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Abstract

Background: Monogenic hypertension syndromes result from a single
genetic mutation and present with severe, refractory hypertension, distinct
laboratory abnormalities, and a positive family history. These syndromes
are often unrecognized or misdiagnosed as essential hypertension, thus
preventing proper treatment. The rise of molecular genetics has brought
these conditions to the limelight, and physicians must be kept abreast of
the latest in this field. This paper aims to educate doctors to recognize and
institute appropriate management early to prevent end-organ damage.

Discussion: These syndromes all affect sodium transport in the distal
nephron of the kidneys. However, they are divided based on the location
of the primary disorder, i.e., the adrenal glands or the distal nephron and
discussed in that manner. Tables provide an overview of the different

ORCID: 0009-0002-1928-0105.

syndromes and provide essential information in a snapshot.
Conclusion: The widespread availability of genetic testing facilities will
aid in the earlier diagnosis of these conditions to prevent morbidity.
Keywords: Apparent Mineralocorticoid Excess; Congenital Adrenal
Hyperplasia; Familial Hyperaldosteronism; Gordon Syndrome; Hypertension;

Liddle Syndrome.

Introduction

Hypertension is a significant risk factor in the
development of cardiovascular diseases (CVD) [1]
and is also a major contributor to the global burden of
disease [2]. Defined as systolic blood pressure (SBP)
of 140mmHg or more and/or diastolic blood pressure
(DBP) of 90mmHg or more [3], it is responsible for one
in eight deaths globally [4]. Monogenic hypertension
syndromes have distinct causative genetic mutations
with identifying clinical and/or laboratory characteristics
[5, 6]. They are subserved by abnormally high sodium
transport in the distal nephron [7-9]. Of particular note
is their presentation in childhood with severe, refractory
hypertension, propensity to develop end-organ failure
and associated family history [10]. This paper discusses
low renin monogenic hypertension disorders. They are
grouped as adrenal gland and distal nephron disorders
based on their pathophysiology. We aim to educate
physicians on best management practices. Table 1
provides an overview of these syndromes and their
management.

Methods

Searches were conducted in Google Scholar
and PubMed. Search terms included “monogenic
hypertension”, “low renin hypertension”, “familial
hyperaldosteronism”, “congenital adrenal hyperplasia”,
“secondary  hypertension”, “Liddle  syndrome”,
“Gordon syndrome”, “Geller syndrome”, “apparent
mineralocorticoid excess”, and “familial glucocorticoid
resistance”.

Inclusion criteria

1. Articles included in the review had to be written
in English.

2. Articles had to have been released between
September 2018 and August 2023.

Exclusion criteria

1. Publications noted to not have passed through
the peer review process.

2. Articles not published in English.

3. Publications released before September 2018
and after August 2023.

Eighty-two articles and books were retrieved and
reviewed, after which 56 were selected for discussion.
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Table 1 Overview of low-renin monogenic hypertension syndromes

Gene Mode of
Syndrome locus Affected gene Gene product Inheritance Pathophysiology Management
Glucocorticoids
(dexamethasone
or prednisolone),
MR antagonists
(spironolactone or
CYP11B1/ GOF mutation in the chimeric gene  eplerenone), ENaC
Familial CYP11B2 gene Aldosterone allows aldosterone synthase to be  blockers (amiloride
Hyperaldosteronism-1 ~ 8q24.3 chimera synthase AD responsive to ACTH stimulation or triamterene)
GOF mutation in the affected gene
allows for the synthesis of an overly
permeable chloride channel with MR antagonists,
Familial Voltage-gated cell membrane depolarisation and  unilateral
Hyperaldosteronism-2 ~ 3q27.1 CLCN2 chloride channel-2 ~ AD production of aldosterone synthase adrenalectomy
GOF mutation in the KCNJ5 leads MR antagonists,
Familial to loss of selectivity in the gene bilateral
Hyperaldosteronism-3 ~ 11q24.3  KCNJ5 GIRK4 AD product, GIRK4 adrenalectomy
Intracellular calcium ion influx No specific
a-subunit of CaV3.2 secondary to GOF mutation in the treatment. MR
Familial (T-type calcium responsible gene with stimulation ~ antagonists can be
Hyperaldosteronism-4  16p13.33 CACNA1H channel) AD of aldosterone synthase synthesis used.
Accumulation of DOC and Glucocorticoids, MR
Congenital Adrenal deoxycortisol which both have antagonists, Calcium
Hyperplasia Type IV 8q24.3 CYP11B1 11B-hydroxylase AR mineralocorticoid effect channel blockers
Congenital Adrenal Increased production of DOC with
Hyperplasia Type V 10q24.32 CYP17A1 17a-hydroxylase AR excessive activity at the MR MR antagonists
LOF mutation in the affected
gene encodes for a glucocorticoid
receptor unresponsive to cortisol.
Accumulation of cortisol (which has
Familial Glucocorticoid Glucocorticoid mineralocorticoid activity) causes
Resistance 5q31-q32 NR3C1 receptor AD,AR excess MR activation Dexamethasone
Liddle syndrome 16p12.2  SCNN1B ENaC B-subunit AD Reduced degradation of ENaCs
16p12.2 SCNN1G ENaC y-subunit AD §econdary to t.he mutations causes ENaC block.ers,
increased sodium and water dietary sodium
12p13.31 SCNN1A ENaC a-subunit AD reabsorption restriction
GOF mutation in the MR makes it ENaC blockers,
Mineralocorticoid sensitive to progesterone, a natural finerenone, dietary
Geller syndrome 4q31.23  NR3C2 receptor AD antagonist sodium restriction
MR antagonists,
dietary sodium
Apparent 11pB-hydroxysteroid Defects in the metabolism of restriction, ENaC
Mineralocorticoid dehydrogenase cortisol cause its accumulation and  blockers, Calcium
Excess 16q22.1 HSD11B2 type II AR excess activity at the MR channel blockers
Gordon syndrome 1q31-q42 Not known Not known AD
With-no-lysine
17q21.2  WNK-4 kinase 4 AD
With-no—lysine All mutations known to Gordon
12p13.33 WNK-1 kinase 1 AD syndrome work to upregulate the
5q31.2 KLHL3 Kelch-like 3 AD,AR NCC in the distal.nephron resu!ting T‘hiazide digretics,
in increased sodium reabsorption  dietary sodium and
2q36.2 CUL3 Cullin3 AD and hypertension potassium restriction

ACTH - Adrenocorticotropic Hormone, AD - Autosomal dominant, AR - Autosomal recessive, DOC - deoxycorticosterone, ENaC - Epithelial sodium
channel, GOF - Gain of function, LOF - Loss of function, MR - Mineralocorticoid receptor, NCC - Sodium-chloride cosymporter.

Discussion

A. Disorders of the Adrenal Gland

» Familial Hyperaldosteronism Type 1 (FH-1)

First described in 1966 and also known as Glucocorticoid-
remediable aldosteronism (GRA), FH-1 is an autosomal
dominant condition resulting from a mutation on chromosome
8q24.3 [11, 12]. A chimeric gene resulting from the crossing
over of genes typically near each other, namely CYP11B1 and
CYP11B2 (which encode 11B-hydroxylase and aldosterone

synthase, respectively), is produced during DNA replication
in individuals with this condition [12]. This mutant gene was
identified by Lifton and colleagues in 1992 and encodes for
aldosterone synthase that is responsive to adrenocorticotropic
hormone (ACTH) stimulation [13, 14]. Aldosterone is now
produced in the zona glomerulosa and alongside cortisol in
the zona fasciculata of the adrenal glands [15]. This leads to
supraphysiologic aldosterone concentrations in the bloodstream,
increased sodium and water reabsorption, mild hypokalemia,
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Table 2 Overview of Familial Hyperaldosteronism

TYPE GENE LOCUS | AFFECTED GENE GENE PRODUCT AD/AR GOF/LOF AGE AT ONSET

FH-1 8q24.3 CYP11B1/CYP11B2 chimeric gene | Aldosterone synthase AD GOF Variable

FH-2 3q27.1 CLCN2 Voltage-gated chloride channel 2 AD GOF Variable

FH-3 11q24.3 KCNJ5 GIRK-4 AD GOF Infancy/early
childhood

FH-4 16p13.3 CACNA1H CaVv3.2 AD GOF Variable

AD - Autosomal dominant, AR - Autosomal recessive, FH - Familial hyperaldosteronism, GOF - Gain of function, LOF - Loss of function

metabolic alkalosis, low plasma renin levels, and hypertension
[16,17].

These patients have been noted to have a higher risk
of hemorrhagic strokes and, even when normotensive,
have increased left ventricular wall thickness with diastolic
dysfunction [18, 19]. Diagnosis is conclusive with genetic
testing [20]. Additional laboratory investigations include plasma
aldosterone and renin levels alongside testing for aldosterone
suppression levels with dexamethasone [21]. Treatment
involves glucocorticoid replacement (i.e., dexamethasone or
prednisolone) at the lowest dose to allow for disease remission
and also prevent Cushing syndrome [22]. Mineralocorticoid
antagonists (i.e., spironolactone or eplerenone) and epithelial
sodium channel (ENaC) blockers can serve as adjuncts for
better blood pressure control [23].

* Familial Hyperaldosteronism Type 2 (FH-2)

FH-II is caused by mutations in the CLCN2 gene on
chromosome 3q27.1 [12]. This gene encodes CIC-2, a voltage-
gated chloride channel in zona glomerulosa cells [16]. The
mutant gene produces a defective chloride channel with
increased permeability, thereby causing depolarization of the cell
membrane and influx of calcium intracellularly, resulting in the
activation of aldosterone synthesis [18]. Inheritance is thought
to be likely autosomal dominant with incomplete penetrance
[21]. The gold standard for diagnosis remains genetic analysis,
and management of these patients is through the administration
of mineralocorticoid receptor (MR) antagonists and unilateral
adrenalectomy [16].

» Familial Hyperaldosteronism Type 3 (FH-3)

FH-3 is very rare and occurs secondary to gain-of-function
mutations in the KCNJS gene located on chromosome 11q24.3
[19, 24]. KCNIJ5 encodes for a potassium channel in the zona
glomerulosa called GIRK4 which loses its selectivity for
potassium with mutations in the gene [22]. This leads to sodium
influx into the cells with resultant membrane depolarisation,
intracellular calcium entry and aldosterone synthesis [15, 25].
The result is severe hypertension, hypokalemia and bilateral
adrenal hyperplasia [16]. Diagnosis is made using genetic
testing and adrenal computed tomography [26]. Owing to
the variety of phenotypes these patients may present with,
bilateral adrenalectomy is recommended in these patients if MR
blockers cannot stabilize the blood pressure [25, 27]. Unilateral
adrenalectomy has been erroneously trialled in the management
of markedly elevated blood pressure and plasma aldosterone in a
patient with FH-III [25]. The case highlights the problems faced
by managing physicians and the propensity for the development
of complications at an early age.

» Familial Hyperaldosteronism Type 4 (FH-4)

This condition results from mutations in CACNAIH,
located on chromosome 16p13.3 and encodes the a-subunit
of CaV3.2, a T-type calcium channel expressed abundantly in
the zona glomerulosa [22, 26]. Wild-type CACNAI1H allows
the calcium channel to be open transiently [12]. However, the
mutant form of the gene impairs the channel's deactivation,

resulting in an influx of calcium ions into the zona glomerulosa
cells, thus signalling aldosterone synthesis [18].

The disorder is inherited in an autosomal dominant fashion
and demonstrates incomplete penetrance with highly variable
clinical presentations [19]. FH-4 has no specific treatment, but
mineralocorticoid antagonists and adrenalectomy have improved
hypertension in these patients [26]. Table 2 below describes
the salient characteristics of the familial hyperaldosteronism
syndromes.

» Congenital Adrenal Hyperplasia (CAH)

One of the most commonly occurring genetic disorders
of the adrenal glands, CAH is a group of autosomal recessive
disorders responsible for defects in the pathways of steroid
hormone synthesis [23, 28]. The most common of these
disorders is 21-hydroxylase deficiency, which accounts for 90-
99% of cases [29, 30]. However, these cases do not present with
hypertension [23].

11B-hydroxylase deficiency, also known as Type [V CAH,
accounts for 5-8% of all CAH cases and is the second most
common form of the disorder [12, 31]. It is caused by mutations
affecting the CYP11B1 gene on chromosome 8q24.3 [23]. The
deficiency prevents the hydroxylation of deoxycorticosterone and
deoxycortisol to form corticosterone and cortisol, respectively,
thus leading to the accumulation of steroid precursors with a
mineralocorticoid effect (especially 11-deoxycorticosterone)
[12]. Hypokalemia and low-renin hypertension are secondary to
increased sodium reabsorption [17, 31]. Hypertension occurs in
at least one-third of cases and is of varying severity [32]. Genetic
testing confirms the presence of a mutation in the CYP11BI
gene, but the condition is suspected with elevated basal
11-deoxycortisol [21]. Treatment of hypertension occurs with
optimal glucocorticoid replacement; however, MR antagonists
such as spironolactone are used alone or with a calcium channel
blocker (CCB) when blood pressure control remains inadequate
[32].

Type V CAH, caused by 17a-hydroxylase deficiency, is the
second form of CAH that can cause low renin hypertension. This
rare enzyme deficiency occurs in 1 in 50,000 of the population
[31]. Located on chromosome 10q24.32 [12], the defective gene
and the resultant loss of enzyme activity cause an increase in
the production of deoxycorticosterone and corticosterone at the
expense of cortisol and adrenal androgens [31]. The accumulated
deoxycorticosterone results in excess mineralocorticoid activity
with resultant hypokalemia and hypertension [23]. Molecular
testing for the presence of CYP17A1 mutations confirms the
diagnosis [32]. MR antagonists help alleviate the hypertension
[32].

» Familial Glucocorticoid Resistance (FGR)

Loss-of-function mutations in the NR3Cl gene on
chromosome 5q31-q32 [16]. The affected gene encodes
the glucocorticoid receptor, rendering it unresponsive to
circulating cortisol [17]. The lack of inhibitory feedback on the
hypothalamic-pituitary-adrenal axis leads to the overproduction
of ACTH, deoxycorticosterone (DOC), corticosterone and
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adrenal androgens [33]. This leads to excessive MR activation
(as cortisol also has a high affinity for the MR) with subsequent
sodium ion overabsorption and hypertension [26].

Patients present with high serum cortisol levels without
the peripheral stigmata of Cushing's syndrome, hypokalemia,
metabolic alkalosis, and hypertension [34]. Diagnosis is
through genetic analysis with background elevated serum
cortisol levels [16]. Treatment is through oral dexamethasone, a
mineralocorticoid-sparing glucocorticoid [11].

B. Disorders of the Distal Nephron

» Liddle Syndrome

First identified by Liddle et al. in 1963 [16,31], Liddle
syndrome is caused by activating (gain-of-function) mutations
in the genes (SCNN1A, SCNNI1B, SCNN1G) that encode the
subunits of the aldosterone-regulated epithelial sodium channels
(ENaC) [35,36]. A table collating basic information on the 3
types of Liddle syndrome is attached below (Table 3).

Table 3 Liddle syndrome

TYPE GENE LOCUS | AFFECTED GENE | GENE PRODUCT
LS-1 16p12.2 SCNN1B ENaC B-subunit
LS-2 16p12.2 SCNN1G ENaC y-subunit
LS-3 12p13.31 SCNN1A ENaC a-subunit

ENaC - Epithelial sodium channel, LS - Liddle syndrome

Although the worldwide prevalence of the condition
is unknown [37], Liddle syndrome is regarded as the most
common form of monogenic hypertension [26]. This condition,
also known as pseudohyperaldosteronism, is inherited in an
autosomal dominant manner with variable penetrance, thus
allowing for variability in phenotypes [38—40]. Less than 50
different disease-causing mutations have been identified, with
mutations in the SCNN1B gene being the most common [41].

Mutations in the subunits of the ENaCs reduce the rate
at which these channels are degraded, leading to increased
sodium and water reabsorption and account for hypertension in
these patients [42]. Other typical features include hypokalemia,
metabolic alkalosis, low serum renin and aldosterone levels [43].
Long-term complications result from hypertension-related organ
damage, such as retinopathy, encephalopathy, nephrocalcinosis,
cerebrovascular ischemia, left ventricular hypertrophy, and
myocardial infarction [42, 44]. Genetic testing allows for early
diagnosis of Liddle syndrome and subsequent management [45].

Treatment of hypertension involves dietary sodium
limitations and ENaC blockers such as amiloride and triamterene
[28, 46].

* Gordon Syndrome

Also known as familial hyperkalemic hypertension
or pseudohypoaldosteronism type 2 (PHA2) [45], Gordon
syndrome results from mutations identified in 5 different
chromosomes [23]. A table detailing these mutations is attached
below (Table 4).

Table 4 Gordon syndrome

PHA2 differs from PHAI1, which is associated with
hypotension [21]. All five mutations are involved in the
regulation of the sodium-chloride cosymporter (NCC) located
in the distal nephron [47]. The overall effect of these mutations
is the upregulation of the NCC within the distal nephron with
increased sodium reabsorption, reduced expression of renal
outer medullar K1 channel, and subsequent hyperkalemia and
hypertension [31]. Inheritance has been identified to occur in
an autosomal dominant or recessive manner, depending on the
phenotype [48].

The age of onset of symptoms varies widely [33]. Clinical
and laboratory features include hypertension, hypercalcemia,
hyperchloremic metabolic acidosis, hypercalciuria and
hyperkalemia [49]. A clinical history, laboratory investigations
and genetic testing are essential for making a diagnosis [12].
Treatment is achieved by dietary sodium and potassium
restriction together with thiazide diuretics as they inhibit the
NCC[16].

* Geller Syndrome

Geller syndrome is an autosomal dominant disorder
resulting from a gain-of-function mutation in the MR [50]. It is
also known as Constitutive Activation of the Mineralocorticoid
Receptor or Pregnancy-exacerbated Hypertension which is
misleading as the condition also affects non-pregnant females
and men [12, 16]. Less than 10 cases have been reported
since its initial description in 2000 by Geller et al [50]. The
causative mutation affects the hormone-binding domain of
the receptor and results from the substitution of leucine for
serine at amino acid 810 in chromosome 4q31 [12, 17]. This
results in the mutant mineralocorticoid receptor being activated
by aldosterone and steroids such as progesterone, a natural
antagonist [21]. This receptor is also sensitive to cortisone and
11-dehydrocorticosterone in non-pregnant women and males
and spironolactone, which is contraindicated in its management
[31,33].

Patients present with low-renin hypertension at an early
age, which worsens with pregnancy, low serum aldosterone
and low-to-normal potassium levels [26]. Hypertension and
hypokalemia have been noted to peak within the third trimester
[17]. Definitive diagnosis, as for a lot of these monogenic
disorders, is through genetic testing for the mutations in the MR
[50]. Treatment includes limitation of dietary salt, and epithelial
sodium channel antagonists such as amiloride and finerenone
(a nonsteroidal selective antagonist of the mutant MR) [26, 31,
33]. Close monitoring of fetal and maternal conditions while
managing blood pressure and serum potassium levels during
pregnancy is the mainstay of treatment [50]. Blood pressure
and serum potassium levels return to normal in the postpartum
period [17].

» Apparent Mineralocorticoid Excess (AME)

Apparent Mineralocorticoid Excess (AME), more
specifically known as Classic AME [51], is an infrequent
monogenic hypertensive disorder with about 100 reported

TYPE GENE LOCUS AFFECTED GENE GENE PRODUCT AGE AT DIAGNOSIS AD/AR GOF/LOF

PHA2A 1931-q42 Not known Not known Adolescence/Adulthood | AD

PHA2B 17q21.2 WNK4 With no lysine Adolescence/Adulthood | AD LOF
kinase 4

PHA2C 12p13.33 WNK1 With no lysine Adolescence/Adulthood | AD GOF
kinase 1

PHA2D 5q31.2 KLHL3 Kelch-like 3 Infancy/Childhood AD, AR LOF

PHA2E 2q36.2 CUL3 Cullin 3 Infancy/Childhood AD LOF

AD - Autosomal dominant, AR - Autosomal recessive, GOF - Gain of function, LOF - Loss of function, PHA - Pesudohypoaldosteronism.
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cases worldwide [52]. First reported in the 1970s [53], it was
not until 1995 that the first mutation was found [52]. AME is
an autosomal recessive disorder caused by a deficiency in the
11B hydroxysteroid dehydrogenase type II enzyme (11BHSD2)
secondary to loss-of-function biallelic mutations in the
HSDI11B2 gene located on the chromosome 16q22.1 [54, 55].
This enzyme is expressed primarily in sodium-transporting
epithelia such as the distal nephron [47] and is responsible for
the peripheral conversion of cortisol to cortisone [56]. Over 50
pathogenic mutations in the HSD11B2 gene have been reported
worldwide [56].

HSD11B2 prevents the activation of the MR by cortisol
(which has mineralocorticoid activity) by its conversion to
cortisone, which cannot bind to the receptor [ 12]. With mutations
in the gene, cortisol is not metabolized and thus can activate the
MR. Affected patients present in infancy with failure to thrive,
polyuria, polydipsia, metabolic alkalosis, severe hypertension,
hypokalemia, low serum renin, and aldosterone levels [31, 33]. In
severe cases, these patients may come down with hypercalciuria,
muscle paralysis secondary to severe hypokalemia, renal
medullary cysts and nephrocalcinosis [8, 28]. End-organ
damage to the heart (LVH), retina (hypertensive retinopathy),
central nervous system (stroke) and aortic insufficiency is not
uncommon and occurs secondary to hypertension [16, 33].

Diagnosis is ideally through genetic testing, but the 24-
hour serum or urinary cortisol to free cortisone ratio is high in
these cases [21, 56]. This condition can be mistaken for Bartter
syndrome, which can be prevented through blood pressure
measurements, serum renin, and aldosterone quantification [36].

Partial deficiency of the 11BHSD2 enzyme (nonclassic
AME) presents in adulthood and may be indistinguishable from
essential hypertension [31, 36] and is characterized by high
serum cortisol to cortisone ratio, normal or slightly elevated
blood pressure, normal or low aldosterone and low renin [56].
These patients have elevated microalbuminuria, plasminogen
activator inhibitor-1 (PAI-1) and high-sensitivity C-reactive
protein (hs-CRP), suggesting that the condition causes a pro-
inflammatory state along with vascular and renal problems [51].
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Both phenotypes respond to MR antagonists such as
spironolactone or eplerenone and a salt-limited diet [56].
Dexamethasone may be used at the lowest effective dose in
classic AME to prevent growth retardation [21]. In refractory
cases, amiloride and calcium channel blockers may also be
prescribed [33]. Renal transplantation has been reported to offer
a cure for the condition [12].

Conclusion

Diagnosis of monogenic hypertension syndromes is
increasing globally due to the advances in molecular testing
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as primary or essential hypertension when, in fact, they are
monogenic in origin. This could lead to a wrongful diagnosis
of resistant hypertension, inherently leading to end-organ
damage. Physicians catering to adults and children alike should
be on the lookout for cases of poorly controlled hypertension
associated with biochemical abnormalities, all in the setting of
a strong family history. A good history, with specific laboratory
investigations and genetic testing (if available), can lead to early
diagnosis and reduce morbidity and mortality in these patients.
It is also imperative that genetic testing becomes more available
and accessible to prevent misdiagnosis.
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