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Introduction: Hyperkalemia is a rare but severe condition in young children and usually discovered as a result of hemolysis of the blood samples taken. However, patients with defects in either aldosterone biosynthesis or function can also present with hyperkalemia- as well hyponatremia-associated, and metabolic acidosis. It is a challenge to make an accurate diagnosis of these clinical conditions. We conducted this study to investigate the clinical and genetic features of aldosterone signaling defects associated hyperkalemia in young children.



Method: A retrospective review was conducted at the pediatric department of the First Affiliated Hospital of Guangxi Medical University from 2012 to 2022.



Results: 47 patients with hyperkalemia were enrolled, of which 80.9% (n = 38) were diagnosed with primary hypoaldosteronism, including congenital adrenal hyperplasia due to 21-hydroxylase deficiency (n = 32), isolated hypoaldosteronism (n = 1) due to CYP11B2 gene mutation and Xp21 contiguous gene deletion syndrome (n = 1). Additionally, 4 patients were clinically-diagnosed with primary adrenal insufficiency. Nine patients were confirmed with aldosterone resistance, of which one child was diagnosed with pseudohypoaldosteronism (PHA) type 1 with a mutation in the NR3C2 gene and 3 children were identified with PHA type 2 due to novel mutations in either the CUL3 or KLHL3 genes. Five patients had PHA type 3 because of pathologies of either the urinary or intestinal tracts.



Conclusions: The etiologies of infants with hyperkalemia associated with aldosterone defects were mostly due to primary hypoaldosteronism. An elevated plasma aldosterone level may be a useful biomarker for the diagnosis an aldosterone functional defect in patients presented with hyperkalemia. However, a normal plasma aldosterone level does rule out an aldosterone defect in either its biosynthesis or function, especially in young infants. Molecular genetic analyses can greatly help to clarify the complexity of disorders and can be used to confirm the diagnosis.
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Introduction

Potassium (K+) is the major electrolyte component in intracellular fluid (ICF) and is crucial for vital biological functions. Almost all of the total body K+ is located in the ICF, where it plays a crucial role in protein synthesis and cell growth (1, 2). A positive K+ balance is essential for somatic growth in growing children, especially in young infants. However, severe hyperkalemia is life-threatening and it can cause cardiac arrhythmias as well as cardiac arrest. Multiple etiologies can cause hyperkalemia including increased K+ load, renal dysfunction and certain drugs, but endocrine disorders should also be considered. Aldosterone (Ald) is the major mineralocorticoid hormone and it is a vital factor for maintaining electrolyte and water homeostasis in humans. It is produced exclusively in the adrenal zona glomerulosa and plays an important role in regulating the re-absorption of sodium (Na+) as well as the excretion of K+ via the distal nephrons (3). Ald secretion is mainly regulated by the renin–angiotensin system.

Ald defects, include impairments in Ald biosynthesis (primary hypoaldosteronism) and aldosterone resistance (pseudohypoaldosteronism). Defects in biosynthesis of Ald are usually related to genetic mutations which can result in a disability to produce enzymes or it can be caused by destruction or hypoplasia of adrenal cortex (4). Primary adrenal insufficiency (PAI) including congenital adrenal hyperplasia (CAH), X-linked adrenal hypoplasia congenita (X-AHC) and Xp21 contiguous gene deletion syndrome, are conditions characterized by a failure to produce cortisol and it is the most common etiology of Ald synthesis defects. Other etiologies such as isolated hypoaldosteronism (IHA) are rarely seen (5, 6). IHA, known as Ald synthase deficiency, is an extremely rare autosomal recessive disorder mainly caused by inactivating mutations of the CYP11B2 gene (7, 8). Inactivating mutations in the CYP11B2 gene can lead to abnormalities of aldosterone synthase which is the enzyme responsible for catalyzing the terminal steps in Ald biosynthesis and converts 11-deoxycorticosterone to Ald.

Ald resistance (9), is characterized by pseudohypoaldosteronism and result in insufficient K+ and hydrogen secretion (10, 11). Pseudohypoaldosteronism (PHA) has been described as three different forms: PHA types 1, 2 and 3 (PHA1, PHA2 and PHA3, respectively). PHA1 and PHA2 are referred to as primary pseudohypoaldosteronism. PHA1 is characterized by either abnormalities of the mineralocorticoid receptor or dysfunction in epithelial Na+ channel which responds to Ald in distal nephrons. Mutations in the mineralocorticoid receptor coding gene, NR3C2, and the epithelial Na+ channel coding gene of subunit genes (SCNN1A, SCNN1B and SCNN1G) are responsible for PHA1 (11).

PHA2 is known as familial hyperkalemic hypertension or Gordon's Syndrome. Mutations in the genes involved in either the pathway of the thiazide sensitive Na + chloride cotransporter (NCC) or renal outer medullary K+ channel (ROMK) are responsible for this disorder. The genes WNK1, WNK4, KLHL3 and CUL3 were shown to cause PHA2 (12–14). PHA3 (which is a secondary PHA or transient PHA), is caused by various pathologies of either the urinary and intestinal tracts or the sweat glands. Urinary tract infections and urinary malformations are the most common cause of PHA3 (15).

Patients with Ald defects typically present with growth retardation, salt-lost, hyperkalemia, hypovolemia and metabolic acidosis. However, rather than episodes of hypovolemia and salt-lost, patients with PHA2 usually present with low-renin hypertension, hyperkalemia and metabolic acidosis (12).

Numerous conditions such as CAH, IHA and PHA may present with similar clinical symptoms. This may result in difficulties producing a specific diagnosis for these conditions. The correct diagnosis is the most essential premise in order to achieve a successful treatment regimen. In this study, we present the clinical and genetic features of children with Ald signaling defects who are associated with hyperkalemia.



Methods


Patients and data collection

A retrospective study was conducted at the Pediatric unit of the First Affiliated Hospital of Guangxi Medical University from 1st January 2012 to 1st October 2022. The selection criteria were as follows: (1) clinical signs and symptoms associated with Ald defects, such as recurrent vomiting, growth retardation, hypertension in infants and young children (age under 3 years old). (2) hyperkalemia (serum K+ > 5.0 mmol/L) with or without hyponatremia (serum Na+ < 135.0 mmol/L) and metabolic acidosis. (3) If necessary, a positive genetic test relating to one of the etiologies of Ald defect by using an appropriate molecular genetic testing technology. Diagnosis of a disorder was based on its practical guidelines and for rare cases with no guidelines. This mainly depended on the clinical presentation, and results of biochemical examinations and molecular genetic testing. Patients with hyperkalemia but not due to aldosterone defects such as chronic kidney disease, hyperkalemia secondary to hemolysis, type IV renal tubular acidosis, medication related hyperkalemia were excluded from this study. Meanwhile, the patients with incomplete data were excluded from this study. The following data were collected from patients' records: demography, family history, clinical, biochemical, imaging tests and hormonal features at initial presentation. The results of genetic mutation analysis and treatments were also included.




Results

Forty-seven patients with hyperkalemia were enrolled into this study. Of these, 38 patients were associated with Ald biosynthesis defects and 9 patients had related to Ald resistance.


Patients with primary hypoaldosteronism

Thirty-eight patients were associated with defects in Ald biosynthesis and 32 of these contributed to CAH due to 21-hydroxylase deficiency. Four patients were clinically diagnosed with primary adrenal insufficiency with either a negative gene analysis or failure to conduct genetic testing. One patient was diagnosed with Xp21 contiguous gene deletion syndrome because of a rearrangement on Xp21 which contains the NROB1 gene (Supplementary Table S1). All of them had hyperkalemia as well as hyponatremia.

An elevated level of serum adrenocorticotropic hormone (ACTH) combined with a low level of serum cortisol were observed in patients with primary adrenal insufficiency or Xp21 contiguous gene deletion syndrome. Test for hormone showed an elevated level of 17-hydroxyprogesterone (17-OHP) in all patients with CAH. Twenty-two patients with CAH were subjected to genetic analysis and all of them were shown to have mutations in the CYP21A2 gene. In addition, one male infant was diagnosed with isolated hypoaldosteronism (IHA) due to a CYP11B2 gene mutation and his detailed clinical features are shown in Table 1.


TABLE 1 Characteristics of young children with isolated hypoaldosterone and pseudohypoaldosteronism types 1 and 3.
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Patients with pseudohypoaldosteronism

All three types of PHA were all identified in our study, and one boy had PHA1 as well as a urinary tract infection. Five infants were associated with PHA3 which was secondary to the pathologies of either the urinary or intestinal tracts. Patients with either PHA1 or PHA3 all presented with similar clinical symptoms such as poor weight gain, vomiting and fever during infancy and their characteristics are shown in Table 1.

One infant and two young children were diagnosed with PHA2. They came to our hospital with different chief complaints and were incidentally discovered to have hyperkalemia and hypertension and they were finally diagnosed with PHA2. The first child was found to have a novel heterozygous mutation of the KLHL3 gene, c.1484C > G (p.T495R), which was inherited from his father. The second child was observed to have a de novo mutation of the CUL3 gene, c.560G > A (p.C187Y). The third infant was identified to have a novel pathogenic heterozygous mutation of the KLHL3 gene, c.470_471delinsTG (p.A157V), which was inherited maternally. These variants had not been reported by either the ExAC or the Human Gene Mutation Database. Their clinical and genetic characteristics are shown in Table 2. Their family trees and Sanger sequencing are shown in Supplementary Figures S1–S3, respectively.


TABLE 2 Characteristics of patients with pseudohypoaldosteronism type 2.
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Discussion

Ald, a potent mineralocorticoid hormone, is synthesized exclusively by the adrenal zona glomerulosa. It can actively enhance Na+ reabsorption and secrete K+ and hydrogen ions via the distal renal nephrons. Ald biosynthesis defects or Ald resistance can result in electrolyte imbalance (hyponatremia with or without hyperkalemia) and metabolic acidosis. In most cases, hyponatremia can be easily identified, because it usually accompanied by some symptoms, such as recurrent vomiting, failure to thrive, dehydration and seizures. However, patients with hyperkalemia may be particularly difficult to recognize as they are often asymptomatic for most of the time. This is especially the case in young children. Severe hyperkalemia can be dangerous, if not identified and treated immediately. It may cause cardiac arrhythmias and arrest and can even lead to death. Hyperkalemia is a rare but severe condition in young children and in most cases, it is seen after difficulties in obtaining adequate blood samples due to hemolysis of these when being taken. However, patients with Ald signaling defects can also present with hyperkalemia and this may ignore by clinicians, especially when it occurs in young children.

Primary adrenal insufficiency, specifically to CAH with concomitant hypoaldosteronism is relatively common in young children. As in our study, this condition accounted for 68.1% (n = 32) of total cases with hyperkalemia (16). All of whom had hyperkalemia as well as hyponatremia during infancy. Steroid tests and genetic analysis can be useful to make a quick and correct diagnosis which can help when conducting genetic counseling to the prenatal mother. In addition to the most common cortisol deficiency associated with Ald defects (CAH due to 21-hydroxylase deficiency), several different etiologies related aldosterone signal defects were identified in this study including Xp21 contiguous gene deletion syndrome, IHA and PHA.

IHA is characterized by defects in Ald biosynthesis due to the Ald synthase deficiency. Most patients usually show a low plasma level of Ald. However, a normal or even a high level of plasma Ald was observed in some patients with IHA (17, 18). PHA1 is characterized by mineralocorticoid resistance due either to an inactive mutation in the mineralocorticoid receptor or the epithelial Na+ channel. Patients with PHA1 usually presented with a high level of serum Ald due to mineralocorticoid resistance. A marked elevated plasma Ald level may be a useful biomarker to distinguish the PHA1 from IHA. However, not all patients with PHA1 show elevated aldosterone levels (9). Actually, it is difficult to explain the circulating hormone levels observed during young childhood of these patients, especially in early infancy. If necessary, either repeated hormone testing or conducting serum and urine steroid precursors tests as well as performing a genetic analysis should be considered.

PHA2 is a rare hereditary disease and is associated with an over-activating thiazide-sensitive NaCl co-transporter in the distal nephrons, resulting in excessive Na+ resorption, which decreases the excretion of K+ and hydrogen (13, 19). It is characterized by hypertension, hyperkalemia, hyperchloremic metabolic acidosis and normal renal function. Plasma renin levels are usually suppressed and aldosterone levels can be variable but are relatively low due to the hyperkalemia (20). Blood pressure, which may be ignored in children, especially in early infancy, can be an important hint for establishing the diagnosis of PHA2. In our study, we carefully checked the blood pressure in all the young children and infants who presented with hyperkalemia without hyponatremia and finally we were able to make a correct diagnosis.

Ald is essential for K+ excretion and Na+ retention in the kidneys, salivary glands, sweat glands and colon. PHA3, known as reversible secondary pseudohypoaldosteronism, is described mainly because it is caused by urinary tract infections and anomalies during infancy. Watanabe et al. (21) reviewed 60 cases of secondary PHA and found all of them occurred at less than 7 months of age. In addition, all the patients suffered from urinary tract infections with or without urinary tract malformations. Patients with PHA3 due to pathology of the intestinal tract are relatively rare. Several patients who underwent operations for colectomy or small bowel resection or jejunostomy or ileostomy in adults and infants have been reported (22–24). However, patients with gastrointestinal losses-related PHA3 due to intestinal infections had been rarely reported. In our study, two infants who had not undergone any gastro-enteric operations were found to have PHA3 due to severe diarrhea associated with intestinal infections. Remarkably, it was difficult to distinguish PHA3 from PHA1 only by clinical symptoms and biochemical testing. This was particularly the case for patients with PHA1 who happened to have severe diarrhea or urinary tract infections, simultaneously. In our study, a male infant was found to have both urinary tract infection and PHA1. From our experience, imaging of the kidneys and adrenals, urinary analysis and tests for steroid precursors are recommended to exclude renal and adrenal causes. If the electrolyte disturbance cannot be corrected with the proper treatment towards primary disease in a relatively short time, molecular genetic analysis can be great helpful to make a correct diagnosis.

CAH, PAI, IHA and PHA may all present with similar clinical symptoms which can make these conditions hard for a specific diagnosis. This study proposes a diagnostic procedure for infants and young children with hyperkalemia who are suspected with Ald signaling defects. This may be helpful for physicians to make a quick and correct diagnosis (Figure 1).


[image: Figure 1]
FIGURE 1
Proposed diagnostic procedure for inants and young children presenting with hyperkalemia who is suspected of aldosterone signal defect. Ald, aldoterone; CAH, congenital adrenal hyperplasia; PHA, pseudohypoaldosteronism; IHA, isolated hypoaldosterone; HCT, hydrochlorothiazide; 17-OHP, 17-hydroxyprogesterone.


In this retrospective study, we also identified three novel heterozygous mutations of the KLHL3 and CUL3 genes which were associated with PHA2. Of these, there were two cases due to the KLHL3 gene: c.1484C > G (p.T495R) and c.470_471delinsTG (p.A157V). The third was a de novo mutation of c.560G > A (p.C187Y) in the CUL3 gene (Table 2).

The KLHL3 protein is thought to have three domains: a BACK (BTB and C-terminal Kelch) domain, a N-terminal BTB domain, and Kelch-like repeats forming a six-bladed β-propeller structure (12, 14, 25). The mutation of p.A157V is located in the BTB domain, which plays an important role in binding to the CUL3 protein. The p.T495R residue is located in the fifth Kelch motif of the protein and is involved in substrate binding. The clinical and genetic features of patients with mutations in KLHL3 (19, 20, 26–34), including the present study and those who had clinical details published in previous reports, are summarized in Table 3. Heterozygous mutations are more common than homozygous ones. The age of the patients ranged from early infants to 69 years old. All of them had typical clinical symptoms including hyperkalemia and hypertension except for one 20-year-old female who had normal blood pressure. The mechanisms of the phenotype and genotype are still unclear. In our study, the two affected boys showed typical PHA2 presentation, but their 32- and 28-year-old father and mother both had the same KLHL3 mutation, respectively, but were asymptomatic and had no hyperkalemia. More research and clinical details are needed to accurately and convincingly describe the genotype-phenotype correlation in this condition.


TABLE 3 Review of the characteristics of PHA2 patients with KLHL3 gene mutations.
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The CUL3 gene is located in 2q36.2 and is also a causative gene for PHA2. To date, the reported PHA2-related CUL3 variants are all clustered in introns 8 and 9 and exon 9. These resulted in an in-frame 57 amino acid deletion of exon 9 (residues 403–459) which produced a truncated form of the CUL3 protein (14, 36). However, we found a young child who presented with typical symptoms of PHA2 carrying a de novo mutation of CUL3 in exon 5. This mutation was predicted to be pathogenic by bioinformatic tools including PolyPhen2, SIFT, Mutation Taster and ClinPred. According to the American College of Medical Genetics and Genomics guidelines (37), the de novo variant was classified as likely pathogenic. Remarkably, the CUL3 gene coding protein, is a component of a cullin–RING E3 ubiquitin ligase (38). It is involved in a wide range of critical cellular processes, including targeting proteins for proteasomal degradation, protein activity modulation, interaction and localization (14). CUL3 mutations may affect these activities, and therefore, would produce a very broad range of phenotypes. Recently, a CUL3 novel mutation was found in patients with autism (39). As with our study, the young child with the CUL3 gene mutation suffered from development delay and speech dyspraxia. The same condition was reported by Chatrathi et al. (40). We further summarized the patients with PHA2 due to the CUL3 gene mutations (34, 40–45) from the literature (Table 4).


TABLE 4 Review of the characteristics of PHA2 patients with CUL3 gene mutations.
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Correct therapy aiming at the cause specific of a disease is needed to treat patients. For patients with PAI, glucocorticoids combined with fludrocortisone (FC) could get a good curative effect. Treatment with FC and oral sodium supplementation are essential for patients with mineralocorticoid hormone deficiency, especially when they are at a young age. Thiazide diuretics is an effective treatment for patients with PHA2. All patients with PHA2 in our study had normal blood pressure as well as normalized blood electrolyte when hydrochlorothiazide was administered as the therapy.



Conclusions

In this retrospective study, we describe the etiologies of Ald signaling defects seen in our hospital in infants and young children who presented with hyperkalemia and we subsequently proposed a diagnostic procedure for these patients. We also identified 3 novel mutations in the KLHL3 and CUL3 genes which were associated with PHA2. These cases broaden the clinical and genetic correlations towards PHA2. This is the first study to contain a complete PHA cohort. However, as a retrospective study it has a number of limitations. More prospective and mechanistic studies are required in this field. Nonetheless, this has provided additional valuable clinical experience for diagnosing and treating patients with hyperkalemia due to Ald signaling defects.
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