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CHAPTER

Biology and Clinical Relevance of
Urine Crystallization Inhibitors

Kristin J Bergsland

B INTRODUCTION

Supersaturation (SS), the presence of a substance in solu-
tion at a concentration above its solubility, is the driving
force for crystallization.! In urine, SS for calcium oxalate
(CaOx), calcium phosphate (CaP) and uricacid (UA) are the
most relevant contributors to the formation of the majority
of human kidney stones.? Stone-forming patients gener-
ally have elevated SS values compared to healthy people;
these SS values are effective in identifying causes of stones
and are used to guide treatment.> However, even normal
human urine is frequently supersaturated for stone-form-
ing salts, yet most people do not form stones. This is due
to the well-known ability of urine to inhibit the nuclea-
tion, growth and aggregation of crystals.* This ability is
widely considered an essential defense against stones that
is indeed abnormal among male and female stone for-
mers.*® Crystallization inhibition is mediated by molecules
in urine that slow the formation of crystals. It is possible
that some molecules may exhibit abnormalities, which
result in reduced inhibition effectiveness in a stone-form-
ing population. Many molecules, large and small, in urine
are involved in controlling crystal nucleation, growth and
aggregation, as well as crystal interaction with the renal
tubular epithelial cells and crystal retention within the
kidney. Aggarwal et al. have provided a comprehensive
review of molecules found in urine and stone matrix, and
how they modulate stone formation.” To date, no individu-
al defects have been shown to be a sole cause of stones. In
this chapter, urinary molecules that are thought to contrib-
ute the most to the overall crystallization-inhibitory effect
of urine on calcium stone-forming salts will be discussed.
Since calcium-containing stones represent the vast major-
ity of human stones (>80%) and urinary inhibitors are not
so important in preventing the formation of other types
such as UA, only inhibitors of calcium crystallization will
be considered.?

B SMALL MOLECULES

Part of the capacity of urine to inhibit calcium crystalliza-
tion is found in low-molecular-weight (LMW), dialyzable
substances that are known to reduce SS of calcium salts.!

Citrate

Citrate is an established kinetic retardant of calcium crys-
tallization.® Citrate creates soluble complexes with cal-
cium in urine, thereby inhibiting the nucleation, growth
and aggregation of CaOx and CaP crystals.!** Citrate has
generally been found to be present at reduced levels in the
urine of adult stone formers, a deficiency that is thought to
facilitate stone formation.'>'® Two randomized controlled
trials have shown citrate supplementation to be effective in
reducing recurrence of calcium stones.'”** Consequently,
citrate is often prescribed as a treatment to decrease risk of
urine crystallization in calcium stone-forming patients.'**

However, the effective clinical use of citrate is compli-
cated since urinary citrate levels are influenced by many
factors, including age, sex and metabolism. Miyake et al.
found that the urinary excretion rate of citrate in healthy
children is two- to threefold higher than in adults, when
adjusted for body size,* supporting a role for citrate in the
reduced incidence of nephrolithiasis in children compared
to adults. We and others have found sex-dependent differ-
ences in citrate excretion starting around puberty, with cit-
rate excretion in boys declining with age and girls having
significantly higher urinary citrate than boys after about
the age of 12 years (Figs. 3.1A and B).*** Likewise, among
healthy adults, citrate excretion is higher in females than
males.” Thus female sex hormones may play an impor-
tant role in maintaining elevated urinary citrate levels.
However, citrate excretion has been found to be increased
among overweight and obese stone formers of both sexes
compared to nonobese stone formers.?** Changes in uri-
nary citrate level can also be affected by the acid-base
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Figs. 3.1A and B: Urine citrate by sex and age. Daily excretions of citrate are expressed per 1.73 m? body surface area in boys
(A) and girls (B) by age sextile. Values are mean + standard error of the mean. Citrate declines with age in boys, p < 0.001 for the regres-
sion.?? (Blue: Stone formers; Red: Non-stone forming siblings of stone formers; Green: Unrelated non-stone forming children).

status, with citrate excretion being decreased under con-
ditions of systemic or intracellular acidosis.***” The physi-
ological mechanisms governing urine citrate excretion are
not completely understood, but may involve differential
regulation of the Na*-dependent dicarboxylate co-trans-
porter, NaDC-1, which facilitates citrate reabsorption in
the proximal tubule.®® Administration of citrate can raise
urine pH, and therefore CaP SS, in addition to urine citrate
concentration, which may increase risk of crystallization,
although this effect may be offset by its ability to chelate
and lower urine calcium.?3! Altogether, more research
is needed to determine which patients may benefit most
from treatment with citrate, with age, sex, weight and urine
pH potentially affecting the risk-to-benefit ratio for stone
prevention. The reader is referred to a series of excellent
articles by Fredric Coe on the subject of the relationship of
citrate to the formation and prevention of kidney stones.*

Magnesium

Magnesium (Mg) is present at millimolar concentrations
in urine where it competes with calcium for binding of
oxalate.*® Magnesium ions destabilize calcium oxalate ion
pairs and reduce the size of their aggregates.* Magnesium
oxalate is two orders of magnitude more soluble than cal-
cium oxalate; therefore, urine Mg reduces the risk of crys-
tallization of insoluble calcium salts and subsequent stone
formation.* The incidence of hypomagnesiuria, defined
as <3 mmol per day for men and <2.2 mmol per day for

women, has been reported to be 19-60% in calcium stone
formers.®53” As such, there has been much interest in the
use of Mg supplements as therapy for CaOx nephrolithi-
asis. However, evidence from clinical trials has not justi-
fied the use of Mg as a sole therapy for stones, possibly
due to poor gastrointestinal (GI) absorption.* In a double-
blind, randomized, placebo-controlled trial, Ettinger et al.
were not able to show a difference between the recurrence
rates of the Mg and placebo groups in 51 patients with a
history of at least two stones.*® However, the addition of
Mg to potassium citrate therapy seems to improve out-
comes; providing Mg as a mixed salt (Mg potassium cit-
rate) reduced calcium stone recurrence by 90%, similar to
potassium citrate, but with better GI tolerance.'”

Pyrophosphate

Pyrophosphate inhibits crystallization of CaOx and CaP
in vitro.*** At normal urinary concentrations, pyrophos-
phate is a more potent inhibitor of hydroxyapatite crys-
tal growth than either citrate or Mg.*' Studies comparing
pyrophosphate levels in the urine of stone formers ver-
sus healthy controls have produced mixed results, with
some studies showing reduced pyrophosphate excretion
in stone formers**** and others showing no difference.***
Pyrophosphate excretion varies with age and sex, with a
tendency toward higher excretion with increasing age and
higher excretion in men than in women.* Urinary pyroph-
osphate is presumably of endogenous origin and is likely a
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reflection of bone metabolism.* Interestingly, in a study
of the effect of chronic stress on urine composition of
CaOx stone patients, measures of stress were positively
correlated with blood cortisol and urinary pyrophosphate
levels.* Cortisol triggers bone mineral resorption and inc-
reases urine calcium excretion,*” so pyrophosphate excre-
tion may be correspondingly elevated to protect against
urine crystallization.”* Men have been found to have a
higher cortisol response to stress compared with women,*®
which is in accord with the sex difference in pyrophos-
phate excretion. All in all, urine pyrophosphate levels may
have more to do with demographic and lifestyle factors
than with stone-forming status.

Phytate

Phytate, or inositol hexaphosphate, is a natural compound
that is found in abundance in plants, especially in whole
grains, seeds and nuts.” Phytate contains six phosphate
groups, each with two hydroxyl moieties, which allow
chelation of divalent metal ions including Fe*, Zn*", Mg**
and Ca?*.** In vitro studies have shown phytate to be a pow-
erful inhibitor of CaOx and CaP crystallization due to the
multiple negatively charged phosphate groups that bind
calcium in solution.’**! Phytate is normally found in
urine at levels that are directly related to dietary intake,**
and urinary phytate has been found to be reduced in calci-
um stone formers relative to healthy controls.*® A large epi-
demiologic study of >96,000 women in the United States
showed that phytate intake was associated with a reduced
risk of stone formation.> The major potential drawback for
phytate as a treatment to reduce stone risk is that it forms
insoluble metal ion complexes that are poorly absorbed by
the GI tract.” Excretion of insoluble complexes of phytate
with essential minerals such as iron and zinc can lead to
reduced bioavailability and mineral deficiency.* In fact,
micronutrient malnutrition due to phytate consump-
tion from plants is a recognized problem worldwide, and
breeding low-phytate crop varieties is an active area of
agricultural research.”” There is also evidence that CaOx
stone formers who consume vegetarian diets should avoid
foods that are high in phytate, as chelation of calcium by
phytate in the GI tract results in an increase in intestinal
absorption and urinary excretion of oxalate.”® Thus, the
potent ion-chelating ability of phytate represents a poten-
tial benefit to stone patients in inhibiting urine crystalli-
zation that is countered by the disadvantage of depleting
essential minerals and increasing oxalate excretion.

# MACROMOLECULES

Most of the capacity of urine to inhibit crystallization
appears to reside not in the ionic milieu of urine but in
the larger molecules that cannot be removed by dialy-
sis.**% One such class of molecules is glycosaminoglycans
(GAGs) such as chondroitin sulfate, heparan sulfate and
hyaluronic acid.®® Another class is urine proteins with
crystallization inhibitory properties, including prothrom-
bin fragment 1 (PF1),% osteopontin (OPN; uropontin),®
inter-alpha-trypsin inhibitor (ITT),% bikunin (BK, a portion
of the ITI),** Tamm-Horsfall protein (THP),*® albumin®
and calgranulin.®® These macromolecules are all expressed
in the kidney, and may contribute to the overall crystal-
lization inhibitory effect of urine. Because of their ability
to bind calcium, many so-called inhibitors can also act as
promoters of crystal formation and deposition depending
upon experimental conditions and whether the molecules
are fixed to a substrate.® Organic macromolecules, includ-
ing GAGs and proteins, form the matrix of calcium stones
and comprise 2-3% of the weight of the stone.* In addition
to their effects on crystallization, all of these molecules
have other normal biological functions including, but not
limited to, modulation of tubule and transporter func-
tions, mediation of inflammation and the innate immune
response, formation and stabilization of extracellular
matrix, facilitation of wound healing and tissue repair, and
antimicrobial protection.”" Thus, the clinical relevance of
these molecules to kidney stone disease may not be solely
due to their effects on calcium crystallization inhibition
but also to their other functions in the kidney and urinary
tract. Here, the clinical relevance of these proteins to the
pathophysiology of calcium nephrolithiasis will be exam-
ined.

Glycosaminoglycans

Glycosaminoglycans are long unbranched polysaccha-
rides consisting of a repeating disaccharide unit.”® They
are synthesized by epithelial cells lining the urinary tract
where they serve to form a water-tight barrier to shield the
cell surface from urinary solutes, proteins, bacteria and
crystals.”” The most abundant GAGs in urine are chon-
droitin sulfates A and C and heparan sulfate; also present
at lower levels are hyaluronic acid, dermatan sulfate and
keratan sulfate.”® Glycosaminoglycans are highly nega-
tively charged and have been shown to be potent inhibi-
tors of growth and aggregation of CaOx and CaP crystals
in vitro.**™® These inhibitory properties are largely due
to the effects of chondroitin sulfate and, to a lesser extent,
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heparan sulfate.”® Altered abundance of urinary GAGs
has been shown to be associated with interstitial cysti-
tis,®*® but a plethora of studies examining the relationship
between urine GAG concentration or excretion and stone
formation has failed to demonstrate any conclusive asso-
ciation.”® Urinary GAGs are increased in interstitial cys-
titis as a result of chronic bladder epithelial damage and
neurogenic inflammation.®* Urinary GAG levels are more
likely to be a reflection of inflammatory processes in the
kidney and urinary tract than to be related to a marker of
stone formation.

Urine Proteins

Prothrombin Fragment 1

Prothrombin fragment 1 is a potent inhibitor of CaOx crys-
tal growth and aggregation® and also the most prominent
protein in the organic matrix of CaOx crystals precipi-
tated from fresh human urine.”” Urinary PF1 also inhibits
CaOx crystal attachment to cultured cells.® Prothrombin
fragment 1 comprises the first 155 amino acids of pro-
thrombin, including a 10-residue y-carboxyglutamic acid
(Gla) domain that confers on PF1 a strong ability to bind
calcium.®” The potent inhibitory effect of PF1 on CaOx
crystallization has been ascribed to this Gla domain,
which is absent from other prothrombin activation frag-
ments including thrombin and the F2 fragment.*® Liu et al.
showed that the Gla composition of urinary PF1 as well as
its ability to inhibit CaOx crystal growth was significantly
decreased in patients with CaOx stones.®* However, Buch-
holz et al. found no difference in the ability of urine from
patients taking warfarin to inhibit CaOx crystal growth
compared to urine from healthy individuals.”* Gamma
carboxylation is a vitamin-K-dependent process that is
inhibited by thedrug warfarin, so the absence of increased
crystal growth in the presence of warfarin does not sup-
port a substantial role for vitamin-K-dependent proteins
such as PE1 in inhibiting urine crystallization.

Prothrombin fragment 1 is also highly glycosylated®
and the level of sialylation may contribute to its effective-
ness ininhibiting CaOx crystallization. Webber et al. found
a correlation between the genetically determined levels of
PF1 sialylation and the incidence of CaOx stone disease in
racial groups among the South African population.” Gly-
cosylation of PF1 was also found to govern CaOx crystal
nucleation and aggregation, but it does not play a role in
inhibiting crystal growth.*

Prothrombin fragment 1 is produced by throm-
bin cleavage of a precursor protein, prothrombin, and is

associated with activation of blood coagulation.* It is pri-
marily produced by the liver, but the prothrombin gene is
also expressed in the kidneys of humans and animals.?*%
Prothrombin conversion to thrombin and prothrombin
fragments is the last step in the coagulation cascade, and
there is evidence that this can occur at sites of renal injury.*
Acting via protease-activated receptors in the kidney,
thrombin mediates several intracellular-signaling path-
ways and plays a role in the inflammatory response to tis-
sue damage, stimulation of epithelial cell proliferation and
extracellular matrix deposition.?”*® Immunohistochemical
analysis of human kidneys has shown that PF1 is synthe-
sized in tubular epithelial cells of the thick ascending limb
of the loop of Henle (TALH) and the distal convoluted
tubule, and is more abundantin the kidneys of stone form-
ers than in healthy individuals.” It is unclear whether uri-
nary PF1 derives from serum prothrombin or is the product
of renal prothrombin gene expression. In a study of first-
degree family members of calcium stone formers, we
found that prothrombin fragments in urine (mainly larger
PF1-containing activation peptides of prothrombin such
as PF1+2) were strong predictors of stone formation in
men.!” However, others have found no differences in the
relative abundance of PF1 in the urine of CaOx stone form-
ers compared to healthy people.'”!

A genetic link between a prothrombin gene variant
and increased kidney stone risk has been identified in
female calcium stone-forming patients in Thailand.'” A
nonsynonymous change leading to a threonine (T)-to-
methionine (M) substitution at amino acid 165 (T165M)
was located in the kringle 1 domain of PF1.'® Structural
modeling of PF1 suggests that the T165M substitution may
affect the function of PF1 by blocking hydrogen bond for-
mation with glutamic acid at position 180. The PF1 kringle
1 domain is thought to be important in mediating inter-
actions with other proteins within the blood coagulation
cascade such as cofactor Va,'™ and it is believed to play a
role in inducing migration and activation of human neu-
trophils.!® How this mutation affects the risk of stone for-
mation is yet to be understood. The prevalence of stone
disease in the Thai population shows a typical male pre-
dominance, with a male-to-female ratio of about 2:1; the
reason why this variant plays a role only in females is also
unclear.'®

Osteopontin

Osteopontin is a member of the SIBLING family of proteins
(Small Integrin-Binding Ligand, N-linked Glycoprotein),
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which plays a role in matrix mineralization, most
commonly in bone and dentin.'® OPN has been found to
be expressed in several tissues and cell types, including
the mineralized bone matrix, macrophages, dendritic
cells, endothelial cells, smooth muscle cells and epithelial
cells.’” It is also expressed in the kidney in glomerular
mesangial cells, podocytes, collecting duct, thin loop
of Henle and urothelial cells.’®®!® OPN is a chemokine
that can modulate cell adhesion as well as autocrine
and paracrine factors by interacting with cell surface
receptors such as integrins.!! OPN is rich in aspartic
acid residues and is highly negatively charged, making it
an avid calcium-binding protein.'”> OPN is abundantly
found in the matrix of calcium stones'*"* and is present
in hydroxyapatite Randall’s plaques in the renal medullary
interstitium."'**5 OPN is a potent inhibitor of CaOx crystal
nucleation, growth and aggregation in vitro.®''* However,
experiments using atomic force microscopy have shown
that OPN may also promote aggregation of crystals and
binding to cell surfaces by increasing the adhesiveness of
crystals to which it is bound."” Similarly, Rodriguez et al.
found that OPN can promote intrafibrillar mineralization
of collagen with hydroxyapatite in an in vitro polymer-
induced liquid-precursor biomineralization system.®
Osteopontin expression is induced by angiotensin Il in
different cell types, such as vascular smooth muscle cells,
macrophages and epithelial cells of renal tubules.'0%32133
Patients with nephrolithiasis have been found to have
elevated urinary angiotensinogen,’ which is a marker
of intrarenal angiotensin II activity.'®® High dietary salt
intake, which can increase the production of intrarenal
angiotensin II, also increases renal OPN expression in
rats.”*® Osteopontin expression is increased as well by hor-
mones that regulate bone and mineral metabolism such
as parathyroid hormone and vitamin D, which are often
elevated in stone formers.'*"'* These results suggest that
OPN expression would be expected to be increased in kid-
neys of stone formers compared to normal controls.
Osteopontin is difficult to measure in urine, likely
because it is highly susceptible to cleavage by proteases
in urine. There is evidence that urine from kidney stone
patients has elevated serine protease activity that gener-
ates aberrant OPN species.'” This may cause technical
difficulties in OPN detection and quantification depend-
ing on the type of assay used. Most efforts to examine
OPN abundance by enzyme-linked immunosorbent assay
(ELISA) in urine from stone patients and normal controls
have found decreased urinary OPN in stone formers.'2°-'2?

However, other studies have found no difference, either
by semiquantitative western blotting'® or ELISA."° These
disparities may be due to differences in the antibodies and
methods used for detection of OPN; loss of an epitope in
OPN due to proteolytic cleavage in urine couldlead to fail-
ure of an antibody to detect certain fragments and overall
underdetermination of OPN. In histopathology studies,
Evan et al. found that OPN in renal medullary tissue was
similarly expressed in normal and stone-forming subjects
except for its localization in Randall’s plaques of the stone
formers.!'? Overall, whether there are differences in renal
or urinary total OPN abundance between stone formers
and healthy people is still an open question.

Proteolytic cleavage of OPN by thrombin and matrix
metalloproteinases is a normal regulatory process that
modulates the activity of OPN and its binding to integrin
receptors-in some tissues.'” Thrombin cleavage of OPN
produces three fragments that have different crystalliza-
tion inhibitory properties in vitro, and it is the central frag-
ment that has been found to effectively inhibit hydroxyapa-
tite crystal formation and growth.'** In urine, OPN may be
cleaved by thrombin and/or other proteases that are pre-
sent. Kolbach et al. have identified four isoforms of OPN in
human urine and found that there is a relative deficiency
of the two most acidic forms in urine from stone formers
compared to that of normal individuals.'®® A decline in the
most anionic of the OPN isoforms, that is, those that would
interact most strongly with crystals to inhibit growth and
aggregation, could be a factor promoting stone formation.
Thus, proteolytic cleavage of OPN may affect the crystal-
lization properties of urine and contribute to decreased
crystal inhibition in stone formers.

Cleavage by thrombin exposes new epitopes in OPN
that increase its capacity to bind and signal through
integrin receptors to mediate functions such as cell
cycle regulation and actin cytoskeleton dynamics.'*® In
human kidneys, o 3, integrin is expressed in glomerular
epithelial cells, Bowman’s capsule, vascular endothelium
and weakly in tubular epithelial cells; o 3, is similar, but
also on the vascular endothelium, 1 expression is seen in
glomerular epithelial cells, Bowman’s capsule, the vascular
epithelium and tubular epithelial cells.!®'*" In chronic
inflammatory conditions with increased thrombin activity
such as obesity, atherosclerosis and rheumatoid arthritis,
production of thrombin-cleaved OPN fragments in urine is
increased.”® Some of these conditions, including obesity,
diabetes and rheumatoid arthritis, are linked to a higher
risk of kidney stones.'*'*” Antibodies have been developed
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to selectively target protease-cleaved OPN forms, which
may have applications in treatment and prevention of
various inflammatory diseases and cancer.'”® One such
antibody against thrombin-cleaved OPN has been found
to reduce renal crystal formation, tubular cell injury and
crystal-cell attachment in mice with renal crystals induced
by glyoxylate.'®! It is possible that differential protease
cleavage of OPN in stone formers may alter its activities
both in mediating crystallization and functioning as a
chemokine in the kidney.

Mouse strains lacking the Sppl (secreted phospho-
protein 1) gene that encodes OPN have been generat-
ed.” ' Mo et al. found that 10% of the mice lacking OPN
spontaneously form renal papillary interstitial deposits
of CaP reminiscent of Randall’s plaque, which are never
seen in wild-type mice.'* Paloian et al. found that OPN
knockout (KO) mice on a high-phosphate diet developed
nephrocalcinosis with substantial renal tubular and inter-
stitial calcium deposition, and marked vascular calcifica-
tion when compared with control mice.'*! In humans, the
single nucleotide polymorphism (SNP) rs1126616 affec-
ting Ala 250 in exon 7 of the SPPI gene has been linked with
reduced OPN levels in serum and urine and increased
susceptibility to nephrolithiasis.'** Safarinejad et al. exam-
ined nine SNPs in the SPPI gene in CaOx stone formers
and healthy individuals in Iran and found one SNP that
was protective and three SNPs that were predisposing to
CaOx stone formation.'” Subjects with the protective poly-
morphism had increased levels of serum OPN and urinary
calcium to OPN ratios, while those with the predisposing
SNPs had lower serum and urine OPN. Others have found
an association between SNPs in the promoter of the SPPI
gene and risk of stone formation in Japanese and Turkish
populations.'**!*> Together these suggest a role for OPN
in preventing CaP crystallization and protection against
nephrolithiasis that is as yet not clearly defined.

Osteopontin is a multifunctional protein that is upreg-
ulated in wound healing, fibrosis, autoimmune disease
and atherosclerosis where it is highly expressed at sites of
atherosclerotic plaques.'”” It is a potent activator of tran-
scription factor NF-«kB (nuclear factor-kB) that is involved
in cellularresponses to injury and stress; OPN is implicated
in promoting epithelial-mesenchymal transition, which is
a significant contributor to fibrotic phenotypes and can-
cer metastasis."® OPN expression is upregulated in renal
epithelial cells in animal models of renal injury as well as
in human renal allografts and diseases such as idiopathic
membranous nephropathy, immunoglobulin A nephritis,

lupus nephritis and essential hypertension with decom-
pensated arteriolosclerosis.'”® OPN upregulation may
mediate an early response to injury and promote regener-
ation and repair in the kidney. Mice with a disrupted Spp1
gene exhibit significantly greater ischemia-induced renal
dysfunction and structural damage than wild-type mice.'*
With regard to the role of OPN in stone formation, it is not
clear whether OPN in the kidney serves to protect against
stones by inhibiting crystallization or perhaps promotes
interstitial crystal formation (Randall’s plaque) and fibro-
sis seen in CaP stone formers.'*®

Inter-Alpha-Trypsin Inhibitor/Bikunin

Inter-alpha-trypsin inhibitor proteins are a group of ser-
ine protease inhibitors that are mainly synthesized in
the liver but have also been detected in many other tis-
sues, including intestine, kidney, stomach, placenta and
brain.'* At least four genes are involved in the synthesis
of various members of the inter-alpha-trypsin family of
proteins, three encoding heavy chains (H1, H2 and H3) of
75-85 kD, and one encoding the light chain, also known
as bikunin, BK, with a molecular weight of 35-40 kD.!5%15!
Bikunin can be linked covalently through its chondroitin-
4-sulfate side chain to one or two heavy chains, forming
the pre-alpha-inhibitor (H3 + BK, 125 kD) or ITI (H1 + H2
+ BK, 180-220 kD), respectively.'>> All of these genes have
been shown to be expressed in kidney cells.!**!** ITI, pre-
alpha-inhibitor, and all individual subunits have also been
detected in urine''* as well as in the matrix of calcium
stones.’*''* While the entire ITI molecule has been shown
to inhibit CaOx crystallization,'s” the BK portion is itself
a potent inhibitor.®® The heavy chain components do not
have inhibitory activity, and BK is thought to be respon-
sible for the ability of ITI to inhibit CaOx crystallization.'*
To date, no polymorphisms in the genes encoding these
proteins have been shown to be associated with nephro-
lithiasis. One study investigated the possible association
between BK gene (AMBP) polymorphisms and urinary
stone formation in a Turkish population, but found no sig-
nificant differences in allele distribution between patients
and controls.'*

Inter-alpha-trypsin  inhibitor =~ expression is
associated with response to inflammation or injury.*”
ITI proteins are thought to be part of the systemic innate
immune system; they attenuate complement activation
and play a role in limiting complement-dependent
tissue injury.!*16%16 Administration of exogenous BK
and ITI proteins has been shown to reduce systemic
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inflammation in sepsis and systemic inflammatory
disorders in mice and humans.'®*'® ITI proteins also
play a role in extracellular matrix stabilization in
a variety of tissues via binding to hyaluronan.'® In
rats, renal injury induced by hyperoxaluria and crystalluria
hasbeen shown to resultin significantincreases in thelevel
of BK mRNA (messenger ribonucleic acid) expression in
the kidney, and concomitant urinary excretion of high-
molecular-weight (HMW) BK-containing proteins as
well as heavy chains H1 and H3.'5%'%%1%% In humans, ITI
and dimer of BK combined with H1 or H2 were found
more often in urine in stone-forming males than in
normal males.””® We also found an increase of HMW
(>50 kDa) immunoreactive ITI components in the urine
of those who formed stones versus those who did not,'®
and another study confirmed increased urine ITI in
stone formers versus normals of both sexes.!"

Using immunohistochemistry in sections of human
kidney tissue, Evan et al. explored the relationship between
ITI, BK and calcium stone disease.!'° Heavy chain 3 (HC3)
was found to be associated with hyaluronan in the intersti-
tial matrix of the kidney. Widespread HC3 was only present
in stone formers, and was found in collecting duct, thin
loop and interstitial cells. HC3 colocalized with Randall’s
plaque (interstitial hydroxyapatite) and urothelial cells,
and was also found in the matrix layer of individual plaque
spherules. BK was present only in the collecting duct api-
cal membranes and the loop cell cytoplasm of stone form-
ers, colocalizing with HC3. The mechanism linking HC3 to
stone disease is unclear but may involve a role for HC3 in
stabilizing hyaluronan in the renal interstitial matrix. In
the context of pulmonary epithelial cell injury, ITI inter-
acts with hyaluronan and other extracellular matrix com-
ponents and is an important regulator of cellular repair
after injury.'"” Proteomic analysis of renal calculi indicates
an important role for inflammatory processes in calcium
stone formation.'”® Merchant et al. found that proteomic
analysis of stones supports the hypothesis that stone for-
mation induces a cellular inflammatory response and the
protein_components of this response contribute to the
abundant stone matrix proteome. Perhaps ITI in kidney
plays a similar role in a cellular inflammatory response in
the kidney and in promoting repair of injured renal epithe-
lial and interstitial cells.

Tamm-Horsfall Protein

Tamm-Horsfall protein, also known as uromodulin
(UMOD), is a glycoprotein that is the most abundant

protein excreted in urine under normal physiological
conditions.’® Made exclusively by epithelial cells in
the TALH, THP enters the secretory pathway where it is
glycosylphosphatidylinositol anchored, glycosylated, and
sorted to the apical plasma membrane. Ultimately, THP
is secreted into the urine via proteolytic cleavage by the
plasma-membrane-bound serine protease hepsin.'®® In
vitro crystallization experiments have shown that THP
does not inhibit CaOx crystal nucleation or growth!'"!
but is a potent inhibitor of crystal aggregation.'”
Tamm-Horsfall protein from stone-forming patients
inhibits CaOx crystal aggregation to a lesser degree than
normal.'” The high glycan content is important for the
physicochemical properties and function of THP. Several
studies have reported that stone formers produce THP
with reduced levels of glycosylation, particularly sialic
acid levels, which leads to reduced negative charge.®'™
This reduced charge likely decreases the effectiveness of
THP binding to Ca* or CaOx crystals in urine, thus limiting
its aggregation-inhibitory activity.'”>!”* Some studies have
shown that desialylated and low sialic acid forms of THP
actually promote crystal aggregation, a property that could
ultimately contribute to stone formation.'”'"

Whether kidney stone formers have defects in THP
excretion remains unresolved. Some studies of recurrent
calcium stone formers have observed decreased THP in
the urine'” while others have shown increased THP excre-
tion.' People with extremely reduced urinary THP levels
due to UMOD mutations do not show increased rates of
renal stone formation.'®® These patients are more likely to
have other uromodulin-associated kidney diseases such
as medullary cystic kidney disease type 2 and familial
juvenile hyperuricemic nephropathy, which, as opposed
to calcium nephrolithiasis, are characterized by mild urine
concentrating defects, reduced fractional excretion of
UA, diffuse tubulointerstitial fibrosis with inflammatory
cell infiltrates, cysts at the corticomedullary junction and
chronic renal failure.'®'# Thus, the relative importance of
urine THP abundance in protection against stones is still
an open question.

In a study of urinary excretion of THP in first-
degree family members of calcium stone formers,
we found that THP excretion differed by sex and by
number of stones formed (K. Bergsland, unpublished).
By western blotting, the major THP band (Fig. 3.2)
migrated at about 85 kD, in agreement with the 80-90
kD molecular weight observed by others on sodium
dodecyl sulfate polyacrylamide gel electrophoresis of
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Fig. 3.2: Representative western blots of urinary Tamm—Horsfall protein (THP). Dialyzed urine protein samples were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis on 10% acrylamide gels under reducing conditions, blotted and immunode-
tected using an antibody to THP. Lanes 1-16 contain samples from different individuals. Lanes S contain a standard urine sample from
a nonstone-forming male. Sizes of protein molecular weight standards (in kD) are indicated at left. The major THP band (arrowhead)
migrated at about 85 kD; lower-molecular-weight forms likely represent THP precursors lacking glycosylation (57—60 kD, open square)
or sialic acid modifications of glycan chains (69-71 kD, closed square). Semiquantitative abundances of various THP forms were calcu-
lated by dividing the optical density (OD) of each band by the total OD of lane S on the same blot. (F: Female; M: Male).

properly  glycosylated, glycosylphosphatidylinositol-
modified and membrane-anchored THP protein
excreted in urine.”™ Lower-molecular-weight forms

likely represent THP precursors lacking glycosylation
(57-60 kD) or sialic acid modifications of glycan chains
(69-71 kD).18+1% When family members of stone formers
(50 men, 50 women; half stone formers) were grouped
within sex by the presence or absence of kidney stones, THP
excretion in all men was the same (Fig. 3.3). Women stone
formers tended to have less THP than those who had never
had a stone but the difference was not significant. However,
when subjects were stratified by the number of stones
formed, THP excretion was greater in men with multiple
stones compared to men who had formed one stone, a
difference that was not observed in women (Fig. 3.3).
These sex- and stone number-related differences may
help explain the discrepant measurements of urine THP
abundance seen in previously published studies, with
one study finding less THP in stone formers and another
finding more.'”!'® THP excretion in nonstone-forming
men was intermediate between male single stone formers
and multiple stone formers. Increased excretion of LMW
THP was highly significant in men with multiple stones
compared to male single stone formers and controls (p <
0.0001, both comparisons), but not in women (Fig. 3.4).
Thus, increased excretion of both mature THP and LMW
forms lacking post-translational modifications is strongly
associated with having >1 stone in men. Low-molecular-
weight forms of THP that lack post-translational
modifications (glycosylation or sialic acid residues) are
likely less effective in inhibiting crystal aggregation in
urine; the increased proportion of LMW THP in the urine
of male multiple stone formers may contribute to their
higher rate of stone formation and perhaps to the increased
prevalence of stones in men versus women.

Although THP is predominantly targeted to the api-
cal membrane of TALH cells, there also is a lesser but sig-
nificant basolateral release of THP by a mechanism that
is not well understood.'®”'® Tamm-Horsfall protein can
be detected in the blood of healthy individuals, suggest-
ing that some degree of basolateral release of THP occurs
normally.'®"!® Basolateral release is significantly increased
during kidney injury; El-Achkar et al. found a major redi-
rection of THP from the apical membrane toward the
basolateral domain and interstitium during recovery from
acute kidney injury.'**'! This redirection corresponds with
increased THP in the serum but not in the urine. Evidence
suggests that basolateral THP plays an important role in
halting intrarenal inflammatory signaling after ischemia
reperfusion injury (IRI) by facilitating tubular cross-talk
with the neighboring injured proximal tubule S3 seg-
ments.'® ! Tamm-Horsfall protein is known to function as
a “cytokine trap,” forming in vivo complexes with renal and
urinary cytokines, thus limiting their activation of inflam-
matory signaling pathways.'®* Mice deficient in THP show
significantly more functional and histological renal dam-
age after IRI, possibly due to reduced suppression by THP
of proinflammatory cytokines and chemokines produced
by S3.'% These mice also have higher expression of toll-like
receptor 4 (TLR4) in the basement membranes of injured
tubular segments, indicating that THP may also normally
act to limit renal injury by decreasing activation of innate
immunity mediated by TLR4.

Studies in Umod gene KO mice have suggested a role
for THP in protection against stone formation in the kid-
ney. Lack of THP in KO mice leads to the formation of
CaP (hydroxyapatite) crystals in the kidneys and progres-
sive renal calcification.'**'** In young mice, both intratu-
bular and interstitial crystals are seen, but in older mice
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Fig. 3.3: Quantile plots of urine Tamm-Horsfall protein (THP) excretion. Estimations of excretion rates of mature THP were made by
multiplying the semiquantitative measurements of each protein (Fig. 3.1) by the 24-hour urine volume. Males are at left and females
are at right. In the top panels, subjects are grouped by stone status: nonstone formers (o) and stone formers (m). In the bottom panels,
subjects are grouped by stone number: Nonstone formers (o), men with 1 stone, and women with 1-2 stones (A ), and men with =2
stones and women with =3 stones (#). In subjects grouped by the presence or absence of kidney stones (top), THP excretion in all men
was the same; female stone formers tended to have less THP than nonstone formers but the difference was not significant. In subjects
grouped by the number of stones formed (bottom), THP excretion was greater in men with multiple stones compared to men who had

formed one stone, a difference that was not observed in women.

interstitial crystals predominate. Tamm-Horsfall protein
exerts its protective effect synergistically with OPN as seen
in double KO mice."**'® The incidence of renal interstitial
hydroxyapatite deposits is more than twice as high in the
OPN + THP double KO than in either of the single-gene
KOs alone. Crystals are mainly located in the renal papilla
with the rest of the kidney devoid of any crystals. The pat-
tern of interstitial crystallization in THP KO mice resem-
bles Randall’s plaques of human idiopathic CaOx stone
formers with respect to histological location, chemical
composition, ultrastructural features and lack of accom-
panying inflammation.'*>!* In humans, however, Randall’s

plaques also involve the basement membranes of the thin
loops of Henle, and there is an overgrowth of CaOx stones
atop regions of papillary crystallization, neither of which
have been observed in THP KO mice.'?”

In humans, genome-wide association studies have
linked a common variant in the UMOD gene on chromo-
some 16p12 to decreased risk of kidney stones.'* The vari-
ant rs4293393-T, which is located in the promoter region of
the UMOD gene about 550 bp upstream of the translation-
al start, is present at high frequency in most modern popu-
lations (70-80% in Africans and Europeans and 92-95%
in East Asians) and confers protection against calcium
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Fig. 3.4: Quantile plots of low molecular weight (LMW) Tamm-—Horsfall protein excretion. Estimations of excretion rates of LMW THP
forms lacking glycosylation or sialic acid modifications were made by multiplying the semiquantitative measurement of each protein
band (Fig. 3.1) by the 24-hour urine volume. Males are at left, and females are at right. Subjects are grouped by stone number:
Nonstone formers (o), men with 1 stone and women with 1-2 stones (A), and men with =2 stones and women with =3 stones (¢).
Increased excretion of LMW THP was highly significant in men with multiple stones compared to male single stone formers and controls
(p < 0.0001, both comparisons), but not in women. (F: Female; M: Male).

kidney stones.' This variant has been shown to increase
THP expression approximately twofold both in vivo in
kidney tissue by quantitative reverse transcription poly-
merase chain reaction and in vitro in luciferase reporter
assays.”” Likewise, there is a strong association of this vari-
ant with an up to twofold increase in urinary excretion of
THP; levels of THP rise in a dose-dependent manner with
an increasing number of T alleles.??*!

A study of the frequency of the rs4293393-T allele in
various modern and ancient human and nonhuman pri-
mate populations strongly suggests that this allele has been
kept at high frequency through evolution because of its
protective effect against urinary tract infections (UTIs).**
The KO mice lacking THP have an increased susceptibility
to UTL.”**® Tamm-Horsfall protein functions in defending
the urinary tract against infections due to its ability to bind
to pathogens and prevent their adherence to the urothe-
lium.?” There is evidence that, in a similar manner, THP
coats CaOx crystals and helps prevent adhesion to cul-
tured epithelial cells.?®'7® Perhaps the selective pressure to
maintain the rs4293393-T allele because of its protective
effect against UTI has had the fortuitous benefit over time
of also protecting against stones. The minor rs4293393-C
variant that is the risk allele for kidney stones also poten-
tially increases susceptibility to UTIs.' It is interesting
that, although a definitive study has not been done, there
is evidence to suggest a correlation between the presence
of UTI and stones. In several small single-center studies,

a significantly higher incidence of UTI was observed in
patients with stones, including not only struvite but meta-
bolic stones composed of CaOx and CaP, than in healthy
people,20+-206

The same UMOD rs4293393-T variant that is protec-
tive against stones is also associated with an increased
risk of salt-sensitive hypertension and chronic kidney
disease.'#*2%207 Tamm-Horsfall protein is thought to play
a role in water and electrolyte balance in the TALH. Evi-
dence from THP KO mice suggests that THP facilitates the
activation of the sodium-potassium-chloride transporter
(NKCC2) and the renal outer medullary potassium chan-
nel (ROMK), the two main ion transporters involved in
sodium chloride reabsorption by the TALH.”" In mice
lacking THP, both NKCC2 and ROMK accumulate in sub-
apical intracellular vesicles resulting in decreased api-
cal surface expression and reduced transporter activity.
On the other hand, overexpression of wild-type THP in
transgenic mice enhances NKCC2 activity and increases
sodium reabsorption in the TALH, leading to salt-sensitive
hypertension.*® The UMOD rs4293393-C variant that is
the risk allele for kidney stones would be expected to have
the opposite effect, which is to decrease THP expression
and NKCC2 activity and to reduce blood pressure. Trudu
et al. investigated the role of UMOD variants in modulat-
ing blood pressure in humans and found that mean dias-
tolic blood pressure was significantly lower in individuals
that were heterozygous or homozygous for the rs4293393-
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C allele relative to individuals that were homozygous
for the T allele.?” Interestingly, Ko et al. found that male
patients with idiopathic hypercalciuria, a common trait
among calcium stone formers, have lower systolic blood
pressures than normal male patients.””® Tamm-Horsfall
protein also plays a role in modulating urine calcium
excretion by stimulating calcium reabsorption in the distal
nephron by decreasing endocytosis of the calcium chan-
nel TRPV5.2% Tamm-Horsfall protein KO mice and mice
carrying UMOD mutations found in human uromodulin-
associated kidney diseases that severely reduce urinary
THP levels exhibit hypercalciuria. Thus, UMOD genotypes
that reduce expression of THP may link susceptibility to
kidney stones and protection from hypertension via the
effect of THP on calcium and salt reabsorption in the kid-
ney.

Albumin

Human serum albumin is the second most abundant pro-
tein in urine, after THP. Albumin is primarily synthesized
in the liver, functions as a carrier protein for fatty acids and
hormones in the blood and plays a major role in stabiliz-
ing extracellular fluid volume by contributing to-oncotic
pressure of plasma. Albumin has an immunomodulatory
and extracellular antioxidant defense functions mediated
by its high capacity to bind lipopolysaccharide and other
bacterial products (lipoteichoic acid and peptidoglycan),
reactive oxygen species (ROS), nitric oxide and other
nitrogen reactive species, and prostaglandins.?!®*"' Albu-
min has also been found to have antimicrobial proper-
ties in exerting fungistatic activity.*'* Albumin is a large
component of the matrix of calcium stones.'*?'32 It does
not inhibit CaOx crystal growth in vitro''"' and seems
to promote nucleation of CaOx crystals, specifically the
dihydrate form.?" By contrast, albumin is an inhibitor of
CaOx crystal aggregation in inorganic solutions'"*'¢ and
urine.'”” Baumann and Affolter found that, somewhat par-
adoxically, when albumin was adsorbed onto CaP crystals
it became a promoter of CaOx crystal aggregation rather
than an inhibitor.®® This was attributed to self-aggregation
bridging zones of electrostatic repulsion between coat-
ed crystals with identical electrical surface charge. This
effect was abolished when urine was diluted, arguing for
the importance of stone formers maintaining adequate
urine volume to diminish urinary SS and risk of crystal
aggregation.

The gene encoding albumin may be expressed in kid-
ney,*'” but it is more likely that albumin in urine is filtered

from the blood. Pourmand et al. found increased albu-
min in the urine of recurrent calcium stone formers com-
pared to normal controls.’® Of 10 urine proteins measured,
only albumin and transferrin (another blood protein)
were different between the groups, suggesting renal bleed-
ing or perhaps glomerular impairment as the source of
these proteins in stone formers. All in all, the presence
of albumin in stones is more likely due to its ubiquitous
nature in blood, urine and tissue than to any specific role
in regulation of crystallization or stone formation.

Calgranulins (S100A8 and S100A9)

S100A8 and S100A9, also known as calgranulin A and B
or MRP8 and MRP14, are small, acidic, potent calcium-
binding proteins that are abundantly present in the matrix
of calcium stones.""*?'9-222 S100A8 and S100A9 exist as
monomers of about 10 and 14 kD, respectively, but pref-
erentially form a S100A8/A9 heterodimer (also known as
“calprotectin”) in the presence of Zn?** or Ca*".*** S100A8/
A9 exhibits antimicrobial activity by inhibiting bacterial
adhesion to mucosal epithelia and sequestering essential
trace elements such as Zn**.*** Both S100A9 and S100A8/
A9 can also form higher-order oligomers such as tetramers
or even larger oligomers, and this multimer formation may
regulate their function.?*** Calgranulin (likely S100A8)
has been found to be a potent inhibitor of CaOx crystal
growth and aggregation in the nanomolar range in vitro.®
S100A8 and S100A9 are constitutively expressed in mye-
loid cells (monocytes, neutrophils and dendritic cells), but
expression can also be induced in other cell types such as
macrophages, vascular endothelial cells and fibroblasts.**
In the kidney, S100A8 and S100A9 have also been found
to be expressed in glomerulus, tubulointerstitial regions
and collecting duct.®®*??%?» Polymorphisms in the genes
for these proteins have been shown to be associated with
periodontitis (S100A8)*° and insulin resistance and type
2 diabetes (S100A9),*! but not with nephrolithiasis thus
far.’”

Secreted S100A8 and S100A9 have been shown to
be endogenous proinflammatory ligands that can acti-
vate cytokine signaling pathways and leukocyte recruit-
ment via the receptor for advanced glycation endprod-
ucts and TLR4.%2%3 S100A8 and S100A9 are involved in
acute response to injury and early inflammatory program
initiation.?* Circulating levels of S100A8 and S100A9 are
increased in many disease conditions including cancer,
neurodegenerative disorders, autoimmune and inflam-
matory diseases, including type 2 diabetes (T2DM) and




Section 1: Characteristics and Formation of Kidney Stones

obesity.?**?%-23% They are considered to be damage-associ-
ated molecular pattern molecules that are overexpressed
at sites of local inflammation.>*® The genes for S100A8 and
S100A9 are direct targets of NF-kB, which is stimulated
downstream of TLR4 activation. Therefore, binding of
these damage-associated molecular patterns to TLR4 can
set up a positive feedback loop that contributes to perpetu-
ation of the innate immune response.?° TLR4 is expressed
all along the nephron from Bowman’s capsule to proxi-
mal convoluted tubule, TALH, distal tubule and collect-
ing duct.*"' Continued stimulation of TLR4 in any of these
locations could set off a “damage chain reaction” leading
to chronic innate immune activation and enhanced tissue
injury.**?

However, these proteins also play anti-inflammatory
roles in wound healing**® and protection against oxida-
tive tissue damage as a result of their extreme ability to
scavenge oxidants.?”” Under conditions of oxidative stress,
S100A8 and S100A9 may serve as sinks for reactive oxygen
species (ROS) including HOCI, H,0,, and NO. Binding
of ROS causes conformational changes and formation of
covalent bonds in S100A8 and S100A9 homodimers and
higher order homocomplexes.?”” S100A8 and S100A9 can
self-assemble into a variety of amyloid complexes both
in vitro and in vivo, and covalently-linked complexes of
S100A9 have been identified in brain extracts of patients
with familial Alzheimer’s disease and in association with
senile plaques.***

S100A8 and S100A9 may play roles in both normal and
dystrophic calcification processes. Both are expressed in
human bone and cartilage cells and may play a role in cal-
cification of cartilage matrix andits replacement with tra-
becular bone.*** S100A8 and S100A9 are abundant in oste-
oclasts and may contribute to regulation of the oxidative
balance required for bone remodeling. S100A9 has been
shown to be highly expressed in atherosclerotic plaque
where it is associated with calcified areas.>® Calcifying
microvesicles from carotid artery isolates contain high lev-
els of S1I00A9, with a lesser amount of SI00A8. In addition,
age-related protein amyloid structures in prostate, also
called prostatic calculi or corpora amylacea, are primar-
ily composed of amyloid forms of SI00A8 and S100A9 in
combination with hydroxyapatite.>’” To date, expression of
these proteins in the kidney has not been investigated in
the context of stone or Randall’s plaque formation.

Whether the functional outcome of S100A8 and
S100A9 expression is protective or injurious may depend
on the types of cells expressing these proteins in particular

microenvironments, their relative concentrations and
post-translational modifications.?*® High circulating levels
of S100A8/A9 are suggested to contribute to atherogenesis
in patients suffering from acute and chronic inflammatory
disorders such as periodontitis, rheumatoid arthritis,
obesity and systemic lupus erythematosus.?5249-%!
However, it is possible that the high concentrations- of
S100A8 released following neutrophil and monocyte/
macrophage accumulation in plaque may moderate
oxidative damage and reduce inflammation by suppressing
mast cell activation, thereby limiting atherogenesis.?*®
In the kidney, glomerular and tubulointerstitial S100A8
expression was found to be increased in renal biopsy
samples from obese or type 2 diabetic patients compared
to controls.”® Elevated S100A8 in injured tubular epithelial
cells and surrounding macrophages was associated with
tubulointerstitial fibrosis and progression of proteinuria
in obese and type 2 diabetic patients. On the other hand,
there is evidence that S100A8/A9 is protective against
ischemia/reperfusion (IRI) injury. In a mouse model of
IR[, renal abundances of S100A8 and S100A9, likely to be
from infiltrating granulocytes, were normally increased in
the corticomedullary region in wild-type mice.*? However,
S100A9 KO mice displayed defective tissue repair after
I/R, increased renal damage, sustained inflammation,
induction of fibrosis and increased expression of collagens,
suggesting loss of a protective function of SI00A9.

In a study of urinary excretion of S100A9 in first-
degree family members of calcium kidney stone formers
(same study as for THP, above), we found that S100A9
excretion differed by sex and by the number of stones
formed (K. Bergsland, unpublished). Western blots
showed a prominent immunoreactive band at 14 kD that
is the major monomeric form of this protein (Fig. 3.5).%*
Monomeric S100A9 exists in two isoforms: full length (14
kD) and truncated S100A9* (~13.5 kD), which is translated
from an alternate start site in the S100A9 gene and lack-
ing four amino acids at the N-terminus.?”>** In addition,
HMW forms around 28, 42 and 56 kD were also apparent,
which most likely represent dimers, trimers and tetramers
of S100A9 induced by oxidative modification.??” These
complexes contain covalent bonds that are resistant to the
reducing conditions of gel electrophoresis. Among men,
but not women, excretion of HMW S100A9 (a sum of all
forms >15 kD, i.e. larger than the monomer) was signifi-
cantly increased in recurrent stone formers relative to sin-
gle stone formers and nonstone-forming controls (Fig. 3.6).
There were no differences between subject groups in the
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Fig. 3.5: Representative western blots of urinary S100A9. Lanes
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start site in the S100A9 gene and lacks four amino acids at the N-terminus.
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Fig. 3.6: Quantile plots of high-molecular-weight (HMW) S100A9 excretion. Estimations of excretion rates of HMW S100A9 forms
(a sum of all forms = 15 kD, i.e. larger than the monomer) were made by multiplying the semiquantitative measurement of each protein
band (see Fig. 3.5) by the 24-hour urine volume. Males are at left and females are at right. Subjects are grouped by stone number: non-

stone formers (o), men with 1 stone and women with 1-2 stones (A

excretion of HMW S100A9 was highly significant in men with m
(p < 0.05, both comparisons), but not in women.

), and men with = 2 stones and women with = 3 stones (¢). Increased
ultiple stones compared to male single stone formers and controls

amount of monomer excreted, except that it was higher in
females than males in general. Thus, elevated excretion of
multimeric (HMW) forms of S100A9 is a particular feature
of men who have had more than one stone.

It is not clear whether the S100A9 in urine from stone
formers is coming from an intrarenal source or is filtered
into the urine from the blood. Increased total urinary
S100A8/A9 has been identified as a diagnostic marker of
bladder cancer®* and intrinsic acute kidney injury,*® sug-
gesting the urinary tract or kidney as the source. It has

been found to be transiently elevated over a period of 48
hours in patients who have undergone renal ischemia dur-
ing surgery.? Higher urinary S100A8/A9 is also a predictor
of renal allograft injury and impaired function after kidney
transplantation.?” Other studies have suggested a systemic
source for this protein. Ortega et al. found elevated levels
of total urinary S100A8/A9 to be associated with chronic
low-grade inflammation and insulin resistance in men.?®
By ELISA, urine S100A8/A9 was significantly increased in
male patients with impaired glucose tolerance or T2DM
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Table 3.1: Functions of crystallization inhibitor proteins in modulating innate immune response.

Antimicrobial

Cytokines

Antioxidant Tissue repair

Thrombin interacts with
PAR-1 to stimulate a
regenerative response to
tissue damage®

Repressor of inducible
nitric oxide synthase 26°

Role in tissue remodeling
and matrix reorganization
after injury; promotes wound
healing®®°

Protease inhibitors; attenuate
complement activation6%161;
interact with hyaluronan to

stabilize extracellular matrix
after injury’

Binds ROS, NO and
other reactive nitrogen
species?!!

PF1 Thrombin promotes cytokine
and chemokine synthesis via
PARs®"%: PF1 is a marker of
thrombin generation
OPN Potent chemoattractant for
macrophages'#6
ITI/Bikunin BK decreases binding of LPS
to TLR4 and inhibits LPS-
induced TNF o production?"
THP Binds to microbes and “Cytokine trap” forms in vivo
prevents adhesion to complexes with renal and
epithelia?®® urinary cytokines; limits acti-
vation of TLR4 and inflamma-
tory signaling pathways'®?
Albumin Binds lipoteichoic acid
and peptidoglycan?'?;
antifungal?'?
S100A8/A9  Inhibit adhesion to Endogenous ligand of RAGE

mucosal epithelia; potent
Zn?* binding limits micro-
nutrient availability for
microbes?*

cytokines?*®

and TLR4; promote expres-
sion of proinflammatory

Avid oxidant scavengers;
sink for ROS including
HOCI, H,O,, and NO?

272

(PF1: Prothrombin fragment 1; OPN: Osteopontin; ITI: Inter-alpha-trypsin inhibitor; THP: Tamm-Horsfall protein; PAR: Protease-
activated receptor; TLR4: Toll-like receptor 4; RAGE: Receptor for advanced glycation endproducts; ROS: Reactive oxygen species;

LPS: Lipopolysaccharide; TNFa.: Tumor necrosis factor alpha).

independently of body mass index and positively associ-
ated with homeostasis model assessment-insulin resist-
ance (HOMA-IR), inflammatory markers, and parameters
of glucose and lipid metabolism. Diabetes and obesity are
both associated with a risk of nephrolithiasis.'® It is pos-
sible that S100A9 in urine from stone formers may be com-
ing from both systemic and renal sources. Interestingly,
we found that only higher-order forms of S100A9 were
elevated in male recurrent stone formers, suggesting that
an oxidative process is at play in these patients. Renal
oxidative stress is higher in males compared to females,**®
which may explain this sex difference if urinary S100A9
is coming from the kidney. More research is needed to
understand the association of S100A8 and S100A9 with
nephrolithiasis and whether these urinary proteins are
marking a cause or consequence of stone formation.

B CONCLUSION

The overall capacity of urine to inhibit crystallization is
determined by the actions and abundance of many mole-
cules in this biological solution. There is much redundancy
in the system, such that no one molecule is pre-eminent
in this function. Making the situation more complicated is
the fact that some molecules considered to be inhibitors
of crystallization can, in fact, be promoters given the proper
conditions. The sources of these proteins in urine are
often unclear, being potentially derived from renal and/or
systemic production. The proteins mentioned here all have
other additional normal roles in mediating inflammation
and the innate immune response, facilitating wound heal-
ing and tissue repair, managing oxidative stress or anti-
microbial protection (Table 3.1). Observed differences in
the context of stone formation may actually be related to
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alterations in their function in another system or process.
Much more research will be required to untangle the com-
plex interplay of pathways and determine the conditions
that constitute optimal crystallization inhibition and fac-
tors that tip the balance toward stone formation.
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Salient Features

- For the most common type of stone former, the Idiopathic calcium oxalate stone former (ICSF), stones are found attached to the renal papilla
at sites of interstitial plaque

- Interstitial plaque or Randall’s plaque is first seen in the basement membranes of thin loops of Henle
+ Intraluminal plugs are rarely seen ICSF patients but are commonly seen in all other stone phenotypes we have studied to date
« A stone can grow from the protruding end of intraluminal plugs of a duct of Bellini

-« Stone formers with intraluminal plugs have varying degrees if papillary tissue changes while those with interstitial plaque have normal
appearing papilla

» Ductal stones are characteristic of medullar sponge and cystine stone disease

- Plague amount on the papilla surface has a strong correlation with urine calcium excretion and a strong negative correlation with urine pH and
volume

» The"“vas wash-down” theory best explains plaque formation in a stone patient with idiopathic hypercalciuria.
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