Archives of the Balkan Medical Union
Copyright © 2019 Balkan Medical Union

vol. 54, no. 1, pp. 32-37
March 2019

ORIGINAL PAPER

THE EXPERIMENTAL STUDY OF THE PATHOGENIC ROLE
OF NADPH-OXIDASE IN THE THYROID GLAND TISSUES
Irina BAGMUT1, Oleksii HALMIZ1, Svetlana GRAMATIUK1, Anna TITKOVA1 ,
Svetlana KRYZHNA1
Department of Clinical Pathophysiology, Topographic Anatomy and Operative Surgery, Kharkiv Medical
Academy of Postgraduate Education, Kharkiv, Ukraine
Received 11 Jan 2019, Accepted 25 Febr 2019

1

https://doi.org/10.31688/ABMU.2019.54.1.04

ABSTRACT

RÉSUMÉ

The objective of the study was to compare the
NADPH/ H2O2 system and the expression of enzymes
in the culture of thyroid gland cells, depending on the
sex.
Material and methods. The thyroid gland was
collected from adult female donors (n=20) and men
(n=15). The cells were washed twice with HBSS and
centrifuged at 1000 × g for 5 minutes, and then cultured to 106 cells in 0.5 ml culture medium per well in
24-well plates (Thermo Fisher Scientific, USA). H2O2
levels in the cells were determined quantitatively using a hydrogen peroxide sensor Premo™ Orp1-roGFP
(Life Technologies, USA) according to manufacturer’s
instructions. Statistical analysis of the results was carried out using Statistica 6.1 (StatSoft, Inc., USA).
Results. We found that the expression of DUOX1
and NOX4 in the thyroid gland was significantly higher
in women than in men (1.5 times, p<0.05). Expression
of DUOX2 in female cells was 1.5 times higher than
in men, but statistically significant (p=0.06). We have
found that the thyroid gland of women produces a significantly higher H2O2 content than the male gland
cells (p<0.05). The expression of DUOX1 and NOX4
is significantly higher in cells derived from the female
thyroid gland than in cells derived from males. H2O2
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L’objectif de l’étude était de comparer le système
NADPH / H2O2 et l’expression des enzymes, dans la
culture de cellules de la glande thyroïde, en fonction
du sexe.
Méthodes. La glande thyroïde a été prélevée chez des
donneuses adultes (n = 20) et des hommes (n = 15). Les
cellules ont été lavées deux fois avec du HBSS et centrifugées à 1000 xg pendant 5 minutes, puis cultivées à
106 cellules dans 0,5 ml de milieu de culture par puits
dans des plaques à 24 puits (Thermo Fisher Scientific,
USA). Les niveaux de H2O2 dans les cellules ont été
déterminés de manière quantitative à l’aide d’un capteur de peroxyde d’hydrogène Premo ™ Orp1-roGFP
(Life Technologies, USA) conformément aux instructions du fabricant. L’analyse statistique des résultats
a été réalisée avec Statistica 6.1 (StatSoft, Inc., USA).
Résultats. Nous avons constaté que l’expression de
DUOX1 et de NOX4 était significativement plus élevée chez les femmes par rapport aux hommes (1,5 fois,
p <0,05). L’expression de DUOX2 dans les cellules femelles était 1,5 fois plus élevée que celle des hommes
mais statistiquement significative (p = 0,06). Nous
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levels were also higher in cells derived from female thyroid gland than in male cells.
Conclusion. As a result of our experiment, the expression of DUOX1 and NOX4 is significantly higher
in cells derived from the female thyroid gland than
in cells derived from males. We have shown during
the experiment that NOX4 is regulated both at the
transcription level and at the level after transcription,
and the level of sustained-release NOX4 mRNA does
not accurately reflect the content and function of the
NOX4 protein. Chronic effects on the female thyroid
gland at higher concentrations of H2O2 can potentially
cause many adverse effects.
Keywords: thyroid gland, NADPH oxidase, DUOX,
hydrogen peroxide, oxidative stress.
Abbreviations:
ROS = reactive oxygen species
FAD = flavin-adenin dinucleotide
H2O2 = hydrogen peroxide
DUOX1= double oxidase 1
DUOX2 = double oxidase 2
NOX4 = NADPH oxidase 4

INTRODUCTION
Women are more susceptible to thyroid gland
diseases than men. Both benign and malignant thyroid tumors are 3-4 times more likely to develop in
women than in men1,2. The autoimmune diseases of
the thyroid gland have also a higher prevalence in
women than in men3,4. The exact cause and pathophysiological mechanisms of these different incidence and prevalence are still unknown. However,
in recent years, many researchers have indicated that
factors such as environmental, dietary or genetic factors are not responsible for this phenomenon 5-8. On
the other hand, data from an increasing number of
studies show the influence of sex hormones – mainly
estrogen – on the pathogenesis of proliferative and
autoimmune diseases of the thyroid gland.
Experimental data indicate that estrogens
are carcinogens and play an important role in the
development of thyroid cancer. There are several
mechanisms that are potentially responsible for this
phenomenon. The metabolism of estrogens with cytochrome P450s leads to the formation of catechols,
which, in turn, can be oxidized to intermediate compounds of chinones and semichinones that react with
purine bases of DNA, which leads to depurinating adducts that generate highly mutagenic apuric sites7,9-11.
Estrogen can also stimulate proliferation of thyroid

avons constaté que la glande thyroïde des femmes produit une teneur en H2O2 significativement plus élevée
que les cellules de la glande masculine (p <0,05). Nous
avons en fait montré que l’expression de DUOX1 et de
NOX4 est significativement plus élevée dans les cellules
dérivées de la glande thyroïde des femmes que dans
celles dérivées des hommes. Les niveaux de H2O2
étaient également plus élevés dans les cellules dérivées
de la glande thyroïde féminine que dans les cellules
masculines.
Conclusions. À la suite de notre expérience, l’expression de DUOX1 et de NOX4 est significativement plus
élevée dans les cellules dérivées de la glande thyroïde
des femmes que dans les cellules dérivées des hommes.
Au cours de l’expérience, nous avons montré que
NOX4 est régulé à la fois au niveau de la transcription
et après, et que le niveau d’ARNm de NOX4 à libération prolongée ne reflète pas avec précision le contenu
et la fonction de la protéine NOX4. Des effets chroniques sur la glande thyroïde femelle à des concentrations plus élevées en H2O2 peuvent potentiellement
causer de nombreux effets indésirables.
Mots-clés: glande thyroïde, NADPH oxydase,
DUOX, peroxyde d’hydrogène, stress oxydatif.

cells, or, more likely, stem cells of the thyroid gland
via the receptor-mediated pathway, or by enhancing
the stimulation of thyroid gland NADPH oxidase12-15.
This latter phenomenon is of particular importance,
since it can explain not only the oncogenic ability of
estrogen, but also the cause of the higher frequency of autoimmune diseases of the thyroid gland in
women16-18. In addition, estrogens are involved in the
regulation of angiogenesis and metastasis, which are
crucial for the outcome of thyroid cancer19-20..
Somatic mutations are present at high levels in
the rat thyroid gland, indicating that the thyrocyte
is under oxidative stress, a state in which cellular oxidant levels are high. The most important class of free
radicals, or reactive metabolites, is reactive oxygen species (ROS), such as superoxide anion, hydroxyl radical
and hydrogen peroxide (H2O2)21. The main source of
ROS in every cell type seems to be mitochondrial respiration; however, recent data support the idea that
NADPH: O(2) oxidoreductase flavoproteins or simply
NADPH oxidases (NOX) are enzymes specialized in
controlled ROS generation at the subcellular level.
Several decades ago, high concentrations of H2O2 were
detected at the apical surface of thyrocytes, where thyroid hormone biosynthesis takes place.
Only in the last decade the enzymatic source of
H2O2 involved in thyroid hormone biosynthesis has
been well characterized. The cloning of two thyroid
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genes encoding NADPH oxidases dual oxidases 1 and
2 (DUOX1 and DUOX2) revealed that DUOX2 mutations lead to hereditary hypothyroidism in humans.
Recent reports have also described the presence of
NOX4 in the thyroid gland and have suggested a
pathophysiological role of this member of the NOX
family. In the present review, we describe the participation of NADPH oxidases not only in thyroid physiology but also in gland pathophysiology, particularly
the involvement of these enzymes in the regulation of
thyroid oxidative stress22-24.
The NADPH oxidase / dual oxidase family
(NOX/DUOX) is a transmembrane protein that generates ROS as its major enzyme products. These are
the flavoproteins that contain two gem-binding histidine and one NADPH binding site followed by a single flavin-adenine dinucleotide binding site (FAD)25.
Removal and transfer of the electron from the substrate NADPH to FAD, then gem and, finally, the
molecular oxygen to form superoxide, which quickly
turns into hydrogen peroxide (H2O2)2. NADPH oxidase is a major non-mitochondrial AFC source in the
cells. To date, three enzymes belonging to this group
have been identified in the thyroid gland, namely,
dual oxidase 1 (DUOX1), dual oxidase 2 (DUOX2)
and NADPH oxidase 4 (NOX4). Both DUOX1 and
DUOX2 are localized on thyrocytes, and their activation depends on an increase in the level of intracellular calcium.
The enzyme DUOX2 generates H2O2, which acts
as an electron acceptor for biosynthesis of thyroid
hormones. It is a dominant isoenzyme with a level
of expression that is five times higher than that of
DUOX126-28. The role of DUOX1 in the thyroid gland
is still unknown. However, it is believed that it can
function to overcome the lack of DUOX2 activity, at
least under some uncertain circumstances.
From this perspective, there is a need for experimental studies on gender specific oxidative stress in
order to find out the pathophysiological peculiarities
that molecular mechanisms play in the gender disparity of thyroid gland diseases29.

THE AIM OF THIS STUDY was to compare the NADPH

/ H2O2 system and the expression of enzymes, in the
culture of thyroid gland cells, depending on sex.

MATERIALS

AND METHODS

Cells culture. The thyroid gland was collected
from adult female donors (n=20) and men (n=15). The
glands were released from the connective tissue and
crushed into small fragments using an electric homogenizer. After washing in Hanks’s solution (HBSS) tissue fragments were incubated in 1 mg/ml collagenase
34
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IV and 2.5 mg/ml trypsin in HBSS for 40 minutes
at 37 °C, followed by filtration through a nylon mesh
(100 μm, Sigma-Aldrich, USA) to remove large fragments of tissue. The cells were washed twice with
HBSS and centrifuged at 1000 × g for 5 minutes, and
then cultured to 106 cells in 0.5 ml culture medium
per well in 24-well plates (Thermo Fisher Scientific,
USA). The culture medium consisted of a modified
Koon medium (Biochrom, Berlin, Germany) with
10% calf serum, 2 mM glutamine, a mixture of five
hormones (1 mMU/ml thyrotropic hormone, 10 ng/
ml somatostatin, 10 μg/ml insulin, 1 nM hydrocortisone and 5 μg/ml transferrin), 100 IU/ml penicillin-streptomycin and 2.5 μg/ml amphotericin B. Cells
were maintained in a CO2 incubator at 37 °C (95:5%).
Assessment of H2O2 level. H2O2 levels in the cells
were determined quantitatively using a hydrogen peroxide sensor Premo™ Orp1-roGFP (Life Technologies,
USA) according to manufacturer’s instructions. The
plasmid DNA encoding Orp1-roGFP was delivered to
the cell by transduction. The cells were transduced
with the Orp1-roGFP oxidation-reducing probe immediately after sowing, fluorescence was measured in
a micro printer reading machine Synergy H1 (BioTek,
USA) using excitation at 400 nm and 488 nm and
emission at 515 nm. The values of the fluorescence
intensity were used to calculate the 400/488 nm excitation ratios. The results are expressed in terms of
the excitement ratio in untreated cells.
Statistical analysis of the results was carried out
using the computer software package for statistical
information processing Statistica 6.1 (StatSoft, Inc.,
USA).

RESULTS
In the first phase of the experimental study, we
analyzed the expression of NOX/DUOX and the level
of H2O2 in the primary cells derived from the thyroid
gland of men and women. A total RNA from primary
thyroid gland of males and females was isolated and
a polymerase chain reaction was performed to determine DUOX1, DUOX2 and NOX4 (Figure 1).
We found that the expression of DUOX1 and
NOX4 was significantly higher in women in thyroid
gland than in men (1.5 times, p<0.05). Expression of
DUOX2 in female cells was 1.5 times higher than
that of men, but statistically significant (p=0.06).
We examined the intracellular level of this molecule to check whether these genes are elevated in
women to increase H2O2 production. Since chemical
probes commonly used to detect intracellular AFKs do
not have the specificity of the type of AFK produced,
we used the recently developed Orp1-roGFP sensor
to measure H2O2 levels in cells. We have found that
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Figure 1. Expression of DUOX1, DUOX2 and NOX4 in thyroid gland cells in log2.
Expression of mRNA was determined using real time PCR. * p <0.05

in women the thyroid gland produces a significantly
higher H2O2 content than male gland cells (p<0.05).
We have actually shown that the expression of
DUOX1 and NOX4, the main non-mitochondrial
sources AFK, is significantly higher in cells derived
from the thyroid gland of women than in cells derived from males.
We also measured the cellular level of H2O2, the
major enzymatic product of NOX / DUOX enzymes.
It was found that H2O2 levels were also higher in cells
derived from female thyroid gland than in male cells.

DISCUSSION
On the apical membrane of thyrocytes,
H2O2 acts as a TPO co-substrate in thyroid hormone
biosynthesis. The sources of thyrocyte H2O2 related
to hormone genesis are the DUOX enzymes, DUOX1
and DUOX2, which have two calcium-binding sites
that are indispensable for their activities. Another
NOX family member, NOX4, has recently been described in thyrocytes and, in contrast with DUOX,
it seems to mainly generate ROS in the intracellular
compartment and is constitutively active30.
Apart from its role in thyroid hormonogenesis,
H2O2 is normally produced by all cells of living organisms, and it is able to act in the redox-dependent
regulation of different cellular functions, including
response to stressors, angiogenesis, and cell proliferation, among others. Conceptually, an imbalance
between pro-oxidant compounds and antioxidant
defences leads to the disruption of redox signaling
and control31.
Thus, H2O2 has been linked to various processes
related to the development of thyroid nodules and

cancer, such as cellular proliferation, DNA damage
and apoptosis inhibition. As a result, the enzymes
involved in thyroid ROS generation might be implicated not only in thyroid physiology but also in gland
pathophysiology in a gender-specific manner. Thus, the
mechanisms underlying the regulation of thyroid ROS
generation and detoxification need to be further clarified32-34.
Excessive production of microparticles induced
by constant cell activation may contribute to the development of chronic inflammatory processes and
propensity to autoimmune diseases35.
Experimental data show that the effect of hormonal factors, especially estrogen, may explain the damage by autoimmune thyroid diseases in women. Liu
et al16 demonstrated higher serum levels of estrogen,
follicle stimulating hormone and luteinizing hormone
(and their receptors) in thyroid tissue in patients with
different types of tumors, which suggests that thyroid
gland tumors may depend on sex hormones.
It is believed that oxidative stress can be at the
heart of pathogenic mechanisms, both proliferative
and autoimmune diseases of the thyroid gland35. As
a result of our experiment, the expression of DUOX1
and NOX4 is significantly higher in cells derived
from the thyroid gland of women than in cells derived from males. This is consistent with the results
of previous experimental animal studies in which
sexual malformation was detected in the expression
of NOX4 and DUOX116-17,19-20.
Moreover, it has been demonstrated that increased regulation of expression of DUOX1 may also
be at the basis or contributing to autoimmune thyroid
gland diseases. It should be emphasized that the levels
of mRNA do not necessarily reflect the protein levels
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and the amount of AFC formation36. We have shown
during the experiment that NOX4 is regulated both at
the transcription level and at the level after transcription, and the level of sustained-release NOX4 mRNA
does not accurately reflect the content and function
of the NOX4 protein. For these reasons, we also measured the cellular level of H2O2, the major enzymatic
product of NOX / DUOX enzymes. It was found that
H2O2 levels were also higher in cells derived from female thyroid gland than in male cells. Chronic effects
of higher concentrations of H2O2 on the female thyroid gland can potentially cause many adverse effects.

CONCLUSIONS
Higher concentrations of H2O2 can be a pathophysiological link in the role of an oxidant, and damage macromolecules such as proteins, lipids and nucleic
acids. In addition, H2O2, acting as a signaling molecule,
can cause a higher rate of cell proliferation and suppression of apoptosis. All these may be due to an increased
risk of thyroid gland diseases. Oxidative stress itself can
be at the heart of pathogenic mechanisms of proliferative and autoimmune diseases of the thyroid gland.
In our opinion, the future treatment of autoimmune dysfunction of the thyroid gland should be
aimed at restoring immune tolerance. We plan to
carry out some experiments that could allow better
understanding of pathogenesis of autoimmune thyroid lesions of the thyroid gland in its surgical pathology, including the measurement of the functionality
of IL-10 produced by Breg cells, or the characterization of the phenotype of these cells in the thyroid
tissue. Clarifying more detailed information on the
regulation of immune responses by Breg cells can
provide the basis for the development of new B-cell
therapeutic strategies in these patients.
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