
Research Article

Eur Thyroid J 2020;9(suppl 1):40–50

Oxidative Stress in Graves Disease  
and Graves Orbitopathy

Giulia Lanzolla    Claudio Marcocci    Michele Marinò    

Endocrinology Unit II, Department of Clinical and Experimental Medicine, University of Pisa and  
University Hospital of Pisa, Pisa, Italy

Received: April 12, 2020
Accepted: June 21, 2020
Published online: November 20, 2020

Claudio Marcocci
Endocrinology Unit II, Department of Clinical and Experimental Medicine
University of Pisa and University Hospital of Pisa, Via Paradisa 2
IT–56124 Pisa (Italy)
claudio.marcocci @ med.unipi.it

© 2020 European Thyroid Association
Published by S. Karger AG, Basel

karger@karger.com
www.karger.com/etj

DOI: 10.1159/000509615

Keywords
Graves hyperthyroidism · Graves orbitopathy · Oxidative 
stress · Reactive oxygen species · Selenium

Abstract
Oxidative stress is involved in the pathogenesis of Graves 
hyperthyroidism (GH) and Graves orbitopathy (GO) and an 
antioxidant approach has been proposed for both. In GH, a 
disbalance of the cell redox state is associated with thyroid 
hyperfunction and antithyroid medications may reduce oxi-
dative stress. Tissue hypoxia participates in the pathogene-
sis of GO, and oxygen free radicals are involved in the typical 
changes of orbital tissues as reported by in vitro and clinical 
studies. Antioxidant agents, especially selenium, have been 
proposed as a therapeutic option for GH and GO. A clinical 
study regarding the use of selenium in mild GO has provided 
evidence for a beneficial effect in the short term, even though 
its beneficial effects in the long term are still to be investi-
gated. In addition to selenium, a protective role of other an-
tioxidant agents, i.e., quercetin, enalapril, vitamin C, N-ace-
tyl-L-cysteine and melatonin has been suggested by in vitro 
studies, although clinical studies are lacking. Here, we review 
the role of oxidative stress and antioxidant agents in GH and 
GO. © 2020 European Thyroid Association 

Published by S. Karger AG, Basel

Introduction

Graves disease (GD) is a common autoimmune dis-
ease, with a prevalence of ∼1% [1]. Although GD affects 
primarily the thyroid, extrathyroidal manifestations, i.e., 
Graves orbitopathy (GO), pretibial myxoedema, and ac-
ropachy [2–5], can be observed. Graves hyperthyroidism 
(GH) is due to autoantibodies against the thyroid-stimu-
lating hormone receptor (TSH-R), which bind to the 
TSH-R, leading to thyrocyte proliferation and hyperfunc-
tion [6]. However, the etiopathogenesis is likely multifac-
torial, and the complex pathogenetic interplay includes, 
among others, oxidative stress [4, 6].

GO is observed in ∼25–30% of GH patients, making it 
the most common extrathyroidal manifestation of GD 
[7]. The pathogenesis of GO is autoimmune due to both 
humoral and cellular immunity against the TSH-R and 
possibly other autoantigens expressed by thyrocytes and 
orbital fibroblasts (OFs). The ultimate pathogenetic 
mechanisms are not completely clear, but the most popu-
lar hypothesis is that autoreactive T lymphocytes infil-
trate orbital tissues, triggering, together with autoanti-
bodies, the release of inflammatory agents, including che-
mokines, cytokines, growth factors, and oxygen reactive 
species, resulting in fibroblast proliferation, differentia-
tion into adipocytes, and enhanced release of glycosami-
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noglycans, especially hyaluronic acid (HA) [1, 6]. The 
process ultimately results in orbital fat expansion and ex-
traocular muscle enlargement, the orbital remodeling 
typical of GO. Oxidative stress plays an important role in 
the pathogenesis of GO. In this regard, a number of anti-
oxidant agents, among which are selenium and seleno-
proteins, have been proposed to have a therapeutic ac-
tion. In addition, statins (3-hydroxy-3-methylglutaryl-
coenzyme reductase inhibitors), because of their 
anti-oxidative actions, might also be considered for GO 
treatment [6].

Oxidative Stress in GH

The balance of the cell redox state is a key point in cel-
lular homeostasis. Reactive oxygen species (ROS), includ-
ing hydrogen peroxide (H2O2), hydroxyl radicals (OH°), 
lipid peroxides, and superoxide anions (O2), are charac-
terized by the presence of unpaired electrons, making 
them highly charged. ROS interfere with intracellular 
functions, thereby damaging various cellular compo-
nents [7, 8]. Under physiological conditions, antioxidant 
agents, such as glutathione peroxidase (GPX), superoxide 
dismutase (SOD), catalase, and glutathione (GSH), act as 
ROS antagonists, therefore balancing the cell redox state 
[7–9]. 

Thyrotoxicosis is a hypermetabolic state characterized 
by saturation of the physiological antioxidant systems 
due to the high consumption of intracellular ATP and 
oxygen as well as to dysfunction of the mitochondrial re-
spiratory chain, which promote the production of ROS in 
peripheral tissues and in the thyroid [7–10]. Thus, oxida-
tive stress may exert a dual action in GH. On the one 
hand, it may damage peripheral tissues contributing the 
clinical manifestation of hyperthyroidism. On the other 
hand, it may damage thyroid cells, which may worsen the 
autoimmune reaction by exposing autoantigens to the 
immune system.

Studies in animal models suggest that thyrotoxicosis 
promotes oxidative stress as well as the response of the 
physiological antioxidant machinery [11, 12]. In hyper-
thyroid rats, the administration of vitamin E, a potent in-
hibitor of lipid peroxidation and oxidative stress, reduces 
plasma malondialdehyde (MDA), a marker of lipid per-
oxidation, as well as the antioxidant agents SOD and GPX 
[11, 12]. Moreover, vitamin E seems to be protective also 
against a thyroxine-induced increase in lipid peroxida-
tion in cardiac and skeletal muscles [9]. The most relevant 
studies on oxidative stress in thyroid diseases in humans 

have been conducted in GH patients either with uncon-
trolled hyperthyroidism or after recovering of a euthyroid 
state with antithyroid drugs (ATD) or radioiodine [13–
18]. In patients with untreated hyperthyroidism, the lev-
els of oxidative stress parameters in serum, plasma, and 
erythrocytes were higher than in euthyroid subjects [13–
18]. ATD reduce the levels of oxidative stress markers due 
to restoration of euthyroidism and possibly to their anti-
oxidant properties [13–15, 17]. The evaluation of the an-
tioxidant defense system in thyrotoxic patients resulted 
in conflicting findings [13, 14, 18, 19]. Komosinska-Vas-
sev et al. [19] reported an increase in erythrocyte SOD, 
CAT, and GPX in patients with GH compared to age-
matched controls, without differences in serum GSH re-
ductase (an antioxidant enzyme involved in GSH synthe-
sis), and in the total antioxidant status. Bednarek et al. 
[14] found an increase in plasma SOD and catalase in pa-
tients with GH of short duration (1–2 months) compared 
to healthy subjects, but not of GPX and GSH reductase, 
which were instead decreased. Abalovich et al. [13] re-
ported that erythrocyte SOD and catalase activities were 
decreased in hyperthyroid GH patients compared to con-
trols, without differences in terms of erythrocyte GPX or 
plasma total reactive antioxidant potential. More recent-
ly, a reduction in the total antioxidant capacity in patients 
with an average duration of hyperthyroidism of 2.3 ± 1.5 
months was found by Aslan et al. [18]. Probably, patients 
with hyperthyroidism of a longer duration have exhaust-
ed their antioxidant defense system, which explains the 
decreased cellular and serum antioxidant activities [20, 
21]. It has been also reported that the monoclonal thy-
roid-stimulating antibody M22 and polyclonal serum 
thyroid-stimulating antibodies (TSAb) from GH patients 
promote ROS generation and lipid peroxidation [22].

Oxidative Stress in GO

Oxidative stress is defined as a disruption of the bal-
ance between ROS production and elimination, which 
causes remarkable damage to several cellular components, 
i.e., proteins, lipids, membranes, and nucleic acids, ulti-
mately resulting in mitochondrial dysfunction and a loss 
of enzymatic activity [23, 24]. A number of laboratory 
studies support a pathogenetic role of ROS in GO [20–22, 
25–31]. In 1992 it was shown that H2O2, which induces 
oxidative stress, promotes the expression of heat shock 
protein 72 (HSP-72) in GO fibroblasts, with HSP-72 being 
involved in T-lymphocyte activation as well as in interleu-
kin (IL)-1β release and glycosaminoglycan accumulation 
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Table 1. Antioxidant agents in GH and GO: laboratory studies

Reference Fibroblast source Compound Main finding

Lisi et al. 
[59] 

Orbital tissue from 5 GO 
patients
Normal orbital tissue 
from 5 patients who 
underwent eye surgery 
for unrelated reasons

Quercetin
Cells were incubated with quercetin or, as 
controls with quercitrin or rutin
Cell proliferation, cell necrosis, apoptosis, and 
HA were measured

Reduction of cell proliferation and HA release in GO fibroblasts: 
quercetin, but not rutin or quercitrin, reduced cell proliferation, 
with no difference between GO and control fibroblasts; the effect 
of quercetin on proliferation was due to necrosis and cell cycle 
blockade, whereas apoptosis was unaffected; quercetin reduced HA 
in the cell media, with no difference between GO and control 
fibroblasts

Tsai et al. 
[46]

Orbital tissue from 7 GO 
patients 
Normal orbital tissue 
from 5 patients who 
received surgery for 
noninflammatory 
conditions

N-acetylcysteine 
or vitamin C
Cells were treated with various H2O2 
concentrations or pretreated with 
N-acetylcysteine or vitamin C, followed by 
treatment with H2O2 
Cell proliferation, cell necrosis, apoptosis, and 
HA production were measured

Reduction of proliferation and release of cytokines in GO 
fibroblasts: when GO fibroblasts were exposed to H2O2 at a 
concentration of 50 μM or above, cytotoxicity was observed; lower 
concentrations of H2O2 (3.125–25 μM) increased the survival of 
GO fibroblasts; this biphasic effect was not found in control 
fibroblasts; 6.25 μM H2O2 led to an increase in TGF-β1, IL-1β, and 
superoxide anion in GO fibroblasts but not in control fibroblasts; 
pretreatment with N-acetylcysteine or vitamin C reversed the 
enhanced proliferation and the production of TGF-β1, IL-1β, and 
superoxide anion of GO fibroblasts

Botta et al. 
[60]

Orbital tissue from 5 GO 
patients 
Normal orbital tissue 
from 5 patients who 
underwent eye surgery 
for unrelated reasons

Enalapril
Fibroblasts were treated with enalapril or as a 
control, with lisinopril 
Cell proliferation, lactate dehydrogenase release 
(as a measure of cell necrosis), apoptosis, and 
HA in the cell media were measured

Reduction of cell proliferation and HA release in GO fibroblasts: 
the proliferation of OF was reduced in both GO and control 
fibroblasts by enalapril; because enalapril did not affect necrosis or 
apoptosis, the effects on proliferation probably reflected an 
inhibition of cell growth and/or a delay in the cell cycle; enalapril 
reduced HA in the media from both GO and control fibroblasts 
Lisinopril had negligible effects

Rotondo 
Dottore 
et al. [47]

Orbital adipose tissue 
from 6 GO patients
Normal orbital tissue 
from 6 patients who 
underwent eye surgery 
for unrelated conditions 

Selenium
To induce oxidative stress, cells were incubated 
with H2O2 at various concentrations; to assess 
the effects of selenium, cells were preincubated 
with medium without compounds or with 
medium containing selenium (SeMCys 
hydrochloride) or MCys
Cell proliferation, HA, and pro-inflammatory 
cytokines production were measured

Reduction of proliferation, release of HA and cytokines in GO 
fibroblasts: H2O2 induced an increase in cell GSSG (a marker of 
oxidative stress) and fibroblast proliferation, which were reduced 
by selenium; H2O2 promoted production of the cytokines involved 
in the response to oxidative stress, i.e., TNF-α, IL1-β, and IFN-γ; 
the increase in TNF-α and IFN-γ was rescued by selenium; the 
effects of selenium were similar in GO and control fibroblasts 
concerning oxidative stress and cytokines, i.e., they were exclusive 
to GO fibroblasts concerning proliferation and HA

Rotondo 
Dottore 
et al. [58]

Orbital adipose tissue 
from 6 GO patients
Normal orbital tissue 
from 6 patients who 
underwent eye surgery 
for unrelated conditions 

Selenium
Cells were incubated with H2O2 at 50 μM
To assess the effects of selenium, cells were 
preincubated with medium without 
compounds or with medium containing 
SeMCys or, as a control, MCys
Cell vitality, lactate dehydrogenase production 
(as a measure of cell necrosis), and apoptosis 
were measured

Reduction of cell damage in GO fibroblasts: SeMCys, rescued 
from H2O2-dependent cytotoxicity, by reducing necrosis and 
apoptosis, with no difference between GO and control fibroblasts; 
MCys had no effect; H2O2 determined a significant increase in 
GSSG, which was counteracted by SeMCys, but not by MCys, with 
no differences between GO and control fibroblasts

Rotondo 
Dottore 
et al. [61]

Orbital adipose tissue 
from 6 GO patients
Normal orbital tissue 
from 6 patients who 
underwent eye surgery 
for unrelated conditions 

Vitamin C, N-acetyl-cysteine, and melatonin
Cells were treated with H2O2 to induce 
oxidative stress; cell vitality assays were 
performed to determine the noncytotoxic dose 
of each antioxidant; the following assays were 
performed: GSSG, cell proliferation, HA, 
TNF-α, IFN-γ, and IL-1β

Reduction of cell proliferation and HA release in GO fibroblasts: 
all of the 3 antioxidant agents reduced H2O2-dependent oxidative 
stress; vitamin C reduced proliferation in GO but not in control 
fibroblasts. N-acetyl-L-cysteine reduced proliferation and IFN-γ in 
GO, and HA and IL-1β in both GO and control fibroblasts; 
melatonin reduced IL1β and HA in GO and control fibroblasts, 
and IFN-γ only in GO fibroblasts

Rotondo 
Dottore 
et al. [67]

Orbital adipose tissue 
from 6 GO patients
Normal orbital tissue 
from 6 patients who 
underwent eye surgery 
for unrelated conditions 

Retinol, β-carotene, and vitamin E 
Oxidative stress was induced by incubation 
with H2O2; to assess the effects of the various 
antioxidant agents, cells were preincubated 
with complete medium without compounds or 
with medium containing either one of the 
compounds at various concentrations
GSSG, cell proliferation, hyaluronic acid, 
TNF-α, IFN-γ, and IL-1β were measured

Reduction of cell proliferation in GO fibroblasts: all of the 3 
antioxidants reduced the increase in GSSG induced by H2O2 in GO 
but not in control fibroblasts; β-carotene reduced the increased 
proliferation induced by H2O2 in GO but not in control fibroblasts, 
whereas retinol and vitamin E had no effect; IL-1β was reduced by 
all 3 substances; retinol reduced IFN-γ in GO and control 
fibroblasts



Oxidative Stress and GD 43Eur Thyroid J 2020;9(suppl 1):40–50
DOI: 10.1159/000509615

[25, 28]. In addition, the effects of H2O2 were reduced by 
antioxidative agents or ATD [25]. Burch et al. [26] dem-
onstrated oxidative damage in vivo in orbital tissues from 
patients with GO, as well as an increased proliferation of 
GO OFs induced by superoxides. The hypothesis that ox-
idative stress promotes cell proliferation and the release of 
cytokines was also suggested by recent, additional studies, 
in which higher levels of H2O2 and of SOD activity, as well 
as decreased GPX activity and a reduced GSH/oxidized 
GSH ratio, were found in GO OFs [28–31].

In addition to basic studies (Table 1) the importance 
of oxidative stress in GO is supported by clinical evidence 
(Table 2). Cigarette smoking, by enhancing in vitro gen-
eration of ROS and reducing the antioxidant machinery, 

is the most important environmental risk factor for GO 
[32]. In addition, patients with recent-onset GH, regard-
less of the presence of GO, have higher plasma levels of 
SOD and catalase than control subjects [16]. However, 
normalization of oxidative markers after restoration of 
euthyroidism was found only in patients without GO, 
suggesting that orbital inflammation contributes to the 
increased serum markers of oxidative stress [13–15]. Tsai 
et al. [29, 30] found higher urinary levels of 8-hydroxy-2’-
deoxyguanosine (8-OHdG), a marker of oxidative DNA 
damage, in patients with active GO. Furthermore, the uri-
nary levels of 8-OHdG were reduced by glucocorticoid 
(GC) treatment, which was associated with a reduction of 
GO activity and severity [31]. Interestingly, urinary 

Table 2. Antioxidant agents in GH and GO: clinical studies

Reference Type of study Compound and dosage Patients Main finding

Bouzas  
et al. [42]

Prospective 
non-randomized 
placebo-controlled, 
clinical trial

Allopurinol
(300 mg daily orally) and 
nicotinamide
(300 mg daily orally)
vs. placebo for 3 months

22 patients with 
mild or moderately 
severe, active, newly 
diagnosed GO 

Beneficial effect in mild and moderately severe GO:  
9 (82%) of 11 patients treated with oral antioxidants 
showed improvement of GO vs. 3 (27%) of 11 
patients in the control group (p < 0.05). 
Soft tissue inflammation was the component of the 
disease that responded more to treatment

Marcocci  
et al. [40]

Prospective, 
multicenter, 
randomized,  
double-blind,  
placebo-controlled 
clinical trial

Sodium selenite 
(100 μg twice daily orally), or 
pentoxifylline 
(600 mg twice daily orally)
vs. placebo (twice daily) 
for 6 months

159 patients with 
mild GO

Beneficial effect of selenium in mild GO: at the 
6-month evaluation, treatment with selenium, but not 
with pentoxifylline, was associated with an improved 
quality of life (p < 0.001) as well as in a reduced eye 
involvement (p = 0.01) and slowed progression of GO 
(p = 0.01), as compared with placebo

Vrca  
et al. [43]

Prospective, 
randomized,  
placebo-controlled, 
clinical trial

Methimazole plus an additional 
capsule daily of a fixed combination 
of antioxidants containing  
β-carotene (6 mg), selenium (60 μg), 
vitamins C (200 mg) and E (36 mg)
vs. methimazole alone

55 patients with 
newly detected GH 

Better control of hyperthyroidism: faster 
normalization of thyroid hormones in patients with 
GH treated with methimazole plus the mixture of 
antioxidant agents compared with control group 

Calissendorff  
et al. [45]

Prospective, 
randomized,  
placebo-controlled, 
clinical trial

“Block and replace” treatment with 
methimazole and levothyroxine, plus 
selenium (200 μg daily orally)
vs. “block and replace treatment” 
alone for 9 months

38 patients, with 
newly diagnosed 
and untreated GH

Better control of hyperthyroidism in GH: FT4 
decreased more in the selenium group at 18 weeks (14 
vs. 17 pmol/L compared to the placebo group, p = 
0.01) and also at 36 weeks (15 vs. 18 pmol/L, p = 
0.01). TSH increased more in the selenium group at 
18 weeks (0.05 vs. 0.02 mIU/L, p = 0.04)

Leo  
et al. [38]

Prospective, 
randomized,  
placebo-controlled, 
clinical trial

Methimazole plus 
L-selenomethionine (166 μg daily 
orally) vs. methimazole alone for  
3 months

30 patients with 
untreated GH 

No beneficial effect of selenium in the short-term 
control of GH: Administration of Methimazole was 
followed by a reduction of FT3 and FT4, with no 
difference between groups

Kahaly  
et al. [44]

Prospective, 
randomized,  
double-blind,  
placebo-controlled, 
clinical trial

Methimazole plus sodium 
selenite (300 μg daily orally) vs. 
methimazole alone for 6 months

61 patients with 
untreated GH

No beneficial effect of selenium in GH: a response 
was observed in 25 of 31 patients (80%) and in 27 of 
33 (82%) at week 24 in the selenium (+methimazole) 
and placebo (+methimazole) groups, respectively. 
During a 12-week follow-up, 11 of 23 (48%) and 12 of 
27 (44%) relapsed in the selenium and placebo 
groups, respectively. Serum concentrations of 
selenium and selenoprotein P were unrelated to 
response or recurrence rates
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8-OHdG was found to be relatively high in smokers and 
in patients with GO relapse [31]. In confirmation of an 
effect of GC on oxidative stress, Akarsu et al. [33] report-
ed a positive correlation between the GO clinical activity 
score and MDA, as well as a reduction of MDA plasma 
levels after GC administration. Similar data were ob-
tained by Abalovich et al. [13] and by Bednarek et al. [14].

Antioxidant Agents in GD and GO

Selenium
The trace mineral selenium, which was first described 

in 1817 [34], exerts its functions as selenocysteine after 
incorporation into selenoproteins. GPX, thioredoxin re-
ductases, and iodothyronine deiodinases (D1, D2, or D3) 
are the best known selenoproteins, all of which have an-
tioxidant and enzymatic functions [34] and are highly ex-
pressed in the thyroid, where they contribute to mainte-
nance of the cell reduction-oxidation balance [35]. The 
main dietary sources of selenium are meat, seafood, shell-
fish, offal, eggs, and cereals [34, 35]. The bioavailability of 
selenium varies because of its content in the soil for grow-
ing crops and fodder. Furthermore, other factors, such as 
the presence of ions complexed with selenium, soil pH, 
and selenium speciation, can influence its bioavailability. 
After absorption in the gastrointestinal tract and trans-
port to the liver, selenium binds to several glycoproteins, 
thereby forming selenoglycoproteins that reach periph-
eral tissues, where their concentrations are proportional 
to the degree of oxidative stress [34, 35].

Selenium status can be assessed by measuring total se-
rum selenium concentrations or circulating selenopro-
teins, among which are GPX-3 and selenoprotein P [36]. 
Selenium status is influenced by the geographical area 
[34–36]. The recommended daily intake of selenium is 53 
µg in women and 60 µg in men, but the mean daily sele-
nium intake is not sufficient in most European countries 
[34–36]. It is generally recommended to avoid selenium 
deficiency, but, on the other hand, selenium excess has 
been reported to increase the risk of type 2 diabetes or 
malignancies [36, 37], although the issue is still a matter 
of debate. In any case, it would be ideal to measure serum 
selenium before starting supplementation in order to 
avoid overdosage in subjects with baseline serum levels 
higher than 122 µg/L [36].

Selenium supplements contain sodium selenite or 
selenomethionine [34]. There are no differences between 
them until circulating selenoproteins are saturated, be-
cause selenium is mainly used for biosynthesis of seleno-

proteins [38–41]. However, after saturation of selenopro-
teins, only selenomethionine can increase serum seleni-
um through its incorporation into proteins, whereas 
selenite is excreted [39, 40]. Consequently, the individual 
state of selenium mostly depends on the effect of selenite, 
and the use of selenomethionine as a supplement leads to 
a rise in selenium levels also in subjects with a sufficient 
selenium concentration to begin with. 

Use of Selenium in GH
The effects of selenium on GH were investigated in a 

few clinical studies, which tested selenium either alone or 
within a mixture containing other antioxidant agents, in 
patients treated with ATD [41–47]. The hypothesis was 
that selenium deficiency, by worsening the counteracting 
response of the antioxidant machinery to ROS, could en-
hance oxidative stress in thyrotoxicosis. Three studies 
were performed using selenium alone [38, 44, 45]. In one 
of those studies [45], hyperthyroid, selenium-deficient 
patients treated with a block-and-replace regimen (me-
thimazole plus levothyroxine) were randomized to re-
ceiving selenium (200 µg/day) or placebo, resulting in a 
slightly better control of hyperthyroidism in the selenium 
group [45]. No beneficial effects on thyroid function or 
peripheral manifestations of hyperthyroidism were in-
stead exerted by selenium in 2 additional randomized 
clinical trials conducted in GH patients treated with me-
thimazole plus selenium versus no treatment [40, 44]. In-
terestingly, the main difference between the first study 
and the subsequent 2 was the presence of a baseline sele-
nium deficiency only in the first one, which may explain 
the conflicting results. There are also studies in which ad-
ministration of selenium was associated with a mixture of 
other antioxidant agents. However, no clear-cut results 
were obtained [43, 48]. Because of the available studies, in 
our opinion there is not sufficient evidence to recom-
mend the addition of selenium to ATD in the manage-
ment of patients with GH.

Use of Selenium in GO
The management of severe and active GO is quite well 

defined, and treatment options include high-dose GC, or-
bital irradiation, or both [49]. Over the last few years, to 
various extents, other medications, i.e., rituximab [50], 
the recently FDA-approved teprotumumab [51, 52], my-
cophenolate [53], and tocilizumab [54], have been proven 
effective. In contrast, the treatment of mild GO is typi-
cally limited to local measures [49]. However, in the nat-
ural course of mild GO, a proportion of patients (∼15%) 
progress to the extent that specific treatment is required 
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[1, 4]. Major treatments, in particular high-dose GC, are 
not recommended for mild GO unless there is an impair-
ment of the quality of life which justifies the risk of GC-
related adverse events [49, 55–57]. Nevertheless, most pa-
tients with mild GO complain of local symptoms and 
therefore demand some sort of treatment. An ideal treat-
ment for these patients should be well tolerated, effective, 
widely available, and affordable. In view of the role of ox-
idative stress, antioxidant supplements represent a pos-
sible approach. In this regard, selenium has been investi-
gated as a reasonable option. 

Basic and clinical studies have explored the effect of 
selenium in GO. Beneficial effects in primary cultures of 

GO OFs were provided in 2 separate studies [47, 58]. In a 
first study [47], GSH disulfide (GSSG), GPX activity, cell 
proliferation, HA and proinflammatory cytokines were 
measured in OF after treatment with low-dose H2O2, 
which induces oxidative stress, in the presence or absence 
of selenium-(methyl)-selenocysteine (SeMCys). SeMCys 
reduced oxidative stress, cell proliferation (Fig.  1), and 
HA synthesis in OFs from both GO patients and control 
subjects. The observation that selenium acts in GO and 
control OFs should not, however, represent a contraindi-
cation for the clinical use of selenium. Thus, normal fi-
broblasts, unlike GO fibroblasts, are not subjected to oxi-
dative stress and selenium has only minimal actions un-
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Fig. 1. a Combined effects of H2O2 (5 µmol), selenium (10 µmol) 
or its control methylcysteine (MCys; 10 µmol) on GSSG in fibro-
blasts from patients with GO (GO fibroblasts) or from control sub-
jects. * and **p = 0.02 vs. H2O2. ‡ and ‡‡ p = ns vs. H2O2. p = ns 
between GO and control fibroblasts. b Combined effects of H2O2 
(5 µmol), selenium (10 µmol), or MCys (10 µmol) on cell prolif-

eration in GO and control fibroblasts. *p = 0.02 vs. untreated cells. 
**p = 0.02 vs. H2O2. p = 0.003 between GO and control fibroblasts. 
c Combined effects of H2O2 (5 µmol), selenium (10 µmol), or its 
control methilcysteine (MCys; 10 µmol) on HA release in GO and 
control fibroblasts. *p = 0.02 vs. H2O2. p = 0.02 between GO and 
control fibroblasts [47].
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der physiological conditions, as shown by experiments on 
cell vitality [47].

In a subsequent study, the same authors observed that 
H2O2 seems to have a dual effect on cell proliferation, de-
pending on the dose used [58]. Thus, high concentrations 
of H2O2 promoted a progressive decrease in cell vitality 
and an obvious reduction of cell proliferation, whereas 
low concentrations increased cell proliferation. Interest-
ingly, the effects of both high-and low-dose H2O2 were 
inhibited by SeMCys. Although H2O2 did not affect HA 
release, SeMCys counteracted HA synthesis in GO but 
not in control fibroblasts, suggesting that selenium may 
act on HA release, at least in part, regardless of the oxida-
tive stress induced by H2O2, through mechanisms that are 
still to be cleared. 

The first clinical pilot study on antioxidants showed an 
improvement in GO soft tissue involvement in patients 
given allopurinol plus nicotinamide [42]. After these 

promising results, an antioxidant approach was investi-
gated further using selenium and pentoxifylline. Thus, 
the European Group on Graves Orbitopathy (EUGOGO) 
conducted a placebo-controlled, multicenter clinical trial 
in Europe [40] in countries with a mild selenium defi-
ciency. One hundred fifty-nine patients with mild GO 
were randomized to receiving selenium (sodium selenite 
at 100 μg twice/day, equivalent to 91.3 μg of selenium), 
pentoxifylline (600 mg twice/day), or placebo (twice/day) 
for a period of 6 months, followed by a 6-month follow-
up period [40]. At 6 months, treatment with selenium, 
unlike treatment with pentoxifylline, compared with pla-
cebo, was associated with an improvement in the quality 
of life and overall eye involvement and a slowdown of GO 
progression (Fig. 2). A limitation of this study is that base-
line selenium concentrations were not measured, and it 
is therefore not possible to conclude that the effectiveness 
of selenium was related to a possible initial deficiency.
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Fig. 2. a GO-specific quality-of-life questionnaire (GO-QOL) at 6 and 12 months in patients with mild GO treat-
ed with selenium, placebo, or pentoxifylline. b GO outcome at 6 and 12 months based on a composite ophthal-
mological score [40].



Oxidative Stress and GD 47Eur Thyroid J 2020;9(suppl 1):40–50
DOI: 10.1159/000509615

Other Antioxidant Agents
In addition to selenium, a protective role in GO has 

been suggested by in vitro studies on other antioxidant 
agents, i.e., quercetin, enalapril, vitamin C, N-acetyl-L-
cysteine, and melatonin (Table 1) [59–61].

Quercetin belongs to the flavonoid family and is com-
monly present in the diet, being contained in vegetables 
and fruit [59]. Quercetin has anti-inflammatory, antioxi-
dant, and antiviral activities, and it is also capable of in-

ducing apoptosis in tumor cells [62]. In addition, querce-
tin blocks the transforming growth factor (TGF)-β/Smad 
signaling pathway, leading to inhibition of the prolifera-
tion of scar-derived fibroblasts [63, 64]. Moreover, quer-
cetin reduces the adipogenesis induced by cigarette smoke 
extract in GO fibroblasts and it has been shown to exert 
an antifibrotic action in GO fibroblasts and adipocytes 
[59]. Based on this evidence, the possibility that quercetin 
could reduce GO fibroblast proliferation was investigat-
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by ROS
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Fig. 3. Overview of the mechanisms involved in the action of oxi-
dative stress in the pathogenesis of GO. The mechanisms that lead 
to the development of GO are triggered by the activation of helper 
T cells recognizing thyrotropin hormone receptor (TSHR) pep-
tides presented by CD34+/CD40+ OF and the binding of TSHR on 
these cells by TRAb. These interactions induce the secretion of in-
flammatory cytokines, chemokines, and ROS and enhanced HA 
production and adipogenesis in OF. The resulting connective tis-

sue remodeling causes various degrees of extraocular muscle en-
largement and orbital fat expansion. Oxidative stress may exert a 
dual action in GO, acting in immunocompetent cells as well as in 
OF and adipocytes, thereby worsening the autoimmune response 
and promoting fibroblast proliferation and differentiation into ad-
ipocytes, as well as the release of HA and inflammatory cytokines. 
TNF-α, tumor necrosis factor-α; RANTES, regulated on activa-
tion, normal T cell expressed and secreted.
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ed. A study performed using primary cultures of OFs pro-
vided evidence for an inhibitory effect of quercetin on 
proliferation and HA release [59]. Quercetin had a ne-
crotic effect on OFs and blocked the cell cycle, which 
probably contributed the observed reduced proliferation 
[59]. In spite of these findings, to our knowledge, no in 
vivo studies have been performed. 

Enalapril, a common antihypertensive medication, 
was reported to have inhibitory effects on fibroblast pro-
liferation and HA production in cheloid scars [65, 66]. 
Thus, a study was conducted in OFs, which were treated 
with enalapril or a control compound (lisinopril) [60]. A 
reduction of fibroblast proliferation and HA release was 
observed following enalapril treatment, in both GO and 
control OFs, without any effects in terms of necrosis or 
apoptosis [60]. Again, no clinical studies are available. 

In a relatively recent study, additional antioxidants, in-
cluding vitamin C, N-acetyl-L-cysteine and melatonin, 
were tested [61]. Vitamin C reduced proliferation in GO 
but not in control OFs. N-acetyl-L-cysteine reduced fi-
broblast proliferation and interferon (IFN)-γ production 
in GO OFs, as well as HA synthesis and IL1-β levels in 
both GO and control OFs. Regarding melatonin, it re-
duced IL1-β and HA production in GO and control fibro-
blasts and IFN-γ only in GO fibroblasts [61]. Overall, the 
results support an in vitro beneficial role of vitamin C and 
N-acetyl-L-cysteine, suggesting a possible use of these 
compounds in vivo. In contrast, because of the lack of ef-
fects on fibroblast proliferation, melatonin does not seem 
to be a strong candidate for a clinical use. 

There are also additional bioavailable substances with 
antioxidant effects, among which β-carotene seems to be 
promising [67]. Thus, proliferation was found to be re-
duced in OFs incubated with β-carotene, which reduced 

tumor necrosis factor-α, interferon-γ, and IL1-β release, 
an effect that was exerted also by vitamin E and retinol. 
Once again, no clinical studies are available.

Conclusions

Balancing the cell redox state is a key point in cellular 
homeostasis and, as depicted in Figure 3, when disrupted, 
ROS interfere with intracellular reactions thereby damag-
ing various cellular components. Oxidative stress plays an 
important role in both GH and GD. The management of 
patients with mild GO represents a challenge for endocri-
nologists and ophthalmologists. Studies performed so far 
suggest that selenium is the antioxidant agent with the 
most promising results, which opened its clinical use in 
mild GO. It is possible that selenium may have beneficial 
effects in moderate to severe GO, especially when patients 
are selenium deficient. Clearly, further studies are needed 
in this regard. 
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