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Abstract

Objective: The pathogenesis of inherited diseases is thought to involve oxidative stress and the associated DNA damage, which
are also implicated in many other conditions including cancer. Tuberous sclerosis is a genetic disease with autosomal dominant
inheritance pattern that is characterized by the development of hamartomas in multiple organ systems. Oxidative stress and the
related DNA damage are also likely to play a significant role in the pathogenesis of this condition. Thus, our study aimed to assess
total oxidant-antioxidant level, oxidative stress index and DNA damage in patients diagnosed with tuberous sclerosis.

Methods: The study included 30 patients with tuberous sclerosis between the ages of 0 and 16 years. The control group consisted
of 29 age-matched healthy children. Blood samples obtained from each subject were centrifuged to separate the sera. The Total
Antioxidant Status (TAS) and Total Oxidant Status (TOS) were measured in serum samples with a Thermo Scientific Multiscan
plate reader (FC, 2011-06, USA) at wavelengths of 240 nm and 520 nm, respectively. The measured TAS and TOS values were used
to calculate the Oxidative Stress Index (OSI). In addition, the Comet Assay Method was used to determine DNA damage in the
samples. Data were analyzed using SPSS software.

Results: Patients with tuberous sclerosis complex (TSC) and controls were compared with respect to TAS, TOS, and OSI. TAS
was significantly lower (p < 0.01), while TOS and OSI were significantly higher (p < 0.01, for both) in patients as compared to
controls. In addition, patients had significantly higher DNA damage as shown by the Comet Assay (p < 0.01).

Conclusions: Increased oxidative stress and DNA damage may contribute to the pathogenesis of tuberous sclerosis.
� 2018 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Tuberous sclerosis (TS) is a genetic disease with auto-
somal inheritance pattern characterized by hamartomas
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in multiple organ systems, with a reported incidence of
one in about 5000–10,000 births [1,2]. Most common
sites of involvement include the brain, skin, heart, kid-
ney, lung, and eyes [2–5]. The manifestations of tuber-
ous sclerosis complex (TSC) include refractory
epilepsy, cognitive disorders, angiofibromas, hypome-
lanotic macules, fibrous plaques, cardiac rhabdomy-
omas (RM), renal angiomyolipomas, and retinal
hamartomas due to glioneuronal hamartomas.
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Table 1
Demographic characteristics of tuberous sclerosis cases and healthy
controls.

Tuberous
sclerosis Group

Control
Group

Age (min–max) 24–192 (month) 18–186 (month)
Gender (boy/girl) 16/14 16/13
Consanguineous marriage (±) 7/23 2/27
Total 30 29
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Two genes, namely the tuberous sclerosis complex
gene 1 (TSC1) and tuberous sclerosis complex gene 2
(TSC2), are responsible for the etiopathogenesis of the
disease. The former of these two genes encodes the
hamartin protein, while the latter encodes the tuberin
protein. These proteins regulate the mammalian target
of rapamycin (mTOR) complex activity, which controls
numerous vital functions such as cell growth, prolifera-
tion, and protein synthesis. Mutations in these genes
lead to excessive activity of the mTOR complex activity,
with the subsequent development of TS with hamar-
tomas in multiple organs characterized by abnormal cell
growth and proliferation [6,7].

The mechanisms through which free radicals cause
oxidative damage in biomolecules include the initiation
of potent reactions in the organism [8,9]. Normal phys-
iological conditions are characterized by an equilibrium
between the production of free oxygen radicals and
antioxidant defense systems [8]. On the other hand, in
certain states, a shift in the direction of oxidative stress
is observed as a consequence of increased oxidant and/
or decreased antioxidant production [8,9]. The damage
associated with oxidative stress may take the form of
base and sugar modifications in the deoxyribonucleic
acid (DNA) that occur through variable mechanisms
such as single and double chain fractures, and DNA-
protein cross-linking, etc. [10].

2. Materials and methods

A total of 30 patients with tuberous sclerosis between
ages of 0 and 16 years followed-up at the Pediatric Neu-
rology Outpatient Unit, Bezmialem Vakif University
Hospital and 29 healthy children were included in this
study. The study was conducted between January 1,
2015 and June 30, 2017. Tuberous sclerosis complex
diagnostic criteria recommended by the International
Tuberous Sclerosis Complex Consensus Group (2012
update) were used for the clinical diagnosis of tuberous
sclerosis [11]. Four milliliters of whole blood sample was
obtained from each subject (2 ml in EDTA and 2 ml in
heparinized tube) for TAS, TOS, OSI, and DNA dam-
age assessments, which were performed at Medical Bio-
chemistry/Biology Laboratory, Bezmialem Vakif
University in accordance with the procedures described
below. The study protocol was approved by Bezmialem
Vakif University Clinical Research Ethics Committee
(Date, 25 December 2014, No, 1564) and the study
was conducted in accordance with Declaration of Hel-
sinki. Informed consent was obtained from the parents
of all subjects prior to study entry.

3. Blood analyses

For biochemical analyses, blood samples were cen-
trifuged and stored at �80 �C until the day of analysis.
Recently reported methods by Erel were utilized for total
antioxidant status (TAS) and total oxidant status (TOS)
measurements [12,13]. TAS and TOS were measured in
serum samples at wavelengths of 240 nm and 520 nm,
respectively, using a plate reader (Thermo ScientificMul-
tiskan FC, 2011-06, USA). For TAS measurements, Tro-
lox, a water-soluble compound of vitamin E was used as
a calibrator and the results were expressed as mmol.Tro-
lox equivalent/L. For TOS measurements, H2O2 was
used as the standard, and the results were expressed as
lmol�H2O2 equivalent/L. The measured TAS and TOS
values were used for the calculation of the Oxidative
Stress Index (OSI) using the following formula: oxidative
stress index (OSI) is equal to TOS (mmol�H2O2. equiva-
lent /L) � 100 divided by TAS (mmol.Trolox. equivalent
/L) [14]. DNA examinations with Comet Assay Method
was done according to the principles described by Singh
and colleagues [15]. Whole blood samples were taken to
heparinized biochemical tubes for DNA damage analysis
and lymphocyte separation was performed immediately.

4. Statistical analyses

SPSS 20 program was used for statistical analysis.
Data were expressed as mean, standard deviation, med-
ian, frequency, rate, minimum, maximum, where appro-
priate. Student’s t test and Mann Whitney U test were
used for the comparisons of variables with or without
normal distribution, respectively. Statistical significance
was assessed at a p level of <0.05.

5. Results

Thirty cases with tuberous sclerosis and 29 controls
were included. Demographic characteristics of the cases
are presented in Table 1. The study was conducted
between January 1, 2015 and June 30, 2016 at the
Department of Pediatric Neurology, Faculty of Medi-
cine, Bezmialem Vakıf University. A history of first-
or second-degree consanguineous marriage was present
in seven cases (15.3%). Mother and/or father was found
to have been diagnosed with tuberous sclerosis in four
patients (13.3%).

The age at diagnosis ranged between 0 months
(intrauterine) and 108 months (mean: 30.6
± 38.5 months) (Table 2). In four cases (13.3%) family



Table 3
Anti-epileptic drug distribution among patients.

Anti-Epileptic Drugs Number %

Sodium Valproate 5 16.7
Carbamazepine 1 3.3
Vigabatrin 1 3.3
Levetiracetam 2 6.7
Sodium Valproate + Topiramate 1 3.3
Sodium Valproate + Carbamazepine + Clonazepam 2 6.7
Sodium Valproate + Carbamazepine + Vigabatrin 1 3.3
Carbamazepine + Vigabatrin 4 13.3
Carbamazepine + Levetiracetam 1 3.3
Carbamazepine + Clobazam + Lamotrigine 1 3.3
Vigabatrin + Levetiracetam + Topiramate 1 3.3
No anti-epileptic medication 10 33.3
Total 30 100

Table 2
Diagnostic characteristics of tuberous sclerosis cases.

Min-Max Mean ± SD

Age at diagnosis (month) 0–108 30.6 ± 38.5

Complaint/sign leading to diagnosis Number %

Family history of tuberous sclerosis 4 13.3
Hypopigmented Macule 1 3.3
Seizure 22 73.3
Cardiac mass lesion (Rhabdomyoma) 3 10
Total 30 100

Table 4
Skin, renal and brain involvement in tuberous sclerosis cases (n = 30).

Involvement n (%)

Skin

Hypopigmented macules 29 (96.7%)
Facial angiofibroma 14 (46.7%)
Shagreen patches 2 (6.7%)
Hyperpigmented macules 2 (6.7%)

Renal

Renal cyst 6 (20.0%)
Renal angiomyolipoma 6 (20.0%)
No renal finding 18 (60.0%)

Brain

Cortical/subcortical tuber + subependymal nodule 28 (93.3%)
Giant cell astrocytoma 2 (6.7%)

Table 5
Comparison of groups in terms of TAS, TOS, OSI and DNA damage.

Group

Patients (

TAS Min-Max 0.61–0.99
Mean ± SD 0.83 ± 0.

TOS Min-Max 8.54–13.9
Mean ± SD 11.44 ± 1

OSI Min-Max 10.81–20.
Mean ± SD 13.91 ± 1

Comet (%TALE) Min-Max 36.76–69.
Mean ± SD 58.90 ± 6

Abbreviations: TAS, Total Antioxidant Status; TOS, Total Oxidant Status;
a Mann Whitney U Test.
b Student-t Test.
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history leaded to the diagnosis of tuberous sclerosis,
whereas hypopigmented macula, seizures, and murmur
or cardiac mass lesion was the complaint/sign leading
to the diagnosis in 1 (3.3%), 22 (73.3%), and 3 (10%)
cases, respectively (Table 2).

At time of initial diagnosis, 26 tuberous sclerosis
cases had a history of seizures and 20 had a history of
epileptic use. Table 3 shows the details of antiepileptic
use in cases. On the other hand, EEG examinations per-
formed at the time of study period showed the presence
of focal epileptic disorder in 5 cases (16.7%) and multi-
focal epileptic disorder in 8 cases (26.7%), while EEG
was normal in 17 (56.7%).

The dermatological findings included hypopigmented
macules in 29 (96.7%) patients, facial angio-fibroma in
14 (46.7%), shagreen patches in 2 (6.7%), and hyperpig-
mented macules in 2 (6.7%) (Table 4). Retinal hamar-
toma was present in 2 (6.7%) patients, while renal cyst
was present in 6 (20%) cases and renal angiomyolipoma
in 6 (20%). Eighteen patients (60%) had no renal find-
ings (Table 4). In addition, there were 28 subjects
(93.3%) with cortical/subcortical tuber and subependy-
mal nodules, and 2 with giant cell astrocytoma with a
subependymal nodule (Table 4).

Eleven patients (36.7%) had mental retardation
requiring special educational support, and 6 (20%) had
severe mental retardation requiring rehabilitation.

6. TAS, TOS, OSI and DNA damage in the groups

Table 5 shows the results of TAS, TOS and DNA
damage assessments in the study groups. TAS was sig-
nificantly lower (p < 0.01), while TOS and OSI were sig-
nificantly higher (p = 0.001 and p < 0.01, respectively)
in patients as compared to controls (Table 5). Also,
DNA damage assay showed significantly more marked
damage in patients than in controls (p < 0.01, Table 5).
Spearman’s Correlation Analysis found no significant
correlations between TAS, TOS and DNA damage in
study groups (p > 0.05). In addition, sub-group analyses
p

n = 30) Controls (n = 29)

0.66–1.97 <0.01a

09 1.42 ± 0.42
8 5.66–10.06 <0.01b

.26 7.82 ± 0.98
16 3.78–12.41 <0.01a

.97 6.09 ± 2.26
76 16.26–33 <0.01a

.91 26.69 ± 3.42

OSI, Oxidative Stress Index.
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showed that TAS, TOS and DNA damage was similar
across patients with vs. without renal involvement, facial
angiofibroma, or history of seizure at the time of initial
diagnosis (p > 0.05 for all comparisons).

7. Discussion

Tuberous sclerosis is a genetic disorder affecting
many organs and systems. The mean age of the patients
who participated in the study was 30.6 ± 38.5 months,
and convulsions represented the initial manifestation
of the disease in 73.3% of the cases, consistent with pre-
vious reports [16].

EEG abnormalities have been reported in 50–75% of
patients with tuberous sclerosis [17,18], while this figure
was 43.3% in our study.

Skin findings are also common in tuberous sclerosis,
and the most common skin finding is hypopigmented
lesions. These are oval or leaf-shaped lesions varying in
size, most commonly located at the trunk and limbs. In
general, lesions are present at birth and/or become
apparent during the first years of life [2,19]. Osbourne
et al. reported hypomelanic macules in all patients
under the age of five years, whereas they were present
in 78% of the cases aged over 5 years [2]. This study
included children aged both below and over 5 years and
the most common skin finding was hypopigmented
macule with 96.7% frequency, which is in line with those
previous findings.

In a previous study, Rowley and colleagues [20]
detected retinal hamartoma in 44 of 100 cases (44%) in
their study, while two (6.7%) patients had retinal
hamartoma in the present study. The median age of
the patients was 27 (range 2–76 years) in the study by
Rowley, et al. It is far higher than the age of the
patients in this study, which may account for the major
variation in retinal hamartoma frequencies across the
two studies.

In patients with tuberous sclerosis, the most common
renal lesions include angiomyolipomas and renal cysts.
However, renal carcinomas may also occur. Angiomy-
olipomas can be identified in approximately 50–80% of
patients. On the other hand, the exact incidence of renal
cysts is unknown [21]. The frequency of angiomyolipo-
mas increases with age, while no such age relationship
exits for renal cysts [6,22]. In our study, 6 (20%) patients
had renal cysts and 6 (20%) patients had renal angiomy-
olipomas. The lower incidence of retinal hamartomas
and renal angiomyolipomas in our study could be due
to the relatively younger age of our study participants.

Subependymal nodules and corticosubcortical tubers
represent important brain-imaging findings in the diag-
nosis of tuberous sclerosis. Previous studies have
reported the presence of subependymal nodules and
cortical-subcortical tubers in 50%–100% of the patients
with this condition [23–25], while 93.3% of our study
subjects were found to have subependymal nodules
together with cortical/subcortical tubers.

As compared with previous reports suggesting that
17–20% of patients may also have giant cell astrocy-
tomas [23,24], only 6.7% of our patients had this type
of lesions. The most common cardiac manifestation of
tuberous sclerosis involves cardiac rhabdomyomas, that
have been reported to occur in 50–80% of the patients
[23,26]. In our study, 10% of patients had cardiac rhab-
domyomas (Table 2).

In tuberous sclerosis, mental functions are commonly
affected and mental retardation has been reported in up
to 50% of the patients [1,23]. In addition, patients with
mental retardation are more likely to suffer from convul-
sions. Furthermore, in patients with early onset seizures,
seizure control rates are generally poor and the disease
course is more severe [27]. Six of our patients (20%)
required intensive rehabilitation and special training,
and these patients were receiving treatment with multi-
ple antiepileptic drugs due to early-onset seizures, con-
sistent with the literature.

mTOR repressors represent a novel therapeutic
option for SEGAs, cardiac rhabdomyomas, or angiomy-
olipomas in selected cases of TSC [28]. Two of our
patients were receiving treatment with rapamycin, one
with resistant epilepsy, and another with renal
angiomyolipoma.

Reactive oxygen species that arise as a result of an
increase in oxidative stress attack the double bonds of
the intracellular lipid and protein structures and the dou-
ble bonds of the bases in the DNA, resulting in damage
to the macromolecules such as intracellular lipids, pro-
teins and DNA, leading to cell damage or cell death. [29].

In a previous study, Ozcan and colleagues showed
increased endoplasmic reticulum stress and abnormal
protein production in cells with TSC1 and TSC2 defects,
and thus mTOR activity was adversely affected [30].
Similarly, Di Nardo and colleagues showed that oxida-
tive stress and number of ER were increased in rat brain
neurons with TSC2 deficiency, with a consequent limita-
tion of mTOR activity [31]. With regard to oxidative
stress, TOS and OSI were significantly increased in our
patient group, consistent with the above-mentioned
findings. In the study conducted by Reiling and col-
leagues, the increase in mTOR activity has been shown
to induce stress response [32]. These authors also
showed that stress was not a cause for the increase in
mTOR activity, but rather the result of increased mTOR
activity. The direction of the causal relationship between
oxidative stress and mTOR activity remains to be
elucidated.

One potential explanation for the increased oxidative
stress and decreased antioxidant activity in tuberous
sclerosis may be the clinical manifestations themselves.
However, subgroups analyses for clinical manifestations
did not identify a relation between specific system
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involvements and oxidant/antioxidant activity in this
study. However, it is of note to emphasize that the study
was not powered to detect such differences since the
sample size is too low; thus, such a potential relation
remains to be clarified in future studies.

In terms of the DNA damage associated with oxida-
tive stress, previous studies on renal cells found
increased oxidative DNA damage in cells with tuberin
defects [33]. In that same study, tuberin was also
reported to play an important role in the formation
and purification of oxygen radicals and, if defective,
increased oxidative stress and the associated DNA dam-
age. In a similar study by the same research team, the
tuberin gene defect was shown to reduce the production
of OGG1, a DNA repair enzyme, and to increase oxida-
tive DNA damage [34]. Similarly, in our study, patients
with tuberous sclerosis had a significant increase in the
extent of DNA damage as compared to controls, as doc-
umented by the Comet Assay. The dysregulation of
oxidative/antioxidative balance may play an important
role in the pathogenesis of tuberous sclerosis.
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