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ABSTRACT

Objective: To determine the relationship of oxidative stress status with follow-up parameters, metabolic control status, and
treatment compliance evaluation in patients diagnosed within toxication type inherited metabolic disease (IMDs).

Study Design: Descriptive, analytical study.

Place and Duration of Study: Dr. Sami Ulus, Maternity and Child Health, Training and Research Hospital, Ankara, Turkey,
between September 2019 and March 2020.

Methodology: Sixty-seven patients, who were followed up with a diagnosis of IMDs in the pediatric metabolism outpatient
clinic, and 41 healthy volunteers who applied to the social pediatrics outpatient clinic, were evaluated. Disulfide/native thiol,
disulfide/total thiol, and native thiol/total thiol ratios of the patient and control group were calculated. P <0.05 (*) value was
considered significant in statistical analysis.

Results: The mean native thiol / total thiol ratio of the patient group was significantly lower when compared to the control
group (92.0+3.3 vs 94.1+£2.7, p=0.001). The median disulfide level [19.8 (11.6-25) vs 14(10.1-18.8), p=0.004], the mean
disulfide / native thiol (4.5£2.0 vs 3.2£1.6, p<0.001) and the mean disulfide / total thiol ratios (4.0£1.7 vs 2.9£1.4, p=0.001)
were higher in the patient group compared to the control group.The findings showed that oxidative stress status was increased
during metabolic attacks. Poor metabolic control and non-compliance to treatment was found to be associated with increased
oxidative stress. Oxidative stress parameters were found to be correlated with metabolic chemicals such as ammonia, leucine,
and citrulline. There was no correlation between phenylalanine and lactate levels and oxidative stress parameters.

Conclusion: Metabolic control status and compliance with treatment are related to oxidative stress level, showing thiol/di-

sulfide balance in urea cycle defects, phenylketonuria, and galactosemia patients.
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INTRODUCTION

Intoxication-type metabolic disorders (IMDs) are diseases with a
progressive course that develop due to deficient and functional
defectsinthe metabolic pathways at the enzyme and cofactorlevel.
Acute or chronic progressive course is observed in this group of
diseases following a symptom-free period interval. Although initial
symptoms are usually seeninthe neonatal period, they may occurin
later ages or even in adulthood. Vomiting, altered consciousness,
seizure, abnormal body odour, hyperammonemia, liver failure,
metabolicacidosis are the mostcommon symptomsandsigns.
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Acuteattacksareoftentriggered by catabolisminduced by infec-
tion, hunger, stress and protein intake. Phenylketonuria, organic
acidemias, and urea cycle disorders are some of the common
IMDs. Usually, urine organic acidanalyses, plasma, and urine
amino acids, and acylcarnitine profile are used for diagnosis.”
Treatment options are dietary restriction, replacement of the
missing metabolite with certain agents, addition of cofactors
(e.g. vitamins), removal of toxic compounds by medical treat-
ment (sodium benzoate, sodium phenylbutyrate, etc.) or extra-
corporeal detoxification, and organtransplantation.’

The contribution of oxidative stress to neurological damage in
intoxication-type metabolic diseases have been discussed in
the literature with different parametersinrecentyears. Inthese
studies, total antioxidant level, total oxidant level, thiobarbi-
turic acid reactive substances, malondialdehyde, antioxidant
enzyme levels, urinary markers (di-tyrosine, isoprostane),
dynamic thiol/disulfide balance etc. oxidative stress parame-
terswere usedto evaluatethe level of oxidative stress.*®
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Thiols are proteins that form reversible disulfide bonds under
oxidative situations. The disulfide bounds can be reduced thiol
groups again; thus, thiol/disulfide homeostasis can be main-
tained. While thiol levels decrease under oxidative conditions,
disulfide ratio increases. Dynamic thiol/disulfide homeostasis
has an important role in antioxidant protection, detoxification,
signal transmission, apoptosis, regulation of enzyme functions,
stabilisation of protein structures, transcription and cellular
signal transmission.® The thiol/disulfide balance has not been
previously investigatedin patientswith IMDs.

The objective of this study was to determine the relationship of
oxidative stress status with metabolic control and compliance
totreatmentin patients diagnosed with IMDs.

METHODOLOGY

This research was conducted between September 2019 and
March 2020, planned as a prospective study aiming to evaluate
the thiol / disulfide balance in cases followed up with the diag-
nosis of intoxication type hereditary metabolic disease in the
Pediatric Metabolism Unit of Dr. Sami Ulus, Maternity and Child
Health, Training and Research Hospital, Ankara, Turkey. Ethics
Committee approval (Reference No. 2019-086). From the elec-
tronic files of the patients; data including age, gender, consan-
guinity among parents, clinical findings, neurological develop-
mentand treatments were collected.

Cases were grouped according to their diagnoses as following:
Phenylalanine metabolism disorder, organic acidemias, urea
cycle disorders (UCDs), and carbohydrate metabolism disor-
ders. Some patients with various diagnoses were grouped as
other (including maple syrup urine disease (MSUD),
tyrosinemia and nonketotic hyperglycinemia). Compliance to
treatmentwas evaluated using the mainlaboratory parameters
that are used for the follow-up of the specific disease (e.g.,
phenylalanine level for phenylalanine metabolism disorders,
leucineforMSUD.

Cases were grouped as good and poor in terms of compliance to
treatment and metabolic control status. Poor metabolic control
was defined as the increase in laboratory parameters that are
known to be toxic in a specific disease (phenylalanine for
phenylketonuria and hyperphenylalaninemia, ammonia for
urea cycle disorders, reducing substance in urine for carbohy-
dratemetabolismdisorders, glycinefor nonketotic hyperglycin-
emia). In terms of developmental steps, they were grouped as
normal ordelayed when compared with their peers.

Thiol-disulfide parameters were determined by automatic
measurement method developed by Erel and Neselioglu.’
Dynamic disulfide level was estimated by following formula:
Dynamic disulfide level: (total thiol-native thiol)/2. After
measuring of native thiol, total thiol and disulfide amount,
disulfide: total thiol (SS/SH+SS), disulfide: native thiol (5S/SH)
and native thiol: total thiol (SH/SH+SS) are expressed as
percentratio of oxidantand antioxidantgroups. Theincreasein
disulfide and decrease in native thiol was an indicator of oxida-
tivestress.

Statistical analysis was performed using the Statistical Package
for Social Sciences (SPSS) for Windows 22 (IBM Corp., Armonk
NY, USA) programme. Whether the distribution of continuous
variables were normal or not was determined by Shapiro-Wilk
test. Unless specified otherwise, continuous data were
described as mean + SD for normal distributions, and median
(percentile 25-percentile 75) for skewed distributions. Statis-
tical analysis differences in normally distributed variables
between two independent groups were compared by Student’s
ttest. Mann-Whitney U-test were applied for comparisons of the
not normally distributed data. One-way ANOVA test (posthoc:
Bonferroni) was used for the comparison of numerical variables
with normal distribution between three and more groups, and
Kruskal-Wallis H-test (posthoc: Dunn-Bonferoni) was used in
the comparison of numerical variables that did not show normal
distribution. Chi-square and Fisher's Exact Chi-square tests
were used for comparison of categorical data. Categorical data
were described as number of cases (%). The relationship
between numerical variables was evaluated using Spearman
correlation analysis. p<0.05 (*) value was considered signifi-
cant.

RESULTS

Sixty-seven patients, who were followed up with a diagnosis of
intoxication-type metabolic diseases in the pediatric
metabolism outpatient clinic and 41 healthy volunteers who
appliedtothesocial pediatrics outpatientclinicwereincludedin
thestudy. Thirty (44.8%) of the cases were maleand 37 (55.2%)
were female. The parents of 71.6% of the cases (n: 48) were
consanguineous, and 32.8% (n: 22) had a family history of
metabolic disease. Neurological development was found to be
deteriorated in 49.3% (n: 33) of the cases. The diagnoses of
patientsenrolledinthestudy areshowninTablel.

Tablel:Diagnosesofthecasesenrolledinthestudy.

. Population | Subgrou
Diagnoses n=pG7 n(%) n(%? P
Aminoacid metabolism disorders 14(20.9)

Nonketotic hyperglycinemia 4(6.0) 4(28.6)
Maple syrup urine Disease 7(10.4) 7(50.0)
Tyrosinemia typel 3(4.5) 3(21.4)
Phenylalanine metabolism disorders 19(28.4)
Hyperphenylalaninemia 6(9.0) 6(31.6)
Tetrahydrobiopterin metabolism disorders | 1(1.5) 1(5.3)
Classical phenylketonuria 12(17.9) 12(63.1)
S_alactosemia (Carbohydrate metabolism 6(9.0) 6(100.0)
isorders)
Organic acidemia 17(25.4)
Glutaricaciduria type 1 3(4.5) 3(17.6)
isovalericacidemia 2(3.0) 2(11.8)
Methylmalonicacidemia 6(9.0) 6(35.3)
Propionic acidemia 6(9.0) 6(35.3)
Urea cycle disorders 11(16.4)
Argininemia 1(1.5) 1(9.1)
Arginosuccinic aciduria 1(1.5) 1(9.1)
gar.bgmoyl phosphate synthetase | 11.5) 1(9.1)
eficiency
Ornithine transcarbamylase deficiency 2(3.0) 2(18.2)
Citrullinemia type 1 6(9.0) 6(54.5)
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Table IlI: Thiol analyses of subgroups of IMDs.

. . . Phenylalanine .
(1:1‘:::{;’(!, Ammozc;lscizee::bollsm metabolism Galactosemia azlig:::ica Urea cycle disorders value
(n=14)® disorders (n=6)"? (n=17)® (n=11)" p
- (n=19)(c) -

Disulfide 12.0 17.1 19.2 10.3 25 21.8 0.002*
(umol/L) (10.1-18.8) (11.6-22.8) (11.6-23.5) (7.1-16.6) (17.5-28.5)*¢ (12.4-31.3) '
Disulfide/ 3.1 3.8 4.1 2.4 5.9 4.8 <0.001*
native thiol %| (2.0-3.8)* (2.5-5.1) (2.7-5.3) (1.4-3.5)" (4.7-6.9)9 (2.5-6.4) '
Disulfide/
total thiol 29 3.6 3.8 23 >3 4.4 <0.001*
% (1.9-3.6) (2.4-4.6) (2.6-4.8) (1.4-3.3) (4.3-6.0) (2.4-5.6)
Native th|0|/ (e) 92.7+3.1 (e) (e) (a,c,d) 92.8+3.7 0.001%
total thiol% 94.1+£2.7 J£3. 92.7£3.0 94.2+2.2 89.6+2.7 .8+3. <0.

Values in the Table are shown as median (25"-75" percentiles). Superscripts (a, b, ¢, d, e & f) are indicating the significant difference b/w groups.

Table IlI: Relationship between metabolic markers and thiol / disulfide parameters.

'(’Ilsn"'(':/‘l’_‘; Dis"'t'f‘f;/ [,f“"e Disulfide/total thiol% Native thiol/total thiol%

Ammonia r 0.536 0.538 0.538 -0.538
D <0.01 <0.05* <0.05* <0.05*

Lactat r -0.310 -0.235 -0.235 0.235
actate p 0.303 0.439 0.439 0.439
Citrulline r 0.400 0.900 0.900 -0.900
P 0.505 <0.05* <0.05* <0.05*

Phenvlalanine r 0.088 0.232 0.270 -0.270
y p 0.721 0.340 0.263 0.263
Leucin r 0.607 0.929 0.929 -0.929
eucine p <0.05* <0.01* <0.01* <0.01*

r= Correlation coefficient.

The mean native thiol / total thiol ratio of the patient group
was significantly lower when compared to the control group
(92.0+3.3 vs 94.1+2.7, p=0.001). Moreover, the median
disulfide level [19.8 (11.6-25) vs. 14(10.1-18.8), p=0.004],
the mean disulfide / native thiol (4.5x2.0 vs. 3.2%1.6,
p<0.001) and the mean disulfide / total thiol ratios (4.0+1.7
vs. 2.9+1.4, p=0.001) were higher in the patient group
compared to the control group.

Among the patient group, 38.8% (n: 26) had poor metabolic
control. The rate of those with poor neurological develop-
ment was found to be higher in patients with poor metabolic
control compared to those with good control [20(76.9%) vs.
13(31.7%); p<0.001]. The rate of noncompliance to treat-
ment was 37.3% (n: 25). In patients with treatment noncom-
pliance, the rate of neurological deterioration was higher
than patients who followed the therapeutic regimen
[20(80%) vs. 13(31%) p<0.001].

The median disulfide level, the median disulfide / native thiol

ratio and the median disulfide / total thiol ratio were found to
be higher in organic acidemia group compared to other
patient groups and control group. When the patients were
evaluated according to their diagnoses, it was seen that, the
mean native thiol / total thiol ratio was significantly lower in
the organic acidemia group compared to the other disease
groups (Table II).

In the cases with poor metabolic control, the mean native
thiol / total thiol ratio was significantly low (90.3+£3.2 vs.
93.1£3.0, p=0.001), the mean disulfide level (24.2+10.7
vs.17.3+£7.8, p=0.004), the mean disulfide / native thiol
(5.4+1.9 vs. 3.8%£1.7, p=0.001), and mean disulfide / total
thiol ratios were higher (4.8+£1.6 vs.3.5+1.5, p=0.001).

Native thiol / total thiol ratio was found to be low in cases
that did not comply with treatment. The disulfide level,
median disulfide / native thiol and disulfide / total thiol ratios
did not differ significantly.
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The correlation between ammonia level and thiol/disulfide
balance was investigated in 24 patients. Ammonia level was
found to correlate with disulfide level, disulfide / native thiol
ratio and disulfide / total thiol ratio (r = 0.536; p=0.007, r =
0.508; p=0.011, p = 0.508; and p=0.011, respectively).
There was a negative correlation between native thiol / total
thiol ratio and ammonia level (r = -0.508; p =0.011).

A positive correlation was found between disulfide / native
thiol and disulfide / total thiol ratios and leucine levels in 7
patients with MSUD included in our study (r = 0.929,
p=0.003; and r = 0.929, p=0.003, respectively). There was a
negative correlation between native thiol/ total thiol ratio (r
= -0.929; p=0.003) and leucinelevels.There were no signifi-
cant relationship with disulfide / thiolparameters, and pheny-
lalanine and lactate levels (Table IIl).

DISCUSSION

Oxidative stress is known to be related with the pathogen-
esis of several inborn errors of metabolism (IEMs). Many
markers of oxidative stress have been documented to rise in
especially intoxication-type metabolic disorders.*’

In this study, the change in thiol / disulfide parameters
compared to the control group was evaluated. In addition,
the relation of demographic characteristics, metabolic
control status, treatment compliance, and follow-up parame-
ters (ammonia, lactate, citrulline, phenylalanine, leucine)
with thiol/disulfide parameters were assessed.

In the literature, there are few studies in which oxidative
stress was evaluated by thiol / disulfide balance in metabolic
diseases. In the study by Cansever et al,® within patients
with L-2-hydroxyglutaric aciduria, the effect of antioxidant
treatment on thiol/disulfide parameters was investigated.
Fourteen of the cases were included in the study that
receiving antioxidant treatment, and there was no signifi-
cant difference in terms of thiol / disulfide parameters
compared to the control group. The authors suggested that
the antioxidant treatment prevented oxidative damage.
Zubarioglu et al. investigated thiol / disulfide balance in
patients with MSUD that were metabolically controlled, and
showed that there was no significant difference compared to
the control group.’

In the study of McGuire et al.,'* a correlation was found
between the clinical status of the cases with metabolic disor-
ders and oxidative stress parameters. In this study, the
median disulfide level, median disulfide / native thiol, and
median disulfide / total thiol ratio were found to be higher in
cases with poor metabolic control, and mean native thiol /
total thiol ratio was found to be significantly lower,
suggesting oxidative stress. Also, the mean native thiol /
total thiol ratio was found to be significantly lower in the
cases with treatment non-compliance. It was observed that
metabolic control status and treatment compliance were
associated with thiol / disulfide parameters.

Hyperammonemia, that is a primary symptom in many IMDs
(especially urea cycle disorders) can cause cortical atrophy,
ventricular dilation, and demyelination in the central
nervous system, which develops by disrupting nitric oxide
metabolism and increased oxidative stress, leading to perma-
nent brain damage." It is understood that hyperammonemia
in rats affects astrocytes by creating oxidative stress and
causes increased proteasome activity."” Kosenko et al. have
shown that, hyperammonemia increases superoxide produc-
tion; and reduces the activities of antioxidant enzymes such
as glutathione peroxidase, superoxide dismutase, and cata-
lase.” In accordance with these findings, in this study,
ammonia level was found to correlate with disulfide level,
disulfide / native thiol ratio and disulfide / total thiol ratio.
There was a negative correlation between native thiol / total
thiol ratio and ammonia level.

It has been suggested that oxidative stress may be associ-
ated with neurological findings in citrullinemia. Prestes et al.
showed that citrulline accumulation reduced antioxidant
capacity.’* A positive correlation was found between the
disulfide / native thiol ratio and the disulfide / total thiol ratio
and the citrulline level in our study. Also, a negative correla-
tion between native thiol/ total thiol ratio and citrulline level
was detected. These results highlight the increase in citrul-
line as an independent risk factor leading to oxidative stress.

Scaini et al. showed that the accumulation of branched-
chain amino acids causes DNA damage by increasing free
oxygen radicals and this effect can be limited by antioxidant
therapy.® In the study conducted by Zubarioglu et al. with
20 patients with good metabolic control of MSUD, in which
they evaluated oxidative stress with thiol / disulfide parame-
ters, no statistically significant difference was found in terms
of thiol / disulfide balance compared to the control group.’
The present results are consistent with the results of the
study in which Zubarioglu et al., emphasised the importance
of metabolic control in preventing oxidative stress.

Oxidative stress is known results from mitochondrial dysfunc-
tion and has been proposed as a prime cause of the pathoge-
nesis that occurs in many IEMs." Previous studies on IEMs
patients have found elevated levels of lipid peroxidation and
decreased antioxidant capacity."”'® The importance of
lowering oxidative stress in promoting health and reducing
the burden of disease, and the antioxidant therapy as a treat-
ment option for many IMDs have been previously stressed in
many studies. %

CONCLUSION

This study reveals that thiol-disulfide balance is impaired in
intoxication-type metabolic diseases, and oxidant-antioxi-
dant balance is associated with treatment compliance and
good metabolic control. This study sheds a light to the under-
lying mechanism of IMDs, that may be guiding in the novel
treatment strategies of these disorders.
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