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Tubulopathies are a group of heterogeneous diseases that are manifested in the malfunction of the renal tubules. This review ad-
dresses tubulopathies associated with polyuria syndrome, namely renal glucosuria syndrome, nephrogenic diabetes insipidus and pseu-
dohyperaldosteronism. Types of renal glucosuria are described, namely: type A, type B and the most severe type 0. Type A is characte-
rized by a low filtration threshold and low glucose reabsorption. The type of inheritance is autosomal recessive. Type B, autosomal 
dominant, is characterized by uneven activity of glucose transport, in which its reabsorption is reduced only in some nephrons. That is, 
normal reabsorption of glucose is maintained, but the filtration threshold of the latter is reduced. Type 0 with a severe course is characte-
rized by complete inability of epithelial cells of the proximal tubules to reabsorb glucose. Nephrogenic diabetes insipidus is a rare inhe-
rited disease caused by impaired response of the renal tubules to antidiuretic hormone (ADH). Depending on the degree of inability to 
concentrate urine, there are complete and partial forms. It is divided into nephrogenic diabetes insipidus type I (X-linked recessive); 
nephrogenic diabetes insipidus type II (autosomal recessive and autosomal dominant) and nephrogenic diabetes insipidus syndrome 
with dementia and intracerebral calcifications (type of inheritance remains unknown). Children with autosomal recessive type of inhe-
ritance suffer from the more severe disease course. Pseudohypoaldosteronism is characterized by a special condition of the renal tubules 
which is due to insufficient sensitivity of the tubular epithelium to aldosterone, which in turn leads to hyperaldosteronism, the develop-
ment of hyponatremia, metabolic acidosis with hyperkalemia, polydipsia and polyuria, decreased sodium reabsorption and retardation 
of the child's physical development. The classification includes three syndromes of pseudohypoaldosteronism, namely: type I (PHA1), 
which is divided into PHA1A (autosomal dominant, renal), PHA1B (autosomal recessive, systemic); type II (PHA2; Gordon’s syn-
drome), type III (secondary), which develops as a result of renal pathology.  

Keywords: renal glucosuria; nephrogenic diabetes insipidus; pseudohypoaldosteronism; children; genes.  

Introduction  
 

Over the recent years, occurrence of renal pathology among children 
has increased. The kidneys are the organs that ensure the homeostasis 
stability in the body. The main function of the kidneys is regulating the 
circulatory volume through the control of sodium and water balance, thus 
maintaining extracellular fluid volume homeostasis; ensuring the concen-
tration stability of osmotically active substances and individual ions in 
them, pH of the blood, the excretion of foreign substances. The incretory 
function of kidneys is associated with their role in renewal of the protein 
blood composition, the production of glucose, erythropoietin, renin, pros-
taglandins, active forms of vitamin D3. Kidney damage in childhood often 
causes the development of persistent hypertension in adults which leads to 
death from cardiovascular diseases (Barker et al., 1989; Vehaskart, 2007).  

Tubulopathy is a group of diseases of various origins that manifest as 
dysfunction of the renal tubules. In primary or hereditary tubulopathies, 
impaired transport of substances through the renal tubules is associated 
with congenital defects of enzyme systems or inferiority (dysplasia) of cell 
membranes (Wright et al., 2007).  

Depending on the nature and severity of tubular transport disorders, 
clinical signs of tubulopathies may manifest both in the first weeks of life 
and at a later age. Despite the variety of tubulopathies, they clinically 
manifest by different combinations of symptoms such as: hypertension/ 
hypotension, polyuria, polydipsia, rickets-like skeletal changes, physical 
retardation, as well as metabolic disorders such as acidosis/alkalosis and 
also pathology of sodium/potassium and potassium/phosphorus homeo-

stasis (Lojman et al., 2010). Courses of some types of tubulopathies take 
place without severe disorders of homeostasis and require no specific 
therapy (e.g. renal glucosuria) (Prié, 2014). However, most primary tubu-
lopathies are already manifested in infancy by increased excitability, vo-
miting, unexplained rises in body temperature due to electrolyte disorders. 
These symptoms are often interpreted by district pediatricians as manifes-
tations of other diseases. By the time of diagnosis and treatment, recurrent 
episodes of dehydration with hypernatremia are possible, leading to sei-
zures and mental retardation. Often, primary tubular dysfunction is com-
plicated by urinary tract infection and children receive long courses of 
antibacterial therapy without a lasting effect. Severe polyuria (in nephro-
genic diabetes insipidus) can cause dilation of the urinary tract (due to 
excessive urine volume) and the development of renal failure. Therefore, it 
is very important to suspect and recognize in time the relevant metabolic 
disorders associated with renal tubular dysfunction in order to prevent 
severe complications and ensure normal physical and neuropsychological 
development of the child (Osmanov et al., 2018).  

This review examines hereditary tubulopathies that are accompanied 
by polyuria, namely renal glucosuria, nephrogenic diabetes insipidus and 
pseudohypoaldosteronism.  
 
Renal glucosuria (ОМІМ No. 233100) 
 

Renal glucosuria is a disease caused by impaired glucose transport in 
the proximal tubules of the kidneys, with normal blood glucose levels 
(Prié, 2014; Santer & Calado, 2010).  
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By the mid–1950s, renal titration studies divided renal glucosuria into 
type A and type B (Lewis & Wolstenhome, 1954). Patients with renal 
glucosuria type A are characterized by low renal glucose threshold and 
low maximal tubular glucose reabsorption in contrast to patients with renal 
glucosuria type B who have low glucose threshold but can still achieve 
normal maximal tubular reabsorption, causing abnormal filtration-resorp-
tion curve. Later, the complete absence of renal glucose transport was 
found in a very small number of people and was marked as glucosuria 
type 0 (Oemar et al., 1987). Quantitative determination of glucose levels in 
the collected urine 2–4 hours after a 50 g glucose loading test in represent-
atives of three pedigrees gave the first idea that the inheritance type for 
renal glucosuria may be dominant: people presumably homozygous for 
the condition had persistent severe glucosuria whereas heterozygous ones 
had a mild course (or no glucosuria at all) and had only “signs of renal 
glucosuria” (Khachadurian & Khachadurian, 1964). Elsas & Rosenberg 
(1969) reported that renal glucosuria of both type A and type B can occur 
in the same family and that both parents may be completely normal or 
have impaired renal tubular glucose transport. They suggested that this 
may be due to variable expression of the dominant mutation or, alterna-
tively, caused by two different mutant genes in one person.  

Under physiological conditions, glucose is completely reabsorbed in 
the proximal tubules in the S1 and S2 segments with the participation of 
the renal-specific sodium-glucose transporter-2 of the luminal membrane.  

The remaining glucose is removed from the filtrate in the S3 segment 
by sodium-glucose transporter-1. This transporter is also present in the 
small intestine. Like other membrane transport systems, glucose transpor-
ters have a saturation limit. When the renal threshold for glucose is lo-
wered, despite normal blood sugar levels, renal glucosuria occurs (Lee, 
2013; Yu et al., 2015).  

Renal glucosuria is characterized by the presence of hereditary defect 
in the enzyme systems of the proximal renal tubules which provide glu-
cose reabsorption; this leads to increase in daily glucose excretion to 10–
20 g, and can reach 100 g (physiological rate of glucose excretion is 
200 mg per day). The frequency of renal glucosuria is 2–3:1000.  

General criteria for renal glucosuria are: 
1) increased glucose excretion with normal or low blood sugar; 
2) independence of glucose excretion in urine from carbohydrate intake; 

glucose excretion is at constant level both during the day and at night;  
3) no changes in blood sugar levels with carbohydrate intake;  
4) identification of sugar excreted in the urine as glucose;  
5) normal sugar curve after glucose loading.  
Renal glucosuria can be of three types:  
– type A is characterized by decrease in the anatomical mass of the 

proximal tubules relative to the glomerular surface. Low filtration thre-
shold and reduced glucose reabsorption are evident; the clinical picture 
will include: 

– dehydration in the absence of sufficient fluid intake;  
– polydipsia;  
– hypokalemia;  
– hypoglycemia or normoglycemia;  
– delay in physical development;  
– normal results of glucose tolerance test;  
– glucosuria 16–27 g/day (the degree of glucosuria does not depend 

on the intake of glucose with food; glucosuria is unchangeable through the 
day and night);  

– polyuria;  
– type B is characterized by uneven activity of glucose transport, 

when its reabsorption is reduced only in part of the nephrons (along which 
there are nephrons with high intensity of glucose transport into the cell). 
That is, normal reabsorption is maintained, but the glucose filtration thre-
shold is reduced (normoglycemia); the clinical picture is characterized by 
the presence of:  

– normoglycemia; 
– glucosuria 4.0-6.5 g/day. 
– normal results of glucose tolerance test (Li et al., 2019).  
Type 0 is extremely rare. The ability of epitheliocytes of the proximal 

tubules to reabsorb glucose is completely absent. Development of glucos-
uria is associated with a mutation that causes the absence or significant 
defect of tubular proteins that transport glucose, and as a result, complete 

loss of function in its reabsorption. These patients are seen to have high 
values in glucosuria. Therefore, the clinical manifestations will be severe 
and characterized by the presence of:  

– dehydration in case of insufficient fluid intake;  
– polydipsia;  
– hypokalemia;  
– hypoglycemia;  
– delayed physical development;  
– flattened glycemic curve (glucose tolerance test);  
– glucosuria up to 100 g/day;  
– polyuria;  
– predisposition to the development of type 1 diabetes mellitus.  
Type of inheritance remains unknown.  
Differential diagnosis of renal glucosuria should be made taking into 

account the conditions or diseases that are accompanied by glucosuria, 
namely (Urakami et al., 2018):  

– type 1 and 2 diabetes mellitus; 
– diabetes type MODY; 
– “steroid diabetes” with the use of glucocorticoids for therapeutic 

purposes;  
– administration of infusion solutions (glucose dextrose solution);  
– parenteral nutrition;  
– acute tubular necrosis (interstitial nephritis);  
– toxic kidney damage;  
– transient glucosuria of pregnant women;  
– glucose/galactose malabsorption;  
– Albright-Butler-Bloomberg syndrome (requires a mandatory study 

of the excretion amount of phosphates and amino acids in each patient 
with renal glucosuria);  

– congenital nephrosis;  
– Lowe syndrome (oculocerebrorenal);  
– glucoglycinuria syndrome;  
– De Toni Debré Fanconi syndrome;  
– some cases of autosomal dominant tubulopathy are accompanied 

by glycinuria and glucosuria. Patients often suffer from cystic fibrosis.  
Treatment. There are no methods of pathogenetic therapy of this dise-

ase. It is important to ensure proper patient's nutrition to avoid carbohyd-
rate overload and hyperglycemia, which contribute to increased sugar loss. 
With the development of hypoglycemia, it may be necessary to introduce 
additional glucose, and in the conditions of hypokalemia, it is advisable to 
introduce products that contain large amounts of potassium (raisins, carrots, 
etc.). The prognosis is favourable. Prevention lies in medical and genetic 
counseling. Type of inheritance may be autosomal recessive (glucose loss 
up to 16–27 g/day, severe type A); or autosomal dominant (glucose loss 
up to 4.0–6.5 g/day, type B). Mutation of the SLC5A2 gene of sodium-
glucose cotransporter-2 (SGLT2) is evident on chromosome 16p11.2.  
 
Nephrogenic diabetes insipidus  
(vasopressin-resistant diabetes insipidus)  
 

Nephrogenic diabetes insipidus is a rare inherited disease characte-
rized by lack of permeability of collecting tubules for water and resistance 
to the action of ADH with its adequate secretion.  

Renal diabetes insipidus (syn. nephrogenic) is caused by impaired re-
sponse of the renal tubules to antidiuretic hormones (ADH). Depending 
on the degree of inability to concentrate urine, there are full and partial 
forms. Primary (congenital) forms are associated with mutations in the 
gene of the vasopressin V2 receptor in the collecting renal tubule or the 
gene encoding the collector system of water tubules, i.e. aquaporin-2.  

As a rule, secondary (acquired) forms are partial as a result of distur-
bances of rather high osmotic pressure in the brain substance of kidneys 
(phases of polyuria after acute necrosis of the renal tubules, pyelonephritis, 
obstructive nephropathy, cysts of the renal medulla, multiple myeloma, 
renal amyloidosis, sickle cell anemia, renal transplant rejection), or due to 
decreased sensitivity to vasopressin receptors in the renal tubules (hypoka-
lemia, hypercalcemia).  

Congenital forms are divided into:  
– nephrogenic diabetes insipidus type I (linked to the X chromosome, 

recessive);  
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– nephrogenic diabetes insipidus type II (autosomal dominant and au-
tosomal recessive);  

– nephrogenic diabetes insipidus syndrome with dementia and intra-
cerebral calcifications.  

Recommended examinations for diagnosing nephrogenic diabetes in-
sipidus:  

– acid–base balance (blood pH, HCO3
–, BE);  

– relative urine density measurement, plasma osmolarity, urine osmo-
larity;  

– biochemical analysis of blood: sodium, chlorides, potassium, creati-
nine, urea, glucose;  

– test with exogenous ADH: the goal of the test is to determine the re-
sponse of the renal concentration mechanism to the introduction of ex-
ogenous vasopressin (ADH). Children under one year of age are subjected 
to this test in exceptional cases.  

Urine osmolarity after drug administration should increase to 800–
900 mOsm/kg (density up to 1020–1025) in sequentially collected urine 
tests. The lack of increased osmolarity and relative density of urine con-
firms the resistance of the collecting tubules to the action of ADH, which 
is characteristic of nephrogenic diabetes insipidus.  

Diagnostic criteria are as follows:  
– general analysis of urine: persistent hypostenuria (low relative den-

sity of urine 1001–1004, low osmolarity of urine – less than 
250 mOsm/kg), no protein and glucose, normal sediment;  

– plasma hyperosmolarity > 300 mOsm/kg;  
– hypernatremia.  
Ultrasound of the kidneys is recommended: in the conditions of con-

stant excretion of large amounts of urine contributes to hypotension and 
dilatation of the collecting system of the kidneys, ureters and bladder. 
Differential diagnosis of nephrogenic diabetes insipidus is performed with:  

– primary polydipsia;  
– central diabetes insipidus;  
– osmotic diuresis due to diabetic hyperglycemia.  
In these conditions, the test with the injection of antidiuretic hormone 

(ADH) causes increase in osmolarity and urine density. It is possible to 
use the test with fluid restriction. An aqueous deprivation test should never 
be performed in the presence of hypernatremia or elevated plasma osmo-
larity. In these situations, as well as in some cases in infants, a paired ana-
lysis of the urine osmolarity and plasma is sufficient.  

Primary polydipsia, or psychogenic polydipsia, occurs in patients 
with mental disorders. Excessive fluid intake (up to 12 L/day) is characte-
ristic, leading to decrease in plasma osmolarity (240–280 mOsm/kg). 
Inhibition of ADH secretion is accompanied by decrease in its concentra-
tion in blood plasma and decrease in water reabsorption in the distal neph-
ron. Until the plasma osmolarity increases to normal, a large amount of 
diluted urine is excreted (urine osmolarity less than 250 mOsm/kg, density 
less than 1005).  

Patients with central diabetes insipidus who have access to water, 
with the preserved mechanism of thirst will show presence of polyuria 
(urine osmolality less than 250 mOsm/kg, relative density less than 1005–
1007), polydipsia and normal plasma osmolarity (280–295 mOsm/kg).  

There is a number of other diseases accompanied by damage to the 
renal tubules and interstitium with polyuria and polydipsia. These are 
distal renal tubular acidosis, cystinosis, nephronophthisis, obstructive uro-
pathy, renal amyloidosis, sickle cell nephropathy, Sjogren's syndrome, 
myeloma kidney and nephropathy in lung chain disease; nephropathy 
caused by lead poisoning; drug-induced damage (lithium salts, cidofovir, 
amphotericin B). Diuresis in these cases does not exceed 3.5 L/m2/day.  
 
Nephrogenic diabetes insipidus type І (OМІМ No. 304800)  
 

X-linked recessive form is evident due to mutations in the AVPR2 
gene (locus Xq28), which encodes arginine vasopressin receptor (V2R) in 
cells of the collecting tubules. Activated by binding to vasopressin, the V2 
receptor causes increase in cAMP. This leads to the movement towards the 
apical membrane of intracellular vesicles containing aqueous channels of 
aquaporins-2 (AQ-2), increasing the permeability of the tubules to water. 
A genetic defect involving different numbers of mutations in the V2 recep-
tor gene results in decreased vasopressin binding to the receptor, decreased 

synthesis or increased degradation of the receptor itself. As a result, the 
action of ADH becomes blocked. Various mutations are associated with 
variable resistance to ADH. X-linked inheritance variant involves the 
presence of severe polyuria in boys; in females, polyuria can occur during 
pregnancy, when the secretion of placental vasopressinase leads to in-
creased clearance of endogenous ADH (Morello & Bichet, 2001).  

According to the literature, X-linked recessive type of inheritance oc-
curs in 90% of all cases of hereditary nephrogenic diabetes insipidus 
(Geary & Schaefer, 2008). There are many different mutations in the 
AVPR2 gene which disrupt receptor signals and lead to insensitivity of the 
V2 receptors of the basal cell membranes of the collecting tubes to ADH. 
Taking into account the molecular mechanisms of V2R insensitivity to 
ADH, there have been identified classes of mutations in nephrogenic 
diabetes insipidus in the cell model (Geary & Schaefer, 2008; Lifton et al., 
2009; Li et al., 2019). Symptoms of nephrogenic diabetes insipidus with 
X-linked inheritance mostly manifest in males, and sometimes heterozy-
gous females show symptoms of nephrogenic diabetes insipidus depen-
ding on the presence of different activation of the mutated gene – Lion 
mechanism (Geary & Schaefer, 2008; Avner et al., 2009; Lifton et al., 
2009; Bichet & Bockenhauer, 2016).  

The clinical cases occur due to the inability of the combined renal tu-
bules to reabsorb water in response to ADH which is accompanied by:  

– vomiting;  
– anorexia;  
– fever;  
– constipation;  
– polydipsia;  
– polyuria;  
– growth retardation;  
– hydronephrosis often occurs;  
– possible convulsive conditions;  
– the disease manifests in the first two years of life.  

 
Nephrogenic diabetes insipidus type ІІ (OМІМ No. 125800)  
 

The basis of autosomal dominant and autosomal recessive forms of 
nephrogenic diabetes insipidus lies in mutations in the AQP2 gene 
mapped on autosome 12q13.12. AQP2 gene encodes aquaporin-2 water 
channel, located on the apical cell membrane of the renal collecting tu-
bules (Geary & Schaefer, 2008; Avner et al., 2009; Lifton et al., 2009; 
Bichet & Bockenhauer, 2016). Autosomal inheritance with autosomal 
recessive and autosomal dominant subtypes occurs in 10% of all cases of 
hereditary nephrogenic diabetes insipidus (Geary & Schaefer, 2008; Lif-
ton et al., 2009; Bichet & Bockenhauer, 2016). Both boys and girls may 
suffer from it. Postreceptor defect is a disorder in movement and subse-
quent fusion with the luminal membrane of ADH-sensitive water chan-
nels of aquaporins-2 which are localized in the cytoplasm of the main cells 
of the collecting tubules, thereby preventing passive diffusion of water.  

In autosomal dominant nephrogenic diabetes insipidus, clinical symp-
toms of polyuria and polydipsia appear in infants and school-aged child-
ren. An experiment on rats has shown that the drug exposure may increase 
the expression of AQP2 in the apical plasma membrane of the collecting 
tubules (Klein et al., 2016).  

Type of inheritance may be autosomal recessive and autosomal do-
minant. The disease is more severe in children with autosomal recessive 
type of inheritance (Morello & Bichet, 2001).  

The clinical picture is characterized by:  
– hypernatremia;  
– severe dehydration;  
– low osmotic pressure of urine;  
– "salt fever";  
– feeding difficulty;  
– delayed physical development;  
– vomiting;  
– anorexia;  
– polyuria;  
– polydipsia;  
– possible convulsive conditions;  
– manifestation from the first days of life.  
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Nephrogenic diabetes insipidus syndrome with dementia  
and intracerebral calcifications (OМІМ No. 221995)  
 

The clinical picture is characterized by: 
– dwarfism;  
– the presence of intracerebral calcifications;  
– hypernatremia;  
– severe dehydration;  
– low osmotic pressure of urine;  
– “salt fever”;  
– vomiting;  
– anorexia;  
– polyuria;  
– polydipsia;  
– possible convulsive conditions;  
– manifestation from the first days of life;  
– development of mental retardation or dementia (Ocal et al., 2001; 

Schofer et al., 1990).  
It should be differentiated from Cockayne syndrome.  
Patients with polyuria, polydipsia should be examined by a nephrolo-

gist, endocrinologist and clinical geneticist.  
The diagnosis of nephrogenic diabetes insipidus is based on the typi-

cal clinical manifestations of polyuria, polydipsia, hypostenuria from in-
fancy. Increased Na plasma (greater than 145 mmol/L), low relative densi-
ty (1001–1003) and osmolarity of urine (less than 200 mOsmol/kg H2O) 
in children with polyuria and polydipsia are important criteria for the 
diagnosis of nephrogenic diabetes insipidus. The diagnosis requires results 
of genealogical analysis, differential diagnostic tests with DDAVP (syn-
thetic analogue of ADH) and molecular genetic studies.  

Differential diagnostic tests with DDAVP-synthetic analogue of 
ADH are performed for the differential diagnosis of nephrogenic diabetes 
insipidus and neurohypophyseal diabetes insipidus as well as psychogenic 
polydipsia.  

Children under one year of age have a physiological decrease in the 
sensitivity of V2 receptors to ADH, so it is not recommended to perform 
test with DDAVP.  

Nephrogenic diabetes insipidus is diagnozed using:  
1) urine test by Zymnytsky method (hypo– and isostenuria, specific 

density of urine – 1001–1005);  
2) daily urine – polyuria;  
3) test with fluid restriction (test with dry food, dehydration). The test 

is based on the fact that dehydration leads to increased blood osmolarity. 
Normally, vasopressin maintains blood plasma pressure is 285–
287 mOsm/kg. If the osmotic pressure decreases to 280 mOsm/kg, the 
secretion of vasopressin is suppressed, and vice versa, an increase in os-
motic pressure higher than 288 mOsm/kg leads to stimulation of vaso-
pressin synthesis and to the maximum concentration of urine.  

The test is performed exclusively in hospitals. After fasting at night, 
the patient’s body weight, sodium levels, blood urea nitrogen, specific 
urine density and sodium content in the urine are determined. After that, 
the patient stops drinking fluids. The duration should not exceed 6–
8 hours, in exceptional cases – 24 hours. The patient is weighed every 
hour, and blood sodium, volume, and specific urine density are measured. 
At the end of the test, it is advisable to determine the level of vasopressin 
in the plasma.  

The test should be discontinued in cases of 3–5% decrease in body 
weight, or increase in plasma sodium concentration above the upper thre-
shold of the normal level (in patients with diabetes insipidus, usually with-
in a few hours), or if the osmolarity of 2–3 regular portions of urine does 
not differ by more than 10%, but plasma osmolarity increases; plasma 
osmolarity > 295–300 mOsm/kg. If there are no indications before the end 
of the test, it should be extended to 18 hours to rule out diabetes insipidus.  

Test with vasopressin (the second part of the dehydration – vasopres-
sin test) differentiates central and nephrogenic diabetes insipidus. At the 
end of the dry food test, desmopressin 0.2 mg per os or 20 μg should be 
administered intranasally (table) and the specific gravity and osmolarity of 
all urine portions should be determined.  

Differential diagnosis of diabetes insipidus is not particularly difficult. 
In addition to neurohypophyseal diabetes insipidus, it is necessary to keep 

in mind polyuria, which develops in patients with diabetes mellitus as a 
consequence of hyperosmotic diuresis and diseases accompanied by fever 
or tubulopathies with polyuria.  

Table  
Differential diagnosis of psychogenic polydipsia, central and nephrogenic 
diabetes insipidus  

Test  
scores 

Psychogenic poly-
dipsia 

Central  
diabetes insipidus 

Nephrogenic  
diabetes insipidus 

Test with fluid restriction (dehydration test) 
Specific density  
of urine 

gradually  
increasing < 1005 < 1005 

Urine osmolarity gradually appro-
aching the norm < 250 mOsm/kg < 250 mOsm/kg 

Concentration of va-
sopressin in plasma 

initially low,  
but increasing low high 

Vasopressin test (desmopressin 0.2 mg per os) 
Specific gravity  
of urine 

there are no indica-
tions for the test 

increase by ≥ 50% 
(200–400%) 

low, not 
increasing 

 

Treatment of nephrogenic diabetes insipidus is symptomatic and 
aimed primarily at maintaining electrolyte balance by injecting sufficient 
fluids. If the child refuses to drink fluids, as well as developing signs of 
dehydration, the fluid is administered intravenously, often using a 5% 
glucose solution.  

Balla & Hunyady (2019) proved that thiazide diuretics have a para-
doxical effect, i.e. reduce polyuria and increase the osmolarity of urine in 
nephrogenic diabetes insipidus. Thiazide therapy, the paradoxical effect of 
which is reducing fluid intake and urine output, has become standard in 
the treatment of children and adolescents with nephrogenic diabetes insi-
pidus. Traditional therapy of children involves the prescription of thiazide 
diuretics (hypothiazide at a dose of 2–4 mg/kg/day) individually or in 
combination with a nonsteroidal anti-inflammatory drug (indomethacin), 
or in combination with a potassium–sparing diuretic amiloride (Balla & 
Hunyady, 2016; Kavanagh & Uy, 2019).  

Constant monitoring of acid-base balance of the blood, as well as dai-
ly calciumuria, calcium and potassium levels in blood serum should be 
ensured during treatment with hypothiazide.  

One should take into account that hypothiazide increases the reab-
sorption of calcium and magnesium in the tubules, causes the develop-
ment of metabolic alkalosis and hypokalemia. Therefore, daily calciumu-
ria, calcium and potassium levels in blood serum and acid-base balance 
(ABB) should be monitored in the process of hypothiazide therapy of 
children with nephrogenic diabetes insipidus.  

In cases of combination therapy, the following schemes should be 
prescribed: hypothiazide in the dose of 1–2 mg/kg/day with indomethacin 
in the dose of 0.75–1.50 mg/kg/day or hypothiazide 2 mg/kg/day and 
indomethacin 1.5 mg/kg/day or hypothiazide 2 mg/kg and indomethacin 
2 mg/kg, which requires potassium supplements to prevent hypokalemia 
(Jakobsson & Berg, 1994). The mechanism of diuretic action of indome-
thacin is stimulating the synthesis of cyclic adenosine monophosphate 
(cAMP), increasing vasopressin-stimulated reabsorption of water in the 
collecting tubules, or increasing the reabsorption of NaCl in the thick 
ascending limb of Henle’s loop.  

In case of combination therapy with amiloride, following scheme 
should be prescribed: hypothiazide 3 mg/kg/day with amiloride 
0.3 mg/kg/day (first amiloride, then after 2–3 hours hydrochlorothiazide). 
Hypothiazide therapy in combination with amiloride has been shown to 
reduce polyuria and polydipsia (Kilchlechner et al., 1999). Amyloride is a 
potassium-sparing diuretic that acts on the distal part of the renal tubules, 
increases urinary excretion of sodium and chlorine, and reduces the excre-
tion of potassium ions. This combination therapy restores potassium ba-
lance and prevents the development of hypokalemia and requires no addi-
tional potassium administration.  

Children with nephrogenic diabetes insipidus suffering from dehydra-
tion are prescribed oral and infusion therapy intravenously 5% solution of 
glucose and 0.9% physiological solution of sodium chloride in proportion 
3 : 1, for children below 6 months of age it is 4 : 1.  

Selective cyclooxygenase-2 (COX-2) inhibitors may be useful in ca-
ses of patients who have indomethacin intolerance. Care should be exer-
cised when using indomethacin and selective COX-2 inhibitors with 
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nephrogenic diabetes insipidus, as their administration has the potential to 
lead to sharp deterioration in renal function in patients with dehydration 
(Know et al., 1998). Experience with long-term use of cyclooxygenase 
inhibitors as monotherapy is limited (Knoers et al., 1990; Li et al., 2009; 
Miranda et al., 2014).  

Recent studies using experiments on rats have shown that metformin 
increases the permeability of osmotic water by increasing the accumula-
tion of AQP2 in the apical plasma membrane, but also increases the per-
meability of urea by activating the urea transporter UT-A1 in the mem-
brane (Klein et al., 2006). Klein et al. concluded that activation of 
adenosine monophosphate kinase (AMPK) with the help of metformin 
activates many mechanisms that increase the ability of vasopressin to 
concentrate urinеe. These data suggest that metformin may be a new treat-
ment for congenital nephrogenic diabetes insipidus caused by V2 receptor 
mutations (2016).  

Li et al. (2015) reported a selective EP4 agonist of the PGE2 receptor 
in the experiment as a new model of therapy of X-linked recessive neph-
rogenic diabetes insipidus (2009). Bockenhauer & Bichet believe that the 
data on the independent activation of EP2 and EP4 agonists by PGE2 
receptors increase the intriguing possibility of a new therapeutic pathway 
for patients with X-linked recessive nephrogenic diabetes insipidus. Ac-
cording to the authors, it remains unclear how to resolve the contradiction 
between the new data, as the blockade of prostaglandin synthesis by in-
domethacin therapy has actually proven clinical efficacy (Li et al., 2015).  

Experimental studies have shown that selective phosphodiesterase in-
hibitor may be used in the treatment of children with X-linked recessive 
nephrogenic diabetes insipidus. Assadi & Sharbaf (2015) reported that 
treatment with sildenafil, a selective phosphodiesterase inhibitor, may 
enhance cyclic guanosine monophosphate cGMP-mediated AQP2 trans-
port and have the effect of increasing water reabsorption in patients with 
congenital nephrogenic diabetes insipidus. A child with X-linked reces-
sive nephrogenic diabetes insipidus resistant to traditional therapy, showed 
a positive trend after being treated with sildenafil for 10 days. Compared 
with the traditional therapy, treatment with sildenafil resulted in significant 
reduction in 24-hour urine volume (1764/950 mL) and serum sodium 
(148/139 mmol/L), increased urine osmolarity (104 vs. 215 mOsm/L), 
and AQP2 excretion (5 vs. 26 fmol/mg cr). Therapy with selective silde-
nafil phosphodiesterase inhibitor is considered as an alternative to other 
methods for children with X-linked recessive nephrogenic diabetes insipi-
dus (Assadi & Sharbaf, 2015).  

In an experimental study, Cheung et al. (2016) demonstrated that er-
lotinib, a selective EGFR inhibitor, enhances AQP2 expression on the 
apical membrane of stem cells of the collecting tubules. In the experiment 
on mice with lithium-induced nephrogenic diabetes insipidus, erlotinib 
treatment lasting 5 days caused 45% decrease in urine volume. The results 
of the experimental studies suggested a new way of regulating AQP2–
mediated water reabsorption and a therapeutic strategy in cases of nephro-
genic diabetes insipidus (Cheung et al., 2016).  

Due to the possibility of developing hypertensive dehydration, some 
factors like febrile illnesses, moving to areas with hot climates, surgery are 
among serious risks to the patients' health, especially for young children.  

Complications of nephrogenic diabetes insipidus in children and ado-
lescents include dilatation of the cups and pelvis, ureter, bladder: megacys-
tis, megaureter, hydronephrosis without signs of anatomical obstruction 
due to large volumes of daily urine and the formation of chronic kidney 
disease. The prognosis is relatively favourable. Prevention is medical and 
genetic counseling.  
 
Pseudohypoaldosteronism  
 

Fluid balance, sodium and potassium homeostasis and blood pressure 
are regulated by the action of aldosterone on polarized epithelial cells. 
The aldosterone signal is transmitted by the mineralocorticoid (MR) re-
ceptor, inducing the amiloride–sensitive epithelial sodium channel 
(ENaC) as the leading intracellular factor required for sodium retention. 
Disruption of intracellular signaling pathways of mineralocorticoid recep-
tors leads to the clinical picture of pseudohypoaldosteronism (PHA). 
Detection of molecular changes that cause pseudohypoaldosteronism 
contributed to the elucidation of intracellular factors responsible for salt 

homeostasis and to their interaction as an epithelial transport mechanism 
of sodium.  

Pseudohypoaldosteronism (syn.: neprogenic salt diabetes, receptor 
hypoaldosteronism, congenital renal salt loss syndrome, pseudohypoadre-
nocorticism) belongs to a heterogeneous group of disorders of electrolyte 
metabolism and is characterized by a special condition of the renal tubules, 
which is caused by insufficient sensitivity of the tubular epithelium to 
aldosterone, which leads to hyperaldosteronism, decreased sodium reab-
sorption, the development of hyponatremia, metabolic acidosis with hy-
perkalemia, polyuria, polydipsia and physical retardation (Kuhnle, 1997).  

The pathology belongs to hereditary diseases and occurs very rarely, 
which makes it difficult to make timely diagnosis and therefore provide 
early and effective treatment.  

The current classification includes three syndromes of pseudohypoal-
dosteronism, namely: type I (PHA1), which is divided into PHA1A (auto-
somal dominant, renal), PHA1B (autosomal recessive, systemic); type II 
(PHA2; Gordon’s syndrome), which is divided into PHA2A, PHA2B, 
PHA2C, PHA2D, PHA2E depending on the gene mutation; type III 
(secondary), which develops as a result of renal pathologies, such as neph-
ropathy, urinary tract infections and obstructive uropathy (Maruyama 
et al., 2002; Dolezel et al., 2004).  

All types are caused by resistance to mineralocorticoids due to im-
paired signaling.  

Early childhood hyperkalemia is a variant of the renal form of pseu-
dohypoaldosteronism type I, or Cheek and Perry syndrome, and is pre-
sented in the literature as the commonest form of childhood disease 
(Cheek & Perry, 1958). The disease occurs in girls and boys with equal 
frequency.  

PHA1 is characterized by neonatal salt loss, resistance to treatment 
with mineralocorticoids (Cheek & Perry, 1958). Laboratory data revealed 
hyponatremia, hyperkalemia and metabolic acidosis. Elevated plasma 
concentrations of renin and aldosterone reflect insensitivity of the kidneys 
and other tissues to mineralocorticoids.  
 
Pseudohypoaldosteronism, type І autosomal dominant  
(РНА1А; ОМІМ No. 177735)  
 

Renal pseudohypoaldosteronism type I is most likely caused by im-
paired maturation of aldosterone receptors, which reduces their number 
and functional activity. This process is associated with a heterozygous 
mutation in the human mineralocorticoid receptor gene (MLR, NR3C2) 
on chromosome 4q31.23, which has autosomal dominant type of inherit-
ance. This is an isolated renal resistance to aldosterone, which leads to salt 
loss by the kidneys, the development of hyponatremia, hyperkalemia, 
metabolic acidosis, delayed physical development, increased renin and 
aldosterone concentration in plasma (Geller, 2005). The most notable 
clinical sign is refusal to eat and insufficient weight gain due to chronic 
dehydration. Existing hyperkalemia is usually benign and mild, and meta-
bolic acidosis is not always detectable. Patients are mostly diagnosed 
having it at an early age. Treatment is adding sodium, which is usually 
enough to reduce elevated potassium levels. Sodium administration usual-
ly becomes unnecessary after to 1–3 years (Cheek & Perry, 1958), which 
is due to the maturation of renal tear-retaining properties and the replace-
ment of distal sodium reabsorption on the proximal parts of the tubules. 
Occasionally, nephrocalcinosis and hypercalciuria are observed. Some-
times hyponatremia is not detected due to blood clotting.  

In general, PHA1A is a milder form of PHA1 because salt loss is li-
mited by the kidneys. The clinical spectrum varies from healthy patients 
without electrolyte disturbances, but with elevated levels of renin and 
aldosterone in plasma, to patients with clinically significant renal salt loss 
(Riepe et al., 2006). Elevated aldosterone is the only biochemical marker 
of PHA1A in adulthood (Geller et al., 2006).  
 
Pseudohypoaldosteronism, type І autosomal recessive  
(РНА1В; ОМІМ No. 264350)  
 

Systemic type, PHA1B, has autosomal recessive type of inheritance. 
Clinical manifestations most often occur in the neonatal period and are 
manifested by severe dehydration and hyponatremia due to systemic salt 
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loss by the kidneys, colon, sweat and salivary glands. Increased sodium 
concentration in sweat and no difference between nasal or rectal transepi-
thelial potential can be used as diagnostic means. Hyponatremia and 
hyperkalemia are combined with elevated plasma concentrations of renin 
and aldosterone, which reflects the resistance of the targeted organs. Due 
to increased concentration of salt in the mucous membrane of the respira-
tory organs, there is a risk of infection and involvement in the pathological 
process of the lower respiratory tract. The course of the disease resembles 
lung pathology with fibrocystic transformations (Kerem et al., 1999).  

Clinically, it may manifest in cough, fever, tachypnea, and presence 
of wheezing in lungs during auscultation (Kerem et al., 1999; Schaedel 
et al., 1999). Interestingly, neonatal respiratory distress syndromes have 
not been reported in patients with PHA1B. PHA1B is a lifelong disease 
and the condition of people suffering it do not improve over time (Zennaro 
& Lombes, 2004). Patients are prone to life-threatening crises due to salt 
loss in combination with severe hyperkalemia and dehydration. The treat-
ment is prescribing large doses of salt. Additional measures include the 
use of agents that reduce potassium levels.  

PHA1B is caused by a homozygous or heterozygous mutation in any 
of the three genes encoding epithelial sodium channel subunits (ENaC): 
alpha subunit (SCNN1A), beta subunit (SCNN1B) or gamma subunit 
(SCNN1G).  

Pseudohypoaldosteronism type II (PHA2; known in the literature as 
Gordon’s syndrome) is a renal tubulopathy characterized by hypertension 
and hyperkalemia, metabolic acidosis with reduced renin and aldosterone 
levels in plasma, and it is well corrected by thiazide diuretics. The disease 
is extremely rare and occurs in older children or adults when there is a 
tendency for high blood pressure. In 1964, the first case of PHA2A 
(OMIM No. 145260) was reported by Paver & Pauline (1964). It was 
described by Gordon (1970) as a disease with signs of muscle weakness 
and the development of recurrent paralysis. Severe consequences of pseu-
dohypoaldosteronism include death from cardiac arrhythmia as a result of 
significant hyperkalemia, nephrocalcinosis, and nephrolithiasis.  

Depending on the genes mutation, PHA2 is divided as follows: 
PHA2A (OMIM No. 145260) caused by mutation of the first chromo-
some 1q31-q42; PHA2B (OMIM No. 614491) caused by mutations in 
the WNK4 gene on chromosome 17q21; PHA2C (OMIM No. 614492) 
caused by mutations in the WNK1 gene on chromosome 12p13; PHA2D 
(OMIM No. 614495) caused by mutations in the KLHL3 gene on chro-
mosome 5q31 and PHA2E (OMIM No. 614496) caused by mutations in 
the CUL3 gene on chromosome 2q36 (Boyden et al., 2012).  

By type of inheritance PHA2 can be divided into autosomal domi-
nant types PHA2A, PHA2B, PHA2C, PHA2E, and type PHA2D can be 
inherited in both autosomal dominant and autosomal recessive ways.  

According to the pathogenesis, there are also primary and secondary 
pseudohypoaldosteronism. The primary one is inherited by autosomal re-
cessive or autosomal dominant type, the secondary one develops in some 
kidney diseases: pyelonephritis, polycystic kidney disease and others. 
In patients with primary pseudohypoaldosteronism, no morphological 
changes in renal tissue are detected. Clinical manifestations of primary 
pseudohypoaldosteronism are due to the refractoriness of the distal tubules 
to aldosterone. The symptoms of the disease can vary even among mem-
bers of the same family with the same genetic defect. Serious signs of the 
disease (anorexia, vomiting, etc.) can occur immediately after birth, in the 
first two weeks of life or no symptoms at all may manifest. Secondary 
pseudohypoaldosteronism can occur at any age with various pathologies 
(Smijan et al., 2010).  

Among the basic principles of pseudohypoaldosteronism therapy, we 
should distinguish the following aspects. It is recommended to introduce 
an isotonic solution of sodium chloride and liquid. The dose of salt can 
reach 3 g/day and depends on the loss of sodium in the urine. Additional 
salt intake in infancy can completely correct hyponatremia and hyperka-
lemia. After 2–4 years, the need for additional sodium chloride disappears, 
children’s physical development improves. When feeding the patients, 
attention should be paid to the exclusion of foods that contain potassium 
(0.6 mg/kg/day) and elevated sodium levels (10–15 mg/kg/day). Patients 
with severe hypovolemia and shock are prescribed infusion therapy using 
isotonic sodium chloride solution in the dose of 20 mL/kg of body weight. 
High potassium levels require intravenous injection of 10% calcium glu-

conate solution (0.5–1.0 mL/kg), 5% glucose solution with insulin. Drugs 
should be prescribed taking into account the type of pseudohypoaldoste-
ronism. Preparations of deoxycorticosterone acetate, deoxycorticosterone 
trimethylacetate, fluorohydrocortisone acetate are ineffective in pseudo-
hypoaldosteronism treatment.  
 
Conclusions  
 

Diagnosis of tubulopathies with polyuria syndrome is difficult, but the 
following tests may suggest a rather complex genetic pathology. With re-
nal glucosuria, the child is diagnosed with polyuria, polydipsia, normogly-
cemia and glucosuria of varying severity. Persistent hypostenuria (low re-
lative density of urine 1001–1004, low urine osmolarity – less than 
250 mOsm/kg), no protein and glucose, normal sediment, plasma hyper-
osmolarity > 300 mOsm/kg, blood hypernatremia can be found with 
nephrogenic diabetes insipidus. Ultrasound of kidneys is recommended 
because it detects hypotension and dilatation of the collecting system of 
the kidneys, ureters and bladder.  

Pseudohypoaldosteronism is detected on the basis of presence of hy-
ponatremia, hyperkalemia and metabolic acidosis. Plasma concentrations 
of renin and aldosterone are elevated, reflecting the insensitivity of kidneys 
and other tissues to mineralocorticoids. Detection of pathological data by 
means of laboratory methods of examination requires molecular genetic 
research to chose treatment tactics and prognosis.  
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