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Abstract Urinary stones consist of two phases—an
inorganic (mineral) phase and an organic (matrix) phase.
Studies on the organic components of kidney stones have
been undertaken later than those on the inorganic compo-
nents. After osteopontin was identified as one of the matrix
components, the biomolecular mechanism of urinary stone
formation became clearer. It also triggered the develop-
ment of new preventive treatments. Osteopontin expression
is sporadically observed in normal distal tubular cells and
is markedly increased in stone-forming kidneys. Calcium
oxalate crystals adhering to renal tubular cells are incor-
porated into cells by the involvement of osteopontin.
Stimulation of crystal-cell adhesion impairs the opening of
mitochondrial permeability transition pores (mPTP) in
tubular cells and produces oxidative stress, apoptosis, and
osteopontin expression. Macrophages phagocytose and
digest a small amount of crystals, but many crystals
aggregate into a mass containing osteopontin and epithelial
cell debris and are excreted into the renal tubular lumen,
becoming nuclei of urinary stones. This biomolecular
mechanism is similar to atherosclerotic calcification. Based
on these findings, new preventive treatments have been
developed. Dietary control such as low-cholesterol intake
and the ingestion of antioxidative foods and vegetables
have successfully reduced the S5-year recurrence rate.
Osteopontin antibodies and cyclosporine A, which blocks
the opening of mPTP, have markedly inhibited the
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Three epoch-making events in the history
of urinary stones

The most ancient urinary stone was found in the pelvic
remains of a teenage Egyptian mummy in 4800 Bc. The
yellow stone, with a uric acid nucleus and concentric
laminations of calcium oxalate, was found by Elliot Smith
in 1901 [1].

In the long history of urinary stones, we enumerate three
epoch-making events.

First, in the fourth century Bc, Hippocrates recom-
mended drinking a lot of water for the treatment of urinary
stones [2], which, even now, is the most useful prophylaxis.
Therefore, the greatness of Hippocrates can be understood.

Since an operation for bladder stones in those days was
life-threatening, Hippocrates cautioned his pupils that
cystolithotomy should be left to the experts [3]. In this way,
Hippocrates is a person of historical note, even though he
thought that the components of a urinary stone were bile
and phlegm. Thus, the pathogenesis of urinary stones had
not yet been elucidated.

Second, the inorganic components of urinary stones,
such as calcium oxalate, cystine, uric acid, and magnesium
ammonium phosphate were identified in the late 18th
century [4]. Based on these discoveries, dissolution therapy
for uric acid stones and cystine stones was developed in the
early 19th century by alkalinization of urine. Dissolution
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therapy is the most effective treatment for these stones
even now.

Third, osteopontin (OPN) was identified as one of the
organic (matrix) components of urinary calcium stones [5].
The presence of organic components has been known for
60 years [6, 7], but identification of these components was
considered difficult because they accounted for only a few
percent of the stone. Identification of the organic compo-
nents radically changed the previous concept that ‘urinary
stones are formed when crystals oversaturate urine’, lead-
ing to the elucidation of the biomolecular mechanism of
urinary stone formation. It also triggered the development
of new preventive treatments, changing previous treat-
ments established for inorganic components, such as
alkalinized dissolution therapy. This review mainly
describes the biomolecular mechanism of urinary stone
formation involving OPN and the latest information con-
cerning preventive treatments.

Identification of osteopontin as a matrix component
of urinary stones

Urinary stones consist of two phases—an inorganic (min-
eral) phase and an organic phase, termed the matrix. In
terms of dry weight, organic components account for at
least 5 % of the stone [8, 9].

The reason why studies on organic components were
undertaken, later those on inorganic components, may be
attributed to the lack of identification of components. To
identify organic components, we hypothesized that these
components were derived from renal tissue rather than
urine, as was the previous assumption, because it is unli-
kely that crystals are formed in rapidly flowing urine in the
renal tubular lumen. Therefore, we assumed that crystals
were formed and grew while adhering to renal tissue. If this
is correct, organic components are derived from renal tis-
sue. We prepared renal tissue cDNA and a polyclonal
antibody against organic components of the stone matrix
and cloned matrix components, followed by determination
of the DNA sequence and identification of OPN [5, 10].

Many researchers, including our group, have identified
the components of urinary stone matrices. Among these,
analysis of the following substances has progressed and
their importance has been suggested: Tamm-Horsfall
protein (THP), acidic mucopolysaccharides (glycosamino-
glycans), such as hyaluronic acid and glycoproteins, cal-
protectin, nephrocalcin, and urinary prothrombin fragment
1 [11, 12]. Of these, OPN has the strongest effect on uri-
nary stone formation [13].

Urinary stones are formed through four steps. The first
three steps, ‘nucleus formation, growth, and aggregation of
crystals’, occur in urine and in vitro experimental systems,
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Table 1 Percentage of organic (matric) components and hardness in
five kinds of inorganic components of urinary stone

Inorganic component Percentage of organic Hardness
component (%)

Cystine 9 Hard

Calcium phosphate 3.2-6.0

Calcium oxalate 2.0-3.2

Uric acid 0.3-0.9

Magnesium ammonium 0.3-1.1 Fragile

phosphate (Infected stone)

in which inorganic components are mainly involved. On
the other hand, the fourth step, ‘concretion (progression to
stones)’, occurs in renal tissues and mainly involves
organic components. Organic components harden inor-
ganic crystals. When figuratively referring to a stone wall,
inorganic components are the stones and organic compo-
nents are the cement. Interesting data demonstrate this.
Table 1 shows the five main inorganic components of
urinary stones and the percentage of organic component
contents in stones [8, 9]. Cystine stones containing organic
components at the highest level are hard and not readily
broken by lithotripsy, whereas infected stones (magnesium
ammonium phosphate) containing organic components at
the lowest level are readily broken. Avicenna stated
1000 years ago that ‘stones formed by transparent urine are
hard and those formed in turbid and infected urine are
fragile’ [2]. This keen discovery by Avicenna must have
been obtained through careful observation of individual
patients.

Osteopontin expression in kidneys in animal models
of stone disease

The expression of OPN mRNA and protein has been spo-
radically observed in distal tubular cells in normal kidneys
and is markedly increased in stone-forming kidneys
induced with glyoxylic acid [5]. OPN expression is not
detected in glomeruli, proximal tubules, or collecting ducts
in normal kidneys. OPN is synthesized within renal tubular
cells and is secreted into the urine by epithelial cells. This
finding is the same as recent reports showing that inter-
stitial crystal particles appear first in renal distal tubular
cells and then in the tubular lumen [14, 15].

We recently examined microstructural changes in renal
tubular cells and OPN expression in the early stage of
urinary stone formation (Fig. 1). The internal structure of
mitochondria underwent destruction, vacuolization, and
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Fig. 1 Microstructural changes in renal tubular cells (RTC) and
osteopontin (OPN) expression in the early stage of urinary stone
formation induced with glyoxylic acid (GA). a The mitochondrial
internal structure and double lumen were clearly observed in normal
kidneys. b Microvilli shortened and decreased and the internal
structure of mitochondria became indistinct after 6 h of GA
administration. ¢ OPN expression was observed on the luminal side

calcification. Microvilli decreased, shortened, and disap-
peared [13]. After that, crystals adhering to epithelial cells
and occupying the tubular lumen were detected in the renal
cortex—medulla junction. OPN expression began to appear
on the luminal side of renal tubular cells and was gradually
detected in crystal nuclei in the tubular lumen with ultra-
microstructural observations and immuno-transmission
electron microscopy (TEM). Crystal nuclei contained col-
lapsed mitochondria with cell debris (Fig. 1). In OPN
knock-out mice, collapsed mitochondria were present, but
no crystal formation was observed. Crystals in mice
receiving green tea, one kind of antioxidative drink, were
markedly decreased [14, 16].

The distribution of OPN on both calcium oxalate and
calcium phosphate was examined in an immunohisto-
chemical study. Core areas in the center showed stains for

of RTC with immuno-transmission electron microscopy (TEM) after
6 h. d OPN and collapsed mitochondria with cell debris were located
(arrows) in the RCT lumen after 24 h. e Crystals adhering to
epithelial cells and occupying the tubular lumen were observed at the
early stage with a scanning electron microscope (SEM). MIT
mitochondria, LU renal tubular lumen, N nucleus, MV microvilli,
BM basement membrane, C crystal

randomly aggregated OPN and peripheral layer stains were
concentric circles in calcium oxalate stones. OPN distri-
bution extended radically from a central area and this
radical extension took the form of concentric circles as the
matrix of calcium phosphate stones [17], (Fig. 2).

The inclusion of OPN in the culture medium increased
the deposition of calcium oxalate crystals adhering to
Madin-Darby canine kidney (MDCK) cells [18]. A
reduction in crystal adhesion was observed in the cell line
transfected with an OPN-antisense vector compared to
cultures transfected with a null vector or cultures that were
not transfected [19, 20]. We also transfected a vector
expressing the antisense of OPN to rat normal epithelial
cells (NRK cell) and established a permanent cell that
suppresses OPN expression. The inhibition of OPN syn-
thesis suppressed adhesion processes of calcium crystals

@ Springer



626

Urol Res (2012) 40:623-637

Fig. 2 a The distribution of OPN in calcium oxalate stones. Peripheral layers are strongly stained in concentric circles. b OPN distribution
extends radically from a central area and forms concentric circles in calcium phosphate stones. Magnification: a x 100, b x400

Fig. 3 a Scanning electron microscopy (SEM) images of calcium
oxalate crystals demonstrated a plate-like shape in multilayers.
b SEM findings show calcium oxalate crystals adhere to the surface of
normal rat kidney (NRK) culture cells. Arrowheads indicate

and crystals gathered roughly (Fig. 3). These findings
suggest that OPN plays an important role in stimulating the
deposition and adhesion of calcium crystals to renal epi-
thelial cells in the stage of urinary stone formation [21, 22].
OPN expression was also increased in the renal tubules
of rats with hydronephrosis, parathyroid hormone, vitamin
D, and urinary tract infections, and was suppressed with
estrogen, bisphosphonate, angiotensin-converting enzyme
inhibitors, or angiotensin II receptor antagonists [23-26].

Renal epithelial cell injury and OPN expression
in urinary stone formation

Renal tubular cell injury is regarded as a major risk factor
for the initial formation of urinary stones [14, 27]. Expo-
sure to calcium oxalate crystals induces oxidative stress, as
shown by increased lipid peroxidation, decreased gluta-
thione concentrations, increased free radical generation,
and increases in arachidonic acid released by phospholi-
pase A [28, 29]. We recently discovered that reducing
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elongated microvilli toward the crystals. ¢ In NRK culture cells
transfected with antisense OPN expression vector, crystals do not
adhere to cells and gather roughly

oxidative stress with compounds such as green tea, vitamin
E, and superoxide dismutase (SOD) was associated with
decreased cellular injury and crystal deposition [30, 31].
Penta-galloyl-beta-glucose reduced the expression of OPN,
renal crystallization, and oxidative stress, thereby pre-
venting adhesion of crystals to kidney cells in a hyperox-
aluric rat model [32].

Khan [33] has emphasized that reactive oxygen species
are produced during interactions between crystals and renal
cells and are responsible for various cellular responses.
Exposure of renal epithelial cells to crystals results in the
increased synthesis of osteopontin, bikunin, heparin sul-
fate, monocyte chemoattractant protein 1 (MCP-1), and
prostaglandin (PG) E2, which are known to participate in
inflammatory processes and in extracellular matrix pro-
duction. Calcium oxalate crystal deposition in rat kidneys
also activates the renin—angiotensin system.

Khan and Umekawa et al. [34] have shown that
pre-treatment of renal epithelial cells in culture to
diphenylene iodine chloride (DPI), an inhibitor of NADPH
oxidase, leads not only to a reduction in the production of
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reactive oxygen species, MCP-1, and OPN, but also to
oxalate and calcium oxalate crystal-induced cell injury.
They also investigated the influence of two free radical
scavengers, citrate and vitamin E, on prevention of the
shock wave-induced free radical surge [35]. These results
point toward a great potential for the therapeutic appli-
cation of antioxidants and free radical scavengers to
reduce stone recurrence particularly after shock wave
lithotripsy, which is itself known to generate ROS and
cause renal damage [36]. Khan and co workers [37]
reported that the kidneys of hyperoxaluric rats on the
angiotensin II type I receptor blocker candesartan had
fewer calcium oxalate crystal deposits, reduced OPN
expression, and reduced malondialdehyde (MDA) than
hyperoxaluric rats.

We recently examined the pathogenesis of the early
phase of urinary stone formation in association with renal
tubular cell injury (Fig. 4). Calcium oxalate crystals adhere
to epithelial cells and NADPH oxidase generates super-
oxide, which activates cyclophilin D in mitochondria.
Mitochondrial permeability transition pore (mPTP) open-
ing and its associated mitochondrial collapse, oxidative
stress, activation of the apoptotic pathway, and strong
expression of OPN were observed in the initial process of
renal calcium crystallization in both in vitro and in vivo

experiments [38], (Fig. 4). Cyclosporine A successfully
blocked the opening of mPTP, expression of OPN, and
renal calcification [38].

Urinary stone formation mechanism based
on the characteristics of OPN

We have found several stone matrix components including
OPN [39]. Calprotectin is one of the developed matrix
proteins [40]. Both calprotectin and OPN contain a
15-20 % aspartic acid residue content and mineral binding,
which acts on crystals and produces a calcium-containing
stone as a stone matrix [41].

These important biological activities of OPN can be
attributed to its characteristic structure, which includes two
calcium-binding domains, an Arg-Gly-Asp (RGD)
sequence (amino acids 159 to 161 in mice) and a thrombin
cleavage site [42-44], (Fig. 5). Calcium-binding domains
include stretches of 10 aspartic acid residues (amino acids
86 to 95 in mice) and it has been suggested that these
functional sites act complementarily in the regulation of
calcification. OPN is considered to play a crucial role in the
process of crystal adhesion to epithelial cells via the
function of the RGD sequence [10, 40, 45, 46].

Calcium oxalate

Renal crystallization
(Crystal attachment)

Change of Phosphatidylserine
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Fig. 4 The pathway depicted is proposed from the results of our
studies and reference citations. Calcium oxalate crystals attach to
renal tubular cell membranes by OPN involvement (/). NADPH
oxidase generates superoxide (2), which activates cyclophilin D and
leads to mPTP opening accompanied by mitochondria collapse (3).
Cyclosporine A blocks mPTP opening by inactivating cyclophilin D

(4). Superoxide released from mitochondria (5) decreases SOD (5-a)
and increases 8-OHdG (5-b), 4-HNE, and MDA (5-¢). Cytochrome ¢
also released from mitochondria activates caspase 3 (6). These events
activate apoptosis and cell injury (7) and alter phosphatidylserine
distribution in renal tubular cell membranes (8), which increases
crystal attachment and renal calcium crystallization (9)
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Fig. 5 a Putative motif in osteopontin (OPN) and construction of the
OPN transgene in mice. (A) The locations of two calcium-binding
sites and one integrin-binding site are shown. (B) Schematic of the
RGE transgene; the 507-bpRGD sequence was modified from T to G.
(C) Schematic of the CaX transgene; two parts of the amino acid
sequences were spliced out. (D) Schematic of the transgene in which
modified OPN c¢cDNA was ligated to the OPN promoter (—5505 to
+14), D aspartic acid; R arginine; G glycine; S serine; E glutamic

We investigated the effects of impaired domains of
OPN, namely the RGD sequence and two calcium-binding
sites, on stone formation. We used wild-type mice

@ Springer

N

acid; M methionine. b Immunohistochemical staining of OPN in the
mouse kidney in WT (4), KO (B), CaX (C), and RGE (D) groups.
OPN was visible in the tubular cells of WT, CaX, and RGE groups,
but was not visible in cells of the KO group (x100). (Inset) (x400).
(E) Expressions of endogenous OPN and Flag-tagged OPN were
verified by Western blotting. ¢ Localization of crystal deposits formed
in the kidneys of each group of mice. WT (A), KO (B), CaX (C), and
RGE (D) groups (x30). Arrows indicate crystal deposits

(WT group), OPN knockout mice (KO group), and OPN
knock-out mice carrying either a transgene in which the
RGD sequence had been modified to Arg-Gly-Glu (RGE
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group) or whose two calcium-binding sites had been
deleted (CaX group) (Fig. 5). As expected, kidney sections
of the KO group showed no positive signal when immu-
nostained for OPN. In both CaX and RGE groups, the OPN
signal was less intense in tubular cells than that in the WT
group. Crystal deposition was greatest in the WT group and
least in the KO group. In the RGE group, the number of
deposits was nearly equal to that in the KO group and
nuclei exhibited a radical pattern similar to that in the WT
group, in which a rosette petal-like radical pattern was
observed. In the CaX group, crystal nuclei were stratified
and occurred in a disordered pattern, which was dissimilar
to that in the WT group [47, 48], (Fig. 5).

Thrombin cleavage of human OPN (Argl68-Ser169)
exposes a C-terminal cryptic integrin-binding motif,
162SVVYGLR168 (Fig. 6). We evaluated the inhibitory
effect of an antimurine OPN antibody that specifically
reacts with the SLAYGLR domain. This antibody con-
tributed to marked inhibition of early stage urinary stone
formation by preventing tubular injury and crystal-cell
attachment [49], (Fig. 6).

In in vitro experiments, OPN has an inhibitory effect. It
was reported that phosphorylated versions of OPN (65-80)
and OPN (220-235) are potent inhibitors of hydroxyapatite
growth. The adsorption of acidic proteins to the calcium
ion-rich crystal faces of biominerals is governed by elec-
trostatics [50, 51].

These findings shed new light on the importance of
crystal—cell interactions and crystal-crystal interactions,
respectively, during stone formation, in which both cell-
adhesion ligands and calcium-binding domains of OPN
participate.

Genetic factors of urinary stones and polymorphism
of OPN

Although individuals with recurrent urinary stones have a
significantly higher incidence of a positive family history
than that of controls, suggesting the involvement of genetic
factors, the genes responsible have proved elusive [52-54].
Using SSCP analysis, we found a mutation of GCC to GCT
encoding for amino acid position 250 (Ala-250) of OPN at
a higher frequency in stone-forming individuals [55]. This
mutation also appears to be inherited by the offspring of
stone formers who themselves had developed stones.
Regarding OPN, in A9402G of exon 7 (a mutation from
histidine to arginine) in another independent cases the
genotype was G/G in 99.2 % and G/A in 0.8 % of healthy
subjects, while it was G/A in 9.2 % of calcium stone
patients, suggesting that the presence of an A allele at this
position increases the risk of stones [56]. We also inves-
tigated SNP of the entire OPN sequence. On linkage

disequilibrium analysis of all 61 SNP sites, haplotype
tagging SNP (htSNP) was detected at four sites and hap-
lotype specific for urinary stone patients and healthy sub-
jects were identified at one of these sites [57].

Liu et al. [58] also reported three polymorphisms of the
OPN gene and a strong association with urinary stone
formation in Chinese patients. GoOgebakan et al. [59]
showed the existence of T-593A promoter polymorphism
of the OPN gene, a significant association with the risk of
developing nephrolithiasis, and marked associations
between polymorphisms (C6982T and T-593A) of the OPN
gene and stone-forming phenotypes. Polymorphism of the
OPN gene could serve as a candidate genetic marker for
evaluating the risk of calcium urolithiasis. In addition to
environmental factors, genetic factors for the formation of
urinary stones may be present.

Similarity of urinary stones to atherosclerosis
and involvement of OPN in the formation mechanism

OPN is involved in both physiological and pathological
processes in multiple organs and tissues including bio-
mineralization, inflammation, and calcification [60-62].
We demonstrated that OPN was observed in tartar, otoliths,
and tumor calcification [63-66]. OPN was also highly
expressed at sites with atherosclerotic plaques, especially
those associated with macrophages and foam cells [67, 68].
OPN may play a functional role in the pathogenesis of
calcific aortic stenosis [69, 70]. OPN is involved in the
calcification of multiple organs and we identified promoter
regions involved in cell and developmental stages specific
for OPN expression in bone, the kidney, and placenta using
transgenic mice [71].

There are many common features between urinary stones
and atherosclerosis. Macrophages and cytokines are
involved as inducers, as described above. OPN, calcium, and
phosphate acid are commonly regarded as the components
of calcification [10, 45, 72]. Both diseases develop in mid-
dle-aged and elderly males and postmenopausal females at a
high frequency [73-76]. Since the incidence of urinary
stones is high in developed countries, westernized diets have
been implicated as the main cause of stones [53], but we
recently showed that administration of animal protein to rats
did not cause urinary stones, although metabolic acidosis
occurred and urinary calcium excretion increased.

Thus, we considered that excess ingestion of cholesterol,
the main cause of atherosclerosis, could be the cause of
urinary stones. When rats were fed a 3 % cholesterol-loa-
ded diet, OPN mRNA levels in renal tubular cells and the
kidney increased, followed by urinary stone formation [77],
and administration of eicosapentaenoic acid, used to treat
atherosclerosis, reduced OPN levels and inhibited stone
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Fig. 6 a Structure of human osteopontin (OPN). The Arg-Gly-Asp
(RGD) domain is located near the center of the OPN gene. The
thrombin cleavage site is adjacent to the RGD sequence and
thrombin-cleaved OPN exposes a cryptic integrin-binding motif,
2SVVYGLR'®. b Renal crystal formation induced in WT, OPN-
Ab-treated, and OPN”~ mice after glyoxylate administration. WT
mice (A); mice treated with 250 (B), 500 (C), and 1000 pg OPN-Ab

formation in both humans and rats [78-80]. The mecha-
nism of this cholesterol load-induced OPN increase and
subsequent stone formation has not been clarified. It has
been assumed that excess cholesterol ingestion causes
binding of intestinal bile acid to cholesterol, freeing oxalic
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(D); OPN '~ mice (E). Original magnification: A-E, x30 (inset:
x400). ¢ Crystal structure analysis by POM and SEM from each
group on day 7. WT mice (A, F); mice treated with 250 (B, G), 500
(C, H), and 1000 ug OPN-Ab (D, I); OPN~'~ mice (E, J). In OPN-
Ab-treated mice, crystals were small and aberrantly formed, and their
density appeared to be low in contrast to those in WT mice. Original
magnification: A—E x800, F-J 6,000x. Bar = 5 pm

acid and increasing its absorption from the intestine,
resulting in an increase in urinary oxalic acid excretion. An
increase in oxalic acid levels is considered to be one of the
mechanisms of excess cholesterol ingestion-induced stone
formation [77, 81, 82].
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In clinical cases, abnormal lipid metabolism has already
been observed in urinary stone patients [83, 84]. Serum
cholesterol levels are significantly high. Calcification of the
aortic wall on CT was observed in only 5 % of normal
Japanese young subjects, but in about 40 % of stone
patients [85].

Adipocytokines secreted by adipocytes play an important
role in metabolic syndrome [86, 87]. We observed that
adiponectin expression was decreased in renal tubular cells
in stone formation model mice when OPN expression was
enhanced, followed by urinary stone formation [88]. Mice
with a knocked-out appetite center hormone, leptin, became
obese and adiponectin decreased. OPN was markedly
expressed in the kidneys of leptin-deficient mice and marked
urinary stone formation was observed. Administration of
adiponectin, an adipose-derived hormone, was demon-
strated to inhibit urinary stone formation in these mice [88],
(Fig. 7), as adiponectin prevents atherosclerotic vascular
stenosis [86]. Our epidemiological study recently showed
the impact of insulin resistance, insulin, and adiponectin on
patients with urinary stones in the Japanese population [89].

OPN is highly up-regulated in adipose tissue in human
and murine obesity and has been recently shown to be
functionally involved in the pathogenesis of obesity-
induced adipose tissue inflammation and associated insulin
resistance in mice [68]. OPN stimulated inflammatory
signaling pathways and the secretion of cytokines. Mac-
rophages, cell-adhesion-substances (ICAM-1, VCAM-1),
and cytokines (IL-1, IL-6, TNF, TGF) were observed
3 days after glyoxylic acid administration in stone-forming
rats. OPN expression was increased at 7 days and the stone
nucleus was detected in the renal distal tubular lumen at
14 days [90]. The urinary stone mechanism is similar to
atherosclerotic calcification.

We have been performing dietary instruction for stone
patients, where cholesterol intake is limited and the
ingestion of vegetables at each meal is recommended. As a
result, we succeeded in reducing the 5-year recurrence rate
from about 40 % before dietary instruction to about 10 %
after instruction [91, 92].

Osteopontin involvement in urinary stones
and osteoporosis

Urinary stones are similar to osteoporosis in many features.
The components calcium, phosphate, and OPN are com-
mon [10, 93], as is age with a high incidence, middle-aged
and elderly males and postmenopausal females [94], and
both diseases are caused by a lack of calcium ingestion
[91]. Bone mineral densities in patients with recurrent
calcium stones are lower than that in patients with a single
stone [95, 96].

As urinary stones have characteristics similar to those of
osteoporosis in pathogenesis, it is thought bisphosphonate,
an effective drug for osteoporosis is also useful for the
prevention of urinary stones.

OPN expression in rats with hypercalcemia induced by
parathyroid hormone was remarkably increased in renal
tubular cells and was suppressed by the administration of
bisphosphonate [24]. The formation of small calcium
phosphate particles with strong OPN expression was
observed in MDCK epithelial cell cultures at approxi-
mately 50 days and was suppressed with bisphosphonate
[97]. We further showed that bisphosphonate reduced the
excretion of risk factors for calcium phosphate stone for-
mation in postmenopausal women with osteoporosis [98],
as Liberman et al. [99] showed the effect of oral bis-
phosphonate on bone mineral density and the incidence of
fractures in postmenopausal osteoporosis.

It is well known that osteoporosis occurs in astronauts
due to microgravity in space [100, 101]. We clarified that
urinary stones are also formed under low-gravity condi-
tions through a mechanism similar to that of osteoporosis
[102, 103]. Based on this finding, we proposed the use-
fulness of bisphosphonate to prevent urinary stones in
astronauts from international collaborative study results
and this treatment is currently used.

Biomolecular mechanism of urinary stone formation

The biomolecular mechanism of urinary stone formation is
schematically summarized based on knowledge obtained
so far (Fig. 8). Urinary oxalate levels are normally about
5-50 uM, but may rise to about 20 times higher due to the
influence of meals and dehydration [104], and produce
nucleation, growth, and aggregation of calcium oxalate
crystals. Crystals smaller than 10 um are excreted from the
body in most cases. Oxalate present at a high level forms
crystals in the renal tubular lumen and adheres to tubular
epithelial cells. OPN is closely involved in this adherence.
Crystals adhering to tubular epithelial cells are incorpo-
rated into cells and are processed in lysosomes or released
into the renal interstitium and degraded [105-107].
Stimulation by calcium oxalate crystals impairs mito-
chondrial permeability transition pore (mPTP) opening and
its associated mitochondrial collapse, oxidative stress,
activation of apoptosis, and strong expression of OPN has
been observed in renal tubular cells [38]. The crystal—cell
interaction promotes tubular epithelial cells to release
chemokines, such as monocyte chemoattractant protein-1
(MCP-1) and OPN [108-110]. Macrophage chemotactic
factor expression is also enhanced in tubular epithelial cells
[111, 112]. Macrophages phagocytose and digest crystals,
present antigens, and produce TGF-f. When crystals
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Fig. 7 Detection of calcium oxalate crystal formation and OPN
expression in kidney sections of wild-type (+/+4), obesity (ob/ob), and
adiponectin-treated ob/ob (ob/ob + APN) mice at day 6 after
glyoxylic acid and APN administration. a Upper images show
calcium oxalate crystal deposits in Pizzolato-stained sections. Lower

increase to a level that macrophages cannot phagocytose,
crystals aggregate into a mass and are excreted into the
renal tubular lumen, becoming nuclei of urinary stones.
The capability of phagocytosing crystals may lead to the
disappearance of urinary stones [113, 114].

We consider that macrophages exhibit two different
actions in urinary stone formation. We have recently
established a stone-forming mouse model, which was

@ Springer

images show non-stained sections observed by polarized light optical
microphotography (PLOM). b Immunohistochemical staining for
OPN. Magnification is x20 (inset:x400). ¢ External appearance of
the wild-type (4/4-) mouse and leptin-deficient (ob/ob) mouse

previously difficult to establish [115]. Using this model,
genetic studies, which could not be performed in rat
models, rapidly progressed. In an interesting discovery,
crystal formation was observed in renal tubular cells on day
3 of glyoxylic acid administration in the mouse model,
peaked on day 6, and then mostly disappeared by day 15.
This was a completely new phenomenon to be observed:
calcium oxalate stones once formed in the kidney
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Fig. 8 Schema of the Renal tubules (1) Crystal 4 )
biomolecular mechanism of nucleation (> Crystals
urinary stone formation. 3

(1) Nucleation, growth, and Gr‘owth @@ Osteopontin
aggregation of crystals. A ti .

(2) Crystals adhere to tubular ggregation © Cell debris
epithelial cells by the effect of Osteopontin = Mitochondrial
OPN and are incorporated into Expression (2) Crystal-cell fragments

cells. (3) Mitochondrial collapse
produces oxidative stress,
activation of apoptosis, and
strong expression of OPN

(as shown in Fig. 4).

(4) Macrophages digest crystals.
When crystals increase to high
levels, crystals aggregate into a
mass and are excreted into the
tubular lumen as nuclei of the
urinary stone. (5) Stone nuclei
containing crystals, cell debris,
and stone matrix substances,
such as OPN, are produced in
the tubular lumen

(8) Mitochondrial
collapse producing
oxidative stress
and apoptosis

(5) Stone formation

spontaneously disappear with time [113] and, OPN and
macrophages were involved in this process. It appears that
urinary stone formation is a purposive reaction to mas-
sively and rapidly excrete oxalate, which is harmful, from
renal tissues to urine.

OPN is reported to have two different functions
depending on the condition. First, OPN is a strong inhibitor
of nucleation, growth, and aggregation of calcium oxalate
crystals in in vitro experiments and in urine. Free OPN in
the tubular lumen acts toward the inhibition of crystal
development. However, OPN in this state may be rare in
the body because OPN has strong binding activity to cal-
cium rather than oxalic acid and phosphate due to its strong
negative ionic action. Shiraga et al. [116] identified OPN as
uropontin in potent crystal-inhibitory substances in urine,
which was due to this action of OPN.

The second action of OPN is to promote aggregation,
and growth of crystals and to adhere crystals to tubular
epithelial cells. Wesson [117] reported OPN-deficient mice
given ethylene glycol, an oxalate precursor, demonstrated
significant intratubular deposits of calcium oxalate crystals,
whereas wild-type mice were completely unaffected, and
OPN plays a critical renoprotective role in vivo as an
inhibitor of crystal formation. However, we carefully
observed that crystal formation in established OPN knock-
out mice with glyoxylic acid administration was less than
that of stone-forming mice [47, 48, 115].

This promoting action may be important for urinary
stone formation. Two completely different actions of OPN
have been reported, but these were due to differences in

adhesion \_ J

(4) Crystal transmigration into
renal interstitium

Macrophage migration
and crystal processing

experimental conditions. It is important to be aware of this
difference to fully understand the reports on OPN.

Osteopontin as a target for urinary stone prevention

OPN is one of the most important components in the uri-
nary calcium stone matrix and is up-regulated in renal
tubules in experimental stone-forming animal models.
Therefore, it is thought that some factors or agents
decreasing OPN expression inhibit urinary stone formation,
and will be useful, preventive therapies in the future.

First of all, antioxidants and free radical scavengers
including green tea, citrate, DPI, vitamin E, candesartan,
and eicosapentaenoic acid reduce OPN expression and
calcium crystal deposition in animal models.

Cyclosporine A blocks the opening of mPTP in mito-
chondria of renal tubular cells, and inhibits cell injury,
OPN expression, and calcium crystal formation in mouse
stone-forming kidneys. The derivative of cyclosporine A
also protected stone formation (in preparation of
contribution).

OPN antibody, which specifically reacts with thrombin
cleavage of human OPN, the 129VVYGLR'®® domain,
contributed to the inhibition of early stage stone formation
by preventing both crystal-renal epithelial cell attachment
and calcium adhesion.

Excess ingestion of cholesterol increased OPN expres-
sion and renal crystal formation. Eicosapentaenoic acid
reduced OPN levels and inhibited stone formation in both
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humans and rats. Recently, we reported the inhibitory
effect of pioglitazone, a peroxisome proliferator-activated
receptor y agonist, on calcium depositions through renal
tubular cell protection, and its antioxidative and anti-
inflammatory effects in a stone model mouse [118].

OPN expression is increased in renal tubular cells by
parathyroid hormone in rats, and reduced by bisphosphonate
administration. Bisphosphonate prevents urinary stones in
astronauts and postmenopausal women with osteoporosis.
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