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Editorial on the Research Topic

Molecular -genetic causes underlying primary adrenal insufficiency:
Current insights into diagnosis and treatments
The loss of adrenal cortex function leads to glucocorticoid and/or mineralocorticoid

deficiency, ranging from mild nonspecific symptoms to life-threatening shock

conditions. Adrenal insufficiency (AI) is classified as primary, secondary or tertiary

when the disease results from disorders affecting the adrenal cortex, anterior pituitary or

hypothalamus, respectively. In newborns and children, genetic factors are the most

frequent causes of AI, with emphasis on congenital adrenal hyperplasia, while acquired

etiologies are more frequent in adults.

The diagnosis of all forms of AI is usually delayed because the initial presentation is

often non-specific; despite significant advances in knowledge over the last decade, the

diagnosis and management of adrenal insufficiency still represent a challenge for physicians,

researchers, and also for patients. Moreover, the presence of genetic conditions resulting in

AI is often underestimated in clinical practice and, consequently, leads to significant

impairment of patients’ quality of life. A relevant point is the need of special attention to

patients with latent AI in order to prevent an adrenal crisis during stress conditions. Several

studies have showed an increased morbidity and mortality rate in AI patients; therefore,

prevention is of fundamental importance. The continuous education of both medical teams

and patients/relatives on AI and the management of adrenal crisis is necessary to improve

clinical outcomes. Recent studies have focused on developing new types of steroid
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replacements to mimic the rhythm of cortisol secretion and

function, as well as to decrease the metabolic adverse outcomes

related to long-term therapy. Further advances in steroid

replacements, oral and parenteral, will probably emerge in the

coming years.

In this regard, in this issue Younes et al., presented a

comprehensive review of the etiologies, diagnosis, and

treatments of chronic and acute Primary AI. Management of

AI in times of COVID-19 outbreak was also addressed in a

promising article of Sabaddin et al., as patients are facing their

primary disease and the risk/fear of COVID-19 infection. An

especial attention was focused in this issue to Congenital Adrenal

Hyperplasia (CAH) a group of autosomal recessive enzymatic

disorders, caused by a deficiency of one of the enzymes required

for cortisol biosynthesis in the adrenal cortex. CAH secondary to

21-hydroxylase deficiency is the most common form of CAH.

Carrozza et al., Arriba et al., Kocova et al., and Marino et al.,

outstanding reviewed the current state of the art of this deficiency

and its related condition CAH-X (CAH and Ehlers-Danlos

Syndrome), ranging from the genetic and the molecular

complexity of the locus, to its molecular diagnosis and

management. Kim et al., drew attention to the increased

prevalence of cardiometabolic risk factors in patients with

CAH, claiming that a better understanding of the traditional

and non-traditional risk factors in youth with CAH could help

guide treatment options and prevent the onset of metabolic

syndrome in adulthood, reducing overall patient morbidity. In

addition, Ladjouze et al., added their experience in Algeria with

the 3b-hydroxysteroid dehydrogenase type 2 deficiency, a rare

cause of CAH with an estimated birth prevalence less than 1/

1.000.000 and with fewer than 200 families reported worldwide.

Congenital disorders affecting adrenal function may also be

associated with diseases of sex development as Finkielstain et al.,

addressed it in an excellent review article in this topic. Finally,
Frontiers in Endocrinology
025
Teoli et al., also described the impact of NR0B1 (DAX1) genetic

variants on clinical, hormonal, histological, spermiological

aspects and gonadotropin treatment response in male patients

with X-linked adrenal hypoplasia congenita (X-AHC).

To conclude, the purpose of this Research Topic was to

compile in a single issue the most recent state of the art and new

insights on AI, bringing together a comprehensive compendium

of etiologies, diagnosis and treatments of the different AI

disorders, based on the excellent contributions of the expert

authors in the area.
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Copy Number Variations (CNVs) account for a large proportion of human genome and are
a primary contributor to human phenotypic variation, in addition to being the molecular
basis of a wide spectrum of disease. Multiallelic CNVs represent a considerable fraction of
large CNVs and are strictly related to segmental duplications according to their prevalent
duplicate alleles. RCCX CNV is a complex, multiallelic and tandem CNV located in the
major histocompatibility complex (MHC) class III region. RCCX structure is typically
defined by the copy number of a DNA segment containing a series of genes – the
serine/threonine kinase 19 (STK19), the complement 4 (C4), the steroid 21-hydroxylase
(CYP21), and the tenascin-X (TNX) – lie close to each other. In the Caucasian population,
the most common RCCX haplotype (69%) consists of two segments containing the genes
STK19-C4A-CYP21A1P-TNXA-STK19B-C4B-CYP21A2-TNXB, with a telomere-to-
centromere orientation. Nonallelic homologous recombination (NAHR) plays a key role
into the RCCX genetic diversity: unequal crossover facilitates large structural
rearrangements and copy number changes, whereas gene conversion mediates
relatively short sequence transfers. The results of these events increased the RCCX
genetic diversity and are responsible of specific human diseases. This review provides an
overview on RCCX complexity pointing out the molecular bases of Congenital Adrenal
Hyperplasia (CAH) due to CYP21A2 deficiency, CAH-X Syndrome and disorders related
to CNV of complement component C4.

Keywords: RCCX, haplotypes, Congenital Adrenal Hyperplasia (CAH), CAH-X, Copy Number Variation (CNV),
Complement Component C4
INTRODUCTION

Germline Copy Number Variation (CNV) is regarded as a particular DNA fragment with variable
copies compared to a reference genome and primarily includes genome duplications and deletions
(1). CNVs account for a large proportion of human genome (2), greatly influence cellular
phenotypes such as gene expression (3), and are accountable for a plethora of diseases, in
addition to representing relevant disease risk factors (4, 5). These observations raise the
possibility that CNVs could be a primary contributor to human phenotypic variation and
consequently evolve under selective pressures (5). Four major mechanisms have been proposed
n.org July 2021 | Volume 12 | Article 70975816
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as contributors to the generation of most CNVs, including
nona l l e l i c homo l o gou s r e c omb in a t i on (NAHR) ,
nonhomologous end-joining, fork stalling and template
switching, and L1-mediated retrotransposition (4). Multiallelic
CNVs constitute a considerable fraction of large CNVs and are
strictly related to segmental duplications according to their
prevalent duplicate alleles (6, 7). CNVs alleles with large,
homologous, and tandem repeats are susceptible to
rearrangements via NAHR mechanism (8) such as unequal
crossover (9) and gene conversion (10). In this Review, we
focus on the genetic complexity of the RCCX CNV discussing
the molecular bases of related human diseases as Congenital
Adrenal Hyperplasia (CAH).
RCCX CNV

RCCX CNV is a complex, multiallelic and tandem CNV located
in the major histocompatibility complex (MHC) class III region
(11, 12). It is an haplotypic structure typically defined by the copy
number of a DNA segment containing a series of genes that lie
close to each other: the serine/threonine kinase 19 (STK19), the
complement 4 (C4), the steroid 21-hydroxylase (CYP21), and the
tenascin-X (TNX) genes (13). RCCX CNV alleles commonly
consist of one, two or three segments with the prevalence of
approximately 17%, 69% and 14% in the Caucasian population
(14). The Figure 1A shows the structure of the RCCX haplotype
with two segments with the genes oriented as: STK19-C4A-
Frontiers in Endocrinology | www.frontiersin.org 27
CYP21A1P-TNXA-STK19B-C4B-CYP21A2-TNXB (15). STK19
gene (originally called G11 or RP), just upstream from C4A,
encodes a nuclear Serine/Threonine Kinase protein recently
identified as a regulator of NRAS activity (16–20). STK19B,
immediately upstream from the C4B gene, consists only of 914
bases of the 3’ end of the original gene because the C4/CYP21/
TNX locus duplication caused the lost of a large part of the
coding DNA in this region (14, 15). C4A and C4B genes encode
the two isoforms of the fourth component of serum complement
(C4), an essential element for the effector arm of the humoral
immune response (21). Each human C4 gene contains 41 exons,
and the gene size shows a dichotomous size variation between
~22 kb and 16 kb. The longer gene is the result of the integration
of the endogenous retrovirus HERV-K(C4) into intron 9 (22).
Both the C4A and C4B 3’ ends lie only 2466 bp upstream the
CYP21A1P and CYP21A2 transcriptional start sites, respectively.
In addition, the promoter regions of CYP21 genes are located in
the C4 intron 35 (23). CYP21A2 gene encodes the steroid 21-
hydroxylase enzyme (cytochrome P450c21), uniquely expressed
in adrenal cortex, responsible for the biosynthesis of the two
principal steroid hormones, aldosterone and cortisol. Both the
CYP21A2 functional gene and the CYP21A1P pseudogene
consist in a total of ten exons spanning 3.4 kb. Sequence
identity of 98% and approximately 96% characterizes their
exons and intronic regions, respectively (24, 25).

With respect to the C4 and CYP21, both the TNXA and TNXB
genes are located in the opposite DNA strand with, consequently,
an opposite transcriptional orientation. These genes partially
A

B

FIGURE 1 | Organization of the human RCCX CNV on chromosome 6. (A) RCCX structure with two segments containing the genes STK19-C4A-CYP21A1P-TNXA-
STK19B-C4B-CYP21A2-TNXB, with a telomere-to-centromere orientation. Arrows indicates the transcriptional orientation of genes. (B) RCCX structures with one,
two and three segments. Each segment is indicated with two letters, the first represents the allele of the HERV-K(C4) CNV [L, Long allele (insertion) or S, Short allele
(deletion)], and the second indicates the types of C4 gene (A or B). SB, A RCCX structure with one segment including a C4B gene without HERV-K(C4) insertion.
LALB, A RCCX structure with two segments including two C4 genes, A and B, both with HERV-K(C4) insertion. LA SB SB: A RCCX structure with three segments
including a C4A gene with HERV-K(C4) insertion and two C4B genes without HERV-K(C4) insertion.
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overlap the 3’ ends of the CYP21 genes: the last exon of TNXA
and TNXB lies within the 3’ untranslated region of exon 10 in
CYP21A1P and CYP21A2, respectively, and contain fibronectin
type III repeats (26, 27). TNXB gene, encoding the extracellular
matrix protein TNX, consists of 68.2 kb of DNA and includes 44
exons (28). The TNXB gene appears to be unique in having both
its 5’ and 3’ ends buried in other genes. In fact, several start sites
located into or near the CREB-RP gene are responsible for the
TNXB transcription initiation. The CREB-RP gene lie
immediately upstream of TNXB and encoding a protein related
to the CREB transcription factor (29, 30). TNXA is a duplicated
section of TNXB and consists in a truncated pseudogene
containing a 120 bp deletion that causes a frameshift and a
premature stop codon that render the gene non-functional (31).

An haplotypic RCCX CNV structure is traditionally described
by the copy number of the repeated segment of RCCX CNV
(CNV allele), and, per segment, by the alleles of HERV-K(C4)
CNV and the type of C4 gene (13). Usually, a RCCX segment is
indicated with two letters, the first representing the alleles of the
HERV-K(C4) CNV [L: long allele (insertion allele) or S: short
allele (deletion allele)] and the second indicating the type of C4
gene (A or B). The multiplication of these two letters indicates
the presence of two and three segments (Figure 1B) (11, 13).
Very rare RCCX CNV alleles with four segments have been also
reported (32, 33). In addition, in order to define the exact
structure (presence or absence of HERV-K(C4) insertion and
type of C4 gene) of a RCCX CNV, specific molecular approaches
have been proposed (11, 34).
RCCX-ASSOCIATED DISEASES

The genetic diversity of the RCCX is highly attributable to
NAHR: unequal crossover facilitates large structural
rearrangements and copy number changes, whereas gene
conversion mediates relatively short sequence transfers (9, 10).
The results of these events increase the RCCX genetic diversity
and are responsible of specific human diseases.

CAH Due to 21-Hydroxylase Deficiency
CAH is a group of genetic autosomal recessive disorders that
affects adrenal steroidogenesis in the adrenal cortex. The vast
majority of the CAH cases, approximately 95%, are related to 21-
hydroxylase deficiency due to pathogenic variants accounted in
CYP21A2 gene. 21-hydroxylase enzyme is responsible for the
conversion of 17-hydroxyprogesterone to 11-deoxycortisol and
progesterone to deoxycorticosterone (35, 36). The impairment of
cortisol and aldosterone production is directly related to the
clinical form of the disease that ranges from classic (CL) or severe
to non-classic (NC) or mild late onset (37, 38). As above-
mentioned, both the CYP21A2 gene and its CYP21A1P
pseudogene are composed by a total of 10 exons, sharing a
high rate of homology (25, 39). The CYP21A1P pseudogene is
inactivated by multiple deleterious variants (small insertions/
deletions and point pathogenic variants) responsible for the
synthesis of a non-functional protein. Intergenic recombination
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events represent more than 95% of deleterious variants leading to
21-hydroxylase deficiency. Approximately 75% of the deleterious
variants are transferred by small conversions from the pseudogene
during meiosis. These conversions can involve one
(microconversions) or more pseudogene variants (40–42).
Differently, 5-10% of CAH alleles observed in most populations
are characterized byCYP21A2 pathogenic variants that do not result
in gene conversions (43–45).

The 20–25% of the cases of 21-hydroxylase deficiency is
related to large misalignment due to unequal crossing over
during meiosis process. This kind of event may cause gene
deletion or amplification, and also broader deletions involving
CYP21A2 gene and the other contiguous genes (40–42).
CYP21A1P/CYP21A2 chimeric gene is the result of a
recombination between CYP21A1P and CYP21A2 genes, as an
unequal crossing over occurs during meiosis. Based on the C4B
form of the gene, i.e. long or short, the rearrangement results into
a 26 or 32 Kb deletion, encompassing the 3′ end of CYP21A1P,
all of the C4B gene, and the 5′ end of the CYP21A2 gene. This
event leads to a single non-functional chimeric gene containing
the CYP21A1P at the 5’ end and the CYP21A2 at the 3’ end
(Figure 2A). To date 9 different chimeric CYP21A1P/CYP21A2
genes have been found and characterized (46–55). In particular,
two groups of chimeras, classic and attenuated, have been
identified: chimeric genes where the junction site is located
downstream of the c.293-13C/A>G mutation in the intron 2
(CH-1, CH-2, CH-3, CH-5, CH-6, CH-7, CH-8) are associated
with the severe Salt Wasting form of CAH. In contrast, CH-4 and
CH-9 chimeras, carrying the weaker CYP21A1P promoter and
the sole p.(Pro30Leu) variant, are commonly related to a milder
phenotype (47).

Unequal crossover is also the cause of copy number changes
of RCCX segment. The most well-known case is an haplotypic
RCCX CNV structure containing three distinct segments with
two CYP21A2 gene copies and one CYP21A1P pseudogene copy
(56–62). Generally, the CYP21A2 gene located downstream the
TNXA gene shows a wild-type nucleotide sequence, or carries
one or more deleterious variants. Conversely, the presence of the
CYP21A2 p.(Gln319Ter) mutation characterized the gene copy
located next to TNXB gene (13, 57–64). To date, 8 different
haplotypes with two active CYP21A2 genes on a chromosome 6
have been detected (63). The absence of a clear correlation
between genotype and phenotype observed in many
individuals is solved by the existence of these rare haplotypes,
underlying the need of the RCCX CNV assessment in the
molecular diagnosis of 21-hydroxylase deficiency (56, 65, 66).

Finally, the complete deletion of CYP21A2 gene can occur as
the result of an unequal crossing over between TNXA and TNXB
genes. This event produces a chromosome with two copies of
CYP21A2 gene and a chromosome where the arrangement of the
RCCX segment shows the C4-CYP21A1P-TNXA/TNXB
sequence, lacking CYP21A2 gene copy. This condition is
associated to the CAH-X Syndrome (67).

CAH-X Syndrome
Ehlers-Danlos syndromes (EDS) are a clinically and genetically
heterogeneous group of heritable connective tissue disorders
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characterized by joint hypermobility (JH), skin hyperextensibility,
and tissue fragility. EDS is typically caused by autosomal
dominant mutations in collagen-encoding genes or in genes
encoding collagen-modifying enzymes (68). Tenascin-X
deficiency causes a clinically distinct form of EDS due to
homozygous or compound heterozygous pathogenic variants in
the TNXB gene. Pathogenic variants account in the coding region
of the EGF-like repeats or the fibronectin type III domain of the
tenascin protein. The clinical phenotype resembles the classical
EDS type with a pattern of autosomal recessive inheritance (69,
70). Heterozygosity for severe TNXB mutations causes TNXB
haploinsufficiency and it is related to hypermobility type EDS
(hEDS), characterized by JH, recurring joint dislocations, joint
pain and structural cardiac valve abnormality (71). The CAH-X
term was first used for the description of a specific subgroup of
CAH affected subjects showing an EDS phenotype caused by
CYP21A2 monoallelic deletion extending into the TNXB gene
(72). The result of this 30 Kb deletion, caused by a recombination
event between TNXA and TNXB genes, is a chimeric TNXA/
TNXB gene (Figure 2B) (73). To date, three TNXA/TNXB
chimeras that differ in the junction site and result in a
contiguous CYP21A2 and TNXB gene deletion (CH-1 to CH-3)
have been reported (72, 74, 75). CAH-X CH-1 is characterized by
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a TNXA pseudogene derived 120-bp deletion in exon 35 that
causes the non-functionality of the gene and also results in
decreased TNX expression in both dermal and serum, claiming
an haploinsufficiency mechanism (69, 72). CAH-X CH-2 is
characterized by the variant c.12174C>G (p.Cys4058Trp) (exon
40) derived from TNXA pseudogene. This substitution deletes a
cysteine residue and leads to the loss of a critical disulfide bond in
the tertiary structure of the TNX C-terminal fibrinogen-like
domain (74). The third chimera, termed CAH-X CH-3, has
TNXB exons 41-44 substituted by TNXA and it is characterized
by a cluster of 3 closely linked variants also derived from TNXA
pseudogene: the c.12218G>A (p.Arg4073His) in exon 41 and
the c.12514G>A (p.Asp4172Asn) and the c.12524G>A
(p.Ser4175Asn) in exon 43 (75). Computational studies showed
that the p.(Arg4073His) variant interferes with TNX fibrinogen-
like domain stability. In particular, the arginine 4073 is predicted
to form a cation-pi interaction with the p.Phe4080 residue, which
is lost in the p.(Arg4073His) change, penalizing the folding energy
with a loss of 35 kcal/mol. The remaining variants in the cluster
did not significantly affect the folding energies in the models (75).
Differently to CAH-X CH-1 chimera, CH-2 and CH-3 not reduce
the TNX expression but produce altered proteins and are
associated with a dominant-negative effect.
A

B

C

FIGURE 2 | Genetic changes and clinical presentation. (A) CAH chimera (CYP21A1P/CYP21A2) is caused by recombination between CYP21A1P and CYP21A2
and causes the impairment of CYP21A2 and the deletion of C4B, but leaves safe the TNXB gene. CH-1, CH-2, CH-3, CH-5, CH-6, CH-7 and CH-8 chimeras are
involved in the severe SW form of CAH. In contrast, CH-4 and CH-9 chimeras are generally related to a milder phenotype. (B) CAH-X chimera (TNXA/TNXB) is
caused by recombination between TNXA and TNXB and produces the complete deletion of CYP21A2 gene, the impairment of TNXB gene and the deletion of C4B.
This contiguous deletion is termed CAH-X and causes CAH-X syndrome. (C) Psychiatric and autoimmune diseases due to C4 CNV: the high C4B copy number has
been described as Alzheimer’s disease risk factor, while the C4A deficiency was related to SLE.
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All the TNXA/TNXB chimeras cause EDS in monoallelic or
biallelic form regardless of CAH status, although patients with
CAH usually show more severe EDS manifestations with respect
to carriers without CAH (69, 72, 74–76). Approximately 10% of
patients with CAH due to 21-hydroxylase deficiency are affected
by CAH-X (74). Recently, Marino et al. reported that the overall
prevalence of CAH-X in a large cohort of Argentine CAH
patients was 14%, which was similar to that previously found
in a large cohort from the National Institutes of Health and in the
Chinese population (15% and 14% respectively) (77–79). In
addition, Lao et al. reported a particularly high prevalence
(29.2%) of CAH-X in 21-hydroxylase deficient patients
carrying the 30 kb deletion (78).

Regarding clinical manifestations, CAH-X affected subjects
show generalized JH, subluxation and chronic arthralgia, while
cardiac abnormalities have been observed in about 25% (80).
More severe clinical manifestations were found in patients with a
biallelic than in those with a monoallelic form (8, 10). In
addition, compared to haploinsufficiency, a dominant-negative
effect causes a more severe phenotype displayed by greater skin
and joint involvement (74). The diagnosis of EDS due to CAH-X
relies mainly on clinical evaluations including physical
examination for JH, skin characteristics and imaging. A serum
tenascin-X test, based on enzyme-linked immunosorbent assay,
has been developed to identify complete deficiency, but it is not
accurate in identifying heterozygous forms (69, 81). Molecular
diagnosis represents a valid support to the clinical evaluation of
CAH-X and, in this context, Sanger sequencing results to be the
most reliable an informative method for all TNXB variations,
even if it is laborious and expensive (82).

Complement Component C4 CNV
Complement component C4 is a central protein in the classical
and lectin pathways within the complement system (83). The two
isotypes of C4, which differ by only four amino acids,
demonstrate differential chemical reactivities: C4A displays
higher affinity for amino group-containing antigens or
immune complexes, and C4B for hydroxyl group-containing
antigens (84, 85). In the general population, the most common
RCCX haplotype consists of two segments with two C4 in
tandem genes coding for C4A and C4B. So, approximately 60%
of healthy individuals have two C4A and two C4B genes (14, 86,
87). However, deletions and duplications of C4 genes are well
documented and the human C4 locus has been identified as a
functional CNV hotspot within the RCCX region. C4 isotypes
involvement is described in several pathological conditions (88).
For instance, an high C4A gene dosage represents a relevant
schizophrenia risk factor, while both C4A or C4B high copy
number is related to Alzheimer’s disease (89, 90) (Figure 2C).
The presence of one C4A or C4B gene is called heterozygous C4A
or C4B deficiency, while the presence of no functional C4A or
C4B genes causes complete C4A or C4B deficiency and is called
homozygous C4 deficiency (14). Homozygous deficiencies of
complement C4A or C4B are detected in 1-10% of populations.
Homozygous deficiency of C4A has been reported to associate
with increased frequency of autoimmune diseases, whereas
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homozygous C4B deficiency has been associated with increased
susceptibility of bacterial and enveloped viral infections (91, 92).
Many studies support the association between homozygous C4A
deficiency and systemic lupus erythematosus (SLE) (93–
97) (Figure 2C).

C4 structural variations frequently arise in CAH affected
subjects with relevant clinical implications, particularly in
relation to psychiatric morbidity and autoimmunity (98, 99).
Moreover, Lao et al. reported in a cohort of 145 CAH subjects
with 21-hydroxylase deficiency, the correlation between C4A
copy number and the externalization of psychiatric comorbidity
(98). Interestingly, authors specified that C4B copy number was
the determinant of C4 serum levels in CAH patients because C4B
copy number varied in CAH patients carrying the 30-Kb deletion
and in NC patients carrying the p.(Val282Leu) variant. In fact, as a
consequence of 30 Kb deletion, both C4B and CYP21A2 genes are
frequently lost concurrently, producing a CYP21A1P/CYP21A2 or
CYP21A1P-TNXA/TNXB chimera (Figures 2A, B). Conversely, the
known association of the NC p.(Val282Leu) variant with high total
C4 copy number was found to be due to a duplication of C4B gene,
not C4A (98, 100).

Recently, Falhammar et al. reported an increased prevalence
of autoimmune disorders in a large cohort of Swedish patients
with 21-hydroxylase deficiency (99). However, some limitations
of the study were point out. In particular, the relatively young age
of the patients and the possible protective effects of
glucocorticoid treatment may have led to underestimates in the
lifetime risks for autoimmune disorders (99).

The complex genetics of human histocompatibility complex
provides evidences that RCCX genotype being related to C4
could represent a further risk factor for additional illnesses in
CAH affected subjects with 21-hydroxylase deficiency. However,
the role of the C4 gene dosage related to CYP21A2 genotype in
CAH patients needs to further investigations.
DISCUSSION

RCCX CNV represents a complex, multiallelic and tandem CNV
in the MHC class III region. Genetic recombination events
typically affect this genomic region due to the peculiar co-
presence of genes and pseudogenes with high sequence
homology, causing frequent misalignment during meiosis. The
challenging related to the molecular diagnosis of 21-hydroxylase
deficiency, owed to the complexity of the RCCX CNV structure,
are well documented. For this reason, it is essential to refer to
effective guidelines for the standardization of molecular genetic
testing of CAH due to CYP21A2 defects (101). In addition, as
recently suggested, including CAH-X chimeras determination in
21-hydroxylase deficiency molecular testing would be
particularly beneficial for individuals carrying an allele with the
“30Kb deletion”. In fact, a very early CAH-X diagnosis could be
offered to young children before hypermobility evaluation is
applicable, and to enable early screening for cardiac defects
(102). However, a reflection is currently in progress on the
need to carry out further studies in order to broader the
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knowledge and the expertise on CAH-X before including
respective methods in routine diagnostic procedures (103, 104).

Finally, novel and larger studies are required in order to
elucidate the role of C4 dosage in several disorders, especially in
CAH patients with 21-hydroxylase deficiency.
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Latent Adrenal Insufficiency:
From Concept to Diagnosis
Nada Younes, Isabelle Bourdeau and Andre Lacroix*

Division of Endocrinology, Department of Medicine and Research Center, Centre Hospitalier de l’Université de Montréal
(CHUM), Montréal, QC, Canada

Primary adrenal insufficiency (PAI) is a rare disease and potentially fatal if unrecognized. It
is characterized by destruction of the adrenal cortex, most frequently of autoimmune
origin, resulting in glucocorticoid, mineralocorticoid, and adrenal androgen deficiencies.
Initial signs and symptoms can be nonspecific, contributing to late diagnosis. Loss of zona
glomerulosa function may precede zona fasciculata and reticularis deficiencies. Patients
present with hallmark manifestations including fatigue, weight loss, abdominal pain,
melanoderma, hypotension, salt craving, hyponatremia, hyperkalemia, or acute adrenal
crisis. Diagnosis is established by unequivocally low morning serum cortisol/aldosterone
and elevated ACTH and renin concentrations. A standard dose (250 µg) Cosyntropin
stimulation test may be needed to confirm adrenal insufficiency (AI) in partial deficiencies.
Glucocorticoid and mineralocorticoid substitution is the hallmark of treatment, alongside
patient education regarding dose adjustments in periods of stress and prevention of acute
adrenal crisis. Recent studies identified partial residual adrenocortical function in patients
with AI and rare cases have recuperated normal hormonal function. Modulating therapies
using rituximab or ACTH injections are in early stages of investigation hoping it could
maintain glucocorticoid residual function and delay complete destruction of
adrenal cortex.

Keywords: cortisol, aldosterone, ACTH, renin, autoimmunity, hypocortisolism, adrenal insufficiency
DEFINITION AND EPIDEMIOLOGY

The adrenal cortex produces glucocorticoids, mineralocorticoids and androgens, under the
influence of adrenocorticotropic hormone (ACTH) and the renin-angiotensin system (1, 2). In
the event of adrenal cortex destruction, primary adrenal insufficiency (PAI) develops and is
characterized by reduced serum concentrations of all three hormones: cortisol, aldosterone and
adrenal androgens (3). However, since intra-adrenal cortisol is required for epinephrine production
by the adrenal medulla, PAI is often associated with decreased phenylethanolamine N-methyltransferase
(PNMT) activity, resulting in adrenomedullary dysfunction (1, 4). Central adrenal insufficiency (AI),
encompasses both secondary and tertiary AI caused by low ACTH and low corticotropin releasing
hormone (CRH), respectively (5). However, since aldosterone production is mainly controlled by renin,
angiotensin II and potassium (1, 6), it is not affected in central AI.
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PAI was first described by Thomas Addison in 1855 in a case
series of 11 patients and therefore it is often called Addison’s
disease (7). Since then, prevalence has been on the rise especially
in Europe, reaching 117/million in central Italy in the late 1990s
(8) and 144/million in Norway in 2007 (9). More recently, an
even higher prevalence was documented in a 2016 Icelandic
nationwide study of patients over 18 years of age: 221/million
population (10). Furthermore, an annual average increase in the
prevalence of PAI of 1.8% per year was reported in Germany
from 2008 to 2012 (11). The annual incidence of PAI is estimated
to be around 0.44-0.62 per 100,000 (9, 12). PAI is more
frequently found in women than men (11, 13) with a M:F ratio
of 1: 3.5 (14). Age of onset is typically around 30-50 years old
(1, 9, 10, 14). Autoimmune destruction of adrenal cortex has
surpassed tuberculosis as the most common cause of PAI, in
particular in high income countries (1, 15). Comorbid
autoimmune disorders can often be found in patients with
autoimmune AI (AAI), reported to be 46.5 and 66%,
respectively in the German (11) and Norwegian studies (9).
Most common comorbid conditions were thyroid disease, type
1 diabetes, vitiligo, vitamin B12 deficiency and primary ovarian
insufficiency (POI) (9–11). When occurring with other
autoimmune disorders, AAI may be part of an autoimmune
polyglandular syndrome (APS). APS type 1 or autoimmune
polyendocrinopathy–candidiasis–ectodermal dystrophy
(APECED) is a rare monogenic disease, in which the
autoimmune regulator gene (AIRE) is mutated and at least 2 of
the following three occur: chronic mucocutaneous candidiasis,
hypoparathyroidism and PAI (16). Generally, its transmission is
autosomal recessive but may be dominant (16). Other conditions
may include POI, enteropathy and rarely lymphomas (6, 16).
More commonly found is APS type 2, a polygenic condition in
which genes encoding cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), protein tyrosine phosphatase, nonreceptor
type 22 (PTPN22), the transcriptional regulator protein BACH2,
and the CD25–interleukin-2 receptor have been implicated (16),
along with associations to certain haplotypes including DR3-
DQ2, DR4-DQ8, DRB1-0301, and DRB1-0404 (15, 17). It
commonly associates with type 1 diabetes and autoimmune
thyroid disease (16). When AAI is confirmed alongside other
autoimmune diseases, excluding the cardinal ones needed for
diagnosis of APS types 1 and 2, APS type 4 is diagnosed (5).
SIGNS AND SYMPTOMS OF AI-
NATURAL HISTORY OF
AUTOIMMUNE PAI-MORTALITY

Onset of AI can be insidious, with many of the symptoms and
signs being nonspecific and often leading to a delay in diagnosis
(1). In a retrospective study including 216 patients with AI (18),
more than half of patients consulted at least 3 physicians and
were falsely diagnosed with either gastrointestinal or psychiatric
disorders most frequently. A 5 year delay in diagnosis was
reported in as much as 20% of patients (18). Symptoms of
Frontiers in Endocrinology | www.frontiersin.org 215
cortisol deficiency are common to both primary and central
AI. These include loss of appetite, weight loss, lethargy,
gastrointestinal symptoms such as nausea, abdominal pain and
vomiting (1, 6).

Because aldosterone deficiency exists in PAI but not in central
AI, symptoms and signs of mineralocorticoid deficiency
including, dizziness and orthostatic hypotension, salt craving,
hyponatremia, hyperkalemia and hyperchloremic acidosis, can
be found (1, 19). Orthostatic hypotension may also be secondary
to cortisol deficiency via reduced expression of catecholamine
receptors on blood vessels and therefore may be found in central
AI, albeit less pronounced than in PAI (1, 20). Although
hyponatremia can be present in both primary and central AI,
the underlying mechanisms differ. In PAI, hyponatremia is
secondary to aldosterone deficiency resulting in renal salt
wasting and hypovolemia with an increased risk of
dehydration and acute kidney injury (19, 21). In central AI, it
is a result of increased vasopressin secondary to cortisol
deficiency, which in turn results in water retention and
euvolemic hyponatremia (22). Other possible laboratory
abnormalities are hypercalcemia, mild normocytic anemia,
lymphocytosis, eosinophilia and hypoglycemia which occurred
more frequently in children (1, 6). There is also a significant
decrease in natural killer cells cytotoxicity in patients with PAI,
compromising innate immunity, hence contributing to increased
viral infections (23). Androgen deficiency may result in low
libido or reduced energy as well as thinning of axillary and pubic
hair in post-menopausal women (1, 3). In pregnant women with
unrecognized AI, establishing the diagnosis based on signs and
symptoms is challenging, because cortisol deficiency symptoms
may also be seen as part of a normal pregnancy. While only a few
cases were diagnosed during pregnancy, the high maternal and
fetal risks associated with unrecognized AI should prompt
physicians to suspect the diagnosis in women with symptoms
persisting into the second trimester or occurring secondary to
illness or labor (24).

A particularly distinctive feature of PAI is melanoderma
which can be explained by elevated ACTH due to loss of
negative feedback control usually exerted by cortisol on
corticotropic cells in anterior pituitary gland (1). Elevated
plasma ACTH activates melanocortin 1 receptors (M1R),
resulting in excessive pigmentation, especially on areas exposed
to sun and friction such as face, neck, knuckles, creases in the
hand, elbows, areola of the nipple, scrotum, labia and newly
acquired scars (6, 19). Mucosal pigmentation can also be noted
and clinicians should look for brown patchy discoloration on
lips, palate and gingiva (19).

PAI may be underrecognized because of the nonspecific
symptoms of cortisol deficiency, especially in its early stages.
This is often called latent AI and should be suspected in
the presence of unexplained health complaints related to stress,
such as gastrointestinal symptoms, fatigue and weight loss, in
particular in patients with a history of autoimmune disease (25,
26). Betterle et al. suggested that autoimmune adrenocortical
destruction goes through 4 stages (27) (Figure 1). The very
first stage of the disease is marked by aldosterone deficiency
August 2021 | Volume 12 | Article 720769
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and elevated renin concentrations suggesting that zona
glomerulosa may be more prone to autoimmune destruction
than zona fasciculata (27–29). The latter may be initially spared
owing to the high local concentrations of cortisol responsible for
suppressing antigen presentation to immune cells and procuring
local anti-inflammatory properties (30). The second stage is
characterized by an impaired cortisol response to synthetic
ACTH administered intravenously, while in third and fourth
stages, ACTH increases and serum cortisol drops, respectively
(27). Early stages of AAI are difficult to diagnose because of the
asymptomatic or pauci-symptomatic state since adrenal function
is maintained by high plasma ACTH/renin (31). Stages 1 and 2
may be reversible in sporadic AAI. This was not true in APS
types 1 and 2/4, where respectively stage 1 and stage 2 were
defined as the point of no return with a cumulative risk of 100%
(28). Progression of AAI occurred in most patients within 11
years, while no progression was seen after 19 years of follow up in
a large cohort of 143 antibody positive patients. Progression was
higher in males, patients who had APS type 1 and impaired
adrenal function (28). However, antibody titers did not affect risk
of progression, probably because AAI is mediated by cellular
immunity and antibodies are in fact markers of the disease (27,
28). In 100 asymptomatic antibody positive patients followed up
for 20 years, impairment of adrenal function occurred at an
annual rate of 4.9% (29). Treatment with glucocorticoids in
stressful conditions such as a major surgery or illness may be
considered for patients at stages 1 and 2 and close monitoring of
patients with higher risk of progression to clinical disease is
warranted (children, APS type 1, high antibody titers and already
at stage 1) (29, 32).

Because of the insidious course of the disease, patients may
not be diagnosed until they present with adrenal crisis. Adrenal
crisis is an acute, life-threatening condition more frequently seen
in PAI than central AI (33). The frequency of adrenal crisis
varied from 4.4 to 17/100 patient-years (11, 34, 35), depending
Frontiers in Endocrinology | www.frontiersin.org 316
on the definition used for adrenal crises and the characteristics of
patients included in each of the studies. A prospective study by
Hahner et al., evaluated the incidence of adrenal crisis in 423
patients followed up for 2 years. It was found to be persistently
high even in adequately educated patients, reaching 8.3 crises/
100 patient-years with a high mortality, estimated at 0.5 adrenal
crisis related deaths/100 patient-years (36). A much lower
incidence was reported in Switzerland despite insufficient
patient education regarding their disease (37). Recently, an
analysis of the biggest cohort described to date, including 2694
patients from the European Adrenal Insufficiency Registry,
revealed an adrenal crisis incidence of 6.53/100 patient-years,
with more than one episode per year in 16% of patients with
PAI (38). In the absence of a universal definition of adrenal
crisis, its recognition can prove to be difficult. The most used
definition is an unstable hemodynamic state (absolute or relative
hypovolemia/shock) recovering within 1 to 2 hours following
parenteral glucocorticoid administration (4, 33). Although
hyponatremia and hyperkalemia are very common features in
adrenal crisis, clinicians should beware of patients with multiple
episodes of vomiting and severe dehydration because they can
present with normal levels of serum potassium and sodium (6).
Adrenal crisis can be triggered by numerous precipitating events,
namely gastrointestinal infections, fever, emotional stress, major
surgery, pregnancy, strenuous physical activity and noncompliance
(34–37, 39). In 7-14% of adrenal crises, no precipitating event could
be identified (34, 36). Patients at higher risk of adrenal crisis were
especially those who have a history of a previous adrenal crisis
(threefold increase) (36), but also patients that are female (35), older
(40) and have diabetes insipidus (35), type 1 diabetes mellitus (41)
and cardiac, neurological or pulmonary comorbidities (35, 39).
Conversely, the latter comorbidities were not shown to be
associated with a higher risk of adrenal crises according to the
new study by Quinkler et al. (38). However, they did have more
infections associated with adrenal crisis occurrence, confirming
FIGURE 1 | Simplified schematic depiction of the 4 stages of autoimmune adrenocortical destruction.
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their immunocompromised state and inability to defend against
viral infections owing to a natural killer cell dysfunction (23, 38).
Eight % of annual cases of adrenal crises will need in hospital
treatment and admission rates were highest in patients aged more
than 60 years old (41). In children, adrenal crisis frequency was
reported to be 3.4/100 patient-years and children diagnosed with
salt wasting congenital adrenal hyperplasia (CAH), adrenal
hypoplasia congenital (AHC) and AAI were at higher risk (42).
Compared to the general population, patients with AI often
complain of reduced quality of life and work capacity with more
sick day leaves potentially explained by the inability of present
treatment modalities to replicate circadian rhythm of cortisol
production (6, 13). Another significant issue is the impact of PAI
on fertility in women of reproductive age. Few cohort studies have
shown that pregnancy rate decreases after diagnosis of PAI even in
the absence of associated POI, and a higher risk of cesarean delivery,
impaired fetal growth, preterm birth and low birth weight is found
(43). Particularly, a German study including 39 women with CAH
secondary to 21-hydroxylase deficiency and 54 with AAI, reported
reduced fertility only in classic CAH and APS type 2, based on
answers from a self-reporting questionnaire (44). This suggests that
a more severe course of disease and/or the presence of other
comorbid autoimmune disorders largely impact fertility outcomes.
There are no clear explanations for the underlying mechanisms of
reduced fertility in women with AAI, in the absence of POI. Perhaps
their reduced quality of life and overall dissatisfaction with current
treatment modalities may play a significant role in hindering
successful pregnancies.
ETIOLOGIES

The most common cause of PAI in the adult population is
autoimmune destruction of the adrenal cortex (1). Other
potential causes include infections, infiltrative diseases, adrenal
hemorrhage, surgery, and drugs (1, 6). They are summarized in
Table 1. AAI remains a diagnosis of exclusion and in the absence
of positive antibodies directed against 21-hydroxylase, other
diagnoses should be explored; an abdominal computed
tomography should be performed. In the event of enlarged
adrenal glands, differential diagnoses include an active
tuberculous infection, systemic fungal infections in
immunocompromised patients, metastases and lymphoma (1). In
young men with negative antibodies to 21-hydroxylase,
adrenoleukodystrophy should be suspected, even in the absence of
neurological symptoms (1, 6). Adrenoleukodystrophy is an X-linked
recessive disorder, hence affecting only boys, characterized by
defects in ABCD1 gene causing elevated serum very long chain
fatty acids. The clinical spectrum of adrenoleukodystrophy includes
cerebral manifestations that may manifest in childhood such as
behavior changes, school difficulties, cognitive deficits up to
dementia, psychoses and loss of vision and speech. It may be
associated with adrenomyeloneuropathy presenting later in
middle age with progressive lower body stiffness and weakness
(45). The diagnosis of adrenoleukodystrophy should be confirmed
by molecular genetic testing (46). In children, however, CAH
Frontiers in Endocrinology | www.frontiersin.org 417
represents 83% of PAI diagnoses compared to 9.7, 6.1 and 1.2%
for AHC, autoimmune AI and adrenoleukodystrophy, respectively
(42). 97.2% of CAH were secondary to 21-hydroxylase deficiency in
a Chinese pediatric cohort followed up for 29 years (47). A detailed
discussion of these diagnoses is outside the scope of this review and
will be discussed elsewhere.
PATHOGENESIS OF AUTOIMMUNE AI

AAI is an autoimmune destructive process affecting all three
zones of the adrenal cortex in which lymphocytes infiltrate the
adrenal parenchyma leading to adrenal fibrosis and atrophy. It is
a slow process and AI may not be clinically relevant until most of
adrenocortical cells are destroyed (48). Antibodies directed
against 21-hydroxylase are specific to AAI and are rarely seen
in the general population; hence their presence alongside positive
adrenal cortex antibodies allow to accurately diagnose AAI in
99% of cases (19, 49, 50). The presence of antibodies targeting
interferon-a2 and interferon-w should prompt genetic testing
for APS type 1 (19, 49). While the detection of anti 21-
hydroxylase antibodies is diagnostic of AAI, they have no
direct role in pathogenesis and are only biologic markers of
autoimmunity (48, 49). In fact, cytotoxic T-cells auto-reactive to
steroidogenic enzymes, in particular 21-hydroxylase, infiltrate
the adrenal cortex in response to proinflammatory chemokines,
CXCL9 and CXCL10, released intrinsically by adrenocortical
cells. Hence, adrenocortical cells contribute to their own
destruction in the presence of both, a genetic predisposition
and environmental triggers (48). Possible triggers are thought to
be caused by local viral infections with increased tropism to
adrenocortical cells, such as herpes simplex virus 1,
cytomegalovirus and adenovirus, as well as interferon alfa
treatments and the relatively new checkpoint inhibitors
targeting CTLA-4, programmed cell death protein 1 (PD-1),
and PD-1 ligand (PD-L1), used in melanoma and lung cancer
treatment (48). Genetic variants implicated in AAI development
include the autosomal recessive mutation in AIRE gene
commonly responsible for APS type 1 (50) but was also
implicated in AAI independently of APS type 1 in a recent
genome wide association study (51), which reported 2 new
alterations in AIRE, the strongest one being p.R471C. It also
described nine independent risk loci implicated in central
immunological tolerance (51), in particular PTPN22, CTLA4,
and BACH2 loci whose role in pathogenesis is already
established (50, 51) and SH2B3 and SIGLEC5 (51). HLA class
II genes also play a central role in predisposition to isolated AAI
or APS type 2/4. While HLA DRB1-0301 and DRB1-040 are
associated with AAI, it seems that DRB1-0403 is protective
against development of Addison’s disease (50). Other
polymorphisms worth mentioning include the MHC class I
chain-related gene A (MICA) allele 5.1, the CIITA (MHC class
II transactivator), the master regulator of MHC class II
expression, STAT4, PD-L1, and the vitamin D receptor (50).
All susceptibility loci described to date are in genes involved in
adaptive or innate immunity (52), particularly affecting
August 2021 | Volume 12 | Article 720769
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regulatory T-cell function leading to local intra-adrenal self-
reactive cytotoxic T-cells (53). However, novel therapies
targeting the cellular immune response or specific genes
implicated in AAI pathogenesis have yet to emerge.
ESTABLISHING THE DIAGNOSIS

The Endocrine Society Clinical Practice Guideline published in
2016 recommend confirming the diagnosis of PAI with a
corticotropin stimulation test to assess adrenocortical function
(3). An algorithm depicting the proposed diagnostic approach
in PAI in adults is shown in Figure 2. In PAI, adrenal glands
are unresponsive to corticotropin stimulation because zona
fasciculata is already maximally stimulated by elevated
endogenous ACTH (54) and because adrenal cortex is replaced
Frontiers in Endocrinology | www.frontiersin.org 518
by fibrous tissue (48). In cases when confirmatory test is not
possible, a morning serum cortisol of less than 140 nmol/L
paired with a morning plasma ACTH above 2-fold the upper
limit of normal is consistent with PAI. Measuring plasma
renin and aldosterone is also recommended to document
mineralocorticoid deficiency (3). There are two types of
synthetic corticotropin analogs (ACTH 1-24) that can be used
in the corticotropin stimulation test: cosyntropin (Cortrosyn,
Amphastar Pharmaceuticals. Inc) and tetracosactrin (Synacthen,
Novartis Pharma, Switzerland) and since they both exist in 250
µg formulations, the standard dose test is more practical and is
recommended by the Endocrine Society Clinical Practice
guideline (3). Diagnostic cutoff values of serum cortisol depend
on the assay used: in most immunoassays, 500 nmol/L is often
used as the cutoff to establish diagnosis (6). However, newer
monoclonal immunoassays such as the Elecsys®Cortisol II from
TABLE 1 | Etiologies of primary adrenal insufficiency in adults (1, 5, 6, 45).

Etiology Associated clinical/biological and radiological features

AUTOIMMUNE ADRENALITIS Bilateral adrenal atrophy on computed tomography.
ISOLATED Polygenic- positive 21-hydroxylase antibodies ± adrenal cortex antibodies/17-hydroxylase

antibodies/steroid side chain cleavage enzyme autoantibodies- other AI diseases associated.
APS TYPE 1 Autosomal recessive AIRE mutation- positive interferon antibodies- chronic mucocutaneous

candidiasis, hypoparathyroidism, ectodermal dystrophy.
APS TYPE 2 Polygenic- Type 1 diabetes and autoimmune thyroid disease

INFECTIONS
ACTIVE TUBERCULOUS INFECTION Enlarged adrenal glands on computed tomography, calcifications may be seen.
SYSTEMIC FUNGAL INFECTIONS
WATERHOUSE-FRIDERICHSEN
SYNDROME

Altered mental state, hypotension, fever, acute adrenal crisis.

SEPTIC CHOC
OPPORTUNISTIC INFECTIONS IN
IMMUNOCOMPROMISED

INFILTRATIVE DISEASES Enlarged adrenal glands on computed tomography.
METASTASES FROM LUNG, BREAST,
OR KIDNEY CARCINOMAS

Known primary cancer.

SARCOIDOSIS Other signs specific to infiltrative disease (mediastinal lymph nodes, chronic kidney disease,
hypoparathyroidism, diabetes mellitus…)

AMYLOIDOSIS
HEMOCHROMATOSIS Hypophysitis may be associated with infiltrative diseases.

ADRENAL HEMORRHAGE Sudden pain accompanied with acute adrenal crisis.
COAGULATION DISORDERS Adrenal hemorrhage on computed tomography.
ANTICOAGULANT TREATMENT Warfarin.
ANTIPHOSPHOLIPID SYNDROME Positive cardiolipin antibodies, lupus anticoagulant and anti-beta-2 glycoprotein 1.
BILATERAL ADRENALECTOMY
PRIMARY ADRENAL LYMPHOMA Enlarged adrenal glands on computed tomography.
DRUGS
INCREASE CORTISOL METABOLISM Induction of P450-cytochrome enzymes, CYP3A4, CYP2B1, CYP2B2: phenytoin, rifampicin,

phenobarbital
IMPAIRED STEROIDOGENESIS Ketoconazole, fluconazole, mitotane, metyrapone, etomidate, aminoglutethimide, trilostane.

Abiraterone acetate.
ANTAGONIZE GLUCOCORTICOID ACTION
ON PERIPHERAL TISSUES

Mifepristone

ADRENOLYTIC Mitotane
TRIGGER AUTOIMMUNE REACTION Nivolumab and pembrolizumab

ADRENOLEUKODYSTROPHY Young men
X-linked recessive
Defects in ABCD1 gene
Negative antibodies to 21-hydroxylase
Elevated serum very long chain fatty acids
Progressive neurological deficit, hypogonadism
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Roche Diagnostics, have lower cross reactivity with other
steroids, thus giving values that are 20-30% lower than those
with older assays (55, 56). Two different studies suggested new
cutoff thresholds when using the Elecsys®Cortisol II: 374 nmol/L
(55) and 403 nmol/L at 30 minutes (56). Furthermore, because
liquid chromatography tandem mass spectrometry (LC-MS/MS)
measures cortisol more accurately than immunoassays, cutoff
values were also redefined to be lower, respectively 400-412 and
485 nmol/L, at 30 and 60 minutes following corticotropin analog
injection (56, 57). This would potentially reduce overdiagnosis of
AI. Additionally, a baseline cortisol less than 55 nmol/L
successfully predicted abnormal response to stimulation test
(56). A recent retrospective study conducted on 370 patients in
Spain (58), confirmed need for sex-specific and assay-specific
cutoff values when interpreting corticotropin test to reduce false
positives and increase specificity. It also allowed for a better
diagnostic agreement between sampling times at 30 and 60
minutes compared to using general cutoff values. Sampling at
30 minutes following injection of corticotropin analog accurately
diagnosed 95% of PAI. However, this was not true for central AI,
where sampling at 60 minutes showed better diagnostic accuracy
(58). Corticotropin stimulation test can be done anytime of the
day because in PAI response to ACTH is independent of
circadian rhythm, but morning testing might be more accurate
to avoid overdiagnosis in healthy individuals (59, 60).
A metanalysis including 13 studies showed that the low dose
Frontiers in Endocrinology | www.frontiersin.org 619
corticotropin test (1 µg) had better accuracy for diagnosing
central AI compared to the standard dose (250 µg) (61). Even
so, the low dose is less practical because it necessitates dilution
from supplied ampules of 250 µg and is subject to human and
technical errors (3, 61). Also, samples are best withdrawn 20 to
30 minutes following injection in order to avoid false positives
(59, 61). Neither corticotropin stimulation test nor metyrapone
test often used to diagnose central AI, can replace insulin
tolerance test considered to be the gold standard for evaluation
of hypothalamic pituitary axis. A study by Giordano et al.
including 31 patients with central AI, failed to demonstrate
superiority of either low dose or standard dose, when both
achieved same diagnostic accuracy (62). Another potential role
for low dose corticotropin test would be in establishing diagnosis
of latent AAI. In fact, it was found abnormal in 88.4% of 33
patients with abnormal cortisol response compared to 66.6% for
the standard dose, suggesting that the standard dose might miss
some cases of latent PAI (63). More studies are needed to
elucidate the diagnostic role of low dose corticotropin testing.
Moreover, several factors may affect interpretation of cortisol
response to stimulation tests. In particular, cortisol binding
globulin (CBG) which binds the majority of circulating
cortisol, leaving only 5-10% of plasma cortisol free (1, 6), can
be responsible for pitfalls in diagnosis. Because assays measure
total serum cortisol and not free cortisol, conditions increasing
CBG such as pregnancy, oral contraceptive pills and mitotane,
FIGURE 2 | Proposed diagnostic approach for primary adrenal insufficiency in adults.
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lead to normal cortisol values, falsely reassuring clinicians (6, 64).
Hence, trimester-specific cutoff values were suggested to eliminate
false negatives: 700, 800 and 900 nmol/L, respectively in first, second
and third trimester (65). In situations where CBG is reduced (sepsis,
cirrhosis, nephrotic syndrome, hyperthyroidism and SERPINA6
gene polymorphisms), low cortisol values must be interpreted with
caution (6, 66). In such patients, measurement of salivary cortisol
has the benefit of being a direct, noninvasive measurement of free
cortisol and correlates well with circadian variations of serum
cortisol (67). While it is more often used in the diagnosis of
hypercortisolism, a recent study demonstrated an added benefit of
measuring salivary cortisol in response to corticotropin stimulation
in particular in patients taking oral estrogens and in cases of
indeterminate serum cortisol at 60 minutes, defined as values
between 500 and 599 nmol/L (68). The diagnostic cutoff used in
this study was 26 nmol/L (68). Another emerging noninvasive
diagnostic test is the measurement of salivary cortisol or cortisone at
60 minutes following administration of 500 µg nasal tetracosactide
with mucoadhesive chitosan. This generated the same 60-minute
plasma cortisol response as seen with 250 µg intravenous
tetracosactide and slightly lower levels of salivary cortisol and
cortisone with the nasal formulation (69). Granted, this
noninvasive diagnostic method is safe and convenient for
patients, it requires additional studies before wide application can
be recommended. Finally, measurement of anti 21-hydroxylase
antibodies is necessary to establish autoimmune etiology.
Commercially available assays include immunofluorescence and
autoantibody assays. However, clinicians should keep in mind that
they are not standardized and variations in between assays exist (3,
6). When AAI is diagnosed, screening for other comorbid
autoimmune diseases should be undertaken; in particular
autoimmune thyroid disease (70), type 1 diabetes (3) and POI,
especially when steroid side chain cleavage enzyme autoantibodies
are detected (29).
MANAGEMENT OF CHRONIC AND
ACUTE PAI

Cortisol release follows a circadian and ultradian rhythm. It
peaks early in the morning then gradually declines to reach nadir
around midnight (6). Pulsatile release of cortisol every 60-90
minutes seems to be intrinsically related to interactions between
the pituitary and the adrenal glands and might be independent of
supra-pituitary influences (71). The Endocrine Society Clinical
Practice Guideline recommends treating all patients with PAI
with glucocorticoids and mineralocorticoids when aldosterone
deficiency is confirmed (Figure 3). The authors agreed that
hydrocortisone or cortisone acetate, given in two or three
divided oral doses, should be the preferred therapeutic choices
(3). Total daily dose should be the equivalent of 15-25 mg of
hydrocortisone for adults, with the highest dose given in the
morning, in an attempt to replicate the physiologic circadian
rhythm (3). However, Caetano et al. recently showed that the
daily hydrocortisone dose sufficient to substitute for
Frontiers in Endocrinology | www.frontiersin.org 720
glucocorticoid deficiency, without signs of under replacement,
in 25 adults with AI, was significantly less than that
recommended by the Endocrine Society Clinical Practice
Guideline (72). The mean replacement dose reported in their
study was 7.6 ± 3.5 mg/m2, reflecting daily endogenous cortisol
production (72). A recent systematic review of 47 studies
reported that although prednisolone therapy increased risk of
dyslipidemia and cardiovascular disease, it was as safe and
efficacious as hydrocortisone (73). It also suggested that lower
doses of hydrocortisone (less than 20 mg/day) had better clinical
outcomes, and failed to conclusively demonstrate an added
benefit of modified release hydrocortisone or continuous
subcutaneous hydrocortisone infusion using insulin pumps
(73). Current available regimens fail to replicate both circadian
and ultradian rhythmicity of cortisol, potentially explaining the
persistently low quality of life that patients with AI often
complain about. In fact, non-pulsatile cortisol secretion was
found to be associated with poor quality of sleep, poor
working memory performance and mood disorders (74, 75).
An in-depth discussion of novel forms of glucocorticoid
substitution and their role in better mimicking physiologic
cortisol secretion will be covered in other chapters of this
special topic.

Overreplacement of glucocorticoids predisposes to elevated
blood pressure, diabetes, osteoporosis and obesity, and thus
should be avoided (6). Monitoring of glucocorticoid therapy is
based solely on clinical assessment using signs and symptoms of
over and under replacement such as body weight, blood pressure,
energy levels, hyperpigmentation and bone mineral density (3).
Use of ACTHmeasurement is especially unreliable and will most
definitely lead to overreplacement owing to the disrupted
negative feedback of cortisol on ACTH (3). Although hair
cortisol concentrations were found to be useful in identifying
children overtreated with hydrocortisone, it requires a 1 cm thick
hair sample and the technique is not yet widely available (76).
Also, gene expression emerged recently as a potential tool for
monitoring hydrocortisone therapy. In particular, expression
of DSIPI, DDIT4 and FKBP5 increased 2 hours after
hydrocortisone infusion and correlated well with normal
serum cortisol levels (77).

Mineralocorticoid deficiency is treated with fludrocortisone,
approximately 50-200 mcg in adults, in one single morning
dose, and ad libitum salt consumption (3). Higher doses are
often needed in specific circumstances such as in children
because of early mineralocorticoid resistance, in athletic
people and in very hot climates because of salt wasting due to
excessive perspiration (3, 6). Clinicians should look for
signs of overreplacement (hypertension, peripheral edema,
hypokalemia) and those of under-replacement (orthostatic
hypotension, salt craving and hyperkalemia). Adequate
mineralocorticoid replacement can also be determined
according to plasma renin concentration, which should be
kept in the upper reference range (3).

Unt i l th i s day , no ev idence ex i s t s to suppor t
dehydroepiandrosterone (DHEA) replacement therapy in all
patients with PAI. A trial therapy of 25-50 mg of DHEA for
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6months can be initiated in premenopausal women complaining of
reduced libido and depressive moods despite adequate
glucocorticoid and mineralocorticoid therapy (3, 6). Unfortunately,
well standardized and reliable DHEA formulations are lacking in
many countries.

Patient education on dose adaptation and sick day rules is an
essential part of management (Figure 3). Because all patients
with PAI are at risk of adrenal crisis, physicians should insist on
increasing patient awareness to their disease by implementing
treatment strategies, participating in group sessions, and
prescribing at home hydrocortisone injection kits in case of
emergencies (78). Hydrocortisone dose adjustments are
required during sick days: patients should double or triple
their daily oral dose for 48-72 hours until full recovery. If oral
medication cannot be tolerated or absorbed, 100 mg of
parenteral hydrocortisone should be promptly administered
before seeking medical care (3). Subcutaneous hydrocortisone
injection is an alternative in patients who cannot self-inject
hydrocortisone intramuscularly. It was shown that cortisol
Frontiers in Endocrinology | www.frontiersin.org 821
increased rapidly following subcutaneous hydrocortisone with
a delay of only 11 minutes when compared to intramuscular
hydrocortisone (79). A medical alert bracelet or an emergency
card can help health care providers identify patients with PAI
requiring lifesaving hydrocortisone administration in emergent
situations (78). During adrenal crises, it is recommended to
administer 100 mg of intravenous hydrocortisone followed by
either continuous infusion of 200 mg of hydrocortisone per 24
hours or 50 mg intravenously every 6 hours alongside adequate
isotonic saline infusion. Tapering of hydrocortisone can begin
24-48 hours following adrenal crisis, when patients can tolerate
oral medication. Fludrocortisone can be re-introduced when
hydrocortisone dose is less than 50 mg/day (3, 6). Stress dosing
is also needed before dental and minor surgeries (25-75 mg/24h
of hydrocortisone, depending on type of procedure). Major
surgeries, trauma and delivery require same dosing regimen as
in adrenal crises management (3). Management of PAI in special
populations including children, patients with CAH, pregnant
women and endurance athletes is not discussed in this review.
FIGURE 3 | Summary of the three pillars of management in adults with primary adrenal insufficiency. HC, hydrocortisone; FC, fludrocortisone; IM, intramuscularly;
SC, subcutaneously.
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RESIDUAL GLUCOCORTICOID FUNCTION
AND FUTURE PERSPECTIVES

Adrenocortical plasticity is a well-established concept defined by
the ability of subcapsular adrenocortical stem cells to proliferate,
then migrate into the three zones of the adrenal cortex where
zone-specific differentiation occurs, and cells acquire
steroidogenic function; all under the influence of ACTH (54).
Adrenal mass is also influenced by ACTH: when deficient,
adrenal atrophy and hypofunction develop, whereas when
increased, adrenal hyperplasia and hyperfunction occur (54).
Adrenocortical stem cells may hold the key to understanding the
mechanisms of a new emerging concept in autoimmune
adrenalitis; that of residual glucocorticoid function. Indeed,
residual glucocorticoid production was described in 30-50% of
patients years after AAI was diagnosed (80, 81), more commonly
in men and in those with a more recent diagnosis. In contrast,
residual mineralocorticoid production was only found in 13.5%
of patients (80). It was hypothesized that the lack of expression
by adrenocortical stem cells of 21-hydroxylase and other
enzymes implicated in steroidogenesis, may protect adrenal
cortex from complete autoimmune destruction by retaining the
possibility of repopulation by intact stem cells (54). Also,
turnover of adrenocortical stem cells differs according to sex in
rodents and could possibly explain why endogenous residual
function is more commonly observed in men (54). Elevated
ACTH in PAI may also contribute to the stimulation of
proliferation and differentiation of adrenocortical stem cells.
However, once hydrocortisone replacement therapy is
introduced, endogenous cortisol production declines alongside
the ACTH decline and it is not known whether this is responsible
for a more rapid loss of residual function or it is but the natural
history of autoimmune adrenalitis that is responsible for the loss
of function over time (82). Glucocorticoid precursors such as 11-
deoxycortisol, 11-deoxycorticosterone and corticosterone, are
potential biomarkers of residual endogenous adrenal function
because their concentrations correlated well with serum cortisol
(81, 82). Although, some patients retained residual adrenal
function, they were not protected from increased risk of
adrenal crisis and quality of life was still significantly altered
(80). Spontaneous recovery of endogenous adrenal function in
AAI is rarely described in the literature, 7-16 years following
diagnosis, with most cases being partial recovery (83–85). Recent
Frontiers in Endocrinology | www.frontiersin.org 922
studies suggested that treatment with immunomodulators could
be a step forward to reverse autoimmune destruction and allow
for regeneration of adrenal cortex. Two of 13 patients who were
given subcutaneous tetracosactide for a period of 20 weeks had
urine glucocorticoid metabolite in the median range of healthy
individuals and peak serum cortisol concentrations above 400
nmol/L, allowing for cessation of glucocorticoid therapy (86). A
more recent study evaluated the effect of dual therapy with
rituximab and depot tetracosactide in 13 patients with AAI
(87). Although dual therapy did not allow full recovery of
adrenal function, as defined in this study by peak cortisol >
550 nmol/L at week 48 of treatment, it showed that endogenous
cortisol production, quantified by urine metabolites, was
increased in 62% of patients (87). Much remains to be
explored in regenerative therapies and their role in recovering
adrenal function. More studies are needed to allow for a better
treatment approach that will mimic physiologic production of
cortisol in order to ameliorate quality of life and reduce the
morbidity related to PAI.
CONCLUSION

AAI remains a life-threatening condition if not recognized early.
Despite medical advances, adrenal crises still occur and quality of
life of patients is largely impacted. Attention should be especially
given to patients with latent AI, at early stages of adrenal
destruction, to prevent adrenal crises from developing and
going unnoticed. Impending novel therapies are being explored
to determine the best approach to utilize residual adrenal cortisol
production and to regenerate adrenocortical cells destroyed by
the autoimmune process. Until this is a validated practice, the only
effective treatment remains adequate glucocorticoid and
mineralocorticoid replacement and patient and physician education.
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Disorders of Sex Development (DSD) are anomalies occurring in the process of fetal sexual
differentiation that result in a discordance between the chromosomal sex and the sex of
the gonads and/or the internal and/or external genitalia. Congenital disorders affecting
adrenal function may be associated with DSD in both 46,XX and 46,XY individuals, but the
pathogenic mechanisms differ. While in 46,XX cases, the adrenal steroidogenic disorder is
responsible for the genital anomalies, in 46,XY patients DSD results from the associated
testicular dysfunction. Primary adrenal insufficiency, characterized by a reduction in
cortisol secretion and overproduction of ACTH, is the rule. In addition, patients may
exhibit aldosterone deficiency leading to salt-wasting crises that may be life-threatening.
The trophic effect of ACTH provokes congenital adrenal hyperplasia (CAH). Adrenal
steroidogenic defects leading to 46,XX DSD are 21-hydroxylase deficiency, by far the
most prevalent, and 11b-hydroxylase deficiency. Lipoid Congenital Adrenal Hyperplasia
due to StAR defects, and cytochrome P450scc and P450c17 deficiencies cause DSD in
46,XY newborns. Mutations in SF1 may also result in combined adrenal and testicular
failure leading to DSD in 46,XY individuals. Finally, impaired activities of 3bHSD2 or POR
may lead to DSD in both 46,XX and 46,XY individuals. The pathophysiology, clinical
presentation and management of the above-mentioned disorders are critically reviewed,
with a special focus on the latest biomarkers and therapeutic development.

Keywords: adrenal insufficiency, aldosterone, congenital adrenal hyperplasia, cortisol, DSD, glucocorticoid,
lipoid, mineralocorticoid
1 INTRODUCTION

The term Disorders of Sex Development (DSD) refers to a wide range of anomalies occurring in the
process of fetal sexual differentiation of the gonads and/or the genitalia, resulting in discordance
between the chromosomal sex and the gonads and/or the internal and/or external genitalia.

1.1 The Physiology of Fetal Sex Differentiation
The chromosomal sex is determined at fertilization, depending on whether the spermatozoon
carries an X or a Y chromosome. Nevertheless, during the first six weeks of embryogenesis in the
human, there is no evidence of sex differences. This period is, therefore, called “undifferentiated”
and is characterized by the existence of bipotential gonadal ridges, two sets of unipotential internal
n.org December 2021 | Volume 12 | Article 770782126

https://www.frontiersin.org/articles/10.3389/fendo.2021.770782/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.770782/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:rodolforey@cedie.org.ar
https://doi.org/10.3389/fendo.2021.770782
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2021.770782
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2021.770782&domain=pdf&date_stamp=2021-12-20


Finkielstain et al. Disorders of Sex Development of Adrenal Origin
ducts –the Wolffian and the Müllerian ducts–, and bipotential
urogenital sinus and primordia of external genitalia, in both the
XX and the XY embryo.

During the 7th week, the onset of the expression of SRY (Sex-
determining region on the Y chromosome) in the XY embryo
drives the indifferent gonad towards testicular differentiation by
disrupting the existing balance between pro-testicular and pro-
ovarian genes (1, 2). The testis secretes androgens and anti-
Müllerian hormone (AMH), whose actions are critical in the
process of genital differentiation (Figure 1). Androgens are
responsible for Wolffian duct development into the epididymis,
vas deferens and seminal vesicle, and the virilization of the
urogenital sinus and the external genitalia. The urogenital
sinus gives rise to the bladder, the proximal portion of the
urethra and the prostate. The genital tubercle forms the penis,
the labioscrotal folds differentiate into the scrotum and the
urogenital folds fuse to form the penile urethra. The genital
and the urinary systems flow into a single orifice. On the other
hand, AMH induces the regression of the Müllerian ducts.

In the XX embryo, the ovaries do not produce androgens or
AMH at this stage of development. Therefore, the Wolffian ducts
regress, and the urogenital sinus and external genitalia follow the
female pathway with no need for estrogen activity. The Müllerian
ducts form the Fallopian tubes, the uterus and the upper part of
the vagina. The urogenital sinus gives rise to the bladder, the
urethra and the lower part of the vagina. The genital tubercle
forms the clitoris, the labioscrotal folds differentiate into the labia
majora and the urogenital folds into the labia minora. A detailed
description of the physiology and the molecular and cellular
biology of sex differentiation in mammals is available
elsewhere (4).

1.2 Pathogenesis of DSD
It is simple to understand that physiologically abnormal gonads
containing dysgenetic testicular and/or ovarian tissue may
develop in fetuses with sex chromosome abnormalities, such as
46,XX/46,XY, 45,X/46,XY or other sex chromosome mosaicisms
or chimerism. These are known as “sex-chromosome DSD”.
However, DSD can also occur in individuals with typical 46,XX
or 46,XY karyotypes. The underlying pathogenic mechanisms
involve either an androgen excess in the XX fetus or a deficient
testicular hormone activity in the XY fetus (5, 6).

1.2.1 Virilization of the 46,XX Fetus
Excessive androgen action induces virilization of the XX fetus
(Figure 2A). If there is exposure during the first trimester of
intrauterine life, the final development of the external genitalia
may be from completely male, when androgen levels are very
high, to a milder virilization when androgen levels are lower. The
different degrees of virilization have been classified by Prader in
stages 1 to 5 (Figures 2B–D) (8). A later exposure to intrauterine
androgens can no longer provoke a fusion of the labioscrotal
folds but results in clitoris enlargement and labial swelling
and rugosity.

Androgens may have different origins. Exaggerated
production may arise from the adrenal cortex, that normally
synthesizes androgens (Figures 2A and 3), or from their lack of
Frontiers in Endocrinology | www.frontiersin.org 227
aromatization to estrogens by the placenta. Alternatively,
androgen excess results from the existence of testicular tissue,
in disorders such as ovotesticular or testicular DSD, or from
maternal sources, such as adrenal or ovarian neoplasms, non-
neoplastic disorders or androgenic drug use (Figure 2A).

1.2.1.1 Androgens of Fetal or Fetoplacental Origin
Excessive androgen production from adrenal origin results from
pathogenic variants in genes involved in steroidogenesis and
encoding 21-hydroxylase, 11b-hydroxylase, 3b-hydroxysteroid
dehydrogenase or P450 oxidoreductase. Congenital adrenal
hyperplasia (by 21-hydroxylase alteration) is the commonest
cause of virilization of the XX fetus, and it will be discussed in
detail in this review.

Androgens of fetal gonadal origin may also be the cause of
virilization in utero of 46,XX patients: the existence of dysgenetic
testicular tissue, alone (46,XX testicular DSD) or associated with
ovarian tissue (46,XX ovotesticular DSD).

Androgens are converted to estrogens through the action of
the enzyme P450 aromatase (Figure 3). During pregnancy, the
fetal component of the placenta expresses aromatase and is the
major site of estrogen synthesis. Inactivating mutations in
CYP19A1, encoding aromatase, result in an accumulation of
fetal androgens that provoke the virilization of the XX fetus (9).
Maternal virilization occurs during pregnancy but disappears
progressively after delivery.

Adrenal function is not altered in patients with testicular/
ovotesticular DSD or with placental aromatase deficiency;
therefore, these conditions will not be further discussed in
this review.

1.2.1.2 Androgens of Maternal Origin
Virilization is notoriously milder when the excess of androgens is
of maternal source because the placenta has a protective role by
aromatizing them to estrogens (10). Nonetheless, some degree of
virilization may occur in the 46,XX fetus if her mother suffered
from androgen-secreting neoplasms, such as granulosa/theca cell
tumors, thecomas and Sertoli-Leydig cell tumors of the ovary, or
androgen secreting adrenal carcinomas and adenomas. In these
cases, virilization of the mother persists until treatment, whereas
virilization of the fetus partially regresses (10). Other non-
neoplastic disorders characterized by androgen production are
pregnancy luteomas and hyperreactio luteinalis (11). Since these
are self-limited disorders of pregnancy, virilization wanes in both
the mother and the newborn after birth.

1.2.2 Undervirilization of the 46,XY Fetus
Insufficient testicular hormone action on target organs results in
undervirilization of the XY newborn. When the lack of androgen
action is complete, the newborn has an entirely female aspect of
the external genitalia, and the condition may go undiagnosed
until pubertal age (5, 6). The underlying etiologies can be
classified into three groups: testicular dysgenesis, steroid
synthesis defects and target organ defects.

Dysgenetic DSD is due to abnormalities in the process of
testis differentiation (2), leading to a fetal-onset hypogonadism
characterized by low or undetectable testosterone and AMH
levels (12). The newborn has female or ambiguous external
December 2021 | Volume 12 | Article 770782
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genitalia and persistence of Müllerian derivatives, i.e. uterus and
Fallopian tubes.

A dissociated testicular dysfunction occurs in patients with
normal AMH production but impaired androgen secretion (12).
Frontiers in Endocrinology | www.frontiersin.org 328
These patients have female or ambiguous external genitalia but
do not have uterus and Fallopian tubes. The defect in androgen
production may be limited to the testis, e.g. in Leydig cell
hypoplasia due to mutations in LHCGR, the gene encoding the
FIGURE 1 | Chromosomal, gonadal and genital sex. Chromosomal sex is determined at fertilization, according to the X or Y chromosome carried by the spermatozoon.
Gonadal sex differentiation occurs during the 7th week of gestation: testes secrete androgens and anti-Müllerian hormone (AMH). The ovaries do not produce androgens and
AMH in the first trimester of gestation. Genital differentiation is driven by testicular hormones: androgens produced by Leydig cells bind to the androgen receptor (AR) and
induce the differentiation of the Wolffian ducts into the epididymides, the vasa deferentia and the seminal vesicles as well as the virilization of the urogenital sinus and of the
external genitalia. In the absence of androgen action, the Wolffian ducts regress, and the urogenital sinus and the external genitalia undergo female differentiation. AMH,
secreted by Sertoli cells, binds to the AMH receptor (AMHR) and provokes Müllerian duct regression; in the absence of AMH action, Müllerian ducts form the Fallopian tubes,
the uterus and the upper vagina. Reproduced with permission from: Freire AV, Ropelato MG, Rey RA. Ovaries and Testes. In: Kovacs CS, Deal CL, editors. Maternal-Fetal
and Neonatal Endocrinology: Physiology, Pathophysiology, and Clinical Management. Elsevier, 2020, pp 625-641. Copyright © 2000 Elsevier Inc (3).
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FIGURE 2 | Genital virilization in 46,XX individuals. (A) Pathophysiology of virilization: virilization of external genitalia may occur in 46,XX patients with ovaries and
hyperandrogenism of adrenal (congenital adrenal hyperplasia) or extra-adrenal (aromatase deficiency, androgenic tumors or drugs) origin; alternatively, virilization of
external genitalia with partial regression of Müllerian ducts may occur in 46,XX patients with testicular or ovotesticular DSD. (B, C) External genitalia of 46,XX patients
with congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency: Prader stage III (B) and stage V (C). (D) Schematic of Prader staging for patients with
CAH. Reprinted with permission from Rey RA, Josso N. Diagnosis and treatment of Disorders of Sexual Development. In: Jameson JL, De Groot LC, de Kretser DM,
Giudice LC, Grossman A, Melmed S, Potts JT, Weir GC, eds. Endocrinology: Adult and Pediatric, 7th edition. Philadelphia: Elsevier Saunders; 2016:2086-2118.
Copyright © 2016 Elsevier Inc (7). (B, C) kindly provided by Dr. M. Podestá, Buenos Aires, Argentina.
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LH/hCG receptor, or in HSD17B3, which codes for 17b-
hydroxysteroid dehydrogenase type 3, responsible for the
conversion of androstenedione to testosterone (13). The other
defects of androgen synthesis affect steroidogenic steps shared by
the testis and the adrenal cortex (Figure 3) and will be described
in detail in this review.

Finally, undervirilization of the XY fetus may result from
defects in androgen target organs. Testicular androgen and AMH
production is normal, but either dihydrotestosterone synthesis
from testosterone is defective or the androgen receptor function
is impaired (6).
Frontiers in Endocrinology | www.frontiersin.org 530
2 DSD ASSOCIATED WITH
ADRENAL DISORDERS

Congenital disorders affecting adrenal function may be
associated with DSD in both 46,XX and 46,XY individuals, yet
with a different underlying pathophysiology. While in 46,XX
cases, the adrenal dysfunction is responsible for DSD, in 46,XY
patients DSD results from the associated testicular dysfunction.
In the vast majority of the cases, there is a primary adrenal
insufficiency characterized by a reduction in cortisol secretion
and overproduction of ACTH. In addition to cortisol deficiency,
FIGURE 3 | Adrenal and gonadal steroidogenesis. The initial steroidogenic steps (in green) are identical in the adrenals and the gonads. The steps in brown are specific
of the adrenal cortex, and the steps in blue or red are specific of the gonads. Steroidogenic Acute Regulatory (StAR) protein enables cholesterol influx into the
mitochondria. Cytochrome P450 side chain cleavage (P450scc) enzyme removes the cholesterol side chain yielding the first C21, D5-steroid pregnenolone. All D5-
steroids are converted to D4-steroids by 3b-hydroxysteroid dehydrogenase type 2 (3bHSD2). In the zona glomerulosa of the adrenal cortex, the first D4-steroid
progesterone, is converted to deoxycorticosterone (DOC) by the 21-hydroxylase (21OH) activity of cytochrome P450c21; subsequently, the 11b-hydroxylase (11bOH)
activity of P450c11b (encoded by CYP11B1) or of the aldosterone synthase (P450c11AS, encoded by CYP11B2) catalyzes DOC conversion to corticosterone, and finally
P450c11AS, through its 18-hydroxylase (18OH) and 18-methyl oxidase (18-oxidase) activities respectively yields 18-hydroxycorticosterone (18OH-corticosterone) and
aldosterone. In the zona fasciculata, cytochrome P450c17 converts pregnenolone and progesterone to 17-hydroxypregnenolone (17OH-Pregnenolone) and 17-
hydroxyprogesterone (17OH-Progesterone), which is subsequently converted to 11-deoxycortisol by 21OH and to cortisol by 11bOH. In the zona reticularis of the adrenal
cortex and in the gonads, the 17,20-lyase activity of P450c17 is facilitated by cytochrome b5 (CYP5A) yielding dehydroepiandrosterone (DHEA) and only secondarily
androstenedione. DHEA may be sulphated to DHEA-S by sulfotransferase 2A1 (SULT2A1) in the adrenal. Gonadal 17b-hydroxysteroid dehydrogenase (17bHSD) type 3
converts DHEA to androstenediol and androstenedione to testosterone; in the adrenal these steps are minorly catalyzed by 17bHSD type 5 (encoded by AKR1C3). In the
ovary, cytochrome P450 aromatase (P450aro) converts androstenedione to estrone and testosterone to estradiol. The activity of many of these enzymes is induced by
steroidogenic factor 1 (SF1, also known as AD4BP, encoded by NR5A1) or by the cytochrome P450 oxidoreductase (POR). Reproduced with modifications from: Rey
RA, Grinspon RP. Normal male sexual differentiation and aetiology of disorders of sex development. Best Practice & Research Clinical Endocrinology & Metabolism (2011)
25:221-238. doi: 10.1016/j.beem.2010.08.013. Copyright © 2010 Elsevier Ltd (6).
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patients may exhibit different degrees of aldosterone deficiency
leading to salt-wasting adrenal crises that can be severe and
sometimes fatal. The trophic effect of ACTH provokes adrenal
cortex hyperplasia, which justifies the denomination of
congenital adrenal hyperplasia (CAH).

CAH is a group of autosomal recessive disorders resulting in
defects in one of the proteins or enzymes involved in cortisol
biosynthesis: steroidogenic acute regulatory protein (StAR), P450
cholesterol side-chain cleavage enzyme (P450scc), P450 17a-
hydroxylase/17,20-lyase (P450c17), P450 oxidoreductase (POR),
3b-hydroxysteroid dehydrogenase type 2 (3bHSD2), P450 21-
hydroxylase (21OH or P450c21), or 11b-hydroxylase (11bOH)
(Figure 3). The first report of CAH dates from 1865, describing a
man with female internal genitalia and enlarged adrenals who
experienced sudden death (14). The various forms of CAH lead
to different hormonal imbalances. Production of glucocorticoids,
mineralocorticoids and sex steroids might be either compromised
or, in some cases, normal. Most forms of CAH can be subdivided
into classic (or severe), presenting at birth, and non-classic,
diagnosed later in life because of mild hyperandrogenism leading
to growth and bone age acceleration, precocious pubarche and
increase in penile or clitoris size in childhood (14, 15).

DSD is present as a consequence of androgen excess in 46,XX
or deficiency in 46,XY patients, according to the specific
enzymatic defect and the severity of impairment (14). Adrenal
steroidogenic defects leading to 46,XX DSD are 21-hydroxylase
deficiency (21OHD), by far the most prevalent cause, and 11b-
hydroxylase deficiency (11bOHD). On the other hand, Lipoid
Congenital Adrenal Hyperplasia due to StAR defects, and
P450scc and P450c17 deficiencies cause DSD in 46,XY
newborns. Steroidogenic Factor 1 (SF1, also known as AD4BP)
defects may also result in combined adrenal and testicular failure
leading to DSD in 46,XY individuals. Finally, impaired 3bHSD2
and POR functions result in both 46,XX and 46,XY DSD.

2.1 46,XX DSD of Adrenal Origin
The common pathogenesis of DSD in 46,XX patients is the
excessive androgen production by the adrenal cortex resulting
from cortisol synthesis blockage (Table 1). The resulting increase
in pituitaryACTH secretion, due to failure of the negative feedback,
leads to the accumulation of cortisol steroid precursors that are
derived to the androgen synthesis pathway (Figure 3).

2.1.1 21Hydroxylase Deficiency (21OHD)
2.1.1.1 Pathophysiology and Clinical Presentation
The enzyme 21OH (P450c21) catalyzes the conversion of 17-
hydroxyprogesterone into 11-deoxycortisol in the zona fasciculata
and progesterone into 11-deoxycorticosterone (DOC) in the zona
glomerulosa of the adrenal cortex. 21OHD (MIM 201910) due to
mutations in CYP21A2 (MIM 613815) represents the most
common form, accounting for approximately 95% of CAH (16).
CYP21A2 and its highly homologous pseudogene CYP21A1Pmap
to 6p21.3, about 30 kb apart. Due to the high homology in their
sequences,mutations causing21OHDtypically occur fromunequal
recombination events between CYP21A2 and CYP21A1P,
abolishing enzymatic activity in different degrees (17).
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The estimated incidence, based on neonatal screening programs,
ranges between 1/14,000 to 1/18,000 live births (14). Prevalence of
heterozygous carries is around 1/60 (15).

21OHD shows a wide spectrum of phenotypes, no longer
representing a clear cut between the classic and non-classic
forms, as historically reported, but depicting a continuum
between both forms which depends on the remaining enzyme
activity (15, 18). Classic CAH is the most severe form, and it is
currently the most common cause of DSD and of primary adrenal
insufficiency during childhood (15, 18). Inadequate cortisol
production leading to increased ACTH secretion results in
accumulation of steroid precursors upstream of 21OH action,
namely progesterone and 17-hydroxyprogesterone, which are
derived to the adrenal androgen pathway via the “classic”
(Figure 3) and “backdoor” (Figure 4) pathways. Consequently,
affected 46,XX fetuses experience virilization of external genitalia
in early stages of development. There is a failure of separate
vaginal formation, with the urogenital sinus emptying into the
urethra leading to a single opening of the urinary and reproductive
tracts, like in the male. Genital tubercle trophism is stimulated by
androgens resulting in clitoral enlargement, whereas labioscrotal
folds become more or less fused. Different degrees of virilization
are quantified by a scale ranging from I to V, developed by Prader
(Figure 2D). Hyperpigmentation is one of the clinical features that
21OHD cases may present due to hypersecretion of ACTH in the
fetal stage. At variance with external virilization, normal uterine
development derived from Müllerian structures is observed
internally, owing to normally absent AMH production by the
ovaries in the first trimester of fetal life (Figure 2A).

In the classic salt wasting form of 21OHD, residual enzymatic
activity is less than 1%, with both cortisol and aldosterone
deficiencies resulting in life-threatening adrenal crises in the first
2 weeks of life, which can be anticipated if neonatal screening for
CAH is performed. Simple virilizing forms retain about 1-2% of
enzymatic activity; therefore, there is minimal but sufficient
aldosterone production to prevent salt wasting crises. However,
because all patients have some degree of salt-wasting, and clinical
presentationoverlap, this subclassification isno longer fully reliable.

In childhood, pseudoprecocious and central precocious
puberty, advanced bone age and impaired final height -are
common features of the disease as a consequence of periods of
hyperandrogenism and long-term glucocorticoid treatment (15).
Later in life, common long-term complications in female
adolescents and young adults with CAH include pubertal
dysfunction, menstrual abnormalities, and fertility issues (19,
20). Pathophysiology of these complications includes an excess
of C19 steroids of classic adrenal steroidogenesis and of the more
recently explored alternative or “backdoor” pathway involving
11-oxo-steroids (21, 22). High levels of 17-hydroxyprogesterone
and progesterone play a role in menstrual abnormalities: serum
progesterone >0.6 ng/mL in the follicular phase leads to reduced
LH pulse frequency and amplitude, and oligo/amenorrhea (23,
24). Fertility is impaired, especially in salt-wasting forms, but
pregnancy and delivery rates are not reduced (23, 25). Potential
causes of reduced fertility include anatomical issues due to
hyperandrogenism, unfavorable cervical mucus for sperm
December 2021 | Volume 12 | Article 770782
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TABLE 1 | Distinctive features of DSD associated with adrenal dysfunction in 46,XX patients.

Other steroids** Signs of
hyperandrogenism

Other features

enolone high
-pregnenolone high
sterone high
-progesterone very high
high
stenedione very high
sterone high
ygenated androgens

Prader I to V Salt-wasting
Hypoglycemia
Hyperpigmentation
Ovaries, uterus and Fallopian
tubes present
AMH in female range

enolone mildly high
-pregnenolone mildly

sterone mildly high
-progesterone mildly

mildly high
stenedione mildly high
sterone mildly high
ygenated androgens
high

Prader I to V Hypertension
Hyperpigmentation
Ovaries, uterus and Fallopian
tubes present
AMH in female range

enolone high
-pregnenolone high
sterone low
-progesterone low
high
stenedione low
sterone high

Prader I to III Salt-wasting
Hypoglycemia
Hyperpigmentation
Ovaries, uterus and Fallopian
tubes present
AMH in female range

enolone mildly high
-pregnenolone mildly

sterone high
-progesterone high
low
stenedione low
sterone mildly high

Prader I to IV Hyperpigmentation
Estradiol low
Ovaries, uterus and Fallopian
tubes present
AMH in female range
(rare)
Hypertension
Hypoglycemia
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Protein Activity Gene
Chromosome

Transmission/
Heterozygous

carrier*

Mineralocorticoid
pathway

Glucocorticoid
pathway

P450c21
21-hydroxylase

CYP21A2
6p21.33

AR DOC low
Aldosterone low
PRA high
Sodium low
Potassium high

Cortisol low
11-deoxycortisol low

Preg
17OH
Prog
17OH
DHEA
Andr
Testo
11-o
high

P450c11b
11b-hydroxylase

CYP11B1
8q24.3

AR DOC high
Aldosterone low
PRA low
Sodium normal
Potassium low/normal

Cortisol low
11-deoxycortisol high

Preg
17OH
high
Prog
17OH
high
DHEA
Andr
Testo
11-o
mildly

3bHSD2
3b-hydroxysteroid dehydrogenase

HSD3B2
1p12

AR DOC low
Aldosterone low
PRA high
Sodium low
Potassium high

Cortisol low
11-deoxycortisol low

Preg
17OH
Prog
17OH
DHEA
Andr
Testo

POR
P450 oxidoreductase,
cofactor to P450scc, P450c17 and
P450aro

POR
7q11.23

AR DOC mildly high
PRA mildly low
Sodium normal/high
Potassium normal/low

Cortisol mildly low
11-deoxycortisol
mildly low

Preg
17OH
high
Prog
17OH
DHEA
Andr
Testo

*Mode of transmission: AR, autosomal recessive. Heterozygous carrier: phenotype observed in heterozygous carriers of pathogenic gene va
**Steroid levels are considered low, normal or high as compared to reference values for females (46,XX chromosomal sex).
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migration, and endometrial thickening impairing embryo
implantation and psychosocial factors (24). Ovarian adrenal
rest tumors (OART) are rare in females with CAH, in contrast
to the higher prevalence of testicular adrenal rest tumors (TART)
present in males and are usually secondary to longstanding poor
hormonal control (20).

2.1.1.2 Diagnosis
Diagnosis of 21OHD in 46,XX newborns is based on a positive
neonatal screening in those countries where this procedure is
established, or by elevated serum levels of 17-hydroxyprogesterone,
typically above 1000 ng/dl (Table 1). Screening laboratories are
expected to employ a second-tier screen by mass spectrometry,
which is preferred to other methods such as genetic studies;
immunoassays have a higher rate of false-positive results. If liquid
chromatography–tandem mass spectrometry is not available,
occasionally an ACTH stimulation test is recommended to
distinguish 21OHD from other adrenal steroidogenic defects,
especially in individuals with borderline 17-hydroxyprogesterone
(26). The use of 11-deoxycortisol may show advantages and avoid
false posit ive results sometimes observed with 17-
hydroxyprogesterone (27). Other laboratory findings, such as
elevated testosterone and androstenedione with normal female
Frontiers in Endocrinology | www.frontiersin.org 833
levels of gonadotropins and AMH, are not needed to certify the
diagnosis. In childhood, the diagnostic criteria are the same.

Life-threatening salt-wasting forms, representing about 75% of
classicCAH,are generallydue togenedeletionsor conversions, stop
codons, frame shifts or variants severely affecting 21OH activity,
thus impairing both glucocorticoid and mineralocorticoid
synthesis. The clinical signs of salt loss, i.e. low sodium and
elevated potassium, are usually seen between days 5 and 15 after
birth. Simple virilizing forms are usually associated with missense
gene variants, which retain enough enzyme activity to produce the
small amounts of aldosterone required to maintain salt balance. As
mentioned, even those cases classified as simple virilizingmay show
a subclinical degree of aldosterone deficiency. Although genetic
testing searching for CYP21A2 variants is not used as the first-line
diagnostic test, genotyping is key for establishing affected carriers in
the family (15).

2.1.2 11b-Hydroxylase Deficiency (11bOHD)
2.1.2.1 Pathophysiology and Clinical Presentation
The microsomal cytochrome P450c11b, with 11b-hydroxylase
activity, is encoded CYP11B1 (MIM 610613) and catalyzes one of
the final steps in cortisol biosynthesis: the conversion of 11-
deoxycortisol (S compound) and 11-deoxycorticosterone (DOC)
FIGURE 4 | The alternative or “backdoor” pathway of androgen synthesis and the 11-oxygentaed androgens. In the “backdoor” pathway, progesterone is converted to 5a-
dihydroprogesterone (DHP) by 5a-reductase type 1 (5a-Red 1) and subsequently reduced to allopregnanolone by 3a-hydroxysteroid dehydrogenase (3a-HSD) encoded by
either AKR1C2 or AKR1C4. Similarly, 17-hysroxyprogetserone (17OH-progesterone) is converted to 5a-17-hydroxy DHP and to 17hydroxy-allopregnanolone (17OH
Allopregnanolone). Cytochrome P450c17, though its 17,20 lyase activity, catalyzes 17OH Allopregnanolone conversion to androsterone. Subsequently, androsterone can be
metabolized by adrenal 17b-hydroxysteroid dehydrogenase type 5 (17bHSD5) to yield androstanediol, which is oxidized by 3a-HSD encoded by AKR1C2 and finally
transformed to dihydrotestosterone (DHT) by 17bHSD type 6 (also known as retinol dehydrogenase or RoDH), without involving testosterone. Blockage of cortisol synthesis
resulting in the accumulation of 17-hydroxyprogesterone and androstenedione leads to the synthesis of 11-oxygenated androgens: the 11b-hydroxylase activity of
cytochrome P450c11b catalyzes the conversion of androstenedione and testosterone to 11-hydroxyandrostenedione (11OH-androstenedione) and 11-hydroxytestosterone
(11OH-testosterone), respectively. Subsequently, 11b-hydroxysteroid dehydrogenase type 2 (11bHSD2) converts them to 11keto-androstenedione and 11keto-
testosterone. Finally, 5a-Red 1 leads to the synthesis of 11-hydroxy-DHT and 11-keto-DHT.
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to cortisol and corticosterone, respectively (Figure 3). Mutations
in CYP11B1 gene cause 11bOHD (MIM 202010), the second
most common form of CAH accounting for 0.2-8% of all cases.
The estimated prevalence of this condition is 1 in 100,000 births,
with higher prevalence in Muslim and Moroccan Jewish Middle
Eastern populations (28). Impairment in both cortisol and
corticosterone production causes increased ACTH secretion
with accumulation of 11-deoxycortisol and DOC, respectively,
which are shunted to the androgen pathway causing different
degrees of virilization in affected females (29). Compared to
females with 21OHD, those with 11bOHD are more virilized;
intriguingly, the extent of masculinization, however, correlates
poorly with the degree of hyperandrogenemia (30).

In childhood, persistent androgen excess may result in
pseudoprecocious puberty, rapid somatic growth and
accelerated bone maturation leading to premature epiphyseal
closure and short stature (31). Later in life, hyperandrogenism
results in delayed menarche. Lower fertility rates have been
reported. So far, there is one report of pregnancy in a 26-year-
old woman with severe 11bOHD deficiency (32).

Mild to moderate hypertension is present in two-thirds of
patients with classic 11bOHD. Despite 11-deoxycorticosterone
being a less potent mineralocorticoid than aldosterone, its
accumulation causes salt retention and hyporeninemic
hypokalemic hypertension, mainly in older children and adults.
However, asnewborns are relatively resistant tomineralocorticoids,
salt loss might be present, but it is usually mild and transient (33).

Rare cases of non-classic 11bOHD have been described,
presenting later in life with milder virilization, precocious
pseudopuberty, hirsutism or menstrual irregularities.

2.1.2.2 Diagnosis
Diagnosis of 11bOHD is based on elevated basal concentrations of
DOC and hyperresponsiveness of 11-deoxycortisol during ACTH
test (>3 times the upper limit of normal) (Table 1). Lowcortisol and
normal or suppressed plasma renin activity is also present (14).
Nevertheless, 11bOHD diagnosis may be challenging in neonates,
due to several reasons. Newborns often do not present with
hypertension and suppressed renin. Another potential source of
error is themild tomoderate elevations of 17-hydroxyprogesterone
often observed, leading to an erroneous diagnosis of 21OHD
deficiency. Lastly, in case deoxycorticosterone and 11-
deoxycortisol are not specifically measured, the diagnosis may be
missed. Molecular genetic testing confirms the diagnosis of
11bOHD when mutations in CYP11B1 gene are found.

2.2 46,XY DSD Associated With
Adrenal Dysfunction
As already mentioned, DSD in 46,XY patients do not result from
adrenal failure, but from hypoandrogenemia due to the
associated testicular steroidogenic defect (Figure 3 and Table 2).

2.2.1 StAR and P450scc Deficiencies
2.2.1.1 Pathophysiology and Clinical Presentation
StAR protein has a crucial role in facilitating the influx of
cholesterol between the outer and the inner mitochondrial
Frontiers in Endocrinology | www.frontiersin.org 934
membranes; subsequently, P450scc enzyme, encoded by
CYP11A1 gene, catalyzes the conversion of cholesterol to
pregnenolone, the first and rate-limiting step in the synthesis
of all steroid hormones (34).

The pathophysiology of StAR and P450scc deficiencies is
similar except that lipid droplet accumulation typical of Lipoid
Congenital Adrenal Hyperplasia (LCAH) caused by StAR
deficiency does not occur in P450scc deficiency (34). There is a
severe impairment of steroidogenesis in adrenals and gonads,
leading to minimal concentrations of all steroids. Adrenal
insufficiency leads to failure to thrive, salt wasting due to
aldosterone deficiency, hypoglycemia due to cortisol deficiency,
and consequent elevation of ACTH and plasma renin activity
(33). Testicular failure is limited to Leydig cell dysfunction, with
hypoandrogenism leading to defective virilization of theWolffian
ducts, the urogenital sinus and the external genitalia. Conversely,
because AMH is normally produced by Sertoli cells in early fetal
life, there is no uterus or Fallopian tubes (6)..

A distinctive feature in the pathophysiology of StAR
deficiency is explained by the “two-hit disease model” (35): the
first hit is the absence of StAR, which reduces cholesterol import
and, therefore, adrenal and testicular steroidogenesis. However, a
small amount of steroidogenesis remains by StAR-independent
mechanisms. The second hit occurs when the newly synthesized
intracellular cholesterol, cholesterol esters and their autoxidation
products progressively accumulate in lipid droplets, leading to
grossly enlarged adrenals, and destroy residual StAR-
independent steroidogenic mechanisms (33). Leydig cell
destruction early in gestation causes deficient testosterone
production. As expected, fetal sex development of 46,XX
individuals is not altered; these patients are born with normal
female genitalia, and most of them enter puberty normally due to
StAR independent steroidogenesis. However, later in adolescence
gonadotropic stimulus results in cellular damage affecting mainly
the luteal phase, leading to irregular menses (33). Low levels of
estradiol might be insufficient for embryo implantation, resulting
in infertility (25). Thus far, pregnancy has been reported in three
women with a StAR gene mutation who presented with
spontaneous puberty and menarche. These pregnancies were
achieved using reproductive technology: clomiphene citrate in
one and IVF in the remaining two patients (36–38).

LCAH (MIM 201710) is the most severe form of CAH, caused
by pathogenic variants in the STAR gene (MIM 600617) (35).
Despite being a rare defect, LCAH is more frequently seen in
certain populations, such as East Asian, Arab and Swiss due to
the presence of mutations with founder effect. For example,
mutation Q258X was found in more than 70% of affected alleles
in Japan and Korea representing about half of all reported cases
(39). So far, more than 40 mutations have been described in 190
patients (34, 40, 41). P450scc deficiency (MIM 613743), due to
CYP11A1 mutations (MIM 118485), is a rare disorder that can
present at any time, from infancy to early childhood. To date, less
than 40 cases have been reported (14).

Typically, 46,XY affected infants are born with female or
ambiguous genitalia and present with neonatal adrenal crises.
Hyperpigmentation is frequent, associated with elevation of
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TABLE 2 | Distinctive features of DSD associated with adrenal dysfunction in 46,XY patients.

Protein Activity Gene
Chromosome

Transmission/
Heterozygous

carrier*

Mineralocorticoid
pathway

Glucocorticoid
pathway

Other steroids** Genitalia and gonads*** Other features

StAR
Mitochondrial
cholesterol
transfer

STAR
8p11.23

AR DOC low
Aldosterone low
PRA high
Sodium low
Potassium high

Cortisol low
11-deoxycortisol
low

Pregnenolone
low
17OH-
pregnenolone
low
Progesterone low
17OH-
progesterone low
DHEA low
Androstenedione
low
Testosterone low

EG: from female to male with
hypospadias
No uterus
Testes with lipoid
degeneration of Leydig cells

Salt-wasting
Hypoglycemia
Hyperpigmentation
Lipoid adrenal
hyperplasia
Clinical androgen
deficiency at
puberty
AMH in male
range

P450scc
Cholesterol side-
chain cleavage

CYP11A1
15q24.1

AR DOC low
Aldosterone low
PRA high
Sodium low
Potassium high

Cortisol low
11-deoxycortisol
low

Pregnenolone
low
17OH-
pregnenolone
low
Progesterone low
17OH-
progesterone low
DHEA low
Androstenedione
low
Testosterone low

EG: from female to male with
hypospadias
No uterus
Testes with impaired Leydig
cell androgen synthesis

Salt-wasting
Hypoglycemia
Hyperpigmentation
Clinical androgen
deficiency at
puberty
AMH in male
range

P450c17
17a-hydroxylase,
17,20-lyase

CYP17A1
10q24.32

AR DOC high
Aldosterone low
PRA low
Sodium normal/high
Potassium low

Cortisol low
11-deoxycortisol
low

Pregnenolone
high
17OH-
pregnenolone
high
Progesterone
mildly high
17OH-
progesterone
mildly high
DHEA low
Androstenedione
low
Testosterone low

EG: from female to male with
hypospadias
No uterus
Testes with impaired Leydig
cell androgen synthesis

Hypertension
Hypoglycemia
Hyperpigmentation
Clinical androgen
deficiency at
puberty
AMH in male
range

P450c17
Isolated 17,20-
lyase

CYP17A1
10q24.32

AR Not affected Not affected Pregnenolone
mildly high
17OH-
pregnenolone
high
Progesterone
mildly high
17OH-
progesterone
high
DHEA low
Androstenedione
low
Testosterone low

EG: from clitoromegaly with
some labial fusion to male
with hypospadias
No uterus
Testes with impaired Leydig
cell androgen synthesis

Clinical androgen
deficiency at
puberty
AMH in male
range

Cytochrome b5,
type A
Cofactor to 17,20-
lyase

CYB5A
18q22.3

AR Not affected Not affected Pregnenolone
mildly high
17OH-
pregnenolone
high
Progesterone
mildly high
17OH-
progesterone

EG: from clitoromegaly with
some labial fusion to male
with hypospadias
No uterus
Testes with impaired Leydig
cell androgen synthesis

Clinical androgen
deficiency at
puberty
AMH in male
range

(Continued)
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ACTH. Affected patients are generally raised as girls (34).However,
a number of cases with mild forms resulting in normal male
genitalia and late-onset adrenal insufficiency have also been
reported (42). In these cases, the presence of testicular adrenal
rest tumors (TART) has been described, leading to primary
testicular failure with oligospermia and elevated FSH (43).

2.2.1.2 Diagnosis
The diagnosis of DSD due to StAR or P450scc deficiency is
suspected in a 46,XY newborn, phenotypically female or with
ambiguous, hyperpigmented genitalia and failure to thrive in the
first weeks of life. All gonadal and adrenal steroids are very low,
Frontiers in Endocrinology | www.frontiersin.org 1136
ACTH, renin and LH are elevated, and AMH levels are within the
normal range for chromosomal sex (Table 2). The differential
diagnosis with other steroidogenic defects is based on the low
levels of all steroids. In 46,XY patients with female or ambiguous
genitalia, hyperpigmentation, absenceofuterus inultrasonography,
male-range AMH levels and low levels of adrenal steroids with
ACTH elevation distinguishes StAR and P450scc deficiencies from
Leydig cell hypoplasia (6, 34). The differential diagnosis between
StARandP450scc deficiencies is limited to sequencing of STAR and
CYP11A1 genes. The enlarged adrenal size usually observed in
LCAH is not seen in P450scc deficiency. However, adrenal size
alone cannot distinguish both conditions (34).
TABLE 2 | Continued

Protein Activity Gene
Chromosome

Transmission/
Heterozygous

carrier*

Mineralocorticoid
pathway

Glucocorticoid
pathway

Other steroids** Genitalia and gonads*** Other features

high
DHEA low
Androstenedione
low
Testosterone low

POR
P450
oxidoreductase,
cofactor to
P450scc,
P450c17 and
P450aro

POR
7q11.23

AR DOC mildly high
PRA mildly low
Sodium normal/high
Potassium normal/
low

Cortisol mildly
low
11-deoxycortisol
mildly low

Pregnenolone
mildly high
17OH-
pregnenolone
mildly high
Progesterone
high
17OH-
progesterone
high
DHEA low
Androstenedione
low
Testosterone low

EG: from female to male with
hypospadias
No uterus
Testes with impaired Leydig
cell androgen synthesis

Hyperpigmentation
Clinical androgen
deficiency at
puberty
AMH in male
range
(rare)
Hypertension
Hypoglycemia

3bHSD2
3b-hydroxysteroid
dehydrogenase

HSD3B2
1p12

AR DOC low
Aldosterone low
PRA high
Sodium low
Potassium high

Cortisol low
11-deoxycortisol
low

Pregnenolone
high
17OH-
pregnenolone
high
Progesterone low
17OH-
progesterone low
DHEA high
Androstenedione
low
Testosterone low

EG: from female to male with
hypospadias
No uterus
Testes with impaired Leydig
cell androgen synthesis

Salt-wasting
Hypoglycemia
Hyperpigmentation
Clinical androgen
deficiency at
puberty
AMH in male
range

SF1 (AD4BP)
Regulator of StAR,
P450scc, 3bHSD2

NR5A1
9q33.3

AD/AR (rare)
DOC low
Aldosterone low
PRA high
Sodium low
Potassium high

(rare)
Cortisol low
11-deoxycortisol
low

Pregnenolone
low
17OH-
pregnenolone
low
Progesterone low
17OH-
progesterone low
DHEA low
Androstenedione
low
Testosterone low

EG: from female to male with
hypospadias
Uterus or Müllerian remnants
may be present
Testes: variable degree of
dysgenesis

Clinical androgen
deficiency at
puberty
AMH low
(rare)
Salt-wasting
Hypoglycemia
Hyperpigmentation
December 2021 | Volume 1
*Mode of transmission: AD, autosomal dominant; AR, autosomal recessive. Heterozygous carrier: phenotype observed in heterozygous carriers of pathogenic gene variants.
**Steroid levels are considered low, normal or high as compared to reference values for males (46,XY chromosomal sex).
***EG, external genitalia.
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2.2.2 17a-Hydroxylase, 17,20-Lyase Deficiency
(P450c17D)
2.2.2.1 Pathophysiology and Clinical Presentation
P450c17 is a microsomal P450 enzyme expressed in both
adrenals and gonads that catalyzes two major reactions in the
steroidogenic pathway: the 17a-hydroxylation followed by the
17,20-lyase reactions resulting in the synthesis of 17a-
hydroxylated glucocorticoids and sex steroids by the adrenal
glands and gonads, respectively (33). Complete P450c17D (MIM
202110) is a rare form of CAH accounting for 1% of the cases,
caused by mutations in CYP17A1 gene (MIM 609300). To date,
just over 100 mutations have been reported, some of them being
more frequent in certain populations such as Dutch
Friedlaenders, Southeast Asian and Brazilians, due to
mutations with founder effect (44).

Steroidogenesis in adrenals and gonads is severely impaired,
causing deficiency of cortisol and sex steroids, with
mineralocorticoid excess. Consequently, 46,XY fetuses are
severely undervirilized while 46,XX sexual development is
unaffected at birth (33). The typical presentation of this form
of CAH is a phenotypic girl or adolescent with pubertal failure,
including lack of breast development and primary amenorrhea,
hypertension and hypokalemia (45). Alternatively, like in all
other forms of DSD of adrenal origin, 46,XY individuals may
present with ambiguous genitalia and testes present in the
inguinal canals or intra-abdominally. In contrast with most
forms of CAH, patients with P450c17D do not develop adrenal
crises despite low cortisol levels, because corticosterone has
glucocorticoid activity and mineralocorticoid synthesis is
unaffected (33). Manifestations of mineralocorticoid excess due
to the accumulation of DOC, such as hypertension and
hypokalemia, usually appear later in childhood due to the
relative kidney insensitivity to mineralocorticoids present
in infancy.

2.2.2.2 Diagnosis
Like for other forms of steroid synthesis defects, DSD due to
P450c17D are suspected in 46,XY girls or patients with ambiguous
genitalia, absent uterus, testosterone above the female range but
below the male range and AMH in the male range (Table 2). The
distinctive feature of P450c17D is the elevation of pregnenolone,
progesterone, DOC and corticosterone, associated to normal/low
aldosterone and normal/low plasma renin activity, and decreased
levels of steroids downstream P450c17 activity, i.e. 17-
hydroxypregnenolone, 17-hydroxyprogesterone, 11-deoxycortisol
and cortisol, as well as DHEA and androstenedione (33, 45).
ACTH stimulation test may be necessary to evidence an increase
in pregnenolone/17-hydroxypregenolone and progesterone/17-
hydroxyprogesterone ratios (44). At pubertal age, gonadotropins
are usually elevated reflecting gonadal dysfunction (45). Genetic
analysis of CYP17A1 confirms the diagnosis.

2.2.3 Isolated 17,20-Lyase Deficiency
2.2.3.1 Pathophysiology and Clinical Presentation
Isolated 17,20-lyase deficiency (MIM 202110) is a rare cause of
CAH caused by mutations in any of three different genes:
CYP17A1, POR or CYB5A (33). Missense mutations in
Frontiers in Endocrinology | www.frontiersin.org 1237
CYP17A1 (MIM 609300) affecting the redox partner binding
site of the enzyme do not impair 17a-hydroxylase activity (44).
The 17,20-lyase activity of P450c17 is also critical in the
‘backdoor’ pathway of dihydrotestosterone synthesis, through
androstanediol, without going through DHEA, androstenedione
and testosterone (Figure 4) (46, 47). Like other P450 enzymes,
e.g. P450c21 (21OH) and P450aro (aromatase), P450c17 receives
electrons from NADPH via P450 oxidoreductase (POR).
Particularly human 17,20-lyase activity is stimulated by
cytochrome b5 type A, acting as an allosteric factor. Therefore,
impaired 17,20-lyase activity also results from mutations in POR
(MIM 124015) and CYB5A (MIM 613218) (33, 44). POR defects
result in a combined deficiency of 17,20-lyase, 21OH and
aromatase, therefore likely to induce DSD in both 46,XX and
46,XY individuals; they will be addressed in a specific section
below. Cytochrome b5 also reduces methemoglobin (ferric
hemoglobin) to normal hemoglobin (ferrous hemoglobin); its
defects result in associated methemoglobinemia (MIM 250790).

Clinically, 46,XY patients with 17,20-lyase deficiency present
at birth with ambiguous genitalia, whereas 46,XX patients are
usually detected when seeking attention for pubertal failure and
primary amenorrhea. Infertility is the rule, and the first case of
successful pregnancy and delivery in a 24-year-old woman after
controlled ovarian stimulation and in vitro fertilization, has only
recently been reported (48).

2.2.3.2 Diagnosis
Isolated 17,20-lyase deficiency leads to insufficient virilization of
46,XY fetuses and normal genitalia in 46,XX fetuses. Failure to
enter puberty, primary amenorrhea and infertility the most
common clinical presentation in females.

Biochemically, the blockage of 17,20-lyase activity due to
CYP17A1, POR or CYB5A mutations leads to marked elevation
of 17OH-pregnenolone and pregnenolone and mild elevation of
progesterone and 17OH-progesterone, with low levels of DHEA,
androstenedione and testosterone, low C19 steroids and poor
response to hCG (33).

2.2.4 SF1 Defects
2.2.4.1 Pathophysiology and Clinical Presentation
SF1, encoded by NR5A1 (MIM 184757), was first described as a
key regulator of the P450 steroid hydroxylases in the adrenals
and gonads (Figure 3), and subsequently found to be involved in
embryonic morphogenesis of the ventromedial hypothalamic
nucleus, the gonadotropes, the adrenal cortex and the testes
and ovaries (49, 50). Pathogenic variants found in NR5A1 are
associated with DSD in 46,XY individuals due to testicular failure
during early fetal development (MIM 612965); in some cases,
primary adrenal insufficiency is associated (51).

Clinically, 46,XY patients with SF1 defects present with
variable degrees of undervirilization of the external genitalia,
reflecting androgen deficiency, and of persistence of Müllerian
derivatives, indicating AMH deficiency associated with testicular
dysgenesis (Table 2). Adrenal failure occurs in a minority of the
cases, with glucocorticoid and mineralocorticoid deficiencies.

In 46,XX individuals, ovarian dysgenesis leading to primary
ovarian insufficiency has been described (MIM 612964), but as
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expected does not result in DSD. Recently, variants in NR5A1
have been reported in virilized 46,XX patients with testicular or
ovotesticular DSD (MIM 617480) (52); however, adrenal
function does not seem affected.

2.2.4.2 Diagnosis
This is the only form of 46,XY DSD where AMH deficiency exists
together with adrenal dysfunction. Therefore, apart from low
androgen and high LH levels, low AMH and high FSH levels
should alert of a SF1 defect in a patient with ambiguous genitalia
and Müllerian remnants associated with adrenal insufficiency.
The detection of a mutation in NR5A1 confirms the
diagnosis (51).

2.3 Adrenal Disorders Causing 46,XX and
46,XY DSD
2.3.1 3b-Hydroxysteroid Dehydrogenase Type 2
Deficiency (3bHSD2D)
2.3.1.1 Pathophysiology and Clinical Presentation
Classic3b-hydroxysteroiddehydrogenase type2deficiency (3bHSD2D)
is a rare formofCAHwith estimated incidence<1/1,000,000 live births,
accounting for less than 0.5% of all cases of this condition (53). Two
functional HSD3B genes are found in humans: HSD3B1 encodes an
isozyme expressed in peripheral tissue including brain, liver, skin,
mammary glands and placenta, and HSD3B2 encodes 3b-
hydroxysteroid dehydrogenase type 2 found in the adrenals and
gonads. This isoenzyme normally converts D5-steroids (pregnenolone,
17-hydroxypregnenolone, dehydroepiandrosterone and
androstenediol) to the corresponding D4-steroids (progesterone, 17-
hydroxyprogesterone, androstenedione and testosterone). Classic
3bHSD2D (MIM 201810) is caused by HSD3B2 gene mutations
(MIM 613890) and characterized by impaired steroidogenesis in both
adrenals and gonads. Consequently, cortisol, aldosterone, and
androstenedione concentrations are low and renin, ACTH, and
dehydroepiandrosterone (DHEA) concentrations are increased with
DHEA being converted to testosterone by extra-adrenal 3bHSD1.
Clinical features include ambiguous genitalia in both 46,XX and 46,XY
fetuses and adrenal insufficiency of both glucocorticoids and
mineralocorticoids (54).

Genotypic females are generally born mildly virilized,
presenting with enlarged clitoris, incomplete labial fusion
and genital hyperpigmentation due to the shift from DHEA
to testosterone by HSD3B1 (Table 1); however, they can
present with normal external genitalia at birth. Preserved
mineralocorticoid function and non-virilized genitalia may lead
to underdiagnosis (55). Genotypic males are invariably
undervirilized due to insufficient testicular conversion of
DHEA to testosterone (Table 2). Phenotypic manifestations
include severe hypospadias, micropenis, bifid scrotum, and
undescended testis (53). There is no correlation between the
impairment in male sexual differentiation and salt- wasting (54).
Some patients experience spontaneous puberty while others
fail to progress through puberty needing sex hormone
replacement (53).

In adult 46,XX patients, hyperandrogenism becomes
challenging due to both the increasing androgen production by
the zona reticularis and the increased conversion of testosterone
Frontiers in Endocrinology | www.frontiersin.org 1338
to DHT (56). In males, TART and gonadal dysfunction, leading
to arrested spermatogenesis and azoospermia, have been
reported which warrants the need of long-term follow-up of
these patients through their lifespan. Very limited information
exists regarding fertility in both females and males with
3bHSD2D (19, 25, 53).

Non-classic 3bHSD2D was originally suspected in children
with premature pubarche and in young females with hirsutism
and menstrual irregularities who presented exaggerated D5-
steroid production after ACTH stimulation and elevated 17-
hydroxyprogesterone to cortisol ratio. Alternatively, this group
of patients is referred to as having “partial 3bHSD2D” (33).
Interestingly, genetic testing was unable to identify mutations in
HSD3B2 gene in all these patients, which raises doubts about the
real existence of non-classic forms (14).

2.3.1.2 Diagnosis
Primary biochemical abnormality in 3bHSD2D is the elevated D5
to D4 steroid ratio, including 17-hydroxypregnenolone/17-
hydroxyprogesterone and DHEA/androstenedione ratios in
serum, and pregnanetriol to pregnanediol ratio in urine,
especially after ACTH stimulation. Diagnosis of the classic form
of 3bHSD2D based on 17-hydroxypregnenolone levels above 100
nmol/L (3300 ng/dl) either basal or after ACTH stimulation is the
best single biological criterion of 3bHSD2D. In addition, the
baseline 1000-fold elevation of 17-hydroxypregnenolone to
cortisol ratio and low 11-oxygenated androgens by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
provides an unequivocal biochemical diagnostic parameter (53,
55). Nonetheless, diagnosis at birth could be challenging due to
HSD3B1 activity which can convert some of the elevated 17-
hydroxypregnenolone to 17-hydroxyprogesterone, leading to false
positives on neonatal screening for 21OHD (57). Genetic testing
for HSD3B2 mutations confirms the diagnosis of the classic form
(53, 55).

2.3.2 POR Deficiency (PORD)
2.3.2.1 Pathophysiology and Clinical Presentation
As mentioned, POR is an important electron donor from
NADPH to microsomal P450 enzymes, such as 17a-
hydroxylase, 21-hydroxylase and P450 aromatase (33). POR
deficiency (MIM 613571) due to mutations in the POR gene
(MIM 124015) results in an unusual form of CAH first described
in 2004, characterized by partially deficient P450c17 activity,
with or without associated deficient activity of P450c21 and
P450aro (58–60). Approximately 75 mutations have been
reported to date in 140 individuals (16).

Due to the variability in enzymatic impairment, there is a
wide spectrum of clinical phenotypes ranging from ambiguous
genitalia in both 46,XX and 46,XY individuals with adrenal
insufficiency to milder phenotypes in women who appear to
have a form of polycystic ovary syndrome, or mildly affected men
with gonadal insufficiency (33). Generally, 46,XY patients are
born with undervirilization due to impaired of 17,20 lyase
activity resulting in decreased androgen production (Table 2).
On the other hand, 46,XX females present with virilized genitalia
(Table 1), which depends on the causative POR mutation. One
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possible explanation is that certain mutations (e.g. R457H)
affect placental P450aro activity leading to maternal and 46,XX
fetal virilization during pregnancy due to defective conversion of
fetal adrenal C19 androgen precursors to estrogens (33, 61). An
alternative explanation relies on the excess 17-hydroxyprogesterone
conversion to DHT through the “backdoor pathway (Figure 4) (22).
Interestingly, after birth, circulating androgen levels are low or
normal, therefore, virilization in these patients does not
progress (58).

Data on pubertal development in these patients is scarce. One
study reported pubertal status in seven patients with POR
deficiency: most female patients presented with significant
pubertal impairment, hypergonadotropic hypogonadism and
ovarian cysts, prone to rupture. Potential underlying
mechanism of the cysts formation was an excessive LH-
mediated ovarian stimulation as a consequence of primary
hypogonadism (62).

Specific POR mutations can result in a phenotype similar to
the Antley–Bixler syndrome (MIM 201750) in both sexes,
characterized by craniosynostosis, brachycephaly, midface
hypoplasia, proptosis and choanal stenosis, radio-humeral or
radio-ulnar synostosis, bowed femora and arachnodactyly (60).

2.3.2.2 Diagnosis
Diagnosis of POR deficiency relies on the detection of a
combined impairment of CYP21A2 and CYP17A1 activities,
resulting in a combined mild elevation of pregnenolone,
progesterone, 17-hydroxypregnenolone, 17-OHP and DOC,
with variable cortisol response to ACTH. Genetic testing is
usually needed to confirm the diagnosis (16, 60).
2.4 The Role of 11-Oxygenated Androgens
in Hyperandrogenic Adrenal Disorders
An increasing interest has recently developed on the role of 11-
oxygenated androgens (11-oxyandrogens) in hyperandrogenic
adrenal disorders, especially CAH. 11-oxyandrogens are 19-
carbon steroids primarily synthesized in the adrenal cortex: 11-
hydroxyandrostenedione and 11-hydroxytestosterone are
products of 11b-hydroxylase (CYP11B1) activity (Figure 4). On
the other hand, 11-ketoandrostenedione and 11-ketotestosterone
are produced in the kidneys from 11-hydroxyandrostenedione by
11b-hydroxysteroid dehydrogenase type 2 (63). The steroid 11-
ketotestosterone is a potent androgen receptor agonist, showing an
androgenic activity similar to that of testosterone (64). The
specificity of 11-ketotestosterone as a biomarker of adrenal
function is supported by the existence of higher concentrations
in the adrenal vein than in the periphery (21), its rise during
adrenarche (65) and after ACTH stimulation (66), and its
complete decline in patients with adrenal insufficiency (21). In
patients with CAH, high levels of 11-oxyandrogens correlate with
adrenal volume and testicular adrenal rest tumors (67), and are
particularly useful in the management of patients with discrepant
17-hydroxypreogesterone and androstenedione levels (63). On the
other hand, 11-oxygenated androgens are not elevated in CAH due
to 11b-hydroxylase or 3b-hydroxysteroid dehydrogenase
deficiencies (18, 21).
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3 MANAGEMENT OF PATIENTS WITH DSD
ASSOCIATED TO ADRENAL
DYSFUNCTION

The management of patients with DSD associated with adrenal
dysfunction involves two main aspects: those related with genital
and reproductive issues and those derived from the pathogenesis,
frequently associated with adrenal insufficiency and
steroid disorders.

3.1 Management of Genital and
Reproductive Issues
Despite the significant societal changes observed in the last years
vis-à-vis the importance of the sex of the newborn, gender
assignment is still one of the major issues in patients with
ambiguous genitalia. Decisions about the sex of rearing in
babies with DSD can be particularly challenging, even if there
is a growing comprehension that gender identity later in life may
not correlate with the genetic, gonadal or genital sex of an
individual. The karyotype and the degree of virilization are
major drivers in the decision (68, 69). As already discussed, in
the case of 46,XY DSD, the most severe forms of androgen
deficiency result in completely female external genitalia, thus
these individuals are assigned as girls. Conversely, those with less
severe steroidogenic defects resulting in genital undervirilization
are more frequently assigned male, given their good response to
androgen replacement therapy. On the other hand, there is
almost univocal consensus that newborns with 46,XX DSD
benefit from female sex assignment (68), except for those with
completely virilized external genitalia, where the decision may be
controversial (69, 70).

3.1.1 46,XY Patients
Patients with completely female external genitalia, reared as girls,
do not require any treatment of their genitalia before pubertal
age. The extirpation of the testes, usually present in abdominal
position, is most often performed despite the lack of information
about their malignant transformation potential, to avoid
virilization at pubertal age. Estrogen replacement is necessary
to provoke breast development, pubertal growth spurt and
adequate bone mineralization. The vagina is generally shorter
than normal because its upper part derives from the Müllerian
ducts that regress in fetal life due to AMH action. This may cause
discomfort for sexual intercourse in the adolescent, but surgical
procedures may prove challenging. The absence of uterus leads
to permanent amenorrhea and impossibility of gestation.
However, the recent development of sophisticated surgical
procedures allowing uterine transplantation in young women
(71) and oocyte donation give hope to those who do not
consider adoption.

In undervirilized boys, surgical correction of hypospadias and
cryptorchidism is usually performed in infancy. Although some
androgenic activity may be conserved, testosterone therapy is
most frequently needed in order to support an adequate
development of secondary sexual characteristics, growth and
muscle and bone trophism. These patients are generally
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infertile: azoospermia results from insufficient intratesticular
testosterone concentrations, which cannot be improved by
exogenous testosterone treatment (72).

3.1.2 46,XX Patients
Historical practice characterized by surgery in infancy, including
clitoroplasty, vaginoplasty and urogenital sinus division, has raised
controversy in the past years (15, 18). Unfortunately, little evidence
exists regarding long-term sexual function outcomes, owing to the
lack of controlled studies with adequate design. Expert opinion
recommends that parents should be clearly informed about surgical
options, including delayed surgery (26, 69). Urinary disorders, with
frequent infections, may require early surgery; otherwise, the
decision may be delayed until the patient can participate. Special
attention should receive the examination of the genital anatomy to
determine whether adequate menstrual flow will require surgery
before pubertal onset. At the age of puberty, besides corticoid
replacement, estrogen therapy may be needed to induce breast
development and bone maturation and mineralization in 46,XX
patients with 3bHSD2D or PORD.

Because anxiety, substance abuse and gender dysphoria are
more frequently observed in association with fetal and postnatal
excessive exposure to androgens, which results in impaired
reproductive outcomes (23), psychological support is
important. In women desiring conception, progesterone levels
should be below 0.6 ng/ml (or 2 nmol/l), which can be attained
with the administration of adequate doses of hydrocortisone or
prednisolone, but not dexamethasone, which crosses the placenta
and reaches the fetus (26). Successful pregnancy has been
reported in 46,XX patients with CAH due to 21OHD treated
with 1-2 mg of prednisolone at bedtime (73). In patients with
11bOHD, spironolactone used for the treatment of hypertension
should be discontinued, due to its teratogenic potential (19).
3.2 Management of Adrenal
Steroidogenic Dysfunction
Glucocorticoid and frequently also mineralocorticoid therapy is
needed to replace adrenal cortical insufficiency, as well as to
reestablish the physiology of the hypothalamic-pituitary-gonadal
axis disrupted by the androgen excess in the most frequent forms
of DSD of adrenal origin.

3.2.1 Conventional Treatment
Glucocorticoid use for the treatment of CAH was introduced in
the early 1950s by Wilkins, who was also the first to report that
cortisone was able to suppress the elevated adrenal androgens
(74). Since then, there has been little development in the way
steroid hormone replacement therapy is conducted.

Glucocorticoids are currently the standard treatment for CAH
associated to 9a-fludrocortisone, in cases of mineralocorticoid
deficiency. A clinical practice guideline has recently been
developed (26). The minimum dose that normalizes the excess of
adrenal androgens and avoids cortisol insufficiency is
recommended. Unfortunately, available preparations fail to
suppress ACTH and to control adrenal androgen excess resulting
often inglucocorticoidovertreatment (15).Therefore,management
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of CAH involves a challenging balance between glucocorticoid
deficiency and hyperandrogenism, on one side, and
hypercortisolism on the other, leading to short stature, obesity,
hypertension, osteoporosis, and an adverse metabolic profile.

In growing children, hydrocortisone is the glucocorticoid of
choice due to its short life, which allows childhood growth
optimization. Recommended dose is 8-15 mg/m2 daily divided
in three doses (14, 26). However, in late adolescence and adults,
there are no standard clinical guidelines for glucocorticoid
therapy and multiple preparations are available. Patients are
generally switched to intermediate-acting glucocorticoids, such
as prednisolone at 5.0–7.5 mg/day divided in two doses or long-
acting glucocorticoids, such as dexamethasone at 0.25–0.50 mg
at bedtime to improve compliance (75).

Mineralocorticoid supplementation with 9a-fludrocortisone
is necessary in patients with aldosterone deficiency, present in
different degrees in approximately 75-90% of patients with DSD
of adrenal origin. All newborn patients detected by neonatal
screening programs receive 9a-fludrocortisone, typically 100-
200 mg/day divided in 1-2 doses. Sodium chloride supplements
are recommended usually along the first years of life. In
childhood, fludrocortisone doses usually range between 50-200
mg/day. Due to its prolonged half-life (18-36 hours) low doses
can be administered once a day, although doses above 200 mg/
day may still be divided to be given twice daily (14).

3.2.2 Novel Treatment Options
Even though an adequate hormonal replacement would
minimize complications and assure a normal quality of life,
current therapies have failed to prevent co-morbidities, and
adrenal crises still occur as a leading cause of death (15, 18,
76). This is partly due to the lack of adequate preparations,
making it difficult to control the disease. For this reason, novel
therapeutic options have been developed, and several clinical
trials in adults and children are currently ongoing.

3.2.2.1 Modified-Release Hydrocortisone
Chronocort® is a modified release formulation of hydrocortisone
(MR-HC) designed tomimic physiological cortisol secretion.Made
of uniform multiparticulate beads with an inert core, a
hydrocortisone drug layer and a delayed release enteric outer
coat, it aims to mimic the cortisol circadian rhythm and control
the overnight ACTH surge that leads to the increase androgens (75,
77, 78).MR-HC has shown to successfully lower androgen levels in
patients and decrease the hydrocortisone equivalent dose. The
larger evening dose reaches its peak in the early morning hours,
and smaller morning dose peaks in the afternoon/evening thus
providing glucocorticoid cover for the day with a more
physiological cortisol profile. Chronocort® is currently under
regulatory review for the treatment of adults with CAH (18).

3.2.2.2 Nevanimibe
Nevanimibe hydrochloride (ATR-101) inhibits acyl-coenzyme A:
cholesterol O-acyltransferase (ACAT1/sterol O-acyltransferase 1
(SOAT1)), the main enzyme that catalyzes the esterification of
free cholesterol to cholesteryl esters for storage in adrenal cortex
cells. At lower concentrations, Nevanimibe selectively blocks
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adrenal cortex function of all three steroidogenic pathways
(mineralocorticoid, glucocorticoid, and androgens). In a phase II
study, single-blind, multicentric, placebo-controlled study of adults
with classic 21OHD, Nevanimibe given orally decreased 17-
hydroxyprogesterone levels within 2 weeks of treatment in most
patients. However, it failed to effectively suppress androstenedione
levels, a more durable measure of adrenal control (79). This therapy
would allow the use of lower glucocorticoid doses, minimizing
adverse events as compared to standard therapy and might
represent a promising addition to current treatment strategies.
However, larger long-term studies with higher dose are needed to
evaluate safety and efficacy.

3.2.2.3 Abiraterone
Abiraterone acetate (AA) is a prodrug that is metabolized to
abiraterone, a potent CYP17A1 inhibitor. It is used to suppress
circulating testosterone in the treatment of prostate cancer
improving survival rates. As P450c17 activity is needed for the
synthesis of all androgen, it hasbeenhypothesized that by inhibiting
it with abiraterone acetate, added to stable doses of physiological
hydrocortisone and 9a-fludrocortisone acetate, androgen excess
present in 21OHD might be controlled, thus eliminating the need
for supraphysiological glucocorticoids doses (80). In a phase I study
of adult women with inadequately controlled classic 21OHD,
abiraterone acetate added to hydrocortisone was able to
normalize androstenedione on days 6 and 7 in at least 80% of
participants without causing hypertension or hypokalemia. In a
recent study, abiraterone acetate has shown to effectively and
consistently lower 11-oxygenated androgens in 21OHD (81).
Abiraterone acetate might also be beneficial to suppress
androgens and estrogens in prepubertal children with classic
CAH until the anticipated age of puberty. A phase I trial testing
this approach is underway (NCT02574910).

3.2.2.4 Corticotropin-Releasing Factor Receptor-1
(CRF1R) Antagonists
Corticotropin-Releasing Factor (CRF) is released from the
hypothalamus into the hypophyseal portal system, acting directly
on specific receptors on pituitary corticotropes. CRF type 1
(CRF1R), one of the two CRF receptors, is especially abundant in
the pituitary and in the neocortex. CRF receptor antagonists reduce
ACTHandadrenal steroidproduction.Aphase Ib study including8
women with classic CAH showed that the CRF1R antagonist NBI-
77860 can effectively decrease the early morning rise of ACTH and
17-hydroxyprogesterone, eliminating theneed for supraphysiologic
doses of glucocorticoids (82). Tildacerfont (SPR001; LY2371712) is
a second generation CRF1R antagonist that binds to pituitary
receptors with high affinity, thus decreasing ACTH secretion. In
two recent phase 2 clinical trials including adult patientswithCAH,
oral tildacerfont reduced ACTH, 17-hydroxyprogesterone and
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androstenedione for up to 12 weeks; normalization of ACTH and
androstenedione was achieved in 40-60% of the patients according
to dosage (83). Longer term multidose trials are needed to
determine safety and effectiveness of this potential therapy.

3.2.3 Potential Options Based on Cell- or
Gene-Therapy
Cellular reprogramming and gene therapy are theoretically
viable options that are under current investigation. Different
cell types of mouse or human origin have been used for cellular
reprogramming to an adrenocortical phenotype, showing
ultrastructural features typical of steroidogenic cells, expression
of steroidogenic enzymes and secretion of steroids in response to
ACTH. The reprogrammed human steroidogenic cells were
viable when experimentally transplanted into the kidney
capsule or in the adrenals of mice (84). These cells could be
helpful to model adrenal defects and represent a potential
therapy strategy.

An alternative strategy is gene therapy, which was tested in
mice with a deletion encompassing the Cyp21 locus who received
an injection of a replication-deficient adenovirus containing the
mouse gene extra-adrenally (85), or the human CYP21A2 gene
intra-adrenally (86) or intravenously (87). In all cases the adrenal
function was restored, giving hope for the development of gene
therapy in humans with CAH due to 21OHD.
4 CONCLUDING REMARKS

Disorders of adrenal function are the major cause of DSD. In 46,XX
patients, it represents more than 90% of the underlying etiologies. In
46,XY individuals, the associated gonadal steroidogenic failure leads
to undervirilization and ambiguous genitalia. DSD associated with
adrenal dysfunction represent a challenging condition, given the risk
of life associated with adrenal failure. Management requires a
balanced supplementat ion of g lucocort icoids –and
mineralocorticoids in almost 75% of the cases–, together with
consideration of the genital and reproductive disorders.
Unfortunately, despite the long-lasting awareness of these
conditions, evidence-based recommendations are still scarce, and
adequately designed studies need to be carried out in order to provide
a better standard of care for these relatively frequent disorders.
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Adrenal insufficiency (AI) is a life-threatening disorder, with increased morbidity and mortality,
especially in case of an acute illness that can increase the requirement of cortisol. A novel
infectious disease, termed Coronavirus Disease 2019 (COVID-19), appeared in 2020.
Therefore, AI patients are experiencing a novel challenge: the risk of infection. In our
experience, a prompt contact to the Endocrine center (with a telemedicine consultation)
and a full awareness of diseases (cortisol deficiency, COVID-19 and the self-management of
an adrenal crisis) are important to motivate patients. Vaccine is an effective treatment to
prevent hospitalization and aggressive course of COVID-19. Some patients manifest
challenges due to inequitable access and vaccine hesitancy, resulting in a delay in the
acceptance of vaccines despite the availability of vaccination services. Therefore, an effort of
all physicians must be conducted in order to advise patients with AI. In this short review, we
try to answer some frequently asked questions regarding themanagement of patients with AI.

Keywords: COVID-19, glucocorticoid treatment, immune response, adrenal insufficiency, Addison disease
INTRODUCTION

In early 2020, the world experienced the global pandemic of the Severe Acute Respiratory Syndrome
(SARS) Coronavirus 2 (SARS-CoV-2) (1). From a clinical point-of-view, the Coronavirus Disease
2019 (COVID-19) ranges from asymptomatic cases, to patients with mild/self-limiting respiratory
tract illness, up to subjects with severe progressive disease with pneumonia and multi-organ failure
(2, 3). Containment measurements were progressively expanded, combined with the use of personal
protective equipment, enforcing social distancing, isolation and quarantine of all positive cases and
their relatives. Nowadays, several vaccines (including those with novel mRNA technology) are
validated by national and international drug regulation agencies (4), and are effective in the control
of the progression from mild symptoms to severe disease (5).

Adrenal insufficiency (AI) is defined as an insufficient production/secretion of glucocorticoids
(GC) and/or mineralocorticoids (6), especially in primary AI (6). On the contrary, central AI is
characterized by inappropriate ACTH secretion (7). People with AI are facing their primary disease
and the risk/fear of COVID-19 infection (8). Therefore, a complete awareness of diseases (AI and
COVID-19) and motivation about self-management are of paramount importance in patients.

In this short review, we propose an updated state-of-art regarding the management of patients
with AI.
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IS MORTALITY AND INFECTIOUS RISK
INCREASED IN PATIENTS WITH AI?

Conflicting data exist about the rate and the causes of mortality
of patients with Addison Diseases (AD, the most common
autoimmune AI) (9–12).

The first study, based on data from the National Swedish
Hospital Register, reported that the risk for mortality in patients
with AD was 2.19 in men and 2.86 in women, mainly due to
cardiovascular diseases, cancers, infectious diseases and diabetes
mellitus (DM) (9). An inappropriate GC replacement (both
excess or inadequate increment of doses in response to stress
conditions) may be responsible for the increased mortality.
These results were confirmed in AD patients admitted to
hospitals: mortality rate was 2.9 for women and 2.5 for men,
up to 4.6 in autoimmune polyglandular syndrome type 1 (APS-1,
a rare AD characterized by hypoparathyroidism and chronic
mucocutaneous candidiasis, due to mutations in the autoimmune
regulatory gene) (10). A subsequent Norway study did not
confirm these data, except in patients with young onset of AD,
probably affected by APS-1 (11). A critical evaluation of these
studies revealed some bias, as the use of general mortality registers
in which it was not possible to confirm the accuracy of the
diagnosis of AD (12).

A study in 2017 reported that patients with AD had a reduced
natural-killer cell cytotoxicity that impairs the early recognition
of infected cells in the respiratory tract (13). This impairment in
anti-viral immune defense may contribute to the increased rate
of infections (not only SARS-CoV-2). However, a UK study with
1580 patients with AI (AD or congenital adrenal hyperplasia,
CAH) showed that patients with GC treatment had an increased
risk of respiratory, urinary or gastrointestinal infections and of
prescription of antimicrobials respect to CAH without GC
therapy (14). A recent paper demonstrated that patients on
conventional GC therapy had a pro-inflammatory state and a
weakened immune defense; a normalization of the immune cell
profile and a reduction of infections was observed after the
restoration of the physiological circadian cortisol rhythm with
modified-release hydrocortisone (HC) (15). A Swedish cohort
reported an increased relative risk of death (respectively 28% and
10%) in 226 patients with diabetes (Type 1 and 2) and AD
matched with 1129 controls with only diabetes, especially due to
diabetic complications and infectious diseases (16). The authors
suggested that adrenal crisis could be a contributing factor to this
increased mortality.
IS COVID-19 RISK AND MANAGEMENT IN
PATIENTS WITH AI DIFFERENT FROM
GENERAL POPULATION?

Patients with AI are considered “clinically vulnerable” for their
increased risk of infections, that could lead to poor prognosis and
death due to adrenal crisis (14). A recent Expert Opinion of the
Italian Society of Endocrinology (SIE) suggested that not only the
Frontiers in Endocrinology | www.frontiersin.org 246
aetiology of the AI, the length of follow-up, the patient’s age or
the expected adherence to therapy, but also the comorbidities
must be carefully evaluated during substitutive treatments (17),
because mimicking cortisol rhythm can reduce recurrent
infections (15). In the last months, a task force of the SIE (8)
and the European Society of Endocrinology (ESE) (18) published
some recommendations regarding GC replacement in patients
with AD infected with SARS-COV-2 according to the stage of the
disease. Others proposed strategies to improve patients’
education to manage high-risk situations, to prevent adrenal
crisis (19).

During the first COVID-19 wave, two cross-sectional studies
reported a low prevalence of infection among AD patients, and
COVID-19 disease severity similar to healthy controls in 393
patients with primary and secondary AI referring to Italian
centers. An important emotional impact was found in some
patients requiring an up-titration of the usual GC replacement:
patients’ education about infection-related risks and adequately
self-adjustment of replacement therapy were fundamental to
prevent acute events and complications (20, 21).

Another study reported that among 159 patients taking steroid
replacement therapy for pituitary disease, 30 patients (18.9%)
reported symptoms of COVID-19 infection, but only two of the
sevenpatients tested forCOVID-19 infection resulted to be positive
(22). Finally, a recent longitudinal survey study performed in 2
tertiary medical centers of the US confirmed a lower prevalence of
COVID-19 infection in AI patients compared with overall
prevalence (1.8% versus 7.9%, respectively) (23). All infected
patients reported mild symptoms and were managed at home.

Based on the available data, there is no evidence that patients
with both primary and secondary AI have an increased risk of
infection and disease. However, these conclusions could not be
extended to patients with APS-1: their primary immunodeficiency
lead to the development of young-onset multiple autoimmune
disorders (24). APS-1 is associated with an increased mortality
from infections and from cancers in comparison to the general
population (24, 25). Considering the low mean prevalence of APS-
1 (about 10 cases per million inhabitants) (26), only 24 cases of
APS-1 patients from seven countries who were infected with
SARS-CoV2 has been reported until now (27, 28). 20 patients
were hospitalized, 15 showed severe complications requiring
admission to an intensive care unit (ICU) and 4 of them died.
Interestingly, beyond the underlying peculiar condition (genetic,
age and AI), in APS-1 patients the pre-existence of autoantibodies
(auto-Abs) neutralizing most type 1 interferons (IFNs), key
immune regulators against viral infections, confer a very high
risk of developing critical COVID-19. A recent study reported
these auto-Abs in about 10% of cases of severe pneumonia in the
general population (27). Infected patients with APS-1 should be
always hospitalized promptly to evaluate the best management
according to the severity of the disease and to their pre-existing
risk factors.

In case of Sars-CoV-2 infection, the management of patients
withAI should follow the sick-days rules, as reassumed in Figure 1.
In case of signs or symptoms of infection, all patients with AI are
encouraged to prompt contact their referral Endocrinologist in
December 2021 | Volume 12 | Article 805647
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order to adjust GC dose and to being advise in case of hospital
admission (29). The clearance of HC significantly drops during
critical illness: the SIE/ESE recommendations are to administer 20
mgHCorally every 6 hours in case of asymptomatic disease or only
uncomplicated mild symptomatic infection (sore throat, mild
cough, without headache, vomit, diarrhoea, or fever <38°C) (8, 18).
Then, in case of clinical deterioration (incoming hypotension,
persistent cough, increased respiratory rate > 30 breaths/minute
or SpO2 <93%), the self-administration of 100 mg HC and the
contact with the emergency department are suggested (8, 18). In
children, 2mg/kg or 50mg/m2 ofHCevery 6–8 h intramuscularly,
subcutaneous or intravenous, combined with the correction of
hypovolemia (0.9% up to 60 mL/kg within 1 hour) and
hypoglycaemia, are suggested (6, 30, 31). Beyond the adjustment
of GC therapy during COVID-19, patients with AI should reduce
their risk to get the SARS-Cov-2 infection through social
distancing, the use of masks, hands cleaning with dedicate gel,
the choice of work-from-home if possible (18, 32).
HOW SHOULD WE DIAGNOSE AI AT THE
TIME OF COVID-19?

Several drugs and conditions can affect hypothalamic-pituitary-
adrenal (HPA) axis and induce primary or secondary AI, during or
after SARS-Cov-2 infection. In a real-life clinical setting, physicians
tend to use GC in most critically ill patients, especially in those
Frontiers in Endocrinology | www.frontiersin.org 347
affected by acute respiratory distress syndrome (ARDS). Daily GC
doses in patients with community-acquired pneumonia in ICU are
32–40mgofmethylprednisolone equivalent daily in themajority of
randomized controlled trials reported in aCochrane review (33).At
these doses, GC inhibit immune responses and pathogen clearance,
but also suppress lung inflammation. GC administration, titration,
duration, or underlying disease are not able to predict AI after GC
withdrawal (34). The rationale of GC use in COVID-19 infection is
to reduce the abnormal immune reactivity that induce lungdamage
and progression to ARDSmore than uncontrolled viral replication
(35). In July 2020 the RECOVERY trial reported that 6 mg of
dexamethasone (the most potent synthetic GC) for 10 days is
effective in reducing 28-day mortality among patients who were
receiving mechanical ventilation or oxygen alone (36).

In addition, the co-administration of antiretroviral drugs may
trigger drug-interactions and enhance the exposure to GC,
metabolized through the CYP3A pathway (37), the dominant
isoenzyme of the hepatic cytochrome P450 system and the
primary metabolic step for the degradation of GC (37). Several
reports in HIV-infected patients have documented an
impairment of HPA axis in patients treated with GC and
ritonavir (38, 39): it reduce the activity of CYP3A4 enzymes,
increasing GC levels. Most of ritonavir-associated AI have
involved fluticasone, an inhaled GC (40–42). IFN-a is used to
treat chronic viral infections: it suppresses CYP3A4 expression in
human hepatoma cells (43) and alter the expression of
constitutive and inducible CYP3A genes in well-differentiated
FIGURE 1 | Clinical management of patients with AI and SARS-CoV-2. SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; COVID-19. Coronavirus
Disease 2019; HC, hydrocortisone.
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male rat hepatocytes in culture (44). In humans, a flat diurnal
ACTH curve and cortisol slope has been observed after IFN-a/
ribavirin administration (45). Finally, IFN-b has been shown to
modulate the induction of cytochrome P450 enzyme in
mice (46).

Viral infection can induce AI directly. During previous SARS
outbreak in 2002-2003, up to 40% of the patients showed low
basal and post-synacthen cortisol levels, suggesting a direct
negative effect on corticotroph cells (47). A primary adrenal
injury consistent with bilateral adrenal haemorrhage has been
reported in several patients with Covid-19 infection, especially in
those with positive antiphospholipid antibodies (APA) (48, 49).
In an autopsy study that described 28 different patients, half
adrenals presented microscopic alterations: 7 necrosis (generally
ischemic), 4 cortical lipid degeneration, 2 hemorrhage and one
unspecific focal adrenalitis (50). Despite exogenous GC, critically
ill patients may present a relative AI termed Critical-illness
Related Corticosteroid Insufficiency (CIRCI), secondary to
higher levels of IL-6, IL-10 and TNF-a (51). CIRCI not
indicates strictly a pituitary or adrenal injury, but rather a
condition of relative cortisol insufficiency resulting from
inadequate GC-mediated anti-inflammatory response (52).

Diagnosis of AI is based upon low morning cortisol levels
and, in selected cases, to dynamic tests (6, 53). In case of a
pandemic outbreak, out-patient visits or blood collection could
be a source of viral spreading: during Sars-CoV-2 waves an effort
to limit face-to-face consultations has been proposed (32).
Salivary sample is a stress-free tool to measure cortisol, suitable
for out-patients who can mail it to the referral center (54). A
paper of the ESE reported some concerns regarding salivary
cortisol, due to the potential contamination of laboratory staff
(55), however no study are reported in this situation. Even if it
has been never used, also dynamic tests can be performed
without an Endocrine clinic, using salivary cortisol (56) and
intramuscular ACTH administration (57).
CAN COVID-19 BE A TRIGGER FOR
AUTOIMMUNE DISEASES?

Autoimmune diseases are multifactorial: the concomitant
presence of genetic, epigenetic, exogenous and endogenous
factors is required for their development (58).

The role of genetic factors derives from the observation that
autoimmune diseases are more common in peculiar ethnic groups
or in families: the genes involved are mainly those related to the
major histocompatibility complex. However, the genetic
predisposition is in general a condition “sine qua non” and a) the
discordance in identical twins; b) the appearance of the disease in a
minimal part of the “genetically susceptible” subjects; c) the
diversity of frequency in individuals of the same race living in
different geographical areas, argues in favour of the existence of
other factors. Themain endogenous factors are gender and age. It is
a commonobservation that females have a greater predisposition to
autoimmune diseases thanmales (from2:1 up to 10:1), and it seems
to depend both by the direct action of sex chromosome genes, and
Frontiers in Endocrinology | www.frontiersin.org 448
by the concomitant hormonal status. Regarding age, some
autoimmune diseases favour adults (Hashimoto thyroiditis,
systemic lupus erythematosus, Sjogren’s syndrome, AD), the
elderly population (pernicious anemia, polyarteritis nodosa) and
some present a paediatric onset (type 1 DM, celiac disease,
Kawasaki’sdisease [KD], type1 autoimmunehepatitis,APS-1) (59).

The concept of “exogenous factor” can be attributed to
infections, chemicals, iodine, radiations, drugs, foods, trauma,
additives, smoke, pollution and socio-economic situations. There
are many indirect data that support a relationship between viruses
and autoimmune diseases; however, the direct data are limited to
HBV and panarteritis nodosa; HCV and cryoglobulinemia;
rotavirus infection and celiac disease, enteric viruses and type 1
DM, herpesviruses and systemic lupus erythematosus, rheumatoid
arthritis or adult-onset Still’s disease (59).

COVID-19 is a new condition and little is known about the
immunological changes that occur in the infected individuals.
Viral infections stimulate a vigorous immune response, with a
cascade of events involving both the innate and adaptive
immunity. In addition, viruses can break immunological
tolerance and induce autoimmunity by bystander activation,
epitope spreading or molecular mimicry. The last occurs when
similarities between foreign- and self-peptides favour an activation
of autoreactive T or B cells by foreign derived peptides in a genetic
susceptible individual. Several studies have documented very high
plasma levels of cytokines and chemokines during Sars-Cov-2
infection. IL-1b and TNFa promote Th-1 and Th-17 responses,
contributing to high levels of pro-inflammatory cytokines in the
context of a cytokine storm syndrome (59). SARS-CoV-2 shares
some sequences (GSQASS, LNEVAK, and SAAEAS) with three
proteins present in the brainstem respiratory pacemaker: it might
account for an autoimmune disease with depression of respiratory
pacemaker and it may induce an autoimmune pulmonary damage
(59). Several studies demonstrated immunological (as spike
protein) and clinical similarities between COVID-19 and
hyperinflammatory diseases, leading to the hypothesis that
SARS-CoV-2 infection might trigger autoimmune responses in
genetically predisposed subjects (59, 60). In the first period of
SARS-CoV-2 infection various autoimmune manifestations,
including neurologic demyelinating syndromes, autoimmune
cytopenias and thrombotic events, were reported (59, 61). APA
and APA-related syndrome associated with SARS-CoV-2
infection was evaluated on overall 4273 patients and was found
to be present in 515 cases, especially in ICU. On the other hands,
most individuals with APA do not experience thrombotic events
(62). Immune thrombocytopenia associated with SARS-CoV-2
infection was described in about 30% of the infected patients (62).
Acute inflammatory neuropathies resembling Guillain-Barrè
syndrome have been reported in 48 patients with COVID-19, a
Miller-Fisher syndrome was developed in 4, few cases developed
an acute disseminated encephalomyelitis or myelitis (62).
Autoimmune hemolytic anemia (AIHA) was described in 14
patients with COVID-19: AIHA could be induced by a
molecular mimicry between the viral spike protein and ankyrin-
1, a membrane protein of erythrocytes (62). Systemic lupus
erythematosus associated with SARS-CoV-2 infection was very
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rare and described in 6 case reports. A vasculitis associated to anti-
neutrophil cytoplasmic antibodies related to SARS-CoV-2
infection is reported in 3 cases (62). Skin lesions reported in
COVID-19 patients were classified into 4 groups: exanthema,
vascular, urticarial and acro-papular eruptions (62, 63).

The paediatric population appears to be less affected than
adults that develop severe SARS-CoV-2 infection. This can be
due both to the decreased level of maturity and function of
ACE2, and differences in the immune response. Nonetheless,
since 2020, paediatricians began reporting cases of children with
fever and signs of systemic inflammation with features in
common with KD. Compared with the classical KD, newly
diagnosed KD-like patients were older and had more signs of
cardiac involvement, shock and required more frequently higher
steroid treatment. These patients manifested also gastrointestinal
symptoms, which are uncommon in typical KD, and very high
levels of procalcitonin. KD-like syndrome was confirmed in 1888
patients with an age from 4 months to 35 years (62).
IS THERE AN INCREASED RISK TO
DEVELOP OTHER AUTOIMMUNE
DISEASES AFTER COVID-19 INFECTION
OR VACCINATION IN PATIENTS WITH AI?
A PERSONAL EXPERIENCE

Patients with isolated autoimmune AD or with polyglandular
diseases ask if they are at increased risk of developing new
autoimmune disease after COVID-19 infection or after
vaccination against COV-19. Patients affected by one or more
autoimmune diseases are at risk to develop other autoimmune
diseases (58). In addition, it is important to remember that
COVID-19 infection can induce autoimmune diseases in the
general population. Nevertheless, in patients with AI followed at
the Endocrinology of Padova (202 primary AI and 134 central
AI) we did not document new-onset autoimmune diseases
during or after COVID-19 infection or 6-months after
vaccination (we use only mRNA-based vaccine according to
the recommendation of the Italian Institute of Health).
Furthermore, to our knowledge, there are not so far published
cases describing the development of new autoimmune disorders
in patients with autoimmune AD after COVID-19 infection or
Frontiers in Endocrinology | www.frontiersin.org 549
vaccinations. Obviously, the post-vaccination observation period
is limited to 6 months. Vaccinations started in Italy at the end of
December 2020 (starting with health employers), in February
2021 it was proposed to frail patients (as AI). At the best of our
knowledge, one case of vaccine-induced primary AI has been
reported after a bilateral adrenal haemorrhagic infarction due to
bilateral vein thrombosis in a patient with vaccine-induced
immune thrombotic thrombocytopenia (64).

Regarding the management of substitutive treatment in
patients with AI who will receive a COVID-19 vaccine, a
recent survey of the Pituitary Society reported that 36% of
physicians recommend an increase in GC dosage with the first
injection; the others plan to increase replacement therapy in case
of fever or vaccination-related symptoms (65).
CONCLUSIONS AND
FUTURE PERSPECTIVES

Patients with AI could present an increased risk of COVID-19;
however, the severity of the disease is mainly due to an
inappropriate and prompt GC treatment rather than an
increased infection susceptibility (which can be real only for
the rare patients with APS-1).

Given the current state of the art, we think that vaccine is a
safe procedure, and the patients with AI that hesitate to receive
the COVID-19 vaccination should be carefully advised that viral
infection or the vaccine can produce autoimmune diseases in
rare cases, and on the contrary the vaccination is protective
against a disease with a high-risk of hospitalization and
mortality, especially in frail patients as those with AI.
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Preexisting Autoantibodies to Type I IFNs Underlie Critical COVID-19
Pneumonia in Patients With APS-1. J Exp Med (2021) 218(7):e20210554.
doi: 10.1084/jem.20210554

28. Carpino A, Buganza R, Matarazzo P, Tuli G, Pinon M, Calvo PL, et al.
Autoimmune Polyendocrinopathy–Candidiasis–Ectodermal Dystrophy in
Two Siblings: Same Mutations But Very Different Phenotypes. Genes (Basel)
(2021) 12(2):169. doi: 10.3390/genes12020169

29. Husebye ES, Allolio B, Arlt W, Badenhoop K, Bensing S, Betterle C, et al.
Consensus Statement on the Diagnosis, Treatment and Follow-Up of Patients
With Primary Adrenal Insufficiency. J Intern Med (2014) 275(2):104–15.
doi: 10.1111/joim.12162

30. Reznik Y, Barat P, Bertherat J, Bouvattier C, Castinetti F, Chabre O, et al. SFE/
SFEDP Adrenal Insufficiency French Consensus: Introduction and
Handbook. Ann Endocrinol (Paris) (2018) 79(1):1–22. doi: 10.1016/
j.ando.2017.12.001

31. Yoo H-W. Diverse Etiologies, Diagnostic Approach, and Management of
Primary Adrenal Insufficiency in Pediatric Age. Ann Pediatr Endocrinol
Metab (2021) 26(3):149–57. doi: 10.6065/apem.2142150.075

32. Ceccato F, Voltan G, Sabbadin C, Camozzi V, Merante Boschin I, Mian C,
et al. Tele-Medicine Versus Face-to-Face Consultation in Endocrine
Outpatients Clinic During COVID-19 Outbreak: A Single-Center
Experience During the Lockdown Period. J Endocrinol Invest (2021) 44
(8):1689–98. doi: 10.1007/s40618-020-01476-2

33. Stern A, Skalsky K, Avni T, Carrara E, Leibovici L, Paul M. Corticosteroids for
Pneumonia. Cochrane Database Syst Rev (2017) 12:CD007720. doi: 10.1002/
14651858.CD007720.pub3

34. Broersen LHA, Pereira AM, Jørgensen JOL, Dekkers OM. Adrenal
Insufficiency in Corticosteroids Use: Systematic Review and Meta-Analysis.
J Clin Endocrinol Metab (2015) 100(6):2171–80. doi: 10.1210/jc.2015-1218

35. Isidori AM, Pofi R, Hasenmajer V, Lenzi A, Pivonello R. Use of
Glucocorticoids in Patients With Adrenal Insufficiency and COVID-19
Infection. Lancet Diabetes Endocrinol (2020) 8(6):472–3. doi: 10.1016/
S2213-8587(20)30149-2

36. RECOVERY Collaborative Group, Horby P, Lim WS, Emberson JR, Mafham
M, Bell JL, Linsell L, et al. Dexamethasone in Hospitalized Patients With
Covid-19 — Preliminary Report. N Engl J Med (2020) 384(8):693–704.
doi: 10.1056/NEJMoa2021436

37. Ferraù F, Ceccato F, Cannavò S, Scaroni C. What We Have to Know About
Corticosteroids Use During Sars-Cov-2 Infection. J Endocrinol Invest (2020)
44(4):693–701. doi: 10.1007/s40618-020-01384-5

38. Elliot ER, Theodoraki A, Jain LR, Marshall NJ, Boffito M, Baldeweg SE, et al.
Iatrogenic Cushing’s Syndrome Due to Drug Interaction Between
Glucocorticoids and the Ritonavir or Cobicistat Containing HIV Therapies.
Clin Med (Northfield Il) (2016) 16(5):412–8. doi: 10.7861/clinmedicine.16-5-412

39. Saberi P, Phengrasamy T, Nguyen DP. Inhaled Corticosteroid Use in HIV-
Posit ive Individuals Taking Protease Inhibitors: A Review of
Pharmacokinetics, Case Reports and Clinical Management. HIV Med
(2013) 14(9):519–29. doi: 10.1111/hiv.12039

40. Epperla N, McKiernan F. Iatrogenic Cushing Syndrome and Adrenal
Insufficiency During Concomitant Therapy With Ritonavir and Fluticasone.
Springerplus (2015) 4(1):455. doi: 10.1186/s40064-015-1218-x

41. Foisy MM, Yakiwchuk EMK, Chiu I, Singh AE. Adrenal Suppression and
Cushing’s Syndrome Secondary to an Interaction Between Ritonavir and
Fluticasone: A Review of the Literature. HIV Med (2008) 9(6):389–96.
doi: 10.1111/j.1468-1293.2008.00579.x

42. Zubillaga I, Francés C, Nicolau J, Homar F, Masmiquel L. Adrenal
Insufficiency and Exogenous Cushing’s Syndrome in a Patient Receiving
Inhaled Fluticasone and Ritonavir. Endocrinol Diabetes y Nutr (2017) 64
(6):338–9. doi: 10.1016/j.endinu.2017.02.006

43. Flaman AS, Gravel C, Hashem AM, Tocchi M, Li X. The Effect of Interferon-a
on the Expression of Cytochrome P450 3A4 in Human Hepatoma Cells.
Toxicol Appl Pharmacol (2011) 253(2):130–6. doi: 10.1016/j.taap.2011.03.019

44. Tapner M, Liddle C, Goodwin B, George J, Farrell GC. Interferon Gamma
Down-Regulates Cytochrome P450 3A Genes in Primary Cultures of Well-
December 2021 | Volume 12 | Article 805647

https://doi.org/10.1007/s40618-020-01266-w
https://doi.org/10.1007/s40618-020-01266-w
https://doi.org/10.1210/jc.2006-0076
https://doi.org/10.1210/jc.2006-0076
https://doi.org/10.1111/j.1365-2265.2008.03340.x
https://doi.org/10.1530/EJE-08-0550
https://doi.org/10.1007/s12020-012-9835-4
https://doi.org/10.1530/EJE-16-0969
https://doi.org/10.1210/clinem/dgz006
https://doi.org/10.1210/clinem/dgz006
https://doi.org/10.1016/S2213-8587(17)30398-4
https://doi.org/10.1530/EJE-16-0657
https://doi.org/10.1007/s40618-019-01146-y
https://doi.org/10.1530/EJE-20-0361
https://doi.org/10.1055/a-1217-7208
https://doi.org/10.1007/s40618-020-01422-2
https://doi.org/10.1007/s40618-020-01422-2
https://doi.org/10.1210/clinem/dgaa793
https://doi.org/10.1007/s11102-020-01106-3
https://doi.org/10.1210/clinem/dgab334
https://doi.org/10.1210/clinem/dgab334
https://doi.org/10.1007/s40618-021-01585-6
https://doi.org/10.1007/s40618-021-01585-6
https://doi.org/10.1210/clinem/dgaa140
https://doi.org/10.1210/clinem/dgaa140
https://doi.org/10.1056/NEJMra1713301
https://doi.org/10.1084/jem.20210554
https://doi.org/10.3390/genes12020169
https://doi.org/10.1111/joim.12162
https://doi.org/10.1016/j.ando.2017.12.001
https://doi.org/10.1016/j.ando.2017.12.001
https://doi.org/10.6065/apem.2142150.075
https://doi.org/10.1007/s40618-020-01476-2
https://doi.org/10.1002/14651858.CD007720.pub3
https://doi.org/10.1002/14651858.CD007720.pub3
https://doi.org/10.1210/jc.2015-1218
https://doi.org/10.1016/S2213-8587(20)30149-2
https://doi.org/10.1016/S2213-8587(20)30149-2
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1007/s40618-020-01384-5
https://doi.org/10.7861/clinmedicine.16-5-412
https://doi.org/10.1111/hiv.12039
https://doi.org/10.1186/s40064-015-1218-x
https://doi.org/10.1111/j.1468-1293.2008.00579.x
https://doi.org/10.1016/j.endinu.2017.02.006
https://doi.org/10.1016/j.taap.2011.03.019
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Sabbadin et al. Adrenal Insufficiency and COVID-19
Differentiated Rat Hepatocytes. Hepatology (1996) 24(2):367–73.
doi: 10.1053/jhep.1996.v24.pm0008690406

45. Raison CL, Borisov AS, Woolwine BJ, Massung B, Vogt G, Miller AH.
Interferon-a Effects on Diurnal Hypothalamic–Pituitary–Adrenal Axis
Activity: Relationship With Proinflammatory Cytokines and Behavior. Mol
Psychiatry (2010) 15(5):535–47. doi: 10.1038/mp.2008.58

46. Carelli M, Porras MC, Rizzardini M, Cantoni L. Modulation of Constitutive
and Inducible Hepatic Cytochrome(s) P-450 by Interferon b in Mice.
J Hepatol (1996) 24(2):230–7. doi: 10.1016/S0168-8278(96)80034-1

47. Leow MK-S, Kwek DS-K, Ng AW-K, Ong K-C, Kaw GJ-L, Lee LS-U.
Hypocortisolism in Survivors of Severe Acute Respiratory Syndrome
(SARS). Clin Endocrinol (Oxf) (2005) 63(2):197–202. doi: 10.1111/j.1365-
2265.2005.02325.x
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Domıńguez M. Primary Adrenal Insufficiency Associated With Oxford-
AstraZeneca ChAdOx1 Ncov-19 Vaccine-Induced Immune Thrombotic
Thrombocytopenia (VITT). Eur J Intern Med (2021) 91(January):90–2.
doi: 10.1016/j.ejim.2021.06.025

65. Katznelson L, Gadelha M. Glucocorticoid Use in Patients With Adrenal
Insufficiency Following Administration of the COVID-19 Vaccine: A
Pituitary Society Statement. Pituitary (2021) 24(2):143–5. doi: 10.1007/
s11102-021-01130-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sabbadin, Betterle, Scaroni and Ceccato. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
December 2021 | Volume 12 | Article 805647

https://doi.org/10.1053/jhep.1996.v24.pm0008690406
https://doi.org/10.1038/mp.2008.58
https://doi.org/10.1016/S0168-8278(96)80034-1
https://doi.org/10.1111/j.1365-2265.2005.02325.x
https://doi.org/10.1111/j.1365-2265.2005.02325.x
https://doi.org/10.4269/ajtmh.20-0722
https://doi.org/10.1210/clinem/dgab557
https://doi.org/10.4269/ajtmh.20-0787
https://doi.org/10.1007/s00134-010-1971-9
https://doi.org/10.1007/s00134-017-4919-5
https://doi.org/10.1210/jc.2016-2118
https://doi.org/10.1210/jc.2009-1166
https://doi.org/10.1530/EJE-20-0352
https://doi.org/10.1530/EC-21-0404
https://doi.org/10.1111/cen.14286
https://doi.org/10.3390/vaccines9080815
https://doi.org/10.1016/j.jaut.2020.102506
https://doi.org/10.1016/j.jaut.2020.102506
https://doi.org/10.1016/j.clim.2020.108480
https://doi.org/10.1016/j.clim.2020.108480
https://doi.org/10.1007/s00134-020-06062-x
https://doi.org/10.1016/j.jaut.2020.102592
https://doi.org/10.1111/jdv.16774
https://doi.org/10.1016/j.ejim.2021.06.025
https://doi.org/10.1007/s11102-021-01130-x
https://doi.org/10.1007/s11102-021-01130-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Frontiers in Endocrinology | www.frontiersi

Edited by:
Maria Fragoso,

Institute of Cancer of Sao Paulo, Brazil

Reviewed by:
Rodolfo A. Rey,

Hospital de Niños Ricardo Gutiérrez,
Argentina

Tania Bachega,
University of São Paulo, Brazil

Gabriela Paula Finkielstain,
Takeda Pharmaceutical Company

Limited, Argentina

*Correspondence:
Mirjana Kocova

mirjanakocova@yahoo.com

†ORCID:
Mirjana Kocova

orcid.org/0000-0001-7097-3439
Paola Concolino

orcid.org/0000-0002-0523-5744
Henrik Falhammar

orcid.org/0000-0002-5622-6987

Specialty section:
This article was submitted to

Cellular Endocrinology,
a section of the journal

Frontiers in Endocrinology

Received: 03 October 2021
Accepted: 29 November 2021
Published: 24 January 2022

Citation:
Kocova M, Concolino P and

Falhammar H (2022) Characteristics
of In2G Variant in Congenital
Adrenal Hyperplasia Due to
21-Hydroxylase Deficiency.

Front. Endocrinol. 12:788812.
doi: 10.3389/fendo.2021.788812

MINI REVIEW
published: 24 January 2022

doi: 10.3389/fendo.2021.788812
Characteristics of In2G Variant in
Congenital Adrenal Hyperplasia
Due to 21-Hydroxylase Deficiency
Mirjana Kocova1*†, Paola Concolino2† and Henrik Falhammar3,4†

1 Medical Faculty, University “Cyril & Methodius” Skopje, Skopje, North Macedonia, 2 Dipartimento di Scienze di Laboratorio e
Infettivologiche, Unita' Operativa Complessa (UOC) Chimica, Biochimica e Biologia Molecolare Clinica, Fondazione Policlinico
Universitario Agostino Gemelli Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS), Rome, Italy, 3 Department of
Endocrinology, Karolinska University Hospital, Stockholm, Sweden, 4 Department of Molecular Medicine and Surgery,
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Substantial research has been performed during the last decades on the clinical and
genetic variability of congenital adrenal hyperplasia (CAH) and its most common form, 21-
hydroxylase deficiency (21OHD). CAH is one of the most prevalent autosomal recessive
diseases in humans, and it can be divided into classic—further subdivided into salt
wasting (SW) and simple virilizing (SV)—and non-classic (NC) forms. Pathogenic variants
of CYP21A2 gene, encoding the 21-hydroxylase enzyme, have been reported with
variable prevalence in different populations. NM_000500.9:c.293-13C/A>G (In2G)
variant represents the most common CYP21A2 gene changes related to the classic
21OHD form. However, the phenotype of In2G carriers is variable depending on the
variant homozygous/heterozygous status and combination with other CYP21A2
pathogenic variants. In addition, identical genotypes, harboring the homozygous In2G
variant, can present with variable phenotypes including the SW and SV or rarely NC form
of the disease. Here, we analyze and present the clinical aspects, genotype/phenotype
correlations, and other characteristics related to the CYP21A2 In2G variant.

Keywords: CYP21A2, c.293-13C/A>G, splicing variant, CAH, genetic counselling
INTRODUCTION

Congenital adrenal hyperplasia (CAH) is one of the most common autosomal recessive diseases in
humans with an incidence, evaluated on neonatal screening in different populations during the last
decade or so, of 1:6,084 to 1:26,727 live births (1). It comprises several steroid enzyme deficiencies,
among which 21-hydroxylase deficiency (21OHD) (OMIM # 201910) is by far the most common,
affecting about 95%–99% of all CAH patients (1–5). In 21OHD, the hormonal disbalances consist of
variable low cortisol and aldosterone levels, and compensatory high levels of 17-
hydroxyprogesterone (17OHP), which converts to androgens. CAH appears in two clinical
forms, classic and non-classic (NC) phenotypes (6). The classic form is further classified as salt-
wasting (SW) and simple-virilizing (SV) forms. Patients affected by the SW form have SW with
severe dehydration, hypoglycemia, failure to thrive, and hyperandrogenism. This can be clinically
recognized early in girls due to atypical genitalia, while boys may first be identified, if not neonatally
n.org January 2022 | Volume 12 | Article 788812152
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screened, when presenting with a life-threatening SW crisis
within 2 weeks postnatally (2). The SV form has enough
aldosterone production to avoid SW crisis and, prior to the
introduction of neonatal screening, was identified due to atypical
genitalia in girls and in male toddlers due to signs and symptoms
of excessive androgen production, even though cases of diagnosis
in adulthood occasionally happened (2, 7). The NC form is mild
and can appear in numerous variants of the clinical picture,
ranging from no signs in the newborn period, to mild virilization
later in childhood, up to polycystic ovary syndrome or isolated
hyperandrogenism and decreased fertility in adulthood (8). NC
21OHD is sometimes identified in neonatal screening (9), but
most cases are identified due to symptoms and signs in
adolescence or young adulthood, even though the majority
probably never gets diagnosed. NC CAH shows an incidence
of 1:200 to 1:1,000 (10, 11).

However, despite the traditional and generally accepted
classification of CAH in different forms, due to a large variety of
CYP21A2mutations, the phenotype can havemany variants, and it
is clear that CAHphenotype represents a continuumbetween non-
classic and classic forms (12). This is important for tailoring
appropriate therapy in individual patients. The 21-hydroxylase
enzyme is encoded by CYP21A2 gene, and the clinical 21OHD
presentation depends upon the combination of pathogenic variants
affecting this locus (13). Both CYP21A2 gene and CYP21A1P
pseudogene are located on the short arm of chromosome 6
(6p21.3), in the human leukocyte antigen (HLA) class III region
of the major histocompatibility (MHC) locus. These genes contain
ten exons spaced over 3.4 kb with a sequence homology reaching
98% (12, 14, 15). Intergenic recombination events represent more
than 95% of pathogenic variants causing 21OHD. Approximately
75% of the deleterious variants are transferred by small conversions
from the pseudogene during meiosis (16, 17). Of the cases of
21OHD, 20%–25% are due to gene deletions, gene duplications,
and deletions involvingCYP21A2 and other contiguous genes (18).
Finally, CYP21A2 pathogenic variants that are not apparently gene
conversions account for 5%–10% of CAH alleles in most
populations (16, 17).

To date, more than 230 CYP21A2 pathogenic variants have
been identified (18). Most patients are compound heterozygous;
and in this case, the phenotype correlates with the variant that
predicts the higher residual enzyme activity (19). Based on the
residual activity of the mutant enzyme, CYP21A2 variants are
classified into specific groups (null, A, B, and C) (20, 21). While
variants of the null group show 0% enzyme activity during in
vitro assay, group A variants preserve a minimal (<1%) residual
activity. These two groups are both associated with the SW form
of 21OHD. Differently, group B (1%–5% enzyme activity) and
group C (20%–50% enzyme activity) variants are related to the
SV and NC forms, respectively (12, 22–25). Although there is
good agreement between clinical phenotype and patient
genotype, it is well-known that some exceptions exist (18–29).

The prevalence of 21OHD is highly variable among
populations; some countries show higher (China and India)
(19, 20) or lower prevalence (Japan and New Zealand) (3, 21–
27). However, in most of the analyzed studies, the In2G variant is
Frontiers in Endocrinology | www.frontiersin.org 253
found to be, with rare exceptions (30–50), among the most
common CYP21A2 pathogenic variants. It is usually related to
the SW 21OHD; however, patients with a non-correspondent
phenotype have been widely reported. In this review, we
collected the most relevant evidence showing the phenotypic
variability of the In2G variant.
CYP21A2 IN2G VARIANT

To date, 18 intronic splicing variants, representing 7.7% of all
disease-causing variants, have been reported in CYP21A2 gene
(18, 51). In silico analysis or functional studies showed that all
these variants are associated with the severe form of 21OHD due
to the changed reading frame of the gene producing a non-
functional enzyme (21, 52, 53). Generally, an intronic splicing
variant causes the disruption of the acceptor/donor site, inducing
activation of an intronic cryptic acceptor/donor site, retention of
a whole intron or part of it, and exon skipping (51). Regarding
intron 2 of CYP21A2 gene, five pathogenic splicing variants have
been reported (51). Two of these, c.292+1G>A and c.293-2A>G,
cause the SW phenotype to disrupt the donor and acceptor
splicing sites, respectively (54, 55). Differently, the c.292+5G>A
and c.293-7C>G variants were described, in SW patients, as
reducing the consensus value for the intron 2 splice donor and
acceptor sites, respectively (52, 56).

c.293-13C/A>G (In2G) is the most common splicing variant in
CYP21A2 gene. It is usually transferred by microconversion from
CYP21A2 pseudogene. At the−13 position, before the end of intron
2, the wild-type nucleotide is A or C. Substitution to G creates an
additional splice acceptor site, causing aberrant splicing of intron 2
with retentionof 19 intronicnucleotides. This results in a shift in the
translational reading frame (21) (Figure 1). The In2G variant is
typically related to the SW form of CAH. It is by far the most
common CAH mutation in the majority of countries and
ethnicities, predominantly Europeans followed by Middle
Easterners and Hispanics (27), although there are exceptions
(Table 1). In different studies, the prevalence of the In2G variant
was between 20.6% and 30.3% (25, 27, 61, 63). In the homozygous
form, it is more common in those with European and Middle
Eastern ancestries than in Hispanic Americans, Asians, or East
Indians (27). Some authors even refer up to60.4%prevalence of this
variant in certain ethnicities (32) (Table 1).

In some populations, the In2G variant could be considered a
founder variant. It is a unique finding in some enclosed
populations such as Alaskan and one of the Roma populations
from the Balkan region, although the number of explored
individuals was rather small (62). Finally, in other populations,
such as the Spanish population, the In2G variant appears to be
related to recent conversion events (64).

Genotype/Phenotype Correlation
in In2G Patients
There is a reasonable genotype/phenotype correlation in 21OHD
despite disease-causing variant variability (3, 28–30). As
mentioned previously, the phenotype is almost uniformly
January 2022 | Volume 12 | Article 788812
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dependent on the milder variant in the genotype. However, some
variants may occasionally confer an unexpected phenotype (27,
63, 65).

In the homozygous status or in trans with another null
variant, the In2G variant usually causes severe SW CAH.
When combined with a moderate or mild variant, it normally
Frontiers in Endocrinology | www.frontiersin.org 354
confers SV or NC CAH. However, a specific characteristic of the
In2G variant is that the clinical picture might be less severe even
in the homozygous form when it can present as an SV or NC
phenotype (22, 24, 31, 32).

During the 1990s, the first evidences about the phenotypic
heterogeneity related to the In2G variant were reported (66, 67).
FIGURE 1 | Effect of the c.293-13C/A>G variant on splicing. The c.293-13C/A>G variant, at a −13 position before the end of intron 2, creates an additional splice
acceptor site, causing aberrant splicing of intron 2 with retention of 19 intronic nucleotides. This causes a frameshift in the following third exon to generate a stop
codon after 107 amino acids, resulting in the production of a truncated protein.
TABLE 1 | Prevalence of In2G variant in different countries.

Country In2G (%) No. of alleles Reference

Argentina 35.2 866 (25)
Austria
+Germany

29.2 1,320 (57)

Brazil 21.1 856 (20)
Chile 5.3 38 (35)
China 35 460 (58)
Czech Republic 45.4 174 (48)
Croatia 34.9 186 (49)
Cuba 24.5 110 (59)
Denmark 33.8 136 (36)
France 10.9 247 (37)
Finland 9.6 156 (44)
Greece 29.3 222 (50)
Italy 21.1 114 (38)
India 48 124 (47)
Iran 14.7 88 (39)
Japan 26.5 136 (43)
Turkey 22 112 (45)
Mexico 47.9 94 (60)
Netherlands 28.1 370 (61)
North
Macedonia

60.4 48 (32)

Rome
population

95 20 (62)

Romania 43.9 86 (40)
Serbia 18.5 122 (33)
Spain 17.5 354 (41)
Sweden 26.6 400 (63)
United Kingdom 30.3 284 (46)
United States 22.9 3,005 (27)
Mid-Europe 31.2 864 (42)
January 2022 | Volume 12 | Ar
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Witchel et al. compared the clinical and molecular findings in 38
individuals from 21 families. All patients carried two deleterious
variants in trans, with the In2G present on at least 1 allele. A
comparison of the phenotypic features with the molecular
genotypes showed phenotypic heterogeneity extending from
classic SW 21OHD to be asymptomatic (28). The authors
hypothesized that other sequence variations influenced the
competitive splicing signals at the intron 2/exon 3 junctions.
However, experimental testing did not support this hypothesis,
and the molecular basis of the phenotypic heterogeneity
associated with the In2G variant remained to be elucidated
(28). A few years later, Schulze et al. suggested that the
putative asymptomatic In2G homozygous individuals were
incorrectly typed due to the dropout of one allele during PCR
amplification (68). Effectively, in the 1990s, it was too
challenging to accurately genotype CYP21A2, which still
presents as one of the most difficult and error-prone genes,
even today. In fact, many old CYP21A2 genotyping results have
been found to be incomplete or inaccurate by using up-to-date
methodologies. For this reason, it could be necessary to re-
evaluate the accuracy of some of the old literature. However,
even with the use of more sophisticated techniques for
genotyping, patients with the In2G variant and a non-
correspondent phenotype have been reported. In a large study
by New et al., out of 155 homozygous In2G patients, 143 (92.3%)
had the SW form, 11 (7%) had the SV form, and 1 (0.6%) had the
NC form (27). Even when the In2G variant was detected in trans
with another severe mutation, such as p.(Gln319Ter), still 12% of
patients (3/25) presented as SV (27). Finally, the genotype In2G/
p.(Val282Leu) was related to the NC phenotype in 96.4% of
patients, and only 4 (3.6%) subjects presented a severe phenotype
(27). In a recent study by Riedl et al., of 62 In2G homozygous
patients, 53 (85.5%) had the SW form, whereas 9 (14.5%) had the
SV form (57). DumiK et al. described a comprehensive CYP21A2
mutation analysis in a large cohort of 93 Croatian patients with
classic 21OHD (49). The most frequently detected mutation in
this population was the In2G variant (34.9%) (Table 1). The
concordance between observed and predicted clinical phenotype
in Group A (In2G variant) patients was 85% (49). In particular,
the authors described two families with genotype–phenotype
discordance (49). In the first family, three sisters carried the
In2G/In2G genotype. Two of them displayed an SW phenotype
and were on hydrocortisone and 9-alpha-fludrohydrocortisone
therapy. In contrast, the middle sisters had ambiguous genitalia,
high levels of 17OHP and androgens, but repeat measurements
of electrolytes, aldosterone, and plasma renin activity (PRA)
were within the normal range, excluding the SW phenotype. In
the second family, two siblings showed the In2G/p.(Arg358Trp)
genotype. The brother was diagnosed with SV 21OHD at 3 years
of age due to precocious pseudopuberty, high levels of 17OHP
and androgens, and a normal level of aldosterone and PRA. His
sister was diagnosed with SW CAH at birth, as she showed
ambiguous genitalia, low levels of sodium and aldosterone, and
high levels of potassium and PRA. In this case, hydrocortisone
and 9-alpha-fludrohydrocortisone were introduced 10 days after
birth (49). Also, in Argentinean CAH patients, the In2G variant
Frontiers in Endocrinology | www.frontiersin.org 455
was reported as the most prevalent mutation (35.2%) (Table 1),
and while 83.8% of patients in group A (In2G variant) presented
with the SW form, 16.2% showed the SV form of the disease (25).
In this regard, also these authors described two siblings with the
same genotype (In2G/In2G) but a different phenotype (25).
Similar data from Brazilian, Hellenic, and Chinese CAH
populations were provided by Carvalho et al., Dracopoulou-
Vabouli et al., andWang et al., respectively (Table 1) (20, 50, 58).

The In2G variant, in homozygous or in trans with a severe
CYP21A2 mutation, was also related to the NC form of 21OHD.
Bidet et al. analyzed the molecular spectrum of CYP21A2 gene in
a large cohort of French NC CAH patients (37). The In2G
variant was present on 10.9% of all chromosomes (Table 1),
making it the second most frequent mutation in this study.
Interestingly, the authors described a mild clinical and biological
phenotype, related to the NC form of 21OHD, in a patient
homozygous for the In2G variant.

Finally, a peculiar case was reported by Kohn et al. (55). These
authors described two affected boys, both carrying the In2G/
In2G genotype, who thrived in early infancy but suffered SW
crises unusually late in infancy, at 3.5 and 5.5 months. At the
onset of symptoms, the children showed hyponatremia,
hyperkalemia, dehydration, and acidosis; serum aldosterone
was low in spite of markedly elevated PRA. Baseline 17OHP
levels were only moderately elevated; however, stimulated levels
were consistent with the classic form of 21OHD. The authors
speculated that the In2G variant could sometimes be associated
with the delayed phenotypic expression of SW CAH and that the
variable splicing may modify the clinical manifestations of the
disease (55).

Outcomes of In2G Patients
Although all variants causing SW 21OHD induce similar clinical
picture, require similar therapy, and produce similar outcomes,
some of the specificities of the In2G variant are being confirmed
in a number of larger studies. Here, we will mention some
of them.

Fertility
Fertility is significantly decreased in all genetic forms of SW
CAH in women due to high levels of androgens, problems after
genital surgery, decreased sex drive, social adaptation issues such
as not having a partner, or non-willingness to bear children (69).
Only approximately 25% of women with CAH conceive a child
compared with 45% of matched controls (70, 71). They give birth
mostly by cesarean section (72%) and are prone to gestational
diabetes. Elevated androgen concentrations impair the ability of
progesterone to lower the activity of gonadotrophin-releasing
hormone/luteinizing hormone (GnRH/LH) pulse generator,
causing increased frequency of pulse amplitude of LH over
follicle-stimulating hormone (FSH) production and also
disrupting endometrial thickening, making the cervical mucus
thicker, disrupting ovulation, and impairing embryo
implantation, which all lead to impaired fertilization (69).
Psychosexual factors also have a role. Women with CAH
frequently present with masculine behavior, and approximately
January 2022 | Volume 12 | Article 788812
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one-third do not have sexual interest and fantasies (72).
Moreover, homosexuality is more common in women with
CAH, and there is a direct relationship between the severity of
the genotype and non-heterosexuality (73, 74). For example, in
women with the null genotype, 50% had a non-heterosexual
orientation; in the In2G genotype, 30%; and in matched controls,
only 2% (74). Women with null and In2G genotypes were less
often married and had fewer children than women with milder
genotypes (75). However, fertility in women with the In2G
genotype was better compared with the null genotype (71).
Pregnancy in women with SW CAH was normal, and the
offspring had a normal weight and development (76). The
better fertility in females with In2G might have to do with
the dose-dependent effects of prenatal androgens on the
development of higher brain functions (74). Females with the
null genotype scored lower on sexual function and satisfaction
with their sexual life as well as had more genital surgical
complications, compared with the In2G genotype (77).

Fertility is also compromised in males with CAH, mostly due
to testicular adrenal rest tumor (TART) or sometimes
hypogonadotropic hypogonadism (78). However, the
remaining testicular tissue is larger, and the amount and
quality of semen are better in patients with the In2G variant,
although not reaching statistical difference (79), with male SW
CAH having an increased number of adopted children (80).
Nevertheless, the number of males with at least one biological
child was equally low in both the null and In2G genotype
groups (80).

Psychiatric Disorders
Research in animal models has demonstrated that sex differences in
brain and behavior are induced by steroid hormones during specific,
hormone-sensitive developmental periods (81). Steroid hormones
permanently organize the brain for gender, including the pattern of
sexuality, cognition, temperament, and specific interests according
to sex, although these features can be modified by environmental
and social factors (82). It has been demonstrated that typical male
neural and behavioral characteristics develop under the influence of
testosterone during perinatal development (81). The fetal
hyperandrogenemia in females with CAH leads to male brain
organization and subsequently to masculinized behavior and
cognitive function (72, 83). Significant psychologic issues originate
from these brain compositions in female patients with CAH, and
they are dependent on the amount of prenatal and perinatal
androgen levels. On the other hand, the disturbed hypothalamic–
pituitary–adrenal (HPA) axis in patients with CAH may result in a
hypersensitive stress system, making them vulnerable to addiction
(84). Thus, three major psychiatric disturbances are present in
female patients with CAH: high risk for psychiatric disorders,
substance misuse disorders, and stress-adjustment disorders (85).
Some authors find psychologic and psychiatric disturbances most
expressed in patients with the null genotype (86). Having in mind
the symbolic level of the 21-hydroxylase enzyme produced in some
patients with the In2G genotype due to alternative splicing, it is
expected that they will be less prone to psychologic or psychiatric
disorders. In the study of Mueller et al. on a large sample of female
Frontiers in Endocrinology | www.frontiersin.org 556
patients with CAH, 44.4% met the criteria for at least one
psychiatric diagnosis (87). Similar findings were reported in 221
adult females with CAH from six European countries (88). In the
study of Engberg et al., females with CAH had high levels of
psychiatric disorders as compared with matched controls, and
interestingly, patients with the In2G mutation genotype were
slightly more frequently affected than the null genotype (85). On
the other hand, substance misuse, alcohol, drugs, and attention-
deficit hyperactivity disorder were more frequent in patients with
the null genotype. In contrast, in males with the In2G genotype,
psychiatric disorders, personality disorders, and alcohol misuse were
increased as compared with the null genotype (89). Similar findings
were reported by Daae et al. (90). The reason for such discrepancy
remains elusive. Interestingly, the parents of children with severe
genotypes including null and In2G, i.e., obligate CYP21A2 variant
carriers, are at much lower risk of being diagnosed with psychiatric
disorders (91).
Cardiovascular and Metabolic Disorders
and Bone Health
As far as the metabolic outcomes and complications such as
obesity, cardiovascular complications, and bone fragility, they are
mostly associated with the therapy; therefore, delineating the
influence of genotype is very complicated due to different
treatment regimens and length of therapy. However, the risk is
generally increased as compared with controls (92–95). In one
large epidemiological study, only obesity and venous
thromboembolism were significantly more common in patients
with In2G than in controls, while patients with null variants had
more cardiometabolic risk (96).
DISCUSSION

The In2G variant is frequent in patients with 21OHD. It normally
causes severe disease; however, the clinical presentation can vary
from the SW form, through the SV form and rarely the NC form.
Thus, there is a difference in the severity of 21OHD within group
A. The mechanism underlying the variation in the clinical
phenotype of the In2G variant was widely discussed. The most
accredited hypothesis is that a small number of transcripts avoid
aberrant splicing, providing a small amount of the 21-hydroxylase
enzyme, which is sufficient for a milder clinical presentation of
the disease. For this reason, in some patients, the phenotype
appears as SV or even NC. In vitro experiments showed that the
CYP21A2 intron 2 c.292+1G>A variant produces two different
transcripts: the type I fragment lacked the entire introns 1 and 2
and exon 2, whereas the type II, representing approximately one-
third of the mRNAs produced and generated by the use of a
cryptic splice acceptor site downstream from exon 3, had a
deletion of intron 1, entire exon 2, and part of intron 2 (97).
These results supported the evidence that splicing is not a
homogenous mechanism and that a single splicing variant can
generate alternative transcripts, which might explain some
unusual phenotypes (97, 98). In addition, the potential
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influence of extra-adrenal 21-hydroxylation on the CAH patient’s
phenotype might be an additional cause to consider. In fact, it was
demonstrated that hepatic CYP2C19 and CYP3A4 have the
ability to 21-hydroxylate progesterone and thus may modulate
mineralocorticoid deficiency (99).

In conclusion, althougha goodgenotype–phenotype correlation
exists in 21OHD, a disparity in phenotypic appearance is present in
a portion of patients carrying the In2G/In2G or In2G/null
genotypes. This evidence represents the most challenging issue in
prenatal diagnosis and familiar counselling since the predictive
value for different phenotypes can be uncertain.
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Congenital adrenal hyperplasia (CAH) secondary to 21-hydroxylase deficiency is an
autosomal recessive disorder. The 21-hydroxylase enzyme P450c21 is encoded by the
CYP21A2 gene located on chromosome 6p21.33 within the HLA major histocompatibility
complex. This locus also contains the CYP21A1P, a non-functional pseudogene, that is
highly homologous to the CYP21A2 gene. Other duplicated genes are C4A and C4B, that
encode two isoforms of complement factor C4, the RP1 gene that encodes a serine/
threonine protein kinase, and the TNXB gene that, encodes the extracellular matrix
glycoprotein tenascin-X (TNX). TNX plays a role in collagen deposition by dermal
fibroblasts and is expressed in the dermis of the skin and the connective tissue of the
heart and skeletal muscle. During meiosis, misalignment may occur producing large gene
deletions or gene conversion events resulting in chimeric genes. Chimeric recombination
may occur between TNXB and TNXA. Three TNXA/TNXB chimeras have been described
that differ in the junction site (CH1 to CH3) and result in a contiguous CYP21A2 and TNXB
gene deletion, causing CAH-X syndrome. TNXB deficiency is associated with Ehlers
Danlos syndrome (EDS). EDS comprises a clinically and genetically heterogeneous group
of connective tissue disorders. As molecular analysis of the TNXB gene is challenging, the
TNX-deficient type EDS is probably underdiagnosed. In this minireview, we will address
the different strategies of molecular analysis of the TNXB-gene, as well as copy number
variations and genetic status of TNXB in different cohorts. Furthermore, clinical features of
EDS and clinical recommendations for long-term follow-up are discussed.

Keywords: congenital adrenal hyperplasia, CAH-X, CYP21A2, TNXB, Ehlers-Danlos Syndrome
INTRODUCTION

Congenital adrenal hyperplasia (CAH) comprises a group of autosomal recessive enzymatic
disorders, caused by a deficiency of one of the enzymes required for cortisol biosynthesis in the
adrenal cortex. CAH is mostly associated with pathogenic variants in the 21-hydroxylase
(CYP21A2) gene (1, 2). Residual enzyme activity defines the clinical severity of the disease. The
most common form of CAH is 21-hydroxylase deficiency (21-OHD) accounting for 95% of cases.
Prevalence of the most severe or classic forms is 1:16,000 live births in the Caucasian population,
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while the non-classic or late-onset form is the most common,
with a prevalence between 1:1000-1:500 live births depending on
ethnicity and geographic area (1–3).

The CYP21A2 gene is located on the long arm of chromosome
6, within the major human histocompatibility complex (HLA), a
region with a complex gene organization (4–7) (Figure 1). There
is a nonfunctional pseudogene (CYP21A1P) , located
approximately 30 kb from the CYP21A2 gene. Both the
functional gene and the pseudogene comprise ten exons that
share a 98% nucleotide sequence identity (4–7). The close
proximity and high level of homology between the functional
and the non-functional gene facilitates misalignment resulting in
recombination events that frequently produce large CYP21A2
Frontiers in Endocrinology | www.frontiersin.org 262
gene deletions and conversions as well as point pathogenic
variants in the CYP21A2 gene. The locus, is one of the most
complex in the human genome since it contains three other
genes, RP1 also called STK19 that encodes a serine/threonine
protein kinase, C4A and C4B that encode two isoforms of
complement factor C4, and TNXB that encodes an
extracellular matrix glycoprotein tenascin-X (TNX), as well as
two pseudogenes, RP2 and TNXA, that together constitute a 30-
kb genetic unit called the RCCX module (4–7). The genetic
diversity of the RCCX module is highly attributable to nonallelic
homologous recombination (NAHR). Unequal crossover during
meiosis generates large structural rearrangements and copy
number changes, whereas gene conversion mediates relatively
short sequence transfers (8).

The TNXA and TNXB genes lie on the opposite strand of
DNA from the other genes of the cluster and therefore have the
opposite transcriptional direction. The last exon of TNXA and
TNXB partially overlap the 3′ untranslated region of exon 10 in
CYP21A1P and CYP21A2, respectively (9). TNXB is a large gene
composed of 44 exons spanning 68.2 kb, whereas TNXA is a
truncated gene of 4.5kb, homologous to exons 32 to 44 of TNXB.

As mentioned above, chimeric CYP21A1P/CYP21A2 genes
are caused by homologous recombination between CYP21A2 and
its pseudogene CYP21A1P as a result of unequal crossover and
are found in 20-25% of alleles in CAH due to 21-OHD. To date,
nine different CYP21A1P/CYP21A2 genes have been
characterized (10).

The unequal crossover may, in some cases, produce TNXA/
TNXB chimeras from which the CYP21A2 gene is completely
removed (Figure 1). At present three different TNXA/TNXB
chimeras have been described- CH1, CH2 and CH3-that differ in
the junction site. CH1 is characterized by a 120-bp deletion in
exon and intron 35 carried over from TNXA pseudogene
sequences leading to haploinsufficiency (11). CH2 lacks this
deletion but contains a pseudogene-derived variant-
c.12174C>G (p.Cys4058Trp)- in TNXB exon 40 producing the
loss of a critical disulfide bond in the tertiary structure of the
TNX C-terminal fibrinogen-like domain (12). CH3 is
characterized by the presence of any variant of a cluster of
three pseudogene-derived variants -exon 41: c.12218G>A,
(p.Arg4073His); exon 43: c.12514G>A (p.Asp4172Asn) and
c.12524G>A (p.Ser4175Asn)-. The cluster of these three
pseudogene-derived variants may differ in the haplotypes
found in the three chimeras and they do not always co-
segregate. Modeling and energy calculations suggest that the
p.Arg4073His variant is detrimental to proper TNX folding while
the remaining variants in the cluster did not significantly affect
the folding energies in the models (13) . In addition, some CH1
haplotypes that harbor the 120-bp deletion in exon 35 but lack
the p.Cys4058Trp variant in exon 40 have been found. This may
be explained by the fact that the allele frequency of pseudogene
derived-variants is not 100 percent. Since CH2 and CH3 produce
altered proteins rather than reducing TNX expression, they are
associated with a dominant-negative effect. The TNX protein
belongs to a family of evolutionarily conserved large
glycoproteins of the extracellular matrix. It plays a role in
collagen deposition by dermal fibroblasts and is expressed in
FIGURE 1 | Genomic organization of the CYP21 locus on chromosome
6p21.1-21.3: The functional CYP21A2 gene and its non-functional
CYP21A1P pseudogene are arranged in tandem repeat with the two C4
genes that encode factor four of the complement system, the serine–
threonine nuclear protein kinase active gene RP1 (STK19) and a truncated
pseudogene RP2 (STK19P). The functional TNXB and the TNXA pseudogene
are located on the complement strand. Schematic representation of a 30-kb
deletion as a result of unequal crossover during meiosis and the formation of
the three described TNXA/TNXB chimeras (CH1, CH2 and CH3), which differ
in the junction site. CH1 is characterized by a 120-bp deletion in exon and
intron 35 carried over from TNXA pseudogene sequences. CH2 lacks this
deletion but contains a pseudogene-derived variant c.12174C>G
(p.Cys4058Trp) in TNXB exon 40. CH3 is characterized by the presence of
any variant of a cluster of three pseudogene-derived variants (exon 41:
c.12218G>A, p.Arg4073His; exon 43: c.12514G>A, p.Asp4172Asn and
c.12524G>A, p.Ser4175Asn). These three pseudogene-derived variants do
not always co-segregate in the three chimeras. TNXB gene exons are
represented in cyan and TNXA gene exons in purple. The red arrow indicates
a 120-bp deletion in exon 35 and grey arrows indicate different pseudogene-
derived variants. CH1: TNXA/TNXB chimera 1. CH2: TNXA/TNXB chimera 2.
CH3: TNXA/TNXB chimera 3.
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the dermis of the skin and in the connective tissue of the heart
and skeletal muscle. TNXB deficiency leads to Ehlers-Danlos
Syndrome (EDS) and up to 10% of CAH patients also have EDS,
an entity called CAH-X. EDS comprises a clinically and
genetically heterogeneous group of connective tissue disorders
characterized by joint hypermobility, skin hyperextensibility, and
tissue fragility (14).

As molecular analysis of the TNXB gene is challenging, the
TNX-deficient type EDS is probably underdiagnosed. In this
minireview, we will address the different strategies of molecular
analysis of the TNXB gene, as well as copy number variations and
genetic status of TNXB in different cohorts. Furthermore, clinical
features of EDS and clinical recommendations for long-term
follow-up are discussed.
MOLECULAR ANALYSIS OF THE
TNXB GENE

The first report of TNX deficiency was a description of a patient
with CAH and EDS (15). In 2001, Schalkwijk et al. reported a
subtype of EDS that is now known as classic-like EDS (clEDS)
(16). clEDS is an autosomal recessive form of EDS and is caused
by a deficiency of TNX encoded by the TNXB gene. The authors
evaluated 151 patients with the classic hypermobility or vascular
types of EDS, together with 168 patients with other conditions
(psoriasis and rheumatoid arthritis) and 21 healthy individuals
for the presence of TNX and tenascin-C by enzyme-linked
immunosorbent assay. The patients were tested for the 30-kb
deletion leading to a TNXA/TNXB chimeric gene by allele-
specific PCR and for other point mutations by sequencing the
coding sequence of the TNXB gene. Four of five TNX–deficient
patients were identified to have homozygous TNXB mutations.
Subsequently, the same authors reported an association between
haploinsufficiency of the TNXB gene and the hypermobility-type
EDS (hEDS) in 20 heterozygous family members; however,
generalized joint hypermobility (GJH) was observed in only
nine female patients (17).

The first evaluation of the potential clinical implications of
TNXB heterozygosity in CAH patients was reported by Merke
et al. in a large prospective observational study from the National
Institutes of Health (NIH) (11). One hundred ninety-three
unrelated patients with CAH were evaluated clinically for
manifestations of EDS and genetically for TNXB mutations.
DNA was analyzed for the presence of a contiguous gene
deletion syndrome caused by deletion of CYP21A2 and its
flanking gene TNXB by PCR multiplex ligation-dependent
probe amplification (MLPA) and confirmed by Southern blot.
This deletion generated a TNXA/TNXB chimera characterized by
a 120-bp deletion in exon 35 of the TNXB gene, which is replaced
by TNXA sequences. In addition, TNXB sequencing was
performed in a group of patients with one or more joint or
skin manifestations. Heterozygosity for the TNXB deletion was
observed in 7% of CAH patients, who were considered to have
CAH-X syndrome. Here, the association between the
hypermobility phenotype and TNXB-gene haploinsufficiency
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was established. In 2015, the same authors identified a
pseudogene-derived variant- c.12174C>G (p.C4058W)-
representing a novel TNXA/TNXB chimera that did not
involve a 120-bp deletion in exon 35 in seven families with
CAH-X (12). Interestingly, this variant did not affect the protein
expression of tenascin in dermal fibroblasts and for this missense
variant a dominant-negative mechanism was proposed, which is
different from the haploinsufficiency caused by the above-
described chimera. Of 246 CAH probands screened, 14 carried
previously described TNXA/TNXB chimeras (CH1) while seven
unrelated patients carried the novel TNXB variant (CH2)
resulting in a prevalence of CAH-X of 8.5% (12). The same
authors later reported three patients with biallelic CAH-X and
identified a novel dominant-negative chimera (CH3)
characterized by any of three TNXB variants [exon 41:
c.12218G>A (p.Arg4073His); 191 exon 43: c.12514G>A
(p.Asp4172Asn) and c.12524G>A (p.Ser4175Asn)] (Figure 1).
This study presented evidence for disrupted TNX function, since
by computational data the p.Arg4073His variant was predicted
to reduce protein-folding energy by interfering with a cation-pi
interaction between p.Arg4073 and p.Phe4080 (13).

Molecular analysis of the TNXB gene is challenging due to the
presence of the pseudogene, which makes next-generation
sequencing highly complicated in these cases. In 2019, Lao
et al. reported a high-throughput CAH-X screening method
based on allele-specific PCR to assess the copy numbers of
TNXB exons 35 and 40. The method is compatible with either
quantitative PCR or droplet digital PCR and allows detection of
CH1 and CH2. Using this methodology, the authors found a
15.6% prevalence of CAH-X, which was higher than previously
estimated. The prevalence was especially high (29.2%) in subjects
with a 30-kb deletion genotype (18).

In 2020, Gao et al. assessed the prevalence of the chimeric
TNXA/TNXB gene and clinical symptoms in a Chinese cohort of
424 21-OHD patients. MLPA analysis and Sanger sequencing
was performed to genetically identify the CAH-X syndrome. In
this cohort, 14% of the patients with 21-OHD were found to have
a chimeric TNXA/TNXB gene (19). Finally, also in 2020, our
group reported the molecular TNXB-gene status and clinical
evaluation of the EDS phenotype in a cohort of 337 Argentine
21-OHD patients to assess the prevalence of this condition in our
population. TNXB gene analysis was performed in 66 unrelated
CAH patients that were carriers of the 30-kb CYP21A2 gene
deletion. A molecular strategy based on MLPA and Sanger
sequencing analysis was developed for the detection of the
three previously described TNXA/TNXB chimeras (20). The
overall prevalence of CAH-X in 21-OHD patients in our
cohort was 14%, which was similar to that previously found in
the large cohort from the NIH and in the Chinese population
(15% and 14%, respectively). In our population of 21-OHD
patients carrying the 30-kb CYP21A2 gene deletion in which
the junction site was downstream exon 7 both in the
homozygous or the heterozygous state, the incidence of TNXA/
TNXB chimeras was 73% (48/66), similar to the prevalence of
62.8% (59/94) found in the Chinese population. On the other
hand, in the NIH cohort a prevalence of 29.2% (21/72) was
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reported. The reason for the lower prevalence found in the latter
study is that the authors reported the presence of TNXA/TNXB
chimeras in CAH patients that were carriers of all types of 30-kb
CYP21A2 deletions described.

In addition to TNXA/TNXB chimeras, pathogenic variants in
the TNXB gene have been described as a less frequent cause of
TNX deficiency. Pathogenic variants were detected in the coding
region of the EGF-like repeats, the fibronectin type III domain or
C-terminal domain structurally related to fibrinogen of the TNX
protein. Moreover, recently a splice donor site variant has been
described as a cause of the hEDS type (21). Finally, the variable
prevalence of CAH-X reported in the different cohorts might be
related to the molecular strategies used.
CLINICAL MANIFESTATIONS
OF CAH-X PATIENTS

CAH-X patients are reported to have a wide range of connective
tissue abnormalities, including generalized joint hypermobility,
subluxations, chronic arthralgias, soft or velvety skin, mild skin
hyperextensibility, and variable systemic manifestations. The
severity of the phenotype may be correlated with the dosage of
the dominant alleles, as monoallelic CAH-X is associated with
hEDS, the mildest and most common EDS type, and biallelic
CAH-X with the more severe clEDS subtype.

Biallelic CAH-X patients resemble the clEDS type, with
extreme joint laxity, with or without recurrent joint
dislocations, and skin hyperextensibility with a velvety skin
texture and absence of atrophic scarring. Easily bruisable skin
and soft-tissue injuries as well as organ prolapse, pes planus,
piezogenic papules, chronic pain, arthralgias, and cardiac
abnormalities have been described. Thus far, 12 patients with
biallelic CAH-X syndrome have been reported (13, 15, 16, 19,
20); however, clinical information is not available for all cases.
Our group reported four biallelic CAH-X patients (two with a
CH1/CH1 and two with a CH1/CH2 combination) (20). Both
CH1/CH2 patients had a more severe EDS phenotype, with
greater skin involvement. Nevertheless, the low number of
homozygous patients reported to date limits the possibility to
draw robust conclusions based on these data. In addition, in the
latter patients cardiac defects were detected; one had an atrial
septal and the other a mild pulmonary valve defect. None of the
patients developed either atrophic scarring, organ prolapse, or
any other complications during the 3 years of follow-up;
however, these observations are limited by the young age of
our patients and the short-term follow-up. Chen et al. reported
three biallelic patients of 14, 19, and 29 years of age, all displaying
unique combinations of TNXB variants in both alleles; one of
them was homozygous for CH2/CH2, the other was a CH2/CH3
compound, and the third a CH2/CH1 compound (13). All of
them had skin hyperextensibility and significant joint
hypermobility. Joint laxity was extreme and two patients had a
history of joint dislocations, chronic arthralgias, and chronic
tendinitis and/or bursitis. Unlike our findings, the authors
reported widened atrophic scarring, rectal prolapse, severe
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gastroesophageal reflux, high palate, and elongated uvula in all
three biallelic patients. Mild ventricular enlargement was
detected in two patients. Currently, the limited number of
cases reported and the heterogeneous combination of TNXB
variants they display make it difficult to establish a certain
genotype/phenotype correlation.

Long-term follow-up is needed to specifically evaluate quality
of life in CAH-X patients. On the other hand, clEDS patients
(without CAH) are affected by soft-tissue fragility and long-term
complications (13, 15, 16, 19, 20).

Most patients with the monoallelic form of CAH-X syndrome
present with the clinical spectrum of hEDS with variable
expression at different stages of life, predominantly
characterized by GJH, mild skin hyperextensibility, and soft
ve lve ty sk in , wi thout abnormal scar r ing . Re la ted
musculoskeletal complications, such as recurrent joint
dislocations, pes planus, and chronic arthralgias, have been
reported. Other associated features include functional
gastrointestinal alterations and cardiac disorders. Although this
type of EDS may cause chronic pain and reduced quality of life,
life-threatening complications are uncommon (11, 12, 15, 17,
19, 20).

The underlying chimera translates into different degrees of
hEDS phenotypes. Compared to TNXB haploinsufficiency
caused by CAH-X CH1, a dominant negative effect related to
CAH-X CH2 causes a more severe phenotype with increased
joint and skin manifestations (12, 20). Gastrointestinal disorders,
such as chronic gastroesophageal reflux and irritable bowel
syndrome, hernias, and organ prolapse, are also more
frequently reported in patients that are heterozygous for CAH-
X CH2 than in those with CAH-X CH1. Data on the phenotype
associated with the less frequent CAH-X CH3 are scarce (12, 19,
20, 22–24). Recently, Gao et al. reported the presence of CH3 in
11 patients; however, clinical information was available for only
one of them, who had joint hypermobility and poor wound
healing (19). In our cohort, CH3 was only found in one
monoallelic patient who was not available for clinical
evaluation (20).

Although the exact role of CAH-related hormonal factors
and/or chronic glucocorticoid treatment in connective tissue
dysplasia is not yet completely understood, it has been shown
that CAH-X patients are consistently more severely affected than
patients with homozygous or heterozygous TNX-deficient-type
EDS without CAH (11, 12, 16, 19, 25).

Furthermore, a phenotype that is varied and usually milder
than that of monoallelic CAH-X patients has been reported in
the relatives of CAH-X patients, who were carriers of one CAH-
X allele, but not affected by CAH. Some carriers were observed to
have less joint, heart, or gastrointestinal symptoms, while others
were asymptomatic (12, 13, 17, 19, 20). On the other hand,
connective tissue dysplasia has been described in CAH patients
without demonstrated TNXB deficiency (11, 12).

Recently, Lao et al. reported a novel cause of CAH-X
syndrome, not associated with pathogenic TNXA/TNXB
chimeras but due to a TNXB splice donor site variant (21). As
currently TNXB testing remains challenging, at least in the
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routine diagnostic approach, the diagnosis of CAH-X still relies
on clinical evaluation.

Connective tissue dysplasia should be evaluated in all CAH
patients, especially in those harboring a deletion in the CYP21A2
gene. Screening for GJH and other soft tissue features presents
age-related difficulties and should therefore be adapted to age,
systematically evaluated, and retrospectively asked for. The
Beighton Score (shown in Figure 2) remains the most
objective assessment tool to measure GJH (22, 26).

Knowledge of the TNXB status in CAH will not only offer
patients a better understanding of their symptomatology with the
burden of the diagnosis of a second genetic disease, but also
assures specific clinical management with a focus on preventing
musculoskeleta l mani festat ions and complicat ions .
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Cardiovascular alterations may be underreported in CAH-X
patients, probably related to the difficulties patients without
cardiac symptoms may have to access specific diagnostic
studies, such as cardiac magnetic resonance imaging (MRI),
outside the context of a research study protocol, as observed in
different series. A variable prevalence of cardiac abnormalities
was found in different studies using different diagnostic methods.

Currently, no specific medical or genetic therapies are
available for CAH-X patients. Management consists of
interdisciplinary medical care, rehabilitation, and monitoring
of major and organ-specific complications (24, 27, 28). Further
TNXB and CAH-X studies are necessary to define detailed
surveillance guidelines for these and other long-term
complications and to develop prevention strategies.
A

B

FIGURE 2 | Clinical evaluation of CAH-X Syndrome patients: (A) Generalized joint hypermobility Beighton score: 1) fifth finger extension test, 2) wrist flexion thumb
abduction test, 3) elbow extension test, 4) trunk and hip flexion test, and 5) knee extension test. (B) Skin extensibility can be measured by lifting the cutaneous and
subcutaneous layers of the skin and is considered hyperextensible if it can be stretched over 1.5 cm at the forearm and the dorsum of hands, and 3 cm for neck,
elbow, and knees. Photographs shown belong to a biallelic CAH-X patient (compound heterozygous for CH1 and CH2).
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CONCLUSIONS

Different studies on the CYP21A2 gene have improved our
knowledge on TNXB-related disorders. The TNXB gene
encodes an extracellular matrix glycoprotein named TNX. EDS
may be due to TNXB deficiency and up to 10% of 21-OHD CAH
patients also have CAH-X. Chimeric recombination of the TNXB
and TNXA genes may occur, and three TNXA/TNXB chimeras
that differ in the junction site (CH1 to CH3) resulting in a
contiguous CYP21A2 and TNXB gene deletion, named CAH-X
syndrome, have been described. Molecular studies are the gold
standard to assess the presence of TNXA/TNXB chimeras. On the
other hand, molecular analysis of the TNXB gene is challenging
due to the presence of a pseudogene and next generation
sequencing is highly complicated in these cases. For this
reason, among others, TNX-deficient type EDS may be
underdiagnosed. The variable prevalence of CAH-X reported
in different cohorts may be related to the molecular strategies
applied. Systematic study of TNXB status in individuals with a
previous diagnosis of CAH and carriers of the complete 30-kb
deletion of CYP21A2 is highly recommended. Moreover,
molecular genetic testing of CAH-21OHD should include
TNXA/TNXB chimera analysis (29).

EDS comprises a clinically and genetically heterogeneous
group of connective tissue disorders characterized by joint
hypermobility, skin hyperextensibility, and tissue fragility as
well as cardiovascular alterations. Cardiac disorders, in
particular heart valve abnormalities, may be underdiagnosed,
probably because of the young age of the majority of reported
CAH-X patients and EDS-related cardiac abnormalities may
appear with aging. In addition, it is unlikely that patients
without heart symptoms are routinely checked for cardiac
abnormalities with echocardiogram and/or cardiac MRI and
currently only data from patients participating in specific CAH-
X research studies are available. Severity of the phenotype may be
correlated with the dosage of the dominant alleles, as monoallelic
CAH-X patients have the mildest and most common EDS type
and biallelic CAH-X patients the more severe clEDS subtype.
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CAH-X patients are consistently more severely affected than
patients with homozygous or heterozygous TNX-deficient type
EDS without CAH; however, the impact of the hormonal milieu
on TNX and its role in connective-tissue pathophysiology is still
poorly understood. In this line, carriers of one CAH-X allele who
are not affected with CAH have a varied and milder EDS
phenotype than monoallelic CAH-X patients.

Once the diagnosis of CAH-X has been established, it is
advisable to guarantee long-term follow-up of these patients by
medical specialists with a focus on preventing musculoskeletal
manifestations and complications.

Finally, in order to prevent long-term musculoskeletal
disorders, timely diagnosis of CAH-X is important and
physical therapy for joint instability is recommended. In
addition, molecular characterization of CAH-X is relevant for
genetic counseling.
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Classical congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency is the
most common primary adrenal insufficiency in children, involving cortisol deficiency,
hyperandrogenism, and cardiometabolic risk. Prior studies have reported that youth
with classical CAH have a higher prevalence of the components of metabolic syndrome:
obesity, hypertension, elevated fasting blood glucose, and dyslipidemia. Yet, the
incidence of the complete metabolic syndrome itself in children and adolescents with
CAH is relatively rare. Traditional cardiometabolic risk factors can surface early in children
with classical CAH, and continue to present and evolve over the lifetime, although it is only
recently that reports of Type 2 diabetes and adverse cardiac events have begun to surface
in adults affected by this condition. The pathophysiology underlying the increased
prevalence of cardiometabolic risk factors in patients with CAH is not well-understood,
with disease treatments and androgen excess having been studied to date. The aim of this
review is to evaluate the recent literature on traditional cardiometabolic risk factors in youth
with classical CAH, and to consider non-traditional risk factors/biomarkers for subclinical
atherosclerosis, inflammation, and insulin resistance. A better understanding of these
traditional and non-traditional risk factors in youth with CAH could help guide treatment
options and prevent the onset of metabolic syndrome in adulthood, reducing overall
patient morbidity.

Keywords: congenital adrenal hyperplasia, cardiovascular disease risk, metabolic syndrome, pediatrics, children,
adolescents, pediatric obesity
INTRODUCTION

Classical congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency is the most
common primary adrenal insufficiency in youth, affecting ~1 in 15,000 live births. CAH is
characterized primarily by inadequate production of cortisol and aldosterone, along with
overproduction of androgens (1, 2). Youth with CAH are not only affected by these hormone
imbalances, but also exhibit an increased prevalence of cardiometabolic risk factors, which
constitute the components of metabolic syndrome (Figure 1). Metabolic syndrome in youth is
defined by having at least three or more of the following criteria: obesity, hypertension, elevated
fasting blood glucose, and dyslipidemia (3).
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Youth with classical CAH exhibit a higher prevalence of
obesity across several countries (4–9) compared to their
unaffected peers (10). Additionally, youth with CAH exhibit a
heightened risk of hypertension (9, 11–13), and recently have
been reported to have an increased prevalence of elevated fasting
glucose, as well as dyslipidemia that worsens with increasing
age (14).

Although youth with CAH manifest these individual
components of metabolic syndrome, there have been fewer
reports of the complete metabolic syndrome in youth with CAH
thanmight be expecteduntil recently (5, 14, 15).As a result, itwould
be enlightening to also consider non-traditional cardiometabolic
risk factors in youthwithCAH, during adolescence and to examine
how these factors could potentially help to identify those patients
who are at higher risk of developing metabolic syndrome. Non-
traditional cardiometabolic risk factors to consider that have been
studied in CAH include: subclinical atherosclerosis (16–18),
inflammatory markers (19), and insulin resistance (5, 17, 19)
(Figure 1). Importantly, a large, retrospective matched cohort
Frontiers in Endocrinology | www.frontiersin.org 269
study in Sweden showed that patients with CAH not only have
increased prevalence of cardiometabolic risk factors, but that older
adults demonstrate increased cardiovascular mortality (20),
signaling a demand for further research to better understand
cardiometabolic health in CAH.

In this short review, we provide an overview of current
knowledge regarding the individual components of the
metabolic syndrome in youth with CAH, with a focus on
evidence from 2015 onwards for both traditional and non-
traditional cardiometabolic risk factors (Table 1). As well, we
discuss gaps in knowledge and areas for future research.
TRADITIONAL CARDIOMETABOLIC
RISK FACTORS

Obesity
Compared to unaffected controls, youth with CAH present a
higher prevalence of obesity overall, with one large study finding
FIGURE 1 | Cardiometabolic risk factors in youth with classical CAH due to 21-hydroxylase deficiency. Traditional and non-traditional cardiometabolic risk factors
observed in youth with classical CAH. *Figure created with Biorender.
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TABLE 1 | Cardiometabolic risk factors and classical congenital adrenal hyperplasia: references from 2015 to present.

First
Author
Year

CAH Study
Population

Age, Sex Main Outcomes Conclusions

Akyürek, N.
2015 (21)

N = 25 5-15 years
64%
Female

CAH patients had increased BMI, insulin resistance, diastolic blood pressure
(DBP) and carotid intima-media thickness (cIMT). 24% of patients exhibited
arterial hypertension, and 20% had nocturnal hypertension. CIMT was higher in
patients with nocturnal hypertension.

Classical CAH patients exhibit subclinical
cardiovascular disease (CVD) with
associations with hypertension.

Falhammar,
H. 2015 (20)

N = 588 0-40 years
57%
Female

Increased prevalence of hypertension, obesity, hyperlipidemia, and diabetes
observed in CAH patients vs. controls.

CAH was associated with higher rates of
cardiovascular and metabolic morbidity.

Kim, M.S.
2015 (15)

N = 28 15.6 ± 3.2
years

Visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT), and VAT :
SAT were higher in CAH patients vs. controls.

Increased prevalence of unfavorable
abdominal fat distribution could affect CVD
risk in CAH.54%

Female
Marra, A.M.
2015 (22)

N = 20 13.6 ± 2.5
years

CAH patients had increased BMI, waist-to-height ratio and HOMA index vs.
controls, and high systolic blood pressure (SBP) and decreased workload at
peak exertion.

CAH patients can exhibit decreased
exercise tolerance due to subclinical
cardiovascular abnormalities.50%

Female
Rodrigues,
T.M.2015
(23)

N = 40 5-20 years Increased cIMT was observed in CAH youth, who also presented with
increased BMI and SBP compared to controls.

Increased cIMT, BMI and SBP from a
young age suggests increased CVD risk in
CAH.

80%
Female

Bonfig, W.
2016 (11)

N = 716 3-18 years Prevalence of hypertension in the study population was 12% and was more
prominent in younger CAH patients.

CAH patients have increased risk for
hypertension. However, the prevalence
decreases with age.

Kim, M.S.
2016 (24)

N = 20 16 ± 3.3
years

Mean cIMT was correlated with serum 17-hydroxyprogesterone (17-OHP) and
androstenedione levels in CAH patients. No cIMT differences observed between
CAH patients and controls.

Findings suggest a link between
hyperandrogenism and subclinical
atherosclerosis in CAH patients.50%

Female
Metwalley,
K.A. 2016
(25)

N = 32 13.6 ± 2.5
years

Higher levels of highly-sensitive C-reactive protein (hs-CRP) and circulating
endothelial cells in CAH patients, as well as left ventricular hypertrophy and
prolonged mitral deceleration time.

Children with CAH present with markers of
endothelial damage, subclinical
atherosclerosis and left ventricular
dysfunction.

56%
Female

Takishima,
S. 2016 (26)

N = 29 Pediatric Adiposity rebound (AR) in CAH patients occurred before the age of 4 years,
which is earlier than the general Japanese population.

Lower BMI at birth is associated with earlier
AR in CAH patients.52%

Female
Ariyawatkul,
K. 2017 (27)

N = 21 15.2 ± 5.8
years

Increased waist-to-hip ratio in patients with classical CAH. Adolescents with CAH have increased risk
of visceral obesity and cardiometabolic risk
factors.81%

Female
Mooij, C.F.
2017 (12)

N = 27 8-16 years Elevated BMI and blood pressure observed in CAH patients, with seven
patients categorized as overweight and four as obese.

Elevated BMI and blood pressure in CAH
patients from a young age increases their
CVD risk.

Sarafoglou,
K. 2017 (7)

N = 194 ≥ 2 years Children with CAH had increased risk for early onset obesity. AR occurred
earlier at 3.3 years old.

Careful monitoring of hydrocortisone
dosing during early childhood is needed to
prevent increased weight gain and early AR
in CAH.

52%
Female

Wierzbicka-
Chimel, J.
2017 (28)

N = 19 23.7 ± 3.8
years

CAH patients had decreased flow mediated dilation (FMD), cIMT, and common
femoral artery IMT (fIMT).

CAH patients on long-term glucocorticoid
therapy demonstrate decreased FMD and
subclinical changes in left ventricular
diastolic function.

37%
Female

Metwalley,
K.A. 2018
(29)

N = 36 5-12 years CAH patients had elevated serum homocysteine levels, thicker cIMT, and high
left ventricular mass.

Elevated homocysteine levels in CAH
patients suggests risk for subclinical
atherosclerosis.

72%
Female

Tamhane,
S. 2018 (30)

Meta-
Analysis

Pediatric
and Adult

CAH patients had increased SBP, DBP, insulin resistance, and cIMT, but no
evidence of morbidity or mortality due to cardiac events.

CAH patients have a high prevalence of
cardiometabolic risk factors, but evidence
has been lacking for actual morbidity or
mortality.

Improda, N.
2019 (31)

Review
Paper

Children
and
Adolescents

CAH patients presented with obesity, insulin resistance, hypertension, increased
IMT and subclinical cardiac dysfunction from a young age.

Exposure to excess glucocorticoids,
mineralocorticoids, and androgens may
contribute to the development of
cardiovascular changes.

Metwalley,
K.A. 2019
(32)

N = 36 13.7 ± 2.4
years

CAH patients had greater epicardial fat thickness (EFT), cIMT, and left
ventricular mass vs. controls.

Increased EFT suggests an increased risk
of developing left ventricular dysfunction
and subclinical atherosclerosis in CAH.

(Continued)
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the median age of onset to be 8 years old (14). Not only is obesity
more prevalent in youth with CAH, but a centralized fat
distribution and increased waist-to-height ratio have also been
observed, suggesting a more unfavorable distribution of body fat
(17, 22, 27, 35). In youth with CAH, the fat mass-to-lean mass
ratio was also recently shown to be significantly higher compared
to controls (36). Central obesity or an ‘apple-shape’ indicates
increased abdominal adipose tissue, which is of particular
concern as visceral abdominal adipose tissue (VAT) is highly
proinflammatory in individuals with obesity and metabolic
syndrome (39). Youth with CAH exhibit increased VAT and
subcutaneous adipose tissue (SAT) compared to BMI-matched
controls, with an increased VAT-to-SAT ratio compared to
controls as well, which constitutes an adverse metabolic
phenotype in obese adolescents (15).

In addition to fat distribution, youth with CAH also exhibit
an earlier age at adiposity rebound compared to their unaffected
peers. Adiposity rebound (AR) is known as the second rise in
BMI during childhood that corresponds to an increase in
number of adipocytes (40, 41). In normative populations, AR
takes place between 5 and 7 years old; however, for youth with
CAH, age at AR has been shown in the U.S. and Japan to occur
at approximately 3 years (7, 26, 34), with children in the U.K.
Frontiers in Endocrinology | www.frontiersin.org 471
exhibiting an even earlier AR at 1.7 years old (4). Youth with
CAH and obesity had an even earlier age at AR in the U.S., at
2.8 years, with an earlier AR predicting a higher BMI z-score
and central obesity in later childhood (34). Thus, early AR in
patients with CAH could help identify youth at risk for
cardiometabolic disease.

As well, familial factors such as maternal obesity during
childhood can contribute to the increased incidence of obesity
seen in this cohort (14).
Hypertension
High blood pressure is another major risk factor for cardiovascular
disease, and in CAH youth, there is an increased frequency of
hypertension overall observed across age groups, although more
prevalent in younger children compared to adolescents (11). Youth
with CAH exhibit higher systolic blood pressure compared to
controls (30, 31) and have been shown again recently to exhibit
an impaired or absent nocturnal drop in blood pressure compared
to controls (21, 36).

Hypertension has been found to occur more frequently in
patients with CAH who receive fludrocortisone therapy
compared to those who are not taking fludrocortisone (42).
TABLE 1 | Continued

First
Author
Year

CAH Study
Population

Age, Sex Main Outcomes Conclusions

69%
Female

Vijayan, R.
2019 (33)

N = 52 3-21 years CAH patients had a higher BMI, mean DBP, and greater insulin resistance vs.
controls.

CAH youth have higher CVD risk and
reduced quality of life despite adequate
management.

(Median
12y)
73%
Female

Bhullar, G.
2020 (34)

N = 42 45.2%
Female

CAH patients had earlier AR at 3.4 ± 1.3 years overall, and patients with obesity
had an earlier AR vs. lean patients. Earlier AR predicted higher BMI-z during
childhood, as well as increased central obesity and total body fat in
adolescence.

Early AR can be used as a marker for
disease severity and cardiometabolic risk in
youth with classical CAH.

Gomes,
L.G. 2020
(35)

Review
Paper

Pediatric
and Adult

Several studies showed increased prevalence of obesity, abnormal body
composition, insulin resistance, and hypertension in CAH patients.

Despite an increased prevalence of
cardiovascular markers, CVD remains
unknown, and comparison of varying
glucocorticoid regimens is needed.

Paizoni, L.
2020 (36)

N = 90 18-62 years IMT was the same between CAH patients and controls. Only one patient in the
cohort fulfilled the criteria for metabolic syndrome.

Though there is a high prevalence of insulin
resistance and obesity in CAH patients,
rarely do adults with CAH develop
metabolic syndrome.

(Median
29y)
57%
Female

Farghaly,
H.S. 2021
(37)

N = 40 14.8 ± 2.6
years

CAH patients had elevated serum neopterin levels, decreased brachial FMD %,
and normal cIMT vs. controls.

CAH patients have endothelial dysfunction
as noted by elevated serum neopterin
levels, which can explain vascular
pathology seen in CAH.

70%
Female

Hasemi
Dehkordi, E.
2021 (38)

N = 78 9.40 ± 4.09
years

17-OHP serum concentrations were positively correlated with DBP and BMI in
CAH patients.

Elevated 17-OHP, a marker of poor
disease management, may be correlated to
increased prevalence of CVD risk factors in
CAH patients.

53%
Female

Torky, A.
2021 (14)

N = 57 Pediatric
andAdult
(longitudinal)

CAH patients exhibited a higher prevalence of obesity, hypertension, insulin
resistance, and low HDL that began prior to age 10. 23 patients fit metabolic
syndrome criteria at 1+ visits. Increased obesity in childhood was seen with
maternal obesity.

Higher prevalence of CVD risk factors is
seen in CAH patients at a young age and is
associated with treatment and familial
factors.
March 2022 | Volume 13 | Article 848274
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There has also been some recent evidence that the negative
correlation between blood pressure and age could be explained
by an overall reduction in fludrocortisone dose as patients with
CAH become older (31). Suppressed plasma renin activity levels
have also been shown to be correlated with high blood pressure
(5, 14, 35).

In terms of contributing factors, among youth with CAH
there is a positive correlation between BMI and blood pressure
(27, 33), suggesting a meaningful relationship between
prevalence of obesity and hypertension in this population. As
well, 17-hydroxyprogesterone (17-OHP) levels have also been
noted to be positively correlated with diastolic blood pressure
and BMI (38). Conversely, a higher 17-OHP has been found to
be protective against hypertension in a large study of children,
while suppressed androstenedione was noted to be associated
with hypertensive BP, perhaps indirectly representing an effect of
excess glucocorticoid dosing on blood pressure (14).

Finally, sexual dimorphism has been noted in pubertal
adolescents ages 12-18 years old, with high blood pressure found
to bemore prevalent in females compared tomales with CAH (11).

Elevated Fasting Blood Glucose
Recent studies have shown that patients with CAH may exhibit a
higher prevalence of fasting hyperglycemia during childhood
compared to controls (14, 29). In a large longitudinal study of
patients withCAH, the prevalence of elevated fasting blood glucose
was shown to increase during school age and adolescence, but to
decrease in young adulthood (14). Elevated fasting plasma glucose
levels have been observed in adult patients with CAH (43), with
emerging reports that this also may occur during childhood;
however, it has been more common to see insulin resistance than
hyperglycemia reported in youth with CAH.

Dyslipidemia
There has been a relatively small number of studies reporting
dyslipidemia in youth with CAH, with higher triglycerides, lower
HDL cholesterol, and higher small dense-LDL having recently
been reported (14, 31). Nonetheless, dyslipidemia in youth with
CAH has been shown to worsen with age, in particular the
prevalence of low HDL in adulthood (14). Elevated levels of the
androgen precursor, 17-OHP, used as a marker of disease
severity and/or hormonal control, appear to negatively
correlate with incidence of hypercholesterolemia and are
associated with low HDL levels (14). Worse hormonal control
(higher 17-OHP) could be relatively protective for dyslipidemia
if those patients exhibiting tighter hormonal control (i.e., lower
17-OHP) are therefore on higher glucocorticoid replacement
(14). Overall, the evidence supporting an increased risk of
dyslipidemia in youth with CAH has been variable.
NON-TRADITIONAL CARDIOMETABOLIC
RISK FACTORS

Subclinical Atherosclerosis
Both flow-mediated dilation (FMD) of the brachial artery and
intima-media thickness of the carotid artery (cIMT) are early
Frontiers in Endocrinology | www.frontiersin.org 572
surrogate markers of atherosclerosis that have been studied in
youth with CAH. Vascular endothelial and smooth muscle
dysfunction, as measured by a decreased FMD, has been
shown in youth with CAH (17, 37) even after correcting for
age, sex, BMI, and doses of glucocorticoid and fludrocortisone
(28). Although endothelial dysfunction is a critical early step in
the development of atherosclerosis and can serve as a potential
predictor of cIMT (44), there have been mixed results in youth
and young adults with CAH in terms of group differences in
cIMT compared to controls (16, 17, 23, 24, 32, 45). Among youth
with CAH, however, cIMT has been positively correlated with
androgen levels (24, 29).

Additionally, markers for endothelial dysfunction have been
studied such as neopterin, a novel inflammatory biomarker for
endothelial damage that has been notably elevated in patients
with CAH (37, 46–48). Elevated high-sensitivity C-reactive
protein (hs-CRP) and circulating endothelial cell levels in
serum are also seen in youth with CAH, suggesting endothelial
damage and subclinical atherosclerosis (25).

Epicardial fat thickness is another emerging early marker of
atherosclerosis and has also been noted to be higher in youth
with CAH (32). Epicardial fat thickness was also positively
correlated with waist circumference, 17-OHP, and insulin
resistance, suggesting relationships with other cardiometabolic
risk factors (32).

Further study is merited to understand the contribution of
increased vascular endothelial injury and endothelial dysfunction
to the development of higher blood pressure seen in youth
with CAH.

Inflammatory Markers
Youth with CAH exhibit increased circulating concentrations of
inflammatory markers compared to unaffected youth, which is
important given they are surrogate markers of future
cardiovascular disease (49). There could be several reasons for
increased inflammation in youth with CAH, including increased
VAT which produces more inflammatory substances associated
with cardiovascular disease, promotes inflammation in the body,
and is associated with risk for metabolic disease independent of total
body adiposity (50). Youth with CAH have been shown to have
significantly higher leptin concentrations compared to controls (15,
19, 31), potentially caused by epinephrine deficiency (19), and/or an
altered leptin axis related to decreased soluble leptin receptor (51).
Leptin levels are also positively correlated with obesity (27, 31) and
abdominal fat (15) in youth with CAH. The inflammatory markers,
PAI-1 and hs-CRP were correlated with abdominal fat as well (15).
Lastly, homocysteine levels, an inflammatory marker for
atherosclerosis and coronary artery disease, have also been shown
to be increased in patients with CAH (29).

Insulin Resistance
In youth with CAH, a higher prevalence of insulin resistance has
been found compared to their unaffected peers, with significantly
higher insulin concentrations and homeostasis model assessment
for insulin resistance index (HOMA-IR), even after adjusting for
BMI (14, 22, 32). The prevalence of insulin resistance in youth
with CAH increases with age (14). Among youth with CAH,
March 2022 | Volume 13 | Article 848274
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insulin resistance has been related to hydrocortisone dose,
BMI-SDS, and plasma renin activity levels, but not with
hyperandrogenism (12, 35). Some suggest that lower
hydrocortisone doses could lead to a reduction of insulin
resistance (8); however, this may only be true when the doses
are supraphysiologic (14). Although there is increased insulin
resistance and fasting hyperglycemia in youth with CAH, there
has not been an increase in type 2 diabetes yet noted (35).
DISCUSSION

Traditional cardiometabolic risk factors may occur in youth with
classical CAH due to 21-hydroxylase deficiency and continue to be
present throughout childhood, although the metabolic syndrome
itself has not been as commonly reported as might be expected.
However, a longitudinal natural history study recently identified 23
cases of metabolic syndrome with a median age of onset of 9.6 years
(14). A higher prevalence of obesity during childhood and
adulthood, along with hormone replacements over the lifetime,
could be contributing factors for hypertension and insulin resistance
across all ages. Combined with emerging reports of type 2 diabetes,
gestational diabetes, and adverse cardiac events in adults with
classical CAH (20, 52, 53), further longitudinal study of this high-
risk cohort is merited to assess risk factors from childhood through
adulthood, to better understand the development of longer-term
adverse outcomes. As well, the examination of non-traditional
cardiometabolic risk factors as potential early biomarkers for
subclinical atherosclerosis, inflammation, and insulin resistance
could be useful in patients with CAH.

The pathophysiology underlying the increased prevalence of
cardiometabolic risk factors in patients with CAH is not yet fully
understood. However, both disease- and treatment-related
factors should be considered. Decreased cortisol production in
CAH necessitates lifelong glucocorticoid replacement, with
studies pointing to the supraphysiologic glucocorticoid doses
needed to suppress excess ACTH signaling to the adrenal
gland, as contributing to the development of cardiometabolic
risk factors (1, 31). The management of hyperandrogenism in
patients with CAH is often a challenge with many patients
having persistent elevations in circulating androgens despite
attempts at optimization of glucocorticoid dosing, although
there may be a trade-off between hormonal control and
glucocorticoid dosing, in terms of cardiometabolic risk (1, 14).
Multiple adjunctive therapies are currently under investigation,
including CRH and corticotropin-releasing factor receptor
antagonists, along with extended-release formulations of
hydrocortisone, to decrease overall daily glucocorticoid dosing
in patients with the goal of minimizing side effects related to the
currently used supraphysiologic doses of glucocorticoid. As well,
mineralocorticoid supplementation may potentially add to risk
for hypertension and lipid abnormalities in youth with CAH.

Disease-related contributing factors to consider in youth with
classical CAH include hyperandrogenism and adrenomedullary
dysfunction. The contribution of hyperandrogenism is
complicated to assess in patients with CAH who are already on
Frontiers in Endocrinology | www.frontiersin.org 673
hormone replacement therapies, presenting a need for more
biomarkers with which to study prenatal and cumulative
androgen exposure over the lifetime in these patients (54). We
know that hyperandrogenic females with polycystic ovarian
syndrome (PCOS) exhibit the traditional and non-traditional
cardiometabolic risk factors that are present in patients with CAH
and can occur at an early age (55–58). In addition, transgender men
utilizing gender-affirming testosterone therapy are another
important cohort that is chronically exposed to androgens and
can exhibit an increase in BMI, dyslipidemia, and vascular
dysfunction (59–61). Androgen exposure in females is associated
with endothelial dysfunction and can directly contribute to vascular
dysfunction and high blood pressure (60, 62). It should be noted
though that these related natural human models of
hyperandrogenism do not involve the additional inherent
hormone imbalances found in patients with classical CAH (e.g.,
lower cortisol, aldosterone, and epinephrine production). Patients
with classical CAH have an additional deficiency in epinephrine (19,
63–65), which could lead to a lack of stimulated lipolysis of
triglyceride stores, and dysregulation of insulin and adipokines
(19). It is also interesting to consider the implications of lower
epinephrine levels and disturbed adrenomedullary function under
fasting and feeding conditions that have been noted in unaffected
adults with obesity (66). Future research is needed to study the role
of adrenomedullary dysfunction in the pathogenesis of
cardiometabolic risk in patients with CAH.

Given the early onset of associated cardiometabolic risk
factors, and prolonged hormone imbalances already present in
utero, the assessment of children with CAH from an early age is
merited to better understand prenatal and early postnatal origins
of cardiometabolic disease in patients with CAH. Key components
of the metabolic syndrome, i.e., obesity and hypertension, can
arise early in childhood in patients with CAH, with obesity itself
linked to the development of hypertension, insulin resistance, type
2 diabetes, dyslipidemia, and long-term vascular complications.
In patients with CAH, obesity is associated with the development
of cardiometabolic risk factors in adults (14). Therefore, it will be
particularly important to further understand the mechanism
driving the increased prevalence of obesity in children with
CAH and to provide appropriate interventions at an early age.
While healthy lifestyle counseling should commence early in
childhood as part of routine clinical practice guidelines (67), the
development of medical therapeutics to treat obesity and insulin
resistance in these high-risk youth with CAHmay also be useful to
prevent cardiometabolic sequelae and metabolic syndrome
in adulthood.
CONCLUSIONS AND PERSPECTIVES

There is a need for the longitudinal study of patients with classical
CAH from diagnosis at infancy through older adulthood to better
characterize the natural history of the metabolic syndrome and its
components, along with cardiovascular disease. While there is an
underlying relationship between treatment-related factors and
cardiometabolic risk factors, more needs to be understood about
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the contribution of disease-related factors in CAH amidst the
challenges of studying a cohort on hormone replacement from an
early age. Gaining a better understanding of both traditional and
non-traditional risk factors and their effects on youth with CAH
could ultimately lead to the improved treatment and prevention of
metabolic syndrome and cardiovascular disease in adulthood.
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Adrenal insufficiency in paediatric patients is mostly due to congenital adrenal hyperplasia
(CAH), a severe monogenic disease caused by steroid 21-hydroxylase deficiency (21-
OHD, encoded by the CYP21A2 gene) in 95% of cases. CYP21A2 genotyping requires
careful analyses that guaranty gene-specific PCR, accurate definition of pseudogene-
gene chimeras, gene duplications and allele dropout avoidance. A small panel of well-
established disease-causing alterations enables a high diagnostic yield in confirming/
discarding the disorder not only in symptomatic patients but also in those asymptomatic
with borderline/positive results of 17-hydroxyprogesterone. Unfortunately, the complexity
of this locus makes it today reluctant to high throughput techniques of massive
sequencing. The strong relationship existing between the molecular alterations and the
degree of enzymatic deficiency has allowed genetic studies to demonstrate its usefulness
in predicting/classifying the clinical form of the disease. Other aspects of interest regarding
molecular studies include its independence of physiological variations and analytical
interferences, its usefulness in the diagnosis of simple virilizing forms in males and its
inherent contribution to the genetic counseling, an aspect of great importance taking into
account the high carrier frequency of CAH in the general population. Genetic testing of
CYP21A2 constitutes an irreplaceable tool to detect severe alleles not just in family
members of classical forms but also in mild late-onset forms of the disease and couples. It
is also helpful in areas such as assisted reproduction and preimplantation diagnosis.
Molecular diagnosis of 21-OHD under expert knowledge definitely contributes to a better
management of the disease in every step of the clinical course.

Keywords: ccongenital adrenal hyperplasia (CAH), 21-hydroxylase deficiency, CYP21A2 gene, classical forms of
congenital adrenal hyperplasia, non-classical forms of congenital adrenal hyperplasia, molecular diagnosis
1 INTRODUCTION

Congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency (21-OHD)(OMIM
#201910) is an inherited autosomal recessive disorder responsible of 95% of CAH cases (1, 2). It
has its origin in a defect of steroid 21-hydroxylase (21-OH), an enzyme encoded by the CYP21A2
gene. Alterations in CYP21A2 cause an impairment of the enzymatic activity and leads to the
accumulation of 17-hydroxyprogesterone (17-OHP), which is diverted towards formation of
n.org March 2022 | Volume 13 | Article 834549177
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androgens (1, 3). As an actionable, non-infrequent and life-
threatening disease, CAH is included in the neonatal screening of
several countries (4).

Although 17-OHP is the metabolic marker of the deficiency,
CYP21A2 genotyping contributes as a diagnostic tool due to its
independence on physiology and its strong relationship with
clinical severity (4). The high carrier frequency (5, 6) and the
recurrent impaired fertility in patients (7–9) further evidence the
important contribution that genotyping does. Molecular studies
provide valuable information in prevention and contribute to a
better management of the disease (10, 11).

CAH is related to a wide range of clinical behaviors, with
phenotypes varying from severe classical forms (CLF) to
moderate late-onset non-classical forms (NCF). As a highly
penetrant monogenic disease, 21-OHD shows a strong, although
not complete, genotype-phenotype relationship in which the
clinical features correspond to the less severely impaired allele (1,
12, 13). Variants causing null orminimal enzymatic activity in both
alleles result in salt-wasting forms (SW), whereas their compound
heterozygosity with variants causing residual activity result in
simply virilizing forms (SV). NCF are due to mild alterations in
homozygosity or a compound heterozygosity of either two mild
alterations or a severe and a mild one (1, 3, 12, 14–16)
(Supplementary Tables 1, 2). Some lacks of genotype-phenotype
relationship may result from extraadrenal 21-hydroxylation
mediated by liver P450 cytochromes (17).
2 GENE LOCUS STRUCTURE AND
NATURE OF CYP21A2 ALTERATIONS

CYP21A2 is arranged in tandem with its inactive pseudogene
(CYP21A2P) within a genetic unit designated as RCCX module,
where also the genes TNXA/B, C4A/B and RP are harbored (18).
Most chromosomes have two RCCX modules, although mono-,
tri- or even quadrimodular arrangements have been described
(19, 20). The high homology existing between gene and
pseudogene (98% in coding and 96% in non-coding regions)
together with that existing between RCCX modules favor
unequal cross-overs during meiosis making that most
pathological alleles in CAH arise from mechanisms of
asymmetric recombination (25-30%) and gene conversion
events (70%). Consequently, CYP21A2 genotyping requires
careful analyses that guaranty gene-specific PCR with allele
dropout avoidance, and accurate definition of pseudogene-gene
chimeras and gene duplications. Of course, an expert
interpretation of the results is needed.

2.1 Alterations Due to Intrinsic
Locus-Derived Mechanisms
2.1.1 Point Pathological Variants: Microconversions
Around 70% of the disease causing alterations in CAH are
pseudogene-deleterious-variants that have been transferred to
the gene by small gene conversion events. As a result, a limited
group of pathogenic variants with well-known phenotypic effects
is present in all populations (3) (Figure 1).
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2.1.2 Gene Chimeras
Asymmetric recombination between CYP21A2 and CYP21A2P is
responsible of about 25-30% of all deficient alleles (3, 22, 23).
This mechanism results in the appearance of pseudogene-gene
chimeras (traditionally named “gene deletions”) usually
extending from somewhere between exons 3 and 8 of
CYP21A2P to the corresponding point in CYP21A2, yielding a
non-functional gene in which the 5’-end corresponds to
CYP21A2P and the 3’-end corresponds to CYP21A2. It is
important to mention a subset of patients in which the
deletion is extended into the TNXB gene resulting in a
contiguous gene syndrome named CAH-X consisting in CAH
and Ehlers-Danlos Syndrome (24) that should also be
investigated (25).

Chimeras are usually categorized into classic and attenuated
depending on the location of the junction site, having been
reported nine different types (26). Classic types contain the
c.293-13C>G region and produce non-functional alleles
whereas attenuated ones have the junction upstream of that
region and associate a less severe phenotype (26) (see Avoidable
Pitfalls Upon Complementary Characterization of Alleles).
2.1.3 De Novo Alterations
De novo alterations (1-2% of all 21OH-deficient alleles) are
usually derived from gene recombination processes (27–30),
being therefore detectable in the basic screening of
recurrent variants.
2.2 Alterations Due to
Conventional Mechanisms
Alterations other than those derived from recombinant events
are less frequent and usually involve functional residues, generate
frameshifts or stop codons (16, 21, 30, 31). The number of
splicing pathological variants described so far is small (30), with a
new candidate recently reported (32). Alterations in regulatory
regions are controversial and difficult to demonstrate but tend to
be mild changes. To date, more than 200 different pathogenic
variants in CYP21A2 have been described (16, 30, 31).
3 DISEASE FREQUENCY AND ORIGIN OF
CYP21A2 ALTERATIONS

CAH constitutes a non-infrequent disease, even in its severe
neonatal forms. This seems to be the result of the prolific
molecular mechanisms previously mentioned, although a
founder effect has also been proposed (33–37). Regarding this
latter, some studies have documented a lower mortality in
CYP21A2 carriers mainly due to a decreased number of
infections in these individuals (38).

Considering that de novo variants in CYP21A2 are infrequent
(27, 29, 30) and that alterations are maintained through
generations once originated (33, 39), it is not uncommon that
the presence of new/rare pathological variants be the result of the
dissemination of single original alleles.
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FIGURE 1 | [Adapted from Santomé et al., (21)]. Scheme of the RCCX module located on the short arm of chromosome 6 within the HLA class I
humans only CYP21A2 gives rise to the functional protein, whereas CYP21P is a homologous pseudogene that includes several inactivating point
conversion events. Both C4A and C4B are functional. Tenascin, also duplicated, is encoded in the complementary chain. The bottom of the image
the enzimatic functionality: severely (red), moderately severe (green) or mildly (blue). Recurrent variants in all populations are circled. The complete
(NM_000500.9) would be: c.92C>T [p.Pro31Leu], c.292+5C>A, c.293-13C>G, c.332-339del, c.518T>A [p.Ile173Asn], c.(710T>A; 713T>A; 719T
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CYP21A2 amplification.
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4 GENETIC DIAGNOSIS OF CAH

Since CAH due to 21-OHD accounts for 95% of all CAH cases,
CYP21A2 should be the first gene to investigate in males and
virilized girls with adrenal insufficiency. The remaining genes
causing CAH (1, 2, 12, 40) as well as other involved in adrenal
insufficiency (41) should be investigated using high-throughput
approaches (massive sequencing gene panels) (40–42). On regard
CYP11B1, it is important to highlight its high homology with
CYP11B2 and the consequent existence of hybrid genes (43–45).
5 CYP21A2 GENOTYPING

Traditional approaches for CYP21A2 genotyping usually
include methods such as capillary sequencing, allele-specific
oligonucleotide hybridization, SNaPshot minisequencing and
MLPA, which are labor intensive and have limited multiplexing
capability, but which keep being used given their proven clinical
usefulness and the difficulty of optimizing the current massive
sequencing technologies to this complex locus. Conventional
massive platforms are poorly equipped to characterize gene-
pseudogene pairs and have the limitation of being based on PCR-
amplifications and uniquely aligning short reads (that may not
include CYP21A2 gene-specific regions). As a consequence, they
are not still the first-choice option forCYP21A2 genotyping although
some promising results have been obtained (31, 46–49). Third-
generation platforms based on direct sequencing of long DNA
strands without previous amplification seem promising tools
(50–52).

5.1 Detection of Point Pathological
Variants: Gene-Specific PCR
Current strategies for the specific amplification of CYP21A2 rely
on regions that are known to be different from those of the
pseudogene, either as targets for restriction sites prior to PCR or
PCR-specific primers. Since one of these latter regions is located
on exon3 (where the variant c.332-339del is located inCYP21A2P),
an extensively used scheme for the specific amplification of
CYP21A2 is obtaining two fragments (one from 5’UTR to exon 3
and another from exon 3 to 3'UTR). However, alleles carrying the
variant c.332-339del as a single microconversion would not be
detected in this way (neither chimeras, conversions or gene
duplications including it), so a third fragment in which the 3’-end
is located on the specific site on exon 6 (where the cluster of three
variants is harbored inCYP21A2P) can be incorporated (34, 39, 53–
56) (Figure 1). This last overlapping fragment allows the PCR-
detection of pseudogene-gene chimeras with the breaking point
before exon 6.

Recurrent variants (Figure 1) may be investigated in a
first screening performed by allele-specific oligonucleotide
hybridization or SNaPshot minisequencing, although they and
other point variants are detected with Sanger sequencing on these
gene-specific fragments. Whole gene sequencing must guarantee an
accurate interpretation based on well-documented alterations due to
the lack of complete knowledge regarding the impact of every variant
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in this small but polymorphic gene. In vitro analyses (57–59) and/or
models investigation (60–62) should support the involvement of
new variants, but only clinical validation in different populations
and genotypes will confirm their causality.

Segregation of alterations in parental samples is an important
issue since gene chimeras and large or double micro-conversions
include several alterations within the same allele (carrier status),
a very different situation from that in which alterations are
located in different alleles (affected patient). Approximately 5-
7% of affected alleles carrying two or more point alterations (63).
Patients carrying gene chimeras/conversions that include the
specific regions used in PCR protocols result in hemizygosity and
directly stablish the segregation, although not the carrier status of
progenitors (see Family Studies).

5.2 Analysis of Gene Chimeras: MLPA
MLPA allows to identify gene deletions/conversions avoiding the
inconvenients linked to Southern blotting. Nevertheless, since it
also has unavoidable limitations [reduction of signal when
alterations/polymorphisms exist in a probe-binding region (64),
inability to detect the cis/trans disposition of the alterations,
or lack of probes addressed to some frequent variants], must be
always complemented with other analyses. Unfortunately, a
comprehensive revision defining every MLPA pattern and its
deduced genotype is still lacking, although some studies are
contributing to a better definition of this issue (65). MLPA should
also be applied in the complementary characterization of some
complex alleles (see Avoidable Pitfalls Upon Complementary
Characterization of Alleles).

5.3 Avoidable Pitfalls Upon
Complementary Characterization of Alleles
Some of the seemingly lacks of genotype-phenotype relationship
in several frequent point variants are not further sustained when
alleles are better characterized. An efficient multistep approach
(64) allows a comprehensive mutation analysis. Apparently mild
alleles which are not really such are those carrying the variant
c.92C>T [p.Pro31Leu] with a cis pseudogene-conversion in 5’
(26, 56, 66, 67), and those carrying the variant c.844G>T
[p.Val282Leu] in cis with the intronic change c.292+5G>A, an
alteration observed in SW from Mediterranean populations (15,
68) (Figure 1 and Supplementary Table 1).

Examples of “severe” alleles that are not really such are those
with the variant c.955C>T [p.Gln319*] and two copies of the
gene, present in several populations (6, 30, 69) (Supplementary
Table 1). Fortunately, since the whole gene is involved in these
alleles, MLPA allows its detection in spite of the salsa MLPA
Probemix P050-C1 CAH (MRC Holland) no longer includes
exon 8 probes. It is important to mention that some of these
alleles carry additional alterations [e.g. c.518T>A (p.Ile173Asn)
or the combination of c.293-13 C>G and c.332_339del (6, 70)]
and are severe. Some gene conversions involving exons 4 to 8 are
not such deficient-alleles. Pseudogenes including the gene-
specific region in exon 3, although infrequent (71), result in an
identical pattern upon PCR amplification, so these conversions
should be investigated with a complementary MLPA analysis.
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Discrimination of homo/hemizygosity of mild variants is
crucial in NCF (72) as hemizygosity requires genetic
counseling. Also essential is to guarantee the efficient
amplification of both alleles in order to avoid incorrect
interpretations such as false homozygotes due to allele dropout
of the normal allele (73). A complementary indirect analysis also
provides useful information preventing serious mistakes in
prenatal samples (see Usefulness of an Indirect Analysis).
6 USEFULNESS OF AN
INDIRECT ANALYSIS

Indirect analyses performed by either microsatellite typing or
SNPs (6, 74–76) are a useful tool (see Contribution of CYP21A2
Genotyping) since informative polymorphic markers on both
sides of the gene in each family configure distinct haplotypes in
normal and affected chromosomes. They are helpful with
prenatal samples, in preimplantation studies and in allele
segregation, being able to reveal/discard consanguinity in
patients carrying rare variants in homozygosity [useful as a
complement of a basic/first study in patients with borderline/
false positive results in the neonatal screening (see Neonatal
Screening)]. Also in epidemiology, since the same haplotype for a
new variant in unrelated patients suggests the variant
dissemination and the potential interest of its inclusion in the
basic screening of that population. Some informative
microsatellite loci flanking the CYP21A2 gene are D6S2792-
D6S273 and D6S1014- D6S439 together with two intronic ones
in genes TNF and TAP1 (34, 63, 74, 77, 78).
7 CONTRIBUTION OF
CYP21A2 GENOTYPING

7.1 Neonatal Clinical Suspicion
Although clinical manifestations such as adrenal insufficiency or
virilization in girls perform the suspicion in the neonatal period,
there are unspecific signs (e.g. hypoglycemia, clitoromegaly or
genital hyperpigmentation) frequent in combination with 17-
OHP elevations (4, 79). Genotyping of CYP21A2 allows to
confirm/discard the disease in both scenarios (80) especially
when analytical interferences in the direct immunoassay exist
(81, 82). Comprehensive CYP21A2 genotyping should be
guaranteed paying special attention to variants with a
significance still poorly established. Failure to detect well-
stablished pathogenic variants in CYP21A2 must prompt
further studies.

7.2 Neonatal Screening
Clinical guidelines recommend a second-tier analysis by liquid
chromatography–tandem mass spectrometry to improve the
positive predictive value of CAH screening (4). Neonates with
borderline/high levels of 17-OHP in these programs can take
benefit from CYP21A2 analyses (80, 83–86). Not only CLF, but
also neonatal cryptic forms (NCF and SV in males) are detected
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at this stage, being molecular studies able to correctly classify
them (11, 80, 86, 87) by a firstly analysis focused on the
identification of recurrent variants (in order to eliminate
uncertainty) followed by Sanger sequencing when just one
deficient-allele or microsatellite-homozygosity is detected (80).

7.3 Non-Classical Forms
The high recurrence of c.844G>T [p.Val282Leu] in some
populations (88, 89) helps to “unmask” severe alleles through
the clinical expressiveness of NCF [70% carrying severe alleles
(4); 41% in paediatric patients, Supplementary Table 1].
CYP21A2 should be always considered in NCF to allow a
proper genetic counseling.

Levels of 17-OHP, either basal or post-ACTH, constitute the
most sensitive parameter to define a NCF since CYP21A2 mild
alterations are not fully characterized. A proper threshold for 17-
OHP values is difficult to define since some carriers are prone to
present a hyperandrogenism similar to that shown in NCF (56,
85, 90–92). Genotyped carriers inside fully characterized
segregated families are useful to achieve this goal (56, 91).
Compound heterozygosity with severe alleles in NCF may be
suspected based on 17-OHP levels (Figure 2A and Supplementary
Table 3) (56, 63) conversely to what happen with carriers of severe
vs.mild variants.

Monogenic and polygenic models in paediatr ic
hyperandrogenism due to 21-OHD have been detected (91)
(Figure 2B), being carriers (monoallelic) with hyperandrogenism
the counterpart of cryptic forms (biallelic alterations) without
clinical expression. Considering the important contribution of the
“back door” pathway to circulating levels of the potent androgen 11-
ketotestosterone in CAH (93, 94), investigation of gene variants
coding for the enzymes involved seems interesting.

7.4 Carrier Detection
The biochemical marker 21-deoxicortisol detects carriers (10, 40,
95), although only molecular analyses are able to discriminate
carriers of severe alleles. Individuals with hyperandrogenism and
moderately elevated post-ACTH 17-OHP levels (not reaching
the NCF threshold) may take benefit from CYP21A2 analyses
since alterations are more frequent in these patients (91)
(Supplementary Table 2).

7.5 Genetic Counseling
The high carrier frequency of severe variants in general
population (about 1:60) (15, 96, 97) (Supplementary Table 1,
false severe alleles) makes reasonable to refine the risk of having
an affected child by genotyping CYP21A2 in couples where one
member is affected/carrier. Individuals with CLF present a risk of
1:120 of having a newborn affected with a CLF. The theoretical
risk is lower in NCF [1:250 (4)] although some studies have
documented to be higher (1.5-2.5%) (98).

7.6 Family Studies
Family studies are necessary to ascertain parental genotype and
segregation of the pathological alleles among the offspring. They
are initially addressed to detect/discard alterations documented
in the index case, but the high carrier frequency justifies the
March 2022 | Volume 13 | Article 834549
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adrenocorticotropic hormone (ACTH)-stimulated 17-OHP, (B) basal 17-OHP, or (C, D) the combinatio
(0.057); basal 17-OHP, 0.790 (0.081); sum 0.866 (0.068); product 0.884 (0.064). Cut-off values, nmo
in the Figures. (2B) [From Ezquieta et al., (91)] Diagram of a hypothetical interaction between protectiv
UCSNP44C and TNFR2-R196 are proposed in this study to be sensitizing and protective factors, res

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Arriba and Ezquieta Molecular Diagnosis of CAH
subsequent screening of frequent pathological variants to discard
its coexistence in the family. Progenitors must not be considered
obligate carriers since de novo variants are detected in 1-2% of
deficient alleles (27, 29, 30).

7.7 Assisted Reproductive Techniques and
Genetic Counseling
CAH due to 21-OHD should be considered in reproductive
assistance and genetic counseling (7, 99, 100) due to the
associated infertility (7–9, 40) and the high frequency of
carriers in general population. The strong genotype-phenotype
relationship (13, 101) facilitates counseling in couples even in
absence of an index case, but it should not be forgotten that
expressivity vary particularly in moderately-severe forms (13).

7.8 Prenatal Diagnosis
Prenatal studies are normally performed inside CLF-families. It
is still accomplished on samples from corionic villus through
direct analysis addressed to investigate those alterations detected
in the index case. An additional indirect analysis (6, 15, 74)
provides the possibility of detecting maternal contamination and
avoids eventual allele dropout artefacts.

Prenatal treatment prevents virilization in girls affected with
CAH but is still considered experimental (4). Prenatal diagnosis
establishes treatment withdraw in non-affected foetus (carriers
and non-carriers). Protocols must include screening for Y-
chromosomal DNA in maternal blood (4) to minimize (40)
treatment in males. Since prenatal treatment is only effective if
established at 6th-7th weeks (4, 102), it is unfeasible totally avoid
treatment in males since cfDNA analyses must be performed in
samples with a foetal fraction about 3.5-4% (9th-10th week).

CYP21A2 genotyping from cfDNA in maternal blood is a
promising approach not suitable in clinical settings yet (4, 102).
For its application, massive sequencing based on an indirect
analyses conducted by SNP-haplotypes previously defined in
parents and index case is necessary due to the coexistence of
foetal and maternal DNA in the same sample (76).

7.9 Preimplantation Genetic Diagnosis
This particular approach enables to study the embryo before the
transference to the uterus. These tests are mentioned in the last
Clinical Practice Guidelines from the Endocrine Society although
subjected to their own risk and ethical controversies (4).
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Microsatellite typing is the most appropriate approach, since
the paucity of sample hampers a direct gene analysis and
haplotypes detected in the directly genotyped index case
provide the information.

7.10 Other Prenatal Scenarios
Suspicion of CAH due to anomalies detected by fetal ultrasound
or genetic counseling for a couple at risk (not previously
genotyped) with an ongoing pregnancy are prenatal situations
in which CYP21A2 genotyping are requested. When the index
case is unknown, the only suitable approach is the direct analysis.
Only well-documented pathogenic alterations should
be considered.
8 CONCLUSIONS

CYP21A2 genotyping favorably contributes to confirm/discard
CLF after neonatal or prenatal suspicion. The high frequency of
carriers in general population and the infertility associated to the
disease turn molecular diagnosis into an irreplaceable tool to
detect/discriminate severe alleles in family members and in
genetic counseling, as well as in specific areas as assisted
reproduction and preimplantational diagnosis. The high
complexity of the locus makes essential the performance of
CYP21A2 genotyping under supervision of expert personnel in
the field. There is no doubt that molecular diagnosis of 21-OHD
definitely contributes to a better management of the disease in
every step of the clinical course.
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NR0B1 (DAX1) Pathogenic Variants
Jordan Teoli1,2,3, Vincent Mezzarobba4, Lucie Renault 5, Delphine Mallet1,
Hervé Lejeune2,3,5, Pierre Chatelain2,6, Frédérique Tixier6, Marc Nicolino2,6,
Noël Peretti 2,7, Sandrine Giscard D’estaing2,3,5, Béatrice Cuzin8, Frédérique Dijoud2,3,9,
Florence Roucher-Boulez1,2 and Ingrid Plotton1,2,3,5*

1 Service de Biochimie et Biologie Moléculaire, UM Pathologies Endocriniennes, CR DEV-GEN, Centre de Biologie et
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Hôpital Louis Pradel, Hospices Civils de Lyon, Bron, France, 5 Service de Médecine de la Reproduction, Hôpital Femme-
Mère-Enfant, Hospices Civils de Lyon, Bron, France, 6 Service d’Endocrinologie Pédiatrique, Hôpital Femme Mère Enfant,
Hospices Civils de Lyon, Bron, France, 7 Service de Gastroentérologie, Hépatologie et Nutrition Pédiatriques, Hôpital Femme
Mère Enfant, Hospices Civils de Lyon, Bron, France, 8 Chirugie Urologique, Centre Lyonnais d’Urologie Bellecour, Lyon,
France, 9 Service d’Anatomie Pathologique, Centre de Biologie et de Pathologie Est, Hospices Civils de Lyon, Bron, France

Background: NR0B1 pathogenic variants can cause congenital adrenal hypoplasia or
primary adrenal insufficiency in early childhood usually associated with hypogonadotropic
hypogonadism. NR0B1 is necessary for organogenesis of the adrenal cortex and to
maintain normal spermatogenesis. In humans, restoration of fertility in patients carrying
NR0B1 pathogenic variants is challenging.

Objective: The aim of the study was to investigate the clinical, hormonal, histological,
spermiological, and molecular genetic characteristics of a cohort of patients with NR0B1
pathogenic variants, monitored for fertility preservation.

Patients: We included five patients, including four teenagers, with NR0B1 pathogenic or
likely pathogenic variants. They all had primary adrenal insufficiency and were receiving
replacement therapy with glucocorticoids and mineralocorticoids. Patients received
recombinant follicle-stimulating hormone and recombinant human chorionic
gonadotropin in order to induce spermatogenesis. Combined gonadotropin treatment
was initiated between 13 years and 15 years and 6 months for the four teenagers and at
31 years and 2 months for the only adult. Physical and hormonal assessments were
performed just before starting gonadotropin treatment. After 12 months of gonadotropin
treatment, physical examination and hormonal assessments were repeated, and semen
analyses were performed. If no sperm cells were observed in at least 2 semen collections
at 3-month interval, testicular biopsy for testicular sperm extraction was proposed.

Results: Bilateral testicular volume increased from 8 ml (interquartile range, 6–9) to 12 ml
(10–16) after gonadotropin treatment. Inhibin B levels were relatively stable: 110 ng/L (46–
139) before and 91 ng/L (20–120) at the end of gonadotropin treatment. Azoospermia
n.org March 2022 | Volume 13 | Article 855082187
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was observed in all semen analyses for all cases during gonadotropin treatment. Three
patients agreed to testicular biopsy; no mature sperm cells could be retrieved in any.

Conclusion: We characterized a cohort of patients with NR0B1 pathogenic or likely
pathogenic variants for fertility preservation by recombinant gonadotropin treatment,
which began either at puberty or in adulthood. No sperm cells could be retrieved in
semen samples or testicular biopsy even after gonadotropin treatment, indicating that
gonadotropin treatment, even when started at puberty, is ineffective for restoring fertility.
Keywords: testicular biopsy, adrenal hypoplasia, hypogonadotrophic hypogonadism, spermatogenesis,
gonadotropin, congenital, male infertility, adrenal insufficiency
1 INTRODUCTION

X-linked adrenal hypoplasia congenita (X-AHC) is a pathology
characterized by primary adrenal insufficiency (Addison’s
disease), with onset most often at birth or in early childhood,
and frequently associated with hypogonadotropic hypogonadism
and spermatogenesis failure detected after puberty (1–6).
Adrenal insufficiency can be treated effect ively by
glucocorticoid and mineralocorticoid replacement therapy.
However, and contrary to other forms of hypogonadotropic
hypogonadism (7), restoration of spermatogenesis remains
challenging in X-AHC patients with azoospermia because of an
added primary testicular injury in X-AHC (5, 6). Azoospermia in
X-AHC patients classically does not respond to gonadotropin
treatment, and no sperm cells were obtained in semen or even in
testicular biopsies after this therapy (5, 6, 8–12) except in one
study (13).

X-AHC is related to NR0B1 (or DAX1) gene alterations.
NR0B1 is a gene with only two exons, carried by the X
chromosome, belonging to the nuclear hormone receptor
superfamily (1). It encodes a 470-amino acid (AA) protein
with a suspected ligand-binding domain in the carboxyl-
terminal portion and a 3.5-fold repeated motif responsible for
protein–protein interactions in the amino-terminal portion (1,
4). This protein appears essential for organogenesis of the
adrenal cortex, gonadal sex determination, development of the
hypothalamic-pituitary-gonadotropic axis, and spermatogenesis
(2, 3). Pathogenic variants in the NR0B1 gene occur in 1:70,000
to 1:600,000 boys (14). More than one hundred pathogenic
variants in the NR0B1 gene have been described (4, 14, 15).
Duplication of NR0B1 is related to 46,XY sex reversal whereas
deletion, indel or frameshift, splice sites, and nonsense or
missense pathogenic variants are responsible for X-AHC in
humans (2, 4, 14).
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Here, we describe the impacts of pathogenic or likely
pathogenic NR0B1 variants on clinical, hormonal, histological,
and spermiological aspects and on gonadotropin treatment
response in five male patients, including four teenagers. Three
of the five variants explored here have never been reported,
whether in the literature or in databases.
2 MATERIALS AND METHODS

2.1 Patients
This retrospective study included male patients monitored in the
reproductive medicine department of Lyon University Hospital
for fertility preservation. Patients were included if they had
received a gonadotropin treatment after 2010 and if a
hemizygous NR0B1 pathogenic or likely pathogenic variant
was identified in the molecular endocrinology unit of the
laboratory using Sanger sequencing on DNA extracted from
whole blood. Variants were described using reference
NP_000466.2 for DAX1 protein and NM_000475.5 for NR0B1
transcript on GRCh37/hg19 human genome assembly.
Pathogenic or likely pathogenic classification was based on the
American College of Medical Genetics and Association of
Medical Pathologists (ACMG) consensus recommendation
(16) with the help of the Gnomad_v2 (https://gnomad.
broadinstitute.org/), ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/), and dbSNP databases (https://www.ncbi.nlm.nih.gov/
snp/) and in silico prediction tools listed by Mobidetails (an
online DNA variant interpretation tool) (17).

Patients and, as appropriate, their parents signed an informed
written consent form for genetic study. In accordance with
French legislation, review board submission was not required,
owing to the observational nature of the study. The study was
conducted in accordance with the principles of the Declaration
of Helsinki.

2.2 Protocol
During the fertility preservation procedure, history,
psychological evaluation, and clinical data were recorded
systematically, including physical examination at each visit:
before treatment and the day of the semen analysis and/or
blood sampling for hormonal analysis.
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At the time of inclusion, bilateral testicular volume (BTV:
sum of right and left testis volume, considered normal if ≥30 ml)
was assessed using a Prader orchidometer. Blood samples were
taken for follicle-stimulating hormone (FSH), luteinizing
hormone (LH), total testosterone, anti-Müllerian hormone
(AMH), and inhibin B assay (pretherapeutic assessment).

Patients included in the fertility preservation protocol
received a combination of recombinant FSH (rFSH) and
recombinant human chorionic gonadotropin (rhCG). The
gonadotropin treatment was increased gradually to reach a
subcutaneous injection dose of 150 IU rFSH three times per
week and 1,500 IU rhCG twice a week. During follow-up visits,
rFSH dosage was adapted to inhibin B level and rhCG dosage to
testosterone level.

After 12- to 42-month gonadotropin treatment, BTV was
reassessed and blood samples were repeated for hormonal
measurement (total testosterone, AMH, inhibin B). Semen was
collected under gonadotropin treatment for laboratory analysis.
Testicular biopsy for testicular sperm extraction (TESE) was
proposed if azoospermia was observed on two semen analyses 3
months apart (Figure 1).

2.3 Laboratory Assays
2.3.1 Hormonal Measurements
Plasma FSH and LH were assessed by an automated
chemiluminescence immunometric assay on Architect i2000SR
(Abbott, Chicago, IL, USA). The interassay coefficient of
variation (CVb) was ≤3.9% at 6, 20, and 40 IU/L and ≤4.2% at
4, 14, and 44 IU/L for FSH and LH, respectively. The limit of
quantification (LOQ) was 0.05 IU/L for FSH and LH. In men
with normal testicular function, normal ranges extended from
1.1 to 7.2 IU/L and 1.3 to 5.8 IU/L for FSH and LH, respectively.

Plasma total testosterone was assessed on in-house liquid
chromatography coupled with tandem mass spectrometry after
supported liquid–liquid extraction using diatomaceous earth.
CVb was ≤7.8% at 1.96, 7.50, 8.20, and 23.46 nmol/L. LOQ
was 0.13 nmol/L. Normal ranges were 10.40 to 26.00 nmol/L in
Frontiers in Endocrinology | www.frontiersin.org 389
young men and 0.28 ± 0.01 nmol/L (mean ± standard deviation)
in prepubescent boys.

SerumAMHwas assessed by automated electrochemiluminescence
assay on Cobas e601 (Roche Diagnostics, Basel, Switzerland).
CVb was ≤2.8% at 5.5 and 30 pmol/L. LOQ was 0.21 pmol/L.
Normal ranges extended from 15 to 60 pmol/L in men with
normal spermatogenesis (18).

Serum inhibin B was assessed by enzyme immunoassay using
the Inhibin B Gen II ELISA kit (Beckman Coulter, Brea, CA,
USA). CVb was ≤13.7% at 115 and 420 ng/L. LOQ was 5 ng/L.
Normal lab ranges for men with normal testicular function were
taken from the normozoospermic cohort of Pierik et al.: 55 to
309 ng/L (19) and, for boys aged 12–17 years were taken from
Crofton et al.: 74 to 470 ng/L (20).

2.3.2 Semen Analysis
Semen collection was carried out by masturbation in the
reproduction laboratory after 3–5 days of sexual abstinence.
Analysis was performed according to the 2010 World Health
Organization criteria (21).

2.3.3 Testicular Biopsy and Conventional TESE
The multiple bilateral testicular biopsies and conventional TESE
procedure was as previously described (22). TESE was performed
in the reproduction unit of the laboratory.

2.3.4 Histological Analysis
In parallel, some biopsy fragments were sent to the pathology
unit of the laboratory, fixed in alcohol, formalin, and acetic acid
(AFA) and paraffin embedded. Three-micrometer slices were
stained by hematoxylin–phloxin–saffron.

Slide evaluation was performed on a Leica DM2500
microscope. All tubules within five image fields were evaluated.
The presence of a lumen and the most advanced germ cell were
noted. Germ cells were identified on the basis on their
morphology (size and shape) and location (23). The number of
Leydig cells was estimated on three fields at ×40 magnification.
FIGURE 1 | Protocol design. Physical examination and biological samples at each step of the protocol. The number of patients undergoing each step is indicated.
Each step of the protocol is represented by an arrow. AMH, anti-Müllerian hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone.
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2.4 Statistical Analysis
Quantitative data were expressed as median (interquartile
range). Values below LOQ were considered equal to the LOQ.
Analysis used R software v3.6.3 (R Foundation for Statistical
Computing, Vienna, Austria).
3 RESULTS

Five patients from unrelated families were included in the study.
A primary adrenal insufficiency crisis occurred at birth in three
patients (patients 1, 2, and 4) and in childhood up to 10 years of
age in the other two (patients 3 and 5). Patients started
glucocorticoid and mineralocorticoid replacement therapy.
Genetic analysis found NR0B1 variants that confirmed X-
AHC diagnosis.

Locations of patients’ NR0B1 variants are reported in Table 1
and displayed in Figure 2. Based on the ACMG criteria, all the
variants were considered likely pathogenic or pathogenic
(Table 1). Two of the five variants were previously reported
e l sewhere . The var iant NM_000475 .5 : c .1411T>C
p.(*471Glnext*18) (patient 3) was recently reported in the
literature and considered likely pathogenic in ClinVar. The
variant NM_000475.5: c.919G>T p.(Glu307*) (patient 4) was
reported in dbSNP and considered pathogenic in ClinVar. The
other three variants had not been reported in the literature,
ClinVar, or dbSNP. None of the variants were reported in
Gnomad_v2. All variants were clustered in the putative ligand-
binding protein domain (Figure 2).

Patient 1 carried the novel variant NM_000475.5:
c.857_862dup p.(Leu286_Val287dup), which adds two
additional AA in an alpha helix of the putative ligand-binding
domain of nuclear hormone receptor of NR0B1. His mother was
heterozygous for the variant. His healthy brother did not carry
the variant. He had one infertile maternal uncle and one
maternal uncle who died at the age of 1 month of life.

Patient 2 was hemizygous for the novel substitution
NM_000475.5: c.896T>C p.(Leu299Pro), inherited from his
heterozygous mother. His healthy brother did not carry
the variant.

Patient 3 had a stop-loss variant NM_000475.5: c.1411T>C
p.(*471Glnext*18), which extended the C-terminal portion of the
protein by 18 additional AA. Genetic analysis was not performed
on his mother, but he had two healthy brothers who did not carry
t h e v a r i a n t . H e h ad on e ma t e r n a l u n c l e w i t h
adrenal insufficiency.

Patient 4 had a stop gain variant NM_000475.5: c.919G>T
p.(Glu307*), leading to loss of part of the putative ligand-binding
domain of the nuclear hormone receptor of NR0B1. His mother
was heterozygous for the variant. His healthy brother did not
carry the variant.

Patient 5 carried a new frameshift variant NM_000475.5:
c.950_966del p.(Leu317Hisfs*66) caused by a 17-bp deletion.
Genetic analysis was not performed on his mother, and family
history was not available.
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These patients were enrolled in a fertility preservation protocol
based on gonadotropin treatment after 2010: four at puberty
(patients 1 to 4) and one in adulthood (patient 5). FSH, LH, and
plasma total testosterone levels assessed in four of the five patients
(patients 1 to 4) immediately before starting gonadotropin treatment
showed low testosterone levels (0.58nmol/L [0.15–1.61]) compared
with FSH (2.00 IU/L [1.53–2.85]) and LH concentrations (0.60 IU/L
[0.32–0.83]), which were not elevated. BTV was low (8 ml [6–9]).
AMH levels were high in three patients. Inhibin B levels were low or
near the lower limit of normal (110 ng/L [46–139]) (Table 1).

Patients then received combined gonadotropin treatment.
Patient 5 had received testosterone therapy for 15 years before
starting the gonadotropin treatment, and patient 3 received only
rFSH during the first 6 months (priming rFSH) of
gonadotropin treatment.

After at least 12 months under gonadotropin treatment, physical
and hormonal assessments were repeated. BTV rose from 8 ml (6–
9) before to 12 ml (10–16) after gonadotropin treatment, and values
remained very low. Total testosterone increased from 0.58 nmol/L
(0.15–1.61) to normal adult values at 15.51 nmol/L (14.07–16.17).
AMH levels decreased from 192.9 pmol/L (58.6–249.5) before to 41
pmol/L (36.9–60.4) after gonadotropin treatment. AMH levels
approached usual values after gonadotropin treatment. Inhibin B
levels stayed quite stable: 110 ng/L (46–139) at the beginning to 91
ng/L (20–120) at the end of gonadotropin treatment and remained
quite low (Table 1 and Figure 3).

Semen analysis was performed after at least 12 months of
gonadotropin treatment. No sperm cells were retrieved in any of
the five patients. Four patients (patients 1, 2, 4, and 5) were
eligible for TESE, since azoospermia was observed on two semen
analyses 3 months apart, whereas only one semen analysis was
performed in the other patient (patient 3). Only three patients
(patients 1, 4, and 5) agreed to testicular biopsy, and the TESE
procedure was negative for all: no spermatozoa could be
extracted and cryopreserved (Table 1).

Histological analysis of testicular biopsies showed pubescent
testicular parenchyma with severe hypospermatogenesis lesions
and maturation arrest. In all three patients, interstitial tissue was
edematous and there was no dysplasia.

Histological examination in patient 1 (16y7m) showed severe
hypospermatogenesis with maturation arrest (histological
mosaicism profile) associated with Leydig cell hyperplasia.
Most of the seminiferous tubules showed Sertoli cell-only
syndrome. Some tubules showed incomplete spermatogenesis
with a few spermatocytes and round spermatids but no mature
germ cells. Rare prepubertal tubules were observed, without a
central lumen and with very rare spermatogonia (Figures 4A, B).

Patient 4 (16y7m) showed pubescent testis with Sertoli cells
only. The stroma was edematous, with some Leydig cells but
without hyperplasia (Figures 4C, D).

Patient 5 (34y8m) showed severe hypospermatogenesis with
numerous tubules with Sertoli cells only and some tubules with
maturation arrest at spermatocyte level. Nodular Leydig cell
hyperplasia was also observed. The tubules were surrounded by
thickened lamina propria and some were totally atrophic
(Figures 4E, F).
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TABLE 1 | Patients’ characteristics.

Patient 1 2 3 4 5

Diagnosis Age at diagnosis At birth At birth 10 years At birth 6 years

Diagnostic context Acute primary adrenal
insufficiency

Acute primary
adrenal
insufficiency

Acute primary
adrenal
insufficiency

Acute primary
adrenal
insufficiency

Acute primary adrenal
insufficiency

Pretherapeutic assessment (at age
of gonadotropin initiation)

Bilateral testicular
volume (ml)

10 9 6 8 6

FSH/LH (IU/L) 1.8/0.4 4.8/0.8 2.2/0.91 0.7/0.07 NA

Total testosterone
(nmol/L)

3.44 1 0.16 <0.13 NA

AMH (pmol/L) 414.1 58.6 249.5 192.9 46.4

Inhibin B (ng/L) 139 46 187 110 42

Gonadotropin treatment Age of
gonadotropin
treatment initiation

13y11m 15y6m 13y 14y 31y2m

Age of
gonadotropin
treatment
termination

16y7m 18y8m 15y11m 17y 34y8m

Gonadotropin
treatment

rFSH + rhCG rFSH + rhCG Priming rFSH for 6
months then rFSH
+ rhCG

rFSH + rhCG rFSH + rhCG after 15
years of testosterone
supplementation

Total duration of
gonadotropin
treatment

32 months 38 months 35 months 36 months 42 months

Assessment during gonadotropin
treatment or the earliest
assessment after termination

Age at
assessment

16y7m 20y11m 15y8m 15y 34y8m

Bilateral testicular
volume (ml)

10 12 20 16 7

Total testosterone
(nmol/L)

16.82 NA 12.60 15.51 NA

AMH (pmol/L) 60.4 15.2 41.0 105.4 36.9

Inhibin B (ng/L) 91 <5 214 120 20

Semen collection Result Azoospermia
On 4 samples

Azoospermia
On 2 samples

Azoospermia
On 1 sample

Azoospermia
On 3 samples

Azoospermia
On 3 samples

Time of sampling
since start of
therapy

Between 12 and 32
months

At 35 and 38
months

At 35 months Between 12 and
31 months

Between 16 and 42
months

TESE Result No sperm cells
retrieved

Not done Not done No sperm cells
retrieved

No sperm cells retrieved

Time of testicular
biopsy since start
of therapy

32 months NA NA 31 months 42 months

Age at biopsy 16y7m NA NA 16y7m 34y8m

NR0B1 variant (NP_000466.2,
NM_000475.5, GRCh37/hg19)

Location p.(Leu286_Val287dup)
c.857_862dup

p.(Leu299Pro)
c.896T>C

p.(*471Glnext*18)
c.1411T>C

p.(Glu307*)
c.919G>T

p.(Leu317Hisfs*66)
c.950_966del

ACMG class
(ACMG criteria)

Likely
pathogenic

Pathogenic (PVS1, PM1,
PM2, PP4)

(Continued)
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4 DISCUSSION

We characterized a cohort of patients with pathogenic or likely
pathogenic NR0B1 variants, for fertility preservation associated
to gonadotropin treatment, at onset of puberty in four cases and
in adulthood for the other. To our knowledge, this is the first
time that the impact of gonadotropin treatment has been
reported in literature in adolescents.
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Here, X-AHC was diagnosed during acute primary adrenal
insufficiency at birth or in childhood up to 10 years of age.
Variants were classified as pathogenic or likely pathogenic; all
were located in a hotspot: the putative ligand-binding domain of
nuclear hormone receptor. All variants modified the length of the
protein if one was produced, except the missense variant
NM_000475.5: c.896T>C p.(Leu299Pro). Leu299 is included in
the same highly LLxLxLx-conserved domain as Leu295 and
FIGURE 2 | NR0B1 variants identified in patients. The figure depicts the two exons of the NR0B1 gene confronted with the 470 AA DAX1 protein. The DAX1 protein
diagram resumes the 3.5-fold repeated motif in the amino-terminal portion (arrows) and the putative ligand-binding domain of nuclear hormone receptor in the
carboxyl-terminal portion. The five variants identified in the five patients are positioned on the protein diagram. All the reported variants cluster in the putative ligand-
binding domain of nuclear hormone receptor. Variants were described using reference NP_000466.2 for DAX1 protein and NM_000475.5 for NR0B1 transcript on
GRCh37/hg19 human genome assembly. AA, amino acid.
TABLE 1 | Continued

Patient 1 2 3 4 5

Likely pathogenic
(PM1, PM2, PM4,
PP3, PP4)

(PM1+PM2
+PP3 PP4)

Likely pathogenic
(PM2, PM4, PP3,
PP4, PP5)

Pathogenic (PVS1,
PM1, PM2, PP3,
PP4, PP5)
March 2022 | Vo
AA, amino acid; ACMG, American College of Medical Genetics and Genomics; AMH, anti-Müllerian hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; NA, not
applicable; rFSH, recombinant follicle-stimulating hormone; rhCG, recombinant human chorionic gonadotropin; TESE, testicular sperm extraction.
ACMG criteria: pathogenic moderate (PM); pathogenic supporting (PP); pathogenic strong (PS); pathogenic very strong (PVS).
“PVS1: null variant (nonsense, frameshift, canonical +/−1 or 2 splice sites, initiation codon, single or multiexon deletion) in a gene where loss of function is a known mechanism of disease.”
“PM1: located in a mutational hotspot and/or critical and well-established functional domain (e.g., active site of an enzyme) without benign variation.”
“PM2: absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, 1,000 Genomes or ExAC.”
“PM4: protein length changes due to in-frame deletions/insertions in a nonrepeat region or stop-loss variants.”
“PP3: multiple lines of computational evidence support a deleterious effect on the gene or gene product (conservation, evolutionary, splicing impact, etc.).”
“PP4: patient’s phenotype or family history is highly specific for a disease with a single genetic etiology.”
“PP5: reputable source recently reports variant as pathogenic but the evidence is not available to the laboratory to perform an independent evaluation.”
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Leu297, substitution of which in Proline was reported in X-AHC
patients (9, 24). This highlighted the potential deleterious effect of
p.(Leu299Pro) for DAX1 protein function. The variant
NM_000475.5: c.1411T>C p.(*471Glnext*18) was reported in an
X-AHC boy with precocious puberty (25). Protein–protein docking
showed the addition of 18 additional AA after the stop codon
decreased interaction between DAX1 protein and SF1 protein. The
boy was followed up from 11 to 15.1 years of age; we do not know
whether he would develop hypogonadotropic hypogonadism later.
No semen collection was performed, but testicular volume was 3 ml
bilaterally and inhibin B levels were low, suggesting a
spermatogenesis defect (25). In contrast, the patient carrying
NM_000475.5: c.1411T>C p.(*471Glnext*18) (patient 3) did not
present precocious puberty and had subnormal BTV of 20 ml and
normal inhibin B level at 15 years and 8 months.

Patients with frameshift variant or stop-gain variant might
have been expected to have earlier revelation of the pathology
than those with missense variant or in-frame insertion. However,
hormonal levels, BTV, age at diagnosis, and gonadotropin
Frontiers in Endocrinology | www.frontiersin.org 793
treatment response showed no correlations with the molecular
variant. This confirms the absence of any clear genotype–
phenotype relation in X-AHC patients and the heterogeneity of
the pathology reported elsewhere (4, 10, 12, 26, 27).

Low levels of total testosterone in parallel to the defect of
increased FSH and LH levels indicated that patients presented
hypogonadotropic hypogonadism. Inhibin B is secreted by
Sertoli cells, and BTV and inhibin B are markers of
spermatogenic potential (28–30). Therefore, reduced BTV and
low or low-normal inhibin B values for age suggest
spermatogenesis failure which can be integrated in the
hypogonadotropic hypogonadism profile and in the primary
gonadal defect reported in X-AHC patients (5, 9, 10, 13). As
observed here, some authors reported testicular volume ranging
from 3 to 6 ml bilaterally in most X-AHC cases (6, 9, 11, 25, 26,
31, 32). However, testicular volume may be normal in mild forms
of X-AHC (10). Likewise, inhibin B was reported to be low or in
the lowest range of normal at puberty or after (6, 10, 25, 26,
31, 33).
A B

C D

FIGURE 3 | Bi-testicular volume (A), plasma total testosterone (B), serum AMH (C), and serum inhibin B (D) progression before and during or immediately after
termination of gonadotropin treatment. Median values and interquartile ranges are presented in two boxplots for each parameter: one for values measured before
initiation of gonadotropin treatment and one for values measured during or immediately after termination. Each black dot corresponds to one patient. Black dots
obtained from the same patient before and during or immediately after termination of gonadotropin treatment are connected by solid gray lines. For plasma total
testosterone, only patients with values before and during or immediately after termination of gonadotropin treatment were considered. An increase in BTV and total
testosterone levels and a decrease in AMH levels after at least 12 months under gonadotropin treatment is observed. Variation in inhibin B levels is not as clear.
AMH, anti-Müllerian hormone; BTV, bi-testicular volume.
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After gonadotropin treatment, total testosterone levels
increased and AMH levels decreased. This indicates that
Leydig cells retain their cellular function and ability to be
stimulated by gonadotropins in X-AHC patients. The level of
testosterone secretion stimulation by hCG in X-AHC patients
varies from case to case (5, 9, 11–13, 34). It is already known
physiologically that testosterone induces maturation of Sertoli
cells, which express the androgen receptor, manifested by a stop
in their multiplication and a sharp decrease of their AMH
secretion (35, 36). Consequently, the decrease in AMH
observed in our patients could suggest the presence of mature
Sertoli cells which express the androgen receptor in X-
AHC patients.

After gonadotropin treatment, we also showed an overall
increase in BTV, although it remained below the normal range,
suggesting a modest increase in germ cells. BTV did not respond
to treatment in the adolescent patient where it was highest before
the start of the gonadotropin treatment (patient 1) or in the
patient treated in adulthood (patient 5). Interestingly, the
greatest increase in BTV was in the patient who received rFSH
Frontiers in Endocrinology | www.frontiersin.org 894
alone (priming rFSH) during the first 6 months (patient 3). As
reported by Dwyer et al. in congenital hypogonadotropic
hypogonadism due to GnRH defect, priming rFSH treatment
can increase the Sertoli cell population before testosterone
secretion (induced by the addition of hCG) stops their
multiplication (37). Unfortunately, patient 3 was not eligible
for testicular biopsy and TESE to see if priming rFSH could
improve his spermatogenesis. Inhibin B level variations were less
clear, with a slight increase after gonadotropin treatment in some
patients and a decrease in others, indicating a primary defect in
Sertoli cell function. Our observations were consistent with other
cases reported in literature which showed an increase in
testicular volume (5, 13, 34) but no or only slight increase in
inhibin B levels after gonadotropin therapy (9). However, there
were some discrepancies. A study in an azoospermic 36-year-old
man showed a rise in inhibin B after 5 months of combined
gonadotropin treatment, but in a mild form of X-AHC (10), and
another study reported no significant increase in testicular
volume after gonadotropin treatment in seven adult patients
(4.0 ± 2.9 vs. 4.9 ± 3.3 ml) (8). In any case, inhibin B response to
A B

C D

E F

FIGURE 4 | Histological sections of testicular biopsies of patient 1 (A, B), patient 4 (C, D), and patient 5 (E, F) after gonadotropin treatment. Histological sections of
testicular biopsies are shown at magnifications ×200 (A, C, E) and ×400 (B, D, F) after a hematoxylin–phloxin–saffron staining. All biopsies showed severe
hypospermatogenesis with either Sertoli cell-only profile (C, D), histological mosaicism profile with Leydig cell hyperplasia (A, E), or maturation arrest at round
spermatid stage (B) or spermatocyte stage (F).
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gonadotropin treatment, as BTV response, was generally much
lower than in other forms of hypogonadotropic hypogonadism
such as Kallmann syndrome (7, 38), which reinforces the idea of
a peripheral gonadal defect in X-AHC.

Some authors reported progressive degradation of the
hypothalamic-pituitary-gonadal axis with age in X-AHC
patients. Galeotti et al. reported a cohort of eight X-AHC
patients with normal minipuberty (27). Others described
infants with normal or increased testicular volume for age and
a physiologic minipuberty whereas the maternal uncle, bearing
the sameNR0B1 variant, failed to enter puberty (32, 39). In terms
of fertility, a mutated NR0B1 murine model suggested that
spermatogenesis may deteriorate gradually with age (40). This
was supported in humans in a mild form of X-AHC in which
inhibin B decreased from 148 ng/L at 35 years to 38 ng/L at 43
years (normal range, 80–270 ng/L), sperm count decreased from
4 million at 23 years to 0.05 million at 37 years, and testicular
volume decreased from 20 ml bilaterally at 32 years to 15 ml at 47
years (10). Data from Galeotti et al. were also consistent with
progressive degradation of spermatogenesis, with normal inhibin
B values in the first year of life, decreasing in adolescence and
adulthood according to the age-related normal ranges (27).
Previous studies, using several combined gonadotropin drugs,
doses, and treatment duration ranging from 5 months to 3 years,
failed to restore spermatogenesis in X-AHC patients (5, 6, 9–12).
None of these studies used priming rFSH.What these studies had
in common was also that gonadotropin treatment was initiated
in adulthood (5, 6, 8–12); it may therefore be advantageous to
start gonadotropin treatment earlier in life. As inhibin B levels
were not below the limit of quantification for any of our patients
and in some cases BTV responded to gonadotropin therapy, we
might expect to retrieve sperm cells in semen or testicular biopsy
after TESE, but in fact failed to do so, whether gonadotropin
treatment was started either in adulthood or at age of puberty.
The gonadotropin treatment protocol we used may be contested,
but a similar one allowed sperm cells to be retrieved from semen
in almost the entire cohort of adults with hypogonadotropic
hypogonadism (including 11 patients with Kallmann syndrome)
after around 12 months of treatment on average (7). Inhibin B
and BTV appear to be poorer biomarkers of spermatogenesis in
X-AHC patients than in other forms of nonobstructive
azoospermia, where elevation after gonadotropin treatment
correlated with the presence of sperm cells in semen collection
(7, 38).

Interestingly, some studies held out hope for X-AHC patients
to be able to father children. Some cases of spontaneous paternity
were reported, free of any drugs, but in mild forms of X-AHC.
Vargas et al. reported a kindred with late-onset X-AHC where a
man and his uncle had children at respectively 32 and 39 years of
age, before diagnosis of primary adrenal insufficiency (26). The
uncle was then totally azoospermic at 64 years of age. Raffin-
Sanson et al. reported a man who had two sons, one at 35 years of
age by in vitro fertilization and one naturally at 37 years of age.
He was diagnosed with adrenal insufficiency at 19 years of age,
and his sperm count decreased drastically with age (10).
Otherwise, using a gonadotropin supplementation protocol
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almost identical to ours (administration of menotropin
consisting of 150 IU FSH and 150 IU LH three times per week,
combined with administration of 1,500 IU hCG two times per
week for 20 months), Frapsauce et al. succeeded in retrieving
sperm cells from a 25-year-old man with a classic form of X-
AHC (adrenal crisis at 3 weeks of life) by testicular sperm
extraction, with intracytoplasmic sperm injection resulting in
the birth of a heathy child (13).

In the present study, testicular biopsies showed severe
hypospermatogenesis with the absence of mature germ cells,
although biopsy was realized during adolescence for two
patients and a combined gonadotropin treatment was used.
Spermatogonia and hyperplastic Leydig cells were seen in two of
the three patients with testicular biopsy (one with biopsy during
adolescence and the other during adulthood). Sertoli cell injury
was found in all patients. These observations are consistent with
the absence of sperm cells in semen or TESE after gonadotropin
therapy, and with decreased inhibin B levels and reduced testicular
volume unresponsive or poorly responsive to gonadotropin
treatment. Histological examination in a murine model with
mutated NR0B1 highlighted a progressive degeneration of
seminiferous tubules with hyperplastic Leydig cells and failure to
maintain germ cells (40). In humans, Seminara et al. showed a
Sertoli cell-only syndrome with scarce spermatogonia not
maturing into sperm cells in a 27-year-old man treated with
hCG for 7 years (5). In a 20-year-old man with X-AHC,
testicular biopsy found a disorganized structure of seminiferous
tubules with moderate hyperplastic Leydig cells and proliferative
interstitial tissue after 6 months of gonadotrophin treatment (6),
in line with the abnormalities found in the present patients.
Interestingly, postmortem histological testicular examination of
a newborn baby who had a mutated NR0B1 and died of adrenal
crisis at 23 days showed physiologic testicular histology for age
with numerous Sertoli cells and numerous spermatogonia (9).
Normal testicular histology was also described in a 9-year-old boy.
The structure of his seminiferous tubes was conserved, and they
contained spermatogonia, while Leydig cells were not hyperplastic
(41). In the 25-year-old patient with a classic form of X-AHC and
who fathered a child, reported by Frapsauce et al., biopsy showed
mostly incomplete spermatogenesis up to spermatocyte stage but
very rare focal spermatogenesis leading to mature sperm cells for
TESE-intracytoplasmic sperm injection (13). The discrepancy
between the present TESE results and those of Frapsauce et al.
may be due to the fact that their patient did not carry the same
NR0B1 variant as ours, and it is important to bear in mind the
heterogeneous spectrum of X-AHC even in patients carrying the
same NR0B1 variant (4, 10, 26, 27). However, it cannot be
excluded that focal spermatogenesis existed elsewhere in our
patients’ testes but simply not in the multiple bilateral
biopsied fragments.
5 PERSPECTIVES

Testicular biopsy failed to retrieve mature sperm cells although it
was performed during adolescence in two patients under
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gonadotropin treatment, suggesting that testicular biopsy may be
performed as early as possible (at the age of usual
spermatogenesis onset) after diagnosis of X-AHC. If
spermatogonia and functional seminiferous tubules can be
retrieved from the testicular biopsy, X-AHC may be an
indication for the emerging in vitro spermatogenesis
technology (42), on the hypothesis that spermatogenesis defect
in X-AHC patients is due to impaired Sertoli cell function. In
2016, Perrard et al. managed for the first time to perform
complete spermatogenesis from culture of adult human
seminiferous tubule segments, using a bioreactor in a specific
culture medium (42). Earlier gonadotropin treatment, at onset of
puberty (around 11 years of age) or even before the rise in
intratesticular testosterone secretion, with priming rFSH to
optimize Sertoli cell function, should also be investigated.
6 CONCLUSION

The present data extend our understanding of X-AHC, reporting
three new NR0B1 variants. These variants were associated with
classic forms of X-AHC with azoospermia not responding to
combined gonadotropin treatment. No sperm cells could be
retrieved from semen collection or testicular biopsy even when
gonadotropin treatment was started at the age of puberty.
However, spermatogonia were seen in testicular biopsies of two
out of three patients, holding out hope for X-AHC patients to
father children using in vitro spermatogenesis technique
currently in development.
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Background: 3b-hydroxysteroid dehydrogenase 2 (3bHSD2) deficiency is a rare form of
congenital adrenal hyperplasia (CAH), with fewer than 200 cases reported in the world
literature and few data on outcomes.

Patients and Methods:We report a mixed longitudinal and cross-sectional study from a
single Algerian center between 2007 and 2021. Virilization and under-masculinization
were assessed using Prader staging and the external masculinization score (EMS),
pubertal development staged according to the system of Tanner. Adrenal steroids were
measured using mass spectrophotometry (LC-MS/MS). A genetic analysis of HSD3B2
was performed using Sanger sequencing.

Results: A 3bHSD2 defect was confirmed in 6 males and 8 females from 10 families (8
consanguineous), with p.Pro222Gln mutation in all but two siblings with a novel deletion:
c.453_464del or p.(Thr152_Pro155del). Probable 3bHSD2 deficiency was diagnosed
retrospectively in a further 6 siblings who died, and in two patients from two other centers.
In the genetically confirmed patients, the median (range) age at presentation was 20 (0–
390) days, with salt-wasting (n = 14) and genital anomaly (n = 10). The Prader stage for
female patients was 2 (1–2) with no posterior fusion of the labia. The EMS for males was 6
(3–9). Median (range) values at diagnosis for 17-hydroxyprogesterone (17-OHP),
dehydroepiandrosterone sulfate (DHEA-S), and 17-hydroxypregnenolone (17OHPreg)
were elevated: 73.7 (0.37–164.3) nmol/L; 501.2(9.4–5441.3) nmol/L, and 139.7 (10.9–
1500) nmol/l (NB >90 nmol/L diagnostic of 3bHSD2 defect). Premature pubarche was
observed in four patients (3F:1M). Six patients (5F:1M) entered puberty spontaneously,
aged 11 (5–13) years in 5 girls and 11.5 years in one boy. Testicular adrenal rest tumors
were found in three boys. Four girls reached menarche at 14.3 (11–14.5) years, with three
developing adrenal masses (surgically excised in two) and polycystic ovary syndrome
(PCOS), with radiological evidence of ovarian adrenal rest tumor in one. The median IQ
was 90 (43–105), >100 in only two patients and <70 in three.
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Conclusions: The prevalence of 3bHSD2 deficiency in Algeria appears high, with
p.Pro222Gln being the most frequent mutation. Mortality is also high, with significant
morbidity from adrenal tumors and PCOS in adolescence and an increased risk of learning
disability. The finding of adrenal tumors in older patients with 3bHSD2 indicates under-
replacement, requiring effective hydrocortisone and fludrocortisone treatment rather than
surgical removal.
Keywords: 3-b hydroxysteroid dehydrogenase deficiency, 3bHSD2, HSD3B2, congenital adrenal hyperplasia,
newborn screening, adrenal rest tumors, polycystic ovary syndrome
INTRODUCTION

3b-hydroxysteroid dehydrogenase type 2 (3bHSD2) deficiency is a
rare cause of congenital adrenal hyperplasia (CAH) with an
estimated birth prevalence of less than 1/1,000,000 (1) and with
fewer than 200 families reported in the world literature (2). The
condition is transmitted in an autosomal recessive pattern and
results frommutations in theHSD3B2 gene, which encodes the type
II 3bHSD isoenzyme (3). With a severe HSD3B2 gene defect,
biosynthesis of all steroids—mineralocorticoid, glucocorticoid,
and sex hormones—is impaired, resulting in varying degrees of
salt-wasting (SW), and under-masculinisation in 46, XY
individuals. The phenotype of 3bHSD deficiency is linked to the
type ofHSD3B2mutation and to the residual activity of the 3bHSD
enzyme. Thus, as in 21-hydroxylase deficiency (21OHD), classical
salt-wasting formshave beendescribed in 3bHSDdeficiency aswell
as classical non-salt-wasting forms presenting with isolated under-
masculinisation in 46,XY individuals (4). In affected women,
virilization is usually absent or limited to clitoral enlargement. No
HSD3B2mutation has been found in presumednon-classical forms
with milder hyperandrogenism (5). While testicular adrenal rest
tumor is well-recognized in 21OHD and has also been described in
the ovaries of female patients with this variety of CAH (6–9), there
have been only rare reports of adrenal rests in 46, XY patients with
3bHSD2 deficiency. Moreover, there are no confirmed cases of
ovarian adrenal rest tumor, with adrenal rest nodules having been
found in the broad ligament andnear the ovarian hilus in a 35-year-
old woman with 3bHSD deficiency, but not in the ovaries
themselves (10).

To date, only two series of 3bHSDdeficiency withmore than 10
subjects have been reported (11, 12), and there is no large series
describing the characteristics of patients with the p.Pro222Gln
mutation which is the most frequent mutation encountered in
Algeria, being found in all families but one in our series, and is also
found in Latin American countries such as Colombia and Brazil
(13–15). The hormonal criteria of a high 17OHPreg [basal or
ACTH stimulated >90 nmol/l (16)] is preferred to the D5/D4 ratio
[17 OH-Pregnenolone/Cortisol>103 or 181 nmol/l (16, 17)]. With
liquid chromatography coupled to the tandem mass spectrometry
(LC-MS/MS) method, these cut-offs have yet to be established.
Moreover, genetic testing (when available) is recommended to
confirm the diagnosis.

In Algeria, a country with a high birth rate of 22.2 births/
1,000 population (18) and high levels of consanguinity (38%), we
n.org 299
have accumulated a series of 14 patients from 10 families with
confirmed 3bHSD2 deficiency (3BHSD2). We have been struck
by the relative frequency of the disorder compared with other
causes of CAH, how frequently it is misdiagnosed as 21-OHD,
and the high rate of sibling deaths in the families. The purpose of
this study, therefore, is to detail the presentation and outcome
of 3bHSD deficiency in our Algerian families, make an estimate
of its prevalence among other forms of CAH, and draw attention
to some long-term problems and complications. These include
developmental delay, ovarian adrenal rest tumor, and polycystic
ovary syndrome (PCOS).
PATIENTS AND METHODS

Clinical and hormonal data were collected from the medical
records of patients attending a single center, the Pediatric
Department of the Centre Hospitalo-Universitaire (CHU) of
Bab El Oued, Algiers, Algeria over a fourteen-year period
(2007–2021). Although patients from all over Algeria attend
CHU Bab El Oued, at least ten other units (pediatric and adult)
also receive endocrine referrals. In the absence of a national
registry of CAH or rare diseases, and in an attempt to ascertain
the exact number of patients followed for 3bHSD2 deficiency
during the study period, we contacted all pediatric
endocrinologists in Algeria, asking if they had seen one or
more confirmed cases. Also, to estimate the prevalence of
3bHSD2 deficiency among other forms of CAH, we compared
the number of patients with 3bHSD2 deficiency to the number of
patients with other forms of CAH in our department.

Data Retrieval
Details from the case notes of the patients studied were recorded
using an electronic form (Epi-info7) and included the following:
date and year of birth, sex, birth weight and gestation, mode of
delivery, age at presentation, start of medical treatment, and
definitive diagnosis of 3bHSD deficiency. Details of the presence
and degree of consanguinity; and a history of sibling deaths from a)
salt-wasting (indicative of 3bHSD2 deficiency); and b) unclassified
illness during infancy, were recorded. Examination findings
including Prader stage (19) and the External Masculinisation
Score (EMS) described by Ahmed and colleagues (20) were also
recorded. Finally, biochemical and radiological data, and details of
surgical and medical treatment were collated.
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Clinical Review
In April 2019, and again in March 2021, all patients were invited to
attend CHU Bab El Oued for clinical assessment, which included
auxology, expressed according to the 2007 WHO References and
standards (21, 22), blood pressure measurement, pubertal staging,
Prader and EMS scoring, and clarification (where necessary)
concerning consanguinity and sibling health. An IQ test was also
performed using the Wechsler scale [Wechsler Preschool and
Primary Scales of Intelligence (WPPSI) (23)] and the Khos block-
design test (24) for preschool children. Further biochemistry and
radiology assessments were also carried out at this time. When
patients were fully assessed in both 2019 and 2021, the most recent
clinical and biochemical data are given in the Results section.
Biochemistry Assays
Blood sampleswerenormally collectedbetween8and10a.m.Cortisol,
17-hydroxyprogesterone (17-OHP), serum dehydroepiandrosterone
sulfate (DHEA-S), delta4-androstenedione (D4A) and testosterone
were measured in the laboratory of the department of nuclear
medicine in CHU Bab El Oued using radioimmunoassay (RIA).
Renin levels were measured in the laboratory of the Centre Pierre
Marie Curie Hospital, Algiers, using RIA (Cisbio Bioassays).

Since 17-hydroxypregnenolone (17OHPreg) assay is not available
inAlgeria, blood samples were sent to Laboratoire Cerba, France and
measured using liquid chromatography coupled to tandem Mass
Spectrometry LCMS/MS method. Some steroids were reassessed in
2019 and 2021 by LC MS/MS at Lyon University Hospital, France
(17OHP, DHEA, 17OHPregnenolone).

Age-appropriate reference ranges are given in the Results
section and are taken from values established in the laboratory of
Lyon, France, supplemented in the case of DHEA by data from
Kushnir et al. (25) (please see Supplementary Table S1).
Normative data from Lyon were determined from plasma
samples, drawn at 8 a.m. in subjects beyond early childhood,
using the LC MS/MS technique.
Genetic Analysis
Genetic analysis, after informed consent, was performed at the
Department of Molecular Endocrinology and Rare Diseases,
Lyon University Hospital, France, as previously described by
Sanger sequencing (26) and in vitro functional studies (14).
Ethical Approval
Written informed consent was obtained from all families for
genetic testing. The local ethics committee was informed and
approved the study as a clinical audit.
Statistical Analysis
Anthropometric data were expressed as standard deviation score
(SDS) using the World Health Organization 2007 data (WHO
2007, Anthro plus software) (21, 22). Data analysis was carried
out using the software Epi Info 7 (7.2.2.6). A Student t-test was
used to compare the age at diagnosis and treatment in male and
female patients.
Frontiers in Endocrinology | www.frontiersin.org 3100
RESULTS

At the end of the study period, 273 patients from 227 families
had been diagnosed with classic CAH in our clinic at CHU Bab
El Oued. Of these, 3bHSD2 deficiency was diagnosed and
confirmed by molecular studies in 14 patients from 10 families,
and their pedigrees are shown in Figure 1. After 21-hydroxylase
deficiency, with 243 patients from 207 families, 3bHSD2
deficiency was the next most common form of CAH,
accounting for 5% of cases, and was more frequent than 11-
bhydroxylase deficiency (13 patients from 8 families) and StAR
protein deficiency (6 patients from 4 families).

The fourteen patients (eight females) were from ten families,
with consanguinity (parents first cousins) in eight. Four patients
from three families (F, G, and I) were from the same region in the
north-center of Algeria, the province of Boumerdès (Figure 1).

Four children (3 boys) from family E, a family with poor
socioeconomic circumstances, suffered from a separate severe
congenital motor disability syndrome. Two of these children, E II-4
and II-5, died at the ages of 8 and 12 years with severe malnutrition.

Six siblings from 4 families died in infancy, of whom three
(Family E II-1, II-2, and II-3) had a clear history of salt-wasting,
while three (Family F II-2, G II-2, and J II-1) died with adrenal
insufficiency while on hydrocortisone treatment. The median
(range) age at death for these six siblings was 19.4 (0.5–48)months.

Table 1 shows the clinical features of the 14 patients with
confirmed 3bHSD2 deficiency. Four patients had been diagnosed
originally as having 21-OH deficiency (B II-1; B II-2; E II-8; and
G II-1) and were treated with hydrocortisone only; two patients
(A II-3 and B II-2) were diagnosed soon after birth by screening
since one sibling was already being managed for CAH (A II-2
and B II-1). Patient B II-2 was screened at birth, but with
suspected 21OHD.

Prevalence of 3bHSD Deficiency
Apart from the 14 confirmed and six unconfirmed but probable
patients mentioned, we are aware of only two other patients with
3bHSD, one diagnosed biochemically in our center, in whom
genetic studies are pending, and the other being followed by a
colleague in France. However, since children are also sometimes
followed by adult endocrinologists and other children have
probably died in infancy, this number is almost certainly
an underestimate.

Presentation of the 14 Confirmed Patients
(See Table 1) In the absence of any systematic newborn
screening program in our country, all but two patients (A.II.3
and B II-2), who were diagnosed by neonatal family screening,
presented with severe salt-wasting (SW) during infancy, mean ±
SD (range) age 2.2 ± 3.3 (0.1–13) months. SW syndrome was
associated with a disorder of sex development (DSD) in all male
patients, but was not the principal cause of referral. Two patients
presented with SW in the early neonatal period (3–10 days), 7
aged 11–28 days, and 5 after 28 days.

The median (range) age at presentation with either SW, DSD
or both was 2.4 weeks (3 days–13 months). There was no male
predominance in our patients, despite the absence of ambiguous
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genitalia in females. Mean ± SD age at clinical/biochemical
diagnosis was 1.3 ± 1.5 months in males and 2.4 ± 4.3 months
in females (p = 0.5).

The median (range) age at the start of treatment with
hydrocortisone was 1.25 (0.1–13) months. Since fludrocortisone is
not widely available in Algeria, mineralocorticoid treatment was not
always possible and was often not administered regularly.

The median (range) age of the patients at the time of referral
to our department at CHU Bab El Oued for further investigations
was 50.5 months (3 days–16.5 years). Ten were seen within the
first year of life, while 4 females (B II-1, B II-2, E II-8, and G II-1)
were referred after the age of 10 years (10.4–16.5 years). These
four patients were already receiving steroid treatment and had
been misdiagnosed as having 21 OHD.

Presentation, DSD Status and Definitive
Diagnosis in Females
The eight females presented with salt-wasting only (5), salt-
wasting with clitoromegaly (2), and after being screened at birth
(1). Virilization in girls was mild, with two patients not
significantly virilized, two at Prader stage 1 (clitoromegaly
Frontiers in Endocrinology | www.frontiersin.org 4101
only), and 4 at Prader stage 2 (clitoromegaly with narrowing of
the distal vagina) (see Figure 2A). None had labial fusion.
Clitoromegaly was more severe (4 cm) in patient E II-8, in
whom the diagnosis was made well after the neonatal period at 3
months (Figure 2A). At presentation at 13 months, one girl
(C.II.3) had Prader-stage P2 pubic hair.

Due to non-availability of fludrocortisone, the four older
female patients who had been initially misdiagnosed as 21-OH
deficiency and had been treated with hydrocortisone alone. In
these patients, adjustments to hydrocortisone dosing had been
made in relation to 17OHP levels and not to 17OHPreg levels,
leading to inadequate treatment.

Presentation, DSD Status and DSD
Management in Males
The six males presented following family screening (1), with genital
anomaly (1), salt-wasting (1), and both genital anomalies and salt-
wasting (3). Twomales were severely under-masculinized with EMS
scores of 3 and 3.5/12, including patient E II-9 (Figures 2B, C) and
twomildlyunder-masculinized (EMSscoresof6 and9/12), including
patientGII-5.All sixpatients received testosteroneenanthate (50mg/
FIGURE 1 | Family tree of 10 Algerian families (8 consanguineous) with a) 3bHSD2 deficiency (individuals shown as hatched circles or squares); and b) an unclassified severe
learning disability syndrome (affected individuals shown as speckled circles or squares). A HSD3B2: p.Pro222Gln mutation was found in 9 families (diagonal hatching), while
Family B shows a novel HSD3B2: p.Thr152_Pro155del mutation (horizontal hatching). Of 42 children born to the 10 families, 3bHSD2 deficiency was genetically proven in 18
(2 deaths) and suspected on clinical grounds in twins from Family E with neonatal death from salt-wasting.
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month for 3 months) during the first months of life, and four
underwent uncomplicated surgical correction of hypospadias. So
far, one patient (E II-9) has developed spontaneous puberty without
any need for testosterone supplementation.

Biochemical Data
Table 2 shows the initial and current biochemical status of the 14
patients with confirmed 3bHSD deficiency. The sensitivity of the
hormones measured in showing values above the reference range
was 100% for 17 OH-pregnenolone and DHEA-S except in
patients in whom the measurements were obtained while
on treatment.

Initial 17OH-Progesterone (17OHP) was mildly elevated at
79.2 (7.7–804) nmol/l) [normal values 0.4–3.3], while 17 OH-
Pregnenolone (17OHPreg), DHEA-S and renin were elevated in
all patients, respectively—157 (112.2–1500) nmol/l for
17OHPreg [normal values 0.13–13.7]; 687 (53–5442) μg/dl for
DHEA-S [30–333]; and 892 (360–16,634) pg/ml for Renin [360–
1,040]. Delta4-Androstenedione was only mildly elevated in
some patients (2.24 (0.01–6.06) ng/dl [normal values 0.21–
3.08]. When reassessed by LC-MS/MS (patients off treatment
for one day), 17OH-Preg was high in most patients at 89.13
(1.06–132) nmol/l, while 17 OHP [2.7 (0.08–7.3) nmol/l] and
DHEA-S [4.82 (2.88–20.14) nmol/l], were normal or only
slightly elevated in all patients.

Genetic Analysis
(See Figures 1, 3 and Table 1) All but two of the 14 patients were
homozygous for the null mutation, p.(Pro222Gln) (c.665C >A). The
two sisters of Family B were homozygous for a novel 12bp deletion
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(c.453_464del) deleting 4 amino acids p.(Thr152_Pro155del). As
these amino acids are located within the characteristic catalytic Y-X-
X-X-K site, this mutation should be a null mutation, hence the good
genotype/phenotype correlation observed (Figure 3).

Clinical Outcomes
Table 3 shows the status of the 14 patients at the last review in 2019
or 2021. All patients were treated with hydrocortisone at a mean
(± SD) dose of 15.2 ± 0.8 mg/m²/day. Owing to problems with
fludrocortisone availability, three patients were not receiving this at
the time of their last evaluation, and the remaining patients were on
adose of 54± 25μg/day.Ofnote,fludrocortisone treatment is either
imported from Spain twice a year in bulk by compassionate health
professionals or provided at cost or for free to the patients at the
discretion of the pediatric endocrinologist or shipped directly by
family members living abroad (28).

At the most recent visit, the median age was 8.7 (1.7–21.7)
years, height 0.24 (−1.96 to +1.45) SDS, with 5 patients <−1 SDS;
BMI +1.06 (−1.36 to +6.3) SDS, with 7 patients >+1 SDS and 3
patients >+2 SDS.

Seven girls reached Tanner B2 and P2 during the study
period, at 9 (8–13) and 10 (1.25–10) years old. Only one boy
(E II-9) had entered puberty at G2 aged 11.5 years. In the absence
of adequate treatment, this patient had already presented with
premature pubarche aged 7 years. Another boy (H II-2)
presented with premature pubarche at the age of 8 years.

Complications of 3bHSD Deficiency
Six of the 14 patients experienced one or more acute illnesses
with SW crises after diagnosis, but there were no deaths.
TABLE 1 | Clinical data and features at first examination for 14 Algerian patients from 10 families with confirmed 3b-hydroxysteroid dehydrogenase (3bHSD) deficiency.

Patient
No.

Pedigree Parental
consanguinity

Sex BW
(kg)

GA
(w)

Mode of
presentation

Genital status at
diagnosis

SW Age at
presentation

Age at
start of

treatment

Age at
definitive
diagnosis
of 3bHSD

Genetic mutation

Females
Prader
stage
(Clitoral
length
in cm)

Males
EMS
(Penile
length
in cm)

1 A II-2 1st cousin F 3.35 37 SW 1 (ND) – + 3w 7w 7w p.(Pro222Gln)
2 A II-3 1st cousin M 3.25 39 DSD + SCR – 3.5 (2) + 3 d 3 d** 3 d p.(Pro222Gln)
3 B II-1 1st cousin F 4 41 SW + DSD 2 (4) – + 3m 4m* 6w p.(Thr152_Pro155del)
4 B II-2 1st cousin F 2.7 41 SCR 1 (0.5) – + 4w 1m * 5w p.(Thr152_Pro155del)
5 C II-3 2nd cousin F 3.2 41 SW + DSD 2 (1.5) – + 13m 13m 16m p.(Pro222Gln)
6 D II-1 No F 2.6 41 SW 1 (ND) – + 14d 6w 6w p.(Pro222Gln)
7 E II-8 2nd cousin F ND 41 SW 2 (1.5) – + 14d 4w* 5w p.(Pro222Gln)
8 E II-9 2nd cousin M 3 40 SW + DSD – 6 (2) + 19d 3w 5.3m p.(Pro222Gln)
9 F II-1 1st cousin F ND 41 SW 2 (1) – + 17d 3m 7.3m p.(Pro222Gln)
10 G II-5 2nd cousin M 5 41.5 SW + DSD – 9 (3) + 3d 3d 3d p.(Pro222Gln)
11 G II-1 2nd cousin F 3.4 41 SW + DSD 2 (ND) – + 14d 1m* 15y p.(Pro222Gln)
12 H II-2 1st cousin M 4 41 SW – 6 (2) + 2m 2m 3.8m p.(Pro222Gln)
13 I II-1 No M 3.3 40 DSD 6 (2) + 3w 3w 3w p.(Pro222Gln)
14 J II-5 2nd cousin M 3.7 40 DSD + SW 3 (2.8) + 4m 4m 16m p.(Pro222Gln)
June
 2022 | Volum
Age at presentation, start of treatment and definitive diagnosis of 3bHSD deficiency is given in days (d), weeks (w), months (m) or years (y). BW, birth weight; GA, gestational age; SW, salt-
wasting; F, female; M, male; EMS, External Masculinization score (maximum 12); SCR, screening; ND, not documented; DSD, disorder of sex development. *Initially diagnosed as 21-OH
deficiency. **Treatment was started at birth, the patient presented with SW subsequently.
e 13 | Article 867073

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Ladjouze et al. 3b-Hydroxysteroid-Dehydrogenase Deficiency in Algeria
Overweight (BMI >1 SDS) was seen in seven patients. Only
three patients were obese (BMI >+2 SDS) even though all
subjects were receiving hydrocortisone doses that were above
the physiologic replacement level of 8 mg/m2/day. However, we
were unable to demonstrate a direct relationship between obesity
and hydrocortisone dose, which was between 13 and 14.8 mg/
m2/day in the three obese patients.

Although the four girls reaching menarche during the study
period experienced this within the normal age range (11.5–14.5
years), three of these girls (patients B II-1, B II-2, and G II-1) had
oligo-amenorrhea and met the criteria for PCOS (29) with a
combination of menstrual irregularity, clinical features of
hyperandrogenism (hirsutism and severe acne), and enlarged,
cystic ovaries. Ovarian volumes were very large in all three girls:
73 × 47 × 40mm and 54 × 40 × 30 with cysts up to 68 × 40mm in B
Frontiers in Endocrinology | www.frontiersin.org 6103
II-1; 54 × 20 × 30 and 63 × 30 × 20 with cysts >25–35 mm in B II-2;
and 48 × 42 × 55 and 84 × 55 × 40mmwith cysts >40mm in G II-1.
Patient E II-8 also had large ovaries (29 × 28 × 49 and 33 × 22.5 ×
39) with large cysts measuring 38 × 36 mm on the most recent
pelvic ultrasound. However, this girl did not have either prolonged
amenorrhea or severe hyperandrogenism, and so the diagnosis was
one of the polycystic ovaries rather than PCOS.

Stature was normal, although one patient had received growth
hormone therapy to offset short stature with bone age advance.

Adrenal Tumor Formation, Testicular
Adrenal Rest Tumor and Ovarian Adrenal
Rest Tumor
Two male patients (E II-9 and G II-5) were diagnosed with
testicular adrenal rest tumor (TART) by systematic testicular
A B

C

FIGURE 2 | (A–C) Appearance of external genitalia in two siblings from family E with 3bHSD2 deficiency due to a p.P222Q mutation, showing virilization with
clitoromegaly and pubic hair in the sister, E II-8 (A) and under-masculinisation in the brother, EII-9 (B, C).
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ultrasonography at 5 and 10 years, testicular examination having
revealed no abnormality. One patient (E II-9) had been
inadequately treated during infancy and childhood because of
fludrocortisone unavailability and poor compliance.

The three older girls (B II-1, B II-2, and G II-1) with PCOS also
presented with adrenal masses at 13, 15, and 16 years of age (see
Frontiers in Endocrinology | www.frontiersin.org 7104
Table 3 and patient B II-1 in Figure 4). In patient G II-1, routine
pelvic ultrasonography showed a large right adrenal mass,
measuring 27 × 30 mm. This mass was of suspect appearance on
pelvic computed tomography with heterogeneous enhancement,
including necrotic areas in contact with the inferior vena cava, and
was therefore surgically removed and analyzed in view of the
TABLE 2 | Hormonal data in 14 Algerian patients with 3b-HSD deficiency.

First available analysis Last available analysis (LC-MS/MS)Patient
No.

17OHP
(nmol/l)
RIA

Delta4-A
(ng/dl)RIA

17 OH-Preg
(nmol/l)(LC MS/

MS)

DHEA-S
(μg/dl)RIA

ACTH
(pg/ml)

Renin
(pg/ml)

17OHP LC-
MS/MS (nmol/l)

17 OH-Preg LC-
MS/MS (nmol/l)

DHEA LC-
MS/MS
(nmol/l)

DHEA-S LC-
MS/MS (nmol/l)

1/A II-2 60 6.06 140.4 464.38 933 4.12 119.69 30.60 4.82
2/A II-3 0.37* 9.4* 2* <0.3* 1.06* 0.89*
3/B II-1 164.3 5.73 1297 900 2,135 851 2.14
4/B II-2 320 2.34 20.8* 1,000 133 960 1.47
5/C II-3 242 2.24 112.21 538 475 360 4.3 67.57 30.60 3.98
6/D II-1 19.26* 1 159.33 1,105 30.98 1,040 3.5 131.99 77.28 2.88
7/E II-8 7.75* 0.98 127 120 597 1.2 27.65 77.08
8/E II-9 99 4.95 139 5,441.29 540 7.3 92.63
9/F II-1 84.85 0.32 295 150 1 43.02 3.46
10/G II-5 1.83* 2.33* 17.75* 1,080* 16,634 3.5 89.13 27.62 16.63
11/G II-1 804 157 687 10,665 2.14 93 4.37* 20.14
12/H II-2 60 0.01 10.9* 4.32 234.8 802 4.15 127.2 19.35
13/I II-1 73.7 1,500 53 0.08* 1.75* 0.30* 2.9*
14/J II-5 41.6 34.84 3.23*
Reference
Range

[0.4–3.3] [0.21–3.08] [0.13–13.7] [30–333] [29–38] [360–
1,040]

[0.49–1.87] [0.13–13.7] 0.5–2 y [0.2–
8.7]

1–4 y: [10–530]
5–9 y [80–
2,310]
June 2
022 | Volume 13
*Analysis performed while on hydrocortisone treatment. 17-OHP, 17 hydroxyprogesterone; 17OH-Preg, 17 hydroxypregnenolone; DHEAS, dehydroepiandrosterone sulfate; ACTH,
adrenocorticotrophic hormone; Delta4-A, Delta 4-Androstenedione; LC-MS/MS, Liquid Chromatography coupled to tandem Mass Spectrometry.
Please see Supplementary Table S1 for age-appropriate reference ranges. Hormonal analysis was performed where possible either before starting treatment or within a day
of treatment.
FIGURE 3 | Characteristics of the p.P222Q mutation of the HSD3B2 gene [From Moisan et al, 1999 (27)] —reproduced by kind permission of Oxford University Press).
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suspicion of malignancy. Initial pathological analysis favored an
adrenocortical tumor. After a second analysis, the diagnosis was
revised to adrenal cortical hyperplasia secondary to under-
suppressed CAH (Figure 5). Post-operatively, hyperandrogenism
persisted in this patient, and pelvic computed tomography revealed
a large solid mass measuring 40 × 42 mm within the left ovary,
which was polycystic as described above. This finding was
considered highly suggestive of an ovarian adrenal rest
tumor (OART).

Systematic pelvic ultrasonography also showed adrenal
masses in the two affected sisters of family B. The older sister
(B II-1) was 15 when the mass was diagnosed, a large left adrenal
mass measuring 63 × 52 × 51 mm (see Figures 4A, B). The
evaluation showed no clinical, biological, or radiological evidence
of pheochromocytoma. The adrenal mass was removed, and the
analysis favored adrenal cortical hyperplasia. Her sister (B II-II)
had a left adrenal mass measuring 20 × 25 mm which is currently
being kept under surveillance.

Intelligence Quotient
(see Table 3, Far Right-Hand Column) An intelligence quotient
was assessed in all but one patient, who was too young to be
tested. The median IQ (range) was 90 (43–109) (n = 13) and the
scores were ranked as follows: 100–110, n = 2; 90–99, n = 5; 80–
89, n = 2; 70–79, n = 1; <70, n = 3. The three patients with IQ
scores <70 were H II-2 (IQ 55), E II-9 (IQ 49), and E II-8 (IQ 43).
Frontiers in Endocrinology | www.frontiersin.org 8105
Of note, siblings E II-8 and 9 are from kinship in which other
siblings had an unclassified global neuro-disability disorder
featuring severe cerebral palsy, which appears unrelated to
3bHSD2 deficiency. However, both parents of family E and
their one unaffected child (E II-6) are of normal intelligence.
There was no correlation between IQ and age at the start of
treatment (p = 1).
DISCUSSION

Prevalence
Despite the impossibility of establishing the exact prevalence of
3bHSD2 deficiency, given the absence of a national program of
neonatal screening and the lack of national registries for rare
diseases in the Maghreb countries, we have nevertheless observed
that the prevalence of 3bHSD2 deficiency appears higher in
Algeria than elsewhere. Indeed, in a large cohort including all
patients with defects in steroid biosynthesis investigated in the
laboratory of molecular endocrinology and rare diseases of Lyon
Hospital, France, 3bHSD2 deficiency is the most rare form of
CAH (2). Globally, 3bHSD2 deficiency is estimated to account
for less than 5% of all CAH and is extremely rare except in
specific populations such as the Old Order Amish in North
America (11) and Turkey (12). Even so, the prevalence described
in our series is certain to be an underestimate because of patients
TABLE 3 | Status at most recent follow-up in 14 Algerian patients with genetically confirmed 3b-hydroxysteroid dehydrogenase.

Patient No.
Pedigree

Sex Age
(yr)

BA
(yr)

BP
(mmHg)

HC dose
(mg/m²/d)

FC dose
(μg/d)

Height
(cm/SDS)

BMI (kg/
m²)/SDS

Tanner
Stage

Age at
B2/G2

Age
at P2

Age at
menarche

Complication IQ/
DQ

1/A II-2 F 11.5 12 95/60 16.2 25 150/+0.31 16.4/−0.54 B3P4A3 8.5 5 – Premature
pubarche

78

2/A II-3 M 1.67 ND 80/50 15 50 79/−1.96 18.3/+1.67 G1P1A1 – – – Short stature ND
3/B II-1 F 18.32 >18 115/75 15 100 157/−0.93 24.7/+0.97 B4P4A3 9 10 11.5 PCOS

Adrenal tumor
105

4/B II-2 F 17.75 18 110/75 15 100 151/−1.81 19.7/−0.53 B4P4A3 11 10 14.5 GH treatment for
short stature
PCOS
Adrenal tumor

99

5/C II-3 F 8.75 8.83 90/60 15.9 50 128/−0.53 25/−0.58 B2P3A1 8.5 1.25 – Premature
pubarche

98

6/D II-1 F 8 9 90/60 14.8 50 133/+1.06 37.7/+2.21 B2P3A1 8 5.5 – Premature
pubarche
Obesity

87

7/E II-8 F 18.32 17 90/70 14.5 * 151/−1.8 18.4/−1.09 B4P5A3 11 10 14 Learning disability
Probable OART

43

8/E II-.9 M 14.32 14 100/60 14.38 * 161/−1.15 16.6/−1.36 G4P5A3 11.5 7 – TART
Learning disability

49

9/F II-1 F 8.22 7.83 90/40 15 50 120.5/
−1.25

20/+1.77 B1P1A1 – – – – 80

10/G II-5 M 6.7 7 80/60 15 50 127.5/
+1.45

17.2/+1.15 G1P1A1 – – – TART 90

11/G II-1 F 21.7 >18 90/70 16;2 50 165/+0.28 27.5/+1.58 B5P5A3 13 10 14.5 PCOS
Adrenal tumor

104

12/H II-2 M 9 12 90/70 14 * 136/
+0.549

24.9/+311 G1P2A1 – 8 – Obesity
Learning disability

55

13/I II-1 M 4.37 4 80/60 13.5 25 106/+0.05 25.8/+6.3 G1P1A1 – – – Obesity 98
14/J II-5 M 4.7 4 90/65 16.5 50 110/−0.37 14/−0.95 G1P1A1 – – – – 90
Jun
e 2022 | Vol
ume 13 | Article 867
BA, bone age; BP, Blood Pressure; HC, hydrocortisone; FC, fludrocortisone; BMI, body mass index; PCOS, polycystic ovary syndrome; TART, testicular adrenal rest tumor; OART, ovarian
adrenal rest tumor; IQ, Intellectual quotient; DQ, developmental quotient (in children aged <3 years); NA, not available; ND, not done (not appropriate for age); *FC stopped due to lack of
availability. IQ could not be done but the child had bad results at school.
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dying undiagnosed and the misdiagnosis of 3bHSD as 21-OHD.
In countries with neonatal screening programs for 21OHD,
patients with 3bHSD2 deficiency may be detected at birth (30).
In the absence of such a program, diagnosis depends on clinical
awareness, as discussed below.

Diagnosis
Diagnosis in a salt-wasting under-masculinized male is easy, but
paradoxically difficult in females who are more likely to die
undiagnosed with salt wasting (31). This situation, in which girls
die undiagnosed with 3bHSD2 deficiency is to be compared to
boys with 21-OHD who die undiagnosed.

The p.Pro222Gln mutation of the HSD3B2 gene is one of the
most frequent severe mutations and is predominant in the Algerian
population. It has also been found in Colombia and Brazil (13, 15),
probably due to a founder effect (2). Although this mutation is
described as severe with severe SW forms, one of our patients was
diagnosed at 13 months with a delayed SW presentation,
clitoromegaly, and premature pubarche. This observation, in
contrast with those of patients presenting very early with SW,
illustrates the phenotypic variability that may occur with the same
genetic defect, although there is usually a good genotype/phenotype
correlation. This discrepancy could be explained by the presence of
other possible mutations in non-explored genes involved in
steroidogenesis in a consanguineous family.

The biochemical diagnosis of 3bHSD2deficiency is based on the
elevation of D5-steroids (17 OHPreg, DHEA-S) compared to D4
steroids [(17 OHP, Delta4-Androstenedione)]. Because of the
conversion of 17OH-pregnenolone to 17 OH-progesterone by the
3bHSD 1 enzyme in peripheral tissues, 17 OHP levels may be
increased, leading to the misdiagnosis of 3bHSD2 deficiency as
21OHD(31).Wehaveobserved that 17OHPwasmildly elevated in
our patients compared to 17 OHPreg. Unfortunately, the 17
OHPreg assay is not widely available in Algeria and is only
available in specialist laboratories, which therefore necessitates
sending blood samples abroad—a measure that is costly and too
expensive for some families.
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Therefore, in the absence of available and affordable analysis
of 17OH-pregnenolone, and any newborn screening program,
clinicians should consider the diagnosis of 3bHSD2 deficiency in
all under-masculinized boys and non-virilized or slightly
virilized girls who present with mildly elevated 17OHP,
elevated ACTH, and SW with elevated renin.

The elevation of 17-OHP on RIA observed in this series is of
potential interest regarding newborn screening for CAH. After
excluding four patients who were already receiving steroid
treatment, the initial 17-OHP values in the remaining 10
patients were all above the French threshold of ≥17 nmol/L for
infants ≥36 weeks of gestation (32). By contrast, when using the
17OHP–LC-MS/MS method, all values were well below this cut-
off, the difference being attributable to cross-reaction with other
steroids when the immunometric assay is used. At present,
newborn screening techniques are usually immunological and
cross-react with 17-OH pregnenolone, so that 3bHDS2
deficiency would be expected to be detectable. However, if
these immunological techniques were to be replaced by LC-
MS/MS (which has the advantage of reducing false positive tests
and the significant cost they generate), 3bHDS2 deficiency might
not be detected. Therefore, if newborn screening for CAH was
established in Algeria and other Maghreb countries in the future,
an immunological technique combined with current French
thresholds would be preferable, to detect both 3bHSD2 and
21-OH deficiency.

The diagnosis of 3bHSD2 deficiency should always be
confirmed by 17-OHPregnenolone measurement and by
genetic analysis in countries where it is available.

Outcomes
Unlike 21-OH deficiency, very few studies have described the
outcomes of patients with 3bHSD2 deficiency (see Table 4) and
most have focused on male patients.

Most of the male patients with 3bHSD2 deficiency described
in the literature have entered puberty spontaneously (1, 11, 12,
27, 33, 35, 39–42), probably because of the peripheral conversion
A B

FIGURE 4 | (A, B) Abdominal MRI scan in a 16-year-old with 3bHSD2 deficiency (Patient B II-1). Axial and coronal sections demonstrate a large left-sided adrenal
tumor measuring 63 × 52 × 51 mm. The lesion shows central cystic degeneration and is pushing the kidney downwards. RK, right kidney; LK, left kidney; S, spleen;
AT, adrenal tumor.
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of DHEA-S to testosterone (41). At present, only one male
patient in our study has reached puberty at a normal age, the
others being currently of prepubertal age.

Previous case reports have reported a relative frequency of
gynecomastia (27, 33, 34, 38, 41, 45, 46) in boys with 3bHSD2
deficiency, attributed to the conversion of the large number of
androgen precursors to androstenedione and testosterone by
HSD3B1, with these latter hormones being then converted to
estrogens with the help of HSD17B1, HSD17B5, and CYP19A1
(41). However, this problem was not reported in the larger case
series (11, 12).

Two of the six males in our patients have developed premature
pubic hair. Guran (12) and Benkert (11) have reported a high
prevalence of premature pubarche and precocious puberty in their
patients, despite hydrocortisone treatment. This may be attributed
to the increased expression of 3bHSD1, which increases
testosterone and D4 steroid concentrations in extra-gonadal and
extra-adrenal tissues as children mature (12).

Despite the spontaneous development of puberty in most of
the male patients, some needed testosterone treatment.
Azoospermia (39, 42, 43) was reported in pubertal or adults
patients and testicular anatomy was abnormal in some patients,
with immature histology. As with 21 OHD, TARTs were
Frontiers in Endocrinology | www.frontiersin.org 10107
frequently reported in male patients, due to sub-optimal
treatment (11, 12).

The association of TARTs, incomplete gonadal maturation, and
pathological testicular histology are likely to have a negative impact
on the fertility of patients with 3bHSD2 deficiency, although this
area is not yet well documented (1, 41). However, some patients
have shown normal gonadal development with normal testis
histology and, normal sperm count (15, 40). One patient was also
reported as having fathered two children, although there was no
genetic confirmation of 3bHSD2 deficiency in this case (27).

Few studies have evaluated puberty in female patients with
3bHSD2 deficiency (11, 12, 27, 36, 37, 39, 40). In our study, all
female patients at an appropriate age had reached puberty
spontaneously and had their menarche at a normal age,
consistent with reports in the literature. However, we are
struck by the relative frequency of premature pubarche in our
patients. Indeed, similar to male patients, and probably for the
same reasons, premature pubarche and precocious puberty have
been reported in female patients with 3bHSD2 deficiency (11,
12). PCOS was also evident in three girls in our series, with
polycystic ovaries but not PCOS in a fourth. PCOS has already
been described in female patients with 3bHSD2 deficiency (11,
12, 37) as a probable effect of androgen overproduction.
A B

C

FIGURE 5 | (A–C) Histology of adrenal tumor from patient G II-1 following surgical removal showing (A) fibrous capsule with an underlying neoplasm containing
hemorrhagic foci, no vascular or capsular invasion; (B) tumor composed of cells arranged in nests and cords separated by vasculature and lymphoid tissue; and
(C) higher magnification showing that the cells have distinct boundaries and clear cytoplasm with monomorphic nuclei and foci of oncocytic metaplasia. There is
hyperchromasia of the nuclei and apoptosis. C, capsule; H, hemorrhagic focus; CNI, cords, nests and islands of tumor.
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Adrenal tumors have been reported in inadequately treated
patients with 21OH deficiency, but not to date in patients with
3bHSD2 deficiency. They are a consequence of chronic elevation
of ACTH that leads to adrenal cortical hyperplasia in patients
with suboptimal hydrocortisone treatment. In our series, we have
been surprised by the discovery, on systematic ultrasonography
evaluation, of voluminous adrenal tumors in two female patients.
Both had been treated since early infancy and were initially
misdiagnosed as 21OH deficiency. Because of this misdiagnosis,
the treatment was inadequate; the physicians titrating the
hydrocortisone dose according to 17OHP and not to
17OHPreg. Both had very large adrenal tumors that led to
surgical removal. One of the tumors was large and presented
radiologically and histologically as an adrenocortical tumor.
Further histological analysis and the benign evolution of the
case allowed the correct final diagnosis to be made.

Unlike TART, OART is rarely described in the CAH literature.
As mentioned above, only one publication describes adrenal rest
tissue in a woman with 3bHSD2 deficiency (10) but in this case the
Frontiers in Endocrinology | www.frontiersin.org 11108
noduleswere adjacent to, rather thanwithin, the ovaries.OARTwas
considered highly likely in one girl in our series (G II-1) who had
both PCOS and had also undergone removal of adrenal mass.
However, in the absence of histological confirmation, the diagnosis
of OART in this girl remains unproven.

Growth patterns in our patients were normal, despite the
relatively high doses of hydrocortisone used during some periods
because of the problems with mineralocorticoid availability. One
patient in our series had short stature and was treated with
growth hormone therapy. The few patients who reached final
height (FH) had a normal height compared to the WHO
references. Few studies report final height in patients with
3bHSD2 deficiency. Normal final height was reported in well-
treated patients (1), but FH may be compromised when
treatment is suboptimal (36, 37, 40, 42).

Median IQ (range) was in the lower half of the normal range
in all but two patients in our series, with subnormal IQ (<70) in
three patients, two of which were from the same family (E) in
which there is an additional neuro-disability disorder. Given that
TABLE 4 | Studies showing outcomes in patients with 3-b hydroxysteroid dehydrogenase 2 deficiency.

First Author/year
of publication
(Reference)

Country/
Ethnicity

Sex Mutation Complication/Puberty/gonadal status

Parks/1971 (33) USA M [1] W171X Acne 11 years, pubic hair and gynecomastia at 12 years
Jänne/1974 (34) Finland M [1] Premature pubarche, gynecomastia. Testosterone gel started at 9 years

Normal testicular histology
Schneider/1975 (35) USA M [1] Onset of puberty at 10 years, gynecomastia aged 11 years with acne, obesity

Immature testis, predominantly Sertoli cells, Leydig cell hyperplasia, spermatogenic arrest
Zachman/1979 (36) Switzerland F [1] Severe salt wasting crises during infancy, normal mental development

Bone age delay; puberty induced. Adult height 159.5 cm
Martin/1980 Finland M [1] Obesity, gynecomastia
Mendonca/1987 (15)
Moisan/1999 (14)

Brazil M [1] A82T 46, XY individual, initially raised as a girl, virilization during puberty; changed gender at 17 years
Gonadectomy and penile surgery at 7 years; Induced puberty; normal testicular histology

Rheaume/1992 (27) Switzerland
USA

F [1]
M [1]

W171X
W171X/

186insC-fs

Lack of spontaneous breast development, virilization
Spontaneous puberty at 13 years, gynecomastia; normal spermatogenesis
Fathered two children (but no genetic confirmation)

Chang/1993 (37)
Moisan/1999 (14)

USA F [1]
M [1]

G129r/
c6651G>A

Breast development 10 years, menarche at 12 years; adult height 158 cm; irregular menses, hirsutism;
bilateral enlarged ovaries, multiple cysts (PCOS)
Androgen excess, advanced bone age

Yoshimoto/1997 (38) Japan M [1] R249X Gynecomastia at 7.5 years, Normal pubertal development; no mature spermatogenesis
Alos/2000 (39)
Moisan/1999 (14)

French
Canadian

F [1]
M [1]

A10E Advanced puberty and bone age at 8 years. Menarche at 10.3 y; enlarged ovaries with multiple cysts
Pubic hair at 10 years; G2 at 10.5 years; TART; azoospermia

BinAbbas/2004 (40) Saudi
Arabia

M [1]
F [1]

Normal puberty; adult height 155 cm; normal sperm count
Normal puberty at 14 years, adult height 150 cm; mild hirsutism, menstrual irregularities.

Burckhardt/2015 (41) Canada/Sri
Lanka

M [1] c.687del27 Cerebral palsy, psychomotor retardation, dyskinetic movement disorder
Normal puberty; gynecomastia; spermatogenic arrest (Sertoli cells only)

Lolis/2018 (42) Sweden M [1] Cys-72-Arg Cryptorchidism. Spontaneous puberty with advanced bone age. Extensive bilateral TARTs from 13 years,
mimicking Leydig cell tumor; azoospermia. Adult height 174.5 cm (−2 DS/TH). Cushingoid with obesity and
osteoporosis

Falhammar/2012 (43) Sweden M [1] TART, azoospermia
Donadille/2018 (1) France M [1] 687 del27 Normal puberty; normal sperm count; adult height 170 cm
Benkert/2015 (11) USA/Amish M

(2), F
(3)

c.35G>A TART (2 M), PCOS with irregular menses (2 F), obesity (5), early puberty [4] with advanced bone age,
hirsutism/acne (5), ischemic encephalopathy (1)

Guran/2020 (12) Turkey F [5]
M [9]

p.N323D,
p.S218P
p.W355R

Premature pubarche (F = 5), non-progressive precocious puberty (1 F); central precocious puberty
(2F), menarche at 12 years (2F), PCOS (1 F)
Premature pubarche (M = 9), non-progressive precocious puberty (2 M), Tanner G5 (3 M) at 14.6, 15.6, and
17 (partial gonadal insufficiency), TART (2 M)

Ladjouze/2022 (44) Algeria F [8]
M [6]

p.Pro222Gln Premature pubarche (3 F), menarche at a normal age (4 F), ART (3 F), OART (1 F), PCOS (3 F), Obesity (1 F)
Premature pubarche (2 M), spontaneous puberty (1 M). TART (2 M), learning disability (2 M), obesity (2 M)
FH, Final Height; TART, Testicular adrenal rest tumor; ART, Adrenal rest tumor, OART, Ovarian adrenal rest tumor; PCOS, Polycystic ovary syndrome.
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both the parents and an unaffected sister (E II-6) of this family
are of normal intelligence, indicating that putative carriers for the
neurological disorder have no cognitive deficit, it is likely the IQ
alteration in siblings E II-8 and E II-9 is attributable to
3bHSD deficiency.

Learning difficulties have already been described in patients
with 21 OHD CAH patients, probably due to hypoglycemia at
presentation (47). We have noticed the same effects on
intelligence in children with 21OHD CAH in our patients,
with more than 20% of the children having a low IQ (44). This
is probably due to the late presentation of our patients, who
initially presented with severe hyponatremia and hypoglycemia.
The intellectual deficit seen with 3bHSD2 deficiency in this series
serves only to strengthen the case for setting up a national
screening program for CAH in our country.
CONCLUSIONS

3bHSD2 deficiency appears more prevalent in Algeria than
elsewhere, with p.Pro222Gln the most frequent mutation.
Mortality is high, with significant morbidity from PCOS and
adrenal tumors in adolescence. IQ is usually in the lower half of
the population range, with an increased risk of learning disability.

The diagnosis should be considered in all under-masculinized
males with SW and healthy female patients with SW. Access to
fludrocortisone is an important issue in our country and needs to be
redressed urgently. The finding of adrenal masses in older patients
with 3bHSD2 deficiency suggests adrenal hyperplasia requiring
improved disease control rather than surgical intervention.
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