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The balance between neuronal apoptosis and survival sculpts the developing brain and has an important role in
neurodegenerative diseases. Thus, the individuation of signals that could modulate the cell death machinery as
well as enhance survival in neurons promises to provide multiple points of therapeutic intervention in neurode-
generative diseases. Neuroglobin (NGB), the first nerve globin identified in neuronal tissues of humans, seems to
possess a protective role in the brain only after up-regulation. Here, the NGB physiological role in the control of
neuronal survival is reviewed. In vitro studies suggested that cytosolic NGB could react very rapidly with cyto-
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Nejl/.ll'oglobin chrome c released from mitochondria, thus interfering with the intrinsic pathway of apoptosis. Although very
Neuroprotection suggestive, these data do not explain either the role of NGB up-regulation in neuroprotection or the recently
Apoptosis reported NGB localization into mitochondria. Recently, we identified the steroid hormone 17(-estradiol (E2)

Signal transduction pathways as an endogenous modulator of NGB levels in neuroblastoma SK-N-BE cell line. Upon E2 stimulation, NGB
reallocates mainly into mitochondria where the association with the mitochondrial cytochrome c occurs.
Remarkably, E2 treatment before an apoptotic stimulus strongly enhances the NGB:cytochrome c association re-
ducing cytochrome c release into the cytosol. As a consequence, a decrease of caspase-3 activation and, in turn, of
the apoptotic cascade activation take place. Besides E2, other compounds have been reported to up-regulate the
NGB expression highlighting the possibility to develop NGB-mediated therapeutic strategies against stroke dam-
age and neurodegenerative diseases. This article is part of a Special Issue entitled: Oxygen Binding and Sensing
Proteins.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In multicellular organisms, cell death and cell survival/proliferation
are balanced. Animal development is characterized by rapid prolifera-
tion of embryonic cells which then differentiate to specialized cells of
adult tissues and organs. This complex process of development in-
volves not only cell proliferation and differentiation but also cell
death. In adult organism, cell death must be balanced by cell renewal
and most tissues contain stem cells that are able to replace those that
have been lost [1,2].

Abbreviations: AP, amyloid-> peptides; APAF-1, apoptotic protease-activating
factor-1; E2, 173-estradiol; ER, estrogen receptor; ER{, estrogen receptor [3; ERE, estro-
gen responsive elements; HIF-1, hypoxia-inducible factor-1; mPTP, mitochondria per-
meability transition pore; NGB, neuroglobin; NGB-Tg mice, NGB-over-expressing
transgenic mice; TAT protein, trans-activator of the transcription protein; TAT-NGB,
trans-activator of the transcription and NGB; VDAC, voltage-dependent anion channel;
VEGF, vascular endothelial growth factor
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Mammalian neurons are the most long-lived cell types in the body.
In the early phases of the nervous system development, a great number
of neurons is generated. After a selective period regulated by massive
cell death during development, the same neuronal population is con-
stantly maintained during life. Thus, neuronal cell death is the cardinal
feature of brain development [1,3]. On the other hand, neuronal survival
requires the support of trophic factors which derive from neighboring
cells; only those neurons that succeed in establishing correct synaptic
connections would obtain stimuli to allow their preservation. According
to this idea, neuronal survival requires positive signals suggesting that
death is the default fate of neurons [4].

Apoptosis continues throughout life and represents the central
mechanism to remove surplus, damaged, and aged cells. Deregulation
of the normal apoptotic pathway may play an important role in cancers
and various pathologies of the central nervous system. A variety of
human neuronal disorders, like as Alzheimer's and Huntington's dis-
eases and amyotrophic lateral sclerosis, are characterized by the gradual
loss of a specific subset of neurons via several mechanisms including the
lack of specific neurothrophic hormones, calcium influx, oxidative
stress and excitotoxicity or a combination of these [5-7]. Considering
the central role of neuronal apoptosis in diseases of the central nervous
system, several research groups are now focused on the prospect of
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developing effective therapeutic strategies based on the modulation of
this physiological process.

Neuroglobin (NGB), a globin family member, is a monomeric
hexa-coordinated heme protein of 17 kDa predominantly expressed
in neurons of the central and peripheral nervous system but also recog-
nized in non-neuronal tissues [8-10]. During the past decade, the
neuroprotective roles of NGB in a wide range of neurological disorders
have been demonstrated. In particular, high NGB levels inversely corre-
late with the severity of functional deficits linked to neurological dis-
eases as well as with neuron death [8,11-16]. Despite these data, the
underlying molecular mechanism(s) remains undefined. NGB-induced
plasma membrane-starting signals, NGB:protein interactions into the
cytosol, and, more recently, NGB interaction with mitochondrial proteins
have all been evoked as the bases of NGB's neuroprotection.

Here, molecular mechanisms involved in NGB's neuroprotection
with particular attention to mitochondrial pathways committed to apo-
ptosis and cell survival are reviewed taking into account both in vitro
and in vivo studies.

2. NGB levels and neuroprotection

The brain is usually exposed to a wide variety of stimuli and can
activate several endogenous protection pathways in which a large
number of proteins, including hypoxia-inducible factor-1 (HIF-1),
pyruvate dehydrogenase kinase 1, and NGB, are directly involved
[17]. Strategies which up-regulate the expression of these macro-
molecules are expected to be neuroprotective. Remarkably, NGB is
a neuroprotective molecule which over-expression could protect
cultured neurons and the animal nervous system against several in-
sults [12,15,18-20].

In this respect, the antisense-mediated knock-down of NGB ren-
dered cortical neurons more vulnerable to hypoxia and to oxidative
stress, whereas the over-expression of NGB conferred protection to
cultured neurons against hypoxia eliminating hypoxia-induced
mitochondrial aggregation and neuron death [15,21-24]. Similar ef-
fects were observed in human neuroblastoma cell lines SH-SY5Y in
which the NGB over-expression enhanced cell survival under condi-
tions of either anoxia or glucose deprivation [14,25].

In primary cultured mouse cortical neurons, NGB over-expression
reduces the generation of superoxide anion after a hypoxic insult sig-
nificantly improving glutathione levels compared with wild type con-
trols [26]. Besides O, binding, NGB can also bind and scavenge NO
protecting neurons against NO-induced neurotoxicity [21,27]. More-
over, NGB over-expression is associated with reduced reactive oxy-
gen and nitrogen specie production, reduced neuronal injury and
lipid peroxidation in a mouse model of ischemia-reperfusion injury
[28].

In NGB-over-expressing transgenic (NGB-Tg) mice, the cerebral
infarct size after middle cerebral artery occlusion (MCAO) is reduced
by 30% compared with wild type controls [13]. Reduction of brain in-
farction in NGB-Tg mice can be sustained up to 14 days after ischemia
compared with wild type controls [29] suggesting that NGB over-
expression is neuroprotective against transient focal cerebral ische-
mia [19]. Recently, NGB was delivered to the mouse brain by using
the 11-amino-acid human immunodeficiency virus trans-activator
of the transcription protein transduction domain (TAT-NGB). In a
mild MCAO mouse model, pre-treatment with TAT-NGB protected
brain tissue from ischemic stroke, but no beneficial outcome was ob-
served if the TAT-NGB was administered 2 h after ischemia onset,
suggesting that the NGB-over-expression might be beneficial for
early stroke treatment and for stroke prevention [20,30]. However,
some questions have been raised concerning the capacity of NGB to
provide general protection to neurons in vivo [31]. In fact, the infarct
volume in NGB-null mice was significantly smaller than in wild type
controls 24 h after permanent middle cerebral artery occlusion,

suggesting that NGB is not protective against ischemic injury, at
least at the endogenous expression level [32].

NGB over-expression is also protective against other models of
neurological disorders. In fact, by using double transgenic mice
expressing a mutant form of human amyloid precursor protein asso-
ciated with familiar Alzheimer's disease and over-expressing NGB, it
has been shown that NGB over-expression inhibits Alzheimer's
disease-related raft aggregation, membrane polarization, and associat-
ed neuronal death. Moreover, these mice produce reduced amounts of
amyloid-p peptides AB(1-40) and AB(1-42), and amyloid plaques in
the brain [33].

As a whole these data point to NGB as one of the endogenous
neuroprotective proteins which high levels could protect neurons
against death induced by oxidative stress, mitochondrial pathologies,
and neurotoxicity.

3. Physiological and pharmacological induction of
neuroglobin expression

NGB is principally found in highly metabolically active cells and
certain specialized cells, such as neurons of the hypothalamus and
in retinal cells [16,34-36]. Under physiological conditions all or at
least most neurons of the central nervous system express a low NGB
concentration (<1 puM in the mouse brain) [8,9] with the exception
of neuronal retina cells in which NGB levels is about 50- to 100-fold
higher [8]. Under normal conditions, NGB is barely expressed in rest-
ing astrocytes. However, in murine models of traumatic brain injury,
cerebral malaria, and experimental autoimmune encephalitis, the
NGB expression increases in reactive astrocytes found within brain
regions near the pathologies [37]. More recently, NGB immunoreac-
tivity in reactive astrocytes located in proximity of a penetrating cor-
tical injury has been confirmed in mouse primary cortical astrocytes
[38]. In cell culture systems, NGB expression is moderately induced
by hypoxia (27), H,0, toxicity (49), and lipopolysaccharide [38].
These data suggest that NGB is a stress-inducible protein that could
behave as a compensatory protein responding to injuring stimuli.

In vivo, however, no differences in NGB levels in murine models of
traumatic brain injury, cerebral malaria, experimental autoimmune
encephalitis, hypoxia have been found [8,31,37], insinuating uncer-
tainty that NGB is a stress-inducible protein. Nonetheless, the NGB
over-expression confers protection against oxidative stress and en-
hances cell survival under anoxia and ischemic condition in vivo and
cultured neurons [13,15,16,39,40]. Because NGB, like other proteins,
does not cross cell membranes [41], its direct administration is not
a realistic therapeutic strategy. Therefore, substances which increase
NGB levels might have a great therapeutic benefit in brain disorders.

The NGB expression can be enhanced experimentally by cobalt,
deferoxamine, hemin, and certain short chain fatty acids, valproic
and cinnamic acids [42,43]. Valproic acid is a commonly used drug
to treat seizures and bipolar mood disorder; however, it is unclear
whether NGB induction plays a role in valproic acid neuroprotection.
Cinnamic acid is a natural fatty acid obtained from cinnamon oil, but
negative result of cinnamic acid in protection against Ap-induced
toxicity in a rat-derived neuronal cell line has been reported [20]. In
addition, the high concentration of these substances (0.1 to 1 mM)
requested to increase NGB levels poses serious doubts on the possible
side effects of these compounds in the brain.

NGB levels are also enhanced by HIF-1 [44], although apparently
indirectly, as the NGB promoter lacks HIF-1-binding hypoxia-response
elements [45]. More recently, it has been reported that treatment
with the vascular endothelial growth factor (VEGF) increases NGB pro-
tein expression in cortical neuron cultures, with maximal (about three-
fold) enhancement at 20 ng/ml of VEGF. In turn, VEGF, via VEGFR2/Flk1
receptors, induces HIF-1a expression which could account for the indi-
rect induction of NGB [42]. Although both VEGF and NGB participate in
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