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Abstract: The imbalance of redox homeostasis contributes to neurodegeneration, including that
related to the visual system. Mitochondria, essential in providing energy and responsible for several
cell functions, are a significant source of reactive oxygen and/or nitrogen species, and they are, in turn,
sensitive to free radical imbalance. Dysfunctional mitochondria are implicated in the development
and progression of retinal pathologies and are directly involved in retinal neuronal degeneration.
Retinal ganglion cells (RGCs) are higher energy consumers susceptible to mitochondrial dysfunctions
that ultimately cause RGC loss. Proper redox balance and mitochondrial homeostasis are essential for
maintaining healthy retinal conditions and inducing neuroprotection. In this respect, the antioxidant
treatment approach is effective against neuronal oxidative damage and represents a challenge for
retinal diseases. Here, we highlighted the latest findings about mitochondrial dysfunction in reti-
nal pathologies linked to RGC degeneration and discussed redox-related strategies with potential
neuroprotective properties.
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1. Introduction

The imbalance of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
turnover contributes to the progression of neurodegeneration. In the eye, low/mild ROS
levels in cells/tissues could contribute to maintaining cellular homeostasis, signaling, and
survival. In contrast, excessive ROS induces significant neuronal oxidative damage [1].
Therefore, balancing redox homeostasis contributes strongly to maintaining a proper level
of ROS and RNS and, thus, healthy conditions. Mitochondria, essential in providing energy
and other key cell functions, are a significant source of reactive species that can lead to
the progression of pathologies, including those related to the visual system [2,3]. Still,
ROS are crucial for communication between the mitochondria and the nucleus, although
their overproduction could impair mitochondria, damaging mitochondrial DNA (mtDNA),
proteins, lipids, and membranes. The resulting dysfunctional mitochondria could induce
cellular apoptosis and neurodegeneration. Therefore, preserving proper mitochondrial
homeostasis is essential for cells, including retinal neurons.

The retina is a part of the central nervous system, with a high metabolism and energy
demands mainly satisfied by oxidative and glycolytic metabolism, resulting in ROS/RNS
production and, possibly, accumulation. Within the retinal neurons, photoreceptors pri-
marily require a high amount of energy. Indeed, photoreceptors are not only the first
step in phototransduction but also represent a source of metabolic intermediates for the
surrounding cells, being in close contact with the retinal pigment epithelium (RPE), which
in turn is linked to the choroidal vasculature [4]. RPE supplies photoreceptors with plenty
of glucose, which is crucial for the retinal neuron’s homeostasis and energy needs. Also,
inside photoreceptors, mitochondria produce ATP using the fatty acids and ketone bodies
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that RPE supplies. In physiological conditions, different cells enact strategies to hamper
metabolic impairments inside the retina [1]. Müller cells, one of the three types of retinal
glial cells, fulfill the delicate role of supervising neurons’ necessities, including metabolic
conditions. Activated Müller glia contribute to counterbalancing metabolic impairments.
Still, its prolonged activation can lead to harmful conditions, such as inflammation and
vascular defects. Also, retinal ganglion cells (RGCs), the inner-most retinal neurons, main-
tain homeostasis in the retina and regulate the retinal blood flow by secreting angiogenic
factors, thus supervising the supply of nutrients to the entire retina.

Due to their central role in metabolic-related retinal pathologies, including age-related
macular degeneration (AMD) and diabetic retinopathy (DR) [1,2,5–7], mitochondria appear
frequently dysfunctional, contributing to the disease’s onset and progression. Also, age
promotes mitochondrial impairment, and in this condition, mtDNA mutations accumulate
more consistently than in the nuclear genome [2]. Of interest, mitochondrial dysfunction
contributes to oxidative stress and impacts neurodegeneration in glaucoma [8]. All this
evidence supports mitochondrial malfunctioning as a primary aspect to consider during
eye/retinal pathologies. Noteworthy, during metabolic stress such as hyperglycemia, nor-
mal retinal physiology is dysregulated, with oxidative stress becoming a key aspect of
the pathology [9,10]. Indeed, during diabetes, ROS accumulate, originating from differ-
ent cellular events and cellular compartments, including mitochondria. DNA, protein
modification, and lipid peroxidation are some consequences of altered redox signaling. In
the pathogenesis of diabetic retinopathy, ROS production is an early event [11], and its
accumulation impairs mitochondria, which in turn increases their own ROS production.
This ROS accumulation triggers oxidative stress that induces inflammatory cytokine release,
and it is well known that strict crosstalk between oxidative stress and inflammation in the
etiology of DR exists. These events expose the retinal capillaries and neurons to cytosolic
and mitochondrial ROS insults, leading to cellular apoptosis and degenerative processes.
In these conditions, cellular defense control fails, resulting in severe deterioration. Mito-
chondria are primarily involved in these processes, contributing to ROS overproduction
and other critical events, leading to the dysregulation of crucial pathways. For instance,
mtDNA appears hypermethylated in hyperglycemic conditions, and its transcription is
defective, leading to altered levels of the master transcription factor nuclear factor-erythroid
2 related factor 2 (Nrf2). It regulates the antioxidant response elements (AREs) system that
mediates the transcription of antioxidant enzymes. Nrf2 also regulates the inflammatory
mediator-NF-kB pathway and the expression of antioxidant genes that ultimately exert
anti-inflammatory functions. Furthermore, some crucial antioxidant molecules appeared
negatively regulated in mitochondria during DR, including the superoxide scavenging
enzyme manganese superoxide dismutase (MnSOD, encoded with the SOD2 gene) and
antioxidant glutathione (GSH). Although several mechanisms involving mitochondrial
dysfunction are established, how to counteract them is still mostly unclear.

In recent years, different authors have highlighted the importance of oxidative stress in
the neurodegeneration of RGC, including those occurring in optic neuropathies and inher-
ited retinal dystrophies, also suggesting future perspectives [12,13]. Of interest, autophagy
induction through pharmacological intervention or genetic activation might be a valuable
strategy for counteracting redox homeostasis dysregulation in major neurodegenerative
diseases, including Alzheimer’s, Parkinson’s, and amyotrophic lateral sclerosis [14]. Given
the centrality of this topic, the necessity of investigations on anti-oxidative biomarkers
related to neurodegeneration, including retinal neurodegenerations, and the relevance of
overviews that compare the results of different investigations to identify the key issues
were emphasized [13]. Among them, mitochondrial dysfunction clearly emerged as a
fundamental aspect [12,13].

In order to offer an additional and focused point of view, we review here the recent
findings about mitochondrial dysfunction in retinal pathologies, mostly linked to RGC
degeneration. In particular, we provide details on the mechanisms causing RGC damage
and discuss the most valuable redox-related strategies suggested for their neuroprotection.
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2. Mitochondrial Impairment Is Involved in RGC Degeneration

Due to their central role in sending action potentials to the brain, RGCs consume
high energy for their metabolism and are particularly susceptible to mitochondrial dys-
function. RGCs mitochondrial impairment hampered ATP supply and was related to
severe pathologies hitting the optic nerve and eventually causing glaucoma [15], or the
entire neural retina, such as in DR. Not less noteworthy, mitochondrial dysfunction causes
oxidative stress in RGCs, which contributes to neurodegeneration [16,17]. Under acute
stress, RGCs can efficiently end damaged mitochondria, activating biogenesis to main-
tain energy homeostasis and the correct mitochondria number [15]. The balance between
degradation and biogenesis of mitochondria is essential for healthy cells. On the con-
trary, when this balance falls, cells undergo snags. This is the case of a model of human
stem cell differentiated RGCs (hRGCs) with the optineurin (a crucial actor for mitophagy)
dominant mutation (E50K) [15]; this mutation was associated with normal-tension glau-
coma [17]. In E50K hRGCs, restoring correct biogenesis through pharmacological treatment
helps to balance energy homeostasis and counteract neurodegeneration [15]. In partic-
ular, in E50K hRGCs, inhibiting the tank-binding kinase 1 (TBK1) with the BX795 drug
reduces cellular apoptosis, promotes mitochondrial biogenesis, increases mitochondrial
mass, and minimizes mitochondrial swelling, which occurs when mitochondria increase
their matrix volume to possibly produce more ATP. Also, in glaucomatous E50K hRGCs,
activating the energy sensor AMPKα triggers, in turn, the mitochondrial biogenesis reg-
ulator PGC1α to maintain homeostasis. BX795 exerts its role independently from the
AMPKα-PGC1α pathway. Interestingly, in non-mutant hRGCs in normal or under-stress
conditions, BX795 treatment increased spare respiratory capacity and reduced apoptosis,
suggesting an efficient neuroprotective strategy in non-genetic pathological conditions.
Enhanced mitochondrial biogenesis was also observed in RGCs differentiated patient-
specific human-induced pluripotent stem cells (hiPSCs) from MT-ND4-mutated Leber’s
hereditary optic neuropathy (LHON)-affected patients [18]. The LHNO mutation reduces
spare respiratory capacity, reducing mitochondria’s ability to supply energy and cell sur-
vival, promoting neurodegeneration. Furthermore, in this model, the expression of the
antioxidant enzyme catalase appeared reduced, indicating higher oxidative stress and an
imbalanced redox status. Additional studies have shown that MT-ND4 mutations induce
elevated levels of oxidative stress that lead to dysfunctional and apoptotic RGCs [19].
Additionally, ROS inhibits the expression of the kinesin family member 5A (KIF5A) protein,
causing an increment in the retrograde movement of the mitochondria in the axons. Also,
the mix of the downregulation of KIF5A expression and the MT-ND4 mutation results
in increased levels of apoptosis. The inhibition of the ERK1/2-Dynamin-related protein
1 (Drp1)–ROS axis was recently suggested as a potential therapeutic strategy to rescue
RGC loss and counteract pathologically high intraocular pressure, a primary risk factor
for glaucoma [20]. The detrimental effect of upregulation of p-ERK1/2 probably acts on
Müller cells that, in turn, regulate the expression of p-Drp1 (Ser616) in RGCs. Drp1 is
a mitochondrial protein that takes part in fission [21]. It was suggested that regulating
its expression could help modulate mitochondrial ROS production and reduce RGC loss.
Also, the Drp-1 protein was modulated via the A-Kinase anchoring protein 1 (AKAP1), a
multifunctional mitochondrial scaffold protein that increases cell survival and regulates
mitochondrial dynamics, bioenergetics, and mitophagy [22]. AKAP1 promotes mitochon-
drial elongation by regulating PKA/Drp1 anchoring, thus favoring mitochondrial good
functioning. Furthermore, AKAP1 mediates mitochondrial bioenergetics by augmenting
ATP synthesis and the mitochondrial membrane potential. Since oxidative stress and ele-
vated intraocular pressure induce AKAP1 deficiency in RGCs and an increment of AKAP1
expression promotes RGC survival against oxidative stress, it was suggested that AKAP1
plays an essential role in mitochondrial preservation in RGCs during neurodegeneration
induced by glaucoma. In RGCs, the loss of AKAP1 leads to an increment in Drp1 (Ser616)
dephosphorylation, followed by mitochondrial fragmentation and loss [22,23]. On the
contrary, phosphorylation of Drp1 mediated by AKAP1 promotes mitochondrial fusion
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and rescues RGCs from glaucoma insult [22]. In the glaucomatous DBA/2J retina and
AKAP1−/− mice, a significant increase in calcineurin (CaN) protein expression was de-
tected, together with the dephosphorylation of Drp1 Ser637 [23]. In AKAP1−/− mice,
strong LC3 immunoreactivity was detected in RGC somas and axons, supported by the
increment of LC3-II and the decrement of p62 levels, suggesting an enhancement in au-
tophagosome production and, thus, the induction of autophagy/mitophagy. Furthermore,
oxidative phosphorylation (OXPHOS) complexes (Cxs) deregulation was observed, with
increased SOD2 protein expression, causing metabolic dysfunction and oxidative stress in
the retina. Akt inactivation and Bim/Bax activation were also detected in AKAP1−/− mice,
contributing to glaucomatous neurodegeneration.

As well as in glaucoma neurodegeneration, RGCs are prone to deterioration in fa-
milial dysautonomia (FD), a disorder characterized by developmental and progressive
neuropathies that affect the entire nervous system, also causing blindness [24]. FD is
caused by a mutation in the IKBKAP/ELP1 gene, which encodes the inhibitor of κB kinase
complex-associated protein IKAP, also named ELP1, involved in elongation and demanded
the translation of codon-biased genes. In a mouse model of FD blindness, it was observed
that the loss of IKAP caused progressive degeneration of RGCs with a progressive loss of
mitochondrial membrane integrity, membrane potential, function, and thus ROS dysregu-
lation. Interestingly, the other retinal neurons, including Müller glial, bipolar, amacrine,
and photoreceptor cells, remained mainly uninjured, though with damaged mitochondria.
This evidence supports that RGCs are highly vulnerable to mitochondrial dysfunction,
probably due to their high energy demand and unique morphology. Recently, a case report
described the thinning of the retinal nerve fiber and ganglion cell layers and decreased
mitochondrial function in a 17-year-old patient [25]. This report associates the SIRT3
(sirtuin 3) gene mutation with mitochondrial optic neuropathy. SIRT3 is a well-known
regulator of mitochondrial metabolism [26]. Supporting the concept that mitochondria
biogenesis is crucial in maintaining homeostasis, it was observed that intravitreal trans-
planted iPSC-MSCs might donate functional mitochondria to RGCs in a mouse model of
Leigh’s disease, contributing to protecting them from cell degeneration and death [27].
Furthermore, iPSC-MSCs reduce abnormal activation of Müller cells and inflammation
by reducing neuroinflammatory cytokines such as TNF α, MIP−1g, GM-CSF, IL-5, IL-17,
and IL-1 β, protecting RGCs from degeneration and loss. This evidence underlines a link
between mitochondrial dysfunction, inflammation, and neurodegeneration. Glia neuroin-
flammation is a significant contributor to glaucoma. During elevated intraocular pressure
conditions, an upregulation of TLR4 and IL-1β expression in Müller glia end feet was
evident, both in the human glaucomatous retina and in the DBA/2J mouse that mimics
human glaucoma [28]. At the same time, a significant decrement of apolipoprotein A-I
binding protein (AIBP; gene name Apoa1bp) was detected in RGCs, leading to spatial vision
dysfunction but not severe optic nerve damage. In Apoa1bp−/− mice, AIBP deficiency
activates mitochondrial fragmentation, mitochondrial cristae depletion, and energy pro-
duction dysregulation, resulting in dysfunctional Müller glia and inflammatory conditions.
AIBP deficiency impairs mitochondrial dynamics and decreases Cxs protein expression in
the retina. In particular, in Apoa1bp−/− RGC somas, mitochondrial fragmentation and
reduced ATP production in RGCs were detected. Furthermore, an AIBP role was also
suggested in the inner retina, affecting RGC dendrites in the IPL during glaucomatous
neurodegeneration. In RGCs and the inner retina, AIBP deficiency contributes to oxidative
stress, reducing SIRT3 and SOD2 amounts and increasing phospho-p38, a stress-signaling
player, and ERK1/2. On the contrary, the administration of AIBP promotes RGC and inner
retinal neuron survival and inhibits oxidative stress signaling and inflammatory responses
in mice, which could result in neuroprotection. This evidence suggests that AIBP may have
therapeutic prospects for treating glaucoma, blocking neuroinflammation, and acting on
mitochondrial functions.
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3. Mitochondria Homeostasis as a Target against RGC Degeneration

Undeniably, mitochondrial surveillance is a central point in neuroprotection. Mi-
tochondria surveillance includes fusion, fission, degradation of damaged mitochondria
(mitophagy), and the biogenesis of new mitochondria [15]. Healthy cells renovate their set
of mitochondria through biogenesis, which is also a process that could substitute damaged
or dysfunctional mitochondria [29]. Still, when misregulated, mitochondria biogenesis
leads to detrimental effects observed in aging, metabolic disease, cancer, and neurode-
generation, including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
and amyotrophic lateral sclerosis. Due to its crucial role, mitochondria biogenesis is a
therapeutic target in neurodegenerative diseases, including those involving the visual
system. A particular link between mitochondrial biogenesis and Nrf1 was highlighted
during retinal development [30]. Indeed, RGCs are very sensitive to Nrf1 deletion, more so
the newly differentiated one than the terminally differentiated one, suggesting a role in
neurite outgrowth and metabolic reprogramming. This evidence supports Nrf1 as a crucial
element involved in dysfunctional mitochondrial biogenesis that could contribute to the
pathology and disease progression in neurodegenerative diseases, and thus, it could be a
target for therapeutics.

In support of mitochondria as a therapeutic target, liver-isolated mitochondria were
transplanted into RGCs after optic nerve crush, and axonal outgrowth was investigated [31].
This mitotherapy approach revealed that transplanted healthy mitochondria do not hamper
retinal redox homeostasis. On the contrary, transplanted mitochondria preserved retinal
electrophysiological activity, enhancing both a- and b-wave amplitudes and protecting
RGCs from cell death. Since mitochondrial respiratory dysfunction is the primary cause
of glaucoma, these findings offer a potential in vivo regenerative approach for neurode-
generative retinal pathologies. Rescuing mitochondrial functionality and decreasing ROS
could preserve RGCs from death and can be achieved with gene therapies [32]. The nuclear
yeast gene NADH-quinone oxidoreductase (NDI1) was optimized (ophNdi1) and suggested
as a new gene therapy for ocular disorders with mitochondrial deficits. Adeno-Associated
Virus (AAV)-ophNdi1 was tested in a rotenone-induced murine model of optic neuropathy.
Results revealed a reduction in RGC loss and an increment in visual function. Further-
more, AAV-ophNdi1 was tested in complex I deficient patient-derived fibroblasts, which
expressed the G11778A mutation in ND4 that causes complex I dysfunction and LHON, re-
vealing beneficial effects, an increment in oxygen consumption, and ATP production rates.

Acting on cellular homeostasis when cells are still alive and, thus, preventing degener-
ation is a crucial point. Recently, it was observed that the early response of RGCs to diabetes
implicates specific morpho-functional deficits long before cell death [33]. Most importantly,
it underlined the relevance of neuronal protection in the early phases of diabetic retinopa-
thy, when RGC morphology can still be preserved and homeostasis maintained [34]. Using
Thy1-green fluorescent protein (GFP)-M transgenic mice, which express GFP in several
RGCs, the early response of RGCs to diabetes was described, also after the neuroprotective
somatostatin (SRIF) analog octreotide (OCT) treatment. OCT preferentially binds somato-
statin subtype receptors (sst) 2 and 5 and has moderate affinity for sst3 [33,35,36]. In the
mouse retina, sst5 receptors are expressed via RGCs, while sst2 has been detected in rod
bipolar cells and selected populations of amacrine cells [37]. Therefore, OCT may protect
RGCs from hyperglycemia-induced damage acting directly on sst5. Accordingly, during
glaucoma, the selective activation of sst5 is protective for RGCs [38]. Furthermore, OCT
could act indirectly on RGCs by coupling to sst2, expressed via bipolar cells and amacrine
cells. Currently, SRIF analogs represent a treatment option in the field of ophthalmology,
including DR [39]. Among SRIF receptors in RGCs, also sst1 and sst4 were observed in rats
(in dendrites and cell bodies) and mice RGCs [37]. Functionally, activating sst4 by SRIF or
its agonist L-803087 provides potential targets to reduce intracellular Ca2+ levels in RGCs.
It was also found that T-type Ca2+ currents were reduced by the administration of the sst5
receptor-specific agonist L-817818 [40]. Most importantly, the L-817818 agonist increases
RGC survival, reducing apoptosis in a rat glaucoma model [38]. Of interest, L-817818



Antioxidants 2023, 12, 2011 6 of 12

treatment inhibited reactive oxygen species and malondialdehyde formation, thus reducing
retinal oxidative stress and, likely, cell injury. Sst5 activation also reduced mitochondrial
dysfunction, which resulted in RGC’s protection. Still, even if SRIF analog treatment
effectively protects RGCs during metabolic stress, it presents some challenges. Indeed,
SRIF analog OCT treatment of hyperglycemic retinas fully rescues RGC morphometric
parameters, depending on the complexity of the dendritic tree, or, on the contrary, increases
the effects of hyperglycemia [33]. Remarkably, RGCs emerged as the first retinal neurons to
display functional deficits after diabetes onset. These deficits can be appreciated as early as
11 days after the first recording of a hyperglycemic status, as assessed with blood glucose
levels. In particular, electrophysiological analysis of the photopic negative response (PhNR)
amplitude and pattern electroretinography (PERG) related to RGC activity indicate that the
intravitreal treatment with the somatostatin analog OCT counteracts amplitude decreases.
These observations indicate that early neuroprotective intervention may efficiently balance
the first functional alterations due to diabetes. Furthermore, OCT recovers some RGC sub-
types and induces adaptive changes in others. Indeed, based on electrophysiological and
morphological evidence, OCT provides complete protection from hyperglycemia-induced
damage in some RGCs. However, in other RGCs, OCT may induce changes that promote
adaptation to hyperglycemic metabolic stress, contributing to their regular functional activ-
ity. These changes will likely include a reduction in energy expenditure through autophagic
process enhancement as a protection strategy, as highlighted in ex vivo retinal explants
treated with OCT [41]. In addition, recently, it was demonstrated that stimulating the oxida-
tive stress response and enhancing mitochondrial activity during hyperglycemia result in
neuroprotection of the visual system [42,43]. In particular, using a Drosophila melanogaster
high glucose-induced eye damage system that resembles the hyperglycemic phenotype of
higher vertebrates and models the early phases of DR [44], we found ROS accumulation
and upregulation of the main oxidative stress response factors, including superoxide dismu-
tases, catalases, glutathione-S-transferase (GstD1), and cap ’n’ collar isoform C (CncC), the
homolog of mammalian Nrf2 [42,43]. In normal conditions, Nrf2 in the retina is expressed
via various retinal cell types, including Müller and ganglion cells, and its dysregulation
is associated with a severely altered antioxidant response mechanism and the reduction
in RGC integrity and survival [45,46]. To confirm Nrf2 dysregulation in hyperglycemic
flies, a decrement of kelch-like ECH-associated protein 1 (Keap1), which regulates Nrf2
transcriptional activity, was detected [42]. Most importantly, morphologically damaged
mitochondria were identified in fly eye tissue sections, and impaired mitochondrial activity
was observed in the homogenate of the fly head extracts. In addition, an upregulation of
the main transcriptional effectors of unfolded protein response (UPR) in nervous system
cells was demonstrated. Activating transcription factor 4 (ATF4) is an oxidative stress-
inducible signal activated in neurons via the perturbation of mitochondria that mainly
controls autophagy, protein folding, redox balance, and apoptosis [47,48]. Accordingly,
ATF4 is overexpressed in degenerating retina models, including diabetic retinopathy, and
its downregulation reduces the mitochondrial–endoplasmic reticulum (ER) stress response,
preventing cell death and the impairment of vision function [48]. Interestingly, administer-
ing to the flies the natural antioxidant compound plumbagin as a drug, Nrf2 (CncC) and
GstD1 were additionally upregulated but not keap1 expression. The modulation of Nrf2
(CncC)/Keap1/GstD1 suggests that this signaling might target the neuronal response to
ROS damage during hyperglycemia [42]. We also observed in flies that the antioxidant
plumbagin contributes significantly to increasing mitochondria morphology and activity
and reduces ATF4 levels, exerting a neuroprotective role by inhibiting mitochondria-related
UPR signals under prolonged ER stress conditions. Also, this neuroprotective action of
plumbagin involves the downregulation of HSP70 expression, suggesting a modulation in
the stress-induced recruitment of molecular chaperones to recover fly retinal homeostasis
after oxidative damage. Regarding signaling, plumbagin may act additively and synergis-
tically, inhibiting the mitochondrial-ER stress response and UPR signals, which prevents
ROS-induced neuronal impairment and eye injury. All this evidence confirmed the positive
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effects of antioxidant substances against high glucose-induced eye damage, suggesting
a contribution to mitochondrial functionality. As shown in Figure 1, the mitochondrial
activity in adult flies was negatively affected by high glucose feeding.
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Figure 1. Measurements of mitochondrial activity with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay absorbance in adult D. melanogaster head extracts after ten
days of feeding with a standard diet (STD, 5–9% sucrose), a high sucrose diet (HSD) of 30%, and a
very HSD of 40%, according to the method previously published [43]. Data representing ca. 100 heads
were obtained from at least 5 independent experiments. The statistical significance was evaluated us-
ing a one-way ANOVA followed by the Tukey post-test. The results were expressed as means ± SEM.
a.u.: arbitrary units. *** p < 0.0001 vs. STD, and § p < 0.01 vs. HSD 30%.

In particular, the MTT reductive ability significantly decreased in homogenate head
extracts of flies raised on food added with a 30% high sucrose diet (HSD 30%) when
compared to a standard diet (STD) containing 5–9% of sucrose. The major decrement was
obtained with a very high sucrose diet (HSD 40%). Since damage to the visual system
increases with the increment of body sugar [44], these findings are in line with the notion
that hyperglycemia primarily affects mitochondrial homeostasis in retinal neurons. A
reduction in ROS and the upregulation of the retina’s glutathione system resulted after
treating hyperglycemic flies with the natural product Lisosan G, a powder of bran and
germ of grain (Triticum aestivum) [43]. Also, Lisosan G reduced morphological damage
and apoptosis, restoring autophagic flux balance, thus supporting an antioxidant effect
and neuroprotection in the retina and possibly preserving mitochondrial activity. The
efficacy of antioxidants in improving mitochondrial function and neuroprotection in the
retina was also demonstrated using resveratrol [49]. Resveratrol increased mitochondrial
function, upregulating Ampk/Sirt1/Pgc1α and downregulating the Akt/mTOR pathway
in an age-related retinal neuropathy zebrafish retina. Recently, a set of in vivo and in vitro
experiments confirmed the efficacy of resveratrol against AMD. In particular, Nguyen
and colleagues [50] have developed a nanomedicine strategy using R@PCL-T/M NP
nanotherapeutics to improve the simultaneous delivery to the retina of resveratrol and
metformin drugs. Through some elegant experiments, they demonstrated that R@PCL-T/M
NP nanotherapeutics are highly biocompatible with retinal cells without compromising
the robust antioxidant effect of resveratrol. Indeed, they observed that R@PCL-T/M
NP treatment attenuates ROS production, exerts anti-inflammatory effects in vitro, and
displays antiangiogenic properties in vitro and in vivo. This innovative approach enhanced
the retinal permeability of the drugs in vivo, which helps with the simultaneous delivery
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of resveratrol and metformin, even to inner segments of the retina as the RPE region.
Altogether, these findings are promising for developing pharmacological nanoformulations
targeting retinal cells during pathological conditions, including AMD.

Collectively, all these findings elucidate the close relationship between mitochondrial
dysfunction and RGC degeneration and suggest possible targets to counteract visual system
pathologies (Figure 2). These results also emphasize that targeting mitochondrial function-
ality is a promising strategy for preventing oxidative stress damage in neurodegenerative
retinas resulting from metabolic impairment and confirm the need to develop innovative
strategies for effective therapeutic interventions.

Antioxidants 2023, 12, x FOR PEER REVIEW 8 of 12 
 

otherapeutics are highly biocompatible with retinal cells without compromising the ro-
bust antioxidant effect of resveratrol. Indeed, they observed that R@PCL-T/M NP treat-
ment attenuates ROS production, exerts anti-inflammatory effects in vitro, and displays 
antiangiogenic properties in vitro and in vivo. This innovative approach enhanced the 
retinal permeability of the drugs in vivo, which helps with the simultaneous delivery of 
resveratrol and metformin, even to inner segments of the retina as the RPE region. Alto-
gether, these findings are promising for developing pharmacological nanoformulations 
targeting retinal cells during pathological conditions, including AMD. 

Collectively, all these findings elucidate the close relationship between mitochondrial 
dysfunction and RGC degeneration and suggest possible targets to counteract visual sys-
tem pathologies (Figure 2). These results also emphasize that targeting mitochondrial 
functionality is a promising strategy for preventing oxidative stress damage in neuro-
degenerative retinas resulting from metabolic impairment and confirm the need to de-
velop innovative strategies for effective therapeutic interventions. 

 
Figure 2. Latest findings about mitochondrial dysfunction causing retinal ganglion cell (RGC) de-
generation and the main factors involved. Reactive oxygen species (ROS); diabetic retinopathy (DR); 
familial dysautonomia (FD); Leber’s hereditary optic neuropathy (LHON); inhibitor of kappa light 
polypeptide gene enhancer in b cells; kinase complex-associated protein/elongator acetyltransferase 
complex; subunit 1 (IKBKAP/ELP1); mitochondrially encoded NADH:ubiquinone oxidoreductase 
core subunit 4 (MT-ND4); optineurin dominant mutation (E50K); sirtuin 3 (SIRT3); manganese su-
peroxide dismutase (MnSOD); glutathione (GSH); nuclear factor-erythroid-2-related factor 2 (Nrf2); 
mitochondrial DNA (mtDNA); kinesin family member 5A (KIF5A); phospho-dynamin-related pro-
tein 1 (p-Drp1); apolipoprotein A-I-binding protein (AIBP); A-Kinase-anchoring protein 1 (AKAP1); 
oxidative phosphorylation (OXPHOS); superoxide dismutase 2 (SOD2); glutathione-S-transferase 
(GstD1); kelch-like ECH-associated protein 1 (Keap1); activating transcription factor 4 (ATF4); heat 
shock protein 70 (HSP70); and extracellular signal-regulated kinase 1/2 (ERK 1/2). 

4. Concluding Remarks 
Correct mitochondrial functionality is crucial to preventing retinal neurodegenera-

tion. Several mitochondrial retinopathies exist [51,52], and some of them are associated 
with non-retinal rare pathologies such as mitochondrial encephalomyopathy with lactic 
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ness (MIDD), and that could even help their diagnosis [52]. These retinopathies could re-
sult from specific mitochondrial variants [51,52], including the m.3243G>A variant, and 
mutations in the fusion/mitochondrial shaping protein OPA1, encoded with a nuclear 
gene on chromosome 3q29. Also, several neurodegenerative diseases that display oxida-
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Figure 2. Latest findings about mitochondrial dysfunction causing retinal ganglion cell (RGC)
degeneration and the main factors involved. Reactive oxygen species (ROS); diabetic retinopathy (DR);
familial dysautonomia (FD); Leber’s hereditary optic neuropathy (LHON); inhibitor of kappa light
polypeptide gene enhancer in b cells; kinase complex-associated protein/elongator acetyltransferase
complex; subunit 1 (IKBKAP/ELP1); mitochondrially encoded NADH:ubiquinone oxidoreductase
core subunit 4 (MT-ND4); optineurin dominant mutation (E50K); sirtuin 3 (SIRT3); manganese
superoxide dismutase (MnSOD); glutathione (GSH); nuclear factor-erythroid-2-related factor 2 (Nrf2);
mitochondrial DNA (mtDNA); kinesin family member 5A (KIF5A); phospho-dynamin-related protein
1 (p-Drp1); apolipoprotein A-I-binding protein (AIBP); A-Kinase-anchoring protein 1 (AKAP1);
oxidative phosphorylation (OXPHOS); superoxide dismutase 2 (SOD2); glutathione-S-transferase
(GstD1); kelch-like ECH-associated protein 1 (Keap1); activating transcription factor 4 (ATF4); heat
shock protein 70 (HSP70); and extracellular signal-regulated kinase 1/2 (ERK 1/2).

4. Concluding Remarks

Correct mitochondrial functionality is crucial to preventing retinal neurodegeneration.
Several mitochondrial retinopathies exist [51,52], and some of them are associated with
non-retinal rare pathologies such as mitochondrial encephalomyopathy with lactic acidosis
and stroke-like episodes (MELAS) and maternally inherited diabetes and deafness (MIDD),
and that could even help their diagnosis [52]. These retinopathies could result from specific
mitochondrial variants [51,52], including the m.3243G>A variant, and mutations in the
fusion/mitochondrial shaping protein OPA1, encoded with a nuclear gene on chromosome
3q29. Also, several neurodegenerative diseases that display oxidative stress and changes in
ocular physiology, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
multiple sclerosis, and muscle dystrophy, are associated with mitochondrial dysfunctions
in neurons [53–59]. Thus, the dual targeting of mitochondria and ROS could be an excel-
lent strategy to prevent, counteract, and/or delay retinal neurodegenerative pathologies,
including those related to the degeneration of RGCs, such as glaucoma and DR (Figure 3).
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Figure 3. Oxidative stress is a hallmark of neurodegenerative retinal diseases. Reactive oxygen species
(ROS) accumulation affects mitochondria that undergo dynamic dysregulation and dysfunction.
Retinal ganglion cells (RGCs) are high-energy consumers and are particularly sensitive to oxidative
stress damage and mitochondrial impairment.

Indeed, it was demonstrated that preventing mitochondrial fragmentation represents
a chance to protect retinas from various malfunctions affecting cellular metabolism, cellular
respiration, and apoptosis that participate in the development and progression of DR. In
this context, the antioxidant treatment represents a chance for neuroprotection, improving
mitochondrial morphology and functions, and counteracting retinal pathologies. Never-
theless, there are challenges in using antioxidants, such as over-limiting ROS, as they are
essential for normal cellular processes, and the low bioavailability of conventional antioxi-
dants, especially in the retina, due to their isolation from the main bloodstream. Therefore,
there is a need for new advances in this direction, also by using modern technologies
such as, for instance, nanoformulations for drug delivery [50]. In considering targeting
mitochondrial dynamics to implement sound therapeutic strategies, it is crucial to intervene
promptly before ROS irreversibly harms cells [12]. Although this is a critical aspect and not
easy to accomplish, targeting mitochondrial dynamics appears to be a challenge for future
approaches. The autophagy machinery manipulation offers an interesting perspective
against neurodegeneration. Indeed, it was suggested that over-activation of autophagy
could be a potential strategy for protection against oxidative stress and the prevention of
neurodegenerative disorders [14,60,61].

This evidence underlines that each progress in molecular and functional investiga-
tions represents a great opportunity for intervention against visual damage related to
oxidative stress.

Author Contributions: Conceptualization, E.C. and D.C.; formal analysis, E.C., K.B. and S.D.Q.; in-
vestigation, K.B. and S.D.Q.; data curation, E.C., K.B. and S.D.Q.; writing—original draft preparation,
E.C. and D.C.; writing—review and editing, E.C. and D.C.; supervision, D.C.; funding acquisition,
D.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The Italian Ministry of University and Research (MUR):
“PRIN2020” and “Rome Technopole—Innovation Ecosystem PNRR”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shu, D.Y.; Chaudhary, S.; Cho, K.S.; Lennikov, A.; Miller, W.P.; Thorn, D.C.; Yang, M.; McKay, T.B. Role of Oxidative Stress in

Ocular Diseases: A Balancing Act. Metabolites 2023, 13, 187. [CrossRef] [PubMed]
2. Ferrington, D.A.; Fisher, C.R.; Kowluru, R.A. Mitochondrial Defects Drive Degenerative Retinal Diseases. Trends Mol. Med. 2020,

26, 105–118. [CrossRef] [PubMed]
3. Domenech, E.B.; Marfany, G. The Relevance of Oxidative Stress in the Pathogenesis and Therapy of Retinal Dystrophies.

Antioxidants 2020, 9, 347. [CrossRef] [PubMed]

https://doi.org/10.3390/metabo13020187
https://www.ncbi.nlm.nih.gov/pubmed/36837806
https://doi.org/10.1016/j.molmed.2019.10.008
https://www.ncbi.nlm.nih.gov/pubmed/31771932
https://doi.org/10.3390/antiox9040347
https://www.ncbi.nlm.nih.gov/pubmed/32340220


Antioxidants 2023, 12, 2011 10 of 12

4. Viegas, F.O.; Neuhauss, S.C.F. A Metabolic Landscape for Maintaining Retina Integrity and Function. Front. Mol. Neurosci. 2021,
14, 656000. [CrossRef] [PubMed]

5. Kaarniranta, K.; Uusitalo, H.; Blasiak, J.; Felszeghy, S.; Kannan, R.; Kauppinen, A.; Salminen, A.; Sinha, D.; Ferrington, D.
Mechanisms of mitochondrial dysfunction and their impact on age-related macular degeneration. Prog. Retin. Eye Res. 2020,
79, 100858. [CrossRef]

6. Roy, S.; Kim, D.; Sankaramoorthy, A. Mitochondrial Structural Changes in the Pathogenesis of Diabetic Retinopathy. J. Clin. Med.
2019, 8, 1363. [CrossRef]

7. Kang, Q.; Yang, C. Oxidative stress and diabetic retinopathy: Molecular mechanisms, pathogenetic role and therapeutic
implications. Redox Biol. 2020, 37, 101799. [CrossRef]

8. Tezel, G. Multifactorial Pathogenic Processes of Retinal Ganglion Cell Degeneration in Glaucoma towards Multi-Target Strategies
for Broader Treatment Effects. Cells 2021, 10, 1372. [CrossRef]

9. Cojocaru, K.A.; Luchian, I.; Goriuc, A.; Antoci, L.M.; Ciobanu, C.G.; Popescu, R.; Vlad, C.E.; Blaj, M.; Foia, L.G. Mitochondrial
Dysfunction, Oxidative Stress, and Therapeutic Strategies in Diabetes, Obesity, and Cardiovascular Disease. Antioxidants 2023,
12, 658. [CrossRef]

10. Rajlic, S.; Treede, H.; Munzel, T.; Daiber, A.; Duerr, G.D. Early Detection Is the Best Prevention-Characterization of Oxidative
Stress in Diabetes Mellitus and Its Consequences on the Cardiovascular System. Cells 2023, 12, 583. [CrossRef]

11. Kowluru, R.A. Cross Talks between Oxidative Stress, Inflammation and Epigenetics in Diabetic Retinopathy. Cells 2023, 12, 300.
[CrossRef] [PubMed]

12. Mirra, S.; Marfany, G. Mitochondrial Gymnastics in Retinal Cells: A Resilience Mechanism Against Oxidative Stress and
Neurodegeneration. Adv. Exp. Med. Biol. 2019, 1185, 513–517. [PubMed]

13. Sanz-Morello, B.; Ahmadi, H.; Vohra, R.; Saruhanian, S.; Freude, K.K.; Hamann, S.; Kolko, M. Oxidative Stress in Optic
Neuropathies. Antioxidants 2021, 10, 1538. [CrossRef] [PubMed]

14. Park, H.; Kim, J.; Shin, C.; Lee, S. Intersection between Redox Homeostasis and Autophagy: Valuable Insights into Neurodegener-
ation. Antioxidants 2021, 10, 694. [CrossRef]

15. Surma, M.; Anbarasu, K.; Dutta, S.; Olivera Perez, L.J.; Huang, K.C.; Meyer, J.S.; Das, A. Enhanced mitochondrial biogenesis
promotes neuroprotection in human pluripotent stem cell derived retinal ganglion cells. Commun. Biol. 2023, 6, 218. [CrossRef]

16. Kang, E.Y.; Liu, P.K.; Wen, Y.T.; Quinn, P.M.J.; Levi, S.R.; Wang, N.K.; Tsai, R.K. Role of Oxidative Stress in Ocular Diseases
Associated with Retinal Ganglion Cells Degeneration. Antioxidants 2021, 10, 1948. [CrossRef]

17. Rezaie, T.; Child, A.; Hitchings, R.; Brice, G.; Miller, L.; Coca-Prados, M.; Heon, E.; Krupin, T.; Ritch, R.; Kreutzer, D.; et al.
Adult-onset primary open-angle glaucoma caused by mutations in optineurin. Science 2002, 295, 1077–1079. [CrossRef]

18. Wu, Y.R.; Wang, A.G.; Chen, Y.T.; Yarmishyn, A.A.; Buddhakosai, W.; Yang, T.C.; Hwang, D.K.; Yang, Y.P.; Shen, C.N.;
Lee, H.C.; et al. Bioactivity and gene expression profiles of hiPSC-generated retinal ganglion cells in MT-ND4 mutated Leber’s
hereditary optic neuropathy. Exp. Cell Res. 2018, 363, 299–309. [CrossRef]

19. Yang, T.C.; Yarmishyn, A.A.; Yang, Y.P.; Lu, P.C.; Chou, S.J.; Wang, M.L.; Lin, T.C.; Hwang, D.K.; Chou, Y.B.; Chen, S.J.; et al.
Mitochondrial transport mediates survival of retinal ganglion cells in affected LHON patients. Hum. Mol. Genet. 2020, 29,
1454–1464. [CrossRef]

20. Zeng, Z.; You, M.; Fan, C.; Rong, R.; Li, H.; Xia, X. Pathologically high intraocular pressure induces mitochondrial dysfunction
through Drp1 and leads to retinal ganglion cell PANoptosis in glaucoma. Redox Biol. 2023, 62, 102687. [CrossRef]

21. Giovarelli, M.; Zecchini, S.; Martini, E.; Garre, M.; Barozzi, S.; Ripolone, M.; Napoli, L.; Coazzoli, M.; Vantaggiato, C.;
Roux-Biejat, P.; et al. Drp1 overexpression induces desmin disassembling and drives kinesin-1 activation promoting mito-
chondrial trafficking in skeletal muscle. Cell Death Differ. 2020, 27, 2383–2401. [CrossRef] [PubMed]

22. Bastola, T.; Perkins, G.A.; Kim, K.Y.; Choi, S.; Kwon, J.W.; Shen, Z.; Strack, S.; Ju, W.K. Role of A-Kinase Anchoring Protein 1 in
Retinal Ganglion Cells: Neurodegeneration and Neuroprotection. Cells 2023, 12, 1539. [CrossRef] [PubMed]

23. Edwards, G.; Perkins, G.A.; Kim, K.Y.; Kong, Y.; Lee, Y.; Choi, S.H.; Liu, Y.; Skowronska-Krawczyk, D.; Weinreb, R.N.;
Zangwill, L.; et al. Loss of AKAP1 triggers Drp1 dephosphorylation-mediated mitochondrial fission and loss in retinal ganglion
cells. Cell Death Dis. 2020, 11, 254. [CrossRef]

24. Ueki, Y.; Shchepetkina, V.; Lefcort, F. Retina-specific loss of Ikbkap/Elp1 causes mitochondrial dysfunction that leads to selective
retinal ganglion cell degeneration in a mouse model of familial dysautonomia. Dis. Model. Mech. 2018, 11, dmm033746. [CrossRef]
[PubMed]

25. Chun, B.Y.; Choi, J.M.; Hwang, S.K.; Rhiu, S. Sirtuin 3 mutation-induced mitochondrial dysfunction and optic neuropathy: A case
report. BMC Ophthalmol. 2023, 23, 118. [CrossRef]

26. Samant, S.A.; Zhang, H.J.; Hong, Z.; Pillai, V.B.; Sundaresan, N.R.; Wolfgeher, D.; Archer, S.L.; Chan, D.C.; Gupta, M.P. SIRT3
deacetylates and activates OPA1 to regulate mitochondrial dynamics during stress. Mol. Cell Biol. 2014, 34, 807–819. [CrossRef]

27. Jiang, D.; Xiong, G.; Feng, H.; Zhang, Z.; Chen, P.; Yan, B.; Chen, L.; Gandhervin, K.; Ma, C.; Li, C.; et al. Donation of
mitochondria by iPSC-derived mesenchymal stem cells protects retinal ganglion cells against mitochondrial complex I defect-
induced degeneration. Theranostics 2019, 9, 2395–2410. [CrossRef]

28. Choi, S.H.; Kim, K.Y.; Perkins, G.A.; Phan, S.; Edwards, G.; Xia, Y.; Kim, J.; Skowronska-Krawczyk, D.; Weinreb, R.N.;
Ellisman, M.H.; et al. AIBP protects retinal ganglion cells against neuroinflammation and mitochondrial dysfunction in glauco-
matous neurodegeneration. Redox Biol. 2020, 37, 101703. [CrossRef]

https://doi.org/10.3389/fnmol.2021.656000
https://www.ncbi.nlm.nih.gov/pubmed/33935647
https://doi.org/10.1016/j.preteyeres.2020.100858
https://doi.org/10.3390/jcm8091363
https://doi.org/10.1016/j.redox.2020.101799
https://doi.org/10.3390/cells10061372
https://doi.org/10.3390/antiox12030658
https://doi.org/10.3390/cells12040583
https://doi.org/10.3390/cells12020300
https://www.ncbi.nlm.nih.gov/pubmed/36672234
https://www.ncbi.nlm.nih.gov/pubmed/31884663
https://doi.org/10.3390/antiox10101538
https://www.ncbi.nlm.nih.gov/pubmed/34679672
https://doi.org/10.3390/antiox10050694
https://doi.org/10.1038/s42003-023-04576-w
https://doi.org/10.3390/antiox10121948
https://doi.org/10.1126/science.1066901
https://doi.org/10.1016/j.yexcr.2018.01.020
https://doi.org/10.1093/hmg/ddaa063
https://doi.org/10.1016/j.redox.2023.102687
https://doi.org/10.1038/s41418-020-0510-7
https://www.ncbi.nlm.nih.gov/pubmed/32042098
https://doi.org/10.3390/cells12111539
https://www.ncbi.nlm.nih.gov/pubmed/37296658
https://doi.org/10.1038/s41419-020-2456-6
https://doi.org/10.1242/dmm.033746
https://www.ncbi.nlm.nih.gov/pubmed/29929962
https://doi.org/10.1186/s12886-023-02872-x
https://doi.org/10.1128/MCB.01483-13
https://doi.org/10.7150/thno.29422
https://doi.org/10.1016/j.redox.2020.101703


Antioxidants 2023, 12, 2011 11 of 12

29. Popov, L.D. Mitochondrial biogenesis: An update. J. Cell. Mol. Med. 2020, 24, 4892–4899. [CrossRef]
30. Kiyama, T.; Chen, C.K.; Wang, S.W.; Pan, P.; Ju, Z.; Wang, J.; Takada, S.; Klein, W.H.; Mao, C.A. Essential roles of mitochondrial

biogenesis regulator Nrf1 in retinal development and homeostasis. Mol. Neurodegener. 2018, 13, 56. [CrossRef]
31. Nascimento-Dos-Santos, G.; de-Souza-Ferreira, E.; Lani, R.; Faria, C.C.; Araujo, V.G.; Teixeira-Pinheiro, L.C.; Vasconcelos, T.;

Goncalo, T.; Santiago, M.F.; Linden, R.; et al. Neuroprotection from optic nerve injury and modulation of oxidative metabolism
by transplantation of active mitochondria to the retina. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165686. [CrossRef]
[PubMed]

32. Chadderton, N.; Palfi, A.; Maloney, D.M.; Carrigan, M.; Finnegan, L.K.; Hanlon, K.S.; Shortall, C.; O’Reilly, M.; Humphries, P.;
Cassidy, L.; et al. Optimisation of AAV-NDI1 Significantly Enhances Its Therapeutic Value for Correcting Retinal Mitochondrial
Dysfunction. Pharmaceutics 2023, 15, 322. [CrossRef] [PubMed]

33. Amato, R.; Catalani, E.; Dal Monte, M.; Cammalleri, M.; Cervia, D.; Casini, G. Morpho-functional analysis of the early changes
induced in retinal ganglion cells by the onset of diabetic retinopathy: The effects of a neuroprotective strategy. Pharmacol. Res.
2022, 185, 106516. [CrossRef] [PubMed]

34. Catalani, E.; Cervia, D. Diabetic retinopathy: A matter of retinal ganglion cell homeostasis. Neural Regen. Res. 2020, 15, 1253–1254.
[CrossRef] [PubMed]

35. Cervia, D.; Fehlmann, D.; Hoyer, D. Native somatostatin sst2 and sst5 receptors functionally coupled to Gi/o-protein, but not to
the serum response element in AtT-20 mouse tumour corticotrophs. Naunyn Schmiedebergs Arch. Pharmacol. 2003, 367, 578–587.
[CrossRef]

36. Pavan, B.; Fiorini, S.; Dal Monte, M.; Lunghi, L.; Biondi, C.; Bagnoli, P.; Cervia, D. Somatostatin coupling to adenylyl cyclase
activity in the mouse retina. Naunyn Schmiedebergs Arch. Pharmacol. 2004, 370, 91–98. [CrossRef]

37. Cammalleri, M.; Bagnoli, P.; Bigiani, A. Molecular and Cellular Mechanisms Underlying Somatostatin-Based Signaling in Two
Model Neural Networks, the Retina and the Hippocampus. Int. J. Mol. Sci. 2019, 20, 2506. [CrossRef]

38. Zhang, Y.; Wu, N.; Li, Q.; Hu, X.; Wang, L.; Sun, J.G.; Wang, Z.; Sun, X.H. Neuroprotective effect of the somatostatin receptor 5
agonist L-817,818 on retinal ganglion cells in experimental glaucoma. Exp. Eye Res. 2021, 204, 108449. [CrossRef]

39. Gomes-Porras, M.; Cardenas-Salas, J.; Alvarez-Escola, C. Somatostatin Analogs in Clinical Practice: A Review. Int. J. Mol. Sci.
2020, 21, 1682. [CrossRef]

40. Li, Q.; Zhang, Y.; Wu, N.; Yin, N.; Sun, X.H.; Wang, Z. Activation of somatostatin receptor 5 suppresses T-type Ca2+ channels
through NO/cGMP/PKG signaling pathway in rat retinal ganglion cells. Neurosci. Lett. 2019, 708, 134337. [CrossRef]

41. Amato, R.; Catalani, E.; Dal Monte, M.; Cammalleri, M.; Di Renzo, I.; Perrotta, C.; Cervia, D.; Casini, G. Autophagy-mediated
neuroprotection induced by octreotide in an ex vivo model of early diabetic retinopathy. Pharmacol. Res. 2018, 128, 167–178.
[CrossRef] [PubMed]

42. Catalani, E.; Del Quondam, S.; Brunetti, K.; Cherubini, A.; Bongiorni, S.; Taddei, A.R.; Zecchini, S.; Giovarelli, M.; De Palma, C.;
Perrotta, C.; et al. Neuroprotective role of plumbagin on eye damage induced by high-sucrose diet in adult fruit fly Drosophila
melanogaster. Biomed. Pharmacother. 2023, 166, 115298. [CrossRef]

43. Catalani, E.; Fanelli, G.; Silvestri, F.; Cherubini, A.; Del Quondam, S.; Bongiorni, S.; Taddei, A.R.; Ceci, M.; De Palma, C.;
Perrotta, C.; et al. Nutraceutical Strategy to Counteract Eye Neurodegeneration and Oxidative Stress in Drosophila melanogaster
Fed with High-Sugar Diet. Antioxidants 2021, 10, 1197. [CrossRef] [PubMed]

44. Catalani, E.; Silvestri, F.; Bongiorni, S.; Taddei, A.R.; Fanelli, G.; Rinalducci, S.; De Palma, C.; Perrotta, C.; Prantera, G.; Cervia, D.
Retinal damage in a new model of hyperglycemia induced by high-sucrose diets. Pharmacol. Res. 2021, 166, 105488. [CrossRef]

45. Navneet, S.; Zhao, J.; Wang, J.; Mysona, B.; Barwick, S.; Ammal Kaidery, N.; Saul, A.; Kaddour-Djebbar, I.; Bollag, W.B.; Thomas,
B.; et al. Hyperhomocysteinemia-induced death of retinal ganglion cells: The role of Muller glial cells and NRF2. Redox Biol. 2019,
24, 101199. [CrossRef] [PubMed]

46. Zhang, J.; Zhang, T.; Zeng, S.; Zhang, X.; Zhou, F.; Gillies, M.C.; Zhu, L. The Role of Nrf2/sMAF Signalling in Retina Ageing and
Retinal Diseases. Biomedicines 2023, 11, 1512. [CrossRef] [PubMed]

47. Lange, P.S.; Chavez, J.C.; Pinto, J.T.; Coppola, G.; Sun, C.W.; Townes, T.M.; Geschwind, D.H.; Ratan, R.R. ATF4 is an oxidative
stress-inducible, prodeath transcription factor in neurons in vitro and in vivo. J. Exp. Med. 2008, 205, 1227–1242. [CrossRef]

48. Pitale, P.M.; Gorbatyuk, O.; Gorbatyuk, M. Neurodegeneration: Keeping ATF4 on a Tight Leash. Front. Cell. Neurosci. 2017,
11, 410. [CrossRef]

49. Wang, N.; Luo, Z.; Jin, M.; Sheng, W.; Wang, H.T.; Long, X.; Wu, Y.; Hu, P.; Xu, H.; Zhang, X. Exploration of age-related
mitochondrial dysfunction and the anti-aging effects of resveratrol in zebrafish retina. Aging 2019, 11, 3117–3137. [CrossRef]

50. Nguyen, D.D.; Luo, L.J.; Yang, C.J.; Lai, J.Y. Highly Retina-Permeating and Long-Acting Resveratrol/Metformin Nanotherapeutics
for Enhanced Treatment of Macular Degeneration. ACS Nano 2023, 17, 168–183. [CrossRef]

51. Zeviani, M.; Carelli, V. Mitochondrial Retinopathies. Int. J. Mol. Sci. 2021, 23, 210. [CrossRef] [PubMed]
52. Birtel, J.; von Landenberg, C.; Gliem, M.; Gliem, C.; Reimann, J.; Kunz, W.S.; Herrmann, P.; Betz, C.; Caswell, R.; Nesbitt, V.; et al.

Mitochondrial Retinopathy. Ophthalmol. Retina 2022, 6, 65–79. [CrossRef] [PubMed]
53. Lee, S.; Jiang, K.; McIlmoyle, B.; To, E.; Xu, Q.A.; Hirsch-Reinshagen, V.; Mackenzie, I.R.; Hsiung, G.R.; Eadie, B.D.;

Sarunic, M.V.; et al. Amyloid Beta Immunoreactivity in the Retinal Ganglion Cell Layer of the Alzheimer’s Eye. Front. Neurosci.
2020, 14, 758. [CrossRef] [PubMed]

https://doi.org/10.1111/jcmm.15194
https://doi.org/10.1186/s13024-018-0287-z
https://doi.org/10.1016/j.bbadis.2020.165686
https://www.ncbi.nlm.nih.gov/pubmed/31953215
https://doi.org/10.3390/pharmaceutics15020322
https://www.ncbi.nlm.nih.gov/pubmed/36839646
https://doi.org/10.1016/j.phrs.2022.106516
https://www.ncbi.nlm.nih.gov/pubmed/36272637
https://doi.org/10.4103/1673-5374.272577
https://www.ncbi.nlm.nih.gov/pubmed/31960808
https://doi.org/10.1007/s00210-003-0752-1
https://doi.org/10.1007/s00210-004-0950-5
https://doi.org/10.3390/ijms20102506
https://doi.org/10.1016/j.exer.2021.108449
https://doi.org/10.3390/ijms21051682
https://doi.org/10.1016/j.neulet.2019.134337
https://doi.org/10.1016/j.phrs.2017.09.022
https://www.ncbi.nlm.nih.gov/pubmed/28970178
https://doi.org/10.1016/j.biopha.2023.115298
https://doi.org/10.3390/antiox10081197
https://www.ncbi.nlm.nih.gov/pubmed/34439445
https://doi.org/10.1016/j.phrs.2021.105488
https://doi.org/10.1016/j.redox.2019.101199
https://www.ncbi.nlm.nih.gov/pubmed/31026769
https://doi.org/10.3390/biomedicines11061512
https://www.ncbi.nlm.nih.gov/pubmed/37371607
https://doi.org/10.1084/jem.20071460
https://doi.org/10.3389/fncel.2017.00410
https://doi.org/10.18632/aging.101966
https://doi.org/10.1021/acsnano.2c05824
https://doi.org/10.3390/ijms23010210
https://www.ncbi.nlm.nih.gov/pubmed/35008635
https://doi.org/10.1016/j.oret.2021.02.017
https://www.ncbi.nlm.nih.gov/pubmed/34257060
https://doi.org/10.3389/fnins.2020.00758
https://www.ncbi.nlm.nih.gov/pubmed/32848548


Antioxidants 2023, 12, 2011 12 of 12

54. Nguyen, C.T.O.; Acosta, M.L.; Di Angelantonio, S.; Salt, T.E. Editorial: Seeing Beyond the Eye: The Brain Connection. Front.
Neurosci. 2021, 15, 719717. [CrossRef] [PubMed]

55. Catalani, E.; Bongiorni, S.; Taddei, A.R.; Mezzetti, M.; Silvestri, F.; Coazzoli, M.; Zecchini, S.; Giovarelli, M.; Perrotta, C.;
De Palma, C.; et al. Defects of full-length dystrophin trigger retinal neuron damage and synapse alterations by disrupting
functional autophagy. Cell Mol. Life Sci. 2021, 78, 1615–1636. [CrossRef] [PubMed]

56. Hurst, J.; Schnichels, S. Editorial: Brain vs. retina—Differences and commonalities: The role of oxidative stress in neurodegenera-
tive diseases. Front. Neurosci. 2023, 17, 1171235. [CrossRef] [PubMed]

57. Alqahtani, T.; Deore, S.L.; Kide, A.A.; Shende, B.A.; Sharma, R.; Dadarao Chakole, R.; Nemade, L.S.; Kishor Kale, N.; Borah, S.;
Shrikant Deokar, S.; et al. Mitochondrial dysfunction and oxidative stress in Alzheimer’s disease, and Parkinson’s disease,
Huntington’s disease and Amyotrophic Lateral Sclerosis—An updated review. Mitochondrion 2023, 71, 83–92. [CrossRef]

58. Tarozzi, A. Oxidative Stress in Neurodegenerative Diseases: From Preclinical Studies to Clinical Applications. J. Clin. Med. 2020,
9, 1223. [CrossRef]

59. Domanskyi, A.; Parlato, R. Oxidative Stress in Neurodegenerative Diseases. Antioxidants 2022, 11, 504. [CrossRef]
60. Menzies, F.M.; Fleming, A.; Caricasole, A.; Bento, C.F.; Andrews, S.P.; Ashkenazi, A.; Füllgrabe, J.; Jackson, A.; Jimenez Sanchez, M.;

Karabiyik, C.; et al. Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic Opportunities. Neuron 2017,
93, 1015–1034. [CrossRef]

61. Ajoolabady, A.; Aslkhodapasandhokmabad, H.; Henninger, N.; Demillard, L.J.; Nikanfar, M.; Nourazarian, A.; Ren, J. Targeting
autophagy in neurodegenerative diseases: From molecular mechanisms to clinical therapeutics. Clin. Exp. Pharmacol. Physiol.
2021, 48, 943–953. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fnins.2021.719717
https://www.ncbi.nlm.nih.gov/pubmed/34267626
https://doi.org/10.1007/s00018-020-03598-5
https://www.ncbi.nlm.nih.gov/pubmed/32749504
https://doi.org/10.3389/fnins.2023.1171235
https://www.ncbi.nlm.nih.gov/pubmed/36992855
https://doi.org/10.1016/j.mito.2023.05.007
https://doi.org/10.3390/jcm9041223
https://doi.org/10.3390/antiox11030504
https://doi.org/10.1016/j.neuron.2017.01.022
https://doi.org/10.1111/1440-1681.13500
https://www.ncbi.nlm.nih.gov/pubmed/33752254

	Introduction 
	Mitochondrial Impairment Is Involved in RGC Degeneration 
	Mitochondria Homeostasis as a Target against RGC Degeneration 
	Concluding Remarks 
	References

