
dysfunction play a part in stone formation. In this article we will review clinical and
experimental data and examine the role of genetic basis of renal cellular dysfunction in the
development of urinary supersaturation and the formation of CaOx kidney stones.

SUPERSATURATION AND CRYSTALLIZATION OF CALCIUM OXALATE
The formation of kidney stones or nephrolithiasis is a result of crystal formation in the
kidneys. Crystal formation particularly that of calcium phosphate (CaP) and CaOx, is
widespread within the urinary tract. Humans excrete millions of urinary crystals every day,
indicating at least transient development of supersaturation. However few develop kidney
stones, probably, because either the crystals do not form in the kidneys or the crystals that
form do not stay there. It has been suggested that with a transit time across the kidney of
5-10 minutes, residence time for the crystals to nucleate and grow large enough to be
trapped [3] is not enough. The inner diameter of various segments of renal tubules ranges
from 15 - 60 μm [4]. The individual crystals of CaOx, growing at the rate of 1-2 μm/minute
can not grow bigger than a few microns and are therefore excreted with urine without
causing any stone episode. Thus crystal aggregation and means for crystal retention are
essential for stone formation.

The driving force for crystallization is the development of supersaturation with respect to the
precipitating salt [5]. However, supersaturation alone can not explain stone formation
because people who have never formed stones can also pass highly supersaturated urine [6].
Human urine is a complex solution containing not only calcium (Ca) and oxalate (Ox) but
also other ions and macromolecules that can interact with Ca and/or Ox and modulate
crystallization. As a result urinary CaOx supersaturation depends not only on the
concentration of Ca and Ox but also the presence of ions such as citrate and magnesium. As
a result hypercalciuria, hyperoxaluria and hypocitraturia are major risk factors for calcific
stone formation.

Superstauration and crystallization in the urine also depend upon the presence of
macromolecules such as many proteins and lipids [7], which can bind or form complexes
with Ca and/or Ox. These molecules can determine whether a crystal will nucleate and grow
into a stone or excreted as a crystalluria particle. Normal mammalian urine contains many
macromolecules, which inhibit crystal formation, growth and aggregation in the kidneys. On
the other hand stone formers may produce structurally and functionally defective
macromolecules leading to reduced inhibition or even promotion of crystallization and
aggregation. Any cellular defect or dysfunction that can affect the quantity of participating
urinary ions and production of macromolecules can influence CaOx supersaturation and
crystallization in the kidneys. Some cellular dysfunctions are innate and the result of genetic
modifications, which is the topic of current discussion. The fact that stone disease has a
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genetic basis has long been appreciated. There is however no agreement as to which genes
are involved and to what extent.

Calciuria
Hypercalciuria is one of the major risk factors for the formation of idiopathic kidney stones.
Genes encoding for soluble adenylate cyclase (sAC), vitamin D receptor (VDR), calcium
sensing receptor (CaSR), sodium phosphate co-transporter-2( NPT-2), chloride channel-5
(CLC-5), transient receptor potential cations channel V (TRPV5) and claudin-16 have been
implicated in hypercalciuria and idiopathic nephrolithiasis (Table 1), many divergent results
notwithstanding [8]. sAC is expressed in kidneys, intestine and bone [9]. In the kidneys the
expression is seen in epithelia lining distal tubules, thick ascending limbs and collecting
ducts [10]. sAC is suggested to be a bicarbonate exchanger [9,10]. Individuals with sAC
mutations are hypercalciuric osteopenic stone formers [8, 11, 12].

VDR is expressed in vitamin D sensitive tissues and VDR genes and their polymorphisms
are suggested to play significant role in hypercalciuria and stone formation [8, 13-18]. In the
kidneys, VDR is mainly expressed in the distal tubules and collectinmg ducts. Vitamin D-
dependent reabsorption mainly occurs in the distal tubules. The concept of VDR
involvement in hypercalciuria and stone formation is strengthened by investigations of
hypercalciuric rats produced by selective breeding of normal Sprague-Dawley rats over 60
generations. These rats have high intestinal expression of VDR, increased calcium
absorption in the intestine, increased bone resorption, decreased calcium reabsorption in the
kidney, and produce calcium phosphate stones in the urinary space [13]. The hypercalciuric
rats produce CaOx stones when made hyperoxaluric through dietary manipulation [19].
Human investigations of VDR gene and polymorphism have however led to conflicting data.
Increased numbers of vitamin D receptors were found on peripheral blood lymphocytes of
some hypercalciuric patients but no abnormality of the VDR gene was detected [20]. In a
study of French-Canadian sibling pairs a susceptibility locus associated with stones and
hypercalciuria was identified on chromosome 12q12-14 near the VDR gene [21]. Somewhat
similar results were obtained investigating Indian families with hypercalciuric stone forming
members [14]. In another study, this time with European hypercalciuric stone forming
families, no linkage was found between chromosome 12q12-14 and hypercalciuria [22].

Several of the restriction fragment length polymorphisms (RFLPs) of the VDR gene have
been implicated in hypercalciuria and stone formation. Links have been established in some
cases and not confirmed in others. An association between FokI polymorphism and calcium
oxalate stone disease [16, 23, 24] and TaqI polymorphism and severe recurrent stone disease
[12] has been suggested. No association between stone formation and FokI or TaqI
polymorphism has been reported [25-27]. In one study ApaI and BsmI polymorphisms
coincided only with fasting hypercalciuria [27].

CaSR is expressed in kidneys, intestine, parathyroid and bone [28, 29] and among other
functions is involved in renal handling of calcium and water. In the kidneys it is expressed in
the apical membranes of proximal tubular epithelial cells and principal cells of the
medullary collecting ducts and basolateral membranes of epithelial cells lining the thick
ascending limb of the loop of Henle as well as the distal tubules. Polymorphism of CaSR
gene has been shown to be associated with calcific stone formation. The relative risk of
hypercalciuria is increased in individuals with gain of function mutation [30, 31]. Activating
CaSR mutation in a mice model leads to ectopic calcification [32].

Renal phosphate wasting with nephrolithiasis is reported in hereditary hypophosphatemic
rickets with hypercalciuria as well as Dent’s disease. Since NPT2a encodes for proximal
tubular sodium phosphate cotransporter, which is involved in reabsorption of filtered
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phosphate, this gene is considered a candidate gene for hereditary renal phosphaturia.
Mutation in NPT2 gene encoding sodium phosphate co-transporter in proximal tubule has
been implicated in hypophosphatemia and kidney stone [33]. Variant NPT2a were found in
two of 20 study subjects with osteoporosis or recurrent stone disease with renal phosphate
leak. A later study of a cohort of 98 families of hypercalciuric stone formers found a number
of genetic variations in the gene. But the variations were not associated with significant
abnormalities of phosphate or calcium handling [34]. Recently mutations in genes encoding
NPT2c transporter have been identified in consanguineous kindreds and additional families
with hereditary hypophosphatemic rickets and hypercalciuria indicating that NPT2c may
play significant role in the kidneys [35]. Mice with disrupted NPT2a co-transporter gene
created by targeted mutagenesis exhibit increased urinary excretion of Pi, ~80% decrease in
renal brush border membrane Na/Pi cotransport, and hypophosphatemia, which leads to
increased serum 1,25 (OH) 2D levels, overexpression of intestinal calcium channels,
intestinal calcium hyperabsorption and development of hypercalciuria [36]. NPT2a -/- mice
develop renal deposits of apatitic calcium phosphate in their kidneys [37], present in
newborn, weanling as well as adult mice (Figure 1).

Chloride/proton antiporter CLC-5 is encoded by CLCN5 gene and is expressed in the renal
epithelia lining proximal tubule and thick ascending limb of the loop of Henle and alpha
intercalated cells of the collecting ducts. Inactivating mutations of CLCN5 cause Dent’s
disease, an X-linked recessive tubulopathy characterized by low molecular weight
proteinuria, hypercalciuria, nephrocalcinosis, nephrolithiasis and progressive renal failure
[38]. CLC-5 is critical in endosome acidification and involved in membrane trafficking via
receptor-mediated endocytic pathway. Loss of chloride channel CLC-5 impairs endocytosis
by defective trafficking of megalin and cubilin in kidney proximal tubules [39]. Mice
lacking CLC-5 gene show endocytic disruption [40, 41] and develop renal tubular defects
with low molecular weight proteinuria, hypercalciuria and nephrocalcinosis [41, 42].

One cause of hypercalciuria is decreased calcium reabsorption by renal tubules which occurs
by passive entry of Ca++ through apical Ca++ channels (TRPV5 and TRPV6) followed by
diffusion through the cytosol facilitated by calbindin-D28K with eventual extrusion across
the basolateral membrane. Currently, it is thought that the primary rate limiting step for
transepithelial Ca++ reabsorption is the apical entry step. TRPV5 is the main channel
responsible for apical Ca++ entry.TRPV5 is a calcium selective channel expressed in distal
convoluted tubule and connecting tubule and a member of transient receptor potential (TRP)
channel family, which includes 28 ion channels that act as cellular sensors and regulate a
variety of cell functions [43, 44]. TRPV5 channels mediate calcium reabsorption in the
kidneys and their expression is regulated by parathyroid harmone, 1,25 di-hydroxyvitamin
D3, estrogen and dietary calcium. TRPV5 -/- mice have impaired Ca reabsorption and high
plasma 1,25 di-hydroxyvitamin D3 with compensatory hyperabsorption of dietary calcium
and severe calcium wasting [45]. Despite elevated urinary calcium excretion there is no
renal calcification because of significant polyuria. Human mutations of TRPV5 have so far
not been reported. Thus the importance of this gene in idiopathic hypercalciuria is unknown.
TRPV5-mediated calcium reabsorption could however be regulated by other molecules such
as “with no lysine kinase 4 (WNK4) [46]. Mutation of WNK4 causes autosomal dominant
pseudohypoaldosteronism type II, which is characterized by hypercalciuria associated with
hyperkalemic hypertension.

Claudins are present in membranes of tight junctions in a number of epithelia [47].
Claudin-16 also called paracellin-1 (PCLN-1) is exclusively expressed in thick ascending
limb of the loop of Henle and plays a role in paracellular transport of calcium and
magnesium [48]. Loss of function mutations in CLDN16 gene encoding for claudin-16 have
been identified in patients with familial hypomagnesemia with hypercalciuria and
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nephrocalcinosis [49]. Results of a study showed that many heterozygous relatives of
patients with familial hypomagnesemia with hypercalciuria and nephrocalcinosis produced
stones but the prevalence of nephrolithiasis or hypercalciuria was not significantly different
from that in the general population [49]. A missense mutation of CLDN16 found in two
families was associated with self limiting childhood hypercalciuria, which decreased with
age and was not associated with progressive renal decline [50]. Klotho is an aging
suppression protein predominantly expressed in renal distal convoluted tubules, parathyroid
gland and epithelial cells of the choroid plexus [51, 52, 53]. Over-expression of klotho
increases life span in mice [52]. In humans, a correlation between polymorphisms of klotho
gene and life span, osteoporosis and coronary artery disease has been shown [53]. Klotho-
deficient mice are hypercalcemic and hypercalciuric, show reduced renal absorption of
calcium and reduced TRPV5 expression and have higher circulating levels of 1.25-D.
Klotho inhibits the expression of 25-hydroxyvitamin D 1alpha hydroxylase, a key enzyme
for synthesis of 1,25dihydroxyvitamin D (1,25-D) [54]. The treatment of cells in culture
with klotho increases expression of TRPV5 channels [55]. Based on these and other
observations klotho is considered a critical regulator of calcium homeostasis. Klotho is also
known to serve as a coreceptor for bone-derived FGF23 [56], which promotes renal
phosphate-wasting and vitamin D activation. The Klotho-FGFR complex binds to FGF23
with a higher affinity than FGFR or Klotho alone.

Oxaluria
Urinary oxalate, the critical risk factor in CaOx nephrolithiasis, is derived from dietary as
well as endogenous sources and its concentration is controlled by production in the liver, by
the erythrocytes, conversion of ascorbate and absorption and secretion in the gut and
kidneys, involving many enzymes, transporters and exchangers [57]. Glyoxylate is the
immediate precursor of endogenous oxalate in the liver as well as erythrocytes. In the liver,
glycolate is oxidized by peroxisomal glycolate oxidase to glyoxylate, which is further
oxidized to oxalate by lactate dehydrogenase. Under normal conditions glyoxylate is
catalyzed by peroxysomal enzyme alanine glyoxylate aminotransferase (AGT) into glycine,
which is metabolized to serine. Alternatively glycoxylate is reduced to glycolate by the
widely distributed cytosolic enzyme D-glyoxylate reductase/d-glycerate dehydrogenase /
hydroxypyruvate reductase. Deficient AGT activity due to mutation or mistargeting, results
in failure to detoxify glyoxylate, which is either oxidized to oxalate or reduced to glycolate,
leading to significantly increased urinary excretion of oxalate a condition called primary
hyperoxaluria type 1 [58]. Deficiency of the enzyme d-glycerate dehydrogenase, leads to
increased oxidation of glyoxylate to oxalate and its significantly increased urinary excretion.
This condition is called primary hyperoxaluria type 2 [59].

A null mutant mouse was generated by targeted mutagenesis of the homologous alanine-
glyoxylate amino transferase gene, Agxt, in embryonic stem cells. Mutant mice though
developed normally, exhibited hyperoxaluria and CaOx crystalluria [60]. Urinary oxalate
was normalized and CaOx crystalluria stopped by hepatic expression of human AGT1, the
protein encoded by AGXT, by adenoviral vector-mediated gene transfer in Agxt(-/-) mice.
The expression of wild-type human AGT1 was predominantly localized in peroxisomes of
the mouse liver, while that of the most common mutant form of AGT1 (G170R) was
primarily localized in the mitochondria.

Glyoxylate is also suggested to be the precursor of oxalate in the erythrocytes, where oxalate
is transported via Band3 (AE1) anion transport protein Slc4a1. In the kidneys, Slc4a1 is
expressed on the basolateral membrane of type A acid secretory intercalated cells of the
collecting duct epithelium and is responsible for chloride/bicarbonate exchange [61]. Mice
lacking Slc4a1 develop nephrocalcinosis, hypercalciuria, hyperphosphaturia and
hypocitraturia [62]. Mutations in human gene Slc4a1 that encodes for band 3 protein causes
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distal renal tubular acidosis, which is associated with hypercalciuria and considered one of
the risk factors of recurrent nephrolithiasis.

A significant amount of urinary oxalate is derived from diet and some stone formers may be
hyperabsorbers of oxalate [63, 64]. Results of a study showed that idiopathic calcium
oxalate stone formers with hyperoxaluria had significantly increased oxalate excretion after
a 5 mmol oral oxalate load than those with normal urinary oxalate excretion [64]. Three
members of solute-linked carrier 26 (Slc26) family of anion exchangers with role in oxalate
absorption are expressed along the intestinal tract [65-67]. Slc26a3 is localized to the apical
membrane of the epithelial lining of the colon. Slc26a6 is localized in the apical membrane
of the small intestine and stomach epithelial cells. Slc26a7 is localized to the basolateral
membrane of the stomach’s parietal cells.

Several members of Slc26 family of anion exchangers are also expressed in the kidneys
[68]. In the proximal tubules Slc26a1 (Sat-1) mediates the transport of sulfate and oxalate
across the basolateral membrane [69]. Slc26a6 (CFEX, Pat-1) is located in the apical
membrane of the proximal tubular epithelial cells and primarily mediates chloride - oxalate
exchange [70]. Targeted deletion of oxalate/anion exchanger gene Slc26a6 in two separate
lines of mice led to hyperoxaluria attributable to defective intestinal excretion [71, 72]. In
one model of Slc26a6 -/- mice hyperoxaluria is attributed to loss of secretion in the distal
ileum accompanied by increased oxalate absorption [71]. In the other model loss of most
duodenal oxalate secretion without change in the oxalate absorption [72] leads to
hyperoxaluria, hyperoxalemia and calcium oxalate nephrolithiasis. Results of the studies
with Slc26a6 -/- mice indicate that factors regulating these genes may affect oxalate
homeostasis and possibly promote CaOx nephrolithiasis.

So far no polymorphism of the gene or its variants, have however, been identified among
stone formers. But species-specific differences between mouse and human genes exist.
Mouse Slc26a6 and human SLC26A6 share only 78% amino acid identity and exhibit
significant differences in anion selectivity. The Slc26a6 in the mouse mediates bidirectional
electrogenic chloride/oxalate transport while the same mediated by SLC26A6 in humans is
electroneutral.

Citraturia
Urinary citrate is another significant determinant of CaOx supersaturation and an important
risk factor for CaOx nephrolithiasis. Citrate in the urine binds to calcium forming a soluble
compound thereby lowering free ionic calcium, reducing urinary supersaturation with
respect to CaOx and CaP and inhibiting their precipitation [5]. In addition urinary citrate is
shown to inhibit crystal nucleation, as well as growth and aggregation [73]. Results of
several studies indicate that stone formers excrete less citrate in their urine than the non-
stone formers [74-76]. The incidence of hypocitratuiria in stone forming population is
reported to range from 19% to 63% [73]. Any cellular abnormality which leads to altered
urinary excretion of citrate impacts CaOx supersaturation and nephrolithiasis. Low urinary
citrate levels are found in many conditions such as potassium depletion and renal tubular
acidosis [77].

Citrate is derived from intestinal absorption as well as endogenous metabolism [73, 77-79].
It is filtered freely by the glomerulus and its urinary excretion is regulated primarily by rate
of its re-absorption in the proximal tubules. 65% to 90% of the filtered citrate is reabsorbed
in the proximal tubules with the assistance of sodium-citrate co-transporter present in the
apical membrane [80]. The transporter is encoded by 3Na-citrate2- cotransporter-1(NaDc-1)
which has been isolated from human as well as rat and rabbit kidneys. Examination of an
association between citrate excretion and single nucleotide polymorphism (SNP) in exon 12
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of hNaDC-1 in recurrent stone formers, suggest that the B allele of 1550V polymorphism of
hNaDC-1 may be associated with reduction in urinary excretion of citrate and hypocitraturia
[81]. Similar polymorphism was also found in hypocitraturic non stone formers indicating
that factors other than hypocitraturia are also involved in the formation of kidney stones.
Involvement of NaDC-1 in citrate excretion was also investigated in an animal model of
CaOx nerphrolithiasis [82]. Hyperoxaluria was induced in male Wistar rats by the
administration of ethylene glycol, which is known to lead to hypocitraturia and CaOx
nephrolithiasis. NaDC-1 mRNA levels in the kidneys were determined by northern blot
analyses and its protein expression was examined by immunohistochemistry. Both mRNA
and protein levels increased significantly in hyperoxaluric rats. Administration of potassium
citrate significantly elevated urinary citrate and downregulated NaDC-1 expression in the
kidneys.

Pyrophosphaturia
Pyrophosphate is present in urine at concentrations of 15-100μM. In a seeded crystal growth
system, it inhibits COM crystal growth by 50% at 16-20 μM [83-86]. It can also inhibit
COM crystal growth inside a gel matrix [87] and effectively inhibits the growth of CaPs [88,
89]. If it is equally efficient in urine it can contribute 50% crystal COM growth inhibition in
the collecting ducts (5 times dilution) and up to 80% in the urine. Hypopyrophosphaturia is
postulated to be a metabolic risk factor for recurrent kidney stone formers [90]. Mutations in
pyrophosphate transporter, ANKH, are associated with defects of calcification such as
craniometaphyseal dysplasia and chodrocalcinosis. ANKH polymorphism has been
associated with changes in bone mineral density and with ankolysing spondylitis (AS), the
most common form of spondyloarthropathy. A family-based association analyses of 201
multiplex AS families with nine ANKH intragenetic and two flanking microsatellite markers
showed that two variants located in two different regions of the ANKH gene were associated
with AS [91]. Association also revealed gender-genotype specificity. Lifetime kidney stone
incidence for patients with AS and spondyloarthropathy has been demonstrate to be twice as
high as rheumatoid controls and almost three times higher than in the normal population
[92]. Likelihood of renal stone formation increases with extension of disease duration [93].

Macromoleculuria
In addition to small molecules such as citrate and pyrophosphate, crystallization in the
kidneys is also modulated by a number of macromolecules [94]. Osteopontin (OPN), Tamm-
Horsfall protein (THP), bikunin, and urinary prothrombin fragment-1 are four of the more
extensively examined crystallization modulator (Table 2). OPN is synthesized in the kidneys
and excreted in the urine at levels sufficient to inhibit CaOx crystallization [95]. Stone
formers have been reported to excrete less OPN in their urine than the normal healthy non
stone forming individuals [96]. OPN’s role as an inhibitor of stone formation was further
strengthened by observations that experimental induction of hyperoxaluria in OPN knock
out mice leads to significant deposition of CaOx crystals in the kidneys, whereas OPN wild
type mice showed upregulation of OPN production and were not affected [97]. Mutations in
the genes regulating the synthesis of OPN could be a predisposing genetic factor for stone
formation.

Recently an association between kidney stone risk and a single nucleotide polymorphism
(SNP) of the human OPN gene has been reported. The entire human OPN gene of Asian
Japanese stone patients and matching controls was sequenced, haplotype-tagging SNPs
(htSNP) searched and association between haplotypes and nephrolithiasis determined [98].
Six novel polymorphisms were identified and a significant association was found between
relative probability of stone formation and two haplotypes located in the OPN promoter.
Interestingly OPN appeared to be dually associated with nephrolithiasis risk. One haplotype
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(T-G-T-G) was associated with reduced risk while another (G-T-T-G) one with the
increased risk. Role of polymorphism in protein production, molecular structure and
crystallization inhibition and nephrolithiasis risk is not known. The post-translational
modifications of OPN including phosphorylation, glycosylation and sulfation [99, 100]
appear directly pertinent to stone formation. Inhibition of hydroxyapatite crystal growth by
OPN was markedly reduced after dephosphorylation [101] and phosphorylation of OPN
peptides markedly enhanced the inhibition of CaOx crystal growth [102].

THP is a kidney specific protein, synthesized in cells of the thick ascending limbs of the
loop of Henle. It coats luminal side of the epithelium and is most abundant in the human
urine (50-100mg/day). It is consistently present in the stone matrix and has high affinity
with calcium phosphate crystals. An analysis of proteins associated with CaOx and CaP
crystals experimentally induced in vitro in the human urine showed THP as the most
abundant protein in the matrix of the CaP crystals [103]. Normal THP is a potent inhibitor of
CaOx crystal aggregation [104] and reduced urinary excretion of THP by stone formers has
been reported [105]. In addition stone formers are shown to produce THP with abnormal
molecular structure which promotes crystal aggregation [106]. First direct evidence for
THP’s involvement in stone formation was provided by ablating the murine THP gene [107,
108]. Kidneys of 16% of mice lacking THP gene and protein production contained
intratubular as well as interstitial CaP deposits in the medullary and papillary collecting
ducts. Induction of hypercalciuria and hyperoxaluria by the administration of vitamin D3 and
ethylene glycol respectively, lead to copious crystal deposition in the kidneys of 76% of the
THP knockout mice. There was no crystal deposition in kidneys of the wild type mice, with
or without the excessive intake of calcium and oxalate. Ablation of both the THP and OPN
genes showed spontaneous deposition of CaP crystal deposition in 39% of the THP/OPN
double knockout mouse. Induction of hypercalciuria and hyperoxaluria resulted in 95% of
the mice lacking both OPN and THP to suffer from deposition of CaOx crystals in their
kidneys [108]. These results indicate that defects in both THP and OPN may contribute to
crystallization in the kidneys and stone formation.

A number of naturally occurring THP mutations have been reported and linked to autosomal
dominant medullary cystic disease and familial juvenile hyperurecaemic nephropathy.
Mutations lead to intracellular trafficking defects, retention within the endoplasmic
reticulum and reduction in THP secretion and excretion [109, 110]. Renal stone disease has
so far not been described in patients with any of these mutations.

Bikunin is the so-called light chain of Inter alpha inhibitor (IαI) and related molecules
collectively referred to as the IαI family [111]. These molecules are normally synthesized in
the liver and are common in plasma. They are composed of a combination of heavy chains,
H1 (60 kDa), H2 (70 kDa), H3 (90 kDa) covalently linked via a chondroitin sulfate bridge to
bikunin (35-45 kDa). Separate genes located on three different chromosomes encode these
chains. Bikunin originates from a precursor that also codes for α1-microglobulin (α1-m).
The heavy and light chains also exist independently as single molecules. IαI (180-240 kDa)
is a heterotrimer consisting of bikunin linked to heavy chains H1and H2. Pre-α-inhibitor
(PαI, 125 kDa) is composed of bikunin and heavy chain H3. Both heavy and light chains
have been identified in the urine. Bikunin isolated from the stone patients, contained less
sialic acid and exhibited less crystallization inhibitory activity than that purified from the
urine of healthy subject [112]. A significantly higher proportion of stone patients had a
25kDa bikunin in their urine in addition to the normal 40kDa species [113]. 25kDa bikunin
was similar to the deglycosylated bikunin and was less inhibitory. Yet another study found
decreased urinary excretion of bikunin by stone forming patients [114].
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IαI proteins have been shown to inhibit CaOx crystallization in vitro [112, 114-117]. The
inhibitory activity is confined to the carboxy terminal of the bikunin fragment of IαI. Both
rat and human urinary bikunin inhibited nucleation and growth of CaOx crystals. Treatment
with chondroitinase AC had no effect on this inhibitory activity, which was destroyed by
pronase treatment indicating that the activity lies not with the chondroitin chain but with the
peptide. Bikunin has also been implicated in modulating adhesion of CaOx crystals to the
renal epithelial cells [118]. MDCK cells were exposed in culture to CaOx monohydrate
crystals in the presence or absence of various protein fractions isolated from normal human
urine. A single fraction with a molecular weight of 35 kDa was found to be most inhibitory
of crystal adhesion. This protein inhibited crystal adhesion at the minimum concentration of
10ng/ml and completely blocked it at 200ng/ml. Amino acid sequence of the first 20 amino
acids of the N-terminal was structurally homologous with bikunin.

α1-microglobulin (α1-m) is also an inhibitor of CaOx crystallization in vitro [119]. α1-m
was isolated from human urine. Two species of 30 and 60 kDa, recognized by the antibody
against α1-m, were isolated. Both inhibited CaOx crystallization in a dose dependent
manner. Using an ELISA assay, urinary concentration of α1-m was found to be significantly
lower in 31 CaOx stone formers than in 18 healthy subjects (2.95 + 0.29 vs. 5.34 + 1.08 mg/
l respectively, P = 0.01). As mentioned above genes at three different chromosomes are
involved in encoding for various IαI related proteins. Alpha-1-microglobulin / bikunin
precursor gene that encodes for both bikunin and α1-m is regulated by a number of
transcription factors. Mutations in any of the genes may produce structural and secretory
variations seen in the kidney stone formers.

CONCLUDING REMARKS
Intrinsic cellular dysfunctions which lead to hyperoxaluria, hypercalciuria, and
hypocitraturia, individually or in combination, can lead to increased urinary CaP and/or
CaOx supersaturation. Mild supersaturation by itself, can however, only produce small
particle crystalluria. The crystals do not grow and aggregate, do not come in contact with the
epithelial cells for long durations, are not retained inside the kidneys, and are excreted in the
urine without causing any pathological changes and urolithiasis. Mild hyperoxaluria and
hypercalciuria provoke protective responses. The exposed cells respond by producing
macromolecular crystallization inhibitors leading to reduced crystal nucleation, growth and
aggregation. Any crystals formed are excreted in the urine. If crystals come in contact with
the cells, they are endocytosed and moved to lysosomes for removal. Other crystals are sent
to the renal interstitium where macrophages become involved in crystal elimination [120].

Additional cellular dysfunctions which produce reduced or inefficient macromolecular
inhibitors can however, cause crystals to grow and aggregate or attach to renal epithelial
cells and thus be retained inside the kidneys. In addition CaP may crystallize in the renal
interstitium and later evolve into a platform on papillary surface for the deposition of CaOx.
In case of excessive urinary excretion of oxalate or calcium such as in the primary or enteric
hyperoxaluria secondary to bariatric surgery and distal renal tubular acidosis,
supersaturation can reach very high levels. A large number of crystals sufficient to slow
down their movement through the tubular lumens, are formed. Crystals may eventually plug
the renal tubules. Slowing of the crystal movement and the blockage of renal tubules would
result in prolonged interaction between crystals and renal epithelium leading to cellular
dysfunction and degradation. Renal cells respond according to severity of the challenge.
Response may be physiological leading to the production of active crystallization inhibitors
or pathological producing defective inhibitors promoting crystal aggregation and adherence.
In addition damage to the cells can lead to both crystal nucleation and adherence.
Crystallization modulators, both ionic and macromolecular can affect supersaturation by
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binding calcium and/or oxalate. The most critical aspect of stone formation is the migration
of interstitial crystal deposits to the papillary surfaces, which is most likely directed by
inflammatory cells and the production of metalloproteinases.

Urinary supersaturation with respect to the stone salts is controlled by urinary concentration
of various participating ions as well as urinary conditions such as pH. All of these
parameters are regulated by various genes, whose products are not only participants in the
crystallization but may have additional functions. For example alterations in VDR gene
would not only affect calcium metabolism but also cell proliferation and various immune
responses etc. In addition cellular responses to stone promoting conditions such as
hyperoxaluria, hypercalciuria, and exposure to a variety of crystals are also a part of the
process of stone formation. Various genes involved in how cells respond are thus indirectly
involved and any alteration in these genes may also lead to the pathogenesis of
nephrolithiasis.
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Figure1.
Calcium phosphate deposition in kidneys of NPT2a -/- mice. A. H&E stained paraffin
section of a kidney from a 13 month old mouse showing what appear to be interstitial
deposits in the renal cortex. Renal tubules are completely devoid of any crystals. Deposits
show ring like substructure. Original magnification X 40. B. Von Kossa staining of a similar
crystal deposit illustrates that it is calcium phosphate crystals.
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Table 1

Genes involved in hypercalciuria, gene products and their renal expression and phenotype. CD, collecting
duct; DCT, distal convoluted tubule; IC, intercalated cell PT, proximal tubule; MCD, medullary collecting
duct; TAL, thick ascending limb

Gene Gene Product/Function Renal Tubular Expression Renal Phenotype

VDR Vitamin D Receptor DCT, CD Decreased calcium reabsorption leading to
Hypercalciuria and Nephrocalcinosis

CLCN5 Cl/H antiporter PT, TAL, αIC Inactivating mutation causes Hypercalciuria,
Hyperphosphaturia, Low molecular weight

proteinuria, Nephrocalcinopsis, Stones

CASR Calcium Sensing Receptor PT (apical), MCD (principal cell,
apical), TAL (basal), DCT (basal)

Gain of Function mutation produces
Hypercalciuria, Nephrocalcinosis, Stones

CLDN16 Tight Junction protein TAL, DCT Hypercalciuria, Magnesium wasting,
Nephrocalcinosis, Stones

NPT2a/c Sodium phosphate
co-transporter

PT Hypercalciuria, Hypophosphatemia,
Phosphate wasting, Nephrocalcinosis,

Stones

TRPV5 Calcium selective transient
receptor potential channel

DCT, Connecting Tubule Hypercalciuria, Hyperphosphaturia

sAC Soluble adenylate
cyclase/bicarbonate exchanger

DCT, TAL, CD Hypercalciuria, Stones

KLOTHO Aging suppression protein/
Regulator of calcium homeostasis

DCT Hypercalciuria
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Table 2

Crystallization Modulating Macromolecules, Their Expression and Production in Renal Epithelium

Name Role in CaOx Crystallization and
Nephrolithiasis

Other Features and Functions

Tamm-Horsfall
Protein

Inhibitor of Aggregation Inflammation, Renoprotective

Osteopontin Free OPN Inhibits Crystal
Nucleation, Growth, Aggregation
and Attachment, Immobilized OPN
promotes crystal Attachment

Calcium Binding, Renoprotective,
Tissue repair and inflammation,
Chemoattractant for
Monocytes/Macrophages

Prothrombin
Fragment-1

Inhibitor of Growth, and
Aggregation

Calcium Binding, Coagulation

Bikunin and
Inter-α-Inhibitor

Inhibitor of Nucleation, Growth,
Aggregation and Attachment

Metastasis, Tissue Reapir and
Remodeling

α-1-microglobulin Inhibitor of Crystallization Immunosuppressive, Mitogenic

CD-44 Promoter of Crystal Attachment Tissue repair and Remodeling

Calgranulin Inhibitor of Crystal Growth and
Aggregation

Calcium Binding, Tissue
Remodeling and Inflammation

Heparan Sulfate Inhibitor of Crystal Aggregation and
Attachment

Tissue Remodeling

Osteonectin Calcium Binding, Tissue
Remodelling

Fibronectin Inhibitor of Crystal Aggregation ,
Attachment and Endocytosis

Morphogenesis, Wound Healing
and Metastasis

Matrix Gla Protein Inhibitor of Crystal Deposition Inhibitor of Mineralization
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