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INTRODUCTION

Urolithiasis has been a documented medical affliction since at least ancient Egyptian
civilization,! and continues to be responsible for an increasing number of practitioner visits
worldwide.23 Furthermore, the recurrence rates of symptomatic stones are high at more than
50% within 5 years of a first episode,* suggesting that identifiable high-risk cohorts may
experience common pathways in the pathogenesis of stone formation that can be targeted for
prevention efforts. This exciting field of research continues to grow. The goal of this article
is to discuss new frontiers of understanding regarding the pathophysiology of urinary stone
disease.

PHYSIOCHEMICAL ASPECTS OF URINARY STONE FORMATION

At the root of the pathophysiology of urolithiasis is the physiochemical formation of urinary
stones. As the glomerular filtrate passes through the nephron, the urine becomes
concentrated with stone-forming salts which, when supersaturated, can precipitate out of
solution into crystals that can either be expulsed with voided urine or grow and aggregate
under the relative influences of various stone-promoting or stone-inhibiting agents, resulting
in stone formation.® Given an estimated transit time through the nephron of 5 to 7 minutes,
traditional thought was that this did not allow sufficient time for free particles to aggregate
enough to increase in size to occlude a tubular lumen and serve as a site of stone formation.®
This theory suggested that some adhesion to tubular epithelial cells as fixed particles would
be required to allow for crystal growth and subsequent stone formation. Although
recalculation of nephron dimensions in the context of crystal conglomeration during acute
increases in supersaturation have concluded that a free-particle theory of stone formation is a
potential mechanism of disease,’ research into the fixed particle mechanism has gained
some favorable results. In particular, the theory has been evaluated that intraluminal
deposits, mostly within the distal nephron, could serve as sites of stone formation.
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Histopathologic evidence of plugs of mineral deposits has been noted in several stone-
forming groups of patients, such as those with brushite stones, hyperparathyroidism,
cystinuria, and distal renal tubular acidosis, and those with a history of intestinal surgery,
including bypass surgery for obesity, small bowel resection, and ileostomy creation. This
theory is supported by observations of stone material growing from the ends of these plugs;
however, whether these intraluminal deposits lead to stone formation remains unknown.
Much research must be performed to elucidate this question, and most likely this is one of
multiple pathways in the pathogenesis of urinary stone disease.82

RANDALL PLAQUES

Associations with Urinary Stone Disease

In contrast to the free and fixed particle theories of stone pathogenesis is the Randall plaque
hypothesis. The theory evolved during a search for an initiating lesion for renal stones,
which Alexander Randall thought originated in the renal papilla. Strong evidence was
gained for this hypothesis during human autopsy studies in which calcium deposits were
found in nearly 20% of renal papillae, with nearly one-third of these patients having a
primary renal stone at the site. These deposits were coined “Randall plaques” and histologic
analysis showed that the lesions were in the interstitial tissues of the papilla near segments
of the nephron, rather than within the nephron lumen itself. Randall hypothesized the
exposed plague material served as a nidus for stone formation.1%:11 This hypothesis has
regained popularity over the past decade, particularly in regard to the pathogenesis of
idiopathic calcium oxalate stones, the most commonly encountered stone in clinical practice.
Published observations by Miller and colleagues2 during endoscopy confirmed that most
stones in their study population of patients with idiopathic calcium oxalate stones, which
were visually noted to be attached to and primarily originating from these Randall plaques
(Fig. 1). Further evaluation from this group lent more credence to this observation. The
group decided to also analyze free-floating stones encountered during ureteroscopy. More
than half of these stones had mucus-covered, concavely cupped regions on one side of the
stone that were found to contain apatite on micro-CT analysis of internal structure. This
evidence supported the idea that these stones had also grown from a papillary plaque and
then subsequently fallen off. Internal structure analysis of the remainder of the stones
showed similar evidence of previous attachment to a Randall plaque at one end indicated by
the presence of apatite. This finding also provided strong evidence that calcium oxalate
stones arise from Randall plaques.13

Formation Theories

The origin of Randall plaques themselves remains an issue of debate. On histopathologic
examination of the lesions, Evan and colleagues!# suggested that these plaques arise from
the basement membrane of the thin loops of Henle and subsequently protrude into the
epithelium of the renal papillae after expanding through the interstitium. This theory has
been based on examination of renal papillae from patients with idiopathic calcium oxalate
stone formation. Using light microscopic analysis, the group first confirmed that Randall’s
plaques were limited only to the papillary interstitium and did not reside within the renal
tubule, and then examined regions with limited versus heavy plaque burden to identify
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patterns of progression.1* In separate studies, they have also noted small deposits within the
basement membrane of the thin loops of Henle containing varying numbers of ring-like
layers of proteins, suggesting the origin of stones to be within the basement membrane
itself.15.16

Other analyses of Randall plagues from cadaveric samples with radiographic and
immunohistochemical analysis, however, have noted the plaques to extend deep into the
papilla, into the basement membrane of the collecting tubules and the vasa recta.l” These
observations have led to a vascular theory of Randall plaque formation and subsequent
calcium oxalate stone development, which suggests that repair of injured papillary
vasculature in an atherosclerotic-like fashion results in calcification near vessel walls that
eventually erodes a calculus into the papilla through the renal papillary interstitium.

The vascular theory of Randall plaque formation is supported by 3 properties of renal
physiology. The first is based on the idea that areas of turbulent flow are predisposed to
inflammation and atherosclerosis. In the case of arterial plaques these locations include the
bifurcation of the aorta, iliac arteries, and carotid arteries.1® Laminar blood flow changes to
turbulent flow at the tip of the renal papilla because of a 180° transition, likely predisposing
the area to atherosclerotic-like reactions and subsequent plaque formation. Secondly, a 10-
fold or higher increase in osmolality occurs between the renal cortex and the tip of the
papilla.19 In this hyperosmolar microenvironment, resident inflammatory cytokines and
proteins can accumulate and promote plaque aggregation in response to vascular injury.
Lastly, a decreasing gradient of oxygen-carrying capacity occurs from the renal cortex to the
tip of the papilla.20 In severe cases, as with diabetes mellitus, this can translate to events
such as papillary necrosis and sloughed papillae that may obstruct the ureter and create a
microenvironment of inflammation. These 3 factors can promote an atherosclerotic-like
response to inflammation with perivascular calcification, which may lead to Randall plaque
formation.

Given a known association of esterified cholesterol with atherosclerotic processes, this
vascular theory was investigated with cholesterol extraction studies on calcium oxalate
stones. Analysis noted high esterified-to-free cholesterol ratios in stones with high calcium
oxalate composition, providing some support for this hypothesis.?! Indirect evidence of the
interaction between the vascular system and urinary stone formation has also been noted
after the interesting finding that urinary stones tend to be largely unilateral and on the
dependent sleeping side of patients.22 These observations prompted renal perfusion studies
of patients in various sleep positions, with results noting that renal perfusion is also position-
dependent. Increased renal blood flow on the dependent sleeping side of patients may lead to
increased turbulence and accumulation of inflammatory elements contributing to a vascular
event leading to urinary stone formation.23 This association may implicate increased renal
blood flow as a contributory cause of urinary stone disease. This mechanism may work in
concert with hyperfiltration, leading to increased solute deposition and subsequent
accumulation of stone-forming elements. These observations open the doorway to explore
the associations between vascular disease and urolithiasis.

Uroal Clin North Am. Author manuscript; available in PMC 2014 September 16.
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VASCULAR DISEASE ASSOCIATIONS WITH UROLITHIASIS

To explore new frontiers in the pathogenesis of urinary stone disease, it is helpful to explore
associations between urolithiasis and other phenomena, such as vascular disease. The link
between urolithiasis and vascular disease is well documented in the literature.
Nephrolithiasis has been associated with a 31% increased risk of myocardial infarction (Ml),
as documented by Rule and colleagues?* in a study of more than 4500 stone formers
compared with nearly 11,000 control patients with 9 years of follow-up. The risk was noted
to be independent of kidney disease or other common risk factors for MI. Data from a large
cohort of nearly 10,000 women participating in the Study of Osteoporotic Fractures has
similarly revealed that patients with a history of nephrolithiasis have an increased relative
risk (RR) of MI (RR, 1.78) and angina (RR, 1.63).2°

Although the precise mechanisms underlying these associations remain to be elucidated, one
speculation is that the disease processes may have shared risk factors that have not been
fully identified. One potential risk factor could be atherosclerosis, as supported by the
vascular theory of Randall plaque formation. The association between nephrolithiasis and
subclinical atherosclerosis was recently investigated within the Coronary Adult Risk
Development in Young Adults (CARDIA) cohort, which identified a significant association
between kidney stones and carotid artery atherosclerosis (odds ratio [OR], 1.6), even after
adjusting for known major atherosclerotic risk factors. This study provided further support
for possible common systemic pathophysiology that may be shared between vascular and
urinary stone disease.2%

Perhaps most well studied is the association between urinary stone disease and hypertension,
which was recognized as early as the 1760s when Morgagni described a patient with clinical
and anatomic findings suggestive of both diseases.2” More recent studies have confirmed
these observations. In their prospective analysis of 503 men, Cappuccio and colleagues?’
noted an RR of 1.96 for the development of kidney stones in hypertensive men compared
with normotensive men at 8 years. Similarly, in another prospective analysis, Borghi and
colleagues?8 noted an OR of 5.5 linking a baseline history of hypertension to the formation
of a kidney stone at 5 years of follow-up. This risk seemed particularly pronounced for
individuals who were overweight. The link between hypertension and urinary stone disease
seems to be potentially bidirectional, as supported by studies that have demonstrated stone
formation to predate the onset of hypertension. In their prospective study of a cohort of more
than 50,000 men, Madore and colleagues2? noted an association between nephrolithiasis and
risk of hypertension (OR, 1.31), and reported that in men who had both disorders, 79.5%
experienced the occurrence of nephrolithiasis before or concomitant to their diagnosis of
hypertension. A similar association was seen in women, with an RR of 1.36 for developing a
new diagnosis of hypertension in those with a history of nephrolithiasis, as demonstrated
from data secured from the Nurses’ Heath study, a cohort with nearly 90,000 women.30

Although an association seems to exist between hypertension and urinary stone disease, the
pathophysiology responsible for this link remains unclear. Multiple theories have been
proposed, some highlighting the contribution of urinary composition to the mechanism of
disease. Strazzullo and colleagues3! in a case-controlled study of 110 patients, evaluated
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calcium metabolism in cohorts with and without essential hypertension, noting higher
urinary calcium excretion rates in hypertensive individuals despite similar total and ionized
serum calcium levels. The response to intravenous calcium infusion was also investigated,
showing that hypertensive patients excreted more calcium at all serum calcium
concentrations, suggesting that a form of urinary leak of calcium could be occurring within
hypertensive patients. Cappuccio and colleagues32 similarly recorded abnormalities of
calcium metabolism in hypertensive patients, specifically highlighting increased parathyroid
gland activity, urinary cyclic AMP, and intestinal calcium absorption. Increased levels of
urinary uric acid33 and decreased levels of urinary citrate3* have also been seen in studies of
hypertensive individuals. These risk factors for the development of urinary stones are well
established.35:3¢ Differences in urinary composition of magnesium and oxalate may also
contribute to the link between hypertension and urinary stone disease.28 Diet has also been
implicated as a potential link between hypertension and a predisposition for urolithiasis. In
particular, the known effects of increased dietary sodium, known to promote urolithiasis via
hypercalciuria®’ and also promote hypertension,38 has led to its consideration as a potential
parsimonious factor.

Animal models have also demonstrated this association between hypertension and urinary
stone disease. Although otherwise rare in animals, Wexler and McMurtry39 showed that
strains of spontaneously hypertensive rats that were born normotensive and developed
hypertension with maturation were prone to the development of urinary stone disease. The
substrain most prone to urolithiasis also became obese with maturity and stereotypically
formed microscopic stones within the kidney. These stones began in a subepithelial location
before detaching and serving as a nidus for further stone growth, a mechanism reminiscent
of current Randall plaque theories of stone formation. This finding also implicates other
metabolic associations with urinary stone disease, such as obesity.

DIABETES, AND URINARY STONE DISEASE

Several studies have found significant associations between weight and body mass index
(BMI) and urinary stones. Taylor and colleagues,*0 in an analysis of 3 large prospective
cohorts of nearly 250,000 individuals, showed that the RR of incident kidney stone
formation for people weighing more than 100 kg, compared with those weighing less than
68.2 kg, was 1.44 in men, 1.89 in older women, and 1.92 in younger women. Using a BMI
cutoff of 30, the RRs were 1.33, 1.90, and 2.09, respectively. Similarly, in a study of more
than 800 renal stone formers, Del Valle and colleagues*! showed that most patients (nearly
609%) were either overweight or obese. In 2006, Taylor and Curhan®? investigated the
relationship of BMI as a continuous variable to stone formation, and noted that even in
nonobese patients (BMI <30), an increasing BMI lent itself to a higher risk of urolithiasis.
The effect was most significant in women, wherein those with a BMI of 23 to 24.9 had a
25% increased incidence of stones compared with those with a BMI of 21 to 22.9. Those
with a BMI of 27.5 to 29.9 had a 65% to 75% increased incidence. Similar results were seen
in men, wherein those with a BMI of 25 to 29.9 had a 15% to 25% increase in stone
incidence compared with those with a BMI of 21 to 22.9. These findings support the idea
that increasing weight and BMI are directly correlated to susceptibility to urinary stone
formation.

Ural Clin North Am. Author manuscript; available in PMC 2014 September 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bagga et al.

Page 6

Multiple groups have investigated urine chemistries to better characterize the links between
BMI and urinary stone disease. Ekeruo and colleagues,*3 for example, noted that obese
(BMI >30) urinary stone formers most commonly had evidence of hypocitraturia (54%) and
hyperuricosuria (43%) compared with nonobese stone formers. Taylor and Curhan®? and
Powell and colleagues** similarly investigated urine chemistries, showing increased urinary
excretion of oxalate, uric acid, phosphate, sodium, sulfate, and cysteine* in obese versus
nonobese patients. Urinary composition in the obese population seems to contain higher
levels of substances known to precipitate urinary stones compared with the nonobese
population.

The close association between obesity and diabetes, another known risk factor for
urolithiasis, may compound the influence of obesity on the development of urinary stones.
Obesity has been shown to carry with it a well-established increased risk for diabetes
mellitus.#>46 In several large-scale studies, patients with diabetes have been closely linked
to increased risk of formation of all types of urinary calculi4’48 and increased risk of uric
acid stone formation in particular.4® Several pathophysiologic mechanisms have been
suggested to explain these observations. One explanation offered by Canda and Isgoren®?
stems from their observation of decreased function of interstitial cells and neural tissue
within the urothelial tissue of diabetic rabbits. They suggested that these perturbations of
function could affect ureteral peristalsis and promote urinary stone formation by virtue of
urinary stasis. Other authors, however, suggest that the insulin resistance seen in diabetics is
the underlying mechanism through which stones form. Insulin resistance has been noted to
impair renal ammoniagenesis, resulting in acidic urine. It also promotes reabsorption of uric
acid in the proximal tubule, resulting in hyper-uricemia. Both of these factors could
contribute to an increased propensity for uric acid urolithiasis.®! Hyperglycemia has also
been associated with increased urinary calcium®2 and oxalate®3 excretion. Taken together,
these metabolic changes may explain the consistent association seen between diabetes and
urinary stone disease.

DYSLIPIDEMIA AND URINARY STONE DISEASE

The links between dyslipidemia and urinary stone disease have also been investigated.
Kadlec and colleagues,>* in their retrospective review of nearly 600 endourologic stone
procedures for which stone composition data were available, noted that more than 30% of
their cohort was characterized as dyslipidemic (defined by the use of a cholesterol-lowering
medication). Of these patients with dyslipidemia, nearly 70% had calcium oxalate stones
and 15% had uric acid stones. A recent study by Inci and colleagues®® similarly found that
total cholesterol levels were significantly higher in stone formers compared with patients
who do not form stones, with the association noted to be particularly prominent for calcium
oxalate and uric acid stone formers.

To evaluate the potential pathophysiologic mechanisms linking dyslipidemia with urinary
stone disease, related research on atorvastatin may be useful to consider. Atorvastatin is a
commonly prescribed drug used to decrease serum cholesterol levels. Tsujihata and
colleagues®®:57 reported that the administration of atorvastatin to stone-forming rats
significantly lowered crystalline deposits on quantitative light microscopy analysis of
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excised kidney specimens. They hypothesized that anti-inflammatory and antioxidative
effects of the drug were responsible, through preventing renal tubular cell injury from
oxalate and subsequently inhibiting renal crystal retention. In their experimental model, they
found that urinary levels of biomarkers for renal tubular cell injury (N-acetyl glucosamidase)
and oxidative stress (8-OHdG) were decreased significantly by atorvastatin treatment.
Furthermore, atorvastatin treatment decreased the apoptosis of renal tubular cells. These
results suggest that common pathophysiology shared between dyslipidemia and urinary
stone formation may be related to inflammation and subsequent cellular injury of renal
tubular cells.

THE METABOLIC SYNDROME AND UNIFICATION OF THE METABOLIC
LINKS TO URINARY STONE DISEASE

Metabolic syndrome is the term given to a combination of risk factors that may include
impaired fasting glucose, elevated blood pressure, central obesity, and dyslipidemia in the
form of high serum triglycerides or low high-density lipoprotein cholesterol levels. The
presence of at least 3 of these traits establishes a diagnosis.>8 This syndrome has been
strongly associated with various disease states, most notably diabetes and cardiovascular
disease, with a documented relative risk of 3 for diabetes, and 1.78 for cardiovascular
disease and death.59.60

More recently, metabolic syndrome has become the subject of increased urologic research
because of continued observations that it is associated with an increased risk of urinary stone
disease. West and colleagues®! examined the association between the number of metabolic
syndrome traits and risk of nephrolithiasis using a national sample of patients in the United
States. Prevalence of kidney stones increased with the number of traits, from 3% with 0
traits to 9.8% with 5 traits. The presence of 2 or more traits significantly increased the odds
of stone disease, and the presence of 4 or more traits was associated with an approximate 2-
fold increase. In a study of Italian adults, Rendina and colleagues®2 similarly found an
approximate 2-fold increase in the risk of stone disease for patients with metabolic
syndrome. In an analysis of the individual components of the syndrome, they found that the
only syndrome trait independently associated with increased stone risk on its own was
hypertension. The risk of nephrolithiasis with hypertension was reported with an OR of 2.1
for men and 4.9 for women. The presence of hypertension with any other trait of metabolic
syndrome further increased the risk of urolithiasis, with an OR of 2.2 compared with those
individuals with hypertension alone. Jeong and colleagues®3 confirmed a similar pattern in
an American population, finding metabolic syndrome and the trait of hypertension as
independent risk factors for the presence of urinary stones. The other components of
metabolic syndrome did not independently carry a risk for kidney stone disease. Patients
with metabolic syndrome had an OR of 1.25 for stone disease, and those with hypertension
had an OR of 1.47. These studies suggest that synergistic effects of the components of the
syndrome lead to an increased risk of urolithiasis. Therefore, the pathophysiology explaining
increased urinary stone risk related to metabolic syndrome likely goes beyond simple
cumulative effects on urine chemistry by the individual components of the syndrome.
Underlying shared systemic influences are likely at play. The vascular theory of stone
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development is one hypothesis that attempts to link the components of the metabolic
syndrome with urinary stone disease by considering a possible common systemic
malfunction of inflammation and tissue damage as an underlying mechanism. However,
further research is needed to investigate this hypothesis further, and to consider other
possible unifying mechanisms of disease. This research will likely need to go beyond
epidemiologic and urine composition studies to tease out the mechanisms behind the
individual disease states themselves.

INTESTINAL CALCIUM ABSORPTION AND URINARY STONE DISEASE

The physiochemical understanding of stone formation has identified hypercalciuria as a
clear risk factor for calcium-based stone formation, with increasing saturation of calcium
within urine pushing crystallization and resultant stone formation. Absorption of calcium
within the intestine has been associated with hypercalciuria,®*%° highlighting the importance
of understanding the path-ophysiologic mechanisms behind this aspect of calcium
metabolism. A recent study by Sorensen and colleagues® evaluated a cohort of nearly
10,000 women followed for 20 years who were administered radioactive oral calcium
assays. The impact of dietary and supplemental calcium on intestinal fractional calcium
absorption and the development of urinary stone disease was determined within the cohort.
Fractional calcium absorption was found to be associated with increased risk of stone
formation; however, it decreased with increased dietary calcium intake. As a result,
increased intake of calcium decreased the likelihood of nephrolithiasis. The effect was noted
to be a decrease of at least 45% for all levels of dietary calcium intake compared with
patients in the lowest quintile of intake. This observation was thought to be from active
absorption of intestinal calcium at low calcium intakes compared with passive paracellular
diffusion of calcium at higher intake levels, which tends to be more linear.5” With decreased
intestinal calcium to bind to oxalate in the gut of these individuals, the oxalate is absorbed
and ultimately excreted in greater concentration into the already hypercalciuric urine,
increasing the likelihood for calcium oxalate stone formation.56

This understanding of the pathogenesis of urinary stones is not only important for this
disease process but also has important implications in other disease processes. For example,
several epidemiologic studies have noted an increased risk of osteoporotic fractures in
patients with urinary stone disease.?8-70 This association is thought to be related to multiple
risk factors, including metabolic acidosis, mutual genetic factors, and abnormal bone
remodeling in hypercalciuric stone formers thought to be from elevated vitamin D levels and
aberrant local cytokine and growth factor signals seen in both of these patient populations.®8
Sorensen and colleagues®® in their study noted that women with a history of nephrolithiasis
were less likely to supplement calcium in their diet, and those who did, did so at low doses.
Given that low dietary calcium is associated with osteoporotic fracture risk,’? this suggests
that another simple and modifiable reason for the association between urolithiasis and
osteoporotic fractures is low calcium intake by stone formers. Although the influence of
calcium intake on urinary stone formation is still a subject of debate, based on these data, the
authors do not recommend the restriction of dietary calcium supplementation, because no
clear increased risk for urinary stones has been shown. However, calcium supplementation
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is important for reducing the risk of osteoporotic fracture and for maintaining bone
health.”2.73

HEAVY METALS AND URINARY STONE DISEASE

Traditionally, calcium hydroxyapatite is regarded as the predominant nidus for calcium-
based urinary stone formation. A recent study has found that other heavy metal compounds
may act comparably. Strontium is a heavy metal that is processed by the human body in
much the same way as calcium, as demonstrated in intestinal absorption and renal filtration
studies.” 7> This similarly divalent cation has been observed to substitute for calcium
during the process of bio-mineralization in bone studies, incorporating into hydroxyapatite
in bones through replacing a proportion of the calcium ions.”® These observations, and the
finding that hypercalciuric stone formers were noted to have increased strontium absorption
compared with normocalciuric patients,”” have recently led to investigations regarding
strontium incorporation into uroliths. Using synchrotron radiation imaging techniques on
human stone samples, a recent study showed that 80% of strontium in these stones appeared
as strontium apatite and 20% as strontium carbonate.”® Although strontium research in
urolithiasis is still in its infancy, this study suggests that strontium hydroxyapatite may serve
as a nidus for calcium-based stone formation and could potentially serve as a valuable
marker to study calcium-based stone pathogenesis.

Still elusive is a clear understanding of the initiating factors for the calcification process of
urinary stone disease. For example, although Randall plaques are accepted as a nucleus for
calcium oxalate stone formation,19-14 the process through which crystals enucleate to form
the plaque remains unclear. To search for potentially responsible elements, a group in
France led by Carpentier and Bazin’® performed x-ray diffraction and fluorescence studies
on human Randall plaques and kidney stones to determine their chemical compositions and
the nature and amount of trace elements in each. They demonstrated that zinc levels were
dramatically increased in the carbapatite of Randall plaques compared with the carbapatite
of kidney stones. This finding suggested a role for zinc in the formation of Randall plaques
in the medullar interstitium.

The Role of Calcifying Nanoparticles

Calcifying nanoparticles (CNPs), also known as nanobacteria, were discovered more than
25 years ago as cell culture contaminants.89 They were originally described as novel
microorganisms, and were isolated from human and bovine blood and blood products. They
were characterized as fastidious and cytotoxic, and carbonate apatite—forming.81 The nature
of these particles has since been debated, with contrasting theories—some describing them
as a self-replicating form of life, and others describing them as a nonliving physicochemical
phenomenon in the form of mineraloprotein complexes. Those who favor their existence as
nanobacteria often cite characteristics such as morphologic similarities to bacteria; presence
of DNA, RNA, and bacterial proteins; and their susceptibility to antimetabolic
antimicrobials. In contrast, arguments favoring their existence as mineralo-protein
complexes include their extremely small size, the absence of an accurately sequenced
genome, morphologic similarities to other mineralo-protein complexes, resistance to DNase
and RNase activity, and proposed chemical models of formation.82
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Regardless of their origin, careful study has implicated these particles in the pathogenesis of
multiple disease states, including polycystic kidney disease, cholelithiasis, prostatitis, HIV
infection, atherosclerotic disease, and cardiovascular calcification.82 However, perhaps the
most studied association is between these particles and urinary stone disease. Several
investigators have isolated evidence of CNPs in 62% to 100% of urinary stone samples in
various studies.81:83.84 Similarly, serum studies of patients with nephrolithiasis have also
noted evidence of CNPs, with Chen and colleagues®® evaluating a 27-patient cohort and
showing CNPs in the serum of 92% of patients with nephrolithiasis, compared with 0% of
controls. The mechanism through which CNPs influence urinary stone disease has been
suggested to be related to an etiologic role they may play in Randall plaques. This theory
was supported by Ciftc, ioglu and colleagues,®! who detected CNPs in more than 70% of
kidney papillae samples with Randall plaques, while conversely noting that more than 80%
of papillae samples without Randall plaques were free of CNPs.

Although the precise mechanisms through which CNPs may be related to urinary stone
disease remain elusive, evaluation of their involvement with atherosclerotic disease and
cardiovascular calcification may provide some clues. The links between CNPs and these
forms of cardiovascular disease have been evaluated in multiple studies. Puskas and
colleagues®® serologically identified CNPs in most atherosclerotic plaques they examined,
whereas their presence was lacking in control areas of the same vessels. Furthermore, CNPs
were extracted and cultivated from most calcified sclerotic aortic and carotid samples,
suggesting their involvement in atherosclerotic pathogenesis and subsequent blood vessel
calcification. Similarly, Miller and colleagues®’ and Bratos-Pérez and colleagues8® noted the
presence of CNPs in calcified cardiac vessels and arterial plaques, and stenotic aortic valves,
respectively. In an effort to investigate the nature of CNP arterial toxicity, Schwartz and
colleagues8® exposed a rabbit model with unilaterally damaged carotid arteries to
mineralized CNPs from kidney stones. Damaged arteries exposed to the CNPs became
occluded and calcified, whereas the arteries with a healthy endothelium were resistant to
exposure to the CNPs in this respect. These interesting findings note a connection between
endothelial damage of blood vessels and calcification, with CNPs as a pathogenic factor.
Although further studies are required to definitively establish association and theories of
pathogenesis, this is one potential mechanism through which CNPs could be involved in the
formation of urinary stones.

GENETIC LINKS TO URINARY STONE DISEASE

Genetic links to urolithiasis have been long established in certain heritable disorders, such as
primary hyperoxaluria and the AGXT gene®; cystinuria and the SLC3A1 and SLC7A9
genes®®; and xanthinuria and the XDH gene.%2 Familial and twin studies have suggested that
calcium-based urolithiasis may also be genetically linked, with the latter studies implicating
a 50% heritability for calcium nephrolithiasis.?3 This suspected heritability has prompted
genome-wide association studies to determine candidate genes that may underlie stone
formation. These studies have implicated genes encoding the calcium-sensing receptor
(CASR), osteopontin (OPN), vitamin D receptor (VDR), and the claudin family of genes
(particularly CLDN14) in calcium urolithiasis.?3%4 CASR protein inhibits calcium
absorption in the ascending limb in response to increased interstitial calcium. Mutations in
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this gene have been found to be associated with idiopathic calcium stone formation and
primary hyperparathyroidism.93:94 Polymorphisms of the OPN gene, which encodes a
urinary crystallization inhibitor, have been implicated in calcium urolithaisis.%% The VDR
gene has also been linked to nephrolithiasis. Polymorphisms resulting in less active versions
of the gene have been hypothesized to result in increased citrate re-absorption and therefore
less inhibition of stone formation.%4:9% The CLDN14 gene was identified in a population of
subjects from Iceland and The Netherlands. Polymorphisms in this gene were associated
with patients showing higher urinary calcium exretion.9

These genome-wide association studies rely on large population-based cohorts with
carefully sequenced genomic data to identify subtle variations in genetic expressions. They
imply that calcium-based urinary stone disease may not simply be affected by a few major
genes, but rather that many genetic polymorphisms may have a sum effect resulting in
increased individual susceptibility to stone formation.%® The identification of a limited set of
common genetic defects that contribute to a large proportion of stone disease remains
elusive, most likely because of the contributions of diet, obesity, and other environmental
factors in the pathogenesis of urinary stone disease. The search for genetic links to
urolithiasis is currently in its infancy but certainly holds great promise for future research
into origins of urinary stone formation.

ANIMAL MODELS OF URINARY STONE DISEASE

Animal models have long been used to dissect complex disease processes into simpler
components to allow for study and testing of scientific hypotheses. The known presence of
various types of urinary stones and the complex, likely multifactorial causes of pathogenesis
within stone types makes the use of appropriate models particularly important in urolithiasis
research. As an era of whole genome sequencing is ushered in and more candidate genetic
changes leading to the development of stone disease are identified, more animal models will
surely need to be developed to better study the pathogenic mechanisms of stone disease in
an in vivo fashion. A variety of animal models have historically been used in the
investigation of urinary stone disease, including mice, rabbits, rats, and pigs. However, most
studies in the literature to date have preferentially used rat models, likely because of the
similarities between experimentally induced nephrolithiasis in rats with human kidney
stones and the ease of inducing urolithiasis under experimental conditions. Rats have a
nearly identical oxalate metabolism, can be induced to have calcium oxalate nephrolithiasis
with hyperoxaluria, and produce kidney stones located on renal papillary surfaces with a
similar organic and crystal matrix to humans. All of these characteristics make the rat a
reasonable animal model for urolithiasis.®6-%9 Disadvantages of a rat model, however,
include the high costs of breeding, care, and performance of gene knockout experiments.
Many of these models also rely on the feeding of ethylene glycol to induce urinary stones,
which may not be representative of a physiologic mechanism through which stones normally
form. Some have also noted the potential existence of uncharacterized promoters or
inhibitors of stone formation in rat metabolic pathways as downsides.®’

A novel model of stone disease using the common fruit fly, Drosophila melanogaster, was
recently developed. The feasibility of this model was seeded in the observation that the
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Drosophila Malpighian tubule, as the site of solute transport and excretion of calcium, uric
acid, and phosphorus, is the functional equivalent of the human kidney convoluted
tubule.1%0 The use of a Drosophila model was first published by Chen and colleagues.®’
This team dissected and analyzed Drosophila Malpighian tubules with electron microscopy
and x-ray spectroscopy after feeding the flies prolithogenic agents. The investigators
subsequently confirmed the presence of deposited calcium oxalate crystals within the
tubules. Furthermore, they were able to demonstrate appropriate changes in crystal
deposition with antilithogenic agents, such as potassium citrate. Additional studies to
support the translational utility of this model are currently underway by other research
groups.

SUMMARY

The pathophysiology of the various forms of urinary stone disease is a complex topic.
Epidemiologic research to identify high-risk cohorts and the study of urine and serum
chemistries have been important in raising hypothesis-generating questions. However, many
of the answers are still outstanding. Multiple, varied mechanisms have been proposed to
explain the observations. Although this is valuable, the development and study of unifying
theories to couple these proposed mechanisms remains the next great frontier of discovery.
Genetic studies and the use of animal models will likely be important as the next steps are
taken in understanding this intriguing disease and its diverse origins.
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Fig. 1.
A Randall plaque forming at a renal papilla, as visualized on endoscopy. No stone is

currently attached.
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