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Abstract: Cell death associated with mitochondrial dysfunction is common in acute
neurological disorders and in neurodegenerative diseases. Neuronal apoptosis is regulated
by multiple proteins, including neuroglobin, a small heme protein of ancient origin.
Neuroglobin is found in high concentration in some neurons, and its high expression has
been shown to promote survival of neurons in vitro and to protect brain from damage by
both stroke and Alzheimer’s disease in vivo. Early studies suggested this protective role
might arise from the protein’s capacity to bind oxygen or react with nitric oxide. Recent
data, however, suggests that neither of these functions is likely to be of physiological
significance. Other studies have shown that neuroglobin reacts very rapidly with
cytochrome ¢ released from mitochondria during cell death, thus interfering with the
intrinsic pathway of apoptosis. Systems level computational modelling suggests that the
physiological role of neuroglobin is to reset the trigger level for the post-mitochondrial
execution of apoptosis. An understanding of the mechanism of action of neuroglobin might
thus provide a rational basis for the design of new drug targets for inhibiting excessive
neuronal cell death.

Keywords: neuroglobin; apoptosis; mitochondria; cytochrome ¢; systems biology




Int. J. Mol. Sci. 2010, 11 2307

1. Mitochondrial Pathway of Cell Death—A Target for Neuroprotection

A number of neuro-pathological conditions are associated with cell death. In ischemic stroke, vessel
occlusion is followed by glucose and oxygen deprivation. In the umbra, immediately surrounding the
site of insult, cell death is relatively rapid, whereas in the much larger penumbral region cell death may
occur over a period of days. Acute death within the umbra is predominantly by necrosis whilst death
within the ischaemic penumbra is apoptotic. The exact fraction of cells which die from apoptosis, as
compared with other forms of cell death which are not dependent on caspase activation (e.g., necrosis
or cell death dependent on autophagy genes), is variable. Irrespective of the morphological features of
neuronal cell death, it is often associated with mitochondrial dysfunctions [1]. Moreover,
mitochondrial dysfunctions represent an early event in many neurodegenerative diseases, including
Alzheimer’s, Parkinson’s, and Huntington’s disease as well as amyotrophic lateral sclerosis [2].
Multiple proteins regulate the mitochondrial pathway of cell death, both up-stream and down-stream of
mitochondria, generating a complex signalling network that functions to buffer limited stress signals
and maintain homeostasis, protecting post-mitotic neurons from excessive death. The Bcl-2 family of
proteins regulates events up-stream of mitochondria, weighing the pro-survival signals against the
stress/damage signals [3]. If the latter prevail, the mitochondrial membrane is permeabilized, which
leads to deterioration of the bioenergetic functions of mitochondria, overproduction of reactive oxygen
species (ROS), as well as the release of pro-apoptotic molecules such as cytochrome ¢ from the
inter-membrane space of the mitochondria into the cytosol. Following its release from the
mitochondria, cytochrome ¢ binds to Apaf-1, and in the presence of ATP promotes oligomerisation of
Apaf-1 into the caspase 9-activating platform called the apoptosome (Figure 1). Downstream of
mitochondria the pathway is regulated not only by the formation of the apoptosome, but also by
positive and negative feedback loops involving active and inactive caspases and a number of additional
proteins from the IAP (inhibitor of apoptosis) family, such as X-linked IAP (XIAP) [4] (Figure 1). The
cooperative action of all these molecules ensures fail-safe mechanisms, i.e., cells only commit to death
if stress signal overcomes all the protective measures, but try to recover if only a portion of
pro-survival factors is affected. Identification of new regulatory proteins expressed in neurons may
allow for specific intervention in this process, by means of tipping the balance in favour of cell
survival, and represents a promising avenue for neuroprotection.

2. Neuroglobin Is an Evolutionarily Conserved Neuroprotective Protein

Although the presence of globin protein in the nerves of invertebrates was reported as long ago as
1872 [5] it was not until 2000 that Burmester et al. [6] convincingly showed the presence of such a
protein in the neural tissues of the mouse, leading to the designation — neuroglobin. Neuroglobin has
since been thoroughly characterised and shown to be a 17 kDa molecular weight, single peptide
member of the globin super family, exhibiting the same basic structure as the other vertebrate
members with a 3 on 3 globin fold, binding a single heme group [7-9]. The main structural difference
between neuroglobin and the other members of the family is the presence of a predominantly
bis-histidine, 6 co-ordinate, structure at the heme binding site. This form of the protein is in
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equilibrium with a very small fraction of a mono-histidine, 5 coordinate form which is reactive with all
the gaseous ligands normally associated with globin function [10-13].

Figure 1. The intrinsic pathway of apoptosis. Mitochondrial pathway of cell death is
triggered by a number of internal and external stimuli, and heavily regulated by proteins
both up-stream and down-stream of mitochondria. Pre-mitochondrial events that regulate
mitochondrial outer membrane permeabilisation (MOMP) in neurons include increase in
Ca”" and reactive oxygen species (ROS) levels. MOMP is tightly regulated by the
multi-protein Bcl-2 family, which consists of both anti- and pro-apoptotic members.
Down-stream of mitochondria, the pathway is regulated by the low-probability event of
apoptosome assembly, as well as positive and negative feedback loops involving caspase 3
and 9, and inhibitor of apoptosis proteins such as XIAP. Cytochrome ¢ is a key protein,
initiating apoptosome assembly and activation of caspase cascade. Neuroglobin binding to
and reduction of cytochrome C interferes with the mitochondrial pathway of apoptosis
immediately down-stream of mitochondria, affecting all types of up-stream stress signals.
Lines in red represent inhibitory effects.
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Neuroglobin shares little amino acid sequence homology with myoglobin, haemoglobin and
cytoglobin (Figure 2a) but its amino acid sequence is highly conserved between species (Figures 2b
and c). Phylogenetic analysis indicates a very ancient lineage for this protein, with the other vertebrate
globins having diverged from neuroglobin more than 600M years ago [14]. Although neuroglobin has
been widely reported as being expressed in brain neurons, its detailed distribution in the mouse brain
has only recently been published [17]. From these studies it is clear that neuroglobin is present at high
concentration in relatively few areas of the mouse brain, including piriform cortex, amygdale,
hypothalamus, arcuate nucleus, habenular nuclei, laterodorsal tegmental nucleus, pedunculopontine
tegmental nucleus, locus coeruleus, nucleus of the solitary tract and the spinal trigeminal nucleus, and
is expressed at highest concentrations in orexin stimulated neurons [17]. The level of neuroglobin in
the human brain has also recently been reported [18]. The highest levels were found in the cerebral
cortex and caudatoputamen, and intermediate levels were found in the cerebellum, substantia nigra and
medulla, a distribution similar to that previously reported for neuroglobin mRNA [6].

Figure 2. Neuroglobin shares little amino acid sequence homology with other family
members and is highly conserved throughout species. Protein alignment of neuroglobin
and (@) other human globin family members or (b) showing homology between species.
Residues marked in red match the consensus, residues in blue are weakly conserved.
Protein alignments were performed using MultAlin ver 5.4.1 [15]. (c) Phylogenetic tree
representing conservation of neuroglobin throughout evolution. Phylogenetic analysis was
performed using Phylogeny.fr. [16].
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An ancient origin and extreme conservation of neuroglobin’s amino acid sequence, combined with
its neuronal localization [6,17], has been taken as indicative of a very specific and crucial role for this
protein. Several studies have associated genetic polymorphisms within the human neuroglobin gene
with neuroprotection [19-21], and decreased expression of neuroglobin in older people, in women, or
associated with single nucleotide polymorphism has been linked to increased risk of Alzheimer’s
disease [19]. Together with the population-based genetic association studies, and observations that
some forms of neuronal injury are associated with an increased expression of neuroglobin [12], more
direct evidence has also been mounting to support the role of neuroglobin in protecting cells from a
variety of apoptotic challenges. In cultured cells, ectopic over-expression of neuroglobin has been
shown to protect against amyloid beta-hydrogen peroxide-, paraquat-, and HA14-1 (the BH3 mimetic)-
induced cell death, as well as from oxygen and glucose deprivation [22-27]. The neuroprotective role
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of endogenous neuroglobin has been also supported by its knock-down in vitro, which renders cortical
neuronal cultures more susceptible to hypoxia [19], and decreasing viability of neuroblastoma cells
under oxidative stress [28]. Although some questions have been raised concerning the capacity of
neuroglobin to provide general protection to neurons in vivo [29], other in vivo studies support the
neuroprotective role of this protein. In neuroglobin-overexpressing transgenic animals the size of
cerebral infarct is drastically reduced [30,31]. Similarly, intra-cerebral administration of neuroglobin-
expressing adeno-associated virus vector reduced infarct size in rats after focal cerebral ischemia, with
opposite effects observed following knock-down of endogenous neuroglobin in rat brains [32].
Contradictions in data derived from in vivo experiments almost certainly arises, at least in major part,
from differences in the nature, severity, and duration of challenge used in the various studies. Any
proposed mechanism of action of neuroglobin, in neurons, thus must consider not only its capacity to
provide at least a level of protection to many cell types in the brain but also account for its very non-
uniform distribution in the brain.

3. Proposed Mechanisms for Neuroglobin-Mediated Neuroprotection

Increased expression of neuroglobin has been shown to protect against stroke and Alzheimer’s
disease in vivo, and to promote neural survival after oxygen or glucose deprivation, or following
oxidative stress. Consequently, a considerable effort has been put into dissecting the molecular
mechanisms of neuroglobin’s action under these conditions. Much of the initial work focussed on the
myoglobin-like reactivity of the approx 0.1% of the five co-ordinated species present in neuroglobin at
equilibrium in vitro. These studies proposed that neuroglobin might protect cells by supporting
mitochondrial oxidative respiration during time of challenge [33]. Unfortunately, most of these studies
relied on the early reports of high, myoglobin like, oxygen affinity of neuroglobin, and ignored the
potential for oxygenated neurolgobin to undergo autoxidation [11]. More recent studies, in which
autoxidation was suppressed, indicate that neuroglobin’s affinity for oxygen is considerably
lower [34]. In fact, under normal physiological conditions, neuroglobin is expected to be only partially
saturated with oxygen [34]. These findings, taken together with the relatively low levels of
neuroglobin (as compared to myoglobin), even at the sites of its highest expression, have now lead to
an abandoning of this hypothesis [35].

Another myoglobin-like reactivity expressed by neuroglobin, namely reaction with nitric oxide
(NO), lead to the suggestion that neuroglobin might play a role in NO homeostasis or scavenging
[12,36]. The activity of neuronal NO synthases increases after ischemic and traumatic brain injury
[37], and the resulting excess NO can rapidly impair mitochondrial functions, leading to mitochondrial
permeability, activation of caspase 3 and neuronal cell death [38]. Hence, NO-scavenging activity of
neuroglobin could provide neuroprotection. Since this initial suggestion, further studies have identified
a rich and complex chemistry for the reactivity of both ferric and ferrous forms of neuroglobin with a
range of nitrogen compounds in vitro. Apart from reacting with NO, neuroglobin is also involved in
nitrite and peroxynitrite chemistry [39] (for which it has unusual reactivity in that it does not react via
a ferryl intermediate [40]). However, neuroglobin’s role in detoxification of NO, as envisioned earlier,
has been drawn into question by the findings that it is not significantly more reactive than hemoglobin
or myoglobin [13]. Furthermore, it has been highlighted that any useful biological reactivity with NO
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would require the presence of a very effective re-reducing system. Despite many attempts to identify
such a system, non has been identified [12,41-43].

Considering the lack of mechanistic explanation of neuroglobin’s neuroprotective effects, further
attempts have been recently made to provide a more detailed understanding of its physiological
functions. Khan and co-authors have recently suggested that neuroglobin inhibits Pakl kinase and
interacts with RhoGDI and RhoGTPase family members, inhibiting propagation of hypoxia-induced
death signal in a form of cytoskeletal reorganisation and mitochondrial aggregation at the sites of raft
membrane microdomains [44]. This newly-identified and neuroglobin-regulated death signalling
module is formed not only during hypoxia, but also during amyloid beta- and NMDA-induced
neuronal cell death [45].

4. Reactivity with Cytochrome C

During studies of the redox activities of neuroglobin it was found that very rapid reaction occurs
between ferrous neuroglobin and ferric cytochrome c. The high rate of intermolecular electron
exchange (approx 2,000 s™) is in the range reported for other biologically significant protein-protein
redox reactions such as cytochrome c reduction of cytochrome ¢ oxidase [46] or the reduction of
hemoglobin or cytochrome ¢ by cytochrome bs [47,48]. This reaction appears to be composed of two
steps, namely complex formation followed by electron exchange [49,50]. How might this reaction be
of importance in neuroprotection? During the activation of the intrinsic pathway of apoptosis or
programmed cell death cytochrome C is released into the cytosol, following mitochondrial outer
membrane permeabilisation (MOMP) (Figure 1). This process is induced by a plethora of stress signals
experienced by neurons, including oxygen or glucose deprivation, increased levels of calcium or ROS,
or accumulation of amyloid beta peptide (Figure 1) [1]. Release of cytochrome c into the cytosol
would then bring neuroglobin and cytochrome c into contact. This process would be significantly
enhanced by the electrostatic interactions between the two proteins, as cytochrome € is an unusually
basic protein (pI = 10.2) whilst neuroglobin is an unusually acidic protein (pl = 4.6). Thus, at neurtral
pH neuroglobin would be highly negatively charged whilst cytochrome ¢ would be very positively
charged. The finding that neuroglobin reacts very rapidly with cytochrome c lead to the hypothesis that
neuroprotection by neuroglobin arises from its intervention in the intrinsic pathway of apoptosis
following the release of cytochrome cC into the cytosol [51].

5. Experimental Evidence for Cytochrome c-Neuroglobin Interaction

In the absence of direct structural determinations of the complex formed between cytochrome ¢ and
neuroglobin, computational methods have been used to identify putative structures for this complex.
Application of soft docking algorithms to this problem has predicted the production of an ensemble of
closely related structures, which share a common binding site but exhibit a small degree of slippage
across this binding interface [50] (Figure 3). When other potential heme binding partners, such as
myoglobin, were studied in the same system no such specific docking was observed. Close
examination of the lowest energy complex has allowed the identification of amino acids likely to be
involved in the docking process. In particular Lys25 and Lys72 appear to play a significant role in the
interface between neuroglobin and cytochrome ¢ (Figure 3). It is interesting to note that these two
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amino acids have previously been identified as key residues in the interaction of cytochrome ¢ with
Apaf-1 [52-55] — the major cytosolic protein involved in apoptosome assembly. Experimental evidence
for the formation of a cytochrome c-neuroglobin complex in solution has been obtained using both
NMR and surface plasmon resonance studies [50]. These experiments indicate the formation of a
weakly bound complex (K ~ 100uM) which is sensitive to both temperature and ionic strength.

Figure 3. Cytochrome ¢ binding to neuroglobin. (a) Shows the ensemble of complexes
calculated from soft docking calculations. The centres of mass of the docked cytochrome c
molecules are indicated by the small spheres. (b) Shows the structure of the lowest energy
docked complex with neuroglobin in blue and cytochrome c in green.

The ability of neuroglobin to interact with cytochrome Cc and hence interfere with the process of
apoptosis, via inhibition of apoptosome assembly, has also been studied more directly. Using cell
lysates devoid of mitochondria but containing Apaf-1, it has been demonstrated that although
neuroglobin itself has no capacity to affect apoptosome assembly, in its presence the pro-apoptotic
activity of cytochrome C is lost [26]. These biochemical findings have been further supported by
cellular studies in human neuroblastoma SH-SYSY cells treated with the BH3 mimetic (Bcl-2
inhibitor), HA14-1. In response to HA14-1, SH-SYS5Y cells undergo the mitochondrial pathway of
apoptosis, associated with the loss of mitochondrial transmembrane potential and activation of initiator
caspase 9. This specifically-induced mitochondrial pathway of apoptosis is significantly blocked by
ectopically-overexpressed neuroglobin, with the extent to which neuroglobin increases survival of
HA14-1-treated cells depending on the strength of stress. While micromolar levels of neuroglobin are
capable of nearly completely blocking cell death induced by a low-level BH3 mimetic-induced stress
signal, rapid apoptosis triggered by high-level stress is blocked only partially. Considering the
complexity of the apoptotic network, analysis of the role of neuroglobin in regulation of apoptosis,
depending on the concentration of this protein as well as varying stress, is not easily accessible
experimentally.

Recent developments in the field of computational systems level biology of apoptotic pathways
open new doors to the modeling of cellular responses and their dependence on protein concentration
and type/strength of stress. Using Monte Carlo computational modeling of apoptotic signaling, based
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on measured reaction rate constants, where diffusion and reaction of signaling molecules are simulated
at an individual molecular level, it is possible to explicitly simulate molecular interactions and model
spatial heterogeneity such as the localization of pro- and anti-apoptotic proteins on mitochondrial
membranes or formation of multi-protein apoptosome complexes [56]. Models based on ordinary
differential equations (ODEs) which have previously been employed [57] cannot simulate such
important details of apoptotic signaling. More importantly, ODE-based models cannot capture cell-to-
cell stochastic variability in apoptotic signaling that arise solely due to the inherent stochastic nature of
chemical reactions. Careful validation of the key findings of such Monte Carlo computational models,
such as the time scale of apoptosis, all-or-none caspase activation with large cell-to-cell variability,
and the post-mitochondrial origin of cell-to-cell variability in the execution of the mitochondrial
pathway of apoptosis, has allowed the application of such models to the study of the impact of
neuroglobin on apoptotic networks in more detail [26,56].

These studies indicate that, thanks to its extremely rapid redox reaction with cytochrome c,
neuroglobin can inhibit activation of caspases, associated with the inhibition of the low probability
event of apoptosome formation, and that the activation of executioner caspase 3 is very sensitive to the
ratio of neuroglobin and cytochrome € concentrations [26]. As the concentration of cytosolic
cytochrome C increases, which mimics a situation observed in highly stressed cells, an increasingly
higher concentration of neuroglobin is needed to block activation of caspases. The required protective
concentration of neuroglobin depends on the increases in cytochrome € concentrations in a non-linear
manner [26]. Using the same computational approach it has been shown that a higher level of cytosolic
neuroglobin is needed to completely abolish apoptotic activation in the absence of redox reaction
between cytochrome C and neuroglobin [26]. In the future, extended model calculations will help to
elucidate the co-operation between neuroglobin and other anti-apoptotic proteins that act down-stream
of mitochondria, for example the inhibitor of apoptosis (IAP) proteins.

6. Hypothesis: A Co-Ordinating Role for Neuroglobin

The reaction of neuroglobin with cytochrome ¢ might well have multiple effects on apoptosis
(Figure 4). In terms of direct action on apoptotic signaling, the reaction of ferrous neuroglobin with
ferric cytochrome c, released from the mitochondria, would produce ferrous cytochrome c. This
reaction would thus convert pro-apoptotic ferric cytochrome ¢ into non-apoptotic ferrous cytochrome c
[58-60], stopping apoptosome formation and hence halting apoptosis. During the normal process of
activation of the intrinsic pathway of apoptosis cytochrome C released from mitochondria suppresses
the auto-inhibition of calcium release from type 1 IP3 receptors in the ER [61]. This initiates a feed
forward amplification cycle, as raised calcium levels induce other mitochondria to release further
amounts of cytochrome ¢, and so an apoptotic avalanche is created. In the presence of neuroglobin the
initially released cytochrome c is sequestered by the neuroglobin and the apoptotic avalanche avoided.
In vivo support for such a function of neuroglobin in suppression of cytosolic calcium levels during
apoptosis can be found in the work of Duong et al. [62] and Liu et al. [63]. These authors showed that
apoptotic challenge of SH-SYSY cells and cultured transgenic mouse cortical neurons over-expressing
neuroglobin lead to suppression of cytosolic clalcium levels whilst maintaining mitochondrial
membrane potential and cytosolic ATP concentrations. Further more on reaction with ferric
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cytochrome C ferrous neuroglobin is converted to ferric neuroglobin. Ferric neuroglobin has been
identified as a potent inhibitor of GPCR and hence IP3 production [64]. The reaction of ferrous
neuroglobin with ferric cytochrome ¢ thus produces another factor responsible for the suppression of
increased cytosolic calcium concentration and suppresses apoptosis. The levels of neuroglobin
indicated as protective by computational studies are consistent with those found in nerve cells, and
may have the capacity to protect the cells from mild challenge such as those arising from calcium
fluctuations encountered during normal nerve function. In support of this hypothesis, neuroglobin is
found at high concentrations in neurons stimulated with orexin, an excitatory neuropeptide which
increases intracellular Ca®" concentration in neurons together with amyloid peptide, both pro-apoptotic
stimuli [65].

Figure 4. A co-ordinating role for neuroglobin. The diagram shows the three actions of
neuroglobin: (1) in suppressing apoptosis by binding and reducing cytochrome C released
from mitochondria, (2) in inhibiting the production of IP3 by GPCR and (3) maintaining
the auto-feedback loop, which limits the release of calcium from endoplasmic reticulum
(ER) via type 2 IP3 receptors by binding cytochrome C.
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7. Neuroglobin in Brain Tumours: Dr Jekyll or Mr Hyde?

The strategy of blocking apoptosis operates also in cancer cells, which by virtue of over-expression
of anti-apoptotic proteins survive despite being subjected to harsh environmental conditions or
intracellular pro-apoptotic signalling [66]. If neuroglobin-mediated protection from cell death is of
physiological relevance, one could expect that cancer cells will also hijack this mechanism to advance
their survival. In agreement with this hypothesis, a recent particular study has shown that neuroglobin
is up-regulated in hypoxic microregions of glioblastoma tumour xenografts [67].

Brain tumours are usually resistant to conventional chemotherapeutics that trigger apoptosis
up-stream of mitochondria, but remain sensitive to post-mitochondrial induction of apoptosis [68].
This indicates that despite over-expression of anti-apoptotic proteins that regulate MOMP, apoptotic
signalling down-stream of mitochondria remains functional in these cancer cells. An increased
expression of Apaf-1 has been detected in high-grade astrocytomas, medulloblastomas, and gliomas as
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compared to adjacent normal neural tissue [68]. This leads to hyperactivation of post-mitochondrial
events of the intrinsic pathway of apoptosis, as illustrated by the fact that glioblastoma and
medulloblastoma cell lines are more sensitive to the impact of cytosolic cytochrome ¢ than are normal
neural cells [68]. It can be thus hypothesized that not only increased Apaf-1 expression, but also
decreased expression of neuroglobin, could contribute to the high sensitivity of brain tumours to post-
mitochondrial induction of apoptosis. This has not yet been investigated, but analysis of gene profiling
data from Sun et al. [69], accessed through the Oncomine Gene Profiling Database, demonstrates a
statistically significant decrease in neuroglobin mRNA levels in glioblastoma, oligonendroglioma and
astrocytoma as compared with brain from epilepsy patients. Undoubtedly further studies are required
to dissect the role of neuroglobin in tumorigenesis and sensitivity to chemotherapy, and to identify
potential of interfering in neuroglobin-cytochrome C interaction in cancer cells for therapeutic

purposes.
8. Surviving the Release of Cytochrome c: Neuroglobin as a Drug Target

Delayed or aborted apoptosis can allow survival of cells under stress. Whether blocking apoptosis
can rescue neurons and allow their recovery from the loss of mitochondrial transmembrane potential
may well depend on the type and strength of stress signal. Several lines of evidence suggest, however,
that survival of neurons can be significantly enhanced providing formation of apoptosome/activation
of caspases is blocked [70]. Therefore, blocking immediate post-mitochondrial events, such as
cytochrome c-mediated formation of the apoptosome, could be a widely applicable target for
neuroprotection. In the future efforts will be directed towards understanding the structural
requirements for neuroglobin-cytochrome C interactions, and the design of neuroglobin mimetics that
will render cytochrome C apoptotically inactive.

9. Conclusions

Neuroglobin is an evolutionarily highly conserved protein localized in brain neurons where it
protects from a variety of insults, such as oxidative stress or amyloid beta accumulation. The
neuroprotective role of neuroglobin has been shown both in vitro and in vivo, and its decreased
expression has been associated with increased risk of Alzheimer’s disease. The quest for understanding
how neuroglobin interferes with neuronal cell death has led to several hypotheses. Recent studies
indicate that neuroglobin can interfere with propagation of cell death signaling mediated by
RhoGTPases, as well as bind to ferric cytochrome € and inhibit its apoptotic activity. Neuroglobin
emerges as a critical player that regulates immediate post-mitochondrial events in the intrinsic pathway
of apoptosis, opening new avenues for therapeutic interventions in numerous neurological disorders.

Acknowledgements

We acknowledge support from the Auckland Medical Research Foundation and the New Zealand
Neurological Foundation. J.S. is the recipient of an Auckland University Post-doctoral fellowship.



Int. J. Mol. Sci. 2010, 11 2317

References

1.

10.

11.

12.

13.

14.

15.

16.

Galluzzi, L.; Blomgren, K.; Kroemer, G. Mitochondrial membrane permeabilization in neuronal
injury. Nat. Rev. Neurosci. 2009, 10, 481-494.

Lin, M.T.; Beal, M.F. Mitochondrial dysfunction and oxidative stress in neurodegenerative
diseases. Nature 2006, 443, 787-795.

Skommer, J.; Wlodkowic, D.; Deptala, A. Larger than life: Mitochondria and the Bcl-2 family.
Leuk. Res. 2007, 31, 277-286.

Liston, P.; Fong, W.G.; Korneluk, R.G. The inhibitors of apoptosis: There is more to life than
Bcl2. Oncogene 2003, 22, 8568-8580.

Lankester, E.R. A contribution to the knowledge of haemoglobion. Proc. Roy. Soc. 1872, 21,
70-81.

Burmester, T.; Weich, B.; Reinhardt, S.; Hankeln, T. A vertebrate globin expressed in the brain.
Nature 2000, 407, 520-523.

Vallone,B.; Nienhaus, K.; Matthes, A.; Brunori, M.; Nienhaus, G.U. The structure of
carbonmonoxy neuroglobin reveals a heme-sliding mechanism for control of ligand binding. Proc.
Natl. Acad. Sci. USA 2004, 101, 17351-17356.

Pesce, A.; Dewide, S.; Nardini, M.; Moens, L.; Ascenzi, P.; Hankeln, T.; Burmester, T.;
Bolognesi, M. Human brain neuroglobin structure reveals a distinct mode of controlling oxygen
affinity. Structure 2003, 11, 1087-1095.

Vallone, B.; Nienhaus, K.; Brunori, M.; Nienhaus, G.U. The structure of murine neuroglobin:
Novel pathways for ligand migration and binding. Proteins 2004, 56, 85-92.

Fago, A.; Mathews, A.J.; Dewilde, S.; Moens, L.; Brittain .T. The reactions of neuroglobin with
CO: Evidence for two forms of the ferrous protein. J. Inorg. Biochem. 2006, 100, 1339-1343.
Dewilde,S.; Kiger, L.; Burmester, T.; Hankeln, T.; Baudin-Creuzal, V.; Aerts, T.; Marden, M.C.;
Caubergs, R.; Moens, L. Biochemical characterisation and ligand binding properties of
neuroglobin, a novel member of the globin family. J. Biol. Chem. 2001, 276, 38949-38955.
Brunori, M.; Giuffre, A. ; Nienhaus, K.; Nienhaus, G.U.; Scandurra, F.M.; Vallone, B.
Neuroglobin, Nitric Oxide and Oxygen: Functional pathways and conformational changes. Proc.
Natl. Acad. Sci. USA 2005, 102, 8483-8488.

Smagghe, B.J.; Trent, J.T.; Hargrove, M.S. NO dioxygenase activity is ubiquitous in vitro but
limited by reduction in vivo. Plos One 2008, 3, €2039.

Hankeln, T.; Ebner, B.; Fuchs, C.; Gerlach, F.; Haberkamp, M.; Laufs, T.L.; Roesner, A.;
Schmidt, M.; Weich, B.; Wystub, S.; Saaler-Reinhardt, S.; Reuss, S.; Bolognesi, M.; De Sanctis,
D.; Marden, M.C; Kiger, L.; Moens, L.; Dewilde, S.; Nevo, E.; Avivi, A.; Weber, R.E.; Fago, A.;
Burmester,T. Neuroglobin and cytoglobin in search of their role in the vertebrate globin family. J.
Inorg. Biochem. 2005, 99, 110-119.

Corpet, F. Multiple sequence alignment with hierarchical clustering. Nucl. Acids. Res. 1988, 16,
10881-10890.

Dereeper, A.; Guignon, V.; Blanc, G.; Audic, S.; Buffet, S.; Chevenet, F.; Dufayard, J.F.;
Guindon, S.; Lefort, V.; Lescot, M.; Claverie, J.M.; Gascuel, O. Phylogeny.fr: Robust
phylogenetic analysis for the non-specialist. Nucl. Acids Res. 2008, 36, W465-W469.



Int. J. Mol. Sci. 2010, 11 2318

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hundahl, C.A.; Allen, G.C.; Hannibal, J.; Kjaer, K.; Rehfeld, J.F.; Dewilde, S.; Nyengaard, J.R.;
Kelsen, J.; Hay-Schmidt, A. Anatomical characterization of Cytoglobin and Neuroglobin mRNA
and protein expression in the mouse brain. Brain Res. 2010 [Epub ahead of print].

Jin, K.; Mao, Y.; Mao, X.; Xie, L.; Greenberg, D.A. Neuroglobin expression in ischemic stroke.
Stroke 2010, 41, 557-559.

Szymanski, M.; Wang, R.; Fallin, M.D.; Bassett, S.S.; Avramopoulos, D. Neuroglobin and
Alzheimer's dementia: Genetic association and gene expression changes. Neurobiol. Aging 2008,
doi:10.1016/j.neurobiolaging.2008.10.003.

Chuang, P.Y.; Conley, Y.P.; Poloyac, S.M.; Okonkwo, D.O.; Ren, D.; Sherwood, P.R.; Hravnak,
M.; Alexander, S.A. Neuroglobin genetic polymorphisms and their relationship to functional
outcomes following traumatic brain injury. J. Neurotrauma 2010 [Epub ahead of print].

Lin, Y.; Fang, L.; Xue, X.H.; Murong, S.X.; Wang, N.; Wu, Z.Y. Association between Ngb
polymorphisms and ischemic stroke in the Southern Chinese Han population. B.M.C. Med. Genet.
2008, 9, 110.

Sun,Y.; Jin, K.; Mao, X.0.; Zhu, Y.; Greenberg, D.A. Neuroglobin is up-regulated by and protects
neurons from hypoxic-ischemic injury. Proc. Natl. Acad. Sci. USA 2001, 98, 15306-15311.
Fordel, E.; Thijs, L.; Martinet, W.; Lenjou, M.; Laufs, T.; van Bockstaele, D.; Moens, L.;
Dewilde, S. Neuroglobin and cytoglobin overexpression protects human SH-SY5Y neuroblastoma
cells against oxidative stress-induced cell death. Neurosci. Lett. 2006, 410, 146-151.

Li, R.C.; Pouranfar, F.; Lee, S.K.; Morris, M.W.; Wang, Y.; Gozal. D. Neuroglobin protects PC12
cells against beta-amyloid-induced cell injury. Neurobiol. Aging 2008, 29, 1815-1822.

Li, R.C.; Morris, M.W.; Lee, S.K.; Pouranfar, F.; Wang, Y.; Gozal, D. Neuroglobin protects PC12
cells against oxidative stress. Brain Res. 2008, 1190, 159-166.

Raychaudhuri, S.; Skommer, J.; Henty, K.; Birch, N.; Brittain, T. Neuroglobin protects nerve cells
from apoptosis by inhibiting the intrinsic pathway of cell death. Apoptosis 2010, 15, 401-411.
Antao, S.T.; Duong, T.T.; Aran, R.; Witting, P.K. Neuroglobin over-expression in cultured human
neuronal cells protects against hydrogen peroxide insult via activating phosphoinositide-3 kinase
and opening the mitochondrial KATP channel. Antioxid. Redox. Signal. 2010 [Epub ahead of
print].

Ye, S.Q.; Zhou, X.Y.; Lai, X.J.; Zheng, L.; Chen, X.Q. Silencing neuroglobin enhances neuronal
vulnerability to oxidative injury by down-regulating 14-3-3gamma. Acta Pharmacol. Sin. 2009,
30, 913-918.

Hundahl, C.; Kelsen,J.; Ronn, L.C.; Weber, R.E.; Geuens, E.; Hay-Schmidt, A.; Nyengaard, J.R.
Does neuroglobin protect neurons from ischemic insult? A quantitative investigation of
neuroglobin expression following transient MCAo in spontaneously hypertensive rats. Brains Res.
2006, 1085, 19-27.

Khan, A.A.; Wang, Y.; Sun, Y.; Mao, X.0.; Xie, L.; Miles, E.; Graboski, J.; Chen. S.; Ellerby,
L.M.; Jin, K.; Greenberg, D.A. Neuroglobin-overexpressing transgenic mice are resistant to
cerebral and myocardial ischemia. Proc. Natl. Acad. Sci. USA 2006, 103, 17944-17948.

Wang, X.; Liu, J.; Zhu, H.; Tejima, E.; Tsuji, K.; Murata, Y.; Atochin, D.N.; Huang, P.L.; Zhang,
C.; Lo, E.H. Effects of neuroglobin overexpression on acute brain injury and long-term outcomes
after focal cerebral ischemia. Stroke 2008, 39, 1869-1874.



Int. J. Mol. Sci. 2010, 11 2319

32.

33.

34.

35.

36.
37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sun, Y.; Jin. K.; Peel, A.; Mao, X.0.; Xie, L.; Greenberg, D.A. Neuroglobin protects the brain
from experimental stroke in vivo. Proc. Natl. Acad. Sci. USA 2003, 100, 3497-3500.

Garry, D.J.; Mammen, P.P.A. Neuroprotection and the role of neuroglobin. Lancet 2003, 362,
342-343.

Fago, A.; Hundahl, C.; Dewilde, S.; Gilany, K.; Moens, L.; Weber, R.E. Allosteric regulation and
temperature dependence of oxygen binding in human neuroglobin and cytoglobin. J. Biol. Chem.
2004, 279, 44417-444426.

Fago, A.; Hundahl, C.; Malte, H.; Weber, R.E. Functional properties of neuroglobin and
cytoglobin. Insights into the ancestral physiological roles of globins. I.U.B.M.B. Life 2004, 56,
689-696.

Brunori, M.; Vallone, B. A globin for the brain. FASEB. J. 2006, 20, 2192-2197.

Lipton, P. Ischemic cell death in brain neurons. Physiol. Rev. 1999, 79, 1431-1568.

Zhu, C.; Wang, X.; Qiu, L.; Peeters-Scholte, C.; Hagberg, H.; Blomgren, K. Nitrosylation
precedes caspase-3 activation and translocation of apoptosis-inducing factor in neonatal rat
cerebral hypoxia-ischaemia. J. Neurochem. 2004, 90, 462-471.

Petersen, M.G.; Dewilde, S.; Fago, A. Reactions of ferrous neuroglobin and cytoglobin with
nitrite under anaerobic conditions. J. Inorg. Biochem. 2008, 102, 1777-1782.

Herold, S.; Fago, A.; Weber, R.E.; Dewilde, S.; Moens, L. Reactivity studies of the Fe(Ill) and
Fe(IT) NO forms of human neuroglobin reveal a potential role against oxidative stress. J. Biol.
Chem. 2004, 279, 22841-22847.

Moschetti, T.; Guiffre, A.; Ardiccino, C.; Vallone, B.; Modjtahedi, N.; Kroemer, G.; Brunori, M.
Failure of apoptosis-inducing factor to act as a neuroglobin reductase. Biochem. Biophys. Res.
Comm. 2008, 390, 121-124.

Trandafir, F.; Hoogewijs, D.; Altieri, F.; Rivetti de val Cervo, P.; Ramser, K.; van Doorslaer, S.;
Vanfleteren, J.R.; Moens, L.; Dewilde, S. Neuroglobin and cytoglobin as potential enzymes or
substrates. Gene 2007, 398, 103-113.

Guiffre, A.; Moschetti, T.; Vallone, B.; Brunori, M. Neuroglobin: Enzymatic reduction and
oxygen affinity. Biochem. Biophys. Res. Comm. 2008, 367, 893-898.

Khan, A.A.; Mao, X.0.; Banwait, S.; DerMardirossian, C.M.; Bokoch, G.M.; Jin, K.; Greenberg,
D.A. Regulation of hypoxic neuronal death signaling by neuroglobin. FASEB J. 2008, 22,
1737-1747.

Khan, A.A.; Mao, X.0.; Banwait, S.; Jin, K.; Greenberg, D.A. Neuroglobin attenuates beta-
amyloid neurotoxicity in vitro and transgenic Alzheimer phenotype in vivo. Proc. Natl. Acad. Sci.
USA 2007, 104, 19114-19119.

Pan, L.P.; Hibdon, S.; Liu, R.Q.; Durham, B.; Millet, F. Intracomplex electron transfer between
ruthenium-cytochrome ¢ derivatives and cytochrome ¢ oxidase. Biochemistry 1993, 32,
8492-8498.

Willie, A.; Stayton, P.S.; Sligar, S.G.; Durham, B.; Millet, F.Genetic engineering of redox donor
sites: Measurement of intracomplex electron transfer between ruthenium-65-cytochrome bs and
cytochrome c. Biochemistry 1992, 31, 7237-7242.



Int. J. Mol. Sci. 2010, 11 2320

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Naito, N.R.; Huang, H.; Sturgess, A.W.; Nocek, J.M.; Hoffman, B.M. Binding and electron
transfer between cytochrome bs and the hemoglobin o and 3 subunits through use of [Zn,Fe]
hybrids. J. Am. Chem. Soc. 1998, 120, 11256-11262.

Fago, A.; Mathews, A.J.; Moens, L.; Dewilde, S.; Brittain ,T. Reactivity of neuroglobin with the
potential redox protein partners cytochrome bs and cytochrome c. FEBS. Lett. 2006, 580,
4884-4888.

Bonding, S.H.; Henty, K.; Dingley, A.; Brittain, T. The binding of cytochrome ¢ to neuroglobin:
A docking and Surface Plasmon Resonance study. Int. J. Biol. Macromol. 2008, 43, 295-299.
Fago, A.; Mathews, A.J.; Brittain. T. A role for neuroglobin: Resetting the trigger level for
apoptosis in neuronal and retinal cells. [IUBMB. Life 2008, 60, 398-401

Yu, T.; Wang, X.; Purring-Koch, C.; Weil, Y.; McLendon, G.L.; A mutational epitope for
cytochrome ¢ binding to the apoptosis protease activation factor-1. J. Biol. Chem. 2001, 276,
13034-13038.

Abdullaev, Z.K.; Bodrova, M.E.; Chernyak, B.V.; Dolgihk, D.A.; Kluck, R.M.; Pereverzev, M.O.;
Aseniev, A.S.; Efremov, R.G.; Kirpichnikov, M.P.; Mokhova, E.N.; Newmeyer, D.D.; Roder, H.;
Skulachev, V.P. A cytochrome ¢ mutant with high electron transfer and antioxidant activities but
devoid of apoptogenic effect. Biochem. J. 2002, 362, 749-754.

Kluck, R.M.; Ellerby, L.M.; Ellerby, H.M.; Naiem, S.; Yaffe, M.P.; Margoliash, E.; Bredesen, D.;
Mauk, A.G.; Sherman, F.; Newmaeyer, D.D. Determinants of cytochrome c pro-apoptotic
activity. J. Biol. Chem. 2000, 275, 16127-16133.

Chertkova, R.V.; Sharanov, G.V.; Feofanov, A.V.; Bocharova, O.V.; Latypov, R.F.; Chernyak,
B.V.; Arseniev, A.S.; Dolgikh, D.A.; Kirpichnikov, M.P. Porapototic activity of cytochrome ¢ in
living cells: Effect of K72 substitution and species differences . Mol. Cell. Biochem. 2008, 314,
85-93.

Raychaudhuri, S., Willgohs, E., Nguyen, T.N., Khan, E.M., Goldkorn, T. Monte Carlo simulation
of cell death signaling predicts large cell-to-cell stochastic fluctuations through the type 2 pathway
of apoptosis. Biophys. J. 2008, 95, 3559-3562.

Spencer, S.L.; Gaudet, S.; Albeck, J.G.; Burke, J.M., Sorger, P.K. Non-genetic origins of cell-to-
cell variability in tRAIL-induced apoptosis. Nature 2009, 459, 428-432

Borutaite, V.; Brown, G.C. Mitochondrial regulation of caspase activation by cytochrome oxidase
and tetramethylphenylenediamine via cytosolic cytochrome ¢ redox state. J. Biol. Chem. 2007,
282, 31124-31130.

Brown, G.C.; Borutaite, V. Regulation of apoptosis by the redox state of cytochrome c. Biochim.
Biophys. Acta 2008, 1777, 877-881.

Suto, D.; Sato, K.; Ohba, Y.; Yoshimura, T.; Fujii, J. Suppression of the pro-apoptotic function of
cytochrome ¢ by singlet oxygen via a haem redox state-independent mechanism. Biochem. J.
2006, 392, 399-406.

Boehning, D.; Patterson, R.L.; Sedaghat, L.; Glebova, N.O.; Kurosaki, T.; Snyder, S.H.
Cytochrome ¢ binds to inositol (1,4,5) trisphosphate receptors, amplifying calcium-dependent
apoptosis. Nat. Cell. Biol. 2003, 5, 1051-1061



Int. J. Mol. Sci. 2010, 11 2321

62.

63.

64.

65.

66.

67.

68.

69.

70.

Duong, T.T.H.; Witting, P.K.; Antao, S.T.; Parry, S.N.; Kennerson, M.; Lai, B.; Vogt, S.; Lay,
P.A.; Harris, H.M. Multiple protective activities of neuroglobin in cultured neuronal cells exposed
to hypoxia re-oxygenation injury. J. Neurochem. 2009, 108, 1143-1154.

LiuwJ.; Yu, Z.; Guo, S.; Lee, S.; Xing, C.; Zhang, C.; Gao, Y.; Nicholls, D.G.; Lo, E.H.; Wang, X.
Effects of neuroglobin overexpression on mitochondrial function and oxidative stress following
hypoxia/reoxygenation in cultured neurons. J. Neurosci. Res. 2009, 87, 164-170.

Wakasugi, K.; Nakano, T.; Morishima, 1. Oxidised human neuroglobin acts as a heterotrimeric
Ga protein guanine nucleotide dissocation inhibitor J. Biol. Chem. 2003, 278, 36505-36512.

Xia, J.X.; Fan, S.Y.; Yan, J.; Chen, F.; Li, Y.; Yu, Z.P.; Hu, Z.A. Orexin A-induced extracellular
calcium influx in prefrontal cortex neurons involves L-type calcium channels. J. Physiol Biochem.
2009, 65, 125-36.

Hanahan, D., Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70.

Emara, M.; Salloum, N.; Allalunis-Turner, J. Expression and hypoxic up-regulation of
neuroglobin in human glioblastoma cells. Mol. Oncol. 2009, 3, 45-53.

Johnson, C.E.; Huang, Y.Y.; Parrish, A.B.; Smith, M.I.; Vaughn, A.E.; Zhang, Q.; Wright, K.M.;
van Dyke, T.; Wechsler-Reya, R.J.; Kornbluth, S.; Deshmukh, M. Differential Apaf-1 levels allow
cytochrome ¢ to induce apoptosis in brain tumors but not in normal neural tissues. Proc. Natl.
Acad. Sci. USA 2007, 104, 20820-20825.

Sun, L.; Hui, A.M.; Su, Q.; Vortmeyer, A.; Kotliarov, Y.; Pastorino, S.; Passaniti, A.; Menon, J.;
Walling, J.; Bailey, R.; Rosenblum, M.; Mikkelsen, T.; Fine, H.A. Neuronal and glioma-derived
stem cell factor induces angiogenesis within the brain. Cancer Cell 2006, 9, 287-300.

Kanungo, A.K.; Hao, Z.; Elia, A.J.; Mak, T.W.; Henderson, J.T. Inhibition of apoptosome
activation protects injured motor neurons from cell death. J. Biol. Chem. 2008, 283, 22105-22112.

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



