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ARTICLE INFO ABSTRACT

Keywords: Thyroid eye disease (TED) is an autoimmune condition affecting the orbit and the eye with its adnexa, often

Autoimmune occurring as an extrathyroidal complication of Graves’ disease (GD). Orbital inflammatory infiltration and the

l;_e‘jm; stimulation of orbital fibroblasts, triggering de novo adipogenesis, an overproduction of hyaluronan, myofi-
ignaling

broblast differentiation, and eventual tissue fibrosis are hallmarks of the disease. Notably, several redox signaling
pathways have been shown to intensify inflammation and to promote adipogenesis, myofibroblast differentia-
tion, and fibrogenesis by upregulating potent cytokines, such as interleukin (IL)-1p, IL-6, and transforming
growth factor (TGF)-p. While existing treatment options can manage symptoms and potentially halt disease
progression, they come with drawbacks such as relapses, side effects, and chronic adverse effects on the optic
nerve. Currently, several studies shed light on the pathogenetic contributions of emerging factors within
immunological cascades and chronic oxidative stress. This review article provides an overview on the latest
advancements in understanding the pathophysiology of TED, with a special focus of the interplay between
oxidative stress, immunological mechanisms and environmental factors. Furthermore, cutting-edge therapeutic

Thyroid eye disease

approaches targeting redox mechanisms will be presented and discussed.

1. Introduction

Thyroid eye disease (TED) is a disfiguring and profoundly debili-
tating condition, with the potential to lead to irreversible visual
impairment, making it a matter of significant concern for both patients
and society. The etiology of this disease is multifactorial, closely asso-
ciated with Graves’ disease (GD), and characterized by a complex
network of cytokines and immune-mediated processes that sustain
chronic inflammation, immune cell recruitment, activation of orbital
fibroblasts (OFs), and their differentiation into adipocytes or myofi-
broblasts. Alongside immune signaling, oxidative stress plays a central
role, capable of triggering OF activation, leading to cell proliferation and
adipogenesis.

In this context, our objective is to provide an updated and compre-
hensive overview of TED’s pathophysiology, with a particular focus on
recent advances in the understanding of redox molecular signaling.
Additionally, we discuss cutting-edge pharmacological strategies tar-
geting redox signaling mechanisms aimed at improving patient out-
comes in the management of this complex disorder.

2. Pathophysiology of thyroid eye disease

Thyroid dysfunction is critically implicated in the onset and pro-
gression of TED. Thyrotropin receptor (TSH-R) autoantibodies (TSH-R-
Ab) are the pivotal players during GD. Hyperthyroidism and their cas-
cades lead to wide escalation of autoimmune reactions against mole-
cules expressed in both orbit and thyroid, finally causing chronic
inflammation, deposition of extracellular matrix, myofibroblast differ-
entiation and adipogenesis, in the eye specifically stimulating OFs [1-3].
In GD, these antibodies are routinely evaluated through competitive
immune binding assays and thereby are also called TSH-R-binding
inhibitory immunoglobulins (TBII) [4]. Importantly, cell-based assays
allow a distinction within TSH-R-Ab, into three subgroups: (1) TSH-R
stimulating (TSAb), or thyroid-stimulating immunoglobulins (TSI); (2)
TSH-R blocking (TBAb), also called thyroid blocking immunoglobulins
(TBI); and (3) TSH-R neutral antibodies, without a functional effect on
the TSH-R and a still unclear clinical relevance [3-6]. In fact, neutral
autoantibodies may trigger oxidative stress-related signaling cascades,
inducing apoptotic effects and escalation of the autoimmune response in
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GD [4,7]. Serum levels of TSH-R-Abs in general, and TSAb in particular
are associated with clinical disease activity and severity of TED, thus
emphasizing their role as a crucial diagnostic and prognostic tool
[4,8-10]. TSADb are also present in the vast majority of patients with
autoimmune Hashimoto’s thyroiditis and associated TED [11]. Thyroid
dysfunction with increased serum TSH levels (hypothyroidism) activates
the TSH-R expressing orbital target cells leading to enhanced release of
hydrophilic mucopolysaccharides, local edema, swelling of eye muscles
causing proptosis [2,12]. A recent work has illuminated the association
between the immunoglobulin G4-related disease (IgG4-RD) and severe
TED, with elevated IgG4 representing a risk factor for TED onset [13].

Detection of serum TSADb positivity in TED and/or GD subjects is
regarded as a fundamental diagnostic tool, effective in suggesting
management, timing of interventions, differential diagnosis, prognosis,
and further being predictor, in case of elevated autoantibody levels, of
limited therapeutic outcomes and of higher relapse rates
[4,8-10,14-16]. TSH-R-Ab in general and TSAD in particular exhibit a
robust correlation with the phenotype, activity, and severity of TED
[15,17,18]. Notably, elevated TSAb titers can serve as an indicative
marker for patients experiencing recent onset of DON, necessitating
prompt intervention [19]. In contrast, TBAbs have demonstrated
comparatively lower predictive potential [19-21]. However, the mea-
surement of TBAb may prove beneficial in evaluating patients with
suspected autoimmune-induced hypothyroidism [22]. It is noteworthy
that approximately 6-7% of TED subjects are either hypothyroid, due to
concomitant autoimmune thyroiditis or euthyroid without any present
thyroid pathology [23,24].

In general, the key pathomechanism driving the abnormal alter-
ations in TED is the stimulation of OFs by TSAbs. This stimulation sets
off a cascade of signaling pathways in both immune cells and OFs,
culminating in the synthesis of various inflammatory mediators. These
mediators play a crucial role in adipogenesis, the deposition of extra-
cellular matrix, and the enlargement of extraocular muscles. Fig. 1 offers
a schematic representation of the primary alterations resulting from
autoimmune stimulation on OFs induced by TSAbs. This process in-
volves muscle tissues, adipose tissues, and connective tissues in the
retrobulbar area, with specific cytokines playing a pivotal role in insti-
gating the aberrant autoimmune reactivity.

In the following sections, we highlight the complex immune- and
redox-related pathomechanisms occurring in TED, with a particular
emphasis on emerging players of redox-related molecular signaling.

2.1. Immune Pathomechanisms

2.1.1. Orbital fibroblasts as pivotal actors in the autoimmune pathogenesis

The autoimmune pathogenesis of TED revolves around dysfunctional
immunoreactivity linked with GD. The central player in this interplay is
the TSH-R, found in both thyroid cells and OFs. Upon interaction with
TSH or TSAb, TSH-R activates intracellular cascades, crucial for regu-
lating thyroid cell functions [3,25,26].

The breakdown of self-tolerance for TSH-R triggers antigen-
presenting cells (APCs) to recognize TSH-R epitopes as autoantigens.
This process leads to T cell activation, stimulating B cells and culmi-
nating in the production of plasma cells and thyroid autoantibodies such
as TSAD [4,27]. These autoantibodies hyperactivate the TSH-R, causing
abnormal thyroid hormone secretion and intensifying thyroid cell acti-
vation via multiple signaling pathways [28].

Additionally, insulin-like growth factor-1 receptor (IGF1-R) activa-
tion by thyroid autoantibodies contributes to the inflammatory status.
When triggered, IGF1-R activates molecular transductions responsible
for increased fibrogenesis, glycosaminoglycan synthesis, and extracel-
lular matrix deposition [29]. The role of specific anti-IGF1-R autoanti-
bodies in this process is debated [3,30,31].

Crucially, the Forkhead box O (FOXO) transcription factors, modu-
lated by various signaling pathways, play a significant role in regulating
extracellular matrix deposition and adipogenesis [6,32]. Active B and T
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Fig. 1. Scheme on the autoimmune stimulation on orbital fibroblasts and
manifestations in TED (color figure). TGF-p is mainly responsible of the myo-
fibroblast transdifferentiation. IL-1f, TSAb, IL-6 and INF-y elicit adipogenesis in
retrobulbar tissues. Further, IL-1p and INF-y are the principle triggers for the
hyaluronan overproduction and the deposition of extracellular matrix. IL:
interleukin; INF: interferon gamma; TED: thyroid eye disease; TGF: trans-
forming growth factor; TSAb: TSH-R stimulating antibody.

cells from the peripheral blood reach the orbit, initiating abnormal
immunoreactivity within OFs, a pivotal step in TED development
[26,33,34]. These processes establish the connection between GD and
the underlying mechanisms of TED.

Fig. 2 summarizes the initial pathophysiological processes in TED.

2.1.2. T helper cell functions

Naive T cells differentiate into T helper (Th) or cytotoxic T cells (Tc),
with CD4" cells supporting humoral immunity and CD8" cells regu-
lating cell-mediated immune responses [35-37]. In TED, there is a
notable increase in the CD4/CD8 ratio, potentially indicating a decline
in CD8™ T cells [33,38,39].

Within CD4™ T cells, distinct subsets exist:

a) Thl: Produces proinflammatory cytokines like IL-2, TNF-qa, IL-1p,
and INF-y, likely influencing early and active inflammation [40-43].

b) Th2: Releases cytokines supporting B cell activation and plasma cell
differentiation, crucial for humoral response in later stages
[33,42-44].

c) Th17: Identified as significant in fibrogenesis, secretes IL-21, IL-22,
and IL-17 A, intensifying inflammation in the orbit [34,45-47].

Thl cells predominantly produce INF-y and IL-1f, stimulating
expression of molecules like CD40 and MHC II on OFs. This interaction
activates NF-kB and triggers an upsurge in inflammatory cytokines and
matrix-related factors like HA production [26,34,44,48-51]. INF-y
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blocks myofibroblast differentiation and suppresses a-SMA expression
[52,53].

Th2-derived IL-4 primarily activates CD20" B cells and induces hu-
moral responses, similarly inhibiting myofibroblast differentiation and
influencing matrix modulation [33,53]. Both INF-y and IL-4 intricately
regulate extracellular matrix dynamics in TED, impacting tissue
remodeling [34]. These processes significantly amplify the initial im-
mune response, exacerbating pathological progression TED and
fostering immune cell recruitment [34].

The Th17 subset, notably driven by IL17A, influences the differen-
tiation of orbital fibroblasts (OFs) and CD34™ fibrocytes, contributing to
their recruitment and activation in TED.

[33,34,47,54-56]. This interaction between fibrocytes and Th17
cells sets up a loop, further fueling inflammation and OF differentiation
[55,56]. Remarkably, OFs exist in subsets: CD90" and CD90~ OFs,
influenced differently by cytokines like IL-1f, IL-6, and TSAbs, driving
adipogenesis in CD90~ OFs and myofibroblast differentiation in CD90™"
OFs [3,43,44,47].

TGF-B prompts myofibroblast transformation in CD90' OFs via
multiple pathways, including SMAD and p38 MAPK signaling [3,57].

Additionally, IL17A serves as a key factor in OF differentiation,
stimulating fibrosis in CD90" OFs while impeding adipogenesis in
CD90~ OFs [47]. IL-23, released during inflammation, plays a pivotal
role in Th17 cell differentiation, amplifying its signaling and contrib-
uting to the proliferation of Th17 cells [58,59]. This IL-23/IL-23R
pathway, along with the PGE2-EP2/EP+-cAMP-PKA pathway, influences
Th17 differentiation, providing potential targets for intervention
[47,59]. IL-38, identified as a suppressor of IL-23/IL-17 A axis, shows
promise in downregulating inflammation in TED by disrupting this
feedback loop [60].

2.1.2.1. Significance of CD4" T regulatory cells. CD4" regulatory T cells
(Tregs) are under scrutiny in TED due to their role in regulating

autoimmunity. While some studies indicate a potential deficit or
dysfunction in Tregs linked to TED progression, others show increased
Treg levels in TED patients, even after treatment, suggesting their role as
a marker for therapy response [61-66].

Research on the nuclear receptor NR4A2 points to its involvement in
the imbalance between Th17 and Treg populations in GD, providing
insights into the pathogenesis of TED [67].

2.1.2.2. Emerging role of macrophages in early infiltrations. Alongside T
and B cells, and activated OFs, also orbit-infiltrating CD68" macro-
phages, CD117" mast cells, and CD14" monocytes have been detected in
TED [68-72]. In this context, a study conducted in a murine model of
TED revealed high concentrations of macrophages infiltrating the
orbital regions early on. This was followed by an overabundance of
CD3™ cells (a marker of total T cells), increased CD8" T cell prolifera-
tion, a decrease in Tregs, and a prevalence of inflammatory mediators
like IFN-y and TNF-a [73]. Lu and colleagues recently identified the
immunohistochemical phenotype of macrophages in TED, highlighting
prevailing CD86" M-1 like macrophages in active phases and CD163"
M-2 like macrophages in stable TED, stimulated by IL-6 and TGF-,
respectively [74]. They emphasized the pivotal role of IL-6 signaling,
activating orbit-infiltrating macrophages to stimulate OFs, amplifying
fibrosis and inflammation [74].

Moreover, a recent study by Hai et al. in orbital tissue from active
TED patients found elevated levels of various markers, correlating
positively with TSAbs and CAS, and negatively with TED duration. The
study suggested upregulations of TSH-R, IGF-1R, and CD40-CD40L
binding as fundamental pathophysiological mechanisms for TED
development. Another study identified IL-12, IL-35, and IL-27 as po-
tential biomarkers in TED [75,76].

Fig. 3 illustrates a summarizing scheme on immune cascades and
molecular signaling occurring via Thl, —2, —17, and a subsequent OF
differentiation during TED.
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2.2. Disruption of redox homeostasis in thyroid eye disease

2.2.1. Sources of oxidative stress in autoimmune thyroid disorders:
Mitochondria

Mitochondria serve as pivotal intracellular organelles in energetic
metabolism, with their activity strongly influenced by thyroid hormone
levels, recognized as major modulators of metabolic efficiency [77,78].
Thyroid hormones exert regulatory actions on mitochondrial function,
stimulating mitophagy, mitochondrial biogenesis, and enhancing the
electron transport chain (ETC) to produce adenosine triphosphate
(ATP), while collaterally inducing generation of reactive oxygen species
(ROS) through single-electron reductions leaking from the ETC [79-84].
Consequently, due to proton leaks from the ETC and the subsequent
excessive ROS formation, mitochondria are acknowledged as a principal
source of oxidative stress in mammalian cells [85]. Given this back-
ground, hyperthyroidism, often associated with TED, is linked to an
overabundance of ROS, increased intracellular ATP consumption, and
notably, heightened ETC activity, collectively escalating oxidative stress
[86,87]. Hence, it is not surprising to observe oxidative stress in in-
dividuals with hyperthyroidism, as supported by clinical investigations
demonstrating elevated rates of lipid peroxidation, a marker of oxidative
damage [88-90].

Conversely, a state of hypothyroidism, albeit in a smaller proportion
of patients, can also be detected in TED, presenting similarly high levels
of ROS [91-93]. The association between hypothyroidism and oxidative
stress may be attributed to the decreased activity of the endogenous
antioxidant system due to low thyroid hormone levels. Normally, thy-
roid hormones induce the expression of genes encoding antioxidative
agents; however, in the absence of such stimulation, ROS accumulation
can occur [87,94].

In summary, current literature indicates that mitochondrial oxida-
tive stress plays a major pathogenetic role in TED, akin to other auto-
immune disorders such as rheumatoid arthritis and systemic lupus
erythematosus, where excess ROS is recognized as a central

pathophysiological driver [95-98].

2.2.2. Tobacco smoking: A significant environmental factor exacerbating
oxidative stress

In addition to oxidative stress caused by hyperactivated mitochon-
dria or an insufficient antioxidant system, environmental factors in TED
can exacerbate ROS overabundance. Among these factors, tobacco
smoking emerges as a pivotal external contributor [99,100]. This
assertion is supported by a wealth of evidence. Epidemiologically, in-
dividuals with GD and TED are notably more likely to be smokers [101].
Among those with TED, smokers tend to experience more severe mani-
festations of the disease compared to non-smokers, leading to poorer
treatment outcomes [102-104]. Moreover, the severity of the disease
shows a positive correlation with the amount of tobacco consumed
[105]. While the direct causal link between smoking and TED remains
not entirely proven [104], prevailing theories suggest that smoke trig-
gers the activation of hypoxia-inducible factor 1 a (HIF-1a), an excessive
generation of ROS, and the release of proinflammatory cytokines like
interleukin 1 (IL-1). These factors affect OF and contribute to significant
tissue remodeling, potentially initiating or exacerbating the disease
[103,106].

2.2.3. Systemic oxidative biomarkers and oxidative stress in orbital
fibroblasts

The persistent imbalance between the generation of ROS and their
elimination by antioxidant agents, resulting in an excess of ROS, plays a
pivotal role in the pathophysiology of GD and TED [107]. This surplus of
ROS wreaks havoc on intracellular biomolecules, causing profound
structural alterations and critical damage to proteins, DNA, and lipids.
Diana et al. explored the impact of TSAbs on oxidative stress in GD
patients, linking high levels of TSAbs to increased urinary malondial-
dehyde (MDA) levels (a marker of lipid peroxidation), elevated 8-hy-
droxy-2'-deoxyguanosine (8-OHdG) (a marker of oxidative DNA
damage), and elevated serum levels of nicotinamide adenine
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dinucleotide phosphate (NADPH) oxidase subtype 2 (NOX2) —an
enzyme crucial in ROS production. These findings strongly suggest that
TSAbs trigger heightened ROS production and lipid peroxidation in GD
[108]. Multiple studies have identified elevated markers of oxidative
damage in TED patients’ specimens, including blood, urine, and tears
[109]. Blood samples from TED patients have shown increased con-
centrations of hydrogen peroxide (H20:) and lipid hydroperoxides
(ROOH), along with higher activities of antioxidative enzymes like su-
peroxide dismutase (SOD) and catalase (CAT), while other antioxidants
like glutathione peroxidase (GPx) and glutathione reductase exhibit
reduced functionality [110,111]. A recent investigation by Acibucu
et al. demonstrated altered serum thiol (SH)-disulphide (SS) levels in
TED patients with proptosis, indicating decreased SH (an antioxidant)
and increased SS (a marker of protein oxidative damage), revealing a
connection between proptosis and SH-SS levels [112]. Additionally,
markers of oxidative damage like MDA and 8-OHdG were detected in
TED patients’ tears, particularly linked to disease activity [113]. Urine
analysis in TED patients revealed elevated 8-OHdG levels associated
with active disease stages, where tobacco smoking notably impacted the
increase in 8-OHdG levels [114,115]. Moreover, studies investigating
the impact of glucocorticoids on the redox status of TED patients have
shown a decrease in oxidative stress biomarkers following glucocorti-
coid treatment [116,117].

Beyond systemic markers, several in vitro studies have highlighted
increased levels of 8-OHdG, MDA, and intracellular ROS in OFs from
TED patients. One study comparing TED-OFs with control fibroblasts
unveiled higher levels of 8-OHdG, MDA, as well as elevated concen-
trations of ROS such as 0.®~ and Hz0 in TED-OFs [118]. Another study
indicated increased SOD activity and reduced GPx activity in TED-OFs,
together with a reduced ratio between glutathione (GSH) and its
oxidized form, glutathione disulphide (GSSG), suggesting elevated ROS
concentrations within these cells [119]. Consistently, Hondur et al. re-
ported heightened SOD activity and lower GSH levels in TED-OFs,
further suggesting a negative correlation between low GSH and dis-
ease activity [120].

In summary, numerous studies provide evidence of altered systemic
redox status in TED, indicating a potentially significant role of ROS in its
etiopathogenesis.

2.2.4. Redox signaling in the orbit

2.2.4.1. Molecular pathways triggered by ROS in orbital fibroblasts. Ef-
forts to delineate the impact of excessive ROS on OFs in TED have led to
investigations into the molecular pathways influenced by ROS. For
example, stimulation with H20: in TED-affected OFs has been observed
to upregulate heat shock protein-72 (HSP-72), a significant contributor
to the autoimmune reactivity seen in TED [121]. Additionally, studies
have indicated that O.® can enhance the proliferation of TED-OFs
[122]. Furthermore, Lu et al. highlighted that ROS formation, particu-
larly through IL-1p induction, triggers GAG production in TED-OFs
[123]. Moreover, pathways related to H202 have been linked to the
overexpression of essential molecules like HLA-DR and ICAM-1, pivotal
in T-cell recognition and recruitment processes [124]. This ROS-driven
positive feedback loop intensifies inflammation by upregulating potent
cytokines such as IL-1f and IL-6 [43,49,125,126]. Notably, IL-6 plays a
crucial role in early macrophage activation and adipogenesis, while
TGF-f contributes to fibrogenesis and myofibroblast differentiation. Tsai
et al. revealed that H20: induces an overexpression of both IL-18 and
TGF-f in TED-OFs [126]. An emerging endogenous source of ROS,
endoplasmic reticulum (ER) stress, has garnered attention in the scien-
tific community [127]. Recent studies unveiled that the protein kinase
RNA-like endoplasmic reticulum kinase (PERK)/activating transcription
factor 4 (ATF4)/CCAAT-enhancer-binding protein-homologous protein
(CHOP) axis, known to escalate ROS generation during ER stress, is
significantly more active in TED-OFs than in control OFs. Intriguingly,
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silencing PERK resulted in the inhibition of both oxidative stress and
adipogenesis in TED-OFs [128].

2.2.4.2. Role of tobacco smoke and hypoxia in orbital fibroblasts and
adipocytes. As previously highlighted, tobacco smoking emerges as a
predominant environmental risk factor in TED, notably exacerbating
oxidative stress levels in TED patients who smoke compared to non-
smoking counterparts [114,129,130]. Studies conducted in vitro on
TED-affected OFs exposed to cigarette smoke extracts (CSE) revealed an
abnormal surge in oxidative stress alongside elevated levels of TGF-f, IL-
1, fibronectin, and connective tissue growth factor (CTGF) [131].
Additionally, exposure of OFs to CSE demonstrated an augmentation in
GAG production, synergistically promoting adipogenesis in conjunction
with IL-1 [132]. Yoon et al. further delineated the adipogenic effect of
CSE mediated by heightened intracellular ROS generation in both TED-
OFs and control fibroblasts [133]. Crucially, in TED, smoking has been
reported to induce tissue hypoxia, upregulating HIF-la expression,
possibly through NF-kB activation [106]. Elevated HIF-1a levels have
shown correlation with disease activity [106]. Investigating the role of
hypoxia in TED progression, Gortz et al. suggested that hypoxic
signaling in TED potentially accelerates the disease by inducing TNF-a,
leading to the production of chemokines like CCL2, CCL5, and CCL20.
This process stimulates the release of HIF-1a and, notably, an interaction
between CD68" macrophages and OFs further promotes inflammation
and adipogenesis [134]. Studies focusing on orbital adipocytes and
extraocular muscle cells in TED have revealed augmented oxidative
stress markers and increased expression of antioxidant agents, such as
peroxiredoxin 5, indicating a cellular response to counteract oxidative
stress [135]. Further investigations demonstrated increased HIF-1la
expression and subsequent downregulation of caveolin 1 (Cav-1) in TED
adipocytes. This downregulation affects glucose metabolism via the
glucose transporter type 4 (Glut-4) and modulates the activity of NOX2
and endothelial nitric oxide synthase (eNOS). Moreover, an upregula-
tion of deiodinase 3 (DIO3), a regulator of T3 metabolism, was noted,
emphasizing the pivotal roles of HIF-1a, Cav-1, and DIO3 in oxidative
stress processes within TED adipocytes [125]. Recent studies high-
lighted the involvement of microRNAs as epigenetic regulators in GD
and TED orbital adipocytes. They emphasized the NOX4/HIF-1a/VEGF-
A axis as a crucial player in oxidative stress and neoangiogenesis in TED
[136]. In an ex vivo model, Hikage et al. investigating fibrosis mecha-
nisms in TED suggested the upregulation of the HIF-2u-lysyl oxidase
pathway in TED-OFs, correlating with excessive extracellular matrix
deposition and proposing this axis as a potential therapeutic target in
TED [137].

Collectively, current literature indicates a strong association be-
tween smoking, hypoxic conditions, ROS formation, aberrant neo-
angiogenesis, and adipogenesis in TED, with significant implications for
disease progression. HIF-1a, TNF-a, VEGF-A, and NOX emerge as pivotal
factors in this context.

Fig. 4 provides an illustration of the main redox molecular signaling
occurring in OFs and orbital adipocytes during TED.

3. Emerging approaches targeting redox mechanisms
3.1. Naturally occurring antioxidants

Exploratory studies have unveiled the potential benefits of certain
natural antioxidants in managing mild TED [127,138]. Selenium
emerges as a prime candidate in this category, backed by randomized
clinical trials advocating its use as the sole antioxidant for TED treat-
ment [139].

This naturally occurring mineral, found in foods like eggs, cereals,
and meat, exhibits anti-inflammatory and antioxidative properties
[140,141]. In vitro studies on TED-affected OFs have shown that sele-
nium suppresses ROS generation, ROS-related GAG synthesis, reduces
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Fig. 4. Scheme on the main redox signaling pathways occurring in TED (color figure). Cav-1: caveolin 1; CCL: chemokine (C-C motif) ligand; CHOP: CCAAT-
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proinflammatory cytokines such as TNF-a, and inhibits fibroblastic
proliferation [142,143]. The EUGOGO clinical trial in 2011 demon-
strated the efficacy of selenium supplementation in mild TED, resulting
in reduced ocular disease severity, improved quality of life, and slowed
disease progression compared to pentoxifylline [144]. Tailoring sele-
nium treatment according to regional dietary selenium intake is crucial
[141], emphasizing the need for pre-treatment serum selenium detec-
tion to avoid potential side effects [145,146].

Preclinical investigations have explored the effects of ascorbic acid in
combination with N-acetyl-L-cysteine (NAC) and melatonin on TED-
OFs. NAC and ascorbic acid demonstrated a reduction of cell prolifera-
tion, IL-1p, IFN-y signaling, and GAG synthesis, while melatonin showed
similar results without inhibiting cell proliferation [147]. Consistent
with these findings, a prior preclinical study described that NAC can
reverse the increased proliferation of TED-OFs, as well as the production
of TGF-p1, IL-1p, and O-®" [126]. It is worth noting that while the
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antioxidant effect of NAC has been previously demonstrated due to GSH
biosynthesis, facilitating detoxification and removal of free radicals
[148], the reported in vitro studies have not addressed the upstream
mechanistic targets involved in the anti-proliferative and anti-
inflammatory effects on TED-OFs, necessitating further research in this
area. However, considering the antagonistic action of NAC against
inflammation and the increased proliferation, a plausible explanation
for its anti-proliferative and anti-inflammatory effects in TED may be
linked to its inhibitory activity on the mammalian target of rapamycin
(mTOR) signaling pathway. Activation of mTOR is responsible for
inflammation and increased fibroblast proliferation in TED, and this
pathway has been shown to be blocked by NAC in other autoimmune
disorders such as systemic lupus erythematosus and anti-phospholipid
syndrome [149-152]. Furthermore, p-carotene has displayed effective
antioxidant effects on TED-OFs, reducing cell proliferation [153].
Quercetin, found in vegetables and fruits [154], exhibits anti-
inflammatory and antioxidant properties, reducing the IL-1f pathway,
GAG synthesis, adipogenesis, and ROS generation in TED-OFs exposed
to cigarette smoke extracts [133,155]. It also counteracts the actions of
IL-1 and TNF-q, as well as matrix metalloproteinases MMP-2 and MMP-
9, displaying anti-fibrotic effects [156-158].

Curcumin, derived from Curcuma longa, offers anti-inflammatory,
antioxidative, anti-adipogenic, anti-fibrotic, and anti-angiogenic fea-
tures [159,160]. Studies on TED-OFs showed curcumin’s efficacy in
blocking IL-1f signaling, reducing synthesis of proinflammatory medi-
ators like IL-6, IL-8, MCP-1, and ICAM-1, and decreasing adipogenesis
[160,161].

Resveratrol, a polyphenol found in foods like berries or peanuts, is
known for its antioxidant abilities [162]. This compound activates sir-
tuin 1 (SIRT1), a nuclear NAD'-dependent deacetylase capable of
overexpressing the Nrf2/ARE axis [163,164]. Resveratrol reduced ROS
formation and blocked adipogenesis in TED-OFs, possibly by regulating
the activities of ERK, JNK, and NF-kB [165].

Gypenosides from Gynostemma pentaphyllum extracts reduce TGF-p1-
related fibrogenesis and IL-1f-related expression of pro-inflammatory
mediators in TED-OFs, improving inflammation and fibrotic events.
Additionally, they exhibit antioxidative effects through the Nrf2/ERK/
HO-1 axis [159,166,167].

Several other naturally occurring molecules found in herb extracts
have shown promise in mitigating TED by exerting antioxidant and anti-
inflammatory activities in vitro, including berberine, astragaloside IV,
icariin, polydatin, and tanshinone IIA [159,168-174].

3.2. Synthetic medications as antioxidants

Various synthetic medications have been investigated for their po-
tential antioxidant roles in treating TED. Enalapril, a commonly pre-
scribed antihypertensive medication possessing inherent antioxidant
activity [175,176], has shown promise in dedicated in vitro studies on
TED-OFs. Research suggests it can reduce cell proliferation, glycosami-
noglycan (GAG) production, adipogenesis, and the TGF-f1 pathway
[177]1. A clinical trial involving 12 patients with mild TED treated with
enalapril for six months demonstrated favorable outcomes regarding
disease course and progression [178].

Statins, primarily used to manage hypercholesterolemia and prevent
cardiovascular disorders by inhibiting 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA) reductase, possess critical antioxidant properties
that modulate NOX activity [179]. These medications have shown effi-
cacy in reducing the risk of developing TED in patients with in GD [180].
The ongoing “Statins for Graves’ Orbitopathy” (STAGO) trial phase II
(NCT03110848) has highlighted the benefit of atorvastatin as supple-
mentary therapy to steroids in improving outcomes for moderate-to-
severe TED cases accompanied by hypercholesterolemia [181].

Other existing drugs tested for their antioxidant potential in TED
treatment include nicotinamide in combination with allopurinol, typi-
cally used to manage gout, and pentoxifylline, employed for peripheral
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vascular disorders [182,183]. These compounds have exhibited benefi-
cial effects in preclinical and clinical investigations [139], reducing
oxidative stress in TED-OFs and slowing disease progression
[101,184-187].

Overall, while considering preclinical results and limited clinical
findings, antioxidant compounds show promise as additional TED
treatments when used alongside steroids, potentially slowing disease
progression and severity [127,146]. It is noteworthy that while
numerous promising preclinical findings exist, only a few antioxidant
agents have demonstrated efficacy in both preclinical and clinical set-
tings [139]. Currently, selenium remains the only antioxidant recom-
mended in specific circumstances. Thus, further preclinical and clinical
research on these antioxidants in TED is crucial to establish their
effectiveness.

4. Conclusion & perspective

New treatment approaches have aimed to develop potent drugs,
either as alternatives to or in conjunction with current therapies like
steroids. Future medications, such as highly effective monoclonal anti-
bodies or inhibitory small peptides, targeting autoantigens like TSH-R
and/or IGF-1R, show promise in halting the autoimmune response.
Pioneering translational research suggests the potential role of antioxi-
dants as supplementary drugs, with selenium currently the sole recom-
mended antioxidant for TED. Despite promising preclinical results, only
a few antioxidant agents have progressed to clinical trials.
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