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Abstract: Adrenoleukodystrophy (ALD) is a peroxisomal disorder affecting the nervous system,
adrenal cortical function, and testicular function. Newborn screening for ALD has the potential
to identify patients at high risk for life-threatening adrenal crisis and cerebral ALD. The current
understanding of the natural history of endocrine dysfunction is limited. Surveillance guidelines for
males with ALD were developed to address the unpredictable nature of evolving adrenal insufficiency.
Early recognition and management of adrenal insufficiency can prevent adrenal crisis. While testicular
dysfunction in ALD is described, the natural history and complications of low testosterone, as well as
the management, are not well described.
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1. Introduction

Adrenoleukodystrophy (ALD) is the most common peroxisomal disorder and has
a heterogeneous clinical presentation, impacting the nervous system, adrenal cortical
function, and testicular function [1]. New York State initiated newborn screening for ALD
on 30 December 2013. Since that time, ALD has been added to the Recommended Uniform
Screening Panel, and newborn screening has expanded to twenty-four states and the District
of Columbia, as well as to the Netherlands [2,3]. Newborn screening has the benefit of
detecting males prior to the onset of symptoms and allowing for therapeutic interventions
to prevent the most severe consequences of ALD. Much of the focus of ALD research and
reports has been on the neurologic complications. Cerebral ALD presents in about a third
of boys during childhood with a rapid loss of cognitive and motor development, leading
to complete, devastating disability within two years of initial symptoms. Hematopoietic
stem cell transplant and potentially gene therapy can halt the progression of cerebral
ALD [4,5]. For those males surviving to adulthood, starting in the second decade of life,
adrenomyeloneuropathy (AMN) leads to progressive lower extremity spasticity and bowel
and bladder incontinence. The endocrine complications of ALD can also lead to significant
morbidity, and in the case of adrenal insufficiency, mortality [1]. The focus of this review is
to summarize the screening, presentation, and treatment of the endocrine complications
of ALD.

2. Pathophysiology of Adrenal Insufficiency

ALD is caused by pathogenic variants to the ABCD1 gene located at Xq28. The gene
encodes the adrenoleukodystrophy protein, an ATP-binding cassette protein necessary for
the transport of very long-chain fatty acids (VLCFA) across the peroxisome membrane [1].
The inability to degrade the VLCFA leads to plasma elevations and inclusion in the adrenal
cortical and testicular Leydig cells, as well as the nervous system. There are over 940 ABCD1
non-recurrent variants described in the ALD database (http://adrenoleukodystrophy.info/
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mutations-and-variants-in-abcd1; last accessed 30 December 2021). There is no known
genotype-phenotype correlation, and the degree of elevation in the VLCFA does not cor-
relate with the onset of adrenal insufficiency or neurologic disease [6–8]. VLCFA begin
depositing in the adrenal cortex during fetal life [9]. They preferentially accumulate in the
postnatal zona fasciculata and zona reticularis, which are responsible for the production of
glucocorticoids (cortisol) and androgens, respectively. The VLCFA tend to spare the zona
glomerulosa, which produces mineralocorticoids. Thus, adrenal insufficiency in ALD tends
to present with glucocorticoid and androgen deficiencies, although mineralocorticoid defi-
ciency is described. VLCFA are thought to be directly cytotoxic to adrenocortical cells [10].
An in vitro study also demonstrated VLCFA incorporate into the lipid cell membrane,
disrupting adrenocorticotropic hormone (ACTH) binding to its receptor and leading to
cortical atrophy [11]. Another proposed mechanism for the glucocorticoid and androgen
deficiencies is a relative shortage of cholesterol necessary for their production, as choles-
terol is a breakdown product of VLCFA-containing cholesterol esters [12]. The biochemical
result of glucocorticoid deficiency is an elevated plasma ACTH and inappropriately low
serum cortisol.

3. Epidemiology

Historically, ALD was described as an X-linked recessive condition. The most se-
vere presentations of ALD occur in males, but 80% of females with ALD manifest milder
myelopathy symptoms by the age of 60 years [13]. Prior to the introduction of newborn
screening, the incidence of ALD in the United States was described to be 1:21,000 males
and 1:16,800 females [14]. A retrospective study of the US Children’s Hospital Associa-
tion’s Pediatric Health Information System database noted higher frequencies of ABCD1
pathogenic variants in those of Latino and African descent, despite higher diagnostic rates
in those of non-Hispanic Caucasian descent, suggesting a potential racial bias in diagnosis
prior to newborn screening [15]. While de novo variants do occur (estimates ~5%), the
sex discrepancy, as well as the racial disparities in diagnosis, have been hypothesized to
be at least in part due to unrecognized adrenal insufficiency [14,16–18]. The published
prevalence of ALD based on newborn screening has varied but is consistent with improved
identification of those with ALD. In the largest published cohort, California State reported
the prevalence of ALD was 1 in 14,397 males and 1 in 9593 females with ~1.85 million
newborns screened in the first four years [19]. Minnesota, a relatively small state with
potential founder effects, reported an even higher prevalence of 1:4845 in females and
1:3878 in males in the first 67,835 screened newborns [20].

Adrenal insufficiency is reported to occur in the majority of males with ALD. While
VLCFA begin to accumulate during the fetal period, there are no reports of adrenal insuffi-
ciency at birth. The earliest reports of biochemical adrenal insufficiency are at 5 weeks and
3.5 months of age [21]. California newborn screening reported 14 patients had abnormal
ACTH testing in the first three plus years of follow-up and five patients were treated with
glucocorticoids [19]. These very early presentations seem to be less common, but more
long-term newborn screening follow-up data are needed. The incidence of adrenal insuffi-
ciency in males with ALD is estimated to be 80–86%, with a peak onset reported between
3 and 10 years of age [8,22]. In a prospective study of 49 “asymptomatic” boys (average
age 4.5 ± 3.5 years) with ALD, 80% had evidence of adrenal dysfunction at baseline and
86% by the end of an average 2 years of follow-up. None of the 18 patients tested had
mineralocorticoid deficiency [22]. In a retrospective review of 159 males in ALD neurology
clinics, 80% had adrenal insufficiency by the age of 56 years, with a median age of onset of
14 years. Approximately two-thirds of patients had endocrine symptoms at the time they
were diagnosed with ALD neurologic disease, and the average diagnostic delay of adrenal
insufficiency, based on reported onset of symptoms, was 3.5 years. All of the patients with
adrenal insufficiency were treated with glucocorticoid replacement. Mineralocorticoid
replacement was prescribed for just over half of the patients, but the median time to treat
was 56 years. The study was limited by the retrospective nature and lack of complete
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laboratory data prior to treatment (only 19 patients had data prior to starting mineralo-
corticoid therapy, and 4 were started on therapy without evidence of mineralocorticoid
deficiency) [8]. There are rare reports of females with ALD developing adrenal insufficiency,
and it is estimated that less than 1% develop adrenal insufficiency [23,24].

4. Clinical Presentation of Adrenal Insufficiency

Adrenal insufficiency is a challenging clinical diagnosis [25]. Without a known ALD
family history prior to newborn screening, adrenal insufficiency symptoms could easily be
attributed to other conditions. The presentation of primary adrenal insufficiency can be
nonspecific, with symptoms including but not limited to fatigue, anorexia, nausea, stomach
upset, and growth failure (typically more so in weight, but if untreated for a prolonged
period, may also progress to include growth failure in height). Hyperpigmentation oc-
curs due to increased production of melanocyte-stimulating hormones, a byproduct of
ACTH production, and often subtle, particularly in those with darker skin. Classically,
hyperpigmentation is noted in the creases of the palms and soles, genitals, areolae, axil-
lae, gums, and the posterior helix of the ears. Axillary and pubic hair loss may be noted
after adrenarche [25]. Generalized sparse scalp hair is described in males with ALD and
may not be related to androgen deficiency, as the ABCD1 gene is also expressed in hair
follicles [26]. Although less common in ALD, mineralocorticoid deficiency can develop,
which will manifest with salt-craving behaviors and, when untreated, is biochemically char-
acterized by hyponatremia, hyperkalemia, mild metabolic acidosis, and elevated plasma
renin activity. When untreated, in the setting of acute physical stress (examples include
fever, illness, and general anesthesia), primary adrenal insufficiency can lead to an adrenal
crisis, a life-threatening state characterized by hypotension, hypoglycemia, and altered
mental status [25]. In the absence of mineralocorticoid deficiency, hyponatremia may
develop in those with cortisol insufficiency due to a lack of cortisol inhibition of vaso-
pressin secretion [27]. Without recognition of the need for emergent glucocorticoid therapy,
cardiovascular collapse can ensure.

5. Newborn Screening and Adrenal Insufficiency Surveillance

Newborn screening has allowed for the identification of those at high risk for adrenal
insufficiency prior to the onset of symptoms, making it an ideal condition to add to newborn
screening panels. Protocols vary among states, but all measure VLCFA from a filter paper
specimen and have a confirmatory measurement as a second-tier test. In some states,
including New York, ABCD1 gene sequencing is the third-tier test after confirmation of
elevation in the VLCFA [28]. It is assumed that some females with ALD will not be detected,
as 15–20% do not have elevations in VLCFA distinguishable from healthy controls [29]. In
the Netherlands, an additional step of first identifying male infants is performed, prior
to testing for ALD, so as not to identify females, who are only affected in adulthood [3].
Once an infant is identified by newborn screening, most states’ protocols include referral
to a metabolic center for confirmatory testing and genetic counseling. ALD is unique to
newborn screening in that it is an X-linked condition. It is common for multiple family
members to be identified as being at risk for ALD once an infant is diagnosed. Male
family members require urgent evaluations for adrenal insufficiency, as well as the cerebral
ALD [19,20,28].

VLCFA are also elevated in other rarer peroxisomal disorders, including Zellweger
syndrome, acyl CoA oxidase deficiency, and D-bifunctional protein deficiency, and newborn
screening can also potentially identify these conditions [28]. Unfortunately, these disorders
do not have good therapeutic options for the neurologic conditions, but patients with these
conditions are at risk for adrenal insufficiency, which can be treated [30–32].

Once confirmed to have ALD, referral to pediatric endocrinology for adrenal insuffi-
ciency surveillance should not be delayed given the reports of early biochemical adrenal
insufficiency and inability to predict which male infants will develop adrenal insuffi-
ciency early [21]. An initial protocol suggested drawing ACTH and cortisol levels every
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6 months [28]. Interpreting ACTH and cortisol values during infancy poses challenges, as
pulsatile secretion is not predictable in a diurnal pattern due to a lack of mature circadian
rhythm. The circadian rhythm likely begins to develop between 1 to 6 months of life but
may not be fully established until 3 years of life. Further complicating interpretation of
adrenal testing at this age, cortisol levels are generally lower during infancy compared
to later in childhood and adulthood. Serum total cortisol measurements are also lower
due, in part, to lower corticosteroid-binding globulin production in infants [18,33]. In
order to address the unpredictable secretory patterns and weak reference range data for
ACTH and cortisol during the first few years of life, The Pediatric Endocrine Society Drug
and Therapeutics/Rare Diseases Committee developed a surveillance algorithm for male
infants with ALD (Figure 1) [18].
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Figure 1. Algorithm for Adrenal Insufficiency Surveillance in Males with ALD. The algorithm at-
tempts to address the lack of clear ACTH and cortisol references ranges. Prior to one year, due
to the lack of predictable ACTH and cortisol secretory patterns, it may be reasonable to consider
performing a cosyntropin stimulation test as the initial screen if returning for testing is challeng-
ing. ALD, adrenoleukodystrophy; ACTH, adrenocorticotropic hormone. Algorithm reprinted with
permission [18].

Screening starts at referral, and the recommendation to continue screening every
3–4 months in the first two years was made based on the challenges of diagnosing adrenal
insufficiency and the lack of natural history data in the youngest age group. The frequency
of screening was spaced to every 4–6 months thereafter. The cutoff values for ACTH and
cortisol were based on the Pediatric Endocrine Society 2007 publication [25]. Since that time,
there have been significant changes to many cortisol assays, and it has been proposed that
cosyntropin stimulated cortisol cutoffs of 14 to 15 µg/dL for monoclonal cortisol antibody
immunoassays and LC-MS/MS would reduce false-positive test results [34]. Thus, when
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making the diagnosis of primary adrenal insufficiency, practitioners must be aware of the
assays used and account for age-specific variations.

There are no recommendations for screening females with ALD for adrenal insuffi-
ciency, as the reported incidence is low. Females with ALD should be aware of signs
and symptoms of adrenal insufficiency and only require testing if there is a clinical
suspicion [18].

6. Management and Treatment of Adrenal Insufficiency

Treatment of adrenal insufficiency is the same for those with ALD as with other causes
of primary adrenal insufficiency [35]. Hydrocortisone is the preferred glucocorticoid, as it
is metabolized to cortisol and has the least effect on the epiphyses during childhood. A
recent report also noted lower mortality in those with primary adrenal insufficiency treated
with hydrocortisone rather than prednisolone [36]. Typical starting hydrocortisone dose
is 8–12 mg/m2/day divided into three doses, with the higher dose administered in the
morning [25,35,37]. Patients with glucocorticoid deficiency should be monitored every
6 months for mineralocorticoid deficiency, and supplementation with fludrocortisones and
salt should be administered as clinically indicated [18].

Patients and caregivers should be educated to administer stress doses of hydrocorti-
sone and provided with written instructions in the event of illness or other acute physical
stress. Oral hydrocortisone should be increased to 2–3 times physiologic doses administered
every 6–8 h, and hydrocortisone sodium succinate 50–100 mg/m2/dose intramuscular
injection should be administered if unable to take hydrocortisone by mouth in an emer-
gency. Miller, B.S., et al. published a sample “Adrenal Insufficiency Action Plan” and
emergency letter, which patients and caregivers should have on hand. Patients should
also be instructed to wear a medical identification stating they have adrenal insufficiency
and are steroid-dependent [37]. Protocols for stress dosing with sedated procedures and
general anesthesia have proven to prevent adrenal crisis [38,39].

7. Effects of Investigational Therapies for ALD on Adrenal Function

Screening brain magnetic resonance imaging protocols are used to detect early stages
of cerebral ALD in asymptomatic males [40]. Allogeneic hematopoietic stem cell transplant
can be an effective treatment for cerebral ALD when performed in those with minimal
MRI changes, defined as Loes scores 0.5 to 9 [4]. Hematopoietic stem cell transplant does
not alter the progression of adrenal insufficiency [41]. An initial report of autologous
CD34+ cells transfected with the elivaldogene tavalentivec (Lenti-D) lentiviral vector also
demonstrated the potential to halt cerebral ALD, but the most recent study was held after a
patient was reported to have myelodysplastic syndrome. Gene therapy is also not thought
likely to stop the progression of adrenal insufficiency [5,18,42]. Both stem cell transplants
and gene therapy have the risk of graft failure and infection.

Lorenzo’s oil, a mixture of glyceryl trioleate and glyceryl trierucate, in conjunction
with a reduced-fat diet, was ineffective at stopping the progression of cerebral ALD or
AMN, but an open-label trial suggested it may delay the development of cerebral ALD
in some, but not all, patients [43–47]. A report of seven men with AMN also suggested
Lorenzo’s oil may slow the progression of adrenal insufficiency but was only performed
over a six-month period [48]. Side effects of Lorenzo’s oil included, but were not limited to,
liver dysfunction, thrombocytopenia, gingivitis, and gastrointestinal symptoms [46].

8. Testicular Dysfunction

While testicular dysfunction is well documented to occur in men with ALD, there are
few reports assessing for the effects of low testosterone. The two largest reports from the
1990s are limited by the quality of the hormone assays and a small number of patients, but
in those tested, more than 80% had evidence of primary testicular dysfunction [49,50]. A
more recent report of men with AMN from 2012 noted similar fertility compared to the
general population despite biochemical evidence of testicular dysfunction in roughly half
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of the 17 men tested [51]. The mechanisms of testicular dysfunction are similar to those
proposed for adrenal insufficiency. VLCFA are cytotoxic to Leydig cells and disrupt the
androgen-receptor binding capabilities, leading to atrophy [52]. Testicular dysfunction is
confirmed by elevations in gonadotropins (luteinizing hormone and follicular stimulating
hormone) and low testosterone levels. Clinically, testicular dysfunction presents as low
energy levels/reduced endurance, decreased libido, erectile dysfunction, loss of body hair,
depressed mood, decreased muscle mass/strength, and low bone mineral density. Many of
these symptoms may also occur due to primary adrenal insufficiency and/or AMN. Teasing
out the contribution of testicular dysfunction to symptoms can be challenging [16,53]. There
are no reports of the effects of testosterone therapy on men with ALD. A 2003 report of
a 3-month cross-over study of 15 patients treated with dehydroepiandrosterone (DHEA)
50 mg daily did not reveal a significant benefit and was associated with lower essential
fatty acids; no follow-up studies have been reported [54].

9. Conclusions

ALD has the potential to cause significant endocrine morbidity and mortality. Early
identification of males with ALD through newborn screening identifies those at high risk
for adrenal insufficiency and allows for the initiation of hydrocortisone treatment and
prevention of adrenal crisis and chronic symptoms. Adrenal insufficiency surveillance
guidance was based on limited cohort studies, and reassessment of the algorithm based
on long-term natural history studies will be necessary. Prospective data collection is also
necessary to understand the natural history of testicular dysfunction and the potential
risks/benefits of therapeutic interventions.

Author Contributions: I.K. contributed to the initial draft of the manuscript. M.O.R. contributed to
the initial draft, edited, and formatted the final submission. All authors have read and agreed to the
published version of the manuscript.

Funding: This review received no external funding.

Acknowledgments: The authors wish to thank the Department of Pediatrics and particularly the
Division of Pediatric Endocrinology and Diabetes for supporting this publication.

Conflicts of Interest: Isha Kachwala declares no conflict of interest. Molly Regelmann received
compensation from bluebird bio as a consultant in 2019; bluebird bio had no role the writing of
this manuscript.

Abbreviations

ACTH Adrenocorticotropic hormone
ALD Adrenoleukodystrophy
AMN Adrenomyeloneuropathy
DHEA Dehydroepiandrosterone
VLCFA Very long-chain fatty acids

References
1. Raymond, G.V.; Moser, A.B.; Fatemi, A. X-Linked Adrenoleukodystrophy. In GeneReviews®; Adam, M.P., Ardinger, H.H., Pagon,

R.A., Wallace, S.E., Bean, L.J.H., Gripp, K.W., Mirzaa, G.M., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 1993.
2. ALD Alliance Newborn Screening. Available online: https://www.aldalliance.org/newborn-screening.html (accessed on

30 December 2021).
3. Barendsen, R.W.; Dijkstra, I.M.E.; Visser, W.F.; Alders, M.; Bliek, J.; Boelen, A.; Bouva, M.J.; van der Crabben, S.N.; Elsinghorst,

E.; van Gorp, A.G.M.; et al. Corrigendum: Adrenoleukodystrophy Newborn Screening in the Netherlands (SCAN Study): The
X-Factor. Front. Cell Dev. Biol. 2021, 9, 631655. [CrossRef] [PubMed]

4. Raymond, G.V.; Aubourg, P.; Paker, A.; Escolar, M.; Fischer, A.; Blanche, S.; Baruchel, A.; Dalle, J.H.; Michel, G.; Prasad, V.; et al.
Survival and Functional Outcomes in Boys with Cerebral Adrenoleukodystrophy with and without Hematopoietic Stem Cell
Transplantation. Biol. Blood Marrow Transplant. 2019, 25, 538–548. [CrossRef] [PubMed]

https://www.aldalliance.org/newborn-screening.html
http://doi.org/10.3389/fcell.2021.631655
http://www.ncbi.nlm.nih.gov/pubmed/33585488
http://doi.org/10.1016/j.bbmt.2018.09.036
http://www.ncbi.nlm.nih.gov/pubmed/30292747


Int. J. Neonatal Screen. 2022, 8, 18 7 of 9

5. Eichler, F.; Duncan, C.; Musolino, P.L.; Orchard, P.J.; de Oliveira, S.; Thrasher, A.J.; Armant, M.; Dansereau, C.; Lund, T.C.; Miller,
W.P.; et al. Hematopoietic Stem-Cell Gene Therapy for Cerebral Adrenoleukodystrophy. N. Engl. J. Med. 2017, 377, 1630–1638.
[CrossRef] [PubMed]

6. Berger, J.; Molzer, B.; Fae, I.; Bernheimer, H. X-linked adrenoleukodystrophy (ALD): A novel mutation of the ALD gene in
6 members of a family presenting with 5 different phenotypes. Biochem. Biophys. Res. Commun. 1994, 205, 1638–1643. [CrossRef]

7. Di Rocco, M.; Doria-Lamba, L.; Caruso, U. Monozygotic twins with X-linked adrenoleukodystrophy and different phenotypes.
Ann. Neurol. 2001, 50, 424. [CrossRef]

8. Huffnagel, I.C.; Laheji, F.K.; Aziz-Bose, R.; Tritos, N.A.; Marino, R.; Linthorst, G.E.; Kemp, S.; Engelen, M.; Eichler, F. The Natural
History of Adrenal Insufficiency in X-Linked Adrenoleukodystrophy: An International Collaboration. J. Clin. Endocrinol. Metab.
2019, 104, 118–126. [CrossRef]

9. Powers, J.M.; Moser, H.W.; Moser, A.B.; Schaumburg, H.H. Fetal adrenoleukodystrophy: The significance of pathologic lesions in
adrenal gland and testis. Hum. Pathol. 1982, 13, 1013–1019. [CrossRef]

10. Powers, J.M.; Schaumburg, H.H.; Johnson, A.B.; Raine, C.S. A correlative study of the adrenal cortex in adreno-leukodystrophy–
evidence for a fatal intoxication with very long chain saturated fatty acids. Investig. Cell Pathol. 1980, 3, 353–376.

11. Whitcomb, R.W.; Linehan, W.M.; Knazek, R.A. Effects of long-chain, saturated fatty acids on membrane microviscosity and
adrenocorticotropin responsiveness of human adrenocortical cells In Vitro. J. Clin. Investig. 1988, 81, 185–188. [CrossRef]

12. Powers, J.M. Adreno-leukodystrophy (adreno-testiculo-leukomyelo-neuropathic-complex). Clin. Neuropathol. 1985, 4, 181–199.
13. Engelen, M.; Barbier, M.; Dijkstra, I.M.; Schur, R.; de Bie, R.M.; Verhamme, C.; Dijkgraaf, M.G.; Aubourg, P.A.; Wanders, R.J.;

van Geel, B.M.; et al. X-linked adrenoleukodystrophy in women: A cross-sectional cohort study. Brain 2014, 137 Pt 3, 693–706.
[CrossRef] [PubMed]

14. Bezman, L.; Moser, A.B.; Raymond, G.V.; Rinaldo, P.; Watkins, P.A.; Smith, K.D.; Kass, N.E.; Moser, H.W. Adrenoleukodystrophy:
Incidence, new mutation rate, and results of extended family screening. Ann. Neurol. 2001, 49, 512–517. [CrossRef] [PubMed]

15. Bonkowsky, J.L.; Wilkes, J.; Bardsley, T.; Urbik, V.M.; Stoddard, G. Association of Diagnosis of Leukodystrophy With Race and
Ethnicity Among Pediatric and Adolescent Patients. JAMA Netw. Open 2018, 1, e185031. [CrossRef] [PubMed]

16. Burtman, E.; Regelmann, M.O. Endocrine Dysfunction in X-Linked Adrenoleukodystrophy. Endocrinol. Metab. Clin. N. Am.
2016, 45, 295–309. [CrossRef] [PubMed]

17. Eng, L.; Regelmann, M.O. Adrenoleukodystrophy in the era of newborn screening. Curr. Opin. Endocrinol. Diabetes Obes.
2020, 27, 47–55. [CrossRef]

18. Regelmann, M.O.; Kamboj, M.K.; Miller, B.S.; Nakamoto, J.M.; Sarafoglou, K.; Shah, S.; Stanley, T.L.; Marino, R. Adrenoleukodys-
trophy: Guidance for Adrenal Surveillance in Males Identified by Newborn Screen. J. Clin. Endocrinol. Metab. 2018, 103, 4324–4331.
[CrossRef]

19. Matteson, J.; Sciortino, S.; Feuchtbaum, L.; Bishop, T.; Olney, R.S.; Tang, H. Adrenoleukodystrophy Newborn Screening in
California Since 2016: Programmatic Outcomes and Follow-Up. Int. J. Neonatal Screen. 2021, 7, 22. [CrossRef]

20. Wiens, K.; Berry, S.A.; Choi, H.; Gaviglio, A.; Gupta, A.; Hietala, A.; Kenney-Jung, D.; Lund, T.; Miller, W.; Pierpont, E.I.;
et al. A report on state-wide implementation of newborn screening for X-linked Adrenoleukodystrophy. Am. J. Med. Genet. A
2019, 179, 1205–1213. [CrossRef]

21. Eng, L.; Regelmann, M.O. Early Onset Primary Adrenal Insufficiency in Males with Adrenoleukodystrophy: Case Series and
Literature Review. J. Pediatr. 2019, 211, 211–214. [CrossRef]

22. Dubey, P.; Raymond, G.V.; Moser, A.B.; Kharkar, S.; Bezman, L.; Moser, H.W. Adrenal insufficiency in asymptomatic
adrenoleukodystrophy patients identified by very long-chain fatty acid screening. J. Pediatr. 2005, 146, 528–532. [CrossRef]

23. El-Deiry, S.S.; Naidu, S.; Blevins, L.S.; Ladenson, P.W. Assessment of adrenal function in women heterozygous for adrenoleukodys-
trophy. J. Clin. Endocrinol. Metab. 1997, 82, 856–860. [CrossRef] [PubMed]

24. Engelen, M.; Kemp, S.; Eichler, F. Endocrine dysfunction in adrenoleukodystrophy. Handb. Clin. Neurol. 2021, 182, 257–267.
[PubMed]

25. Shulman, D.I.; Palmert, M.R.; Kemp, S.F.; Lawson Wilkins Drug and Therapeutics Committee. Adrenal insufficiency: Still a cause
of morbidity and death in childhood. Pediatrics 2007, 119, e484–e494. [CrossRef]

26. Hoftberger, R.; Kunze, M.; Weinhofer, I.; Aboul-Enein, F.; Voigtlander, T.; Oezen, I.; Amann, G.; Bernheimer, H.; Budka, H.;
Berger, J. Distribution and cellular localization of adrenoleukodystrophy protein in human tissues: Implications for X-linked
adrenoleukodystrophy. Neurobiol. Dis. 2007, 28, 165–174. [CrossRef] [PubMed]

27. Oelkers, W.; Boelke, T.; Bahr, V. Dose-response relationships between plasma adrenocorticotropin (ACTH), cortisol, aldosterone,
and 18-hydroxycorticosterone after injection of ACTH-(1-39) or human corticotropin-releasing hormone in man. J. Clin. Endocrinol.
Metab. 1988, 66, 181–186. [CrossRef] [PubMed]

28. Vogel, B.H.; Bradley, S.E.; Adams, D.J.; D’Aco, K.; Erbe, R.W.; Fong, C.; Iglesias, A.; Kronn, D.; Levy, P.; Morrissey, M.; et al.
Newborn screening for X-linked adrenoleukodystrophy in New York State: Diagnostic protocol, surveillance protocol and
treatment guidelines. Mol. Genet. Metab. 2015, 114, 599–603. [CrossRef] [PubMed]

29. Moser, A.B.; Kreiter, N.; Bezman, L.; Lu, S.; Raymond, G.V.; Naidu, S.; Moser, H.W. Plasma very long chain fatty acids in
3000 peroxisome disease patients and 29,000 controls. Ann. Neurol. 1999, 45, 100–110. [CrossRef]

http://doi.org/10.1056/NEJMoa1700554
http://www.ncbi.nlm.nih.gov/pubmed/28976817
http://doi.org/10.1006/bbrc.1994.2855
http://doi.org/10.1002/ana.1220
http://doi.org/10.1210/jc.2018-01307
http://doi.org/10.1016/S0046-8177(82)80093-2
http://doi.org/10.1172/JCI113292
http://doi.org/10.1093/brain/awt361
http://www.ncbi.nlm.nih.gov/pubmed/24480483
http://doi.org/10.1002/ana.101
http://www.ncbi.nlm.nih.gov/pubmed/11310629
http://doi.org/10.1001/jamanetworkopen.2018.5031
http://www.ncbi.nlm.nih.gov/pubmed/30646379
http://doi.org/10.1016/j.ecl.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/27241966
http://doi.org/10.1097/MED.0000000000000515
http://doi.org/10.1210/jc.2018-00920
http://doi.org/10.3390/ijns7020022
http://doi.org/10.1002/ajmg.a.61171
http://doi.org/10.1016/j.jpeds.2019.04.021
http://doi.org/10.1016/j.jpeds.2004.10.067
http://doi.org/10.1210/jc.82.3.856
http://www.ncbi.nlm.nih.gov/pubmed/9062496
http://www.ncbi.nlm.nih.gov/pubmed/34266597
http://doi.org/10.1542/peds.2006-1612
http://doi.org/10.1016/j.nbd.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17761426
http://doi.org/10.1210/jcem-66-1-181
http://www.ncbi.nlm.nih.gov/pubmed/2826525
http://doi.org/10.1016/j.ymgme.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25724074
http://doi.org/10.1002/1531-8249(199901)45:1&lt;100::AID-ART16&gt;3.0.CO;2-U


Int. J. Neonatal Screen. 2022, 8, 18 8 of 9

30. Klouwer, F.C.; Berendse, K.; Ferdinandusse, S.; Wanders, R.J.; Engelen, M.; Poll-The, B.T. Zellweger spectrum disorders: Clinical
overview and management approach. Orphanet J. Rare Dis. 2015, 10, 151. [CrossRef]

31. Wang, R.Y.; Monuki, E.S.; Powers, J.; Schwartz, P.H.; Watkins, P.A.; Shi, Y.; Moser, A.; Shrier, D.A.; Waterham, H.R.; Nugent, D.J.;
et al. Effects of hematopoietic stem cell transplantation on acyl-CoA oxidase deficiency: A sibling comparison study. J. Inherit.
Metab. Dis. 2014, 37, 791–799. [CrossRef]

32. Chapel-Crespo, C.C.; Villalba, R.; Wang, R.; Boyer, M.; Chang, R.; Waterham, H.R.; Abdenur, J.E. Primary adrenal insufficiency in
two siblings with D-bifunctional protein deficiency. Mol. Genet. Metab. Rep. 2020, 24, 100608. [CrossRef]

33. Stahl, F.; Amendt, P.; Dorner, G. Total and free cortisol plasma levels in pre- and postnatal life. Endokrinologie 1979, 74, 243–246.
34. Javorsky, B.R.; Raff, H.; Carroll, T.B.; Algeciras-Schimnich, A.; Singh, R.J.; Colon-Franco, J.M.; Findling, J.W. New Cutoffs for

the Biochemical Diagnosis of Adrenal Insufficiency after ACTH Stimulation using Specific Cortisol Assays. J. Endocr. Soc.
2021, 5, bvab022. [CrossRef] [PubMed]

35. Bornstein, S.R.; Allolio, B.; Arlt, W.; Barthel, A.; Don-Wauchope, A.; Hammer, G.D.; Husebye, E.S.; Merke, D.P.; Murad, M.H.;
Stratakis, C.A.; et al. Diagnosis and Treatment of Primary Adrenal Insufficiency: An Endocrine Society Clinical Practice Guideline.
J. Clin. Endocrinol. Metab. 2016, 101, 364–389. [CrossRef] [PubMed]

36. Ngaosuwan, K.; Johnston, D.G.; Godsland, I.F.; Cox, J.; Majeed, A.; Quint, J.K.; Oliver, N.; Robinson, S. Mortality Risk in Patients
With Adrenal Insufficiency Using Prednisolone or Hydrocortisone: A Retrospective Cohort Study. J. Clin. Endocrinol. Metab.
2021, 106, 2242–2251. [CrossRef]

37. Miller, B.S.; Spencer, S.P.; Geffner, M.E.; Gourgari, E.; Lahoti, A.; Kamboj, M.K.; Stanley, T.L.; Uli, N.K.; Wicklow, B.A.; Sarafoglou,
K. Emergency management of adrenal insufficiency in children: Advocating for treatment options in outpatient and field settings.
J. Investig. Med. 2020, 68, 16–25. [CrossRef] [PubMed]

38. Kloesel, B.; Dua, N.; Eskuri, R.; Hall, J.; Cohen, M.; Richtsfeld, M.; Belani, K. Anesthetic management of pediatric patients
diagnosed with X-linked adrenoleukodystrophy: A single-center experience. Paediatr. Anaesth. 2020, 30, 124–136. [CrossRef]
[PubMed]

39. Woodcock, T.; Barker, P.; Daniel, S.; Fletcher, S.; Wass, J.A.H.; Tomlinson, J.W.; Misra, U.; Dattani, M.; Arlt, W.; Vercueil, A.
Guidelines for the management of glucocorticoids during the peri-operative period for patients with adrenal insufficiency:
Guidelines from the Association of Anaesthetists, the Royal College of Physicians and the Society for Endocrinology UK.
Anaesthesia 2020, 75, 654–663. [CrossRef]

40. Mallack, E.J.; Turk, B.R.; Yan, H.; Price, C.; Demetres, M.; Moser, A.B.; Becker, C.; Hollandsworth, K.; Adang, L.; Vanderver,
A.; et al. MRI surveillance of boys with X-linked adrenoleukodystrophy identified by newborn screening: Meta-analysis and
consensus guidelines. J. Inherit. Metab. Dis. 2021, 44, 728–739. [CrossRef]

41. Petryk, A.; Polgreen, L.E.; Chahla, S.; Miller, W.; Orchard, P.J. No evidence for the reversal of adrenal failure after hematopoietic
cell transplantation in X-linked adrenoleukodystrophy. Bone Marrow Transplant. 2012, 47, 1377–1378. [CrossRef]

42. FDA Halts Trial of Gene Therapy for Rare Neurological Disease Due to Cancer Risk. Available online: https://www.healio.com/
news/hematology-oncology/20210812/fda-halts-trial-of-gene-therapy-for-rare-neurological-disease-due-to-cancer-risk (ac-
cessed on 30 December 2021).

43. Uziel, G.; Bertini, E.; Bardelli, P.; Rimoldi, M.; Gambetti, M. Experience on therapy of adrenoleukodystrophy and adrenomyeloneu-
ropathy. Dev. Neurosci. 1991, 13, 274–279. [CrossRef]

44. Aubourg, P.; Adamsbaum, C.; Lavallard-Rousseau, M.C.; Rocchiccioli, F.; Cartier, N.; Jambaque, I.; Jakobezak, C.; Lemaitre, A.;
Boureau, F.; Wolf, C.; et al. A two-year trial of oleic and erucic acids (“Lorenzo’s oil”) as treatment for adrenomyeloneuropathy. N.
Engl. J. Med. 1993, 329, 745–752. [CrossRef]

45. Rizzo, W.B.; Leshner, R.T.; Odone, A.; Dammann, A.L.; Craft, D.A.; Jensen, M.E.; Jennings, S.S.; Davis, S.; Jaitly, R.; Sgro, J.A.
Dietary erucic acid therapy for X-linked adrenoleukodystrophy. Neurology 1989, 39, 1415–1422. [CrossRef] [PubMed]

46. Van Geel, B.M.; Assies, J.; Haverkort, E.B.; Koelman, J.H.; Verbeeten, B., Jr.; Wanders, R.J.; Barth, P.G. Progression of abnormalities
in adrenomyeloneuropathy and neurologically asymptomatic X-linked adrenoleukodystrophy despite treatment with “Lorenzo’s
oil”. J. Neurol. Neurosurg. Psychiatry 1999, 67, 290–299. [CrossRef] [PubMed]

47. Moser, H.W.; Raymond, G.V.; Koehler, W.; Sokolowski, P.; Hanefeld, F.; Korenke, G.C.; Green, A.; Loes, D.J.; Hunneman,
D.H.; Jones, R.O.; et al. Evaluation of the preventive effect of glyceryl trioleate-trierucate ("Lorenzo’s oil") therapy in X-linked
adrenoleukodystrophy: Results of two concurrent trials. Adv. Exp. Med. Biol. 2003, 544, 369–387.

48. Cappa, M.; Bizzarri, C.; Giannone, G.; Aiello, C.; di Biase, A. Is subclinical adrenal failure in adrenoleukodystro-
phy/adrenomyeloneuropathy reversible? J. Endocrinol. Investig. 2011, 34, 753–756.

49. Assies, J.; Gooren, L.J.; van Geel, B.; Barth, P.G. Signs of testicular insufficiency in adrenomyeloneuropathy and neurologically
asymptomatic X-linked adrenoleukodystrophy: A retrospective study. Int. J. Androl. 1997, 20, 315–321. [CrossRef] [PubMed]

50. Brennemann, W.; Kohler, W.; Zierz, S.; Klingmuller, D. Testicular dysfunction in adrenomyeloneuropathy. Eur. J. Endocrinol.
1997, 137, 34–39. [CrossRef] [PubMed]

51. Stradomska, T.J.; Kubalska, J.; Janas, R.; Tylki-Szymanska, A. Reproductive function in men affected by X-linked adrenoleukodys-
trophy/adrenomyeloneuropathy. Eur. J. Endocrinol. 2012, 166, 291–294. [CrossRef]

http://doi.org/10.1186/s13023-015-0368-9
http://doi.org/10.1007/s10545-014-9698-3
http://doi.org/10.1016/j.ymgmr.2020.100608
http://doi.org/10.1210/jendso/bvab022
http://www.ncbi.nlm.nih.gov/pubmed/33768189
http://doi.org/10.1210/jc.2015-1710
http://www.ncbi.nlm.nih.gov/pubmed/26760044
http://doi.org/10.1210/clinem/dgab347
http://doi.org/10.1136/jim-2019-000999
http://www.ncbi.nlm.nih.gov/pubmed/30819831
http://doi.org/10.1111/pan.13786
http://www.ncbi.nlm.nih.gov/pubmed/31841242
http://doi.org/10.1111/anae.14963
http://doi.org/10.1002/jimd.12356
http://doi.org/10.1038/bmt.2012.33
https://www.healio.com/news/hematology-oncology/20210812/fda-halts-trial-of-gene-therapy-for-rare-neurological-disease-due-to-cancer-risk
https://www.healio.com/news/hematology-oncology/20210812/fda-halts-trial-of-gene-therapy-for-rare-neurological-disease-due-to-cancer-risk
http://doi.org/10.1159/000112173
http://doi.org/10.1056/NEJM199309093291101
http://doi.org/10.1212/WNL.39.11.1415
http://www.ncbi.nlm.nih.gov/pubmed/2682348
http://doi.org/10.1136/jnnp.67.3.290
http://www.ncbi.nlm.nih.gov/pubmed/10449548
http://doi.org/10.1046/j.1365-2605.1997.00066.x
http://www.ncbi.nlm.nih.gov/pubmed/16130276
http://doi.org/10.1530/eje.0.1370034
http://www.ncbi.nlm.nih.gov/pubmed/9242199
http://doi.org/10.1530/EJE-11-0490


Int. J. Neonatal Screen. 2022, 8, 18 9 of 9

52. Powers, J.M.; Schaumburg, H.H. The testis in adreno-leukodystrophy. Am. J. Pathol. 1981, 102, 90–98.
53. Karapanou, O.; Vlassopoulou, B.; Tzanela, M.; Papadopoulos, D.; Angelidakis, P.; Michelakakis, H.; Ioannidis, G.; Mihalatos,

M.; Kamakari, S.; Tsagarakis, S. X-linked adrenoleukodystrophy: Are signs of hypogonadism always due to testicular failure?
Hormones 2014, 13, 146–152. [CrossRef]

54. Assies, J.; Haverkort, E.B.; Lieverse, R.; Vreken, P. Effect of dehydroepiandrosterone supplementation on fatty acid and hormone
levels in patients with X-linked adrenoleucodystrophy. Clin. Endocrinol. 2003, 59, 459–466. [CrossRef] [PubMed]

http://doi.org/10.1007/BF03401330
http://doi.org/10.1046/j.1365-2265.2003.01868.x
http://www.ncbi.nlm.nih.gov/pubmed/14510908

	Introduction 
	Pathophysiology of Adrenal Insufficiency 
	Epidemiology 
	Clinical Presentation of Adrenal Insufficiency 
	Newborn Screening and Adrenal Insufficiency Surveillance 
	Management and Treatment of Adrenal Insufficiency 
	Effects of Investigational Therapies for ALD on Adrenal Function 
	Testicular Dysfunction 
	Conclusions 
	References

