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Key Points

1. Cystine stones are caused by cystinuria, a rare hereditary disorder with autosomal inheri-
tance. Cystine nephrolithiasis and related kidney diseases are usually the only clinically
pertinent manifestation of this disorder.

2. Patients with cystinuria usually present with first kidney stone in their early teens although

presentation may be as early as infancy or as late as the fifth decade.

. Diagnosis is made by stone analysis and measurement of very high cystine levels in urine.

4. Cystine capacity, a new urine assay, is used as a measure of cystine saturation in urine and is
helpful in guiding the ongoing management of cystine stones.

5. High urine volume, urine alkalization, and cystine-binding drugs are the three pillars of
medical and nutritional management.

6. The two cystine-binding agents in clinical use are D-penicillamine and tiopronin, both of
which have a high incidence of adverse reactions.

7. Frequent follow-up of patients is needed to ensure compliance with burdensome dietary
recommendations, to re-assess the need for management adjustment based on urine studies,
and to look for adverse effects of the medications.

|9V}

Introduction/Physiology

Cystine stones, as the name suggests, are formed by high concentration of the amino acid cystine in
the urine. It is due to a rare genetic disorder called cystinuria, which occurs due to a defective trans-
port mechanism in the tubular lumen allowing for a large amount of cystine and other cationic amino
acids (cystine, ornithine, arginine, lysine (COAL)) to appear in the urine.

After glomerular filtration cystine normally undergoes near complete reabsorption in proximal
tubule via a cystine transporter, with a fractional excretion of about 0.4% [1]. This can increase to
more than 100% in patients with cystinuria (suggestive of tubular secretion) [2]. These large amounts
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of unreabsorbed cystine in the urine crystallize at usual human urine pH of 5.5-7.0 and cause stone
formation. The other three amino acids (see above) are also present in high quantities in urine but do
not precipitate at normal urine pH and thus lack clinical significance.

The cystine transporter consists of a heavy subunit, rBAT encoded by SLC3A1, and a light subunit,
bo,*AT encoded by SLC7A9. The light subunit is the actual transporter, whereas the heavy subunit is
responsible for trafficking of the light subunit to the apical membrane of the cells [3, 4]. In addition to
renal proximal tubule, this transporter is also expressed in the intestine where its malfunction is com-
pensated by peptide transporter 1 (PEPT1), which is not present in nephron tubular lumen. Thus
cystine stones are the only clinically relevant feature of this disorder.

The normal excretion of cystine in urine, which is less than 30 mg/day, exceeds 400 mg/day
in patients with cystinuria [5]. Patients with cystinuria usually present with first kidney stone in
their early teens (median age of 12 years) although the age of presentation may be as early as
infancy or as late as the fifth decade [6-8]. In fact, 80% of symptomatic patients experience their
first stone episode by the end of the second decade [7]. Compared with other stone formers,
patients with cystinuria tend to have stones earlier, more often, more bilateral, and more of the
staghorn variant that require more urological interventions [§—10]. They also have a higher risk
of chronic kidney disease (CKD) and lower quality of life compared with non-cystine stone
formers [10—12]. The higher prevalence of CKD is, however, variable across different studies. In
a 2002 study looking at the International Cystinuria Consortium (ICC) data, impairment of the
renal function was noted in 17% of the patients [7]. In a 2015 study from France, whereas only
22.5% of the patients had glomerular filtration rate (GFR) > 90, 27% of the patients had GFR
below 60, and in 0.6%, the GFR was below 15 [13]. In addition, cystinuria patients were almost
five times more likely to have nephrectomy compared with patients with calcium oxalate stones;
14% vs. 3%, respectively [11].

In the past, cystinuria was classified phenotypically as type I-III or type I, and non-type I, based
on the level of cystine excretion in parents, type I being the group where parents had normal cystine
in urine and non-type I where parents had high cystine excretion. However, after identification of the
genes behind cystinuria, it was found that this classification had poor correlation with the genotypes,
and hence a genotypic classification has been adopted [7]. SLC3AI and SLC7A9 are the two gene
mutations which can be identified in the vast majority of patients. Patients with SLC3A1 and SLC7A9
mutations are called type A and type B, respectively. Rare patients with single mutated allele in both
genes are called AB and usually have mild disease.

Prevalence, Inheritance

Cystinuria was first described in the 1800s [1] and was one of the disorders used by Sir Archibald
Garrod in 1908 to illustrate the concept of inborn errors of metabolism [14]. The prevalence of cystin-
uria varies from 1/2500 in Libyan Jewish population to 1/100,000 in Swedish population [2]. The
average prevalence is estimated to be about 1/7000 [15]. Nephrolithiasis and related complications are
the only clinically significant manifestation of this disorder.

Up to 1% of adult stone formers and 5—10% of pediatric stone formers have cystinuria [13, 16]. A
recent study also noted an increasing trend of cystine stones as a proportion of all stones in males [17].
About 6% of patients with cystinuria never present with urolithiasis [15].

Cystinuria has autosomal inheritance with SLC3A1 or type A showing to be autosomal recessive
and SLC7A9 showing to be autosomal dominant with variable penetrance pattern [8]. Most patients
are homozygotes of either of these gene mutations: 100% of homozygotes have high cystine excre-
tion, and 94% of the homozygotes develop kidney stones in their lifetime [15]. Whereas heterozy-
gotes of type A have normal urine cystine, heterozygotes of type B usually have higher than normal
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levels of urine cysteine in 86-90% of cases and kidney stone formation in 2—18% of cases [8, 15].
There is no good correlation between the concentration of amino acids in the urine to stone event
frequency [7, 18].

Although in a large cohort [19] type A accounted for about 45% of the patients with cystinuria and
type B for about 53%, this proportion varies among different cohorts; type AB constitutes 1.2—4% of
the cases [20]. Type A and type B homozygotes have similar clinical manifestation [7] although males
seem to be affected more severely for as of yet unclear reasons [21]. So far, 160 and 116 different
mutations have been reported in SLC3A [ and SLC7A9, respectively [20].

Diagnosis

The diagnosis of cystinuria is essentially based on high urine cystine levels. It should especially be
suspected in younger patients with high stone burden and high recurrence.

In the office, examination of urine sediment for cystine crystals and sodium nitroprusside test may
be helpful. Under microscopy, cystine crystals are colorless, refractory, and hexagonal and are pathog-
nomonic of the disease. But they are identified in only 25% of patients [5]. Sodium nitroprusside test
can identify urine cystine concentration of more than 75 mg/L (urine turns purple) and may be used as
a screening test with sensitivity of about 70-80% and specificity of approximately 83-95% [22, 23].

All patients with suspected cystinuria should undergo a 24-hour urine collection to assess cystine
excretion along with other metabolic factors that affect crystallization and stone formation. Of these,
urine pH and volume are the two most important factors. Considering a relatively fixed total cystine
excretion per day, the concentration halves as the volume of urine doubles. The solubility of cystine
is highly affected by the urine pH as cystine is much more soluble in alkaline urine. As a rule, at pH
of 7, cystine is soluble at concentration of 250 mg/L. This doubles to 500 mg/L at pH 7.5 and goes up
further at pH of 8 [2, 24].

It is hard to determine cystine supersaturation based on cystine concentration and pH alone given high
inter-patient variability. Therefore, cystine capacity, a new solid phase assay, has been developed to deter-
mine urine’s cystine saturation. In this assay, a known amount of solid phase cystine is added to urine. In
supersaturated urine, cystine precipitates onto added crystals, thus the recovered solid phase after incuba-
tion will be more. A negative cystine capacity implies oversaturated urine and vice versa [25].

Cystine stones are less radio-opaque than oxalate, and X-ray may miss small stones. Computed
tomography (CT) scan may help not only in identifying but also in managing small stones as it can
differentiate “rough stones” from “smooth stones” based on the appearance and lower Hounsfield
units in rough stones [1]; rough stones tend to be more fragile and amenable to lithotripsy. Renal
ultrasound is a good noninvasive test to identify and monitor stone formation.

Genetic testing is not routinely performed as it does not affect the management or clinical course
of the disease.

Management and Prevention

Cystinuria is a highly morbid disease given recurrent stone formation, requiring frequent procedures
and pain management, and for increasing the risk of CKD development. If poorly managed, the risk
of forming new stones is about 1/patient-year, requiring urological procedure every 3—4 years [24].
Although medical therapy is often met with poor compliance and fails to achieve the desired control,
it certainly helps in reducing the number of stone events and procedures required [10, 24] by up to
78% and 52%, respectively [24].
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Also, in patients with cystinuria the stone composition may be mixed [26]. Therefore, stone analy-
sis (for composition) is an important part of medical evaluation and management of these patients.

The goal of medical management in cystinuria is to reduce the recurrence of stones and minimize
the burden of urological procedures and chronic kidney disease. It is aimed at achieving low cystine
concentration in urine and modifying the milieu to promote its solubility with a goal to achieve urine
supersaturation of <1 or a positive cystine capacity.

High urine volume, urine alkalization, and cystine-binding drugs are the three pillars of medical
and nutritional management.

Nutritional Management

(a) High fluid intake is the cornerstone of nutritional management. The goal is to bring the cystine
concentration to below 250 mg/L. A fluid intake of at least 3—4 L is recommended. Emphasis
should be given on staying well hydrated at night and drinking water before bed and in the middle
of the night.

(b) Low protein (particularly of animal source) diet may help urine alkalization in addition to reduc-
ing cystine production by lowering the supply of its precursor methionine [27]. Children and
adolescents require normal protein intake for their overall growth.

(c) Low sodium diet can help reduce cystine concentration in urine, the mechanism of which is not
clear [28].

(d) Dietrich in fruits and vegetable is recommended as it may help with increasing the urine pH [29].

Medical Management
Urine Alkalization

Potassium citrate is the preferred choice to increase urine pH. Citrate may also reduce the risk of
calcium phosphate stone formation associated with alkaline urine.

Sodium bicarbonate is another option but is less desirable due to its sodium load. Acetazolamide is
used by some as the last resort, although it is poorly tolerated, has questionable efficacy, and may have
adverse effect(s) on bone health due to metabolic acidosis.

High Urine Volume

This is achieved through high fluid intake, as discussed above. Tolvaptan has been proposed as an
option in patients with low volume but comes with high expense, risk of liver disease, and unclear
benefit [30, 31].

Cystine-Binding Thiol Drugs

Often patients are refractory to nutritional changes and urine alkalization and require cystine-binding
thiol drugs (CBTDs). These drugs reduce the insoluble cystine to cysteine monomer and form com-
plexes with it. This complex is about 50 times more soluble than cystine [1, 20], thus preventing
crystallization and stone formation.
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The two agents in clinical use are D-penicillamine and 2-meracptopropionylglycine (tiopronin).
D-penicillamine and tiopronin are similar agents with tiopronin having the advantage of fewer side
effects; drug withdrawal of 69% vs. 31%, respectively [32]. Studies have consistently shown reduc-
tion in stone size and dissolution of stones with D-penicillamine and tiopronin. Compared with con-
servative management, treatment with one of these two drugs decreased stone events by 32—-65% [33].
In one study, they reduced new stone formation or enlargement of existing stones from 1.6 per year to
0.5 per year [34]. In another study with median daily dose of 900 mg D-penicillamine or 750 mg
tiopronin, the mean decrease in free cystine excretion was 32% (35% and 29%, respectively) [24].

The dose of D-penicillamine in adults ranges from 0.5 to 2 g/day (20-40 mg/kg per day in chil-
dren) in 3—4 divided doses. Tiopronin initial dose is 250 mg/day, gradually increasing to 400—-1200 mg/
day in 3—4 divided doses with maximum dose of 2 g/day (10-15 mg/kg per day) [20].

Both agents have a high incidence of adverse reactions that limit their tolerability although the inci-
dence is lower for tiopronin [1]. They include abnormal taste, fever, arthralgia, skin rash, leukopenia,
and proteinuria among others [35]. In fact, D-penicillamine is known to cause proteinuria and nephrotic
syndrome mainly due to membranous nephropathy and minimal change disease although other lesions
including crescentic glomerulonephritis have been reported [36-39]. D-penicillamine causes vitamin
B6 (pyridoxine) deficiency and requires supplementation of 50 mg/day of vitamin B6 [20]. Most
adverse effects are dose-dependent and more common during the first year of therapy, hence the recom-
mendation for gradual dose escalation. Of note, autoimmune and hypersensitivity-related side effects
are not dose dependent and typically occur in patients with other autoimmune disorders [1].

Captopril is also a potential CBTD. Captopril has good cystine binding in-vitro, but it is of little
clinical value given its low urinary concentration [25]. Multiple studies have produced contradictory
results on its ability to improve cystine concentration in urine even at high doses of 75—-150 mg/day
[40, 41]. However, it may be utilized as a preferred anti-hypertensive agent.

Although pH does not appear to affect the maximum effect of CBTDs, it has been shown that it
does affect the time by which they reach the maximum effect; the higher the pH, the faster the
effect. This higher rate of action at higher pH is attributed to higher deprotonated (active) form of
the drug. This may have clinical implications given that urine transition time through renal pelvis
may be short and only a few minutes. Therefore, it is very important to remember that the effects of
CBTDs and high urine pH are complimentary, and one should not be considered as a substitute for
the other [42, 43].

Follow-Up

Compliance with strict nutritional, medical, and follow-up requirements is difficult, and studies have
shown poor compliance with subsequent treatment failure [44, 45].

Frequent follow-up of patients is recommended to insure compliance with burdensome dietary
recommendations, to re-assess the need for management change based on urine studies, and to look
for adverse effects of the medications. A patient with severe disease should be followed up every
3 months with radiological studies [20]. Patient with mild disease and minimal or no stone activity can
be followed every 6 months. A 24-hour urine analysis should be done at least annually and preferably
more frequently. Isolated overnight collection may be necessary in refractory cases [46].

Management in specialty clinic may help reduce recurrence and the need for urological proce-
dures [47].

Cystine stones do not occur post-transplant as the graft kidney does not have the genetic defect
[48].

Genetic testing of siblings is not done routinely but may be helpful if they have not been diagnosed
with cystinuria. Genetic counseling of siblings and spouse may be beneficial.
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Future Direction

Structural mimics of cystine (cystine dimethyl ester (CDME) and cystine methyl ester (CME)) are
being studied for their potential to inhibit cystine crystallization and crystal growth by steric inhibi-
tion [49]. In one study, SLC3A 1 knockout mice treated with CDME demonstrated smaller but more
bladder stones [50].

SCL3AI and SCL7A9 knock out mice and a proximal tubular cell line derived from normal human
kidney mimicking cystinuria phenotype have been developed allowing for further investigation [1].

Atomic force microscopy is a new technique to study crystal growth and is being used to identify
molecules which may inhibit crystal growth [51].

Formation of Rare Kidney Stone Consortium, which studies primary hyperoxaluria, cystinuria,
adenine phosphoribosyl transferase (APRT) deficiency, and Dent disease, and the establishment of an
International Cystinuria Registry may help in further understanding of the disease and to facilitate
clinical trials [43].
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