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Abstract. – OBJECTIVE: Triple-A syndrome 
occurs due to the dysfunction of the ALADIN 
protein as a result of a mutation in the AAAS 
gene. ALADIN is involved in redox homeosta-
sis in human adrenal cells and steroidogene-
sis. It has also been shown to have important 
roles in DNA repair and the protection of cells 
against oxidative stress. We planned to investi-
gate serum thiol/disulfide homeostasis, which is 
a part of redox hemostasis in patients with Tri-
ple-A syndrome.

PATIENTS AND METHODS: The study in-
cluded patients with the Triple-A syndrome (26 
patients) and healthy children (26 patients). Thi-
ol and disulfide levels of patients and healthy 
groups were compared. In addition, patients 
with the Triple-A syndrome were divided into 2 
subgroups according to the mutation type, and 
their thiol and disulfide levels were compared.

RESULTS: Triple-A syndrome patients had in-
creased native thiol (SH), total thiol (SH+SS) 
concentrations, and native thiol/total thiol (SH/
SH+SS) ratios than healthy controls. However, 
Triple-A syndrome patients had lowered disul-
fide (SS), disulfide/native thiol (SS/SH), and di-
sulfide/total thiol (SS/SH+SS) ratios than the 
controls. When the group with the p.R478* mu-
tation and the group with other mutation were 
compared, disulfide level, disulfide/native thi-
ol ratio, and disulfide/total thiol ratio were sta-
tistically higher in the group with the p.R478* 
mutation, while native thiol/total thiol ratio was 
found to be lower. However, no statistical differ-
ence was found between native thiol and total 
thiol levels.

CONCLUSIONS: This is the first study in the 
literature to evaluate thiol-disulfide homeostasis 
in patients with the Triple-A syndrome. Patients 
with Triple-A syndrome had an increased level of 
thiol compared with healthy controls. Compre-
hensive studies are needed to clarify these thi-
ol levels, which are thought to be compensatory. 
Also, mutation type affects thiol-disulfide levels.
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Introduction

Triple-A syndrome is a rare autosomal reces-
sive syndrome characterized by primary adrenal 
insufficiency, achalasia, and alacrimia. Although 
it is a rare syndrome, it is common in societies 
with a high rate of consanguineous marriage, as 
in our country. Few large cohorts exist world-
wide1. Triple-A syndrome occurs due to the dys-
function of the ALADIN protein as a result of 
a mutation in the AAAS gene. ALADIN plays 
a role in redox homeostasis in human adrenal 
cells and steroidogenesis. Its deficiency impairs 
redox homeostasis and inhibits steroidogenesis 
in human adrenal cells2-4. The AAAS mutation 
has been shown to cause decreased nuclear im-
port of DNA ligase 1 and aprataxin, which are 
involved in DNA repair and protection of cells 
against oxidative stress4-6. These findings led to 
the idea that thiol-disulfide homeostasis, which 
is one of the other components of redox hemosta-
sis (oxidant-antioxidant balance), should also be 
evaluated in patients with the Triple-A syndrome. 
Dynamic thiol-disulfide homeostasis plays a crit-
ical role in antioxidant protection, detoxification, 
and apoptosis and is of vital importance for the 
organism7,8. Until recently, only one side (thiol) 
of the thiol/disulfide balance could be measured, 
while today both sides of the equilibrium can be 
determined using the latest test methods and the 
thiol/disulfide balance can be completely eval-
uated9,10. Thiol-Disulfide homeostasis has never 
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been investigated in the Triple-A  syndrome until 
now, and our study will be the first in this area. 
Therefore, we planned this study to investigate 
the dynamic thiol-disulfide balance of 26 patients 
with Triple-A syndrome.

Patients and Methods 

Subjects were enrolled after the medical Ethics 
Committee approved the study protocol (approval 
number 2019/321) and parents provided written 
informed consent. The study included patients 
with the Triple-A syndrome (26 patients), and 
healthy children (26 patients). The diagnosis of 
all patients with the Triple-A Syndrome was ge-
netically confirmed (3 different mutations in the 
AAAS gene: p.R478* mutation, p.L356Vfs*8, or 
p.L134Gfs*5). After measuring the native thiol 
and total thiol levels of the patients, disulfide 
levels, disulfide/native thiol ratios, disulfide/total 
thiol ratios, and native thiol/total thiol ratios were 
calculated. Patients with the Triple-A Syndrome 
were compared with the healthy control group. 
Furthermore, patients with the Triple-A syn-
drome were divided into two subgroups based on 
the type of mutation (first group: p.R478* muta-
tion, second group: p.L356Vfs*8 or p.L134Gfs*5 
mutation), and their thiol and disulfide levels 
were compared.

Measurement of Thiol/Disulfide 
Homeostasis Parameters 

Blood samples were obtained between 8 a.m. 
and 10 a.m. after 8-10 hours of fasting. The sam-
ples were then centrifuged at 1500 rpm for 10 
minutes. Separated serum samples were imme-
diately frozen and stored at -80°C until analyzed. 
All thiol/disulfide parameters were studied in the 
same samples. Serum concentrations of native 
and total thiol and ratios of disulfide, and native 
and total thiol were determined by a spectro-

photometric method using an automatic clinical 
chemical analyzer (Roche, Cobas 501, Mann-
heim, Germany) as previously described by Erel 
and Neselioglu10.

Statistical Analysis
In the statistical evaluation of the data, the sta-

tistics package for social sciences (SPSS) comput-
er package program v. 26 was used (IBM, Corp., 
Armonk, NY, USA). The distribution of variables 
was evaluated by using the Kolmogorov-Smirn-
ov/Shapiro-Wilk tests. Normally distributed data 
variables were compared with Student’s t-test. 
Nonnormally distributed data variables were 
compared using the Wilcoxon rank test or the 
Mann-Whitney U test. The results were present-
ed as mean ± SD. p-values less than 0.05 were 
accepted as the significance level.

Results 

The distribution of boys and girls in the Tri-
ple-A syndrome group and healthy group was 
similar (Triple-A syndrome: 14 boys, 12 girls; 
healthy group: 14 boys, 12 girls). Triple-A syn-
drome patients had increased native thiol (SH), 
native thiol (SH+SS) concentrations, and native 
thiol/native thiol (SH/SH+SS) ratios than healthy 
controls (p<0.001, p<0.001 and p<0.001, respec-
tively). However, the Triple-A syndrome patients 
had lowered disulfide, disulfide/ native thiol (SS/
SH), and disulfide/native thiol (SS/SH+SS) ratios 
than the healthy controls (p=0.037 and p<0.001, 
p<0.001, respectively) (Table I). When the group 
with the p.R478* mutation and the group with the 
other mutation were compared, disulfide level, 
disulfide/native thiol and disulfide/total thiol ra-
tio were statistically higher in the group with the 
p.R478* mutation, while native thiol/total thiol 
ratio was found to be lower. However, no statisti-
cal difference was found between native thiol and 

Table I. Comparison of laboratory findings of the healthy group and Triple A syndrome group. 

 Triple A group (n = 26) Healthy group (n = 26)
 mean ± SD mean ± SD p

Age 11.22 ± 4.74 11.26 ± 4.01 0.956
Native Thiol (µmol/l) 459.87 ± 59.98 382.52 ± 38.35 < 0.001
Total Thiol (µmol/l) 497.18 ± 59.59 423.15 ± 40.51 < 0.001
Disulfide (µmol/l) 18.65 ± 4.88 20.31 ± 2.25 0.037
Disulfide/Native Thiol (%) 4.14 ± 1.27 5.33 ± 0.60 < 0.001
Disulfide/Total Thiol (%) 3.80 ± 1.06 4.81 ± 0.49 < 0.001
Native Thiol/Total Thiol (%) 92.39 ± 2.13 90.36 ± 0.98 < 0.001
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total thiol levels (Table II). Comparison of thiol 
and disulfide levels of patients (Group with the 
p.R478* mutation and group with the other mu-
tation) and healthy controls is shown in Figure 1.

Discussion

Antioxidants can be classified as endogenous 
antioxidants (glutathione, bilirubin, NADPH/
NADP, enzymes such as glutathione peroxidase, 
catalase, superoxide dismutase, etc.), diet-derived 
antioxidants (Vit C, Vit E, Vit B carotene, poly-
phenols, etc.) and metal-binding proteins (albu-
min, ceruloplasmin, ferritin, transferrin, etc.). An-
tioxidants are further classified as enzymatic or 
non-enzymatic11. Organic compounds containing 
a sulfhydryl group are called thiols (-SH) and 
thiols are a part of the non-enzymatic antioxidant 
system. Thiols are highly susceptible to oxidation 
due to -SH groups, and thiol protein groups are im-
portant antioxidants that constitute 52.9% of total 
serum antioxidant capacity in healthy individu-
als12. Disruption of oxidant and antioxidant balance 
is called oxidative stress and it has been implicated 
in the etiopathogenesis of some diseases11,13.

There is evidence of increased oxidative stress 
and impaired redox homeostasis in the Triple-A 
syndrome2-4,14-16. Therefore, in our study, we in-
vestigated the state of thiol-disulfide hemostasis, 
which is an important component of redox hemo-
stasis. In previous studies3,6,16, a mutation in the 
AAAS gene has been shown to cause an increase 
in reactive oxygen species, a decrease in sensitiv-
ity to oxidative stress, a decrease in cell viability, 
a decrease in reduced glutathione/oxidized gluta-
thione ratio, and disorders in antioxidant enzymes 
(superoxide dismutase, catalase and, glutathione 
reductase). These studies reflect changes at the 
cytoplasmic or mitochondrial level in fibroblast 

cell cultures or tumoral cell lines. Unlike these 
studies, we evaluated thiols, which are an import-
ant part of plasma antioxidant levels. Albumin 
thiols and low molecular weight thiols such as 
cysteine, cysteinyl glycine, homocysteine, gluta-
thione, γ-glutamylcysteine, and hydrogen sulfide 
make up the plasma thiol pool (the thiol pool in 
human plasma: the central contribution of albu-
min to redox processes). In our study, we showed 
an increase in both total native thiol and native 
thiol/total thiol (SH/SH+SS) levels, suggesting a 
compensatory increase in favor of antioxidants in 
plasma, in contrast to the deterioration in favor of 
increased oxidants at the cellular level shown in 
previous studies3,6,16. This increase in thiol levels 
(native thiol, total thiol, and native thiol/total thiol 
ratio) was interpreted as a compensatory increase 
in response to increased oxidative stress in pa-
tients with the Triple-A syndrome. In addition, 
this thiol increase can be explained by the com-
pensated endogenous antioxidant/thiol increase 
in patients with the Triple-A syndrome due to 
malnutrition, achalasia and chronic disease, and 
to insufficient exogenous antioxidant intake (i.e., 
vitamin E, vitamin C, carotene, B12, and fo-
late). However, studies evaluating all exogenous 
and endogenous antioxidant systems together are 
needed to confirm these relationships.

There was no difference in native thiol and 
total thiol levels between the group with the 
p.L356Vfs*8 or p.L134Gfs*5 mutation and the 
group with the p.R478* mutation. However, a 
significant difference was found between the 
disulfide level, disulfide/native thiol ratio, disul-
fide/total thiol ratio, and native thiol/total thiol 
ratio (p=0.048, p=0.015, p=0.015, and p=0.015, 
respectively). Although the clinics of patients 
with the p.R478* mutation and other mutations 
(p.L356Vfs*8 or p.L134Gfs*5) were similar, suf-
ficient data were not found to explain this differ-

aGroup with other mutation: p.L356Vfs*8 or p.L134Gfs*5.

Table II. Comparison of laboratory findings according to the type of genetic variant.

 Group with p.R478* mutation  Group with other mutationa 
 (n = 19) mean ± SD (n = 7) mean ± SD p

Age 11.28 ± 4.74 11.06 ± 5.12 0.995
Native Thiol (µmol/L) 446.84 ± 56.66 495.21 ± 57.99 0.120
Total Thiol (µmol/L) 485.94 ± 56.58 527.69 ± 60.90 0.135
Disulfide (µmol/L) 19.54 ± 5.02 16.24 ± 3.77 0.048
Disulfide/Native Thiol (%) 4.45 ± 1.29 3.29 ± 0.74 0.015
Disulfide/Total Thiol (%) 4.06 ± 1.07 3.08 ± 0.64 0.015
Native Thiol/Total Thiol (%) 91.86 ± 2.15 93.83 ± 1.29 0.015
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Figure 1. Native Thiol levels (A) and Total Thiol levels (B) were the lowest in the healthy group. Disulfide levels (C) were highest in the healthy group. Disulfide/
Native Thiol ratio (D) and Disulfide/Total Thiol ratio (E) were lower in the patient group (lowest in those with p.L356Vfs*8 or p.L134Gfs*5 mutations). Native 
Thiol/Total Thiol (%) (F) was higher in patients with Triple A syndrome.
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ence in thiol level. The type of mutation (termi-
nation or frameshift), the length of the mutant 
protein, or the location of the mutation, on the 
other hand, may be effective in this. Further stud-
ies are needed in this regard.

Limitations
The current study has two limitations: a small 

study population (due to the rarity of Triple-A 
syndrome) and no comparison of thiol/disulfide 
homeostasis parameters with other enzymatic 
and non-enzymatic measures of oxidative stress.

Conclusions

This is the first study in the literature to eval-
uate thiol-disulfide homeostasis in patients with 
Triple-A syndrome. Patients with the Triple-A 
syndrome had an increased level of thiol com-
pared with healthy controls. Comprehensive stud-
ies are needed to clarify these thiol levels, which 
are thought to be compensatory. Also, mutation 
type affects thiol-disulfide levels.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Funding
This research did not receive any specific grant from fund-
ing agencies in the public, commercial, or not-for-profit sec-
tors.

Informed Consent
Informed consent was obtained from all participants or 
their first-degree relatives in this study.

Availability of Data and Materials
The datasets are available from the corresponding author on 
reasonable request.

Authors’ Contribution
RP, AU, and ÖE conceived the idea. RP, IT, and RY con-
ducted the experimental work. RP, RY, IT, ÖE, and AU par-
ticipated in writing, discussion, and data analysis. All au-
thors approved the final version of the publication.

ORCID ID
R. Polat: 0000-0002-3786-0739; R. Yıldırım: 0000-0002-
9558-3856; A. Ustyol: 0000-0001-7903-7356; I. Turan: 
0000-0002-5654-247X; Ö. Erel: 0000-0002-2996-3236.

Ethics Approval
The study was conducted according to the principles of the 
Declaration of Helsinki and approved by the Institutional 
Ethical Review Board (Ethics Committee of the Faculty of 
Medicine, approval number: 2019/321).

References

 1) Polat R, Ustyol A, Tuncez E, Guran T. A broad 
range of symptoms in allgrove syndrome: single 
center experience in Southeast   Anatolia. J En-
docrinol Invest 2020; 43: 185-196. 

 2) Handschug K, Sperling S, Yoon SJ, Hennig 
S, Clark AJ, Huebner A. Triple A syndrome is 
caused by mutations in AAAS, a new WD-re-
peat protein gene. Hum Mol Genet 2001; 10: 
283-290.

 3) Prasad R, Metherell LA, Clark AJ, Storr HL. De-
ficiency of ALADIN impairs redox homeostasis in 
human adrenal cells and inhibits steroidogenesis. 
Endocrinology 2013; 154: 3209-3218. 

 4) Jühlen R, Idkowiak J, Taylor AE, Kind B, Arlt W, 
Huebner A, Koehler K. Role of ALADIN in hu-
man adrenocortical cells for oxidative stress re-
sponse and steroidogenesis. PLoS One 2015; 10: 
e0124582. 

 5) Storr HL, Kind B, Parfitt DA, Chapple JP, Lorenz 
M, Koehler K, Huebner A, Clark AJ. Deficiency 
of ferritin heavy-chain nuclear import in triple a 
syndrome implies nuclear oxidative damage as 
the primary disease mechanism. Mol Endocrinol 
2009; 23: 2086-2094.

 6) Hirano M, Furiya Y, Asai H, Yasui A, Ueno S. 
ALADINI482S causes selective failure of nucle-
ar protein import and hypersensitivity to oxidative 
stress in triple A syndrome. Proc Natl Acad Sci U 
S A 2006; 103: 2298-2303.

 7) Biswas S, Chida AS, Rahman I. Redox modifica-
tions of protein-thiols: emerging roles in cell sig-
naling. Biochem Pharmacol 2006; 71: 551-564.

 8) Circu ML, Aw TY. Reactive oxygen species, cellu-
lar redox systems, and apoptosis. Free Radic Biol 
Med 2010; 48: 749-762.

 9) Ellman G, Lysko H. A precise method for the de-
termination of whole blood and plasma sulfhydryl 
groups. Anal Biochem 1979; 93: 98-102.

10) Erel O, Neselioglu S. A novel and automated as-
say for thiol/disulphide homeostasis. Clin Bio-
chem 2014; 47: 326-332.

11) Sen S, Chakraborty R. The Role of Antioxidants 
in Human Health. In: Andreescu S, Hepel M, ed-
itors. Oxidative Stress: Diagnostics, Prevention, 
and Therapy [Internet]. Washington, DC.; c2011 
[cited 2022 Nov 7]. Chapter 1; 1-37. 

12) Erel Ö, Erdoğan S. Thiol-disulfide homeostasis: 
an integrated approach with biochemical and 
clinical aspects. Turk J Med Sci 2020; 50: 1728-
1738.



The evaluation of thiol-disulfide homeostasis in children with Triple-A syndrome

1581

13) Pisoschi AM, Pop A. The role of antioxidants in 
the chemistry of oxidative stress: A review. Eur J 
Med Chem 2015; 97: 55-74.

14) Fragoso MCBV, Albuquerque EVA, Cardoso ALA, 
da Rosa PWL, de Paulo RB, Schimizu MHM, Se-
guro AC, Passarelli M, Koehler K, Huebner A, 
Almeida MQ, Latronico AC, Arnhold IJP, Mendon-
ca BB. Triple A Syndrome: Preliminary Response 
to the Antioxidant N-Acetylcysteine Treatment in 
a Child. Horm Res Paediatr 2017; 88: 167-171.

15) Koehler K, End K, Kind B, Landgraf D, Mitzscher-
ling P, Huebner A. Changes in differential gene 
expression in fibroblast cells from patients with 
triple A syndrome under oxidative stress. Horm 
Metab Res 2013; 45: 102-108.

16) Kind B, Koehler K, Krumbholz M, Landgraf D, 
Huebner A. Intracellular ROS level is increased 
in fibroblasts of triple A syndrome patients. J Mol 
Med (Berl) 2010; 88: 1233-1242.


