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ABSTRACT

Background. Experimental studies have addressed the role of oxidant stress in the pathogenesis of Hemophilia
A. This study aimed to determine whether dynamic thiol-disulfide exchange, a recently recognized cellular
defense system against oxidative stress, is disturbed in children with hemophilia A.

Methods. This prospective case control study included male children with hemophilia A (n=62) and randomly
selected healthy age and sex-matched controls (n=62). Serum native thiol, total thiol and disulfide levels were
analyzed with a novel spectrophotometric method. Ratios of disulfide/total thiol, disulfide/native thiol, and
native/total thiol were calculated. Statistical comparisons were made using the independent samples t-test or
the Mann-Whitney U test, according to whether the data were normally distributed or not.

Results. Serum native thiol (385.0 + 35.9 versus 418.0 + 44.3, respectively; p<0.001) and total thiol (424.2 +
38.7 versus 458.0 + 46.3, respectively; p>0.001) levels were significantly lower in children with Hemophilia A
compared to controls. Children with hemophilia A had significantly lower serum native thiol to total thiol
ratio than controls (p=0.024). Serum disulfide levels of children with hemophilia A were close to controls (19.2
[17.6- 22.1] versus 19.8 [17.8- 21.2]), respectively; p=0.879) whereas disulfide to native thiol ratio (p=0.024) and
disulfide to total thiol ratio (p=0.024) were significantly higher.

Conclusions. Decreased antioxidant capacity with levels of serum native thiol and total thiol in children
with hemophilia A might be regarded as evidence for the disturbance of thiol/disulfide balance. Antioxidant
treatment can be a future target of therapy in children with hemophilia A.
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Hemophilia A is a bleeding disorder caused
by Factor VIII deficiency due to an X-linked
single-point mutation. Although different novel
treatment options are emerging in children
with hemophilia A, early initiation of bleeding
prophylaxis with factor replacement remains
the most widely accepted approach.! With
the prevention of bleeding complications as
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well as the decrease in fatal viral transmission
rates, the life expectancy of the children with
hemophilia A has reached to the normal
population, and the quality of life of individuals
has increased significantly. In the last decade,
novel therapeutic products and gene therapy
have become popular research topics as
novel management strategies in patients with
hemophilia A.>?

In-vitro studies and experimental models
have suggested an important role of increased
oxidative stress in the emergence and
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progression of symptoms in several single-
point mutation diseases, including hemophilia
A* Misfolding of newly synthesized Factor
VIII in the endoplasmic reticulum triggers a
pathway cited as unfolded protein respond,
which in turn induces apoptosis by increasing
oxidative stress. The reaction could be
reversed with antioxidant treatment in-vitro
and in mice.” Immunogenicity and antibody
development in patients with Hemophilia A as
a complication of Factor VIII replacement were
shown to be increased by ex-vivo oxidation
of Factor VIII, which was resistant to in vivo
treatment with N-acetylcysteine.® Moreover,
it has been shown that the joint and bone
destruction in hemarthrosis, a typical hallmark
of Hemophilia A, is caused by the inability
of macrophages to adequately eliminate the
oxidative stress created by the proteins (but not
recombinant products) in the plasma-derived
Factor VIII concentrates.” However, the exact
cellular mechanisms by which oxidative stress
contributes to Hemophilia A pathogenesis has
not yet been clarified.?

Dynamic thiol-disulfide exchange has become a
common indicator in recent studies focusing on
the role of oxidant stress in the pathophysiology
of many diseases. Thiols, which are organic
compounds, form a balancing defense against
oxidative stress with the sulfthydryl (-SH) group
they contain, and reversible disulfide bonds
are formed as a result of the oxidation of these
sulfhydryl groups.” The instability of Factor
VIII was suggested to be due to the lack of non-
covalent bonds in the A2 subunit and in-vitro
and in vivo studies demonstrated that creating
genetically engineered disulfide covalent bonds
to this domain improved the stability of Factor
VIII, indicating a novel target of therapy.''!
Thus, we hypothesized that children with
hemophilia A may have dysregulated thiol/
disulfide homeostasis associated with an
increase in oxidative stress as well as a
compensatory change in disulfide levels due
to Factor VIII instability. The present study
investigated whether serum native thiol, total
thiol, and disulfide levels, as well as the balance
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between these parameters as an indicator of
antioxidant capacity, were significantly altered
in children with hemophilia A compared to
healthy children.

Material and Methods

A prospective case-control study was conducted
in the Department of Pediatric Hematology,
Ankara Training and Research Hospital,
between August 2020 and December 2020. The
local ethics committee approved the study (No:
E-20:378), which was performed according to
the 1964 Declaration of Helsinki and its later
amendments. Written informed consent was
obtained from parents of all participating
children.

A total of 62 male children aged between 2
and 18 years, diagnosed with hemophilia A
were included (study group). The criterion
for inclusion in the study group was that
the children had received at least one Factor
VIII concentrate prior to the study. One of
the physicians in the pediatrics department
interviewed and examined the subjects
regularly at one-month intervals. The exclusion
criteria were active infection, coexisting chronic
hepatic, renal, cardiac, autoimmune, and
rheumatological diseases. The control group
consisted of randomly selected 62 healthy age-
and sex-matched children who were examined
in the pediatric hematology outpatient clinics.
Clinical characteristics, including the duration
of disease, Factor VIII levels, the frequency
and the latest time of Factor VIII infusion, were
recorded.

Venous blood samples were obtained from the
participants, and the separated serum samples
after centrifugation at 1500 x g for 10 minutes
were stored at -80 °C. The measurements of
native thiol (-SH) and total thiol (-SH+-5-S-)
levels in serum samples of both children
in the study group and the controls were
performed by commercially available kits
(Rel Assay Diagnostics, Turkey), using the
spectrophotometric method developed by
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Erel and Neselioglu.” As described by the
developers, reducible disulfide bonds were first
reduced to free functional thiol groups with
sodium borohydride. The reductant sodium
borohydride was removed with formaldehyde
and the total thiol content of the sample was
measured using Ellman reagent. Half of the
value obtained after subtraction of the native
thiol content from the total thiol content gave
the amount of disulfide bond.

Statistical analysis

Descriptive statistics were given as mean
+ standard deviation and median with
interquartile range (IQR) of 25% to 75% for
continuous variables depending on their
distribution. Numbers and percentages were
used for categorical variables. The Kolmogorov-
Smirnov test was used to analyze the normal
distribution of numerical variables and checked
by Q-Qplotsand histograms. The Levene testwas
used to check the homogeneity of the variances.
The Independent Samples t-test was used to
compare independent groups with variables
with normal distribution. For variables without
anormal distribution, the Mann-Whitney U test
was applied. For statistical analyses, “Jamovi
project (2020), Jamovi (Version 1.6.9) [Computer
Software] (Retrieved from https://www.jamovi.
org) and JASP (Version 0.14.1) (Retrieved from
https://jasp-stats.org) were used. A p value of
less than 0.05 was considered as statistically
significant.

Results

Baseline characteristics are given in Table I. The
mean age was similar between children with
hemophilia A and controls (11.20 +5.40 vs. 11.16
+5.41 years respectively; p=0.967). The median
duration of hemophilia A was 11.0 years. The
Factor VIII levels of 10 children (16.1%) were
<2%, 15 (24.2%) were 2% - <5%, 37 (59.7%) were
5% - 20%.

Children with hemophilia A had similar
hemoglobin (13.3 + 1.8 versus 139 = 1.7 g/
dL, respectively; p=0.064) and hematocrit
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(39.5% [37.7- 44.4] versus 42.0% [37.8- 46.5],
respectively; p=0.167) levels as controls (Table
II). Serum native thiol (385.0 +35.9 versus 418.0 +
44 3, respectively; p<0.001) and total thiol (424.2
+ 38.7 versus 458.0 + 46.3, respectively; p>0.001)
levels were significantly lower in children with
Hemophilia A compared to controls. Serum
native thiol to total thiol ratio was significantly
lower in children with hemophilia compared
to controls (0.911 [89.7 - 91.6] versus 0.914 [90.3
- 92.3], respectively; p=0.024). Serum disulfide
levels of children with hemophilia A were close
to controls (19.2 [17.6- 22.1] versus 19.8 [17.8-
21.2]), respectively; p=0.879) whereas disulfide
to native thiol ratio (4.9 [4.6 - 5.7] versus 4.7 [4.2
- 5.4], respectively; p=0.024) and disulfide to
total thiol ratio (4.4 [4.2- 5.1] versus 4.3 [3.9-4.8],
respectively; p=0.024) were significantly higher
(Table II).

Discussion

The present study aimed to determine whether
serumnative thiol, total thiol, and disulfidelevels
and the ratio between these variables changed
in children with hemophilia A compared to
normal healthy controls, indicating an increase
in oxidative stress. We found that serum native
thiol and total thiol levels, as well as native
thiol/total thiol ratios, were significantly lower
in children with hemophilia A compared to
healthy children. Our findings indicate that the

Table I. Clinical characteristics of children with
hemophilia A (n=62).
Variable

Duration (year)*

Value
11.0 [6.0- 17.0]

Level of Factor VIII activity?

<2% 10 (16.1)
2%-<5% 15 (24.2)
5%-20% 37 (59.7)

Interval for last exposure (days)*

) 13 (21.0)
2-<3 35 (56.5)
3-<4 8 (12.9)
4-<7 6(9.7)

*: median [Q1- Q3], : n (%). FVIIL clotting factor VIIL.
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Table II. Comparison of oxidative markers in children with hemophilia A and healthy control groups.

Variables Hemophilia A (n=62) Control (n=62) P

Hemoglobin$ 13.3+1.8 139+1.7 0.064
Hematocrit (%)* 39.5 [37.7- 44.4] 42.0 [37.8- 46.5] 0.167
Native thiol (umol/L)$ 385.0 £35.9 418.0+44.3 <0.001
Total thiol (umol/L)$ 4242 +38.7 458.0 £46.3 <0.001
Native /total thiol (%)* 0.911 [89.7- 91.6] 0.914 [90.3- 92.3] 0.024
Disulfide (umol/L)* 19.2[17.6- 22.1] 19.8 [17.8-21.2] 0.879
Disulfide/native thiol (%)* 49 [4.6-5.7] 4.7 [4.2-5.4] 0.024
Disulfide/total thiol (%)* 4.4 [4.2-5.1] 4.3 [3.9-4.8] 0.024

§: mean + SD, *: median [Q1- Q3]. IMA: ischemia-modified albumin

thiol/disulfide exchange may be dysregulated
with a decrease in thiol levels in response
to increased oxidant stress in children with
hemophilia A.

We found that serum disulfide levels did not
differ significantly in children with Hemophilia
A, but both disulfide/total thiol and disulfide/
native thiol levels were significantly higher.
In case of oxidative stress, disulfide levels
would be expected to be higher relative to
healthy controls, and whether this is related to
Factor VIII instability remains to be clarified.
The stability and activation of Factor VIlla
heterotrimer, the cleaved and activated form
of Factor VIII, depends on the non-covalent
linkage of its A2 subunit with the A1/A3C1C2
dimer.”®'* Genetically engineered disulfide
covalent bridges between the A2 subunit and
A3 extended the FVIIla half-life!®, and the
creation of an engineered disulfide interdomain
bond between A2-A3 increased factor VIIla’'s
clotting activity by 90%." It was claimed that
disulfide bonds only serve to stabilize protein
molecules, but over time research has proven
that dynamic thiol-disulfide homeostasis acts
as a defense mechanism against oxidative
stress by establishing redox responsive covalent
disulfide bonds between oxidation-sensitive
thiol groups. The increase in oxidative stress
causes the electrons transferred by the oxidative
products to form reversible disulfide bonds
by oxidizing the redox sensitive native thiol
compounds. In this dynamic process, disulfide
bonds are reversibly formed and then reduced,
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creating a dynamic switch between the
conformational and functional states of redox
sensitive molecules. However, when oxidative
stress continues, the native thiol capacity
decreases while the disulfide level increases
linearly.”® Disulfide levels in patients with
hemophilia A did not increase proportionally
with the decrease in thiol levels, we think that
it may be because the disulfide formation-
reduction exchange compensates for Factor VIII
protein stabilization.

Inability of thiol-disulfide homeostasis to
adequately cope with oxidative stress has
been reported to have a role in many chronic
inflammatory and hematological diseases.'®'®
Also, although thiol-disulfide homeostasis
dysregulation was suggested to be associated
with several protein misfolding diseases'’, no
study has so far investigated whether thiol-
disulfide homeostasis is dysregulated in
patients with hemophilia A. There have been
controversial results for the levels of native
thiol, total thiol, disulfide, and IMA in various
hematological diseases.'*'**"?? In one study on
oxidative biomarkers in sickle cell disease, the
authors reported decreased levels of thiol and
disulfide.?* Acute immune thrombocytopenia
was another condition, in which decreased
native and total thiol levels were detected.”
Increased IMA and disulfide levels and reduced
native and total thiol were reported in adult
patients with myelodysplastic syndrome.
Moreover, the disulfide/native thiol was found
to be an independent risk factor for mortality in
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myelodysplastic syndrome.!® Beta-thalassemia
and iron deficiency anemia were associated
with increased levels of native thiol, total thiol,
disulfide, and disulfide to total ratio.’®??> The
authors proposed several mechanisms for the
high levels of thiols, such as a compensatory
antioxidant response against excessive oxidative
stress, and transfusion-dependent elevation in
a proportion of younger red blood cells.®* We
suggest that prospective studies are needed to
clarify such controversies.

There were several limitations of our study
which need to be addressed. First, the lack of
power analysis for determining the sample
size might cause smaller study group that
was insufficient to interpret the meaning of
the observed results. Second, the analysis of
serum albumin levels to clarify the reciprocal
relationship between serum thiol and disulfide
levels and serum albumin was lacking. Third,
potential complications including hemophilic
arthropathy and number of annual bleeding
status of the patients were not presented.
Associations between theses and oxidative
stress might have strengthened the message
of the article. Lastly, enzymatic and non-
enzymatic investigations of oxidative stress
biomarkers were not used to compare thiol and
disulfide levels.

Decreased antioxidant capacity with levels of
serum native and total thiols in children with
hemophilia A might be regarded as some
evidence for the disturbance of thiol/disulfide
balance. In addition to gene therapy and new
therapeutic products, antioxidant therapy
can be a future research topic in terms of both
inhibitor development and prevention of
complications in children with hemophilia A.
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