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Abstract: Retinal neurodegeneration affects an increasing number of people worldwide causing
vision impairments and blindness, reducing quality of life, and generating a great economic challenge.
Due to the complexity of the tissue, and the diversity of retinal neurodegenerative diseases in terms of
etiology and clinical presentation, so far, there are no cures and only a few early pathological markers
have been identified. Increasing efforts have been made to identify and potentiate endogenous
protective mechanisms or to abolish detrimental stress responses to preserve retinal structure and
function. The discovering of the intracellular monomeric globin neuroglobin (NGB), found at high
concentration in the retina, has opened new possibilities for the treatment of retinal disease. Indeed,
the NGB capability to reversibly bind oxygen and its neuroprotective function against several types
of insults including oxidative stress, ischemia, and neurodegenerative conditions have raised the
interest in the possible role of the globin as oxygen supplier in the retina and as a target for retinal
neurodegeneration. Here, we provide the undercurrent knowledge on NGB distribution in retinal
layers and the evidence about the connection between NGB level modulation and the functional
outcome in terms of retinal neuroprotection to provide a novel therapeutic/preventive target for
visual pathway degenerative disease.
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1. Introduction

Globally, in 2015, it was estimated that blindness and moderate/severe vision im-
pairments affect more than 36 and 216 million of people, respectively, and the number
has raised along with the increase in population and age [1,2]. Retinal neurodegener-
ative diseases, including diabetic retinopathy, DR, retinitis pigmentosa, RP, age-related
macular degeneration, AMD, or glaucoma, are the most frequent causes of irreversible
vision impairment and blindness worldwide [3,4]. Despite the high economic and social
impact of vision impairment and blindness, there are no cures for retinal neurodegenerative
pathologies [4,5]. So far, the current approaches for the developing of new possible thera-
peutics rely on the definition of common pathways of degeneration to establish preventive
intervention able to manipulate such intracellular pathways and counteract the disease
mechanisms. Other strategies attempt to prevent the excessive activation of neuronal stress
response including apoptotic activation and inflammatory events, or to replace retinal cells
via stem cell transplantation or artificial vision [5]. In parallel, “time window” for treatment
represents a critical aspect for retinal degeneration considering the evidence that a preven-
tive strategy able to preserve functional cell and neuronal circuitries still in place is a more
affordable and successful way for treatment in spite of any kind of other intervention at
advanced degenerative stages [5]. It is becoming clear that a better knowledge of molecular
pathways behind the protective or detrimental retinal cell stress response and the identifi-
cation of early biological markers is required to improve the therapy devoted to tailored
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personal needs [5,6]. Over the last 20 years, the identification of neuroglobin (NGB) as
an intracellular monomeric globin preferentially expressed in neurons which functions as
endogenous cell protectant, has defined a new possible target for therapeutic intervention
in neuronal pathologies spanning from ischemic injuries to neurodegeneration [7,8]. Since
its discovering in 2000 [9], the identification that hypothalamus and retinal cells express
the NGB at the highest level than other brain areas, have led to consider this globin as a
possible oxygen carrier protein in the retina, raising further interest about the globin role
in the retinal physiology and on its neuroprotective potential in the visual system. Here,
we will discuss the up-to-date knowledge on NGB distribution in retinal layers and the
evidence about the connection between NGB modulation by endogenous or exogenous
events and the functional outcome in terms of retinal neuroprotection to provide a novel
therapeutic/preventive target for visual pathway degenerative disease.

2. Retina and Retinal Degeneration

The retina is a high-differentiated nerve light-sensitive tissue that has been estimated
to be responsible for the 80% of all sensory information in humans [5,10]. Functionally, the
retina is a complex multilayer of interconnected neurons at the innermost levels of the eye
globe, and it represents the beginning of the visual pathway receiving and translating the
light information into neuronal signals and sending them via the optical nerve to the cortex
of the brain where the visual processing takes place [5,11,12]. The retina is constituted by
different types of cellular components including the retinal pigment epithelium (RPE) cells,
neuronal and glial cells. Glial cells are divided into Müller cells, microglia, and astrocytes.
Neuronal cells are organized into 5 major classes distributed into different layers with
specific functions: photoreceptors (rods and cones) which represent the photosensitive cells
of the retina, bipolar cells, horizontal cells, and amacrine cells forming the neuroretinal
circuitries that transmit the signal from photoreceptors to ganglion cells responsible to
transmit the visual information to the brain [5,10]. Histologically, the retina is divided into
10 layers constituting the outer retina and the inner retina. The outer retina comprises the
RPE, the photoreceptor layer (PL) consisting of the outer (OSs) and inner segments (ISs),
the layer of nuclei of photoreceptor cells (outer nuclear layer—ONL), and the middle of the
outer plexiform layer (OPL) where the synapsis between photoreceptors and the bipolar
and horizontal cells take form [12,13]. The inner retina includes the inner part of OPL, the
inner nuclear layer (INL) constituted by the nuclei of bipolar, amacrine, horizontal, and
Müller cells, the inner plexiform layer (IPL) where bipolar, amacrine, and ganglion cells
connect each other, the ganglion cell layer (GCL) containing the nuclei of retinal ganglion
cells (RGCs), the nerve fiber layer (NFL), predominantly formed by the axons of ganglion
cells, retinal vessel, and glial cells, and the inner limiting membrane (ILM) [12,13].

Retina metabolism is the highest of the total central nervous system and the lack of
oxygen under hypoxic conditions is thought to have a direct detrimental effect on visual
function and to be pivotal for retinal disease [14–16]. The retina of mouse, man, and other
mammals is nourished by two different vascular systems, a vascular plexus from the
central retina artery (from the inner side of the retina) and choriocapillaris (from the outer
side of the retina) separated from the RPE by the Bruch’s membrane, an elastic membrane
composed by five layers [10,12,13,16]. In this particular context, the retina developed
complex mechanisms to cope with the lack of vessels in the most energy-consuming
area [17].

The complex structural and functional nature of the retina makes such tissue extremely
vulnerable to aberration due to any kind of injury [3,5]. In fact, the retina has to respond to
a series of environmental insults to whom is commonly exposed, including light-induced
stress and oxidative stress and, because of the high metabolic activity of the tissue, it is
particularly susceptible to variation of oxygen and nutrient availability [5].

Retinal neurodegenerative diseases are different pathologies in terms of etiology and
clinical presentation [5]. Affecting 1 in 4000 people worldwide and being the principal
cause of complete vision loss, RP constitutes a family of genetic retinal diseases that can
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add up to 250 gene mutations [18]. During the early stages, the patients suffer a reduction
in night vision and peripheral vision due to the increased apoptotic death rate of rod
photoreceptors, as the disease progresses eyesight becomes poorer and reduced to the
central vision field, leading, eventually, to blindness [19]. A more complex disease is AMD,
which commonly affects central vision. Initiated by a lipid and protein accumulation in the
Bruch’s membrane, these form extracellular deposits known as drusen in the space between
the RPE and the membrane, that gradually induce geographic atrophy characterized by
choroid layer neovascularization and angiogenesis (only present on the wet form of the
disease), loss of RPE, and, ultimately, by photoreceptors death [20]. On the other side,
diseases affecting ganglion cells, such as glaucoma, may leave photoreceptors intact and
completely functional, but the transmission of the visual information for processing and
interpretation is impaired [21]. Though the exact cause of glaucoma is yet to be elucidated,
the increase in the intraocular pressure has been suggested as one of the primary risk
factors [22] resulting in an ischemic event that induces apoptosis of the RGC axons at the
beginning of the optic nerve. However, other possible factors that can favor glaucoma
include metabolic stress, neuroinflammation [23], and aging [24]. Diabetic retinopathy
represents a group of ocular diseases, which could develop in diabetic people characterized
by the change in microvascular structure and the presence of more fragile capillaries
accompanied or not by neo-angiogenesis [5,6].

Despite differences in terms of etiology across the retinal neurodegenerative disease,
among them, the molecular and cellular mechanisms of degeneration show a large pattern
of similarity [3–5]. Independently from the etiology of the disease, the imbalance of the
equilibrium between production and detoxification of reactive oxygen species (ROS) is
considered the main contributor to the degeneration of the retina [3,5]. So that, genetic
or environmental conditions that increase ROS production might lead to retinal neurode-
generation and the activation of antioxidant machinery is a common response mechanism
triggered by stress at the level of both neuronal and glial cells of the retinal tissue. Aside, the
deregulated activation of programmed cell death and the inflammatory response account
for the morphological and functional impairments of retinal tissue [5].

3. Neuroglobin in the Retina

The brain was believed to lack any system able to promote the storage and/or the
diffusion of oxygen similar to what occurs in the muscle system with myoglobin (MB).
However, the discovery of NGB as a monomeric intracellular globin, that has been so named
for its preferential expression in the central and peripheral nervous system, has raised the
possibility of a myoglobin-like function of NGB [9,25]. NGB shows the typical globin fold
being conformed by 8 α-helices (A-H) forming the classical 3/3 sandwich fold ([7] and
therein reported citations). In contrast with hemoglobin (HB) and MB, NGB heme iron
is hexacoordinated in both its ferrous and ferric forms [7,26,27] with the proximal (His96,
F8) and the distal histidine (His64, E7). Therefore, the cleavage of distal His-Fe bound is
required for any exogenous ligands bindings [7,26–32]. NGB reversibly binds oxygen with
a P50 value ranging from 0.9 mmHg to 10 mmHg for human NGB and from 0.9 mmHg
to 2.2 mmHg for the murine globin ([7] and therein reported citations). Since the oxygen
binding to NGB is limited by the cleavage of the distal histidine in the hexacoordinated
status, the actual oxygen affinity for NGB is considered to be around 1 mmHg such
as for MB [7,9,29]. Consequently, data evidencing the low intracellular concentration
(~1 µM) of the globin in the total brain ruled out the possibility of a NGB function in the
delivery/storage of oxygen in neurons [33]. Despite this, in a pioneering study, Schmidt and
collaborators (2003) first evidenced that the NGB levels in retinal extracts from mice were
100-fold higher with respect to total brain extracts estimating a NGB concentration in the
retina in the range of 100 to 200 µM, comparable to MB levels in muscle and accountable for
a possible NGB function in the transport or short-term storage of oxygen [34]. In the same
research, the analysis of the cellular and subcellular distribution of NGB in the retina layers
found a strong localization of NGB mRNA in the inner segments of the photoreceptors layer,
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the outer and inner nuclear layers, and in the ganglion cell layer of the retina, whereas lower
signals were detected in the plexiform layers and no signal was evidencing in the outer
segment of photoreceptor and pigment epithelium [34]. On the other side, the evaluation
of NGB protein expression in the retina layers has indicated a differential distribution with
respect to those observed for mRNA. In particular, the highest protein levels have been
found in both the outer and inner plexiform layers, probably due to a redistribution of the
NGB protein after translation, whereas the mRNA and protein expression coincided at the
levels of the inner segments of photoreceptors and ganglion cells [34]. Accordingly, other
reports have lately shown a comparable NGB distribution in rodent retinal layers [16,35–39]
adding a functional connection between NGB and mitochondria as evidenced by the NGB
co-localization with mitochondrial proteins [16,37] or the presence of the globin directly
inside the organelle [35,38]. In addition, the globin staining at the margin of inner nuclear
layers toward the plexiform layer has been hypothesized to have origin by NGB signal
from the mitochondria of the synaptic terminals of photoreceptors and horizontal cells [35].

Overall, NGB distribution in mouse [16,34,36,37] canine [40], rat [16,38,39], and hu-
man [41,42] retina has been reported especially in high oxygen-consuming layers of the
tissue including photoreceptors, plexiform and ganglion cell layers, whereas in zebrafish
retina, under normal conditions, NGB mRNA has been reported mainly in the amacrine
cells at the INL [43] (Table 1). Additionally, the presence of both NGB mRNA and pro-
tein were also found in mouse optic nerve and, in particular, in RGCs axons, but also in
astrocyte supporting cells [44], shifting the paradigm about the selective expression of
NGB in neuronal cell type in brain and retina [41,45,46]. The oxygen binding properties of
NGB and its expression pattern closely related to mitochondria and to cells with the higher
metabolic rate sustain a major NGB role in oxygen delivery or storage in the retina under
physiological conditions where it contributes to the oxygen flow toward mitochondria
preventing hypoxia in retinal disease (Figure 1) [16,34,39]. Furthermore, evidence of the
expression of NGB just in the outer layers of the avascular retina of guinea pig, the only part
where the aerobic metabolism can be sustained and mitochondria are present, sustained
the link between NGB and oxygen consumption [16].

Table 1. Summary of NGB mRNA/protein expression in retinal layers among different species.

Retinal Layers Species mRNA/Protein References

RPE
Dog Protein [40]

Human Protein [41]

PL Outer segments - - -

PL inner segments

Mouse mRNA/protein [16,34,36,37]

Rat Protein [16,39]

Guinea Pig Protein [16]

Dog Protein [40]

Human Protein [41,42]

ONL

Mouse mRNA [34]

Dog Protein [40]

Human Protein [41]

OPL

Mouse Protein [16,34,36,37]

Rat Protein [16]

Dog Protein [40]

Human Protein [41,42]
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Table 1. Cont.

Retinal Layers Species mRNA/Protein References

INL

Mouse mRNA [34]

Rat Protein [39]

Dog Protein [40]

Human Protein [41]

Zebrafish mRNA [43]

IPL

Mouse Protein [16,34,36,37]

Rat Protein [16]

Dog Protein [40]

Human Protein [41,42]

Zebrafish Protein [43]

GCL

Mouse mRNA/Protein [16,34,36,37,47]

Rat Protein [16,39]

Dog Protein [40]

Human Protein [41,42]

NFL
Rat Protein [38]

Human Protein [41]

Optic nerves Rat mRNA/Protein [38,44]

However, despite a large pattern of similarities, the analysis of NGB expression and
distribution among the retinal layers have also evidenced incongruences among species
and experimental conditions (Table 1), showing, sometimes, a very restricted expression of
NGB under physiological condition in just some layers and cells type of the retina [42,47].
In addition, Hundal and collaborators in 2012 have reported that in the mouse retina
just few neurons of the ganglion layer and inner nuclear layer expressed NGB, strongly
questioned any postulated roles of NGB in the retina in terms of both oxygen homeostasis
and neuroprotection under normal conditions [25]. Recently, by the construction of a
mathematical model for the retinal oxygen distribution, it appeared that the globin is
unlikely to play a significant role in oxygen storage, whereas it may be more efficient in
the transport during stress hypoxic events than under normal physiological conditions by
increasing, for example, the oxygen transport of about the 30–40% in the inner segments of
photoreceptor and inner plexiform layer [13].

So that, despite the large number of results obtained over the years, the definition of
the exact distribution of NGB and its function in the oxygen metabolism in the retina is yet
far to be completely solved. In general, the reported discrepancies on NGB expression in
retina layers have relied on the experimental conditions and, in particular, on anti-NGB
antibodies specificity.

However, beyond the possible interspecific differences of NGB in the retina, the
peculiar property of the globin as an inducible protein whose levels and intracellular
distribution is highly modulated by physiological states [48,49], hormones (e.g., 17β-
estradiol-E2 [50,51]) and stressing condition [50,52–58] suggest a strong “plasticity” of
NGB protein and its functional outcomes. In addition, because of the vulnerability of
the retina and the cellular stress conditions, the definition of a “physiological status” of
the tissue could be limited, instead being more variable across individuals and different
situations, possibly affecting the NGB levels and distribution. In this context, it has
been reported that retinal NGB is modulated in terms of expression, protein levels, and
distribution under stressing and pathological conditions. NGB is rapidly overexpressed
under hypoxia/ischemia insults in rats [59] and mice [37], after optic nerve injury in
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mice [47] and zebrafish [42], elevated intraocular pressure (IOP) [36] and blue (453 nm)
light exposure [60] in rodent models, although the expression of the globin decrease to
the normal levels [36,43,59,60] or at lower levels at longer time of the insult [37,47,61], at
least in part due to the stress-induced retinal cell death (Table 2). Indeed, the expression
of NGB has been demonstrated to significantly drop in parallel with retinal cell death
after chemical-induced degeneration of photoreceptors [62,63] or in the mouse Harlequin
(Hq) strain which shows defects of mitochondrial respiratory chain complex I and RGCs
loss [35]. On the other side, just few human studies about the connection between NGB
levels and retinal disease have been yet performed. Among them, the increase in NGB
levels in both retina [42] and plasma [64] of patients with advanced chronic glaucoma has
been reported proposing the high globin expression as a biomarker of glaucoma disease.
On the other side, a plasma NGB downregulation in patients with diabetic retinopathy [65]
has been reported suggesting the use of NGB as an inverse biomarker with respect to what
is observed in glaucoma.

Table 2. Summary of NGB mRNA and protein levels modulation by retinal injuries/disease among different species.

Retinal
Injury/Disease Species Retinal NGB Protein Levels (with

Respect to Non-Injured Control)

Retinal NGB mRNA
Levels (with Respect

to Non-
Injured Control)

Plasma NGB Levels References

Hypoxia/Ischemia

Rat Increase 1–15 min after the insults
No change >20 min after the insults - - [59]

Rat Decrease at days 7 and 30 post
hypoxia - - [61]

Mouse
Increase 12 h after ischemia

Decrease from da 1 to day 7 after
ischemia

Decrease from day 1
to day

7 after ischemia
- [37]

Glaucomatous
damage (Elevated

intraocular
pressure- IOP)

Mouse
Increase 3 and 7 days after IOP

elevation
No change thereafter

Increase 3 and 7 days
after IOP
elevation

No change thereafter

- [36]

Light exposure Rat
Increase 1–2h after the insult (453 nM

blue light)
No change ≥ 3 h after the insult

Increase 2 h after
the insults - [60]

Optic nerve injury Mouse Increase 1 day after the injury
Decrease >2 days after the injury - - [47]

Zebrafish Increase 3 days after the injury
No change 7 days after the injury

Increase 3 days after
the injury

No change 7 days
after the injury

- [43]

N-Methyl-N-
nitrosourea (MNU)

(Selective
photoreceptor
degeneration)

Mouse Decrease from 1 day after
the treatment

Decrease from 1 day
after the treatment - [63]

Mitochondrial
Respiratory Chain

complex I defect and
RGCs loss

Harlequein
mouse strain Decrease in 6-months old mice Decrease in

6-months old mice - [35]

Chronic glaucoma Human Increase - Increase [42,64]

Diabetic retinopathy Human - - Decrease [65]

Consequently, since the inducible nature of NGB and the proposed function in the
rapid stress response aimed to preserve retinal tissue [59,60], NGB levels and intracellu-
lar/extracellular distribution could differentially reflect the retinal status and the stressing
condition (Figure 1). Therefore, the exact correlation between NGB and retinal status is
worth to be further deepened for defining NGB functionality in the retina and its possible
role as a general biomarker of retinal disease.
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Figure 1. Schematic representation of retinal NGB distribution and proposed functions under physiological and
stress/neurodegenerative conditions. In physiological condition, NGB is mainly expressed in high oxygen consum-
ing retinal layers where it could function for oxygen storage/delivery and preservation of mitochondrial functionality and
cell viability. Under stress injury, NGB protein levels are transiently induced in retina layers suggesting a role of the globin
in the acute stress response. For details, see the text. Retinal pigment epithelium (RPE), photoreceptor layer (PL), outer
nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer
(GCL), nerve fiber layer (NFL). Dotted lines represent not yet clarified functions.

4. Neuroprotective Effect of NGB in Retinal Disease

The preferential expression of NGB in the retina suggests that it can be sensitive
to multiple retinal diseases. Based on the time-dependent modulation of retinal NGB
levels under stressing conditions (Table 2), the globin might play a key compensatory
neuroprotective function in preserving retinal cells under acute stress injury, acting in
the rapid cell stress response that, in turn, could be potentially linked to the use of NGB
as a disease marker at the early stages (Figure 1) [59,60]. From this perspective, the
research went beyond the definition of the globin expression under normal and/or stressing
conditions, focusing on the effect of NGB levels manipulation to explore the physiological
and potential neuroprotective function of the globin in retinal tissue damage and diseases.
Lechauve and co-workers reported the connection between the NGB knock-down and the
decrease in RGCs survival in vitro, and the reduction in nerve fiber density, the overall
number of RGCs, and functionality of the mitochondrial respiratory complex I and III
accompanied with a visual function impairment in vivo [44]. Based on the obtained data,
authors claimed a critical role of endogenous NGB in the maintenance of mitochondrial
function and, in turn, of RGCs integrity and viability under physiological conditions [44].

Despite studies reporting no effects of lack of NGB on light-induced cellular stress
response [66] have raised doubts over the functional role of endogenous NGB in retinal
physiology, several reports demonstrated a function of NGB exogenous overexpression
in preventing retinal disease and/or in maintaining retinal structural and functional in-
tegrity upon stress exposure. Intriguingly, NGB overexpressing mice exposed to retinal
ischemia-reperfusion (IR) injury showed significant preservation of retinal thickness [37].
At subcellular levels, overexpressed NGB localized at mitochondrial levels in ganglion
cells, INL and ONL where it exerted a neuroprotective and anti-apoptotic effect under IR
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conditions by inhibiting the mitochondrial oxidative stress and caspase-3 activation [3].
This evidence sustains the idea that, as well as in brain neurons (for review see [7,8]),
up-regulated NGB could directly affect the apoptotic mitochondrial pathway. Furthermore,
in glaucoma mice models characterized by the genetic (DBA/2J mice) or experimental
induction of intraocular hypertension, the tight connection between NGB mitochondrial
location and neuroprotective effect has been demonstrated [36,67]. Indeed, the ability of
overexpressed NGB to increase the activity of mitochondrial complex I and III, accompa-
nied with attenuation of ROS production and increase in mitochondrial respiration recovery
have been related to the protective function of the globin in preventing RGC loss and nerve
fibers disappearance under glaucomatous neuronal damage [36,67]. In the mice model
of glaucoma induced by experimental ocular hypertension, NGB-induced RGCs survival
was not correlated with the preservation of visual pathway [36]. However, in the genetic
model of glaucomatous injury, gene therapy for inducing NGB overexpression improved
the cortical response to light stimulation in both mice treated before the beginning of
progressive degeneration (2-months old mice) or at an advanced stage of the disease when
the neuronal loss has begun (8-months old mice) [67]. In the latter mice, the late treatment
for inducing NGB overexpression has been reported to just preserve the remaining RGCs,
sustaining a main role of NGB in the protection of retinal neuronal cells promoting their mi-
tochondrial functionality to keep visual function in spite of previous reduction in neuronal
cells [67]. Consistently, in Hq mice, overexpressed NGB has been demonstrated to restore
the mitochondrial function and improve RGCs survival, to maintain nerve fiber integrity,
reduce the glial cell activation and, in turn, protect the visual functions [35]. Furthermore,
similar effects were also observed in mice treated with N-Methyl-N-nitrosourea (MNU), an
alkylant toxicant that causes the selective photoreceptor apoptosis in the mammalian retina,
where the induction of NGB overexpression through an adeno-associated-virus vector
ameliorated the oxidative stress and apoptotic cell death in photoreceptor cells alleviating
the morphological alteration of the retina and the visual impairments [62].

In addition to the transgenic-induced overexpression of NGB, an alternative approach
using the injection in the mouse eyes of a chimeric human-zebrafish NGB with the ability
to cross the plasma membrane, demonstrated that high levels of intracellular NGB led to a
threefold increase in survival of RGCs accompanied with a significant axon-regenerating
outgrowth after optic nerve injury [47]. Similarly, the intravitreal injections of mammalian
exogenous NGB have been described to restore the long-time decrease in endogenous NGB
after 7 days of hypoxia injury and to functionally prevent the stress-induced ganglion cell
death and microglial activation, proposing the NGB injection as a potential therapy for
retinal disease [61]. Of note, the latter results have been correlated with the intra-retinal
penetration of exogenous mammalian NGB due to the small size of the globin and they
could not exclude the possibility of a direct extracellular effect of NGB in the retinal tissue.
Indeed, despite the NGB ability to cross the membrane and to be released outside cells
have been reported just for the zebrafish globin, it has been recently shown the presence of
NGB in astrocyte-derived exosomes [68] and the function of sub-nanomolar exogenous
NGB concentration in protecting astroglial cells from oxidative stress and cell death [69].
Such new evidence strengthens the idea that mammalian NGB function is not limited to the
intracellular context but could be spread outside in the extracellular milieu functioning as
an intercellular factor under different stimulation as it occurs in breast cancer [70], widening
the vision about the NGB effects under stressing condition also in the retinal tissue.

5. NGB Level Modulation as Therapeutic Approach in Retinal Disease

Despite the efficacy of genetic and molecular approaches in up-regulating intracellular
NGB levels and enhancing its neuroprotective effects, the identification of exogenous or
endogenous inducers of NGB has been considered a valuable way to understand the molec-
ular pathways regulating NGB levels and, in turn, to deepen the NGB neuroprotective
functions aimed to preserve neuronal functionality under stressing conditions. In vitro
and in vivo evidence have demonstrated the positive effects of stressing condition in reg-
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ulating NGB levels, justifying a possible role of the globin as a key compensatory factor
in the endogenous neuroprotective pathway(s) devoted to promoting adaptive response
and resistance to death in the brain neurons [7,58,71–74], as well as in retinal cells (see
above). In addition, several hormones/growth factors (e.g., E2, erythropoietin, EPO; VEGF,
thyroid hormone) have been proven to up-regulate NGB in both neuron-derived cells
and extra-nervous cancer cells [50,75–81]. Furthermore, in line with the overarching goal
to find out exogenous molecules able to potentiate the NGB neuroprotective function,
several natural and synthetic compounds have been reported capable to modulate NGB
protein levels [7,82]. Such group comprises iron chelators such as deferoxamine [73] and
hemin [63,83], short-chain fatty acids (e.g., Cinnamic and Valproic acid) [80], non-steroidal
anti-inflammatory and anti-diabetic drugs [84,85], and a large group of plant derivatives
including naringenin, resveratrol, genistein, daidzein, Biochanin A, polydatin, and for-
mononetin [50,86,87]. Although it may be thought that NGB inducers could be effective
against retinal neurodegeneration, so far, the study of NGB induction by exogenous com-
pounds as a valuable strategy to potentiate retinal cell ability to cope with stress is quite
limited. In this context, Tao and coworkers correlated NGB up-regulation by exogenous
inducer with a neuroprotective effect in mice with RP pharmacologically induced by the
treatment with MNU. In particular, the authors have indicated that the intravenous treat-
ment with hemin restored the NGB depletion in MNU-treated mouse retina rescuing cone
photoreceptor cells and preserving the morphological and functional integrity of the retina,
as indicated by the optical coherence tomography (OCT), behavioral and electroretinogram
(ERG) examinations. On such results, the up regulation of endogenous NGB by exogenous
compounds as a potential tool for the treatment of retinal neurodegeneration has been
proposed [63].

Evidence of NGB function in preserving the neuronal cell death and visual function
when ectopically overexpressed (see above) along with the documented rapid increase in
its endogenous levels under acute stress condition [36,37,47,59,60] led to hypothesize that
the globin is required as compensatory protein for the rapid cellular response to stress. In
this context, it may be thought that any compound able to induce the globin intracellular
levels before the stress and/or in a persistent manner, could preserve retinal cells from
death and, in turn, degenerative process through a pre-conditioned mechanism (Figure 2).
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Figure 2. High levels of NGB prevent retinal degeneration. The increase in NGB protein levels in retinal layers due to
ectopic overexpression, direct treatment with exogenous NGB or with inducers of intracellular NGB (e.g., hemin), promotes
mitochondrial functionality, attenuates oxidative stress and apoptotic cell death (e.g., photoreceptor cells, retinal ganglion
cells), preserving, in turn, the visual function under stressing and/or neurodegenerative conditions. For details, see the text.
Reactive oxygen species (ROS), N-Methyl-N-nitrosourea (MNU).
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6. Conclusions

The discovery of the intracellular globin NGB has suggested its function as an oxygen
supplier and carrier protein in high metabolic active neurons including those of retinal
tissue [16,34,39]. Although evidence supports this possibility in the retinal tissue where
NGB is 100-fold more expressed [34], over the years, such an idea has been weakened
and/or considered to be limited to some retinal layers and specific stressing conditions like
hypoxia [13]. On the other hand, a broad literature supports the neuroprotective effects of
overexpressed NGB in brain neurons (for review see [7,8]). Despite the differential regula-
tion of retinal NGB level depending on both “timing” and “type” of stressing conditions
(Table 2) [36,37,47,59–61], wide evidence sustain similar roles of NGB accumulation in the
retina. In particular, evidence gathered about the effect of ectopic overexpression of NGB
in the retinal tissue, and, in particular, in RGCs, converge to define a critical function of
high induced levels of NGB in preserving retinal neuron loss and vision pathway under
different stress conditions/retinal diseases as the main consequence of the globin ability
to maintain or enhance mitochondrial functions, supporting the idea of NGB as the main
target candidate for preserve or restore retinal tissue during degeneration [35–37,47,61,67].

Based on the common mechanisms of neurodegeneration across different retinal neu-
rodegenerative diseases including oxidative stress, inflammation, and apoptosis, several
therapeutic approaches are aimed at restoring an adequate retinal environment to promote
cell viability by using compounds able to impact several biochemical pathways [5]. Among
them, the use of known anti-apoptotic agents including inducers of anti-apoptotic proteins
or activators of pro-survival pathways (e.g., extracellular signal-regulated kinases ERK)
has been successfully proved to preserve retinal structure and function under stressing con-
ditions [5]. Furthermore, the antioxidant and anti-inflammatory functionality of different
natural molecules has led to the growing use of such compounds for the treatment and/or
prevention of retinal diseases [3,5]. Despite the use of natural compounds for the treatment
of different retinal pathologies, experimental evidence indicates that the efficacy of such
treatments could not be generalized being dependent on the characteristic and timing of
neurodegeneration [3]. For this reason, the proper use of natural compounds and/or the
identification of novel similar therapeutic agents might rely on the screening of them for
the prediction of their action mechanisms and potential efficacy [3]. In this context, from
the data here reviewed two consequences derived: (a) strategies that can up-regulate the
expression of NGB are expected to be neuroprotective and, vice versa, (b) the potentiation
of NGB accumulation could be a common outcome of neuroprotective agents. In the next
future, the identification of novel therapeutic strategies for retinal degeneration and/or
the prediction of efficacy of known ones could be addressed by evaluating their impact
on NGB levels and functions, opening new perspectives in preventive and/or curative
opportunities for retinal disease.

Author Contributions: Conceptualization, M.F.; investigation, V.S.F., M.M. and M.F.; writing—
original draft preparation, V.S.F.; writing—review and editing, V.S.F., M.M. and M.F.; funding acqui-
sition, M.M. and M.F. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grant of Excellence Departments, MIUR (Legge 232/2016,
Articolo 1, Comma 314-337) to M.F. and M.M. and grant PRIN 2017 n◦2017SNRXH3 to M.M.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest.



Cells 2021, 10, 3200 11 of 14

References
1. Flaxman, S.R.; Bourne, R.R.A.; Resnikoff, S.; Ackland, P.; Braithwaite, T.; Cicinelli, M.V.; Das, A.; Jonas, J.B.; Keeffe, J.;

Kempen, J.H.; et al. Global Causes of Blindness and Distance Vision Impairment 1990–2020: A Systematic Review and Meta-
Analysis. Lancet Glob. Health 2017, 5, e1221–e1234. [CrossRef]

2. Bourne, R.; Steinmetz, J.D.; Flaxman, S.; Briant, P.S.; Taylor, H.R.; Resnikoff, S.; Casson, R.J.; Abdoli, A.; Abu-Gharbieh, E.;
Afshin, A.; et al. Trends in Prevalence of Blindness and Distance and near Vision Impairment over 30 Years: An Analysis for the
Global Burden of Disease Study. Lancet Glob. Health 2021, 9, e130–e143. [CrossRef]

3. Piano, I.; Di Paolo, M.; Corsi, F.; Piragine, E.; Bisti, S.; Gargini, C.; Di Marco, S. Retinal Neurodegeneration: Correlation between
Nutraceutical Treatment and Animal Model. Nutrients 2021, 13, 770. [CrossRef] [PubMed]

4. Usategui-Martin, R.; Fernandez-Bueno, I. Neuroprotective Therapy for Retinal Neurodegenerative Diseases by Stem Cell
Secretome. Neural Regen. Res. 2021, 16, 117. [CrossRef] [PubMed]

5. Cuenca, N.; Fernández-Sánchez, L.; Campello, L.; Maneu, V.; De la Villa, P.; Lax, P.; Pinilla, I. Cellular Responses Following
Retinal Injuries and Therapeutic Approaches for Neurodegenerative Diseases. Prog. Retin. Eye Res. 2014, 43, 17–75. [CrossRef]
[PubMed]

6. Micera, A.; Balzamino, B.O.; Di Zazzo, A.; Dinice, L.; Bonini, S.; Coassin, M. Biomarkers of Neurodegeneration and Precision
Therapy in Retinal Disease. Front. Pharmacol. 2020, 11, 2028. [CrossRef] [PubMed]

7. Ascenzi, P.; di Masi, A.; Leboffe, L.; Fiocchetti, M.; Nuzzo, M.T.; Brunori, M.; Marino, M. Neuroglobin: From Structure to Function
in Health and Disease. Mol. Asp. Med. 2016, 52, 1–48. [CrossRef]

8. Fiocchetti, M.; Cracco, P.; Montalesi, E.; Solar Fernandez, V.; Stuart, J.A.; Marino, M. Neuroglobin and Mitochondria: The Impact
on Neurodegenerative Diseases. Arch. Biochem. Biophys. 2021, 701, 108823. [CrossRef]

9. Burmester, T.; Weich, B.; Reinhardt, S.; Hankeln, T. A Vertebrate Globin Expressed in the Brain. Nature 2000, 407, 520–523.
[CrossRef]

10. Hildebrand, G.D.; Fielder, A.R. Anatomy and Physiology of the Retina. In Pediatric Retina; Reynolds, J., Olitsky, S., Eds.; Springer:
Berlin/Heidelberg, Germany, 2011; pp. 39–65; ISBN 978-3-642-12041-1.

11. Hallinan, J.T.P.D.; Pillay, P.; Koh, L.H.L.; Goh, K.Y.; Yu, W.-Y. Eye Globe Abnormalities on MR and CT in Adults: An Anatomical
Approach. Korean J. Radiol. 2016, 17, 664. [CrossRef]

12. Willermain, F.; Libert, S.; Motulsky, E.; Salik, D.; Caspers, L.; Perret, J.; Delporte, C. Origins and Consequences of Hyperosmolar
Stress in Retinal Pigmented Epithelial Cells. Front. Physiol. 2014, 5. [CrossRef] [PubMed]

13. Roberts, P.A.; Gaffney, E.A.; Luthert, P.J.; Foss, A.J.E.; Byrne, H.M. Retinal Oxygen Distribution and the Role of Neuroglobin. J.
Math. Biol. 2016, 73, 1–38. [CrossRef] [PubMed]

14. Ames, A. Energy Requirements of CNS Cells as Related to Their Function and to Their Vulnerability to Ischemia: A Commentary
Based on Studies on Retina. Can. J. Physiol. Pharmacol. 1992, 70 (Suppl. S1), S158–S164. [CrossRef] [PubMed]

15. Wong-Riley, M. Energy Metabolism of the Visual System. Eye Brain 2010, 2, 99–116. [CrossRef] [PubMed]
16. Bentmann, A.; Schmidt, M.; Reuss, S.; Wolfrum, U.; Hankeln, T.; Burmester, T. Divergent Distribution in Vascular and Avascular

Mammalian Retinae Links Neuroglobin to Cellular Respiration. J. Biol. Chem. 2005, 280, 20660–20665. [CrossRef] [PubMed]
17. Dowling, J.E. Review of The Retina: An Approachable Part of the Brain; The Belknap Press (Harvard University Press): Cambridge,

MA, USA, 1987; ISBN 0-674-76680-6.
18. Daiger, S.P.; Sullivan, L.S.; Bowne, S.J. Genes and Mutations Causing Retinitis Pigmentosa. Clin. Genet. 2013, 84, 132–141.

[CrossRef]
19. Parmeggiani, F. Editorial [Hot Topic: Clinics, Epidemiology and Genetics of Retinitis Pigmentosa (Guest Editor: Francesco

Parmeggiani)]. Curr. Genom. 2011, 12, 236–237. [CrossRef]
20. Bhutto, I.; Lutty, G. Understanding Age-Related Macular Degeneration (AMD): Relationships between the Photoreceptor/Retinal

Pigment Epithelium/Bruch’s Membrane/Choriocapillaris Complex. Mol. Asp. Med. 2012, 33, 295–317. [CrossRef]
21. Pang, I.-H.; Clark, A.F. Rodent Models for Glaucoma Retinopathy and Optic Neuropathy. J. Glaucoma 2007, 16, 483–505. [CrossRef]
22. Nguyen, T.D.; Ethier, C.R. Biomechanical Assessment in Models of Glaucomatous Optic Neuropathy. Exp. Eye Res.

2015, 141, 125–138. [CrossRef]
23. Nickells, R.W.; Howell, G.R.; Soto, I.; John, S.W.M. Under Pressure: Cellular and Molecular Responses During Glaucoma, a

Common Neurodegeneration with Axonopathy. Annu. Rev. Neurosci. 2012, 35, 153–179. [CrossRef] [PubMed]
24. Weinreb, R.N.; Aung, T.; Medeiros, F.A. The Pathophysiology and Treatment of Glaucoma: A Review. JAMA 2014, 311, 1901–1911.

[CrossRef]
25. Hundahl, C.A.; Fahrenkrug, J.; Luuk, H.; Hay-Schmidt, A.; Hannibal, J. Restricted Expression of Neuroglobin in the Mouse Retina

and Co-Localization with Melanopsin and Tyrosine Hydroxylase. Biochem. Biophys. Res. Commun. 2012, 425, 100–106. [CrossRef]
[PubMed]

26. Guimarães, B.G.; Hamdane, D.; Lechauve, C.; Marden, M.C.; Golinelli-Pimpaneau, B. The Crystal Structure of Wild-Type Human
Brain Neuroglobin Reveals Flexibility of the Disulfide Bond That Regulates Oxygen Affinity. Acta Crystallogr. Sect. D 2014,
70, 1005–1014. [CrossRef]

27. Dewilde, S.; Kiger, L.; Burmester, T.; Hankeln, T.; Baudin-Creuza, V.; Aerts, T.; Marden, M.C.; Caubergs, R.; Moens, L. Bio-
chemical Characterization and Ligand Binding Properties of Neuroglobin, a Novel Member of the Globin Family. J. Biol. Chem.
2001, 276, 38949–38955. [CrossRef]

http://doi.org/10.1016/S2214-109X(17)30393-5
http://doi.org/10.1016/S2214-109X(20)30425-3
http://doi.org/10.3390/nu13030770
http://www.ncbi.nlm.nih.gov/pubmed/33673449
http://doi.org/10.4103/1673-5374.283498
http://www.ncbi.nlm.nih.gov/pubmed/32788461
http://doi.org/10.1016/j.preteyeres.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25038518
http://doi.org/10.3389/fphar.2020.601647
http://www.ncbi.nlm.nih.gov/pubmed/33584278
http://doi.org/10.1016/j.mam.2016.10.004
http://doi.org/10.1016/j.abb.2021.108823
http://doi.org/10.1038/35035093
http://doi.org/10.3348/kjr.2016.17.5.664
http://doi.org/10.3389/fphys.2014.00199
http://www.ncbi.nlm.nih.gov/pubmed/24910616
http://doi.org/10.1007/s00285-015-0931-y
http://www.ncbi.nlm.nih.gov/pubmed/26370669
http://doi.org/10.1139/y92-257
http://www.ncbi.nlm.nih.gov/pubmed/1295666
http://doi.org/10.2147/EB.S9078
http://www.ncbi.nlm.nih.gov/pubmed/23226947
http://doi.org/10.1074/jbc.M501338200
http://www.ncbi.nlm.nih.gov/pubmed/15793311
http://doi.org/10.1111/cge.12203
http://doi.org/10.2174/138920211795860080
http://doi.org/10.1016/j.mam.2012.04.005
http://doi.org/10.1097/IJG.0b013e3181405d4f
http://doi.org/10.1016/j.exer.2015.05.024
http://doi.org/10.1146/annurev.neuro.051508.135728
http://www.ncbi.nlm.nih.gov/pubmed/22524788
http://doi.org/10.1001/jama.2014.3192
http://doi.org/10.1016/j.bbrc.2012.07.061
http://www.ncbi.nlm.nih.gov/pubmed/22820193
http://doi.org/10.1107/S1399004714000078
http://doi.org/10.1074/jbc.M106438200


Cells 2021, 10, 3200 12 of 14

28. Hamdane, D.; Kiger, L.; Dewilde, S.; Green, B.N.; Pesce, A.; Uzan, J.; Burmester, T.; Hankeln, T.; Bolognesi, M.; Moens, L.; et al.
The Redox State of the Cell Regulates the Ligand Binding Affinity of Human Neuroglobin and Cytoglobin. J. Biol. Chem. 2003,
278, 51713–51721. [CrossRef]

29. Pesce, A.; Dewilde, S.; Nardini, M.; Moens, L.; Ascenzi, P.; Hankeln, T.; Burmester, T.; Bolognesi, M. The Human Brain
Hexacoordinated Neuroglobin Three-Dimensional Structure. Micron 2004, 35, 63–65. [CrossRef]

30. Vallone, B.; Nienhaus, K.; Brunori, M.; Nienhaus, G.U. The Structure of Murine Neuroglobin: Novel Pathways for Ligand
Migration and Binding. Proteins Struct. Funct. Bioinform. 2004, 56, 85–92. [CrossRef]

31. Ascenzi, P.; Gustincich, S.; Marino, M. Mammalian Nerve Globins in Search of Functions. IUBMB Life 2014, 66, 268–276. [CrossRef]
[PubMed]

32. Nicolis, S.; Monzani, E.; Ciaccio, C.; Ascenzi, P.; Moens, L.; Casella, L. Reactivity and Endogenous Modification by Nitrite and
Hydrogen Peroxide: Does Human Neuroglobin Act Only as a Scavenger? Biochem. J. 2007, 407, 89–99. [CrossRef]

33. Burmester, T.; Hankeln, T. What Is the Function of Neuroglobin? J. Exp. Biol. 2009, 212, 1423–1428. [CrossRef]
34. Schmidt, M.; Giessl, A.; Laufs, T.; Hankeln, T.; Wolfrum, U.; Burmester, T. How Does the Eye Breathe? Evidence for neuroglobin-

mediated oxygen supply in the mammalian retina. J. Biol. Chem. 2003, 278, 1932–1935. [CrossRef] [PubMed]
35. Lechauve, C.; Augustin, S.; Cwerman-Thibault, H.; Reboussin, É.; Roussel, D.; Lai-Kuen, R.; Saubamea, B.; Sahel, J.-A.; Debeir, T.;

Corral-Debrinski, M. Neuroglobin Gene Therapy Prevents Optic Atrophy and Preserves Durably Visual Function in Harlequin
Mice. Mol. Ther. 2014, 22, 1096–1109. [CrossRef] [PubMed]

36. Wei, X.; Yu, Z.; Cho, K.-S.; Chen, H.; Malik, M.T.A.; Chen, X.; Lo, E.H.; Wang, X.; Chen, D.F. Neuroglobin Is an Endogenous
Neuroprotectant for Retinal Ganglion Cells against Glaucomatous Damage. Am. J. Pathol. 2011, 179, 2788–2797. [CrossRef]
[PubMed]

37. Chan, A.S.Y.; Saraswathy, S.; Rehak, M.; Ueki, M.; Rao, N.A. Neuroglobin Protection in Retinal Ischemia. Investig. Ophthalmol. Vis.
Sci. 2012, 53, 704–711. [CrossRef] [PubMed]

38. Lechauve, C.; Augustin, S.; Cwerman-Thibault, H.; Bouaita, A.; Forster, V.; Célier, C.; Rustin, P.; Marden, M.C.; Sahel, J.-A.;
Corral-Debrinski, M. Neuroglobin Involvement in Respiratory Chain Function and Retinal Ganglion Cell Integrity. Biochim.
Biophys. Acta (BBA)-Mol. Cell Res. 2012, 1823, 2261–2273. [CrossRef]

39. Lechauve, C.; Rezaei, H.; Celier, C.; Kiger, L.; Corral-Debrinski, M.; Noinville, S.; Chauvierre, C.; Hamdane, D.; Pato, C.;
Marden, M.C. Neuroglobin and Prion Cellular Localization: Investigation of a Potential Interaction. J. Mol. Biol. 2009, 388,
968–977. [CrossRef] [PubMed]
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