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What is already known on this topic?

* Biallelic pathogenic variants in ACOXI cause the peroxisomal disorder pseudo-neonatal adrenoleukodystrophy

« Literature reports—albeit from very few publications—ACOX1-associated pseudo-neonatal adrenoleukodystrophy with adrenal pathology;
however, its contribution to adrenal insufficiency is not widely recognized.

What this study adds?
« In conditions that cause adrenal insufficiency, such as peroxisomal disorders, the overall clinical course may obscure the manifestations of
adrenal insufficiency, resulting in delayed recognition or missed diagnosis.

Abstract

Primary adrenal insufficiency (PAI) in childhood is a rare and potentially life-threatening condition that may arise from defects in adrenal
steroidogenesis, adrenal dysgenesis, ACTH resistance, autoimmune mechanisms, or inherited metabolic disorders. Among the latter,
peroxisomal dysfunctions represent a rare cause. Although X-linked adrenoleukodystrophy is a well-recognized etiology, adrenal
involvement in other peroxisomal diseases, such as ACOX1 deficiency, remains poorly defined. We report a three-year-old girl with global
developmental delay, epilepsy, bilateral sensorineural hearing loss, and progressive neurological regression. Biochemical analyses revealed
abnormal plasma very-long-chain fatty acids profile, suggesting a peroxisomal disorder. Whole-exome sequencing identified a homozygous
pathogenic variant (c.1478+2T>A) in ACOX1, confirming the diagnosis of pseudo-neonatal adrenoleukodystrophy. During hospitalization
for a urinary tract infection, endocrine evaluation revealed markedly elevated plasma ACTH (529 pg/mL) and low serum cortisol (8.62
ng/dL), while Na, K, and PRA were within normal limits. Adrenal imaging was consistent with atrophy. Hydrocortisone replacement was
initiated with good clinical response. Notably, the patient had no classical signs of adrenal failure such as hyperpigmentation or electrolyte
imbalance. This case provides additional evidence that ACOX1-related Pseudo-neonatal adrenoleukodystrophy may be associated with
variable adrenal involvement, expanding the phenotypic spectrum of the disorder. The absence of typical clinical manifestations highlights
the importance of routine hormonal screening in children with peroxisomal diseases, even in the absence of overt adrenal symptoms. Early
recognition of endocrine dysfunction can prevent life-threatening adrenal crises and offers valuable insight into the broader pathophysiology
of peroxisomal B-oxidation disorders.
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Introduction

Primary adrenal insufficiency (PAI) in children is a rare disorder that may arise from hereditary causes or, less commonly, from acquired
conditions. It is characterized by deficient production of glucocorticoids, with or without concomitant mineralocorticoid deficiency. When
presenting in early life, PAI is almost exclusively of genetic origin. The predominant cause of PAI in children is congenital adrenal
hyperplasia (CAH) resulting from 21-hydroxylase deficiency, which accounts for nearly 95% of cases. Beyond defects in steroidogenesis—
primarily CAH—the genetic etiologies of PAI can be categorized into adrenal dysgenesis, ACTH resistance syndromes, autoimmune
conditions, and various inherited metabolic disorders (1,2). Metabolic causes of PAI include: (a) peroxisomal disorders, such as Zellweger
spectrum disorders and X-linked or neonatal adrenoleukodystrophy; (b) mitochondrial defects, including MELAS (mitochondrial
encephalopathy, lactic acidosis, and stroke-like episodes) and Kearns—Sayre syndrome; and (c) abnormalities in cholesterol biosynthesis,
most notably Smith—Lemli—Opitz syndrome (3). The exact proportion of PAI cases attributable to mutations in currently recognized genes is
not well established, and it is plausible that some patients may still harbor etiologies of yet unidentified genetic origin (4). In this article, we
present a case of adrenal insufficiency associated with a likely pathogenic variant in the ACOXI gene, whose relationship with adrenal
insufficiency has not been widely recognized.

Case Report

A three-year-old girl was admitted for etiological evaluation due to bilateral sensorineural hearing loss (SNHL), refractive error,
developmental delay, neurological regression, and epilepsy. She was born at term following an uncomplicated pregnancy and delivery, with a
birth weight of 2950 grams. Following birth, the patient required hospitalization. Seizure activity was first observed within the first week of
life, and antiepileptic therapy was initiated at two months of age. She has since maintained levetiracetam monotherapy. Bilateral
sensorineural hearing loss (SNHL) was identified at 1.5 years of age, despite normal otoacoustic emissions and auditory brainstem response
(ABR) results during the neonatal period. Corrective eyeglasses had been prescribed one year earlier for refractive error (hyperopia, —11 D).
According to her parents, her visual performance was notably poorer under dim illumination. She exhibited global developmental delays,
achieving head control at 6 months and the ability to sit with support at 11 months. Although she never attained independent ambulation, she
was able to stand with assistance at 2 years of age. Over the preceding nine months, she experienced a progressive loss of motor abilities and
was bedridden at the time of admission. The parents were consanguineous, being first-degree cousins. The patient had two healthy sisters.
Her weight standard deviation score (SDS) was —1.98 and height SDS was —2.3. Physical examination revealed frontal bossing, large ears,
axial hypotonia, spasticity of the extremities, and hypoactive deep tendon reflexes. She was using both a hearing aid and corrective



eyeglasses. Given the clinical suspicion of a peroxisomal disorder, plasma very-long-chain fatty acid (VLCFA) analysis demonstrated an
abnormal profile (elevated plasma concentrations of C26:0, along with increased C24/C22 and C26/C22 ratios), while phytanic and pristanic
acid levels remained within normal limits. Whole-exome sequencing identified a homozygous ¢.1478+2T>A variant in the ACOX1 gene.
Whole-exome sequencing was performed by the MGI-DNBSEQ-G400 instrument. Validation of the WES findings and segregation analysis
were performed using the [llumina MiSeq platform (Figure 1) (5). The identified variant was classified as pathogenic (PVS1, PM2)
according to the American College of Medical Genetics and Genomics (ACMG) criteria. No further pathogenic variants were detected in any
gene implicated in the etiology of adrenal insufficiency (3). Both parents were heterozygous carriers of the same variant, and the segregation
pattern supported autosomal recessive inheritance. SpliceAl strongly supported a splice-altering impact, with a prediction score of 0.99
(range, 0-1) (6). The patient was admitted to the hospital with fatigue secondary to a urinary tract infection. Without any signs and symptoms
of adrenal insufficiency (hyperpigmentation, electrolyte imbalance, hypoglycemia, or metabolic acidosis, etc.), however, adrenocorticotropic
hormone (ACTH) and cortisol tests were requested for further assessment. The plasma ACTH concentration was 529 pg/mL, and the serum
cortisol level measured 8.62 pug/dL which were compatible adrenal insufficiency. Plasma glucose level: 95 ng/dL, arterial blood pressure
90/60 mmHg, DHEA-S: 1.4 ug/dL. The plasma renin activity (PRA) and blood aldosterone levels were not consistent with an indication for
fludrocortisone (Na: 138 mEq/L K: 4.22 mEq/L PRA: 211 ng/dL/Hr (50-585), Aldosterone 13.7 pg/mL (3-35). Oral hydrocortisone therapy
was initiated at a dose of 8 mg/m?/day. Computed tomography (CT) imaging revealed bilateral adrenal atrophy (Figure 2). Later, during
empiric antibiotic therapy for suspected urinary tract infection, the ACTH level was 1085 pg/mL and the serum cortisol was 0.29 pg/dL.
Stress-dose hydrocortisone was administered as part of cortisol replacement, and the treatment proceeded without adrenal complications.
Discussion

The case of adrenal insufficiency diagnosed as pseudo-neonatal adrenoleukodystrophy, notable for the absence of mineralocorticoid
requirement, represents a distinctive contribution to the literature, as underscoring the clinical heterogeneity and expanding the molecular
spectrum.

Peroxisomal disorders represent a subset of inherited metabolic causes of primary adrenal insufficiency (PAI). Among these, X-linked
adrenoleukodystrophy (OMIM: 300100)—attributable to pathogenic variants in ABCD1—is the most widely recognized. Moreover, the
associations of neonatal adrenoleukodystrophy (OMIM: 601539), infantile Refsum disease (OMIM:266500), and Zellweger syndrome
(OMIM: 214100) with adrenal insufficiency have been delineated in the literature. Peroxisomal acyl-CoA oxidase 1 (ACOX1) catalyzes the
FAD-dependent oxidation of acyl-CoAs to 2-trans-enoyl-CoAs, the first and rate-limiting step of peroxisomal fatty-acid -oxidation. Pseudo-
neonatal adrenoleukodystrophy (Pseudo-NALD), resulting from biallelic pathogenic variants in ACOX1, is so named for its clinical and
biochemical resemblance to neonatal adrenoleukodystrophy, an established cause of adrenal insufficiency (4,7). Pseudo-NALD, with a
prevalence of <1:1,000,000, is characterized by a heterogeneous spectrum of genetic variants and is marked by the elevated plasma
concentrations of C26:0, along with increased C24/C22 and C26/C22 ratios in plasma. Clinically, it manifests with hypotonia, seizures, and
early-onset leukodystrophy, typically culminating in death during early childhood (8).

A review of the literature reported cases of Pseudo-NALD associated with 4COX]I pathogenic variants, in which adrenal gland pathology
was noted. However, the disorder is not yet clearly recognized as a definitive cause of adrenal insufficiency (9,10,11,12). Similarly, in recent
reviews addressing the etiology of adrenal insufficiency, Pseudo-NALD is not listed among the recognized or potential causes (13). Most
recently, Helvacioglu and colleagues published a pivotal study that directly addressed this question, providing compelling evidence that
biallelic ACOX1I pathogenic variants may indeed contribute to the development of adrenal insufficiency, thereby strengthening the causal
association between ACOX1 dysfunction and adrenal pathology (4). In the referenced study, the patient—aged 1.5 years—demonstrated
adrenal gland atrophy on imaging. Similarly, adrenal imaging in the present case revealed structurally normal adrenal glands. Our case,
characterized by a milder clinical presentation of adrenal insufficiency and diagnosed incidentally, contrasts with the recently reported case,
which exhibited a more severe clinical course and required mineralocorticoid replacement therapy. This case provided a clinically valuable
insight, as the diagnosis was established by investigating the association between peroxisomal disease and adrenal insufficiency in the
absence of classical clinical manifestations such as hyperpigmentation, hyponatremia, hyperkalemia, or hypoglycemia. Upon detailed
analysis, we observed that the two previously reported cases exhibiting more pronounced features of adrenal insufficiency were both
diagnosed at an earlier age. In these cases, adrenal insufficiency was diagnosed in infancy with significant salt wasting. In contrast, our case
was diagnosed based on cortisol levels without any hyponatremia, hyperkalemia, or dehydration. Hence, our case appears to show a milder
phenotype of adrenal insufficiency compared to these cases (4,9). In four cases, including the present one, clinical manifestations of adrenal
insufficiency were relatively mild and were not accompanied by life-threatening features such as significant salt and water loss (10,11,12).
This observation suggests that Pseudo-NALD may encompass two distinct phenotypic subtypes associated with adrenal insufficiency—one
characterized by mild, and the other by severe, adrenal insufficiency. However, independent of phenotypic severity, it should be emphasized
that in disorders associated with adrenal insufficiency, such as peroxisomal diseases, the broader clinical course may mask the manifestations
of adrenal insufficiency, leading to delayed recognition or missed diagnosis. Given that Pseudo-NALD is a potentially fatal disorder of
childhood, it is plausible that unrecognized abnormalities in ACTH and cortisol levels may exist in cases without comprehensive hormonal
evaluation. In light of our experience with this case, we propose that disorders resembling those currently recognized among the causes of
adrenal insufficiency may represent potential novel candidates within its etiologic spectrum. The identification of two cases of such a rare
disorder from the same country within a relatively short time interval is noteworthy. However, we do not possess data supporting an
ethnicity-specific predisposition. Rather, we attribute this observation to the relatively higher frequency of rare autosomal recessive diseases,
likely related to the persistent high rate of consanguineous marriages in Tiirkiye. This case harbored a novel splice donor variant. It met
pathogenicity criteria owing to its null effect (PVS1) and lack of representation in gnomAD (PM2). In conjunction with the observed
phenotypic features, the variant was considered disease-causing despite the absence of functional assays.

In conclusion, we believe that the present case expands the recognized spectrum of adrenal involvement in pseudo-neonatal
adrenoleukodystrophy, a rare and complex disorder, and provides valuable insights that may guide future research into its pathophysiology
and clinical variability.
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Figure 1: Next-generation sequencing (NGS) findings in the patient and parental segregation analysis

The top panel demonstrates that the proband is homozygous and red for the ACOX1 variant (c.1478+2T>A), whereas the middle and bottom
panels show that father and mother respectively is heterozygous for the same variant. The green box indicates the wild-type T nucleotide,
whereas the red box highlights the mutant A nucleotide m: mutant, wt: wildtype

Figure 2: CT imaging of the patient's adrenal gland

Contrast-enhanced computed tomography images of the patient’s right and left adrenal glands (arrows). R, right adrenal gland; L, left adrenal
gland. The left adrenal gland demonstrates a genu measuring 2 mm, a medial limb of 1.3 mm, and a lateral limb of 1.0 mm, findings
consistent with adrenal atrophy.





