S

SEMINARS IN
NEPHROLOGY

Inherited Renal Tubulopathies
Associated With Metabolic
Alkalosis: Effects on Blood Pressure

Gema Ariceta and Juan Rodriguez-Soriano

Inherited tubular disorders associated with metabolic alkalosis are caused by several gene
mutations encoding different tubular transporters responsible for NaCl renal handling.
Body volume and renin-angiotensin-aldosterone system status are determined by NaCl
reabsorption in the distal nephron. Two common hallmarks in affected individuals: hypo-
kalemia and normal / high blood pressure, support the differential diagnosis. Bartter’s
syndrome, characterized by hypokalemia and normal blood pressure, is a heterogenic
disease caused by the loss of function of SLC12A1 (type 1), KCNJ1 (type 2), CLCNKB
(type 3), or BSND genes (type 4). As a result, patients present with renal salt wasting and
hypercalciuria. Gitelman’s syndrome is caused by the loss of funcion of the SLC12A3 gene
and may resemble Bartter’'s syndrome, though is associated with the very low urinary
calcium. Liddle’s syndrome, also with similar phenotype but with hypertension, is produced
by the gain of function of the SNCC1B or SNCC1G genes, and must be distinguished from
other entities of inherited hypertension such as Apparently Mineralocorticoid Excess, of

glucocorticoid remediable hypertension.
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Integrity of renal sodium chloride (NaCl) reabsorption is
critical for body volume balance preservation.! The regu-
lation of distal nephron NaCl handling accounts for the final
amount of salt excreted by urine, and thus, involved tubular
transport mechanisms are major contributors to maintain salt
and water homeostasis.?

In the thick ascending limb of loop of Henle, NaCl
reabsorption is maintained by 3 principal transport sys-
tems. Luminal NaCl enters the cell via the bumetanide-
sensitive Na-2Cl-K cotransporter (NKCC2 or BSC1),?
whereas potassium (K) is recycled into the lumen via an
adenosine triphosphate (ATP)-sensitive K channel
(ROMK), necessary for NKCC2 activity.* In addition, Cl~
leaves the cell via the basolateral membrane through a C1~
channel composed of 2 units, or cotransported with K*;
whereas Na* exits the cell through the Na/K-ATPase sys-
tem. Recirculation of K* to the lumen and the exit of CI~
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across the basolateral membrane generate a lumen-posi-
tive transepithelial voltage gradient that drives paracellu-
lar Na*, K*, Ca?*, and Mg?* reabsorption.’ In the early
distal convoluted tubule, NaCl reabsorption is mediated
by the luminal NaCl cotransporter® and leaves the cell
through specific C1~ channels,” again composed of CIC-Kb
and barttin,® and through the Na*/K*/ATPase channel as
well. The same cells reabsorb calcium (Ca?*) by a specific
luminal Ca’?* channel and basolateral Nat/Ca?* ex-
change.> At the principal cells of the collecting duct, Na*
is reabsorbed via the epithelial Na* channel (ENaC) and
exits by the Na*/K*/ATPase.® Luminal Na* entry is ac-
complished with K* extrusion by ROMK. Aldosterone
stimulates the mineralocorticoid receptor, and increases
the ENaC, Na*t/K*/ATPase, and ROMK channel activities.*
Furthermore, mineralocorticoids increase the serum-and
glucocorticoid-inducible kinase transcription, which also
activates ENaC, Na*/K*/ATPase, and ROMK.° Glucocor-
ticoids may interact with the mineralocorticoid receptor,
although usually they are inactivated by 11B-hydroxy-
steroid dehydrogenase previously.!°

Several gene mutations encoding different tubular transport
systems responsible for NaCl handling in the distal nephron
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Tahle 1 Genetics of Inherited Disorders of Renal NaCl Transport

Type of Gene Gene Gene
Inherited Disorder Inheritance Localization Symbol Product Gene Function
Antenatal Bartter’s AR 15q15-21 SLC12A1 NKCC2 Loss-of-function
syndrome (type 1)
Antenatal Bartter’s AR 11924 KCNJ1 ROMK Loss-of-function
syndrome (type 2)
Classic Bartter's AR 1p36 CLCNKB CIC-Kb Loss-of-function
syndrome (type 3)
Antenatal Bartter’s AR 1p32.3 BSND Barttin Loss-of-function
syndrome with
neurosensorial
deafness (type 4)
Hypocalcemia with AD 3g21.1 CaSR CaSR Gain-of-function
Bartter’s syndrome
(type 5)
Antenatal Bartter’'s AR 1p36 CLCNKA/ CIC-Ka/CIC- Loss-of-function
syndrome with CLCNKB Kb
neurosensorial
deafness (type 6)
Gitelman’s syndrome AR 16q13 SLC12A3 NCC Loss-of-function
Liddle’s syndrome AD 16p12 SNCCI1B, B. vy ENaC Gain-of-function
SNCC1G
AME AR 16q12 HSD11B2 11-pB-HSD2 Loss-of-function
Familial hypertension AD 4q31.1 MR MC receptor Gain-of-function
secondary to
activated
mineralocorticoid
receptor
GRA AD 8q22 CYP11B1/ 11— B-hydroxy- Chimeric gene
CYP11B2 lase/aldo
synthase

Abbreviations: AD, autosomal dominant; AR, autosomal recessive.

have been described (Table 1). Thus, some inherited disorders
produce impaired Na* reabsorption, leading to volume deple-
tion and secondary activation of the renin-angiotensin-aldoste-
rone system (RAAS). Conversely, other monogenic diseases en-
hance tubular Na* retention and cause subsequent volume
expansion and RAAS suppression.!!!2 Independently of the un-
derlying defects, patients’ phenotype is characterized by 2 hall-
marks: low plasma K™ levels caused by renal salt wasting, and
metabolic alkalosis. Differential diagnosis is based on the blood
pressure and RAAS status. Increasing interest in inherited tubu-
lopathies affecting renal salt handling is justified by the need for
better understanding of body volume regulation, identification
of genetic protective or risk factors for hypertension, and their
putative role on optimal blood pressure control in the general
population as well.}-12

Inherited Tubulopathies
With Metabolic Alkalosis

Patients with inherited tubulopathies leading to metabolic
alkalosis are clinically characterized by hypokalemia and in-
creased K* in urine (>20 mEq/L).!> Other nonrenal disor-
ders impairing the tubular NaCl transport and diseases with
body volume imbalance could mimic tubulopathies and

therefore need to be excluded before establishing a definitive
diagnosis. Differential diagnosis should include causes of hy-
pokalemia and volume contraction such as K*-deficient in-
take, or increased K* wasting of gastrointestinal'* or skin
origin,'® all resulting in a low K* concentration in the urine
(<20 mEq/L).

Inherited

Tubulopathies

With Hypokalemia and
Normotension: Bartter’s

and Bartter’s-Like Syndromes

Bartter’s syndrome and Bartter’s-like syndromes produce re-
nal salt wasting caused by the loss of function of specific
tubular transport mechanisms involved in distal NaCl reab-
sorption (Fig 1).16

Bartter's Syndrome

In 1962, Bartter et al'” reported on 2 patients with a new
syndrome characterized by hypokalemia, metabolic alkalo-
sis, hyperaldosteronism with normal blood pressure, de-
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Figure 1 Disturbed renal transport systems in Bartter’s and Gitel-
man’s syndromes. TaLH, thick ascending limb of loop of Henle.

creased pressor responsiveness to infused angiotensin 11, and
juxtaglomerular apparatus hyperplasia. Nowadays it is evi-
dent that Bartter’s syndrome includes a variety of different
disorders of distal NaCl renal handling and these are referred
as Bartter’s-like syndromes. Three different clinical entities can
be distinguished: antenatal Bartter’s syndrome, classic Bart-
ter’s syndrome, and Gitelman’s syndrome.

Antenatal Bartter’s Syndrome

Clinical and Biochemical Features

Antenatal Bartter’s syndrome represents a severe variant of
the disease.!®1? Clinical signs start during pregnancy and
include marked polyhydramnios as a result of fetal polyuria,
premature delivery, and life-threatening episodes of poly-
uria, dehydration, hypercalciuria, and early onset nephrocal-
cinosis. Diuresis is as large as 12 to 50 mIL/kg/h and persists
during at least the first month of life. Some patients are phe-
notypic: skinny, with poor muscle mass, and triangular-
shaped facies characterized by a prominent forehead, large
eyes, protruding ears, and a drooping mouth. Strabismus and
sensorineural deafness have been reported too. Failure to
thrive and growth retardation are the rule, but appropriate
therapy allows optimal growth. Systemic manifestations such
as osteopenia, fever, secretory diarrhea, convulsions, and in-
creased susceptibility to infection also have been observed.

Genetics
Antenatal Bartter’s syndrome is a heterogenic autosomal-re-
cessive entity. In the less-frequent type 1, mostly described in
consanguineous families, mutations in the SLC12A1 gene,
located on 15q15 to 21, encoding the NKCC2 transporter in
the TALH, cause impaired NaCl reabsorption.?® Frameshift,
nonsense, and missense mutations in the SLC12A1 gene,
usually in homozygosis, have been described.?!"?> In some
patients, the disease can start beyond the newborn period.?
Functional studies have shown that the loss of function of the
NKCC2 transporter is caused by reduced expression of the
mutant protein and not by a trafficking defect.?%

Individuals with type 2 antenatal Bartter’s syndrome show
frameshift, nonsense, and missense mutations in the ROMK

gene, sited on chromosome 11q24. Most mutations are lo-
cated in exon 5, but not exclusively.?’3! In contrast to
SLCI12A1 gene mutations, most of the investigated ROMK
mutations displayed a trafficking defect that might be res-
cued by pharmacologic agents, such as aminoglycosides, act-
ing as molecular chaperones.3!

Recently, mutations in a third gene were found to produce
a peculiar type of antenatal Bartter’s syndrome, so-called type
4, associated with neurosensorial deafness and early chronic
renal insufficiency.?? This BSND gene is localized on 1p32.3,
and encodes a novel protein named barttin.?> CIC-K-barttin
heteromers are critical for NaCl reabsorption and K recycling
in the TAL and inner ear.® This B-subunit is required for the
trafficking of the CIC-K (both CIC-Ka and CIC-Kb) to the
plasma membrane. Expression studies of mutant barttins
have shown its retention in intracellular organelles.3*

In addition, some patients with Bartter’s syndrome type 3,
caused by mutations or deletions in the CLCNKB gene, oc-
casionally may present polyhydramnios and symptoms dur-
ing the neonatal period as well.>> Combined impairment of
chloride channel functions of CICKa and CIC-Kb owing to
associated mutations in both CLCNKA and CLCNKB genes
(Bartter’s syndrome type 6) also may mimic this phenotype.3¢
Both CICKa and CIC-Kb are associated with the B-subunit
barttin and are expressed in the middle ear but differ in their
distribution along the nephron: CIC-Ka predominates in the
thin ascending loop of Henle whereas the expression of
CIC-Kb extends from the thick ascending limb to the cortical
collecting duct. Interestingly, the mouse Clcnkl ™~ (equiva-
lent to homozygous CIC-Ka mutations) shows nephrogenic
diabetes insipidus without salt wasting.?”

Pathogenesis

Impaired ROMK function results in decreased K concentra-
tion in the TAL lumen, and defective NKCC2 activity, which
is responsible for 30% of the total filtered NaCl. It results in
sodium wasting, volume contraction, and RAAS stimula-
tion.?3? Increased prostaglandin E, (PGE,) secretion further
aggravates the picture by both independent stimulation of
the RAAS and inhibition of ROMK channel and NaCl trans-
port in the thick ascending limb of loop of Henle.? Thus,
patients with antenatal Bartter’s syndrome show a blunted
natriuretic and hormonal response to furosemide compared
with controls.* Chronic blockade of the NKCC2 transporter
by furosemide causes symptoms similar to those observed in
antenatal Bartter’s syndrome, thus providing a useful animal
model. This effect of furosemide was blunted when admin-
istered to genetically modified mice with knocked-out EP1,
EP3, and EP4 PGE, receptors, but not when administered to
mice with knocked-out EP2 PGE, receptors or IP prostacy-
clin receptors.*!

The characteristic presence of hypercalciuria is a conse-
quence of transepithelial voltage gradient loss caused by de-
fective Na-K-Cl reabsorption because about 25% of filtered
Ca is reabsorbed in the TAL coupled to NKCC2 activity.?
Hypercalciuria also has been related to an excessive synthesis
of 1,25-dihydroxy-vitamin D, leading to increased bone re-
sorption and to a renal leak of Ca.*
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Diagnosis

Antenatal Bartter’s syndrome is very characteristic.'®1%22 Pre-
natal diagnosis can be made based on the high Cl~ content in
the amniotic fluid.* Remarkably, Na*, K*, Ca?*, and PGE,
concentrations in the amniotic fluid are normal. A pregnant
mother’s urine also may be useful for prenatal diagnosis be-
cause it may show very low concentrations of Na*, Cl~, and
Ca?*.* Mutational analysis of genomic DNA in amniocytes
can establish the definitive prenatal diagnosis.*

Differential Diagnosis
Newborns with type 2 ROMK mutations often present with
mild NaCl wasting and may resemble a picture of primary
pseudohypoaldosteronism type 1 with hyponatremia, hyper-
kalemia, and metabolic acidosis.*® Beyond the neonatal pe-
riod, renal potassium wasting, leading to hypokalemia and
metabolic alkalosis, becomes very apparent, and the Bartter’s
symptoms turn typical. However, prematurity, hydramnios,
and hypercalciuria, which are common in both diseases, may
confuse the current diagnosis, mostly in the first days of life.
According to our personal observations, the syndrome of
familial hypomagnesemia-hypercalciuria with nephrocalci-
nosis also can be similar to antenatal Bartter’s syndrome be-
cause hypercalciuria and nephrocalcinosis already are
present in the newborn, but significant hypomagnesemia
may be absent.*” Pseudoantenatal Bartter’s syndrome has
been reported in a preterm baby with complex cyanotic heart
disease, receiving high doses of PGE; to maintain the ductus
arteriosus open.”®

Treatment and Prognosis

PG synthetase inhibitor, mainly indomethacin, is the drug of
choice for treatment, but should be delayed until 4 to 6 weeks
of life because of its side effects. After this time, indomethacin
is very efficient for neutralizing the amplifying effect caused
by PGs. Prenatal therapy with this medicine has been advo-
cated, although extreme caution is advisable because of its
potential risk in the fetus.* Young infants with ROMK mu-
tations are very sensitive to indomethacin and require a low
dose (<1 mg/kg/d) to maintain normal kalemia without K
supplements. Indeed, they could even present with hyperka-
lemia. Eventually, most patients require KCl supplements
with time. In general, treated patients maintain an excellent
clinical condition with optimal growth, and puberty and in-
tellectual development also are normal.!> Reversely, most but
not all infants with BSND mutations develop progressive
chronic renal failure as a result of indomethacin resistance.”>!
After birth, aggressive management of dehydration and electro-
Iytic imbalance is recommended. Despite indomethacin, hy-
percalciuria remains largely increased, a risk factor for pro-
gression of nephrocalcinosis. Other adjuvant therapies such
as amiloride, hydrochlorothiazide, and potassium phosphate
have been ineffective to control nephrocalcinosis.? Thus,
some children reach end-stage chronic kidney disease as a
result of chronic tubulointerstitial nephropathy.!® Recently,
specific cyclooxygenase-2 inhibition by nimesuline in neona-
tal Bartter’s syndrome® has been observed to impressively
improve hyperprostaglandinuria, secondary hyperaldoste-

ronism, and hypercalciuria,>>>* but its use remains experi-
mental.

Classic Bartter’'s Syndrome

Clinical and Biochemical Features

Bartter’s typical picture is represented by an infant with poly-
uria, polydipsia, vomiting, constipation, salt craving, ten-
dency to dehydration, and failure to thrive. Often symptoms
begin soon after birth, but a history of hydramnios and pre-
mature delivery also is frequent.!® In addition, fatigue, mus-
cle weakness, cramps, and tetany episodes may be observed
later in childhood. Some patients have a distinctive facies
phenotype attributed to the effect of hypokalemia on facial
muscles. Developmental delay, mild brain dysfunction,
nephrocalcinosis, and polyuria-related ureterohydronephro-
sis have been reported too. In cases with severe and chronic
hypokalemia, medullary cysts are described.?

Bartter’s syndrome hallmark is the presence of hypokale-
mia between 1.5 and 2.5 mEq/L. Hypochloremia and meta-
bolic alkalosis are almost constant, but occasionally a pa-
tient may suffer metabolic acidosis. Hyperuricemia due to
volume contraction is found in half the patients, but hypo-
magnesemia is observed less frequently. In urine, there is
salt-wasting and increased fractional excretion of K*, Na™,
and Cl~, and normal or high urinary Ca excretion.’> Defects
in concentrating and diluting abilities are constant owing to
both hypokalemia and impaired NaCl reabsorption in the
TAL. The glomerular filtration rate is preserved in early stages
of the disease but may decrease in untreated patients as a
result of chronic hypokalemia or tubulointerstitial damage.
Hyperreninemia is constant and usually is associated with
increased aldosterone in plasma, although aldosterone secre-
tion can be suppressed by K* depletion. Paradoxically, blood
pressure is normal owing to vascular hyporeactivity despite
increased blood levels of renin, angiotensin 11, norepineph-
rine, and endothelin.’® This complex phenomenon is ex-
plained by vascular underfilling, increased PG, and possibly
increased nitric oxide synthesis as well.”” Remarkably, PG
excretion in urine is high, mostly PGE, and 6-keto-PGF,, the
main metabolite of prostaglandin I, or prostacyclin.>8

Genetics

The so-called classic form, or Bartter’s syndrome type 3, is an
autosomal-recessive entity caused by mutations in the CLC-
NKB gene, on 1p36 chromosome, encoding the CIC-Kb
channel. At present, at least 26 large deletions or nonsense,
missense, and splice mutations have been reported. Homozy-
gous deletion encompassing a great part of the CLCNKB gene
represents the most common molecular finding and has been
reported in at least 30 patients with Bartter’s syndrome.>”-6!
This observation is unlikely to be the consequence of a
founder effect given the widely varying ethnic origins of the
patients. A founder mutation in the CLCNKB gene (A204T)
causes Bartter’s syndrome type III in Spain.®? An exceptional
family has been reported with 2 siblings presenting com-
pound heterozygous mutations in the CLCNKB gene and in
the SLC12A3 gene encoding the thiazide-sensitive luminal
NaCl cotransporter.®
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In addition, severe gain-of-function mutations in the ex-
tracellular Ca?*-sensing receptor can result in a Bartter-like
syndrome because activation of this G-protein—coupled re-
ceptor, which is expressed highly in the basolateral mem-
branes of the ascending limb of loop of Henle, inhibits salt
transport through ROMK inhibition (Bartter syndrome type
5).6%65 Delayed diagnosis in some patients with neonatal Bar-
tter’s syndrome caused by defects in NKCC2 or ROMK en-
coding genes may also resemble the classic form.?3-»

A common polymorphism (T481S variant) in the CIC-Kb
channel may be associated with essential hypertension. This
substitution is present in 20% to 40% of the population and
induces a 7-fold increase in Cl transport by this channel in
the Xenopus oocytes.% If this finding is confirmed it would be
an important step in understanding blood pressure regula-
tion in healthy individuals.

Pathogenesis

The CIC-Kb channel malfunction reduces the exit of Cl~ and
modifies the Na-K-Cl reabsorption in the TAL by modifying
the transepithelial voltage gradient.’ Renal salt wasting is not
as massive as in neonatal Bartter’s syndrome because Cl~
leaves the cell through other channels, cotransported with
K*.> Impaired NaCl reabsorption at the TAL in classic Bart-
ter’s syndrome was long suspected based on fractional clear-
ances of Cl during hypotonic saline diuresis. The normal
index of distal Cl~ reabsorption (Cy;0/Cizo + Ccp X 100)
greater than 80%.%" is reduced in these patients often to less
than 60%.%8

Differential Diagnosis

Primary Fanconi syndrome or cystinosis with hypokalemia
and metabolic alkalosis could mimic Bartter’s syndrome. Oc-
casionally, children with Kearns-Sayre syndrome may resem-
ble those with Bartter’s syndrome.® Rarely, an entity named
familial hypokalemic alkalosis with proximal tubulopathy (Gull-
ner’s syndrome) shares some characteristics with Bartter’s
syndrome too.7%7!

Gitelman’s syndrome is an inherited salt-wasting tubu-
lopathy that has been confused with Bartter’s syndrome for a
long time. Several studies have shown that many individuals
with Bartter’s syndrome type 3 show a mixed Bartter-Gitel-
man phenotype, consistent with the role of this Cl~ channel
in both the thick ascending loop of Henle and the distal
collecting tubule.%%5! Nowadays the genetic diagnosis pro-
vides evidence that both entities represent different diseases.
A complete description of Gitelman’s syndrome is provided
later.

Other renal abnormality that mimic Bartter’s syndrome
and needed to be excluded is the surreptitious use of loop
diuretics such as furosemide. Detection of diuretics in the
urine may help to establish the diagnosis.”"?

Treatment and Prognosis

Correction of hypokalemia constitutes the aim of treatment.
Potassium supplements such as KCI (1-3 mEq/kg/d, or more)
are always necessary, but inefficient as unique therapy be-
cause it is quickly lost in the urine. The addition of spirono-
lactone (10-15 mg/kg/d) or triamterene (10 mg/kg/d) may be

useful, but their effect often is transient. PG synthetase inhib-
itors are the drugs of choice: indomethacin (2-5 mg/kg/d),
acetylsalicylic acid (100 mg/kg/d), ibuprofen (30 mg/kg/d),
or ketoprofen (20 mg/kg/d) produce a spectacular response
with improved well-being, strength, and activity; diminution
of polyuria and polydipsia; and reinstitution of normal, or
even catch-up, growth. There is an immediate increase in
plasma K levels, however, which rarely exceeds 3.5 mEq/L.
Plasma renin activity and aldosterone levels decrease toward
anormal range, and the vascular response to angiotensin II or
noradrenalin also normalizes.? Indomethacin is the most fre-
quent drug used and although it usually is well tolerated,
attention should be paid to its digestive or bone marrow side
effects. The addition of Mg salts always should be considered
if hypomagnesemia is present because Mg deficiency can in-
crease K wasting.!>!* The long-term efficacy of treatment has
been established clearly but, in adulthood, recurrences re-
sembling Gitelman’s syndrome phenotype are described. The
long-term prognosis remains guarded, however, and the lack
of rigorous therapeutic control may lead to slow progression
to chronic renal failure.”™

Gitelman’s Syndrome

Clinical and Biochemical Features

In 1966, Gitelman et al”> described 3 adults, 2 of them sib-
lings, with transient muscle weakness and tetany episodes.
They suffered chronic hypokalemia and hypomagnesemia
because of the excessive wasting of K and Mg in the urine, in
the absence of any other additional tubular disorder. Many
contemporary reports in children and young adults*” have
confirmed that Gitelman’s syndrome or familial hypokale-
mia-hypomagnesemia is an autosomal-recessive tubulopa-
thy, clinically defined by recurrent tetany episodes, without
polyuria or growth failure. Eventually, chondrocalcinosis™
and sclerochoroidal calcification’” also have been reported.
Less frequently, patients show hypokalemia, hypomag-
nesemia, a normal glomerular filtration rate, and metabolic
alkalosis associated with increased plasma renin, aldoste-
rone, and prostaglandins levels. In addition to renal K and
Mg loss, hypocalciuria constitutes the characteristic hallmark
of the disease.”> Some affected individuals may remain
asymptomatic for long periods of time, with occasional weak-
ness and tetany episodes associated with febrile episodes or
vomits.*” The disease-free intervals may be prolonged, and in
many cases diagnosis is made only during adult life. How-
ever, almost half of the patients complain of salt craving;
musculoskeletal symptoms such as cramps, muscle weak-
ness, and aches; and constitutional symptoms such as fa-
tigue, dizziness, nocturia, and polydypsia.”

Genetics

Gitelman’s syndrome is caused by mutations of the SLC12A3
gene, located on 16q13 chromosome, encoding the synthesis
of the thiazide-sensitive luminal NaCl cotransporter (NCC)
at the early distal convoluted tubule.” This mechanism ex-
plains the profound homology between affected individuals
and those on chronic treatment with thiazides.?® To date,
more than 100 different mutations, including missense, non-



Inherited tubulopathies with metaholic alkalosis

421

sense, frameshift, deletion, insertion, and splice-site muta-
tions have been identified in patients with Gitelman’s syn-
drome. The mutations are located throughout the coding
sequence of the gene but most of these mutations are found in
the intracellular domains of the protein.8!82 A specific muta-
tion (intron 9 + 1G>T) is linked to Gitelman’s syndrome in
Gypsies.®? There is a marked phenotypic variability that may
depend partly on gender differences because the degree of
hypokalemia is more profound in males than in females 5

Mutant proteins identified in Gitelman’s syndrome are ei-
ther improperly glycosylated proteins that are retained in the
endoplasmic reticulum and/or pre-Golgi complex thus fail-
ing to reach the cell surface (class 1), or functional mutants
that normally are glycosylated but that are partly impaired in
their routing to the cell membrane (class II).%

Pathogenesis
SLC12A3-mutated alleles produce impaired NaCl reabsorp-
tion at the distal tubule, leading to volume contraction and
RAAS activation. All of these increase distal Na* reabsorption
through the ENaC and K™ secretion, explaining the charac-
teristic hypokalemia. Further, subsequent stimulation of K*
reabsorption mechanisms (H*/K* ATPase) in the interca-
lated cells of the medullar collecting duct result in the devel-
opment of metabolic alkalosis.”® Classically, hypocalciuria in
Gitelman’s syndrome was attributed to distal tubular Ca
channel activation owing to the excessive transepithelial volt-
age polarization caused by defective NaCl reabsorption.
However, recent studies in the Trpv5 knockout mice without
epithelial Ca?* channels at the distal convoluted tubule con-
cluded that hypocalciuria was secondary to the enhanced
passive paracellular Ca?* reabsorption at the proximal tu-
bule, after the electrochemical gradient caused by increased
Na reabsorption.® In addition, mechanisms leading to hypo-
magnesemia are not well known.8” Remarkably, patients re-
ceiving thiazides chronically show less severe hypomag-
nesemia than those with Gitelman’s syndrome,” and,
paradoxically, studies in isolated tubular cells showed thia-
zides stimulated Mg reabsorption per se.®8

It has been proposed that hypomagnesemia occurs due to
impaired Mg reabsorption through its specific channel sec-
ondary to the transepithelial voltage changes produced by
defective Na reabsorption,® aldosterone hyperactivity®® and
associated hypokalemia.” Animal studies in the NCC knock-
out mice, an animal model of Gitelman’s syndrome, have
shown a downregulation of the epithelial Mg2 + channel that
may explain the pathogenesis of hypomagnesemia.®°

Differential Diagnosis
A differential diagnosis between Gitelman’s and Bartter’s syn-
dromes is required (see earlier), mainly with Bartter type 3,
which usually does not show manifest hypercalciuria.® It is
an accepted rule that hypocalciuria is a characteristic finding
of Gitelman’s syndrome but in exceptional cases it also can be
observed in the follow-up evaluation of patients with classic
Bartter’s syndrome. %061

Autosomal-dominant familial hypomagnesemia, an inherited
tubulopathy characterized by isolated hypomagnesemia with
hypocalciuria, should be included in the differential diagno-

sis.8? Laine et al®? also reported on an apparent autosomal-
dominant disorder that resembles Gitelman’s syndrome. A
father-daughter pair presented with hypokalemic metabolic
alkalosis secondary to renal Cl~ loss and severe hypomag-
nesemia caused by renal Mg?* loss, but these abnormalities
were associated with marked hypercalciuria. Both patients
developed dilating cardiomyopathy, which was fatal in the
father and required heart transplantation in the daughter.

Sometimes it may be difficult to distinguish Gitelman syn-
drome from a Gitelman-like disease produced by hidden
thiazides from a patient’s self-administration. Measurement
of druglevels in urine in highly suspected cases is indicated.®?
In addition, chronic salt-wasting tubulopathy caused by cis-
platin nephrotoxicity also may resemble Gitelman’s syn-
drome.*

Treatment and Prognosis

Treatment relies on a K*- and Mg?*-rich food diet such as
peanuts, nuts, chocolate, green vegetables, cereals, and oral
K* and Mg?* supplements®%%; using parenteral supplemen-
tation only in severe episodes. Diuretics such spironolactone,
amiloride, and triamterene may represent an optional treat-
ment, and prostaglandin inhibitors such as indomethacin in
those refractory patients.””

Although traditionally considered a benign disease, there
has been recent concern about sudden-death risk as a result
of arrhythmia in affected individuals,”® mainly in noncom-
pliant youths.®® Some clinicians have reported a reduced life
quality in Gitelman’s patients owing to chronic muscular
weakness and less capability for sport training.”®

Inherited Tubulopathies With

Hypokalemia and Hypertension

In general, inappropriate renal Na retention leads to volume-
expanded hypertension.!'! Some hypertensive syndromes are in-
herited as single Mendelian traits and share a common feature:
very low renin levels in plasma owing to inappropriate tubular
Na* retention through the distal ENaC, and subsequent volume
expansion.!? These inherited disorders include Liddle’s syn-
drome, glucocorticoid-remediable aldosteronism (GRA), and
apparent mineralocorticoid excess (AME). Low-renin hyper-
tension is confirmed if plasma renin activity (PRA) remains
low after stimulation by salt depletion and/or furosemide
administration.!® Plasma aldosterone levels provide the
guideline to establish the differential diagnosis among the
following entities.

Inherited Tubulopathies

With Hypertension and

Low Plasma Aldosterone

Levels: Pseudohyperaldosteronism
Liddle’s Syndrome

Liddle’s syndrome is a rare form of an autosomal-dominant
disorder characterized early in life, and frequently by severe
hypertension associated with hypokalemic metabolic alkalosis,
low PRA, and suppressed aldosterone secretion.!o!
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Clinical and Biochemical Features
In their original report, Liddle et al'® described a family
syndrome of severe hypertension, hypokalemia, and meta-
bolic alkalosis that mimicked hyperaldosteronism, but had
exceptionally low rates of aldosterone secretion. Patients suc-
cessfully responded to treatment, with amiloride and triam-
terene normalizing the blood pressure, reversing the renal K
wasting, and correcting the hypokalemia as long as they
maintained a salt-restricted diet. However, patients did not
respond to spironolactone, a mineralocorticoid antagonist,
indicating the presence of an intrinsic renal defect rather than
a mineralocorticoid-induced disease. The renal anomaly was
probed by the fact that the disease was caused by an intrinsic
renal abnormality was demonstrated when the proband pro-
gressed to renal failure and the disorder normalized after
receiving a cadaveric transplant.!%3

Affected children with Liddle’s syndrome suffer polyuria,
polydipsia, failure to thrive, hypokalemic metabolic alkalo-
sis, and almost absent renin and aldosterone secretion.!0?
Contemporary descriptions have shown that some patients
may not have a clinical presentation of severe hypertension
early in life, but retrospectively are found to have pseudoal-
dosteronism with long-standing hypokalemia and hyperten-
sion. Severe renal dysfunction is very unusual, but cardiovas-
cular and cerebrovascular complications of hypertension are
much more common within undiagnosed or untreated pa-
tients. 104

Genetics

A pattern of autosomal-dominant inheritance has been de-
scribed, although some cases appear to be sporadic. Liddle’s
syndrome results from the constitutive activation of the renal
ENaC as a result of mutations of the genes encoding the 3
subunit (8 ENaC) or the vy subunit (y ENaC).10>19 Both
genes (SNCCI1B and SNCC1G) are located on 16pl2. No
abnormalities have been noted in the SNCC1A gene, located
at 12p13, and encoding o ENaC.

Pathogenesis
Liddle’s syndrome results from excessive renal tubular Na
absorption through activation of the renal epithelial sodium
channel. This channel is formed by 3 subunit proteins (e, 3,
and vy) having short cytosolic termini, 2 transmembrane do-
mains, and a large extracellular loop. The a subunit appears
to be required for the assembly or function of the whole
complex. The C terminal of each ENaC subunit contains a
xPPxY motif that is necessary for interaction with the WW
domains of the ubiquitin-protein ligase, Nedd4 to 2, thus
triggering the internalization of the channel from the luminal
membrane. The serum- and glucocorticoid-inducible kinase
phosphorylates and inactivates the ubiquitin-protein ligase
Nedd4 to 2.'°7 Mutations of the xPPxY motif in B8 or y sub-
units interrupt the interaction with Nedd4 to 2, reduce the
endocytic retrieval of ENaC from the luminal membrane, and
results in increased Na reabsorption, expanded plasma vol-
ume with resulting hypertension, and inhibited renin-aldo-
sterone axis with secondary potassium wasting, 108-110

It is possible that polymorphisms of the 8 and y subunits
of the ENaC are related to variations of blood pressure in

human beings!''! and may contribute to the high incidence of
salt-related hypertension in African Americans.!!?

Differential Diagnosis

At present, the finding of low renin hypertension in a child,
especially with a provocative family history, leads the physi-
cian to consider other Mendelian forms of severe hyperten-
sion marked by early penetrance and substantial target organ
damage, such as GRA and apparent mineralocorticoid excess, as
discussed later in this article.!?

Treatment and Prognosis

K-sparing diuretics are the drug of choice for patients with
Liddle’s syndrome, although spironolactone is not useful.
Some pedigrees are more responsive to amiloride and some
are more responsive to triamterene.!% In all cases, the use of
amiloride and triamterene are enhanced by dietary salt re-
striction, reflecting the known competition of Na and those
diuretics at the level of the ENaC channel.!!3 Some patients
need to associate vasodilators and/or B-blockers with the
treatment to achieve normal blood pressure. Thiazides hypo-
thetically could help with the Na+ retention, but they usu-
ally worsen the renal K wasting.1%*

AME

AME was first defined as a syndrome in 1977. New et al!!*
reported a 3-year-old girl with hypertension, hypokalemia,
metabolic alkalosis, and suppressed renin but with low se-
rum aldosterone and decreased secretion of all known sodi-
um-retaining corticosteroids. Later Monder et al'!> described
children with this form of severe and early hypertension who
responded to spironolactone or to a low-sodium diet, sug-
gesting the disease was mediated by the mineralocorticoid
(type D) receptor.

Clinical and Biochemical Features

An affected child’s clinical picture is characterized by low
birth weight, polyuria and polydipsia, failure to thrive, severe
hypertension, and hypokalemia. Hypertension is difficult to
treat and shows a high degree of morbidity/mortality, with
early target organ damage.'1® Biochemical profiles show met-
abolic alkalosis and severe hypokalemia. PRA is low, suggest-
ing a volume-expanded type of hypertension, with response
to salt restriction.t’

Case reports of individuals with AME and a less-severe
phenotype with mild hypertension also have been pub-
lished.!''® Renal cysts, nephrocalcinosis, rickets, and hyper-
parathyroidism are reported sporadically.'!”

Genetics

AME is caused by autosomal-recessive mutations in the
HSD11B2 gene situated on chromosome 16q12, and encod-
ing the 11-B-hydroxysteroid dehydrogenase type 2 (11-8B-
HSD?2) activity, an enzyme that protects human beings from
cortisol intoxication.!7-120 Most patients are homozygotes for
one of the different mutations; few compound heterozygotes
have been identified.



Inherited tubulopathies with metaholic alkalosis

429

Pathogenesis

This disease is explained by the fact that the selectivity of
mineralocorticoid action is determined not by the mineralo-
corticoid receptor (MR) ligand-binding site, which is nonspe-
cific and does not distinguish between aldosterone and cor-
tisol,'2! but by the action of an intracellular enzyme, 11-8-
HSD2, that systematically inactivates glucocorticoids and
thereby protects the MR from saturation. This enzyme is
active in the collecting tubular cell, and catalyzes the conver-
sion of cortisol to cortisone, which has much less affinity for
the MR. In fact, the 11-B-HSD2 enzyme confers specificity on
the MR by converting biologically active glucocorticoids to
inactive metabolites. Mutated genes in AME produce an ex-
cess of cortisol that saturates the MR, causing a hyperminer-
alocorticoid state that results in Na retention, subsequent
volume expansion, and secondary plasma renin and aldoste-
rone level suppression. In addition, prolonged availability of
cortisol results in adrenocorticotropic hormone (ACTH) sup-
pression and, therefore, decreased adrenal cortical secre-
tion. 122

Differential Diagnosis
Typical patients with AME evidence an abnormal ratio of
cortisol to cortisone metabolites (tetrahydrocortisol plus al-
lotetrahydrocortisol/tetrahydrocortisone), and by an exceed-
ingly diminished ability to convert cortisol to cortisone (only
0%-6% versus the normal rate of 90%-95%).11"123 In chil-
dren and adults hypertension may be produced by congenital
adrenal hyperplasia owing to 118-hydroxylase deficiency, an
autosomal-recessive entity, caused by mutations of the
CYP11B1 gene. Accumulation of corticosterone and cortisol
precursors with net mineralocorticoid effect, lead to renal
sodium retention, volume expansion, and subsequent sup-
pression of RAAS with low renin and aldosterone levels.!??
An acquired syndrome of pseudohyperaldosteronism, in
all ways identical to 11-B-HSD2 deficiency, has been de-
scribed after licorice ingestion.!?* Natural licorice, an extract
of Glycyrrhiza glabra root, contains glycyrrhizinic acid,
which is a potent inhibitor of 11-B-HSD2. This complication
is observed very infrequently in children.!?> Other causes of
secondary pseudohyperaldosteronism to be excluded are
produced by drugs. Carbenoxolone, an antiulcer drug, inhib-
its 11-B-HSD2 competitively, leading to Na retention as well.
The possibility of an AME syndrome caused by extensive use
of creams or nasal inhalers containing 9-a-fluorinated corti-
coids also should be ruled out.?

Treatment and Prognosis

Spironolactone, an MR blocker, is the drug of choice. After its
administration, blood pressure normalizes, urinary Na levels
increase, and PRA becomes detectable as volume balance is
restored with the treatment.!? In addition, thiazides may
help to control hypercalciuria and hypertension with a lower
spironolactone dose. The defect disappeared in the very few
patients who needed a kidney transplantation.!2¢

Familial Hypertension Secondary to
Activated Mineralocorticoid Receptor

Geller et al'?” reported on a family whose propositus, a 15-
year-old boy, had severe hypertension and suppressed
plasma aldosterone levels. This patient and 11 of 21 at-risk
relatives, all hypertensive, were heterozygous for a missense
mutation substituting leucine for highly conserved serine at
codon 810 of the mineralocorticoid receptor. This mutation
resulted in a gain-of-function of the receptor and alteration of
its specificity because it also was activated by progesterone.
Carriers not only presented severe early onset hypertension
but, although normokalemic, tended to have lower plasma K
values and manifested severe hypertension during episodes
of pregnancy.

Inherited Tubulopathies

With Hypertension and

Normal Plasma Aldosterone Levels
GRA

GRA, or glucocorticoid-remediable hypertension, also
named familial hyperaldosteronism type I, is an autosomal-
dominant disorder that is characterized by hypertension via
the mineralocorticoid receptor.'?® Characteristically, aldoste-
rone secretion is solely under the control of ACTH. It appears
to be the most common monogenic form of human hyper-
tension, although it frequently is underdiagnosed.!?®

Clinical and Biochemical Features

This entity was first described in a father and son with hyper-
tension, low PRA, and increased aldosterone secretion re-
sponsive to dexamethasone.!* Clinical features include early
onset hypertension, usually in adolescence, although studies
in large families have shown extraordinary phenotypic vari-
ability. Some affected individuals may even remain normo-
tensive until late in life.!3! The hypertension varies in severity
but typically is refractory to standard antihypertensive drugs.
Laboratory findings include normal to low-normal serum K
levels, but hypokalemia may be attributed to thiazides.

Genetics

This autosomal-dominant disease arises because of a chi-
meric gene that is formed at meiosis after the genetic re-
combination between 2 homologue adjacent genes on
chromosome 8q22, CYP11B1, and CYP11B2, encoding
the enzymes 11-B-hydroxylase and aldosterone synthase
involved, respectively, in the final pathways of cortisol and
aldosterone synthesis within the adrenal cortex. The re-
sulting chimeric gene duplication fuses the regulatory el-
ements of 11-B-hydroxylase, and the coding sequence of
aldosterone synthase.3? As a result, aldosterone is synthe-
sized ectopically in the adrenal zone fasciculate under
ACTH control, rather than angiotensin II, with resultant
hyperaldosteronism and suppression of angiotensin-
[Idstimulated aldosterone production in the zone glo-
merulosa.!?? In addition, the chimeric gene product con-
verts cortisol to its 18-oxo and 18-hydroxy metabolites,
causing a pathognomic urinary steroid profile.!
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Diagnosis

The traditional screening test for GRA diagnosis is the dexa-
methasone suppression test. A significant reduction in
plasma aldosterone after at least two days of treatment with
dexamethasone is characteristic of this form of aldosteron-
ism.!?* The specific diagnosis of GRA can be confirmed by
increased 24-hour urinary levels of steroid metabolites, 18
oxotetrahydrocortisol, and 18 hydrocortisol. A high ratio of
18 oxotetrahydrocortisol/tetrahydroaldosterone in the urine
is pathognomonic for this entity.!?°

Treatment and Prognosis

Glucocorticoid monotherapy is the drug of choice to sup-
press the activity of the chimeric gene suppression.'?° How-
ever, older children usually require more intensive treatment
and a wide variety of nondirected antihypertensive agents,
such as angiotensin-converting enzyme inhibitors, calcium
channel blockers, B-blockers, and diuretics, often in combi-
nation are needed to achieve blood pressure control.1

Inherited and Acquired Disorders
With Hypertension and High Plasma
Aldosterone Levels: Hyperaldosteronism

The syndrome of primary aldosteronism is characterized by
autonomous or angiotensin-independent aldosterone excess
resulting in hypertension and suppressed renin activity with
or without hypokalemia. The ratio between aldosterone/re-
nin levels in plasma constitutes the screening test of this
disorder. It comprises the aldosterone-producing adenoma,
and bilateral adrenal hyperplasia or idiopathic hyperaldoste-
ronism. '3

In summary, an increasing number of distinct inherited
tubulopathies with impaired sodium and volume balance
result in hypokalemia and metabolic acidosis. Differential
diagnosis may be established according to the RAAS and
blood pressure status, although definitive diagnosis requires
specific molecular genetics. Despite its rarity, better under-
standing of the pathogenesis of these entities may help to
identify protective or risk factors for hypertension in the gen-
eral population.
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