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Abstract

Context: There is a significant challenge of attributing specific diagnoses to patients with primary adrenal insufficiency of unknown etiology
other than congenital adrenal hyperplasia (non-CAH PAl). Specific diagnoses per se may guide personalized treatment or may illuminate
pathophysiology.

Objective: This work aimed to investigate the efficacy of steroid hormone profiles and high-throughput sequencing methods in establishing the
etiology in non-CAH PAI of unknown origin.

Methods: Pediatric patients with non-CAH PAI whose etiology could not be established by clinical and biochemical characteristics were en-
rolled. Genetic analysis was performed using targeted-gene panel sequencing (TPS) and whole-exome sequencing (WES). Plasma adrenal
steroids were quantified by liquid chromatography—mass spectrometry and compared to that of controls. This study comprised 18 pediatric
endocrinology clinics with 41 patients (17 girls, median age: 3 mo, range: 0-8 y) with non-CAH PAIl of unknown etiology.

Results: A genetic diagnosis was obtained in 29 (70.7 %) patients by TPS. Further molecular diagnosis could not be achieved by WES. Compared
to a healthy control group, patients showed lower steroid concentrations, most statistically significantly in cortisone, cortisol, and corticosterone
(P < .0001, area under the receiver operating characteristic curve: .96, .88, and .87, respectively). Plasma cortisol of less than 4 ng/mL, cortisone
of less than 11 ng/mL, and corticosterone of less than 0.11 ng/mL had a greater than 95% specificity to ensure the diagnosis of non-CAH PAI
of unknown etiology.

Conclusion: Steroid hormone profiles are highly sensitive for the diagnosis of non-CAH PAI of unknown etiology, but they are unlikely to point
to a specific molecular diagnosis. TPS is an optimal approach in the molecular diagnosis of these patients with high efficacy, whereas little add-
itional benefit is expected from WES.
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Primary adrenal insufficiency (PAI) is associated with de-
creased cortisol production due to impaired function of the
adrenal cortex, which is related to an increase in morbidity
and mortality and a reduction in quality of life (1). Inherited
PAI develops because of 2 major groups of disorders: con-
genital adrenal hyperplasia (CAH) and non-CAH PAI (1-4).
CAH is caused by reduced activity of an enzyme required
for cortisol production. However, non-CAH PAI develops
due to variations in the genes that are involved in diverse
pathways in adrenocortical development, adrenocortico-
tropin (ACTH) action, redox homeostasis, metabolism,
autoimmunity, and others (2-4). Although CAH is far more
common than non-CAH PAI in children, the group of non-
CAH PAI disorders is equally serious and life-threatening
if the diagnosis is overlooked or delayed. Furthermore,
reaching a specific diagnosis of non-CAH PAI can have
important implications for the child and his or her family
in terms of treatment, long-term outcome, possible associ-
ated features that might need to be considered, and coun-
seling the family about recurrence risk and identifying other
family members who might be in a presymptomatic stage of
the disease (3, 6).

The specific diagnosis of non-CAH PAI can be ap-
proached depending on which steroid system is affected
(mineralocorticoids, glucocorticoids, androgens), age of
presentation, or associated features. Nevertheless, it has be-
come evident that there is a much greater overlap between
etiologic diagnoses than previously thought. Genetic ana-
lysis is playing an increasingly important role in reaching
a specific diagnosis.

Several genes have been implicated in the etiology of non-
CAH PAI cases, including homozygous or compound hetero-
zygous inactivating mutations of MC2R, MRAP, CYP11A1,
StAR, NRSA1, AAAS, NNT, SGPL1, AIRE, TXNRD2,
MCM4, and POLE1; or heterozygous activating mutations
of SAMDY9 and CDKNI1C. NROB1/DAX1 and ABCDI1
mutations are inherited in an X-linked manner in the great
majority of cases. There are a few other gene defects respon-
sible for very rare and syndromic non-CAH PAlI, although
the underlying etiology remains unknown in many cases (2,
7-12).

While CAH is easily identified and subtyped biochem-
ically by quantification of accumulated or deficient
steroid precursors’/hormones (13-16), detailed steroid
hormone profiles have not been evaluated in patients
with non-CAH PAL In this study, we have investigated
adrenal steroid hormone profiles of a multicenter co-
hort of pediatric patients with the clinical diagnosis of
non-CAH PAI whose etiology could not be established
by clinical and biochemical characteristics. We aimed
to assess the efficacy of steroid hormone profiles in the
diagnosis and in relation with the underlying molecular
diagnosis of non-CAH PAI. We have also tested the effi-
ciency of high-throughput sequencing methods including
targeted-gene panel sequencing (TPS) and whole-exome
sequencing (WES) to achieve a molecular diagnosis of
non-CAH PAIL

Materials and Methods

A total of 41 patients with a clinical diagnosis of inherited non-
CAH PAI of unknown molecular etiology from 40 unrelated
families followed up in 18 pediatric endocrinology centers in
Turkey between 2016 and 2021 were included. Inclusion cri-
teria of a PAI phenotype was defined as the presence of signs and
symptoms of adrenal insufficiency together with high plasma
ACTH and low serum cortisol and intermediary glucocorticoid
metabolites at initial presentation. Exclusion criteria were
the following: 1) CAH (21a-hydroxylase, 11p-hydroxylase,
3B-hydroxysteroid dehydrogenase 2, 17a-hydroxylase or cyto-
chrome P450 reductase deficiencies) diagnosed by available
serum steroid hormones; 2) X-linked adrenoleukodystrophy
(ALD) in boys with neurological findings and elevated very
long-chain fatty acids, or a family history of affected male
relatives with ALD; 3) clinical and biochemical evidence of
autoimmune adrenal failure; and 4) known syndromic causes
of PAI (specifically, classic triple A syndrome or Xp deletion
syndrome involving NROB1/DAX-1 with Duchenne muscular
dystrophy). All patients were assessed by a pediatric endocrin-
ologist. A structured questionnaire was used to systematically
evaluate all available clinical, biochemical, and imaging data
related to the diagnosis and treatment of PAIL, and all other rele-
vant medical and family history. One patient with additional
autoimmune findings and another male adolescent patient with
hypogonadotropic hypogonadism were thought to have AIRE
and NROB1 mutations respectively by clinical characteristics,
but they were not excluded from further studies as positive con-
trols for genetic tests. Studies were performed with the approval
of the ethics committee of the Marmara University Faculty
of Medicine, Istanbul, Turkey (09.2021.895). Patients and/or
parents provided written informed consent, and all studies were
conducted in accordance with the principles of the Declaration
of Helsinki.

Steroid Hormone Analysis

Blood samples were collected either at pretreatment or at be-
tween 8 and 9 am after 48 hours in an off-treatment state
in a hospital setting with continuous observation for general
well-being, blood pressure, and other vital signs. A liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-
based panel of plasma adrenal steroids was evaluated using
a Eureka kit (Eureka Lab Division) as previously described
(17). A Poroshell 120 EC-C18 (50 x 2.1 mm, 2.7 pm; Agilent
Technologies) column was used. Analyses were performed
on a Shimadzu LCMS 8050 MS/MS equipped with a Nexera
XR LC-20AD HPLC system (Shimadzu Corp) that was op-
erated using an electrospray ionization source in positive
and multiple reactions monitoring mode. Method validation
was performed according to the Clinical and Laboratory
Standards Institute C62-A guidelines. The steroids simultan-
eously assessed by the LC-MS/MS method were aldosterone,

corticosterone,  11-deoxycorticosterone,  pregnenolone,
170H-pregnenolone, progesterone, 170OH-progesterone,
21-deoxycortisol, 11-deoxycortisol, cortisol, cortisone,

dehydroepiandrosterone, A4-androstenedione, and andro-
sterone (14). Adrenal steroids measured in the patient group
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were compared to those of sex- and age-matched controls.
Control plasma samples were obtained from children exam-
ined for other conditions, including well-controlled type 1
diabetes, euthyroid hypothyroidism on treatment, or simple
growth retardation, but without an adrenal or pubertal
problem. We have also used control steroid hormone profile
data from healthy infants younger than age 6 months from
another study (18).

Genetic Analysis

Genomic DNA was extracted from EDTA-anticoagulated
peripheral blood by using a semiautomated robot as re-
commended by the manufacturer (Qiagen). The library
preparation for next-generation sequencing was performed
using a capture-based Clinical Exome Solution Kit by
Sophia Genetics, including a gene panel for PAI (CYP11A1,
CYP11B1,CYP11B2,CYP21A2,HSD3B2, CYP17A1, POR,
StAR, AAAS, ABCD1, MC2R, MRAP1, NROB1/DAXI,
NRSA1, NNT, TXNRD2, MCM4, AIRE, SGPL1, SAMD?,
CDKN1C, POLET) (19).

NextSeq 500 (Illumina) was used as the sequencing plat-
form. Data quality control, alignment, variant calling, and
variant annotations were performed by using the Sophia
DDM analysis tool, version 5.2 (SOPHiA Genetics).
Coverage was 99.43% at a minimum depth of 25 reads for
4493 genes. To call variants, sequencing data were aligned to
the human reference genome, hg19. All variations in exons
and exon-intron boundaries with a variant fraction over 0.20
and having a minor allele frequency under 0.01 in popula-
tion frequency databases were evaluated. The 1000 Genome
Project, dbSNP ExAC, and GnomAD population frequency
databases were used as the control population. The inter-
pretations of the variants were performed according to the
2015 American College of Medical Genetics and Genomics
standards and guidelines (20). The possible effects of the vari-
ants on protein function were determined by using patho-
genicity prediction tools such as SIFT (21), Polyphen (22),
MutationTaster (23), and VarSome (24). Confirmation of the
variation and segregation analysis in patients and parents
were performed via Sanger sequencing. Briefly, genomic DNA
was amplified by polymerase chain reaction and amplimers
were sequenced using the Big Dye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems; Life Technologies) on an
Applied Biosystems 3130 Genetic Analyzer. The primers were
designed using Primer3 software (primer3.ut.ee).

WES was undertaken for the patients in whom a molecular
diagnosis could not be achieved by evaluation of TPS by next-
generation sequencing.

For library preparation and sequencing for WES, a capture-
based Illumina Nextera Exome Oligo kit was used. Sequencing
was performed on a NovaSeq (Illumina). Data quality con-
trol, alignment, variant calling, and variant annotations were
performed by using the Seq by Genomize analysis tool, ver-
sion 16.7. The NCBI Build37 (hg19) version of the human
genome was used as a reference. As a primary variant-filtering
strategy, variants located within the = 10 base pairs boundary
of targeted exons with a minimum read depth of 20x were
selected.

Statistical Analysis

Statistical evaluation was performed using GraphPad Prism
version 5.0 software (GraphPad Software Inc). Pairwise com-
parisons were performed using the ¢ test. The nonparametric
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Mann-Whitney U test was used when the assumptions of the
¢ test could not be respected. Data were expressed as median
and range, or mean = SD. Statistical significance was set at
P less than .0S5.

Results

Clinical and Molecular Characteristics

A total of 41 PAI patients from 40 families were included
in the study (17 girls and 24 boys, median age: 3 mo, range:
0-8 y). Twelve patients had 46,XX and 29 had 46,XY karyo-
types. There was consanguinity in 25 (60%) 40 families.
Common presenting features of the patients were hyperpig-
mentation (78%), failure to thrive or weight loss (63%), salt
loss/electrolyte imbalance (58%), fatigue (18%), convulsive/
nonconvulsive hypoglycemia (19%), prolonged jaundice
(14%), and frequent infections (13%).

Molecular diagnosis was found in 11 genes in 29 (70.7%)
cases. Twenty-four mutations were identified (8 novel),
including missense (n=11, 4 novel), nonsense mutations
(n=7, 1 novel), deletions (n =4, 2 novel), splice-site muta-
tions (n =2, 1 novel) (Table 1). Twenty-seven patients were
homozygous; 2 were compound heterozygous carriers of the
variants in the identified gene. The range of genetic etiologies
found in this cohort were StAR (n=6;20%), MC2R (n = 6;
20%), NNT (n=3; 10%), NROBI/DAX1 (n=3; 10%),
CYP11A1 (n=2; 7%), MRAP (n=2; 7%), SGPL1 (n=2;
7%), ABCD1 (n=1; 3%), AIRE (n=1; 3%), AAAS (n=1;
3%),and HSD3B2 (n =2; 7%). Other clinical characteristics
of the patients are shown in Table 1 and the supplementary
material (case summaries according to molecular etiologies
and Supplementary Table 1) (25).

WES was performed on 12 patients whose genetic etiology
could not be found by TPS. No further etiologic diagnosis
could be achieved by WES in these patients. Compared to the
ones with identified molecular etiology, these patients were
older at the time of diagnosis, had a lower rate of parental
consanguinity, and a higher rate of male sex as shown in
Supplementary Tables 2 and 3 (25).

Adrenocortical Steroids

All patients had severe cortisol deficiency and significantly ele-
vated ACTH concentrations. Thirty-nine patients (95%) had
adrenal androgen, 24 (58.5%) had mineralocorticoid, and 13
(31.7%) had gonadal sex steroid (testosterone/estrogen) de-
ficiencies. To assess the severity of reduced steroid hormone
production, also considering that the median age of the patient
group was 3 months, we compared the adrenocortical ster-
oids of the PAI patients with an identified molecular etiology
with those of a healthy control group of infants aged 3 days
to 6 months (n = 324) (Table 2). Patients with identified mo-
lecular etiologies had lower concentrations of steroids than
healthy infants, who has physiologically low steroid concen-
trations. The difference was most statistically significant for
aldosterone, cortisol, cortisone, corticosterone, pregnenolone,
170OH-pregnenolone, 11-deoxycortisol, and 21-deoxycortisol
(see Table 2). Plasma cortisol of less than 4 ng/mL, corti-
sone of less than 11 ng/mL, and corticosterone of less than
0.11 ng/mL had a greater than 95% specificity to differentiate
the non-CAH PAI patients from the controls (P <.0001, area
under the receiver operating characteristic curve: .96, .88, .87,
respectively) (Supplemental Fig. 1) (26). Steroid hormone pro-
files were compared between the subgroup of non-CAH PAI
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Table 1. Clinical, molecular, and hormonal characteristics of our patients with rare causes of primary adrenal insufficiency according to underlying
molecular etiology

Gene Variant No. Age of GC MC Sex steroid deficiency Elevated TSH Other IUGR/
(chromosome diagnosis deficiency deficiency features Short
Gonadal Adrenal
locus) stature
MC2R c0.455C>A 2 625y 6/6 0/6 072 2/2 172 142 0/1
(18p11.21) (p.T152K) 4d
c0.560del (p. V187fs) 2 4d 072 2/2 172 0/2 0/0
3 mo
c.476C > A 2 248y 0¢/2 2/2 2/2 192 0/0
(p-T159K) 14 d
StAR c0.505G > A 3 3d 6/6 6/6 3/3 3/3 1/3 0/3 1/0
(8p11.23) (p.E169K) 5d
S mo
c0.470T > C 3 1mo 3/3 3/3 0/3 143 0/0
(p.L157P) 2 mo
2 mo
NNT Exon 12-14 deletion 1 1.5y 3/3 0/1 0/1 11 0/1 0/1 0/0
(5p12) €0.259C > T 1 6mo 1 01 7 oon 01 1/0
(p-Q87%)
c0.2507G>A 1 148y 0/1 0/1 11 0/1 0/1 0/0
(p.G836D)
NROB1/DAX1 c0.1075C>T 1 1.5y 3/3 3/3 11 11 0/1 0/1 0/0
(Xp21.2) (p.Q359%)
c0.1210C > T (p. 1 25y 111 11 0/1 0/1 1/0
Q404%)
Exon 1-2 deletion 1 15y 1/1 1/1 0/1 0/1 0/0
CYPI11A1 c0.461T>C 1 2d 2/2 2/2 11 11 0/1 0/1 0/0
(15q24.1) (p.L154P)
c0.1351C>T 1 l1.66y 0/1 11 0/1 0/1 1/0
(p.R451W)
MRAP c0.106 + 1del 1 2d 2/2 0/2 0/1 11 0/1 0/0 0/0
(21q22.11) ¢0.106 + 2dupT 1 14y 81 1/1 11 0/0 0/0
SGPL1 c0.1018C>T 1 Smo 212 22 11 m o oan 1 o
(10922.1) (p.R340W)
c0.518T>A 1 2mo 0/1 11 1/1 1491 0/1"
(p.L173Q)
ABCD1 c0.1772G>T 1 8y 1 0 0/1 11 0/0 0/0 0/0
(Xq28) (p-RS91L)
AIRE c0.415C>T 1 4.5y 1 1 11 11 11 141 0/1
(21922.3) (p.R139%)/
c0.260T > C
(p.L87P)
AAAS c0.1333C>T 1 45y 1 0 *1 11 0/1 11 0/0
(12q13.13) (p.R478%)
HSD3B2 ¢0.1003C>T 1 1 mo 2/2 2/2 0/1 0/1 0/1 0/1 0/0
(1p12) (p.R335%)
¢0.939del 1 1 mo 0/1 0/1 1/1 0/1 1/0
(p.F314Sfs*54)/
c0.745C>T
(p.R249%)

Novel variants are marked in bold.

Abbreviations: GC, glucocorticoid; [IUGR, intrauterine growth retardation; MC, mineralocorticoid; TSH, thyrotropin.
“Galactose intolerance, precocious puberty.

*Dilated cardiomyopathy.

‘Neurodevelopmental delay.

“Nephrotic syndrome and renal failure.

¢Autoimmune hepatitis, optic neuritis, Hashimoto thyroiditis, delayed puberty due to low gonadotropins.

Alacrimia.

¢The patient could not be evaluated because he or she was not in minipuberty or puberty.

"Growth retardation occurred after development of kidney failure.
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patients with identified molecular etiologies causing isolated
glucocorticoid deficiency (MC2R, MRAP, and NNT) and the
ones with glucocorticoid and mineralocorticoid with/without
sex steroid deficiencies (StAR, CYP11A1, SGPL1, ABCDI1,
AAAS, NROB1/DAX1, and AIRE). There was no statistically
significant difference in any of metabolites between the groups
(Table 3). Adrenal androgens were low in all non-CAH PAI
patients irrespective of molecular etiologies except 2 46,XX
patients with CAH due to homozygous HSD3B2 mutations
who had high AS steroids (Table 4). Pretreatment plasma cor-
tisol was higher than 50 ng/mL in only 3 patients. One of
them had nonclassical CYP11A1 deficiency due to a homozy-
gous c0.1351C > T (p.Arg451Trp) variant in CYP11A1. The
pretreatment plasma cortisol concentration of this patient
was 77.50 ng/mL with a simultaneous ACTH greater than
1250 pg/mL (N = 10-60). This patient was diagnosed at the
presymptomatic stage by hyperpigmentation and a medical
history of a deceased sibling with a similar clinical presen-
tation. The second patient had a homozygous c0.518T > A
(p.L173Q) change in SGPL1. This patient was followed up
for adrenal calcification detected bilaterally on prenatal ultra-
sonography. ACTH concentrations gradually increased and
glucocorticoid therapy was initiated at age 2 months. Her
basal cortisol was 52.2 ng/mL during the presymptomatic
stage. This patient developed proteinuria and renal failure at
age 3 months. Mineralocorticoid treatment was added to her
treatment at the eighth month. The third patient presented
with a very recent onset of fatigue and hyperpigmentation.
His basal cortisol was 71.5 ng/mL and simultaneous ACTH
was 638 pg/mL, suggesting recent-onset, compensated ad-
renal failure (see the supplementary material, case summaries
according to molecular etiologies) (25).

We performed an additional comparison of steroid hormone
profiles between the subgroup of non-CAH PAI patients
with identified vs unidentified molecular etiologies. Cortisol,
cortisone, corticosterone, and 11-deoxycorticosterone

concentrations were statistically significantly lower in the pa-
tients with identified molecular etiologies than those of un-
identified ones (see Supplementary Table 3) (25).

Discussion

Non-CAH PAI designates a heterogeneous group of con-
genital conditions that are characterized by a severe defi-
ciency of cortisol with or without other steroid hormones and
intermediate precursors. The present study provides, for the
first time, a comprehensive steroid profiling of patients with
non-CAH PAI Our results revealed a profound and general-
ized reduction of adrenocortical steroid production in these
patients, which is evident even in early infancy.

Achieving a specific molecular diagnosis in PAI has is im-
portant for counseling families, presymptomatic diagnosis,
personalized treatment (eg, mineralocorticoid replacement),
and predicting comorbidities (eg, neurological, puberty/fer-
tility). In this study, we have identified an underlying mo-
lecular etiology by TPS in 70% of patients with a clinical
diagnosis of non-CAH PAI whose etiology could not be
identified by clinical and biochemical characteristics. In this
highly selected cohort, molecular etiologies were distributed
in 11 genes, including MC2R, StAR, NNT, NROB/DAX1,
CYP11A1, MRAP, SGPL1, ABCD1, AIRE, AAAS, and
HSD3B2.In a recent 25-year large cohort study in the United
Kingdom, Buonocore et al (8) identified a genetic diagnosis in
75 of 155 non-CAH PAI patients (66.5%) using similar en-
rollment criteria and TPS method. The genetic causes of their
cohort included MC2R, NROB/DAX1, CYP11A1, AAAS,
NNT, MRAP, TXNRD2, StAR, SAMDY, CDKN1C, and
NRSA1/SF1 in decreasing order. Using the same inclusion cri-
teria and TPS method, in 2016, we reported a genetic etiology
in 81% of 95 pediatric patients with non-CAH PAI of un-
known etiology in Turkey, where genetic enrichment due to
a high rate of consanguineous marriages exists. The range of

Table 2. Adrenal steroid hormones of primary adrenal insufficiency patients with identified molecular etiologies compared to the control group

ng/mL Patients (n =29) Control (n =324) P
Median Range Median Range

Aldosterone 0.06 0.007-0.70 0.198 0.002-0.982 <.001
Cortisol 0.891 0.021-77.5 31.08 1.681-248.8 <.001
DHEA-S 4.22 0.308-2757 132.1 5.609-978.1 .53
Corticosterone 0.057 0.002-5.12 0.926 0.025-19.62 .006
11-Deoxycortisol 0.029 0.001-2.03 0.231 0.028-2.094 .002
Androstenedione 0.013 0.001-0.42 0.073 0.001-0.824 28
11-Deoxycorticosterone 0.017 0.001-0.55 0.035 0.002-3.085 44
DHEA 0.112 0.01-35.9 0.626 0.012-28.07 S1
170OH-Pregnenolone 0.105 0.034-46.55 0.506 0.033-9.487 .004
170OH-Progesterone 0.013 0.002-1.934 0.214 0.001-2.728 .09
Progesterone 0.021 0.003-0.174 0.027 0.001-1.684 29
Androsterone 0.44 0.004-10.01 0.97 0.004-24.56 .94
Pregnenolone 0.126 0.017-51.97 0.421 0.042-10.19 .002
Cortisone 0.426 0.026-23.09 29.3 1.376-165.9 <.001
21-Deoxycortisol 0.031 0.003-0.211 0.086 0.001-0.944 .02

To convert ng/mL to nmol/L, multiply by 2.77 for aldosterone; 2.89 for corticosterone; 3.03 for 11-deoxycorticosterone; 3.10 for pregnenolone; 3.02 for
17a-hydroxyprogesterone; 3.18 for progesterone; 3.01 for 17a-hydroxypregnenolone; 2.88 for 21-deoxycortisol and 11-deoxycortisol; 2.75 for cortisol;
2.77 for cortisone; 3.47 for DHEA; 2.71 for DHEA-S; 3.49 for androstenedione and androsterone. P values reaching statistical significance were indicated

in bold characters.

Abbreviation: DHEA-S, dehydroepiandrosterone sulfate.
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Table 3. Comparison of adrenal steroids of non—congenital adrenal hyperplasia primary adrenal insufficiency patients with identified molecular
etiologies causing isolated glucocorticoid (GC; patients with MC2R, MRAP, and NNT mutations) vs GC + mineralocorticoid + sex steroid deficiency
(patients with StAR, CYP11A1, SGPL1, ABCD1, AAAS, NROB1/DAX1, and AIRE mutations)

ng/mL Isolated GC deficient (n=11) GC + MC = sex steroid deficient
(n=16)
Median Range Median Range P

Aldosterone 0.08 0.016-0.3 0.06 0.007-0.706 93
Cortisol 1.78 0.053-12.24 5.70 0.021-77.49 45
DHEA-S 5.71 1.991-213.7 4.47 0.308-36.56 .30
Corticosterone 0.10 0.002-1.353 0.09 0.015-5.129 .36
11-Deoxycortisol 0.04 0.002-0.286 0.06 0.001-2.037 27
Androstenedione 0.02 0.001- 0.128 0.02 0.001-0.419 .34
11-Deoxycorticosterone 0.03 0.006-0.222 0.01 0.001-0.569 .67
DHEA 0.08 0.01-1.16 0.13 0.032-2.384 .30
170OH-Pregnenolone 0.11 0.049-2.866 0.12 0.027-0.751 28
170OH-Progesterone 0.02 0.006-0.755 0.01 0.002-0.448 75
Progesterone 0.03 0.004-0.148 0.02 0.003-0.221 .61
Androsterone 0.99 0.004-9.461 0.30 0.027-4.279 18
Pregnenolone 0.07 0.008-0.638 0.13 0.017-1.299 .53
Cortisone 0.77 0.056-23.09 3.99 0.026-23.11 .64
21-Deoxycortisol 0.02 0.003-0.211 0.07 0.004-0.109 71

To convert ng/mL to nmol/L, multiply by 2.77 for aldosterone; 2.89 for corticosterone; 3.03 for 11-deoxycorticosterone; 3.10 for pregnenolone; 3.02 for
17a-hydroxyprogesterone; 3.18 for progesterone; 3.01 for 17a-hydroxypregnenolone; 2.88 for 21-deoxycortisol and 11-deoxycortisol; 2.75 for cortisol;
2.77 for cortisone; 3.47 for DHEA; 2.71 for DHEA-S; 3.49 for androstenedione and androsterone.

Abbreviations: DHEA-S, dehydroepiandrosterone sulfate; GC, glucocorticoid; MC, mineralocorticoid.

Table 4. Adrenal steroid hormones of non-congenital adrenal
hyperplasia primary adrenal insufficiency patients with identified
molecular etiologies compared to control group

Median (IQR) ng/mL  Patients (n=27)  Control P
(n=324)
DHEA 0.0955 (0.05175- 0.626 .06
0.6933) (0.214-1.935)
DHEA-S 3.84 (2.15-9.08)  132.1(70.44- <.001
268.5)
Androstenedione 0.0115 (0.00275- 0.073 .01
0.03525) (0.0315-0.178)
Pregnenolone 0.1205 0.421 .01
(0.03275-0.276) (0.3175-2.096)
170H-Pregnenolone  0.105 (0.056-0.43) 0.506 .03

(0.2225-1.2095)

To convert ng/mL to nmol/L, multiply by 3.10 for pregnenolone; 3.01 for
17a-hydroxypregnenolone; 3.47 for DHEA; 2.71 for DHEA-S; 3.49 for
androstenedione.

Abbreviations: DHEA-S, dehydroepiandrosterone sulfate; IQR,
interquartile range.

genetic etiologies found in that national cohort of 95 patients
were MC2R, NROB/DAX1, StAR, CYP11A1, MRAP, NNT,
ABCD1,NR5A1,and AAAS. Because approximately 20 genes
provide a molecular diagnosis for 65% to 80% cases of non-
CAH PAI TPS is the easiest and the most cost-effective first-
line approach to perform the genetic analysis as employed in
the present study. However, further molecular studies did not
improve the rate of genetic diagnosis statistically significantly
in this and some other previous studies (7). An international
and multicenter network and collaboration for patients with

unidentified genetic diagnoses using advanced bioinformatic
tools are proposed to discover further etiologies and pathways
in the pathogenesis of PAI (27, 28). It is important to note that
our results indicate that identification of a molecular diagnosis
is less likely in cases with a lower ACTH, absent parental con-
sanguinity, late-onset of clinical presentation, and a less severe
deficiency of steroid hormones.

In regard to the molecular etiologies of non-CAH PAI,
MCM4, TXNRD2, SAMDY9, CDKNI1C, or POLE1 muta-
tions have not yet been described in any patient of Turkish
origin. These conditions may show a specific geographical
distribution, may go unrecognized, or the patients may die
of other comorbidities pertaining to these disorders (29-31).
According to our observations, ALD and X-linked adrenal
hypoplasia congenital (NROB/DAX1 mutations) are more
common causes for non-CAH PAI than reported in general,
and triple A is also more common in Turkey because of geo-
graphical location and some founder mutations (9-12, 32).
Therefore, it is of paramount importance to assess any male
patient with non-CAH PAI for ALD and X-linked adrenal
hypoplasia for appropriate and timely treatment, long-term
monitoring, and genetic counseling (33, 34). Because of
obvious clinical and biochemical features in, ALD (eg, as-
sociated neurological symptoms, positive family history
for X-linked genetic transmission), triple A syndrome
(alacrimia, achalasia, growth retardation), and X-linked ad-
renal hypoplasia congenita (hypogonadism, positive family
history for X-linked genetic transmission), we have excluded
these patients from the present study and prefer single-gene
screening for further studies (6). The patients diagnosed
with these conditions in the present cohort did not have
any of the aforementioned typical characteristics of those
disorders.
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In this cohort, we have demonstrated that steroid profiling
is a very sensitive tool for the biochemical diagnosis of non-
CAH PAL The patients showed statistically significantly low
cortisol concentrations with a median of 0.8 ng/mL. This was
lower than the median cortisol of 31 ng/mL in healthy infants
younger than age 6 months. More than half (n =22, 53.5%)
of the patients with non-CAH PAI in the present cohort were
diagnosed before age 6 months, when plasma steroid con-
centrations are physiologically low even in healthy babies.
Therefore, it is important to have a diagnostic tool that can
differentiate the abnormally low steroid concentrations of
the patients from healthy young infants. We have found that
plasma cortisol of less than 4 ng/mL, cortisone of less than
11 ng/mL, and corticosterone of less than 0.11 ng/mL had
a greater than 95% specificity to differentiate the non-CAH
PAI patients from healthy infants younger than 6 months.
In addition, mineralocorticoids and adrenal androgens are
lower than that of controls in all patients with non-CAH PAI
irrespective of the underlying genetic etiology. Low adrenal
androgens may cause subtle clinical presentations and maybe
underrated (33, 35). However, the gene mutations affecting
gonadal androgen synthesis, including StAR, NROB/DAX1,
CYP11A1,and SGPL1 were associated with a differences/dis-
orders of sex development phenotype and gonadal failure as
in our cohort.

Unlike CAH, there is no mineralocorticoid or an-
drogen excess in any form of non-CAH PAIL However, 2
46,XX female patients in our cohort were diagnosed with
3B-hydroxysteroid dehydrogenase 2 (3HSD2) deficiency
CAH due to homozygous HSD3B2 mutations. Biochemical
findings of adrenal insufficiency, lack of genital viriliza-
tion, low 17OH-progesterone and androstenedione, and
unavailability of A5 steroid measurements in the refer-
ring clinic caused a misdiagnosis of non-CAH PAI in these
2 girls. Steroid profiles including dehydroepiandrosterone,
pregnenolone, and170H-pregnenolone could easily identify
the diagnosis of 3HSD2 deficiency, which was subsequently
confirmed genetically. Indeed, we have recently found that
one-third of patients (girls) with 3HSD2 deficiency were ini-
tially misdiagnosed as non-CAH PAI before their condition
was genetically documented (14). Based on these observa-
tions we suggest considering 3HSD2 deficiency in a 46,XX
nonvirilized patient in the differential diagnosis of non-CAH
PAI of unknown etiology.

In conclusion, adrenocortical hormone profiles determined
by LC-MS/MS demonstrate statistically significantly low
glucocorticoids, mineralocorticoids, and adrenal androgens
in non-CAH PAI patients. Adrenal steroid profiling was found
to be highly sensitive for the recognition of non-CAH PAI
even at early infancy, but the specificity to indicate a defini-
tive molecular etiology is low. TPS is a first-line approach in
the molecular diagnosis of non-CAH PAI with high efficacy.
Nevertheless, lower ACTH, absent parental consanguinity,
late-onset of clinical presentation, and a less severe defi-
ciency profile of steroid hormones decreases the probability
of identifying a mutation in any of the currently known non-
CAH PAI genes.
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