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Abstract
Kidney tubules are responsible for the preservation of fluid, electrolyte and acid-base homeostasis via passive and active 
mechanisms. These physiological processes can be disrupted by inherited or acquired aetiologies. The net result is a tubu-
lopathy. It is important to make a prompt and accurate diagnosis of tubulopathies in children and young adults. This allows 
timely and appropriate management, including disease-specific therapies, and avoids complications such as growth failure. 
Tubulopathies can present with a variety of non-specific clinical features which can be diagnostically challenging. In this 
review, we build from this common anatomical and physiological understanding to present a tangible appreciation of tubu-
lopathies as they are likely to be clinically encountered among affected children and young adults.
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Introduction

Fluid, electrolyte and acid-base homeostasis are imperative 
for the preservation of life. This is accomplished by adjust-
ments in glomerular filtration and tubular reabsorption of 
solutes and fluids in response to fluctuations in dietary intake 
and metabolic processes [1, 2]. As a complex, closely regu-
lated and interdependent series of physiological processes, 

absolute or relative dysfunction is of critical relevance to the 
health and development of disease.

Kidney tubules are typically divided into four broad 
segments based on anatomical and functional characteris-
tics (Fig. 1) [2]. The proximal convoluted tubule (PCT) is 
responsible for the reabsorption of the majority of water 
and solutes including amino acids, low-molecular-weight 
proteins (LMWPs) and glucose. The PCT has a significant 
energy requirement and is vulnerable to conditions that 
result in an impaired energy supply such as inborn errors of 
metabolism [3–5].

Following the PCT is the thick ascending loop of Henle 
(TAL) [2]. The TAL provides the urinary concentrating 
mechanism enabling tubular excretion of solutes with mini-
mal water loss [6]. It reabsorbs up to 30% of filtered sodium 
via the Na-K-2CL cotransporter (NKCC2) and contributes 
to calcium and magnesium homeostasis via paracellular 
mechanisms [7].

The distal tubule is composed of the distal convoluted 
tubule (DCT) and the collecting duct (CD). Sodium and 
water reabsorption is highly variable in these segments sec-
ondary to the mineralocorticoid (aldosterone)-responsive 
principal and intercalated cells [8, 9]. The principal cells 
increase sodium and therefore water reabsorption via aldos-
terone-mediated activation of the epithelial sodium channel 
(ENaC) [10]. In times of potassium excess, the intercalated 
cells facilitate potassium secretion via the same mechanism. 
Aldosterone is released, and ENaC stimulated, resulting in 
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an electrochemical gradient which promotes potassium secre-
tion via the ROMK channel [9, 11]. Intercalated cells are also 
responsible for acid-base homeostasis with the excretion of 
hydrogen and reabsorption of filtered bicarbonate [9].

Unique to the DCT, the thiazide-sensitive NaCl cotrans-
porter reabsorbs 5–10% of filtered sodium [8]. The DCT also 
contributes to calcium and magnesium homeostasis via tran-
scellular mechanisms and is responsible for the secretion of 
potassium via both voltage and flow-dependent processes [2, 8].

Finally, the principal cells within the CD also facili-
tate water reabsorption via the water channel aquaporin-2 
(AQP2) which is stimulated by the antidiuretic hormone 
(ADH) [12].

The dysfunction of any of these tubular mechanisms 
results in a “tubulopathy”.

Clinical presentation

The clinical presentation of tubular dysfunction in children 
and young adults is as equally varied as it is non-specific. 
Prominent features include polyuria, polydipsia, irritabil-
ity, growth failure, nephrocalcinosis and blood pressure 
anomalies.

It is important to elicit a history of polyuria and or poly-
dipsia as these reflect a concentrating defect. This can be 
compounded by an osmotic diuresis secondary to increased 
solute delivery to the distal tubule. The body compen-
sates with the release of ADH and aldosterone (if these 

mechanisms remain intact) and increased thirst. The loss of 
water and solutes, however, is constant, and despite poly-
dipsia, children are often chronically or intermittently dehy-
drated resulting in irritability.

Growth failure is a common presenting feature and ongo-
ing management issue. The magnitude of the growth deficit 
is multifactorial and dependent on the severity of the under-
lying tubulopathy. Chronic acidosis results in protein catabo-
lism and growth hormone deficiency/resistance and has a 
direct effect on the epiphyseal growth plate [13]. Chronic 
hypokalaemia, a common feature of selected tubulopathies, 
has also been associated with growth hormone deficiency 
and resistance [13, 14]. Phosphate and calcium wasting, 
and subsequent rickets secondary to kidney disease, have an 
obvious impact on growth. Finally, polyuria and polydipsia 
result in significant fluid intake impacting the ability of (par-
ticularly young) children to meet their caloric requirements 
to facilitate growth.

A differentiating feature of many tubulopathies is hyper-
calciuria and nephrocalcinosis, additionally manifesting 
as nephrolithiasis. Hypercalciuria can occur secondary to 
increased absorption of calcium from the gut (e.g. in vitamin 
D toxicity), increased release of calcium from bone (in the 
setting of acidosis) and reduced reabsorption of calcium in 
the tubule as is the case for many tubulopathies [15].

Blood pressure effects vary. In tubulopathies that result 
in water or salt retention hypertension is observed and 
often marked (e.g. Liddle syndrome). In those with salt 
and water wasting, the net effect is hypo- or normotension 
(e.g. Bartter Syndrome). It is important to note that hyper-
tension can still be present in salt-losing tubulopathies, 
for example secondary hypertension noted in adults with 
Gitelman Syndrome [16].

Other potential extra-kidney manifestations including 
sensorineural hearing loss, ophthalmologic involvement 
and developmental delay could guide the diagnosis in the 
direction of specific tubulopathies.

Investigation

When faced with a potential tubulopathy, it is important to 
have a diagnostic tool kit to differentiate these conditions. 
These include urine and blood tests, imaging and, more 
recently, genetic assessment (Table 1).

Serum evaluation should include a venous gas to assess 
acid-base status, full biochemical profile including electro-
lytes, urea and creatinine, calcium, magnesium, phosphate 
and uric acid to determine the salt-wasting profile. Renin and 
aldosterone are important in those who present with potas-
sium abnormalities (hypo/hyperkalaemia) with or without 
hypertension.

Fig. 1  The nephron with associated segments
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Urine should be analysed with urine dipstick (for gluco-
suria), protein:creatinine ratio and calcium:creatinine ratio. 
Additional investigations for suspected proximal tubulopathy 
include beta-2 microglobulin (or equivalent tubular protein) 
and urine amino acid profile or metabolic screen. Beta-2 
microglobulin is a LMWP freely filtered by the glomerulus 
and reabsorbed by the tubules; therefore, abnormally elevated 
levels in the urine can be suggestive of tubular dysfunction.

If initial testing is suggestive of a tubulopathy, paired urine 
and serum samples should be obtained to enable the calcula-
tion of fractional excretion of sodium (FeNA) and magnesium 
(FeMg) in addition to the trans tubular potassium gradient 
(TTKG) and tubular maximum phosphate reabsorption per glo-
merular filtration rate (TmP/GFR) (Table 2). These fractional 
excretions can provide an insight into the electrolyte handling 
of the kidneys and evidence of the underlying pathology.

A kidney ultrasound will detect nephrocalcinosis and/
or nephrolithiasis, hydronephrosis in those with polyuria 
and congenital anomalies of the kidney and urinary tract 

(CAKUT) which can be associated with tubular pathologies 
such as HNF1B-associated disease.

Finally, a genetic assessment should be considered 
where feasible. There are now over 50 disease genes impli-
cated in tubulopathies, with some disorders having very 
specific phenotypes where others exhibit crossover or phe-
nocopy phenomena [1]. The diagnostic yield for genetic 
testing in tubulopathies is much greater than many other 
conditions with up to 50% of paediatric or young adult 
patients having an identifiable genetic diagnosis [2, 17]. 
Where possible, genetic testing can be utilised for con-
firmation of diagnosis, guiding disease-specific therapy, 
providing prognostication, identification of at-risk rela-
tives and antenatal counselling for future pregnancies [1]. 
Nonetheless, the availability and financial viability of these 
assessments vary from centre to centre and they are not 
imperative for diagnosis though can often provide person-
alised clinical utility.

Biochemical presentations

Given the non-specific clinical presentations of tubulopa-
thies, it is essential to utilise observed biochemical changes 
to localise which tubular segment may be implicated. These 
changes reflect a disruption of normal tubular physiology 
and their distinctive biochemical patterns are reflective of 
the disease process [1]. Such biochemical patterns include 
hypokalaemic or hyperkalaemic metabolic acidosis and 
hypokalaemic metabolic alkalosis. Additional factors such 
as family history and syndromic features can assist in deter-
mining the underlying diagnosis.

Table 1  Initial investigations (biochemical profile including  Na+,  K+, 
 Cl−,  HC03

−, urea, creatinine,  Ca2+,  Mg2+,  PO4
3−)

Bloods Urine Imaging

Venous blood gas
Biochemical profile
+/−
  Osmolality
  Renin/aldosterone

Urinary dipstick for glucose
Urine microscopy
Urine protein:creatinine ratio
Urine calcium:creatinine ratio
+/−
  Urine B2 microglobulin
  Urine osmolality
  Urine metabolic screen

Kidney ultrasound

Table 2  Assessment of tubular handling of salts [55, 56]

Fractional excretions

Formula Normal value Interpretation

FeNa =
Na (urine)x Creatinine (serum)

Na (serum)x creatinine (urine)
x100 FeNa <1%

(with normal salt load and 
normal GFR)

If >1% suggests:
– Kidney salt wasting
– Appropriate naturesis in the context of salt load

FeMg =
Mg (urine)x Creatinine (serum)

Mg (serum)x creatinine (urine)x 0.7
x100 FeMg < 4% > 4% suggests

– Kidney wasting magnesium in setting of 
hypogmagnesaemia

TTKG =
K (urine)x Osmlality (serum)

K (serum)x Osmolality (urine)
x100 TTKG 4–6%

(Interpretation dependent 
on kalaemic state)

In hypokalaemic states
– <2% suggests appropriate kidney handling
– >4% suggests kidney losses

TmP/GFR = PO4 (serum)
[

PO4 (urine)x Creatinine
serum

urine

]

Varies with age < lower limit of range
– Kidney phosphate wasting
Ranges:
Birth: 1.43–3.43 mmol/L
3 mths: 1.48–3.30 mmol/L
6 mths: 1.15–2.60 mmol/L
2–15 years 1.15–2.44 mmol/L
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Hypokalaemic metabolic acidosis

Hypokalaemic metabolic acidosis is a typical feature of both 
proximal tubular bicarbonate wasting and impaired acid 
secretion in the distal tubule [3].

Proximal tubular bicarbonate wasting

In the PCT, impaired co-transport of sodium and bicarbonate 
results in acidosis and volume depletion. This stimulates 
renin-angiotensin-aldosterone system (RAAS) activation 
leading to the exchange of potassium ions for sodium in the 
distal tubule and ultimately hypokalaemia.

Hypokalaemic metabolic acidosis when secondary to 
proximal tubular dysfunction is most commonly associ-
ated with the wasting of all solutes reabsorbed in PCT. 
This generalised proximal tubulopathy (GPT) may also 
be referred to as Renal Fanconi Syndrome [4]. In a GPT, 
sodium, potassium, calcium, phosphate, uric acid, bicarbo-
nate, glucose, amino acid and LMWP wasting occurs. The 
net result is hypokalaemic metabolic acidosis with hypo/
normotension (due to salt and water wasting), hypophos-
phataemia with subsequent rickets, hypercalciuria with 
nephrocalcinosis, glucosuria, aminoaciduria, and LMW 
proteinuria. Calculating the FeNa can be useful in this set-
ting of reduced extracellular volume as it is expected FeNa 
would be < 1%; however, in GPT, FeNa is often inappro-
priately elevated (> 1%) due to salt wasting. It is important 
to be mindful that FeNa is also affected by salt intake (and 
therefore not a diagnostic tool of value in breastfeeding 
infants without free access to salt) and GFR and therefore 
not always helpful. TTKG will be elevated and TmP/GFR 
inappropriately low [4]. Clinically these children gener-
ally present in the first year of life with failure to thrive, 
polyuria/polydipsia, irritability, vomiting and growth fail-
ure with evidence of rickets [4].

GPT has an extensive list of genetic and acquired 
causes. The genetic causes can be categorised according 
to the mechanism of dysfunction including accumulation 
of toxic metabolites (e.g. cystinosis, galactosaemia, Wil-
son’s disease), impaired energy production (mitochondrial 
cytopathies) or disruption of intracellular messaging (Lowe 
syndrome, Dent disease) [4]. These multisystem diseases 
are associated with extra-kidney manifestations such as 
ophthalmological involvement, developmental delay and/or 
hepatomegaly. There are four genes identified to date which 
result in GPT with a kidney-limited phenotype. Three are 
autosomal dominant (AD) (GATM, EHHADH, HNF4A) 
and one autosomal recessively (AR) inherited (SLC34A1). 
Acquired causes of GPT include medications (aminogly-
cosides, ifosfamide), toxins (heavy metal poisoning) and 
kidney injury (acute interstitial nephritis, recovering acute 
tubular necrosis) [2].

Lowe syndrome (Oculocerebral syndrome) and Dent 
disease (types 1 and 2) present with GPT with unique char-
acteristics. Both are X-linked recessive disorders associated 
with an incomplete proximal tubulopathy predominated by 
LMW proteinuria, marked hypercalciuria with significant 
nephrocalcinosis and progressive CKD. Importantly, they 
rarely have glucosuria [18]. Lowe syndrome and Dent-2 
disease are both caused by variants in OCRL which encodes 
for an enzyme important in the PCT endolysosomal pathway 
[18]. Lowe syndrome is associated with devastating extra-
kidney manifestations including cataracts, glaucoma, visual 
impairment, intellectual impairment, behavioural regression 
and seizures [19]. Interestingly, extra-kidney manifestations 
in Dent-2 disease are less common. It is hypothesised that 
these conditions represent variable phenotypic expression of 
the OCRL gene product. Dent-1 disease is caused by variants 
in CLCN5, accounts for 60% of patients with Dent disease 
and rarely has extra-kidney manifestations [18].

A rare cause of hypokalaemic metabolic acidosis second-
ary to bicarbonate wasting that is not associated with GPT 
dysfunction is isolated proximal renal tubular acidosis 
(RTA) also referred to as type 2 RTA . This condition is 
caused by SLC4A4 variants (encodes for basolateral sodium 
bicarbonate exchanger) and is associated with eye abnormal-
ities such as cataracts, glaucoma and band keratopathy [20]. 
Differentiating features of this condition include the lack of 
amino acid wasting and the absence of nephrocalcinosis. 
Nephrocalcinosis is thought to be prevented in this condition 
due to significant citraturia which prevents calcium precipi-
tation and stone formation [21].

Impaired hydrogen excretion in the distal tubule

Hypokalaemic metabolic acidosis secondary to distal tubu-
lar dysfunction is due to failure of the intercalated cells to 
secrete protons. To counter this, sodium is reabsorbed in the 
CD in exchange for either protons or potassium. If there is 
no capability to excrete protons, potassium will be prefer-
entially excreted resulting in hypokalaemia. The chronically 
acidotic state results in calcium release from bones which 
contributes to hypercalciuria and nephrocalcinosis [20].

Distal RTA , also referred to as type 1 RTA  is an example 
of this. There are five genes associated with this phenotype, 
three of which are also associated with sensorineural hearing 
loss (ATP6V1B1, ATP6V0A4, FOXI1) and two which are not 
(SLC4A1, WDR72). There are also several acquired causes 
of distal RTA including CKD, lupus nephritis or medication 
related (e.g. amphotericin B) [20–22].

The clinical presentation of distal RTA again includes 
irritability and vomiting, poor lineal growth secondary to an 
acidotic state, rickets and sensorineural hearing loss. Bio-
chemically these patients demonstrate hypokalaemic meta-
bolic acidosis with hypercalciuria, nephrocalcinosis with no 
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glucosuria, aminoacidouria or LMW proteinuria to suggest 
proximal tubule involvement (Fig. 2).

Hypokalaemic metabolic alkalosis

Hypokalaemic hypochloraemic metabolic alkalosis is 
the hallmark of enhanced sodium reabsorption in the 
CD. Sodium reabsorption here is mediated by aldoster-
one release in response to intravascular fluid depletion. 
Aldosterone increases the expression of sodium channels 
and sodium-potassium ATPase within the tubular cell 
enhancing sodium reabsorption (and therefore water) at 
the expense of potassium. Potassium depletion is detected 
and potassium exchanged for hydrogen (via potassium 
hydrogen ATPase) in the intercalated cells resulting in an 
alkalotic state [3, 11, 23].

Important differentials for this state include pyloric steno-
sis, congenital chloride diarrhoea, cystic fibrosis and chronic 
laxative or diuretic use [23].

Hypokalaemic metabolic alkalosis with hypotension/
normotension

The two most common kidney causes are Bartter Syn-
drome and Gitelman syndrome. These are salt wasting 
disorders secondary to variants in genes encoding the 
sodium co-transports within the TAL and DCT respectively. 
Other differentials include EAST syndrome, HNF1B-asso-
ciated tubulopathy and more recently described variants in 
CLDN10, RRAGD and mitochondrial DNA [24–27].

Bartter syndrome (BS) is further classified into types 
I–V based on underlying genetic diagnosis (Table 3, Fig. 3). 
All variants affect sodium transport within the TAL resulting 

in salt wasting with subsequent compensatory hyperaldoster-
onism (Fig. 4). Clinically these patients can present antena-
tally with polyhydramnios (due to polyuria) or in infancy/
early childhood with polyuria, polydipsia, failure to thrive 
and complications of chronic hypokalaemia including rhab-
domyolysis and cardiac arrhythmias. Interestingly, type V 
BS presents antenatally and is transient, resolving within 
the first 3 months of life; the remainder persist into adult life 
and require prompt diagnosis in the neonatal period or early 
childhood due to the high risk of mortality [25].

Gitelman syndrome (GS) is more common than BS, 
occurring in 1:25,000 births [2]. It results from salt and chlo-
ride wasting with secondary hyperaldosteronism due to vari-
ants in the gene encoding the NCC in the DCT (SLC12A3). 
Children with this condition generally present later in life 
(early childhood or adolescence) with polyuria, polydipsia 
and hypotension. Symptomatic hypomagnesaemia with 
muscle cramps, tetany, chondrocalcinosis is an important 
differentiating feature of GS [2, 28, 29].

The mechanism of hypomagnesaemia in GS remains 
unclear. One theory is decreased expression of the magne-
sium channel TRPM6 in the DCT (Fig. 5). Hypomagne-
saemia can also occur in BS (particularly Type III) due to 
impaired paracellular magnesium reabsorption. Hypomag-
nesaemia in BS is much milder than in GS [1, 28, 30, 31].

Another key differentiating feature of BS (versus GS) is 
hypercalciuria with nephrocalciniosis. The TAL is respon-
sible for 20% of tubular calcium reabsorption. This occurs 
via paracellular mechanisms that rely on transtubular elec-
trochemical force generated by the NKCC2 co-transport and 
ROMK channel (implicated in Types I and II BS, respec-
tively) [30]. In patients with types I and II BS where this 
electrochemical gradient fails there is a reduction in tubular 

Fig. 2  Diagnostic flow chart 
for hypokalaemic metabolic 
acidosis
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Table 3  Differentiating hypokalaemic metabolic alkalosis with normo/hypotension

Hypokalaemic metabolic alkalosis

Disorder Gene Protein Inheritance Differentiating features

BS Type I SLC12A1 NKCC2 Co-transporter AR Antenatal or neonatal onset
Nephrocalcinosis

BS Type II KCNJ1 ROMK potassium channel AR Antenatal or neonatal onset
Nephrocalcinosis

BS Type III CLCNKB CIC-Kb AR Childhood onset
chloride channel Hypomagnesaemia, can have normocalciu-

ria and phenocopy Gitelman Syndrome
BS Type IVa BSND Barttin AR Neonatal onset

subunit Hypomagnesaemia, sensorineural deafness
BS Type IVb CLCNKA CIC-Ka Chloride Channel AR Neonatal onset

Sensorineural deafness
BS Type V MAGED2 MAGE-D2 XR Antenatal or neonatal onset

Transient
Gitelman Syndrome SLC12A3 NCC co-transporter AR Childhood onset

Hypomagnesaemia, hypocalciuria
Gitelman-like syndrome MT-TF NCC co-transporter Mt Childhood onset

MT-TI Hyomagnasaemia, hypocalciuria
Gitelman-like syndrome RRAGD Rag GTPase D AD Hyomagnasaemia, nephrocalcinosis

Dilated cardiomyopathy
East Syndrome KCNJ10 Kir4.1 AR Infancy

CNS involvement
Helix Syndrome CLDN10 Claudin-10b complex AR Childhood

Hypermagnesaemia
Exocrine gland dysfunction

Fig. 3  Diagnostic flow chart for hypokalaemic metabolic alkalosis

656 Pediatric Nephrology (2023) 38:651–662



1 3

calcium reabsorption with subsequent hypercalciuria and 
nephrocalcinosis (see Fig. 3). Hypercalciuria occurs in types 
III, IV and V BS, but is less common and milder. In GS 
sodium reabsorption in the proximal tubule is enhanced to 
compensate for the downstream salt wasting. This results in 
increased paracellular reabsorption of calcium and subse-
quent hypocalciuria.

EAST syndrome is an AR condition secondary to 
variants in KCNJ10 which encodes a rectifying potassium 

channel expressed in the kidney, inner ear and glial cells. It 
results in a tubulopathy that mimics GS with predominant 
extra-kidney manifestations including sensorineural deaf-
ness, ataxia, seizures and intellectual deficit [1, 3].

HELIX syndrome is a rare condition caused by vari-
ants in CLDN10 which encodes proteins important for tight 
junction formation in the TAL and exocrine glands [24]. 
The net result is reduced paracellular sodium reabsorption 
and a salt-losing tubulopathy with differentiating features 

Fig. 4  Thick ascending limb 
of the Loop of Henle with 
the NKCC2, ROMK, Barrtin 
subunit and CIC-Ka/b impli-
cated Bartter syndrome. Also 
demonstrates paracellular reab-
sorption of sodium, magnesium 
and calcium via tight junction 
transmembrane proteins claudin 
10, 16 and 19

Fig. 5  Distal convoluted tubule 
with the NCC implicated 
in Gitelman syndrome and 
KCNJ10 implicated in EAST 
syndrome. Decreased expres-
sion of TRPM6 postulated to be 
the cause of hypomagnesaemia 
in Gitelman syndrome

657Pediatric Nephrology (2023) 38:651–662



1 3

of hypermagnesemia and exocrine gland dysfunction with 
hypohidrosis and alacrima (see Fig. 4) [25].

More recent discoveries include variants in RRAGD encoding 
for the Rag guanosine triphosphatase that leads to a hypokalae-
mic, salt-losing nephropathy associated with hypomagnesaemia 
and dilated cardiomyopathy [26]. It also leads to a GS-like syn-
drome resulting from variants in mitochondrial DNA (MT-TF, 
MT-TI) that result in reduced NCC activity [27].

When considering hypokalaemic metabolic alkalosis 
with normo or hypotension, the main differentiating fea-
tures between these tubular conditions are the age of onset, 
hypomagnesaemia and presence of hypercalciuria. Extra-
kidney manifestations such as neurological involvement and 
exocrine gland dysfunction will guide diagnosis of rarer con-
ditions (Table 3, Fig. 3).

Hypokaelaemic metabolic alkalosis with hypertension

Hypertension in this setting reflects a state of apparent or 
true mineralocorticoid excess. In these conditions sodium 
and water are retained in lieu of potassium, resulting in a 
hypokalaemic metabolic alkalosis. Hypercalciuria with or 
without nephrocalcinosis is present in most cases due to a 
compensatory reduction in proximal salt reabsorption [3].

Primary hyperaldosteronism can be genetic or in the set-
ting of adrenal hyperplasia or adenoma/carcinoma [23]. There 
are four forms of familial hyperaldosteronism, type 1–type 
4 [32]. By the very mechanisms of these conditions, serum 
aldosterone is elevated, renin suppressed, and hypertension is 
significant.

Liddle syndrome is an AD condition resulting from a 
gain of function variant in SCNN1A/B which encode the 
alpha/beta subunits of the ENaC present in the CD [33]. 
Constitutive activation of this channel results in sodium and 
water reabsorption at the expense of potassium. This occurs 
independently of aldosterone and therefore aldosterone and 
renin are suppressed [32].

Apparent mineralocorticoid excess syndrome mimics 
primary hyperaldosteronism [23]. Causes include genetic 
variants leading to constitutive activity of mineralocorticoid 
receptors, drug toxicity or excessive licorice intake. One 
genetic form results from variation of HSD11B2 that encodes 
for 11B-hydroxysteroid dehydrogenase involved in prevention 
of cortisol binding to the mineralocorticoid receptor [1, 32]. 
These children present with polyuria, polydipsia, failure to 
thrive and a hypokalaemic metabolic alkalosis with hyper-
tension. This is again independent of aldosterone therefore 
renin and aldosterone are suppressed [32, 33]. Another form 
is Geller syndrome due to a specific variant in NR3C2 which 
conveys agonism rather than antagonism of the mineralocor-
ticoid receptor by progesterone and other steroid hormones 
thus resulting in early-onset hypertension that is aggravated 
in pregnancy [34, 35]. There are other monogenic forms of 

hyperaldosteronism due to excess adrenal production of min-
eralocorticoid related to variation in CYP11B1 (glucocorti-
coid-remediable aldosteronism), CLCN2, KCNJ5 and CAC-
NA1H that phenocopy these intra-kidney forms of apparent 
mineralocorticoid excess, though manifest with extra-kidney 
features of hyperaldosteronism [36–39].

Hyperkalaemic metabolic acidosis

In the CD, sodium is reabsorbed in exchange for potassium 
and hydrogen ions. Impaired sodium reabsorption results in 
reduced excretion of both hydrogen and potassium and sub-
sequent hyperkalaemic metabolic acidosis. This state reflects 
an aldosterone deficiency or resistance and is referred to as 
a type 4 RTA  [20, 22].

Type 4 RTA has a myriad of causes including intrinsic 
kidney disease (CKD, obstructive uropathy), adrenal insuf-
ficiency (congenital adrenal hyperplasia), autoimmune dis-
orders (lupus nephritis), medications (amiloride, spironolac-
tone, calcineurin inhibitors) and genetic forms referred to as 
pseudohypoaldosteronism [20]. In paediatrics, type 4 RTA is 
most commonly observed secondary to urosepsis resulting 
in a reversible pseudohypoaldosteronism.

Pseudohypoaldosteronism type 1 (PHA1) is due to min-
eralocorticoid resistance. Children typically present in infancy 
with failure to thrive, severe hypovolaemia, hyperkalaemia and 
metabolic acidosis. Autosomal recessive PHA1 results from 
variants in the genes that encode the subunits of the EnaC chan-
nel present in the CD. Loss of function of this channel results 
in severe salt wasting. EnaC is also expressed in skin and lungs 
and therefore can lead to a cystic fibrosis-like phenotype. Auto-
somal dominant PHA1 results from variants in the NR3C2 gene 
which encodes the mineralocorticoid receptor. Those affected 
by PHA1(NR3C2) typically present with a milder phenotype 
with no extra-kidney manifestations and resolution after early 
childhood [40]. Both conditions are the only kidney salt wasting 
conditions that present with hyponatraemia [1–3].

Pseudohypoaldosteronism type 2 (PHA2) (Gordon 
syndrome) is caused by the stimulation or prevention of 
degradation of the NCC co-transporter in the DCT, the 
same channel implicated in GS. The result is unopposed 
sodium reabsorption with subsequent volume expansion 
and hypertension. Hyperkalaemic metabolic acidosis 
results from suppression of sodium reabsorption in the 
CD leading to reduced potassium and hydrogen secre-
tion. Variants in WNK4, WNK1, KLHL3 and CUL3 are 
implicated in PHA2 [1, 3, 20].

Hyper‑ and hyponatraemia

Sodium and water homeostasis are inextricably linked. 
Sodium anomalies more frequently reflect volume status, 
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and less commonly reflect a depletion of sodium stores 
or salt toxicity [3]. There are reviews dedicated entirely 
to this topic. We focus on those related to impaired tubu-
lar handling of water, nephrogenic diabetes insipidus 
(NDI) and syndrome of inappropriate antidiuretic hor-
mone (SIADH).

NDI results from a failure of the CD to reabsorb water 
in response to ADH [1, 41]. This leads to the production 
of dilute urine irrespective of fluid intake. In the set-
ting of restricted access to free water (due to age) this 
results in volume depletion and hypernatraemia. Paired 
urine:serum sodium and osmolality in this setting reveal 
hyperosmolar serum with an inappropriately dilute urine 
(serum osmolality > urine osmolality) [42]. NDI most 
commonly results from loss-of-function variation in 
AVPR2 (X-linked) with remaining cases related to AQP2 
(AD or AR) and requires distinction from central/neuro-
hypophyseal DI due to AVP (AD) which is responsive to 
exogenous ADH (DDAVP) [43–47].

Conversely, SIADH is caused by the inappropriate 
reabsorption of water in the CD in response to ADH. 
Volume expansion and dilutional hyponatraemia follow 
[1, 48]. SIADH is most commonly acquired in the setting 
of central nervous system or respiratory pathology, an 
inflammatory state or post-operatively [48]. Nephrogenic 
syndrome of inappropriate antidiuresis (NSIAD) is a rare 
genetic condition that mimics SIADH [1]. It is secondary 
to gain-of-function variants in AVPR2 (X-linked) lead-
ing to inappropriate water reabsorption in the absence of 
ADH [49, 50]. In contrast to NDI, SIADH and NSIAD 
present with hyponatraemia and hypo-osmolality with an 
inappropriately concentrated urine (serum osmolality < 
urine osmolality) [48].

As the AVPR2 gene is on the X chromosome, it is 
males that are affected with NSIAD and in the majority 
of cases of NDI. Family history is important as female 
carriers are often partially affected and may report poly-
dipsia and/or have a history of borderline hyponatraemia. 
Given sodium anomalies most commonly reflect volume 
status, a rigorous assessment of fluid status should always 
be conducted. Paired urine and serum samples assist in 
determining the kidney handling of salt and water.

Hypomagnesaemia

Magnesium is a highly abundant salt in the body imperative 
for neuromuscular stability. Magnesium regulation is moder-
ated by intestinal reabsorption and kidney handling and is 
impacted by hormonal control. In the kidney, reabsorption 
occurs in the proximal tubule, the TAL via paracellular mech-
anisms and the DCT via transcellular mechanisms [1, 3, 51].

Hypomagnesaemia is often classified according to the 
corresponding urinary calcium [1, 3, 51]. In the TAL, 

magnesium and calcium are reabsorbed by paracellular mech-
anisms (Fig. 4). Hypomagnesaemic conditions affecting this 
portion of the tubule therefore also waste calcium resulting 
in hypercalciuria and subsequent nephrocalcinosis. Familial 
hypomagnesaemia with hypercalciuria and nephrocalci-
nosis is one such condition resulting from variations in the 
CLDN16/19 genes which encode claudin 16/19 respectively 
[52]. These transmembrane proteins facilitate paracellular 
magnesium and calcium reabsorption. The driving force for 
this process is the electrochemical gradient resulting from 
transtubular sodium, potassium and chloride transport (see 
Fig. 4). Disease-causing variations result in loss of function 
with subsequent salt, magnesium and calcium urinary loss.

In the DCT, hypomagnesaemia can exist in the setting of a 
salt-wasting syndrome or as an isolated defect affecting mag-
nesium alone. In the former, the proximal tubule compensates 
for volume loss by reabsorption of salt which is paired with 
calcium. This leads to hypocalciuria as occurs in GS, EAST 
syndrome and HNF1B-associated tubulopathy. Conditions 
that affect magnesium reabsorption alone (with normocal-
ciuria) include familial hypomagnesaemia and hypocal-
caemia. This results from variants in TRPM6 which encodes 
for the ion channel responsible for magnesium reabsorption. 
Hypomagnesaemia in this setting is often marked leading to 
reduced PTH release and subsequent hypocalcaemia.

Management

Briefly, management of these patients requires a multidisci-
plinary approach (ideally in a centre of expertise) with neph-
rologists, general paediatricians and dieticians. Considered 
transition to adult nephrology models of care is encouraged 
in discussion with relevant services.

The mainstay of therapy is the replacement of water and 
electrolytes. This can present a challenge to most patients, 
particularly infants, who have significant fluid requirements 
that often compromise their ability to consume adequate 
calories. Early dietetic input in this setting is imperative to 
facilitate growth and supplemental feeds via gastrostomies 
are often required.

Replacement of electrolytes often requires seemingly 
alarming doses of potassium, sodium, bicarbonate and phos-
phate. Despite this, in many conditions (e.g. BS), normal 
serum values may not be achieved and may not be realistic 
therapeutic targets, instead focusing on optimising growth 
and avoiding symptoms.

Hypercalciuria and nephrocalcinosis are managed with 
adequate fluid intake and administration of citrate which 
binds urinary calcium and prevents crystallisation [15].

Hypertension management is disease-specific and sum-
marised by Raina et al [32]. For example, potassium-sparing 
diuretics are utilised in Liddle syndrome to block EnaC.
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Other disease-specific therapies are available. In BS pros-
taglandin inhibitors such as indomethacin and celecoxib have 
been utilised and result in improved growth and electrolyte 
profile. However, their extended use may contribute to CKD 
and carries a significant risk of gastric ulceration. Consensus 
statements on the management of BS, GS, RTA and proximal 
tubulopathies are readily available [14, 31, 53, 54].

Conclusion

In summary, tubulopathies represent a complex array of 
conditions with non-specific presenting symptoms. The 
pathognomonic biochemical picture resulting from the 
underlying tubular defect is often the most revealing find-
ing. It is important to identify these conditions promptly to 
facilitate management. The diagnosis of these conditions 
involves assessment of serum, urine and genetic investiga-
tion in addition to careful clinical assessment. Management 
requires a multi-disciplinary approach, and is generally sup-
portive with fluid and electrolyte replacement; however, it 
can also be disease-specific. Finally, the discovery of genetic 
causes for different tubulopathies has and will continue to 
lead to expedited diagnoses as well as more targeted and 
personalised therapy and identification of at-risk relatives.

Key summary points 

• Clinically, tubulopathies can present with varied and non-
descript features

• The biochemical presentation of tubulopathies is an 
important diagnostic tool which can guide further inves-
tigation and management

• Genetic testing in tubulopathies is important for the diag-
nosis and establishment of treatment-specific therapy and 
can facilitate ongoing counselling

• Management is multidisciplinary and focuses on the replace-
ment of electrolytes and adequate nutrition to facilitate growth

Multiple choice questions (answers can be found after the 
reference list) 

1. The following is not a cause of a generalised proximal 
tubulopathy:

a) Galactosaemia
b) Cystinosis
c) Wilson’s disease
d) Proximal RTA (type 2 RTA)
e) Mitochondrial ciliopathy

2. Genetic testing is important in the tubulopathies as it can

a) Provide a definitive diagnosis
b) Allow the commencement of disease-specific therapy
c) Facilitate family planning
d) All of the above

3. Which statement is incorrect when reviewing proximal 
and distal RTA?

a) Both present with a hypokalaemic metabolic acidosis
b) Both are associated with nephrocalcinosis
c) Proximal RTA is secondary to an inability to reabsorb 

bicarbonate
d) Distal RTA is secondary to an inability to secrete protons

4. Which statement is incorrect when reviewing tubulopa-
thies that affect magnesium handling of the kidney?

a) When assessing hypomagnesaemia, urinary calcium is 
an important tool to guide diagnosis

b) Individuals with variants in CLDN10 present with a salt 
wasting tubulopathy with hypomagnesaemia

c) Individuals with variants in CLDN16/19 present with a 
salt wasting tubulopathy with hypomagnesaemia

d) Familial hypomagnesaemia with hypocalcaemia results 
from variants in TRMP6
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