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Animal models of urinary stone disease
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h i g h l i g h t s
� Multiple methods induce animal hyperoxaluria and calcium oxalate crystal formation.
� Knockout mice models have been shown to produce hypercalciuria and cystinuria.
� Drosophila melanogaster represents a powerful genetic model for stone disease.
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The etiology of stone disease remains unknown despite the major technological advances in the treat-
ment of urinary calculi. Clinically, urologists have relied on 24-h urine collections for the last 30e40 years
to help direct medical therapy in hopes of reducing stone recurrence; yet little progress has been made in
preventing stone disease. As such, there is an urgent need to develop reliable animal models to study the
pathogenesis of stone formation and to assess novel interventions. A variety of vertebrate and inverte-
brate models have been used to help understand stone pathogenesis. Genetic knockout and exogenous
induction models are described. Surrogates for an endpoint of stone formation have been urinary crystals
on histologic examination and/or urinalyses. Other models are able to actually develop true stones. It is
through these animal models that real breakthroughs in the management of urinary stone disease will
become a reality.

© 2016 Published by Elsevier Ltd on behalf of IJS Publishing Group Ltd.
1. Introduction

Why do stones form in human kidneys? The answer to this basic
question remains elusive as the fundamental temporal sequences
of urinary stone formation have not been established. In 1937 when
Alexander Randall postulated that papillary “plaques” composed of
calcium phosphate represented the nidus for future stone forma-
tion, he described such plaques as ‘invading and replacing inter-
stitial tissue.’ [1,2] Presently we appreciate that Randall's plaques
are present in the majority of calcium kidney stone formers, how-
ever the cascade of events leading to their plaque formation and
u), Kazumi.Taguchi@ucsf.edu
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subsequent stone formation is unknown. It is theorized that ectopic
biomineralization in the proximal medullo-papillary complex
precedes interstitial Randall plaque in the distal papilla that ulti-
mately culminates in urinary stone formation. There is still a
limited understanding of the genetic and environmental reasons
that lead to this early ectopic biomineralization process. The best
way to fully understand the temporal evolution by which stones
form will be to develop a reliable, standardized animal model, thus
allowing researchers around the world to share and compare data.
It is with this goal in mind that the current animal models of uri-
nary stone disease are reviewed.

Currently no single animal model system can be thought of as
perfect, yet valuable insight can be gained from reviewing those
animals that have been utilized thus far. For each animal, the
anatomic similarities and differences compared to humans will be
highlighted. The methods by which investigators induce stone
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formation will be summarized, focusing on the advantages and
disadvantages researchers have encountered to date. Limitations of
each model will be highlighted. It is with these concepts in mind
that one can appreciate the urgent need to develop an animal
model to better understand the pathogenesis of urinary stone
disease.

2. Rat model

Rats represent a well-established, relatively economical model
that scientists have utilized since the 19th century. For urinary
stone disease, studies utilizing the rat have predominantly focused
on reproducing both hypercalciuria and hyperoxaluria, two of the
most common pathophysiologic changes associated with urinary
stone disease.

2.1. Anatomic/physiologic comparison between rat and humans

There are inherent differences between the kidneys of rats and
humans, the biggest of which is that rat kidneys are unipapillary
compared to the multi-papillary kidneys of humans. While human
kidneys weigh approximately 170 g, measure 11 � 6 � 2 cm, and
have approximately 1,000,000 nephrons; Khan has reported rat
kidneys on average weigh 0.75e1.2 g, measure 1.6 � 1.0 � 0.9 cm,
have an overall smaller collecting system, with fewer urinary tu-
bules and on average 30,000 nephrons [3]. Despite these gross
differences, the cortex-medulla ratio (2:1) of the rat is similar to
that of humans [3].

2.2. Hypercalciuria

Hypercalciuria has been established as one of the most common
risk factors for the development of urinary stone disease [4,5]. For
the rat, researchers have established a strain of multi-generation
inbred Sprague-Dawley rats to produce hypercalciuric progeny
[6]. Initially thought to be secondary to increased calcium absorp-
tion in the gut, multiple studies have since established that an
increased number of Vitamin D receptors in the GI tract, kidneys
and bone leads to increased calcium absorption in these genetically
hypercalciuric stone-forming (GHS) rats [7e9]. Each successive
generation of these GHS rats has been shown to excrete markedly
increased levels of calcium compared to controls [10]. Despite most
of these studies utilizing female rats, male GHS rats have been
shown to excrete a higher daily oxalate content compared to their
female counterparts [11].

GHS rats have been shown to have higher calcium oxalate
(CaOx) and calcium phosphate (CaP) supersaturation values
regardless of being fed a low or high calcium diet [12]. Asplin et al.
showed that such increases in supersaturation were accompanied
by a higher upper limit of metastability for CaOx but not for
brushite (CaP), suggesting that under certain conditions urine can
have higher concentrations of CaOx without precipitating [12].
Meanwhile the supersaturation level of CaP is elevated and near its
upper limit of metastability, which is believed to be the main
reason this GHS rat model results in CaP crystals instead of CaOx.
Bushinsky et al. subsequently demonstrated that lowering dietary
phosphorous in these GHS rats resulted in decreased urinary
phosphorous excretion and reduced supersaturation of calcium
phosphate, with none of these rats producing CaP crystals [13].

The GHS model has provided important contributions to the
overall understanding of hypercalciuria and the role of supersatu-
ration in the formation of urinary stones, yet it remains unclear
how this model fits in translation to what is known regarding hu-
man hypercalciuria and stone formation. The current classification
of human hypercalciuria is not homogeneous, as classic etiologies
range from absorptive - diet independent (type 1), diet dependent
(type 2), renal urinary phosphate leak (type 3), to primary hyper-
parathyroidism [14]. All of these conditions result in large amounts
of urine calcium, similar to what has been created in the GHS rat
model. Which type of human hypercalciuria does this GHS rat
model represent? Most patients with primary hyperparathyroid-
ism should theoretically develop urinary stones, yet only about 10%
of these patients will actually develop one. There must be other
critical factors other than serum and urinary calcium that
contribute to stone formation. Therefore this GHS rat model re-
mains limited in that it does not account for this heterogeneity
found in clinical practice.

2.3. Hyperoxaluria

Numerous models for hyperoxaluria in the rat have relied on
exogenous administration of lithogenic materials including sodium
oxalate, glycolic acid, ethylene glycol (EG), and hydroxy-L-proline
(HLP) [15e20]. The delivery of these agents in the rat range from
drinking water modification, enriched chow, gavage instillation,
intraperitoneal injection, and even subcutaneous implantation of
oxalate-containing osmotic mini-pumps [3]. A summary of rat
hyperoxaluria induction is shown in Table 1.

2.3.1. Sodium oxalate
As Khan et al. illustrated, different areas of the nephron reflect

predictable calcium oxalate crystal formation depending on time
elapsed after intraperitoneal injection of sodium oxalate [15].
Varying doses (3, 5, 7, 9, and 10 mg/kg) of sodium oxalate admin-
istered to Male Sprague-Dawley rats produced persistent hyper-
oxaluria and crystals in a dose-dependent fashion [16e18].
Compared to controls, rats receiving 10 mg/kg had over 500% more
oxalate excreted with persistent crystals that remained present up
to 7 days after injection. Calcium oxalate crystals were appreciated
within 15 min of injection and by 6 h there was noticeable crystal
aggregation in the ducts of Bellini [19].

2.3.2. Glycolic acid
Using powdered 3% glycolic acid dissolved in drinking water,

Ogawa et al. demonstrated that male Wistar-strain rats produce
high levels of 24-h urinary oxalate and subsequent calcium oxalate
calculi [20]. Interestingly, this study also showed that adding
magnesium (Mg) salts to a high glycolic acid diet increased urinary
citrate levels despite relatively high levels of urinary oxalate
excretion.

2.3.3. Ethylene glycol
Administration of EG in drinking water has been shown to result

in consistent induction of hyperoxaluria, crystalluria and calcium
oxalate nephrolithiasis [21]. Delivering solely 0.75% EG to male rats
eventually yielded persistent crystalluria at 12 days and renal
crystal deposits at 3 weeks [22]. To enhance the development of
crystal deposition, EG often has been combined with other agents
such as ammonium chloride (AC) to reduce urinary pH, as well as a
vitamin D or calcium chloride to result in subsequent hypercalce-
mia and hypercalciuria [16,22,23]. This lithogenic combination
decreased the time for crystalluria from 12 to 3 days, and detectable
calcium oxalate nephrolithiasis from 3 weeks down to 1 week [16].

However, multiple studies have shown EG to be a toxic agent
that can cause multi-organ failure [24]. Yamaguchi et al. demon-
strated that the combination of EG and AC is detrimental to rat
health ewith rats having lower weights, worsening renal function,
and increased urinary N-acetyl-b-D-glucosaminidase (NAG), an in-
dicator of renal toxicity [25]. Other studies have also found that
lipid peroxidation, increased free radicals, and metabolic acidosis



Table 1
Rat models related to hypercalciuria and hyperoxaluria.

Type of approach Lithogenic agent , reference Diet/administration Effects

Cross-breeding Inbreeding hypercalciuric
progeny6- [13,33]

� Multiple-generation inbred
� Multiple diets/agents applied

� Hypercalciuria
� Hyperoxaluria
� CaOx crystals
� CaP crystals

Exogenous
induction

Sodium oxalate [15e19] � Intraperitoneal injection of 10 mg/kg sodium oxalate � Prompt CaOx crystal deposits
� Crystal aggregation

in the ducts of Bellini
Glycolic acid [20] � Free drinking of water with powdered 3% glycolic acid � Hyperoxaluria

� Hypocitraturia
� CaOx crystal deposits

Ethylene Glycol (EG) [16,21e29] � 0.75% EG in water with/without ammonium
chloride, vitamin D, calcium chloride

� Hyperoxaluria
� CaOx crystalluria
� CaOx crystal deposits
� Renal toxicity

Hydroxy-L-proline (HLP) [31-33] � Intraperitoneal injection of 2.5 kg/kg HLP
� Mixed in chow of 5% HLP

� Hyperoxaluria
� CaOx crystal deposits
� Less toxic compared to other agents

Dietary
manipulation

Potassium oxalate supplement [34] � 5% level of potassium oxalate � CaOx crystal deposits
Magnesium (Mg) deficiency [35] � Dietary Mg deprivation � Increase of CaP crystal deposits
Vitamin B6 (pyridoxine)
deficiency [36,37]

� Dietary intentional deficiency of pyridoxine � Hyperoxaluria
� Hypocitraturia
� CaOx crystal deposits

Surgery Intestinal Resection [38-40] � Resection of distal 40e45 cm of the terminal ileum
� Combination diet of high oxalate/low calcium/high lipid fat

� Hyperoxaluria
� Hypocitraturia
� CaOx, CaP, CaCO3 crystal deposits

Gastric Bypass Surgery [46] � Roux-en-Y gastric bypass
� 40% fat and 1.5% sodium oxalate diet

� Hyperoxaluria
� CaOx crystal deposits
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also take place as a result of EG Refs. [24,26e29].

2.3.4. Hydroxy-L-proline
Hydroxy-L-proline (HLP) is derived from the amino acid proline

and is a component of collagen that is metabolized to both pyruvate
and glyoxalate, primarily in the renal proximal tubule and hepa-
tocyte mitochondria [30]. It is a common ingredient in Western
diets and has been shown to be less toxic than other lithogenic
agents.

Intraperitoneal injection of HLP has resulted in the presence of
calcium oxalate crystals within the rat kidney [31]. A large dose of
4-HLP (2.5 g/kg) induced both calcium oxalate dihydrate (Wed-
dellite) and calcium oxalate monohydrate (Whewellite) crystals,
detected by scanning electron microscopy. Khan et al. provided 5%
HLP (weight/weight HLP/chow) to male Sprague-Dawley rats and
compared treated vs controls at 4, 6, and 9 weeks [32]. At 4 weeks,
all treated rats were found to have CaOx crystals throughout the
regions of the kidney, with the majority present in the tubular lu-
mens of the distal tubules and collecting ducts. By 9 weeks these
crystals were mainly located at the tips of the renal papillae.
Bushinsky et al. found that the addition of 1%, 3%, and 5% trans-4-
HLP to GHS rats altered urine calcium and stone type, with rats
receiving 5% HLP having lower urine calcium excretion and
consistent calcium oxalate calculi composition [33].

2.3.5. Dietary manipulation
Aiming for an alternative crystal induction method compared to

HLP, Wiessner et al. found that a 5% level of potassium oxalate was
required to produce calcium oxalate crystals in both Dahl salt-
sensitive and Brown Norway male rats [34]. Meanwhile hyper-
oxaluric rats deprived of dietary Mg demonstrated increased pro-
duction of calcium phosphate (apatite) stones [35]. Intentional
vitamin B6 deficiency can also be employed in rats to enhance
hyperoxaluria, hypocitraturia and subsequent calcium oxalate
crystal formation [36]. Studies exposing these pyridoxine deficient
rats to supplemental Mg demonstrated their ability to counteract
the hypocitraturia and effectively prevent calcium oxalate crystal
formation [37].

2.3.6. Intestinal resection
Small bowel resection has historically been associated with an

increased risk of nephrolithiasis dating back to Smith et al. [38] In
rats, O'Connor et al. resected the distal 40e45 cm of the terminal
ileum and compared them to sham controls that underwent tran-
section of the distal ileum followed by re-anastamosis without any
intestine removal [39]. Post-op these rats were given either a
normal vs a combination high oxalate (1% sodium oxalate)/low
calcium (0.02%)/high lipids (18%) fat diet, before eventually being
euthenzied at 4, 5, 6, and 7 months post-surgery. 24-hour urine
samples demonstrated resected rats on the high oxalate/low cal-
cium diet developed hyperoxaluria, hypocitraturia, and crystals
throughout the cortex, medulla and renal papilla [40]. These crys-
tals were comprised of amixture of calcium oxalate, hydroxyapatite
(calcium phosphate) and calcium carbonate. Interestingly, none of
the sham animals subsequently developed crystals, even those on
the high oxalate diet, highlighting the importance of the bowel
resection on crystal formation.

2.3.7. Gastric bypass surgery
Epidemiologic studies have shown that patients who have un-

dergone Roux-en-Y gastric bypass (RYGB) have increased stone
development: a 2-fold increase in those that never had urinary
stones and a 4-fold increase in previous stone formers [41]. Mul-
tiple studies have shown these post-RYGB patients developing
significant hyperoxaluria and hypocitraturia [42,43]. The patho-
physiologic mechanism for this increased urinary oxalate is likely
from a saponification process with excess fatty acids and bile salts
binding to calcium, thereby leaving excess unbound oxalate free to
be more easily absorbed by the enteric system [44,45].

Canales et al. investigated the mechanism by which post-RYGB
hyperoxaluria takes place by utilizing a diet induced obesity
(DIO) model in male Sprague-Dawley rats followed by randomized
intervention to either sham surgery (controls) or RYGB [46]. This
study examined stool and urine for respective fecal fat content and
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24-h urine volume, pH, oxalate and calcium levels. Post-RYGB rats
on a high (40%) fat and supplemental potassium oxalate had
significantly less dietary fat absorption and excreted an 8-fold
higher amount of fecal fat compared to controls. Moreover those
post-RYGB rats with oxalate supplementation had a 5-fold increase
in urinary oxalate excretion, while those without supplemental
oxalate had a 2-fold increase in urine calcium excretion.

This study also found that all RYGB rats had a 250% increase in
water consumption and a 2-fold increase in urine volume excretion,
regardless of dietary oxalate or fat content. While postulated to be
due to altered thirst mechanisms [46], it highlights a major differ-
ence compared to results from previous human studies that have
shown significant decreases in urine volume post-RYGB [44,47,48].
Future studies are needed to further elucidate the impact of RYGB
and urinary volume production.

2.4. Limitations

As a vertebrate the rat requires approval for animal experi-
mentation and lately the costs of rats has been increasing [49]. Rats
are also corphagic (they eat their own stool) therefore they can
consume elements that are not necessarily accounted for in their
routine diets.

The majority of rat studies have focused on producing a hyper-
oxaluria model. It should be noted that the majority of human
kidney stone patients do not suffer from hyperoxaluria, therefore
this modeling has limited clinical applicability.

3. Mouse model

3.1. Genomic/anatomic/physiologic comparison between mice and
humans

The respective genomes of mice and humans are similar as both
genomes contain approximately 3.1 billion base pairs and are ~85%
identical on average, with some greater than 95% identical.

Mice generally weigh between 25 and 35 g, approximately 1/
2500 the size of humans [50]. The mean weight of an individual
mouse kidney comprises 0.8% of their body weight, which is rela-
tively denser compared to the average human kidney that is 0.2% of
a person's body weight [51]. Meanwhile maximal urine concen-
tration is higher in mice than in humans (4000 mOsm/kg H20 vs
1200 mOsm/kg H2O, respectively) [51e53]. Like rats, the main
difference in mice kidneys compared to humans is that they are
unipapillary. Microscopic features show a similar cortex and med-
ullary components including a glomerular unit, tubule structures,
and vascular framework [50].

3.2. Hyperoxaluria

Similar to the rat, researchers have experimented with inducing
hyperoxaluria in mice by administering lithogenic agents such as
EG, HLP and glyoxylate [54,55]. Despite successfully inducing
hyperoxaluria, exogenous administration of these agents alone has
demonstrated only a short duration of relatively few CaOx crystals
inmice [54,55]. Therefore studies have instead combined lithogenic
agents with transgenic mice to help with inducing stone formation.
By performing selective knockout (KO) of osteopontin (OPN) and
Tamm-Horsfall protein (THP), investigators have established the
critical role of these macromolecules as inhibitors of stone forma-
tion. For a summary of the mice models of nephrocalcinosis please
refer to Table 2.

Wesson et al. induced hyperoxaluria in both wild-type and KO
mice by adding 1% ethylene glycol (EG) demonstrating that an in-
vivo model of OPN KO mice could produce CaOx crystals [56].
Meanwhile Mo et al. compared wild type vs THP KO mice receiving
drinking water containing both 1% EG and 4 IU/ml Vitamin D3, with
76% of THP KO mice producing calcium crystals while none were
observed in wild type mice [57].

These studies demonstrated that after a hyperoxaluric load was
given, there was a compensatory increased expression of the
remaining (OPN or THP) macromolecule [56,57]. While this
response was not enough to prevent crystallization, it suggested a
potential synergistic relationship. A subsequent study further
demonstrated this concept, as a higher percentage (~39%) of
double-null mice spontaneously developed renal papillary calcium
deposits compared to 14% of THPenull and 10% of OPNenull mice
[58].

Recently mice with Leptin gene deficiencies and metabolic
syndrome (Ob/Ob) were compared to wild type (lean) mice,
investigating the influence of a high fat diet combined with
hyperoxaluria on crystal production [59]. Ob/Obmice given both 1%
EG and a high (62%) fat diet showed not only hypercalciuria and
hyperoxaluria, but also diffuse CaOx renal crystal deposits in the
intratubular spaces of the renal cortex-medulla [59]. Consistent
with previous studies, a higher number of macrophageswere found
with these Ob/Ob mice [60]. The true nature of this relationship
between renal macrophages and crystal formation remains an area
of future study.

3.3. Transporter knockout model

Researchers have also performed solely transporter knockout in
the mouse to induce hyperoxaluria, hypercalciuria, hyper-
uricosuria, and cystinuria.

3.3.1. Oxalate transporter
Sulfate anion transporter-1 (Sat1), also known as Slc26a1, and

Slc26a6 are both anion exchangers expressed on the apical mem-
brane in renal epithelial cells that help mediate oxalate exchange
[61,62]. Both Sat1-null and Slc26a6-null mice have demonstrated
abnormal oxalate homeostasis. Compared to wild-type mice,
knockout mice had 2e3.5 times and 1.5e2 times higher oxalate
concentrations in urine and plasma respectively [61,62]. Comparing
Slc26a1and Slc26a6 knockout mice, 26% and 88% respectively had
visibly detectable bladder stones, as well as CaOx crystal deposits in
renal tubules and collecting ducts [61,62].

3.3.2. Naþ-phosphate transporter
The sodium-hydrogen exchanger regulator factor-1 (NHERF-1)

binds renal tubular transporters including the Naþ-phosphate
cotransporter 2a (Npt2a). NHERF-1 knockout mice have shown
increased urinary calcium, phosphate, and uric acid excretion,
resulting in tubulo-interstitial crystal deposits in the kidney [63].
Similar to NHEFR-1 mice, Npt2a knockout mice demonstrated
hypercalciuria and renal crystal deposits in the kidney [54]. Both
NHERF-1 and Npt2a knockout mice had calcium phosphate crystals
in their kidney.

3.3.3. Cystine transporter
A knockout transporter model has also been demonstrated for

cystinuria, an autosomal-recessive disease of proximal tubular
reabsorption of cystine and dibasic amino acids that results in
cystine stones. Currently there are 2 cystinuria phenotypes that are
described, based on the heterozygosity of cystine and dibasic amino
aciduria. Type I refers to the first cystinuria gene, SLC3A1 located on
chromosome 2 (2p21), and encodes the rBAT transporter in both
intestinal and renal epithelial cells [64]. Non-type I involves a
second cystinuria gene, SLC7A9 found on chromosome 19 (19q13),
and encodes the light chain b0,þAT protein [65]. Investigators have



Table 2
Summary of mice models of nephrocalcinosis.

Author , reference Mouse Exogenous method Urinary features Nephrocalcinosis

Feliubadal�o L et al.[66] Slc7a9 KO normal diet cystinuria, cystine crystalluria cystine stone in pelvis and bladder
Wesson JA et al.[56] OPN KO 4 weeks administration of 1% EG in

drinking water
hyperoxaluria, COD/COM crystalluria intratubular COM crystals

Mo L et al. [57,58] THP KO normal diet or 4 weeks administration
of 1% EG and 4 IU/ml VitD3

in drinking water

not described intratubular and interstitial
CaOx crystals

Weinman EJ et al. [63] NHERF-1 KO normal diet hypercalciuria, hyperphosphouria,
hyperuricosuria

interstitial CaOx crystals

Jiang Z et al. [62] Slc26a6 normal diet hyperoxaluria, CaOx crystalluria intratubular COD/COM crystals
Okada A et al. [55] C57BL/6 daily 80 mg/kg GOX

intraperitoneal injection
hyperoxaluria, high CaOx index intratubular COM crystals

Khan SR et al. [54] Npt2a KO 4 weeks administration of 1.5% GOX
or 5% HLP in chow

COD/COM crystalluria intratubular/interstitial
CaOx crystals and interstitial
CaP crystals

Dawson PA et al. [61] Sat1 (Slc26a1) KO normal diet hyperoxaluria intratubular CaOx crystals
and bladder stone

Taguchi K et al. [59] MetS model 2 weeks administration of
1% EG in drinking
water and high fat diet

hyperoxaluria, hypercalciuria intratubular CaOx crystals

CaP ¼ calcium phosphate, COD ¼ calcium oxalate dihydrate, COM ¼ calcium oxalate monohydrate, EG ¼ ethylene glycol, GOX ¼ glyoxalate, HLP ¼ hydroxy-L-proline,
KO ¼ knockout, MetS ¼ metabolic syndrome, THP ¼ Tamm Horsfall protein.
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demonstrated that Slc7a9 knockout mice experienced cystinuria,
cystine crystalluria, and cystine urolithiasis [66].

3.4. Limitations

Despite the genomic advantages of the mice model, its overall
accuracy and consistency in relation to human kidney stone disease
remains controversial among researchers. Similar to other animal
models, the majority of mice models rely on induction of hyper-
oxaluria. Except for primary hyperoxaluria patients, relatively few
human kidney stone patients have hyperoxaluria. In addition, the
prevalence of cystinuria is rare (less than 1% of urolithiasis pa-
tients), therefore these mice models are not representative of the
majority of humans who suffer from urinary stone disease.

4. Fly model

Drosophila melanogaster has numerous advantages over other
vertebrate animal models. As an invertebrate the fruit fly requires
no formal animal experimentation review to obtain and implement
a research protocol. Female flies are capable of producing hundreds
of offspring in a few days, producing large numbers of specimens in
a relatively quickly. Moreover its short life cycle under standard
laboratory conditions (typically < 60 days), allows researchers to
observe a disease process over the animal's entire lifespan. Finally
with relatively low cost dietary and lab spatial requirements, it is
dramatically less expensive to start and maintain a fly lab [67].

From a genetic standpoint, Drosophila only have 4 chromosome
pairs compared to 23 in humans [68]. Approximately 75% of human
disease genes have correlates in Drosophila melanogaster, with
nearly 80% of human renal transporters found in the fly Malpighian
tubule [69]. With a completely sequenced genome and a free, well
established database e FlyBase (http://flybase.org) - dedicated to
cataloging homology between human and fly genes; targeted ani-
mal genemanipulation has become amuchmore feasible endeavor
[70]. As a result, researchers have started applying this powerful
translational model in the study of urinary stone disease.

4.1. Anatomic/physiologic comparison between fly and humans

Drosophila is often overlooked as amodel for stone disease given
the inherent differences between human and fly anatomy. As an
invertebrate, flies lack a bony skeleton. They have an open circu-
latory system with a fluid filled hemocoel cavity that uses hemo-
lymph in a similar fashion to how human blood vessels carry
blood. This cavity contains 2 sets of free floating Malpighian renal
tubules, as well as an aglomerular renal system [71]. Homologous
to human renal tubules, the Malpighian tubule functions to filter
the fly hemolymph similar to how human tubules filter blood.
Recent work has elucidated that these remarkable similarities be-
tween human and fly systems suggest an evolutionary relationship
(Fig. 1) [72].

Drosophila have 2 anatomically separate organs that comprise
their renal system e nephrocytes and Malpighian tubules. Neph-
rocytes filter the hemolymph and remove waste in a manner
similar to podocytes in the human glomerulus [72]. Meanwhile the
anterior and posterior pairs of Malpighian tubules represent the
functional equivalent of a human nephron. These Malpighian tu-
bules consist of distinct domains: the initial (distal), transitional,
main and lower (proximal) segments [73,74]. The main domain
segment is comprised of 2 main cell types e principal cells and
stellate cells e both of which help control the active transport and
excretion of calcium, uric acid and phosphorous [72]. The anterior
and posterior tubule pairs combine to form a common ureter
(Fig. 2), that then joins the gastro-intestinal tract at the junction of
the midgut and hindgut.

Drosophila luminal concretions appear to be a normal means by
which the fly eliminates urine waste, and previous work has shown
that there are two types [75]. Type I is composed of mainly calcium,
magnesium and a matrix of proteoglycans in the anterior Malpi-
ghian tubules. Type II is made up predominantly of potassium and
phosphorous and located in both the anterior and posterior Mal-
pighian tubules. Studies have since shown that these concretions
can be likened to human kidney stones and be used as a functional
in-vivo model of stone formation [76e79].

4.2. Diet induced model

Similar to rodent models, hyperoxaluria in the fly can be
induced with the administration of EG. Adult Drosophila supple-
mented with EG produced CaOx concretions in as little as 6 h [77].
Feeding Drosophila larvae with sodium oxalate dissolved in stan-
dard growth media resulted in CaOx microliths within 2 days [78].
Polarized light applied to dissected Malpighian tubules

http://flybase.org


Fig. 1. Comparison of glomerular and insect renal systems. Similarities between the human glomerular (A) and podocyte slit diaphragm (B) compared to that of insect nephrocyte
renal systems (C) and their basal labyrinth (D). bm, Basement membrane; fp, foot process; nd, nephrocyte diaphragm. Reprinted with permission from Nature [72].

Fig. 2. Anatomy of Drosophila melanogaster Left: Depiction of Drosophila melanogaster excretory tract: 2 pairs of Malpighian tubules, 1 anterior and 1 posterior, each combine into a
short common ureter that then joins the hindgut. Right: Anterior and posterior pairs of Malpighian tubules dissected free from adult D. melanogaster. Arrows represent common
ureter. Reprinted with permission from Journal of Urology [90].
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demonstrates the characteristic birefringence of these CaOx crys-
tals (Fig. 3). These CaOx crystals have also been clearly visualized on
micro-computed tomography (CT) e (Fig. 4).
Fig. 3. Malpighian tubules of D. melanogaster fed high oxalate vs low oxalate diet.
Polarized light results in birefringence of calcium oxalate concretions in high oxalate
tubules. Reprinted with permission from American Journal of Physiology Renal Physi-
ology [78].
4.3. Genetic models of stone disease

The previously established GAL4 driver/UAS (upstream activa-
tion sequence) transgenic system allows researchers to perform
targeted gene expression in Drosophila and specifically knockdown
those genes believed to play a role in stone formation [80]. With the
resources available for Drosophila, investigators can simply order
their desired driver to express or silence specific gene end-
products. The minimum of 3e6 months needed to accomplish ge-
netic manipulation in the mouse model only takes 2e3 weeks in
the fly model [81].
4.3.1. Hyperoxaluria
As discussed previously inmice, the anion exchanger SLC26A6 is

important in oxalate transport in both mice and humans [62,82].



Fig. 4. 3-D Computed Tomography reconstruction of D. melanogaster. Arrow ¼ calcium
oxalate concretions present in Drosophila Malpighian tubules. Notice the white bio-
minerals/stones (blue arrow) developing in the Malpighian tubules.
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Experiments have since shown that the D. melanogaster genome
contains 9 homologues of the 11 human Slc26 transporters [83]. A
Slc26a5 homolog, dPrestin, can be considered the Drosophila
equivalent of SLC26A6 [84].

Following a dietary load of sodium oxalate, studies have shown
the ability to visualize real time nucleation and growth of oxalate
crystals within relatively transparent dissected Malpighian tubules
[85]. Hirata et al. performed knockdown of dPrestin mainly in the
principal cells of the initial and main segments of the Anterior
Malpighian tubules, decreasing mRNA levels by 50e70% and pro-
ducing markedly reduced CaOx concretions [78].
4.3.2. Xanthinuria
Xanthinuria types I and II are secondary to an autosomal

recessive defect in purine metabolism, resulting in increased total
body levels xanthine and subsequent xanthing stones [86,87]. In
xanthinuria type I, there is a deficiency of the enzyme xanthine
dehydrogenase (XDH) which normally converts both hypoxanthine
to xanthine, and xanthine to uric acid. The gene responsible for type
I has been localized to chromosome 2p22-23 [88].

Utilizing a GAL4/UAS, Chi et al. performed Drosophila gene
silencing of Xdh, resulting in large, obstructing stones formed in the
Malphighian tubules (Fig. 5) [79]. This study also demonstrated that
pharmacologic inhibition of XDH with allopurinol yielded similar
tubule concretions. Moreover when these Xdh silenced flies were
fed a high yeast diet, their survival plummeted down to median
lifespan of 3 days, compared to controls which averaged 60 days.
4.4. Stone composition

4.4.1. Calcium oxalate and Hydroxyapatite
Similar towhat has been shown in the rat model, administration

of lithogenic agents such as EG and HLP also results in reproducible
calcium oxalate crystals within the Drosophila melanogaster Mal-
pighian tubules [77,78]. Studies have utilized both scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) to identify crystal deposition and composition respectively.

The conventional method to determining stone composition,
Fourier Transform Infrared Spectroscopy (FTIR), demonstrated that
Xdh knockdown fly stones contained xanthine [79]. However, using
targeted metabolomics, these stones were also found to contain
hypoxanthine. Micro X-ray absorption near edge spectroscopy
(mXANES), a technique that allows for interrogation of the chemical
environment within a sample point of interest with sub-micron
resolution, confirmed the presence of hydroxyapatite. Since non-
calcium based human stones may be generated from a hydroxy-
apatite nidus [89], this finding highlights potential similarities be-
tween Drosophila fly stone concretions and human stones.

4.4.2. Zinc
While the majority of stones are comprised of calcium oxalate,

the fly model has illuminated the role of other minerals in the
formation of stones. Zinc, an essential mineral, has been identified
in the formation of both human stones and Drosophila Malpighian
tubule concretions [79]. Analyzing the mineral components of fly
concretions, human Randall's plaques, and human xanthine stones
demonstrated that calcium (Ca), magnesium (Mg) and zinc (Zn)
were the major metal components within each specimen. Induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
showed that the relative amount of each of these metals was
consistent across stone source.

Zinc concentration has also been found to be dependent on the
amount of yeast present in a standard Drosophila diet (see Fig. 6)
[79]. A high yeast diet - the equivalent of a high protein diet in
humans e resulted in a high rate of stone formation, while a low
yeast diet resulted inminimal stone formation. Supplementing flies
on a low yeast diet with zinc increased the amount of concretions
present, to a level similar to flies on the high yeast diet. Zinc's
importancewas further shownwhen it was inhibitedwith a known
zinc chelator, TPEN, resulting in a decreased amount of concretions
[79]. These findings reinforce the importance of an animal model
for stone disease, as without this discovery one might not have
recognized the presence and importance of heavymetals in urinary
stones.

4.5. Limitations

While Drosophila represents a reliable, fast, cost-effective model
system, there are some limitations to its use and applicability. As an
invertebrate, the fly lacks a bone reservoir, therefore its calcium
metabolism may be fundamentally different compared to verte-
brates. Next the fly is not an ambulatory model and relies on a
different feeding cycle compared to humans. Additionally it can be
difficult tomeasure howmuch food andmedication that Drosophila
ingest.

Anatomic differences were addressed previously and instead
should be considered as an opportunity to study single tissue
modeling of diseases that affect analogous vertebrate structures
[90]. Another cited limitation is that since the fly's Malpighian tu-
bules drain into the hindgut, there is a combination of waste
products in a single elimination chamber and the GI tract can
contribute to the elimination of electrolyte and water waste [91].
Current dissection techniques allow for the Malpighian tubules and
ureters to be isolated prior to their junctionwith the GI tract. These
dissected tubules can then be mounted and submerged in a desired
medium, where they will continue to secrete fluid for several hours
[71]. Subsequent collection of this fluid can then be examined in a
fashion similar to a 24-h urine analysis.

5. Porcine model

The porcine model theoretically would be an excellent model as
from both an anatomic structure and physiologic standpoint, pig
kidneys resemble those in humans. This has led multiple in-
vestigators to test new endourologic surgical modalities by placing
human kidney stones within porcine kidneys [92e95].



Fig. 5. Comparison of Malpighian tubules in D. melanogaster. Left: control flies Right: Xdh knockdown flies Courtesy of PLoS One [79].
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5.1. Anatomic/physiologic comparison between pigs and humans

Comparing porcine and human kidneys, anatomic similarities
include an undivided renal cortex, multiple medullary pyramids
that each form a separate papilla or occasionally a complex papilla,
Fig. 6. Effects of zinc and high yeast diet on stone formation in D. melanogaster (A) Malpighi
high yeast (Day 3, 5% YE) or low yeast (Day 3, 0.5% YE) diets. (B) The mean percentage of the t
Scale bars:
500 mm. (C) The amount of zinc (Zn) in the components of a standard Drosophila diet was m
both 0.5% YE and 5% YE diets. (D) Da-GAL4, UAS-Xdh RNAi/þ flies given 0.5% YE and 5% YE
increase in concretions of the 0.5% YE fed flies (*p < 0.05, ***p < 0.001, one way ANOVA with
formation in 5% YE-fed flies. (E) Administration of 5% YE diet with Zn chelator TPEN decrease
10 mM Mg (*p < 0.05, **p < 0.01, one way ANOVA with Bonferroni post-hoc test, n ¼ 10e
mean ± SEM. Courtesy of PLoS One [79].
especially in the upper pole [96]. Pigs in general have 8e12 papillae
compared to humans which usually have 4e18 [97]. Moreover as
Kirkman showed, porcine renal physiology parallels that of humans
with respect to maximal urine concentration (porcine 1080 vs
human 1160 mOsm/L), glomerular filtration rate (porcine 130 vs
an Tubule images of Da-GAL4, UAS-X dh-RNA i± flies: Day 1, 1.5% YE and after 2 days on
ubule lumen occupied by mineralized material (*p < 0.001, Student's t-test, n ¼ 14e48).

easured with inductively coupled plasma optical emission spectroscopy (ICP-OES) for
diets were supplemented with different Zn doses. This resulted in a dose-dependent
Bonferroni post-hoc test, n ¼ 10e48). Zn supplementation had no effect on concretion
d concretion formation. This effect was reversed with the addition of 10 mM Zn but not
43). Data shown are the



Table 3
Porcine models related to hyperoxaluria.

Study , reference (Year) Porcine Animal Selected Diet/Intervention Effects

Mandel et al. [99] (2004) Young male Yorkshire-Durox pigs � Enriched diet:
10% HP days 1e5
15% HP days 6e13
20% HP days 14e21

� Hyperoxaluria
� CaOx crystalluria
� CaOx crystal deposition in Collecting

DuctsNephrolithiasis at papillary tips
Kaplon et al. [100] (2010) Multiparousadult gestating sows � Acidogenic diet vs Control diet x 5 days

� All fed diet with 10% HP for days 3e5
� Hyperoxaluria
� Hyperglycoluria

Patel et al. [101] (2010) Gravid crossbred sows � 5% HP diet
� 10% HP diet
� gelatin (12% HP þ 20% glycine)

� 10% HP and gelatin diets induce
hyperoxaluria

� Gelatin more cost effective
Sivalingam et al. [102] (2013) Gravid and Non-gravid sows � 5% HP diet � Hyperoxaluria

� CaOX crystals present in proximal
tubule and collecting ducts

� Lack of Randall plaques
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human 126e175 mL/min per 70 kg), and total renal blood flow
(porcine 4.0 vs human 3.0e4.4 mL/min$g) [98].

5.2. Hyperoxaluria

To date, porcine models have focused on replicating a hyper-
oxaluric state by administering hydroxyproline (HP) [99e102]. As
Mandel et al. showed in young pigs, delivering 10% weight per
weight of trans-4-hydroxy-L-proline/food resulted in a maximum
increased urinary oxalate concentration by day 6 in all HP fed pigs
[99]. While the urinary oxalate levels in these young pigs did not
decline until HPwas removed from their diet, an interesting finding
was that increasing the HP/food concentration up to 20% failed to
result in a higher level of hyperoxaluria. For more details of the
porcine models related to hyperoxaluria, please refer to Table 3.

Kaplon et al. demonstrated that gravid sows in either a tradi-
tional or acidified diet experienced hyperoxaluria and hyper-
glycoluria when fed 10% HP [100]. Utilizing 24-h urine collections,
hyperoxaluria and hyperglycoluria peaked on the first day of
feeding and subsequently declined despite continued HP admin-
istration. This was likely the result of these pigs acquiring an
aversion to the HP diets, as the study noted sows consuming less of
their meals on days when HP was added.

Expanding on the model of the gravid sow, Patel et al. compared
the effectiveness of different diet compositions of HP [101]. The
study provided pigs with either 5% HP, 10% HP, or a gelatin con-
sisting of high HP (12%) and glycine (20%). Results demonstrated
that both HP and gelatin induced similar short (5-days) and long-
term (21-days) hyperoxaluria effects. This study also highlighted
the financial concerns associated with a HP induced hyperoxaluria
model, as they found that gelatin was significantly more cost
effective than HP ($7.32/kg vs $185.00/kg) [101].

5.3. Stone composition

Mandel et al. demonstrated calcium oxalate monohydrate and
dihydrate crystalline deposits in the papillary tips of longitudinally
sectioned kidneys in young male Yorkshire-Durox pigs [99].
Meanwhile Sivalingam et al. demonstrated the presence of crystals
in proximal tubules and at the renal papillary tips, with concomi-
tant crystals that appeared to be embedded within the interstitium
[102]. There was widening of the interstitial spaces, presence of
giant multinucleated cells surrounding these crystals, and notice-
able inflammation with surrounding fibrotic changes.

5.4. Limitations

With anatomy and physiology resembling humans, it is unfor-
tunate that limitations of the porcine model reduce its ability to be
widely adopted. Adult pigs generally require a large amount of
space and their food requirements can be costly, thereby limiting
the reproducibility of this model. Moreover it also appears that
obtaining and accurately measuring urine output can be a chal-
lenge in the porcine model. Half of the 12 pigs in one study and
nearly 1/3 of the participants in another had to be excluded due to
urinary tract infection or catheter-related problems [100,101].
These results highlight the challenges associated with obtaining
multiple 24-h urine collections from the pig model over an
extended study duration.
6. Conclusions

The sequence of events that leads to the formation of human
urinary stone disease remains unclear. As shown here, multiple
animal models have been used in an effort to better understand the
pathophysiologic chain of events that ultimately leads to the for-
mation of a urinary calculus.

To date, the endpoints for each of these animal models were the
development of crystals seen either in urine or with histologic
examination of the renal papilla. While crystals may be an early
form of eventual aggregation and stone fragmentation, in clinical
practice crystalluria does not necessarily equate to future stone
formation. As such, future research is needed to determinewhether
the process of crystallization is independent of stone formation.

The utility of animal models is required to understand temporal
development of urinary stone formation. Ultimately it would be
ideal that the urology and nephrology communities would agree on
a few animal models so that results would be complimentary and
comparable.
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