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Cystinuria

Aditya Mattoo, MD,* and David S. Goldfarb, MD*,†,‡

Summary: Cystinuria is an inherited disorder characterized by the impaired reabsorption of
cystine in the proximal tubule of the nephron and the gastrointestinal epithelium. The only
clinically significant manifestation is recurrent nephrolithiasis secondary to the poor solubility
of cystine in urine. Although cystinuria is a relatively common disorder, it accounts for no
more than 1% of all urinary tract stones. Thus far, mutations in 2 genes, SLC3A1 and SLC7A9,
have been identified as being responsible for most cases of cystinuria by encoding defective
subunits of the cystine transporter. With the discovery of mutated genes, the classification of
patients with cystinuria has been changed from one based on phenotypes (I, II, III) to one
based on the affected genes (I and non–type I; or A and B). Most often this classification can
be used without gene sequencing by determining whether the affected individual’s parents
have abnormal urinary cystine excretion. Clinically, insoluble cystine precipitates into hex-
agonal crystals that can coalesce into larger, recurrent calculi. Prevention of stone formation
is the primary goal of management and includes hydration, dietary restriction of salt and
animal protein, urinary alkalinization, and cystine-binding thiol drugs.
Semin Nephrol 28:181-191 © 2008 Elsevier Inc. All rights reserved.
Keywords: Renal aminoaciduria, cystinuria, D-penicillamine, renal tubular transport,
inborn errors, tiopronin, urolithiasis
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ystinuria is a genetic disorder of the re-
absorption of cystine and dibasic amino
acids (ornithine, arginine, and lysine) in

he proximal tubule of the nephron and epithe-
ial cells of the gastrointestinal tract. Only im-
aired cystine transport results in nephrolithia-
is, however, because the dibasic amino acids
re relatively soluble in urine; an increase in
heir tubular concentration fails to form crystals
n the acidic environment of the distal nephron.
ystinuria was first described by Wollaston1 in
810 after he extracted a large bladder stone
rom one of his patients. At the time, Wollas-
on1 believed that the crystals had the chemical
roperties of an oxide and that the stone had
riginated from the bladder wall, hence he re-
erred to its composition as cystic oxide. Al-
hough it later was shown that this particular
rystal is neither an oxide nor secreted from the
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ladder, the amino acid when isolated was
amed cystine in recognition of this historical
iscovery. In recent years, cystinuria has been
ttributed to mutations in 2 genes: SLC3A1 (sol-
te carrier family 3A1) and SLC7A9. More than
50 such mutations in these 2 genes have been
escribed, accounting for the defective trans-
ort of cystine in individuals with cystinuria.

PIDEMIOLOGY

lthough cystinuria accounts for only 1% of all
enal calculi, it is one of the most common
nherited genetic diseases. Although not as
ommon as polycystic kidney disease or cystic
brosis in Caucasians, with prevalences of
:4,500 and 1:3,000, respectively, the average
orldwide prevalence of cystinuria is about

:7,000. There is significant population varia-
ion in the prevalence of cystinuria, ranging
rom 1:2,500 among Libyan Jews to 1:100,000
ersons in Sweden.2 In the United States,
ystinuria occurs in approximately 1:15,000
dults. These figures are likely an underestimate
f the true prevalence of cystinuria because

any genotypic cystinurics with incomplete
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182 A. Mattoo and D.S. Goldfarb
enetrance fail to develop a stone in their life-
ime and therefore escape detection. To under-
core this point, the Quebec neonatal screening
rogram reported persistent cystinuria in 562
ases per million infants screened, which is 7
imes higher than the number of clinically diag-
osed cystinurics in the adult population of
uebec.3

HENOTYPIC CLASSIFICATION

he original classification system of cystinuria
as based on phenotypic expression because it
as developed long before the genetic defects
f the disorder were identified. Three pheno-
ypic subtypes of cystinuria emerged that were
efined by the amount of urinary cystine excre-
ion of the patient’s parents (obligate heterozy-
otes for the dysfunctional genes).4 Patients
ith type I cystinuria, an autosomal-recessive
isorder, have I/N parents (N for normal allele)
ho both are silent carriers of the disease be-

ause they excrete cystine in the normal adult
ange (0-100 �moles of cystine per gram of
reatinine). In addition, type I patients show no
ncrease in plasma cystine levels after an oral
ystine load, suggesting intestinal uptake also is
efective.

Both parents (obligate heterozygotes) of pa-
ients of what was called type II and type III
ystinuria have markedly increased amounts of
rinary cystine excretion (�900 �moles of cys-
ine per gram of creatinine in type II parents,
00-900 �moles of cystine per gram of creati-
ine in type III parents, with some overlap
een). Unlike their type I/N counterparts, type
I/N parents will on rare occasion form cystine
tones given their increased levels of cystine
xcretion. They can therefore be considered to
ave an autosomal-dominant disorder, or one
hat is incompletely recessive. Intestinal cystine
ransport does occur in patients with these sub-
ypes, unlike in type I cystinurics, although at a
educed rate compared with normal controls.

As the identification of affected genes
merged, it became clear that the historical
lassification scheme lacked utility. Mutations
n only 2 genes, SLC3A1 and SLC7A9, have been
eld responsible for all 3 phenotypic subtypes
f cystinuria. To date, all mutations of SLC3A1

onfer a type I phenotype whereas mutations in p
LC7A9 can cause all 3 phenotypic subtypes.5

ello Strologo et al6 showed that 14% of de-
ective SLC7A9 homozygotes had parents
ith normal urinary cystine excretion. Under

he phenotypic classification scheme, these
atients would be classified as phenotypical
ype I. In an effort to incorporate what is now
nown about the culprit genes, Dello Strol-
go et al6 proposed a genotypic classification
cheme based on the gene affected by the mu-
ation. In this new classification system, type A
ystinuria is caused by mutations in both inher-
ted alleles of SLC3A1 and type B cystinuria is
he result of 2 mutations in the inherited alleles
f SLC7A9. Type A cystinurics have a recessive
isorder and therefore would correspond to
ype I cystinuria under the old classification
ystem. Type B would include types II (incom-
letely dominant) and III; in some cases a mu-
ation with mild consequences has even ac-
ounted for a type I phenotype in the
eterozygote parents. Occasionally investiga-
ors use a nomenclature that instead includes
ypes I and non–type I patients. The variables
hat account for the difference in cystine ex-
retion between heterozygotes and homozy-
otes with different mutations in SLC7A9 are
ot yet known. The A/B classification system
lso allows for the classification of cystinurics
ho have inherited one mutation in SLC3A1

rom one parent and one mutation in SLC7A9
rom the other parent. These patients would be
eferred to as type AB. Using this classification
ystem, the International Cystinuria Consor-
ium (ICC) has reported that type A (MIM
20100), type B (MIM 600918), and type AB
ccount for 38%, 47%, and 14% of cystinurics
n their registry, respectively.7

ENETICS

he first defective gene known to cause cystin-
ria was identified in 1994 by Calonge et al.8 By
sing linkage analysis, SLC3A1 was located on
he short arm of chromosome 2 (2p16.3-21).
LC3A1 encodes “related to b0,� amino acid
ransporter” (rBAT) and the mutation of this
ene exclusively manifests in the type A phe-
otype. The characteristics of the cystine trans-

orter include those of a transporter studied in
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Cystinuria 183
ouse blastocysts (b), which transport neutral
0) and dibasic (�) amino acid transport (de-
oted by the superscripts).

Normally, the SLC3A1 gene product is trans-
ated into a 685-amino acid heavy subunit of
he cystine transporter with 4 transmembrane
omains.9 To date, 103 SLC3A1-specific muta-
ions have been identified, including chromo-
omal rearrangements, deletions and inser-
ions, and missense, nonsense, and frameshift
utations.10 The most common mutation of

LC3A1 is M467T, which codes for amino
cid threonine instead of methionine at posi-
ion 467. This mutation accounts for 26.4% of
ystinuria cases worldwide.10 To emphasize the
opulation-specific nature of these mutations,
467T accounts for 40% of abnormal genes in
editerranean patients with cystinuria, whereas

his mutation is relatively rare in Quebec.11,12

After the discovery of SLC3A1, it was noted
hat non–type I patients with cystinuria pos-
essed wild-type sequences of the SLC3A1
ene. This implied that another gene product
ust be defective in type B patients with cystin-

ria. In 1999, the ICC, again using linkage anal-
sis, was able to identify a second cystinuria
ocus, SLC7A9, on the long arm of chromosome
9 (19q12-13).13 The normal SLC7A9 gene en-
odes b0,� AT, a 487-amino acid light subunit
f the cystine transporter with 12 membrane-
panning domains. More than 60 mutations of
LC7A9 have been identified to date.10 World-
ide, the most common mutation of SLC7A9 is
105R, a substitution of arginine for glycine at
osition 105. According to the ICC registry,
105R accounts for 27.4% of non–type I muta-

ions.10 As with SLC3A1, population variation is
onsiderable with SLC7A9 mutations. In Libyan
ews, the most common mutation is V170M,
ot G105R, in which a substitution of valine for
ethionine occurs at position 170.

ATHOPHYSIOLOGY

n normal individuals, greater than 99% of the
mino acids, including cystine, filtered by the glo-
erulus are reabsorbed by the end of the proxi-
al tubule. However, in cystinuria, the fractional

xcretion of cystine can increase to greater than

00% of the filtered load, implying some tubular t
ystine secretion. Dent et al14 and Palacin et al15

ere the first to hypothesize that cystinuria was
he result of a defective amino acid transport
ystem. Subsequently, 2 transport systems ap-
ear to be responsible for cystine reabsorption
Fig. 1).2,15,16 The high-affinity–low-capacity sys-
em mediates the uptake of cystine, as well as
he dibasic amino acids, and is found almost
xclusively in the apical membrane of the third
egment (S3) of the proximal tubule. Approxi-
ately 10% of the filtered cystine is reabsorbed

hrough this transporter. The S3 location of
he high-affinity–low-capacity system coincides
ith the location of the majority of the gene
roduct of SLC3A1, the rBAT protein.
The bulk of cystine reabsorption, about 90%

f the filtered load, occurs in the S1 and S2
egments of the proximal tubule through a low-
ffinity–high-capacity transport system.17 The
0,�AT protein, encoded by SLC7A9, is found in
ll 3 segments of the proximal tubule with a
radient of expression highest in S1 where the
ow-affinity–high-capacity transporter resides
o lesser amounts in S2 and then S3 segments.
iven the relatively proximal location of b0,�AT
xpression, some investigators in the past had
mplied its possible role in low-affinity–high-
apacity transport; however, it has been shown
hat b0,�AT associates exclusively with rBAT.
heir coexpression results in high-affinity cys-

ine reabsorption as in the S3 segment of the
roximal tubule.16,18 Thus far, the low-affinity–
igh-capacity system has yet to be character-

zed and its identity remains unknown. Of note,
BAT does not exclusively form heterodimers
ith b0,�AT, a fact that is suggestive of the

xistence of a yet unidentified light subunit that
inds to rBAT. The creation of SCL7A9 knock-
ut mice may help further elucidate the roles of
oth gene products in the high- and low-affinity
ransport systems.19

The relationship between transport system
nd gene product may shed some light on the
henotypic expression seen in some heterozy-
otes.15 SLC3A1 heterozygotes (type I/N or
/N), with loss of half the complement of nor-
al rBAT, have a defect in the high-affinity–low-

apacity system, which means they still are able

o reabsorb 90% of the filtered cystine load by
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184 A. Mattoo and D.S. Goldfarb
he more proximal low-affinity–high-capacity
ystem and as a result can stay in the normal
ange of cystine excretion. Conversely, defects
n SLC7A9 gene product affect the high-affinity–
ow-capacity and possibly the low-affinity–high-
apacity systems. These heterozygotes (B/N),
ith the loss of half the normal complement of

0,�AT, lose their ability to reabsorb filtered
ystine throughout the tubular lumen. Their
xcretion of cystine is much higher than A/N
eterozygotes and usually is above the normal
ange of cystine excretion. Some of these het-
rozygotes rarely may have stones, constituting
dominant, or incompletely recessive, pheno-

ype.
These descriptions correlate well with obser-

ations in the corresponding knockout mouse
odels. Animals heterozygote for mutation in

LC7A9 have abnormal urine cystine excretion
ut do not have cystine stones, whereas het-
rozygotes for mutations in SLC3A1 do not have

igure 1. Proposed cystine transport systems. The hig
egment of the renal proximal tubule whereas the lo
egments. The SLC7A9 gene product b0,�AT is expresse
xpression in the S1 and S2 segments. Its expression in t
LC3A1 gene product rBAT is expressed almost exclusive
hat tubular cell coexpression of rBAT and b0,�AT results i
f expression of the 2 gene products is suggestive of i
ttention has been called to the possibility that rBAT bin

s not coexpressed exclusively with b0,�AT. However, no
ausing cystinuria so it is possible that rBAT simply is over
ight component. G, glomerulus; X, unidentified light su
ncreases in urinary cystine excretion.20,21 e
RANSCELLULAR CYSTINE TRANSPORT

he transport of cystine and dibasic amino ac-
ds occurs across the apical membrane of the
roximal renal tubule cell in a sodium-indepen-
ent manner unlike other amino acids and sol-
tes such as glucose (Fig. 2). Sodium-dependent
eutral amino acid transporters present at the
pical and basolateral membranes maintain a
embrane potential that favors the transport of

ystine and the dibasic amino acids into the
ell. Intracellular cystine is reduced to 2 mole-
ules of cysteine that then exit the cell across
he basolateral membrane. The metabolism of
ystine within the tubular cell helps to maintain
favorable concentration gradient across the

pical membrane.
The cystine transporter is a heterodimer

omposed of 2 subunits linked by a disulfide
ridge.22 The heavy subunit rBAT is the glyco-
ylated protein produced by the SLC3A1 gene
equence whereas the light subunit b0,�AT is

ity–low-capacity system is localized primarily to the S3
ity–high-capacity system is found in the S1 and S2

l 3 segments of the proximal tubule, with predominant
cal membrane occurs only where rBAT is expressed. The
e S3 segment of the proximal tubule. It has been shown
-affinity cystine transport. However, the inverse gradient
ndent roles as well that have yet to be characterized.
an as yet unidentified light component, given that rBAT
other than SLC3A1 and SLC7A9 has been identified as
sed in S3 and not heterodimerizing with an unidentified
. Data from Palacin et al15 and Fernandez et al.16
h-affin
w-affin
d in al
he api
ly in th
n high
ndepe
ds to
gene

expres
ncoded by SLC7A9. Although the heterodimer
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Cystinuria 185
s the functional unit, in vivo the heterodimers
ligomerize into functioning tetramers.23 Other
mino acid transporters are constructed simi-
arly with SLC3- and SLC7-family components,
onstituting the class of heteromeric amino
cid transporters (HATS). The SLC7A9 gene
roduct b0,�AT has been proposed to be the
atalytic (ie, transporting) subunit. It confers
pecificity as to which amino acids the protein
ransports. The heterodimer mediates the elec-
rogenic uptake of cystine and dibasic amino
cids in exchange for efflux of neutral amino
cids in a stoichiometry of 1:1.24 The role of
BAT in cystine transport has been elucidated
y Palacin et al,15 who reported that rBAT is
equired to bring b0,�AT to the apical cell mem-
rane. In the absence of b0,�AT, rBAT remains
onfined to the endoplasmic reticulum after its
ynthesis and is not glycosylated properly.13

econstitution of b0,� AT in liposomes show
hat it is a functional cystine transporter in the
bsence of rBAT. rBAT may have a modulatory

igure 2. Normal cystine and dibasic amino acid transp
ltered across the glomerular capillary membrane into
pical membrane of the S3 segment of the proximal tub
hat is affected in cystinuria. The transporter is a heterod
rBAT, the heavy component) and SLC7A9 (b0,�AT, th
ransporters on the luminal and basolateral sides of the
ibasic amino acid transport into the cell from the pr
eabsorption is accompanied by an efflux of neutral amin
ell, cystine is reduced to 2 molecules of cysteine, which
ole on b0,� AT activity. t
The trafficking function of rBAT may explain
he phenotypic presentation of heterozygotes.
/N, heterozygotes, have normal catalytic sub-
nits while having a reduced number of chaper-
ne subunits. However, overexpression of rBAT

n comparison with b0,� AT implies that these
eterozygotes may have normal functioning cys-
ine transporters at the apical membrane.10 On
he other hand, B/N heterozygotes have function-
ng chaperone subunits but defective catalytic
ubunits. Although the transporters are reaching
he apical membrane, half of them are not able to
eabsorb cystine effectively, thereby increasing
he amount of cystine excreted.

The gastrointestinal implications of impaired
bsorption fail to manifest themselves clinically
ecause serum cystine levels are comparable
ith normal people. Adequate cystine absorp-

ion is maintained by the ability of the small
ntestine to absorb oligopeptides containing
ystine. The metabolism of methionine to cys-
ine also helps to maintain normal plasma cys-

the S3 segment of the proximal tubule. After cystine is
men of the proximal tubule it is reabsorbed across the
his transport is mediated by the amino acid transporter
omposed of 2 subunits, the protein products of SLC3A1
t component). Sodium-dependent neutral amino acid

aintain a membrane potential that favors cystine and
l tubule (not shown). Cystine and dibasic amino acid
s with a stoichiometry of 1:1. Inside the proximal tubule
across the basolateral membrane.
ort in
the lu
ule. T

imer c
e ligh
cell m

oxima
o acid
ine availability.
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186 A. Mattoo and D.S. Goldfarb
LINICAL MANIFESTATIONS

lthough cystine stones account for 1% of all
enal calculi, cystinuria is notable for the fre-
uency of recurrence and the large size of the
tones. In the pediatric population, cystine
tones account for 6% to 10% of all cases
f nephrolithiasis.25 Furthermore, it has been
hown that 50% of type A patients with cystin-
ria will form a stone in the first decade of life
nd another 25% form stones in their teenage
ears.26 Differences in the heterogeneity of
ge of onset of stones have not been explained.
he risk of stone formation is high in the pedi-
tric age group with 82.9% of symptomatic pa-
ients experiencing a stone in the first 2 de-
ades of life.6 Poorly managed patients have a
isk of forming one new stone per patient-year
nd requiring one urologic procedure every 3
ears.27 Dello Strologo et al6 showed that stone
ecurrence has a predilection for males, with
ne new stone occurring every 3 years versus
emales who experience stone formation every
years. Sex did not play a role, however, in the

ge of onset according to this study. To further
isk stratify, Dello Strologo et al6 showed that
he rate of recurrent stone formation was the
ame in type A and B cystinuria. A lower inci-
ence of stone formation has been shown only

n type AB cystinurics compared with types A
nd B.24

The only clinically significant manifestations
f cystinuria are related to stone formation.
tones may present with nausea, flank pain,
ematuria, and recurrent urinary tract infec-
ions. In rare but extreme circumstances,
ystinuria can progress to acute or chronic re-
al failure requiring dialysis. In one study, as
any as 17% of patients with cystinuria had

vidence of a decreased glomerular filtration
ate.6 Compared with a calcium oxalate stone-
orming cohort, cystinurics were almost 5 times
s likely to have undergone a nephrectomy.28

Cystine crystals have a classic flat hexagonal
ppearance in urine specimens of patients with
ystinuria (see the article by Asplin in this issue,
. 99). The presence or absence of crystalluria
nd the volume of cystine crystals correlate
ith stone activity and predict stone recur-

ence.29 The stones formed are usually pale

ellow in color with a waxy texture (Fig. 3). a
ystine stones frequently coalesce to form large
ranching staghorn calculi. Renal tissue has
een obtained from patients who have under-
one urologic interventions to remove stones.30

hese biopsies reveal that the ducts of Bellini
re plugged with cystine crystals. The ductal
ining often is denuded with inflammatory and
brotic changes of the surrounding intersti-
ium. Many intermedullary collecting ducts are
ilated with intraluminal hydroxyapatite (cal-
ium phosphate) crystals. The specific patho-
hysiologic role of these apatite components is
ncertain. Over time, the cycle of inflammation
nd fibrosis can lead to nephron dysfunction
nd chronic kidney disease as evidenced by an
ncreased serum creatinine concentration in
.8% of patients with cystinuria.28

IAGNOSIS

ll patients with an episode of nephrolithiasis
efore the age of 30 or a strong family history of
ecurrent nephrolithiasis should be screened
or cystinuria. Urinalysis, the initial test of
hoice, may reveal the presence of the patho-
nomonic hexagonal cystine crystals, seen in
5% of pediatric patients with cystinuria.31 A
apid qualitative screening test with sodium cy-
nide-nitroprusside is used commonly to diag-
ose cystinuria. Cyanide reduces cystine to cys-
eine, which then binds nitroprusside causing a
eddish/purplish color change. Sodium cya-
ide-nitroprusside can detect cystine levels of
5 mg/L or greater, with a sensitivity of 72%

igure 3. Cystine stones. The hollow, cylindric struc-
ure at upper left was voided spontaneously by a patient
4 hours after the removal of a ureteral stent.
nd a specificity of 95%.32 False positives have
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Cystinuria 187
een seen in patients with Fanconi syndrome,
omocystinuria, and acetonuria, or patients tak-

ng sulfa drugs, ampicillin, or N-acetylcysteine.
his test also may detect children who are het-
rozygotes for SLC7A9. In the first 1 to 2 years
f life, the renal tubules continue to mature and
ystine transport is suboptimal, so these chil-
ren may excrete cystine at the homozygote

evel.33 Therefore, it is preferred that the test be
erformed at 2 years of age or older, when
eterozygotes excrete cystine at levels compa-
able with their adult counterparts. A 24-hour
rine collection often is required to confirm the
iagnosis. The normal rate of cystine excretion is
0 mg/d. Homozygotes usually excrete more than
00 mg/d of cystine; heterozygotes excrete either
ormal amounts (A/N) or abnormal, if intermedi-
te, amounts (B/N).

Imaging can be used to visualize cystine
tones, although it is more helpful in guiding
reatment than diagnosing the disorder. On
lain films, cystine stones are radiopaque, if
ariably so, because of the density provided by
heir disulfide bond; however, they often are
ess dense than calcium stones. Helical com-
uted tomography (CT) is more sensitive and
ay be the test of choice in patients with high

tone burdens because it is difficult to delineate
ultiple stones on plain films. Renal ultrasound

s another effective imaging modality. Although
ess sensitive than CT, renal ultrasound has the
enefits of lower cost and avoidance of re-
eated radiation exposure.

REATMENT

here have been few advances in the manage-
ent of cystinuria over the past 15 years. Stone
revention is accomplished using methods
imed at reducing the absolute amount of cys-
ine excreted in the urine and maintaining the
arge amount of excreted cystine in a soluble
tate. Typically, the initial medical management
nvolves increasing oral fluid intake to decrease
rine cystine concentration to less than 250
g/L (about 1 mmol/L), with at least 3 L/d of

rine output. This requires oral intake of more
han 3 to 4 L/d. Cystine concentrations greater
han 250 mg/L increase the risk of stone forma-
ion as the saturation point of urine is ap-

roached. One study showed that hyperdiure- t
is could reduce the formation of stones in two
hirds of patients with cystinuria.14 Maintaining
igh flow rates through all 24 hours each day
hould be emphasized. This includes consum-
ng large fluid volumes at bedtime to decrease
octurnal aggregation of crystals.

The pH of urine also will alter the absolute
evel of saturation with increasing cystine solu-
ility as pH increases. However, until urinary
H is 7.0 or greater, the effect of pH on solu-
ility is minimal.34 Dent et al14 showed that the
olubility of cystine in urine is approximately
50 mg/L up to a pH level of 7.0, but solubility
f cystine increases to 500 mg/L or more with a
H level of 7.5 or greater. Therefore, another
pproach of medical management is to increase
ystine solubility through urinary alkalinization
sing supplementation with an oral base.23 Po-
assium citrate, sodium citrate, and sodium bi-
arbonate are used commonly. Citrate is an
rganic anion and its metabolism by the liver
onsumes protons and generates bicarbonate.
his results in an overall reduction in renal
roton excretion and bicarbonaturia that effec-
ively alkalinizes the urine. The potassium salt
ormulation is preferred to sodium salts be-
ause sodium restriction reduces the amount of
ystine excreted in the urine.35,36 Although the
ransport mechanism by which this occurs is
nclear, higher sodium intake correlates with
igher cystine excretion so that sodium restric-
ion is advised.37,38

A reduction in dietary consumption of cys-
ine and methionine (the amino acid precursor
or cystine) by limiting animal protein products
as been recommended in an effort to reduce
he total cystine load filtered and excreted by
he nephron. Restriction of animal protein in-
ake does reduce cystine excretion acutely.39

igher urinary urea nitrogen excretion, a sur-
ogate of animal protein ingestion, correlates
ith higher cystine excretion.38 However, even

f all dietary amino acid intake is eliminated,
ystine is produced endogenously through nor-
al metabolic activity. Therefore, there is al-
ays some baseline glomerular filtration of

ystine presenting to the proximal tubule for
eabsorption. The restriction of animal protein,
he major dietary source of protons, also serves

o decrease renal proton excretion, increasing
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rine pH or reducing the need for exogenous
ase intake. Furthermore, a reduction in animal
rotein consumption often is accompanied by
n increase in fruit and vegetable ingestion,
hich are high in potential base in the form of
rganic anions. This too will lead to the alkalin-

zation of urine by reducing renal proton excre-
ion and increasing bicarbonaturia. Despite an-
mal protein restriction being associated with
igher urine pH and lower cystine excretion,
he efficacy of dietary protein restriction to pre-
ent stone recurrence has never been shown in
randomized controlled trial.

YSTINE BINDING THIOL DRUGS

f patients are refractory to the medical manage-
ent mentioned thus far (hydration, alkaliniza-

ion, and dietary sodium and animal protein
estriction), thiol-containing agents can be
sed. The 2 agents commonly used are d-
enicillamine and �-mercaptopropionylgly-
ine (�-MPG), also known as tiopronin. These
rugs work by reducing the disulfide bond in
ystine, yielding 2 molecules of cysteine. The
hiol group of the drug combines with cysteine
o form a soluble cysteine-drug product (Fig. 4).

igure 4. Chemical structures of cystine, cysteine, cys-
ine-binding thiol agents, and a thiol-cysteine complex.
he 2 thiol (-SH) containing drugs used for the treat-
ent of cystinuria are penicillamine and �-MPG or tio-

ronin. Both agents reduce cystine’s disulfide bond, cre-
ting the more soluble cysteine-drug complex. Only the
enicillamine-cysteine complex is shown here.
he cysteine-penicillamine complex is up to m
0 times more soluble than cystine.40 Side ef-
ects, similar for both agents, limit their use.
he reported adverse reactions include allergy,
ausea, vomiting, fever, rash, diarrhea, arthral-
ias, leukopenia, thrombocytopenia, protein-
ria (secondary to membranous nephropathy),
nd systemic lupus erythematosus–like syn-
romes. Penicillamine has been shown to be
omewhat more culpable, which is why �-MPG
s the more commonly used agent. In one study,
iscontinuation of therapy secondary to ad-
erse reactions was as high as 69.4% in the
enicillamine group versus 30.6% in the �-MPG
roup.41 Captopril, an angiotensin-converting
nzyme inhibitor, contains a thiol group that
as been shown to increase cystine solubility in
itro. However, studies of efficacy in patients
ith cystinuria with captopril have been equiv-
cal and variable.42,43 Captopril excretion in the
rine may not be adequate to cause meaningful
hanges in cystine supersaturation.38 It may,
owever, given its potential effect, constitute a
referred agent for the management of hyper-
ension in cystinuria.

D-penicillamine use in the SLC7A9 knockout
ouse is associated with a significant reduction

n cystine excretion and stone mass measured
y radiograph densitometry of kidneys.19 This
nimal model may serve as an important means
f evaluating the efficacy of drug therapy for
he treatment of cystinuria.

Many artifacts in measuring cystine excretion
ave prevented the measurement of cystine ex-
retion per se from being clinically useful. More
cidic urine leads to cystine precipitation and
ailure to accurately measure the excreted
mino acid. One way to circumvent this prob-
em is to be sure to alkalinize the collected
rine adequately after voiding to ensure mea-
urement of all excreted cystine.44 Another
roblem is that most assays fail to distinguish
etween cystine and cysteine-drug complex
hen thiol drugs are used. The use of a solid-
hase assay for cystine supersaturation can dis-
inguish effectively between cystine and the
ysteine-drug complex to guide treatment
hoice and drug dosing more effectively.38,45

ystine supersaturation decreases as expected
n the presence of thiol drugs.46 Such measure-
ents may represent an important improve-
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Cystinuria 189
ent in care because the technique has be-
ome commercially available recently, although
t has not been shown prospectively to better
orrelate with stone activity than more conven-
ional tests yet.

Overall, using aggressive medical manage-
ent, including hyperdiuresis, oral alkalinizing

gents, and cystine-reducing thiol agents, Bar-
ey et al27 were able to decrease the incidence
f stone formation by 78% and reduce the need
or urologic procedures by 52% for patients
ith cystinuria enrolled in this study. How-

ver, complying with medical management
ecommendations can be difficult. Pietrow et
l47 showed that only 15% of medically man-
ged patients were able to maintain therapeutic
uccess as defined by urine cystine concentra-
ions of less than 300 mg/L.

Decisions regarding surgical intervention
argely are dependent on the size and location
f a stone in the urinary tract, regardless of
omposition. Stones that are larger than 5 mm
pontaneously pass in less than 50% of cases
nd staghorn caliculi will not pass without uro-
ogic intervention. Extracorporeal shockwave
ithotripsy (ESWL), popular and widespread in
he treatment of calcium stones, has been effec-
ive for some cystine stones less than 1.5 cm in
iameter.48,49 However, many cystine stones,
ecause of their homogeneous molecular struc-
ure, are denser and less easy to fragment by
SWL and should be treated with ureteros-
opy or percutaneous nephrostolithotomy.50

atients’ prior experience with ESWL should
uide selection of urologic modality. For cys-
ine stones larger than 1 cm in diameter that
ave failed ESWL and retrograde uteroscopy,
ercutaneous nephrostolithotomy is the stan-
ard of care. Some investigators have distin-
uished between rough and smooth cystine
tones, suggesting that the former may be more
usceptible to fragmentation with ESWL.51 If a
ough versus a smooth texture can be distin-
uished reliably by helical CT scanning, the
hoice of urologic intervention may be made
ore rationally in the future.

ONCLUSIONS

s techniques in molecular genetics and biol-

gy evolve, so does our understanding of this
ascinating subset of nephrolithiasis. Cystine
tones have been described for nearly 200
ears, but it is only in the past decade that we
ave begun to understand the genetic muta-
ions and transport defects involved. Our un-
erstanding is not complete, however, because
esearchers have not been able to identify cul-
rit gene mutations in some patients. This sug-
ests that there are mutations in unidentified
enes coding for cystine transport systems or
or inhibitors or promoters of cystine crystalli-
ation. Interestingly, even with better descrip-
ions of the pathophysiology of cystinuria, new
reatment options have not emerged. Medical
nd surgical management have been largely un-
hanged over the past decade. Hydration and
lkalinization followed by thiol-reducing agents
re the mainstays of preventative care. With the
dentification of the responsible genes, how-
ver, targeted gene delivery to renal tubule cells
akes gene therapy a promising alternative
anagement strategy in the future.
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