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Two siblings (brother and sister) with renal tubular hypokale-
mic alkalosis underwent clinical, biochemical and molecular
investigations. Although the biochemical findings were similar
(including hypokalemia, metabolic alkalosis, hyperreninemia,
hyperaldosteronism and normal blood pressure), the clinical
findings were different: the boy, who also presented syndromic
signs, developed glomerular proteinuria and renal biopsy re-
vealed focal segmental glomerular sclerosis; the girl showed the
typical signs of classic Bartter syndrome. As described in a
previous paper, a heterozygous mutation (frameshift 2534delT)
was demonstrated in the gene encoding the thiazide-sensitive
NaCl co-transporter (SLC12A3) of the distal convoluted tubule;
the second molecular analysis revealed a compound heterozy-
gous mutation (A61D/V149E) in the CLCNKB chloride channel
gene in both subjects, inherited in trans from the parents. The

children were finally diagnosed as having classic Bartter syn-
drome. These cases represent the first report of the simultaneous
presence of heterozygous and compound heterozygous mutations
in the SLC12A3 and CLCNKB genes, both of which are in-
volved in renal salt losing tubulopathies, and confirm previous
observations regarding classic Bartter syndrome phenotype vari-
ability in the same kindred. (Pediatr Res 58: 1269–1273, 2005)

Abbreviations
cBS, classic Bartter syndrome
CLCNKB gene, chloride channel ClC-Kb gene
FSGS, focal segmental glomerular sclerosis
GS, Gitelman syndrome
SLC12A3 gene, thiazide-sensitive Na-Cl co-transporter gene
SSCP, single strand conformation polymorphism

Bartter syndromes are inherited disorders characterized by
hypokalemia, metabolic alkalosis, hyperreninemic-hyperaldo-
steronism and renal salt wasting in the presence of normal
blood pressure that have at least three different phenotypes: a)
antenatal Bartter syndrome (aBS) [OMIM 241200 and 601678]
that is characterized by polyhydramnios, premature delivery, a
failure to thrive, hypercalciuria and nephrocalcinosis (1), and
may be caused by genetic variants in the genes encoding the
luminal Na-K-2Cl co-transporter (2) and the ROMK potassium
channel (3); b) the Bartter syndrome associated with sensori-
neural deafness [OMIM 602522] (4), in which the defects
reside in the BSND gene (5); and c) classic Bartter syndrome
(cBS) [OMIM 607364] which usually onsets in the first year of
life.

The main findings in cBS are a failure to thrive and marked
salt wasting, and there may be nephrocalcinosis and hypercal-
ciuria (6). The causative mutations are located in the CLCNKB
gene encoding the basolateral chloride channel (ClC-Kb) (6,7),
which is located in the thick ascending limb of Henle’s loop
(TAL) and the distal tubule (DCT) (7). The characteristics of
cBS are similar to those observed during combined thiazide
and furosemide treatments (8).

Gitelman syndrome (GS) [OMIM 263800] is a different
form of inherited hypokalemic metabolic alkalosis that usually
onsets during childhood but may also emerge in adult life (9).
It is characterized by hypomagnesemia and hypocalciuria,
muscle weakness and tetanic crises, and its phenotype is due to
mutations in the gene encoding the thiazide-sensitive NaCl
co-transporter (SLC12A3) expressed in the DCT (10,11). Un-
like cBS, GS resembles the effect of long-term thiazide admin-
istration alone (8).

The overlapping biochemical and clinical features of cBS
and aBS, and those of cBS and GS, were first described by

Received January 19, 2005; accepted June 8, 2005.
Correspondence: Alberto Bettinelli, M.D., Department of Pediatrics, Ospedale San

Leopoldo Mandic Hospital, Largo Mandic 1, 23807 Merate LC, Italy; email: abettinelli@
ospedale.Lecco.it

DOI: 10.1203/01.pdr.0000185267.95466.41

0031-3998/05/5806-1269
PEDIATRIC RESEARCH Vol. 58, No. 6, 2005
Copyright © 2005 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

1269



Konrad (6) and Peters (12). Jeck subsequently reported three
unrelated patients with CLCNKB gene mutations and a phe-
notype transition from cBS to GS (13), and Zelikovic demon-
strated the simultaneous presence of both cBS and GS pheno-
types in a wide sibship carrying the same CLCNKB mutation
(14). However, the simultaneous presence of SLC12A3 and
CLCNKB gene mutations has never been reported.

We here describe the case of two siblings (brother and sister)
whose first symptoms appeared in infancy and childhood. The
boy had initially been diagnosed as having GS and the muta-
tion analysis performed at the time identified a single frame-
shift mutation in the SLC12A3 gene (15); clinical evidence of
the cBS phenotype was subsequently found in his younger
sister, who also carried the isolated GS mutation. We therefore
investigated the CLCNKB gene by means of direct DNA
sequencing, and identified two previously undetected variants
in both children.

METHODS

Subjects. The study was approved by our local Ethics Committee, and
written informed consent was obtained from the parents of the patients.

The two siblings studied, brother and sister, were 19 and 6 y old, respec-
tively, at the last clinical control. The first 13.2 y of follow-up of the brother
have been previously described (15). In brief, he had been diagnosed as having
a renal tubular disease characterized by hypokalemia, metabolic alkalosis,
hyperaldosteronism, hyperreninemia and normal blood pressure. Calciuria was
in the normal range for his age, as were serum magnesium levels in more than
half of the determinations. No proteinuria was detected. In his first years of life,
he had speech problems, an uncertain gait and difficulty in making finger
movements. His karyotype was normal (46, XY) and a search for a fragile X
chromosome was negative.

He started receiving indomethacin (2 mg � Kg�1 � d�1) when he was 6.3 y
old. Further investigations revealed growth hormone deficiency, delayed va-
sopressin secretion and empty sella, and he was treated with recombinant
growth hormone until the age of 7.2 y. Proteinuria (1.5 g � d�1) was detected
when he was aged 10 y, and indomethacin was replaced by enalapril (0.5
mg � Kg�1 � d�1).

Molecular variants in the aBS- (SLC12A1 and KCNJ1), CLCNKB and
SLC12A3 genes had been sought by means of single-strand conformation
polymorphism (SSCP) analysis: no mutations were found in the first three, but
a single novel heterozygous mutation (a 1-bp deletion) was identified at
position 2534 in exon 21 of the SLC12A3 gene. Although only a single
mutation had been detected, it was considered pathogenetic and led to the
diagnosis of GS (15).

During the first three months after the introduction of enalapril (when he
was 13.4 y), his proteinuria declined, but subsequently increased to a maxi-
mum of 2.14 g � d�1.

When the boy was 15 y old, he underwent a renal biopsy and the specimen
was examined by means of light, immunofluorescence and electron micros-
copy. The treatment with enalapril was continued, and there was a progressive
reduction in proteinuria.

At his last clinical evaluation (when he was 19 y old), plasma potassium
was 3.5 mM, associated with high plasma renin levels (�320 pg/mL) and
normal values of aldosterone (129 pg/mL). Proteinuria was 0.26 g � d�1.
Plasma creatinine was in the normal range (0.84 mg%).

The female was born at term after an uncomplicated pregnancy with a birth
weight of 3,950 g. During the pregnancy, a DNA evaluation of coriali villi
showed that the fetus had inherited the same unique variant on the SLC12A3
gene as her brother, but the parents decided to continue the pregnancy.

At the age of two months, she presented weight deficiency (�3rd percen-
tile). The main biochemical data were: plasma potassium 2.5 mM, chloride 90
mM and sodium 134 mM; plasma magnesium was normal (0.8 mM), and
bicarbonate was high (�30 mM). Azotemia (54 mg%) was at the upper normal
limit, and plasma creatinine was 0.5 mg%. These data were subsequently
confirmed. Hyperreninemia (259 pg/mL versus reference values of �33
pg/mL) and hyperaldosteronism (436 pg/mL versus reference values of �300
pg/mL) were associated with normal blood pressure (80/50 mm Hg). Urinary
calcium excretion was normal for her age (a molar urinary calcium/creatinine
ratio of 0.53), as was the level of plasma magnesium (0.92 mM).

During her first years of life, she was treated with oral KCl and NaCl
supplements alone, but indomethacin (2–2.5 mg � Kg�1 � d�1) was introduced
because of growth delay.

At her last clinical examination (when she was six years old), her weight
was 16.3 kg (8th percentile) and her height was 107 cm (15th percentile); during
indomethacin treatment, her plasma potassium was 3.1 mM, associated with
persistently high plasma aldosterone (584 pg/mL) and renin levels (165
pg/mL). No proteinuria was detected. During the follow-up period, plasma
magnesium was low in 3/10 determinations; hypocalciuria was also present in
half of the determinations as the girl was treated with indomethacin.

Protocol. As the girl’s phenotype was more typical of cBS than GS, she, her
parents, and then her brother underwent molecular evaluation by means of
direct CLCNKB gene sequencing.

Genomic DNA was extracted from peripheral blood cells using standard
methods. All of the coding sequences of the CLCNKB and the SLC12A3 genes
and their intron-exon boundaries were amplified by means of polymerase chain
reaction (PCR) using a primer set and conditions based on the data of Simon
(7) and Mastroianni (11), except for exon 1 of the CLCNKB gene (based on
Konrad) (6). The PCR product was used as the template in a cycle sequencing
reaction to obtain the forward and reverse strands of the amplified products,
and single filaments were sequenced on an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystem).

RESULTS

Renal biopsy of the male sibling. Light microscopy showed
eleven glomeruli with an enlarged mesangial matrix and no
signs of proliferation. Two glomeruli showed focal segmental
sclerosis characterized by cellular lesions such as collapse of
the glomerular capillaries and adesions of the glomerular tuft
with swollen and vacuolated podocytes (Fig. 1).

Hyperplasia of the juxtaglomerular apparatus was also ob-
served. The interstitium, tubules and vessels were unremark-
able.

Immunofluorescence revealed mild staining for mesangial
C1q.
Molecular genetics. Due to the lack of a second mutation in

the SLC12A3 gene, we analyzed the CLCNKB gene by means
of direct DNA sequencing, and a compound heterozygous
A61D/V149E mutation was observed in both patients: the
alanine residue replaced by an aspartic acid in A61D
(216C�A) (Fig. 2), and the valine by glutamic acid in V149E
(480T�A). These heterozygous missense mutations were in-
herited in trans from the parents: the mother presented both the

Figure 1. Light microscopy image showing a glomerulus with early stage of
focal segmental sclerosis (31) (magnification 40� - Masson’s trichrome stain).
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A61D in the CLCNKB gene and the 2534delT in the SLC12A3
gene. None of the three detected variants was observed in 100
chromosomes in the Italian population. The heterozygous
R904Q variant and three common heterozygous polymor-
phisms – S628S, IVS24(�17) and IVS25(�13) – were de-
tected in the SLC12A3 gene in both siblings and the father, but
not in the mother, thus demonstrating the same paternal allele
inheritance of both children (Fig. 3).

DISCUSSION

This is the first description of the simultaneous presence of
SLC12A3 and CLCNKB gene mutations. The 2534delT
frameshift mutation in the SLC12A3 gene [erroneously named
in our previous report (15)] introduces a stop codon at amino
acid 865, and generates a truncated protein that lacks the
carboxy-terminus with its four potential phosphorylation sites
in the intracytoplasmatic region. This heterozygous pathogenic
mutation was found in both children and the mother. The
R904Q variant detected on the SLC12A3 gene in both children

was inherited from their father. We have found this variant in
9% of the Italian control population (16) and, as also reported
by others (17), it does not seem to be involved in GS. However,
it is worth mentioning that, in the latter study, homozygous
R904Q was more frequent in hypertensive patients than nor-
motensive subjects. Another study of diabetic patients found
that R904Q is a protective factor against the development of
nephropathy (18), but its role in the context of our patients (if
any) is not clear.

The presence of a heterozygous mutation is obviously in-
sufficient for a final diagnosis of a recessively inherited disease.
The fact that the second mutation in the SLC12A3 gene could
not be identified at the first molecular analysis, was explained
by the lack of sensitivity of the mutation detection system, the
SSCP analysis, or the potential localization of mutational
events in the extra-exon sequences that were not studied. The
decision to concentrate on the CLCNKB gene was crucially
due to the fact that the girl presented with the cBS phenotype.
The compound heterozygous A61D/V149E mutation was sub-
sequently detected in the CLCNKB gene in the siblings, and its
parental origin was confirmed. Alanine 61 and valine 149 are
highly conserved amino acids in the ClC chloride channels
among the species, which indicates their essential role for the
functional expression of the ClC-Kb channel (19).

We hypothesize that some of the observed abnormalities in
the two patients may be due to the characteristic pattern of
ClC-Kb expression. Expressed in both TAL and DCT, ClC-Kb
may partially explain the overlapping biochemical abnormali-
ties of GS and cBS, such as hypomagnesemia and hypocalci-
uria. Reinalter et al. (8) explained the clinical and pathophys-
iology findings in patients with mutations in the CLC-Kb
chloride channel in terms of the combination of the pharma-
coprofiles of thiazides (typical of GS) and the loop diuretic
furosemide. Our patients presented some plasma magnesium
values below the reference limits, although hypomagnesemia is
usually present in almost all GS patients. We have no further
explanation for the pathogenesis of hypomagnesemia in cBS,
or the role played by the combined defects in two specific
transport proteins (ClC-Kb and NCCT) in our patients’ elec-
trolyte and mineral abnormalities. Furthermore, no cell study
of mutation expression was performed.

Many authors have reported connections between cBS and
GS: Konrad (6) observed overlapping phenotypes in patients
with SLC12A3 or CLCNKB gene mutations, and Jeck (13)
described three unrelated patients with a mixed Bartter-
Gitelman phenotype whose genetic variants resided in the
CLCNKB gene. Recently, Schlingmann (20) has reported a
case with mutations in two genes involved in renal salt trans-
port: a child with renal salt losing tubulopathy and deafness did
not show defects on the Barttin gene, but had homozygous
mutations on both the ClC-Ka and -Kb chloride channels.
Fukuyama et al. (21) hypothesized that GS and BS patients
frequently show mutations in more than one of the involved
transporter genes but, in our view, the patients described in
their paper must be considered as polymorphism carriers as
Jeck et al. (22) subsequently demonstrated that three of the
four amino acid variants were common sequence variations
without any functional effect in an expression system study.

Figure 2. Partial sequence of exon 2 of the CLCNKB gene showing the wild
type (left) and the A61D mutation (right).

Figure 3. Pedigree with schematic representation of the CLCNKB and
SLC12A3 haplotype inheritance in the parents and their sibship. ●, f Male
and female afflicted with Bartter III syndrome and heterozygotes for SLC12A3
mutation. Heterozygote for CLCNKB and SLC12A3 mutations. m Hetero-
zygote for CLCNKB mutation.
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Furthermore, the fourth variant (V524I) was identified in a case
of ours: the mother of a cBS patient with a homozygous
deletion of the entire CLCNKB gene carried the heterozygous
deletion on her first allele and the V524I variant on the second,
without presenting any biochemical or clinical abnormalities
(data not shown). Finally, Zelikovic (14) reported a large
bedouin pedigree with a common homozygous missense mu-
tation in the CLCNKB gene and the concomitant presence in
the kindred of Gitelman and classic Bartter phenotypes. Like
Zelikovic, who could not find a reason for the phenotypic
variability among his twelve patients, we can only formulate
some hypotheses: the basolateral chloride secretion impaired
by CLCNKB gene mutations could functionally cooperate with
and/or be compensated for by alternative routes of chloride
efflux, such as the passive chloride diffusion mediated by the
CLCNKA gene, the K-Cl co-transporter, the cystic fibrosis
transmembrane regulator (CFTR) and/or the ClC-5 voltage-
gated chloride channel. In addition to all of these alternative
cellular mechanisms, genotype diversity might also play a role:
the different phenotypes observed in renal tubulopathies may
be caused by interactions with still unknown modifier genes, as
is seen in other diseases in which genotype-phenotype corre-
lations do not fully explain the individual clinical presentation
(i.e., cystic fibrosis).

At least for the first years of life (the girl is still only six
years old), the biochemical characteristics of our two patients
were similar. The presence of growth hormone deficiency and
mental retardation in the boy may be explained by other defects
in different genes. In the case of our siblings, individual
susceptibility to drug therapies should also be considered as it
is possible that the girl may subsequently develop proteinuria
and focal segmental glomerular sclerosis (for example) like her
brother.

The second interesting point of our study is the evidence of
focal segmental glomerular sclerosis (FSGS) in the boy. At the
time of our previous paper (15), he presented proteinuria but
had not undergone renal biopsy. The presence of proteinuria in
patients with tubular disorders has been explained on the basis
of a possible role of indomethacin and other nonsteroidal drugs
(23,24) and although still in the nephrotic range, his proteinuria
improved after the withdrawal of the drug. However, even
though it decreased to 0.15 g/d after indomethacin withdrawal,
it had increased to a maximum of 2.14 g/d three months later:
our data therefore do not support the hypothesis regarding
antiprostaglandin drugs. Furthermore, two recent papers re-
garding possible side effects in patients receiving long-term
indomethacin treatment made no mention of proteinuria
(25,26).

The presence of FSGS in patients with Bartter syndrome has
been previously reported at least twice: in a 51-y-old woman
(27) and a 15-y-old Indian girl (28). One possible explanation
of the FSGS is that stimulation of the renin-angiotensin system
with increased angiotensin II and the production of transform-
ing growth factor-beta is involved in the sclerotic renal lesions
associated with various glomerular diseases including FSGS
(28). Alternatively, there is a large body of evidence indicating
that aldosterone per se may mediate progressive renal disease
(29). In this regard, it is interesting to note that aldosterone

level was normal and proteinuria was low (0.26 g/d) at the last
clinical examination. On the other hand, the reduction in
proteinuria may also be due to the long-term use of enalapril
(30) as the sister presented persistently high levels of both
renin and aldosterone, but no proteinuria was detected. In the
light of these observations, the possible pathogenesis of FSGS
in patients with Bartter syndrome needs further evaluation.

In conclusion, our study suggests that molecular investiga-
tions are very important for the final diagnosis of hypokalemic
patients with suspected Bartter/Gitelman syndrome and an
atypical phenotype, and are required for the demonstration of
homozygous or compound heterozygous findings. Moreover,
further studies are necessary to explain whether the simulta-
neous presence of mutations in both the SLC12A3 and CLC-
NKB genes has any pathologic significance. Finally, our report
confirms phenotype heterogeneity in the same family of iden-
tical CLCNKB mutations, including the possibility of devel-
oping glomerular proteinuria and FSGS.
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