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Abstract: Graves’ ophthalmopathy (GO) is the most common extrathyroidal manifestation of Graves’
disease. It is characterized initially by an inflammatory process, followed by tissue remodeling and
fibrosis, leading to proptosis, exposure keratopathy, ocular motility limitation, and compressive optic
neuropathy. The pathogenic mechanism is complex and multifactorial. Accumulating evidence
suggests the involvement of oxidative stress in the pathogenesis of GO. Cigarette smoking, a major
risk factor for GO, has been shown to induce reactive oxygen species (ROS) generation and oxidative
damage in GO orbital fibroblasts. In addition, an elevation in ROS and antioxidant enzymes is
observed in tears, blood, and urine, as well as orbital fibroadipose tissues and fibroblasts from GO
patients. In vitro and in vivo studies have examined the efficacy of various antioxidant supplements
for GO. These findings suggest a therapeutic role of antioxidants in GO patients. This review summa-
rizes the current understanding of oxidative stress in the pathogenesis and potential antioxidants for
the treatment of GO.

Keywords: antioxidant; Graves’ disease; Graves’ ophthalmopathy; immune; oxidative stress; reactive
oxygen species

1. Introduction

Graves’ ophthalmopathy (GO) is also known as thyroid-associated ophthalmopathy
(TAO) and thyroid eye disease (TED). It is the most frequent extrathyroidal manifestation
of Graves’ disease (GD). GO affects 25–50% of patients with GD [1]. It is characterized by
an inflammatory process and subsequent tissue expansion, remodeling, and/or fibrosis of
fibroadipose tissues and extraocular muscles in the orbit [2,3]. Although the exact patho-
genesis is incompletely understood, most studies have agreed with an abnormal immune
response to thyroid-stimulating hormone receptor (TSHR) and insulin-like growth factor-1
receptor (IGF-1R) in the orbit, where orbital fibroblasts appear to be the major effector
cells [3,4]. Orbital fibroblasts interact with circulating T cells and respond to autoanti-
bodies produced by B cells as well as various cytokines and perhaps as yet unrecognized
stimuli. Subsequently, they proliferate and secrete glycosaminoglycans (GAGs), in par-
ticular hyaluronan, into the extracellular matrix (ECM), and differentiate into adipocytes
or myofibroblasts. As a result, orbital soft tissues expand in the limited orbital space,
leading to compromised orbital circulation, proptosis, lid retraction, limited ocular motil-
ity, and optic nerve compression. The mainstay treatment for moderate to severe GO is
systemic glucocorticoids. However, patients with advanced GO are often unresponsive to
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immunosuppressive therapy and thereby require surgical intervention due to severe tissue
remodeling and/or fibrosis. Clarification of the molecular mechanism of GO is critical for
the development of novel treatment modalities or possible biological therapies.

Oxidative stress represents excess reactive oxygen species (ROS), which disturb the
intracellular redox state, leading to peroxide and free radical accumulation and subsequent
damage to proteins, lipids, and DNA in cells [5]. Common ROS include superoxide radical
(O2
•−), hydroxyl radical (•OH), hydrogen peroxide (H2O2), and lipid peroxides [6]. Biolog-

ical defenses against these reactive agents include superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and glutathione (GSH). Oxidative stress has been
associated with various disorders, including neurodegenerative disease, cardiovascular
disease, diabetes, and neoplasm [7–10]. Increasing studies support the involvement of
oxidative stress in the pathogenesis of GD and GO. In addition, oxidative stress has been
related to the release of proinflammatory cytokines, hyaluronan synthesis, as well as the
proliferation and differentiation of orbital fibroblasts in GO [11]. Observation of a higher
prevalence and a worse disease course of GO in smokers together with laboratory results
provides evidence that ROS released from cigarette smoke stimulate GO orbital fibrob-
lasts [12–16]. A number of additional in vivo and in vitro studies have confirmed the role
of oxidative stress in the pathogenesis of GO [17–29].

In this review, we summarize the current clinical and experimental findings regarding
oxidative stress in the disease process as well as the potential role of antioxidants in GO.
This supports the advance in antioxidants for the treatment of GO.

2. Oxidative Stress in Graves’ Disease and Graves’ Ophthalmopathy

The involvement of oxidative stress in the pathogenesis of GD and GO has been ex-
amined throughout the years. GD is characterized by overproduction of thyroid hormones,
leading to a hypermetabolic state with increased consumption of intracellular adenosine
triphosphate (ATP) and oxygen and an accompanied increase in ROS generation [30–32],
which in turn causes damage to thyrocytes that exacerbates autoimmune reactions as
well as to extrathyroidal tissues [6]. Clinical observation in patients with GD has shown
higher oxidative stress, measured by either plasma H2O2, malondialdehyde (MDA), or
serum thiobarbituric acid-reacting substances (TBARSs), in subjects with hyperthyroidism
than in those with euthyroidism [33,34]. Meanwhile, a correlation between the oxida-
tive/antioxidative parameters and thyroid hormones was determined [34]. After treatment
with antithyroid drugs (ATDs), the oxidative markers normalized accompanied with the
restoration of euthyroidism [32,35].

Although the exact pathogenic mechanisms of GO are yet unspecified, a complex inter-
action between cellular and humoral immunity against autoantigens (e.g., TSHR) expressed
by thyrocytes and orbital tissues as well as the following inflammatory reactions and the
release of ROS in the orbit have been described [36]. Orbital fibroblasts are considered the
major effector cells in the pathogenesis of GO [37]. They interact with immune cells to
promote adipogenesis, hyaluronan accumulation, and soft tissue remodeling and fibrosis,
particularly involving the extraocular muscles and adipose tissues in the orbit [38,39].
Bartalena et al. reported that ROS not only enhanced orbital fibroblast proliferation and
GAG production but also upregulated inflammatory and other mediators, including heat
shock protein 72 (HSP 72), human leukocyte antigen (HLA)-DR, and intercellular adhesion
molecule-1 (ICAM-1), to promote the processes of GO [40]. In vivo and in vitro studies
have confirmed ROS accompanying cigarette smoking to be related to the progression
of GO [14–16,18]. Additionally, growing evidence supports increased levels of ROS and
changes in pro/antioxidant enzymes in peripheral tissues, such as tears, blood, urine, as
well as orbital fibroadipose tissues and fibroblasts of patients with GO [17–29]. Studies
displaying the above findings are described in the following sections.
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3. Cigarette Smoking and Graves’ Ophthalmopathy

The association of cigarette smoking with GO has long been established [41]. To date,
cigarette smoking is considered the most important risk factor for the development or
deterioration of GO [42]. Additionally, it is associated with a worse response to treatment
for GO [12,13].

Fischli et al. found that smoking interfered with the levels of ferritin, hepcidin, as
well as thyroid hormones in patients with GD, and thereby influenced the oxidative stress
balance [43]. In vitro studies confirmed that cigarette smoke enhanced ROS generation
and simultaneously reduced antioxidative activities [44]. Consistently, smoking stimulates
ROS production in the orbital cavity, either through direct contact with the surrounding
sinuses or indirectly through the systemic circulation [14]. Czarnywojtek et al. suggested
the concentration of urine cotinine as a quantitative and qualitative indicator of tobacco
smoking, which was found to be associated with the exacerbation of ophthalmopathy in
patients with GD [45]. Yoksel et al. reported that the total oxidant status and oxidative stress
index values were higher in patients with GO who smoked compared with either patients
with GO who did not smoke or healthy controls [46]. Tsai et al. also found that smokers
had higher urinary levels of 8-hydroxy-2′-deoxyquanosine (8-OHdG) than never smokers
in patients with GO [18]. They further demonstrated that GO fibroblasts exhibited an
exaggerated response to cigarette smoke extract (CSE) along with a raise in oxidative stress;
fibrosis-related gene expression including apolipoprotein J, fibronectin, and connective
tissue growth factor (CTGF); as well as an increase in intracellular transforming growth
factor-β1 (TGF-β1) and interleukin (IL)-1β in cultured orbital fibroblasts from patients
with GO [15]. These proinflammatory and fibrogenic factors could subsequently lead to
orbital inflammation, fibroblast proliferation, hyaluronan accumulation, and tissue fibrosis
and thereby contribute to the pathogenic processes of GO.

Smoking may cause tissue hypoxia and produce hypoxia-inducible factor-1 (HIF-1).
A pronounced hypoxic response of orbital fibroblasts from patients with GO has been
demonstrated [47,48]. The activation of HIF-1α and subsequent HIF-1 transcription were
stimulated by smoking, in particular in patients with GO. Meanwhile, there was a correla-
tion between HIF-1α levels and the clinical activity score (CAS). Additionally, evidence has
shown an enhanced expression of growth factors, cytokines, and proinflammatory media-
tors, including platelet-derived growth factor (PDGF), IL-6, IL-8, and platelet-activating
factor (PAF), in hypoxia [49]. Görtz et al. suggested an interaction between hypoxia and
inflammation and/or immunity, which may affect tissue remodeling by stimulating angio-
genesis and adipogenesis through activation of HIF-1-dependent pathways in GO orbital
fibroblasts [47].

Cawood, et al. reported that CSE stimulated adipocyte differentiation in cultured
orbital fibroblasts through a synergizing effect between IL-1 and ROS [16]. Yoon et al. fur-
ther demonstrated that CSE induced an upregulation of ROS and adipocyte differentiation
in cultured GO orbital fibroblasts and that pretreatment with quercetin or caffeine could
suppress adipogenesis in cultured GO orbital fibroblasts [14,50]. The findings obtained in
these studies not only provide clues for the impact of cigarette smoking on GO but also
offer the possibility to treat GO with antioxidants clinically.

4. In Vivo Evidence of Oxidative Stress in Graves’ Ophthalmopathy

Bednarek et al. reported elevated blood levels of H2O2, lipid hydroperoxide (ROOH),
TBARS, and ceruloplasmin as well as increased SOD and CAT activities but reduced GPx
and glutathione reductase activities in patients with GD [24,33]. These parameters were
normalized after achieving euthyroidism in the study population except those with GO,
indicating that the contribution of orbital inflammation to oxidative stress was independent
of thyroid hormones [33,51].

Tsai et al. detected oxidative DNA damage, which was represented by urinary
8-OHdG in patients with GO and related it to the disease activity [17,18]. They illus-
trated a significant positive correlation between the CAS of GO and urinary levels of
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8-OhdG. Meanwhile, there was a simultaneous reduction in the disease activity and sever-
ity of GO and urinary 8-OhdG following systemic glucocorticoids treatment [17]. The
effect of glucocorticoids on oxidative stress was confirmed as well. A reduction in serum
MDA, which was released during lipid peroxidation, was demonstrated in patients with
GO treated with glucocorticoids [25]. A subsequent study demonstrated increased concen-
trations of 8-OHdG and MDA in the tears of patients with GO, which was correlated with
the CAS in active GO [19]. Furthermore, the impairment of thiol-disulfide homeostasis
representing an antioxidant buffer system was illustrated in patients with moderate to
severe GO, particularly in subjects with active disease and those who smoked [52].

5. In Vitro Evidence on Oxidative Stress in Graves’ Ophthalmopathy

Early in the 1990s, Heufelder et al. demonstrated an overexpression of HSP 72, which
was associated with autoimmune reactions in GO fibroblasts, on H2O2 stimulation [26].
While additional treatment with either oxygen radical scavengers (i.e., diaminobenzidine,
nicotinamide, and GSH) or ATDs (i.e., propylthiouracil and methimazole) diminished
H2O2-induced HSP 72 expression. In 1999, Lu et al. reported an excess accumulation
of GAGs induced by IL-1β in the retroocular tissues of GO, which could be partially
inhibited by SOD and CAT [22]. They also demonstrated an increase in ROS as well as SOD
activity in GO retroocular fibroblasts as compared with normal controls. In fact, GO orbital
fibroblasts were less responsive to SOD compared with normal controls despite enhanced
ROS production and concurrent SOD activation with IL-1β stimulation in orbital fibroblasts
from both groups. In 1997, Burch et al. demonstrated an increase in the proliferation of GO
orbital fibroblasts stimulated by O2

•− released from the xanthine oxidase/hypoxanthine
system in a dose-dependent manner [27]. On the contrary, the orbital fibroblasts from the
control did not respond to superoxide stimulation. The effect of ROS on orbital fibroblast
proliferation could be reversed by either methimazole or antioxidants, including allopurinol
and nicotinamide. These findings suggested the contribution of oxidative stress to the
orbital fibroblast proliferation in patients with GO. Later, Tsai et al. described a biphasic
effect of H2O2 on the viability of orbital fibroblasts selectively from patients with GO.
Low levels of H2O2 enhanced the orbital fibroblast proliferation, while a concentration of
H2O2 greater than 50 µM led to a cytotoxic effect. In addition, 6.25 µM H2O2 upregulated
TGF-β1, IL-1β, and O2

•− in orbital fibroblasts from patients with GO [28]. It is believed
that IL-1β induces inflammatory cytokines and that TGF-β1 promotes tissue remodeling
and fibrosis through myofibroblast transdifferentiation in GO orbital fibroblasts [51,53].
These processes are critical in the pathogenesis of GO.

Hondur et al. investigated the oxidative stress and antioxidant activity in the orbital
fibroadipose tissues, which presented with higher levels of lipid hydroperoxide as well as
increased activities of SOD, glutathione reductase, and GPx in patients with moderate to
severe GO compared with that in the control [20]. While the expression of GSH, represent-
ing the antioxidant level in the orbital tissues, was reduced and was negatively correlated
with the clinical manifestations of patients with GO.

Marique et al. examined the extraocular muscle and adipocytes. Both of them revealed
increased oxidative stress represented by 4-hydroxynonenal and concurrent upregulation
of antioxidants, including peroxiredoxin 5, CAT, adiponectin, and proliferator-activated
receptor gamma (PPARγ), in the specimens obtained from patients with GO as compared
with the control regardless of the serum TSHR antibody levels, which, however, were
related to the expression of oxidative stress and antioxidant defenses [21].

Tsai et al. further investigated oxidative DNA damage, lipid peroxidation, and ROS
production in orbital fibroadipose tissues and cultured orbital fibroblasts [23]. The levels
of 8-OHdG, MDA, O2

•−, and H2O2 were higher in orbital fibroblasts from patients with
GO than the control. Another study on orbital fibroblasts from the same group displayed
increased manganese-dependent SOD (MnSOD) activity in addition to 8-OhdG, MDA,
O2
•−, and H2O2 in GO orbital fibroblasts, which, on the other hand, expressed lower GPx

activity as well as the ratio between reduced GSH and glutathione disulfide (GSSG) as
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compared with the control [29]. Upon stimulation with H2O2, the expression of MDA,
H2O2, and MnSOD activity were enhanced in GO orbital fibroblasts. Meanwhile, the CAT
and GPx activities as well as the GSH/GSSG ratio were reduced. All these findings confirm
the role of oxidative stress in the pathogenesis of GO and support a potential value of
antioxidants in the treatment of GO (Figure 1).
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6. Antioxidants in the Treatment of Patients with Graves’ Ophthalmopathy

The involvement of oxidative stress in the pathogenesis of GO leads to a demand for
effective antioxidants to protect or treat GO. In vitro and in vivo research has described
various potential antioxidants, including selenium, pentoxifylline, quercetin, enalapril,
allopurinol, nicotinamide, vitamin C, N-acetylcysteine, melatonin, β-carotene, and statins.
The experimental and clinical outcomes are summarized here.

6.1. Selenium

Selenium is a trace element naturally presenting in many foods, including Brazil
nuts, tuna, shrimp, meat, egg, cereals, and other grains [54]. Evidence has shown that
it contributes to normal thyroid function [55]. It incorporates selenocysteine in several
selenoproteins, such as GPx, thioredoxin reductase, and iodothyronine deiodinase, rep-
resenting an antioxidant to modulate oxidation–reduction reactions [56–59]. Moreover,



Biomedicines 2021, 9, 1871 6 of 14

selenium prevents NF-κB from binding to its gene promoters and consequently reduces
the production of proinflammatory cytokines [60,61]. Thus, it has been regarded as a
supplementary modality to treat GO [60,61].

Geographic variables are presented in selenium intake and serum concentrations [54].
It is well above recommended dietary allowance (RDA) in North America and relatively
low in some European countries, especially in Eastern Europe [54]. Based on the evidence
proving the impact of oxidative stress on the pathogenesis of GO, the European Group on
Graves Orbitopathy (EUGOGO) carried out a randomized double-blind, placebo-controlled,
multicenter clinical trial in European countries with mild selenium deficiency [62]. A total
of 159 patients with mild GO were randomized to receive oral selenium (sodium selenite in
a dose of 100 µg twice daily, consisting of 91.3 µg of selenium), pentoxifylline (600 mg twice
daily), or placebo for 6 months. The ocular changes and quality of life were measured at 3,
6, and 12 months. At 6 months, treatment with selenium was associated with an improve-
ment in the quality of life, overall eye assessment, and CAS, as well as a slowdown in the
progression of GO, as compared with placebo. Rather, the outcome was insignificant in the
pentoxifylline group. No serious adverse events were observed following selenium treat-
ment. Therefore, the EUGOGO consensus has recommended a 6-month period of selenium
supplementation in patients with mild GO of short duration [63]. However, this recommen-
dation is not agreed with by the American Thyroid Association, as selenium deficiency is
not present in the United States [64]. The risk of type 2 diabetes in patients with long-term
selenium supplementation remained inconclusive [65–67]. Measurements of the level of
serum selenium prior to selenium supplementation are advised, especially for individuals
living in countries with high selenium intake, to avoid the potential disadvantages [68].

The multicenter clinical trial conducted by EUGOGO was followed by a number of
in vitro studies investigating the effect of selenium on GO orbital fibroblasts. Rotondo
et al. described the dual effects of selenium in GO orbital fibroblasts [69,70]. In this in vitro
study, selenium, in the form of Se-methylselenocysteine (SeMCys), could suppress the
proliferation of orbital fibroblasts, secretion of proinflammatory cytokines (TNF-α and
IFN-γ), and release of hyaluronic acid (HA) in GO fibroblasts induced by noncytotoxic
oxidative stress [69]. Whereas under cytotoxic oxidative stress, selenium could reduce
cellular necrosis and apoptosis, both of which may stimulate the release of autoantigens
and subsequent immune reactions [70]. One recent study further demonstrated that the
production of hyaluronan and inflammatory cytokines (IL-1α, IL-8, and TNFα), as well as
the generation of intracellular ROS were suppressed by selenium in cultured GO orbital
fibroblasts [71]. These findings regarding the cellular mechanisms confirmed the benefits
of selenium in patients with GO.

Thus, selenium supplementation is generally supported by current clinical and ex-
perimental studies in patients with mild GO, especially in those prone to selenium de-
ficiency. Its effects on moderate-to-severe GO have not been determined and require
further investigations.

6.2. Pentoxifylline

Pentoxifylline is a xanthine derivative primarily applied to treat peripheral vascular
disease [72]. Pentoxifylline is characterized as an antioxidant that scavenges ROS and
reduces inflammation [73]. In 1993, Chang et al. observed an inhibitory effect of pentox-
ifylline on the proliferation and GAG synthesis of fibroblasts from extraocular muscles
in patients with GO [74]. Balázs et al. confirmed the immunomodulatory effect of pen-
toxifylline on cultured retroocular fibroblasts from patients with GO that both HLA-DR
expression and GAG synthesis stimulated by cytokines including IL-1, tumor necrosis
factor-α (TNF-α), and INF-γ were suppressed by pentoxifylline [75]. Pentoxifylline was
further employed in euthyroid patients with moderately severe GO without corticosteroid
therapy [76]. After 12 weeks of treatment consisting of initially intravenous pentoxifylline
(200 mg daily for 10 days) and oral pentoxifylline (1800 mg daily for 4 weeks followed
by 1200 mg daily), clinical improvement in soft tissue but not proptosis or extraocular
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muscle involvement, and concurrent reduction in serum levels of GAG and TNF-α were
observed in 8 out of 10 patients. Finamor et al. reported a better quality of life in patients
with inactive GO after six-month pentoxifylline (1200 mg daily) treatment compared to
those treated with placebo [77]. In contrast, the most recent randomized, double-blind,
placebo-controlled trial on the efficacy of pentoxifylline and selenium, however, did not
support the benefits of pentoxifylline on the quality of life, clinical activity, or ocular signs
over placebo in patients with mild GO [62]. The inconsistent results may partially be
related to the participants who were in different stages (moderately severe GO, inactive
GO, and mild GO, respectively) among the three studies.

6.3. Allopurinol and Nicotinamide

Allopurinol is indicated in hyperuricemia and gout. It shows additional benefits in
hypoxic or inflammatory conditions [78]. Allopurinol elicits its antioxidant properties
through enhancement of SOD activity and concurrent inhibition of xanthine oxidase,
leading to a decrease in ROS [78]. Nicotinamide is a precursor of nicotinamide adenine
dinucleotide (NAD), which exhibits its physiological functions in the form of NAD+ and
nicotinamide adenine dinucleotide phosphate (NADP+) that involve various oxidation-
reduction reactions [79]. Nicotinamide is a form of vitamin B3 occurring mainly in meat,
fish, nuts, and mushrooms as well as being a nutritional supplement [80].

Allopurinol and nicotinamide could inhibit superoxide-induced Graves’ orbital fi-
broblast proliferation in vitro [41]. A subsequent study demonstrated that nicotinamide
downregulated cytokine-stimulated HLA-DR and ICAM-1 expression in the active stage of
Graves’ orbital fibroblasts [81]. Moreover, nicotinamide could suppress cellular prolifera-
tion as well as superoxide-induced HSP 72 expression in Graves’ orbital fibroblasts [40].
Regarding the clinical study on patients with mild or moderately severe, active, newly
diagnosed GO, 9 (82%) of 11 patients treated with oral allopurinol (300 mg daily) and nicoti-
namide (300 mg daily) for three months led to a reduction in the disease severity of GO,
while only 3 (27%) of 11 patients showed clinical improvement in the control group [82].
Besides, soft tissue inflammation responded more to antioxidant treatment.

6.4. Enalapril

Enalapril is a widely used angiotensin-converting enzyme inhibitor (ACEI) in hy-
pertension treatment. It has been reported to protect tissues from oxidative damage by
increasing antioxidant defenses [83,84]. Enalapril enhances endogenous antioxidant effects
via glutathione-dependent antioxidant defense [85]. An in vitro study demonstrated the
antiproliferative and hyaluronan-suppressing effects in orbital fibroblasts from individuals
with/without GO [86]. One clinical study evaluated 12 patients with mild GO treated with
enalapril (5 mg daily) for 6 months [87]. Clinical improvements, including exophthalmos,
CAS, lid retraction, and quality of life, were demonstrated [87]. No significant side effects
of enalapril, such as dizziness, hypotension, and hyperkalemia, were observed. The benefit
of enalapril on GO might be associated with various effects, including the antioxidant
activity, inhibition of orbital fibroblast proliferation and HA deposition, downregulation of
adipogenesis, and prevention of TGF-β synthesis [87].

To date, only the antioxidants mentioned above (i.e., selenium, pentoxifylline, allop-
urinol and nicotinamide, and enalapril) have been clinically utilized in patients with GO
(Table 1). Most clinical studies reveal that antioxidants may be beneficial for those patients
with mild or mild to moderate GO [62,76,77,82,87]. It is possible that early treatment of
mild GO with antioxidants may reduce the risk of progression to a more severe form of
GO in which a therapeutic challenge often remains. Further large randomized controlled
clinical studies are required to confirm these issues.
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Table 1. Clinical studies on the efficacy of antioxidants in Graves’ ophthalmopathy.

Antioxidant Study Design Dosage and
Interval Disease Status Case

Number Placebo Clinical Outcome Adverse Event

Selenium RCT [62]

Oral sodium selenite
(200 µg/day)/selenium

(91.3 µg/day) for
6 months

Mild GO 54 +

Improved QOL,
CAS, and ocular

signs; slowdown of
GO progression

-

Pentoxifylline Observational
study [76]

IV 200 mg/day for
10 days, followed by

oral 1800 mg/day
for 4 weeks, and

then oral
1200 mg/day

(overall 12 weeks)

Moderate GO 10 −

Improved soft tissue
inflammation; no

benefits on
proptosis and

extraocular muscle
involvement

N/A *

Pentoxifylline RCT [77] Oral 1200 mg/day
for 6 months Inactive GO 9 + Improved QOL and

proptosis

Minor
gastrointestinal

side effects

Pentoxifylline RCT [62] Oral 1200 mg/day
for 6 months Mild GO 48 + No benefits on QOL,

CAS, or ocular signs

Skin and
gastrointestinal

disorders

Allopurinol
and

nicotinamide

Nonrandomized
comparative

study [82]

Oral allopurinol
(300 mg/day) and

nicotinamide
(300 mg/day) for

3 months

Mild or
moderate GO 11 +

Improved
symptoms and

ocular signs,
especially soft tissue

inflammation

-

Enalapril Observational
study [87]

Oral 5 mg/day for
6 months Mild GO 12 −

Improved QOL,
CAS, exophthalmos,

and lid retraction
-

CAS: clinical activity score. GO: Graves’ ophthalmopathy. IV: intravenous. QOL: quality of life. RCT: randomized controlled trial. *: N/A
indicates that the data was not available or the study did not assess the gene of interest.

6.5. Quercetin

Quercetin is a polyphenolic flavonoid compound. It is one of the most abundant
flavonols widely distributed in fruits, vegetables, red wine, and tea [88]. It has attracted
more attention for medicinal applications in recent years. It participates in a number
of biological actions, including antioxidation, anti-inflammation, antiproliferation, and
modulation of various protein and lipid kinase pathways [89]. Actually, its antioxidant and
anti-inflammatory effect might contribute to the treatment of GO and other ophthalmic
diseases [88].

Quercetin is widely utilized in botanical medicine and traditional Chinese medicine as
it is a potent antioxidant [90]. The antioxidant activity of quercetin is achieved by influenc-
ing glutathione, enzymes, signal transduction pathways, and ROS production. Particularly
when it forms complexes with metal ions, its bioavailability and antioxidant effect are
enhanced [90]. Yoon et al. investigated the effect of quercetin in primary cultured GO
orbital fibroblasts and reported that quercetin could reduce ROS generation and adipocyte
differentiation induced by CSE and H2O2 [14]. In addition, it has been suggested that
quercetin negatively regulates fibroblast proliferation, inflammation, hyaluronan produc-
tion, adipogenesis, and fibrogenesis in the primary cultures of GO orbital fibroblasts [91–94].
The clinical efficacy of quercetin in managing GO is worth further investigation.

6.6. Vitamin C, N-Acetylcysteine, and Melatonin

Vitamin C or ascorbic acid is an essential nutrient involved in numerous biological
activities that helps wound healing and collagen synthesis. It is also a reductant that
donates electrons in redox chemical reactions [95]. N-acetylcysteine is a precursor of
glutathione that reduces free radicals physiologically [96]. Melatonin is known to be
released by the pineal gland to control the sleep–wake cycle. It has been found to be a free
radical scavenger and upregulate antioxidants like SOD, GPx, glutathione reductase, and
CAT [97,98].

In the in vitro study conducted by Tsai et al., N-acetylcysteine and vitamin C reversed
fibroblast proliferation and the expression of TGF-β1, IL-1β, and superoxide anion in
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Graves’ orbital fibroblasts induced by H2O2 [42]. Another in vitro study performed in
primary cultures of orbital fibroblasts illustrated that vitamin C, N-acetylcysteine, and
melatonin reduced glutathione disulfide (GSSG) release stimulated by H2O2 [99]. In
addition, fibroblast proliferation could be inhibited by vitamin C and N-acetylcysteine,
while IFN-γ release could be reduced by N-acetylcysteine and melatonin selectively in
Graves’ orbital fibroblasts. HA and IL1-β synthesis, on the other hand, could be reduced
by N-acetylcysteine and melatonin in orbital fibroblasts from either patients with GO or
normal controls. The therapeutic effects of these antioxidant agents in clinical practice need
advanced investigation.

6.7. β-Carotene

β-carotene is a carotenoid, which is the primary dietary provitamin A. It contributes
to the red-orange color in various fruits and vegetables [100]. It is believed to be a radical-
trapping antioxidant [101]. An experimental study confirmed the features of antioxidation
anti-inflammation, and antiproliferation of β-carotene, which reduced H2O2-induced
GSSG, a parameter of oxidative stress, and IL-1β production as well as cell proliferation in
cultured orbital fibroblasts from patients with GO [102]. The therapeutic role of β-carotene
in GO needs further investigation.

6.8. Statins

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) re-
ductase and are widely used to treat hypercholesterolemia [103]. Aside from the effect
on cholesterol biosynthesis, they have been found to reduce oxidative stress through a
variety of mechanisms, including a reduction of plasma lipids, radical scavenging, and
inhibition of vascular NAD(P)H oxidase [103]. In recent years, statins have been shown
to reduce the risks of GO in patients with GD [104,105]. One randomized clinical trial
confirmed the benefit of additional oral atorvastatin to intravenous glucocorticoids on the
clinical outcomes and quality of life in patients with moderate-to-severe active GO who
had hypercholesterolemia [106]. The mechanisms underlying the potential link between
GO and cholesterol may reflect the increased load of free fatty acids. In hepatocytes, the
increased load of free fatty acids is followed by an altered function of mitochondria and
endoplasmic reticulum, which ultimately causes the release of ROS and proinflammatory
cytokines, which are both involved in the pathogenesis of GO [107].

Although antioxidants may not replace glucocorticoids as the first-line treatment
for GO, they should be considered adjunctive therapies. The 2021 EUGOGO clinical
practice guidelines recommended patients with mild and active GO of recent onset to
receive 6-month selenium supplementation to improve ocular manifestations and quality
of life as well as to prevent GO progression [108]. In addition, several antioxidants,
such as curcumin and quercetin, provide various physiological functions, including anti-
inflammation, antioxidation, antiproliferation, and antifibrosis, that could modulate diverse
processes for GO [89,109,110].

7. Conclusions

This review summarizes the current understanding of oxidative stress in the pathogen-
esis of GO and potential antioxidants for the treatment of GO. The involvement of oxidative
stress in the pathogenesis of GO could be supported by a worse disease course in smokers
as well as enhanced fibrogenesis and adipogenesis in GO orbital tissues treated with CSE.
An elevation of peripheral oxidative markers was observed in patients with either GD
or GO. Examination of the orbital tissues from patients with GO also demonstrated the
upregulation of ROS as well as excess cell proliferation and GAG synthesis, which could be
reversed by antioxidative agents and ATDs. The activities of free radical scavengers in the
GO orbital fibroblasts or fibroadipose tissues were, however, inconclusive. The effective-
ness of antioxidant supplements, including selenium, pentoxifylline, quercetin, enalapril,
allopurinol, nicotinamide, vitamin C, N-acetylcysteine, melatonin, β-carotene, and statins,
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have been evaluated. The efficacy in the improvement of clinical manifestations and/or
inhibition of disease progression in mild GO is relatively evident in selenium. Increasing
evidence of the role of oxidative stress in GO encourages more investigations into new
potential antioxidants in the treatment of GO. Especially, early treatment of mild GO may
effectively limit the risk of progression to a more severe form of GO, which often remains a
therapeutic challenge.
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