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ARTICLE INFO ABSTRACT

Keywords: Vertebrate hemoglobin (Hb) and myoglobin (Mb) were among the first proteins whose structures and sequences
Cancer were determined over 50 years ago. In the subsequent pregenomic period, numerous related proteins came to
Hemoglobin light in plants, invertebrates and bacteria, that shared the myoglobin fold, a signature sequence motif charac-
;Z]i;‘;?)in teristic of a 3-on-3 a-helical sandwich. Concomitantly, eukaryote and bacterial globins with a truncated 2-on-2

o-helical fold were discovered. Genomic information over the last 20 years has dramatically expanded the list of
known globins, demonstrating their existence in a limited number of archaeal genomes, a majority of bacterial
genomes and an overwhelming majority of eukaryote genomes. In vertebrates, 6 additional globin types were
identified, namely neuroglobin (Ngb), cytoglobin (Cygb), globin E (GbE), globin X (GbX), globin Y (GbY) and
androglobin (Adgb). Furthermore, functions beyond the familiar oxygen transport and storage have been
discovered within the vertebrate globin family, including NO metabolism, peroxidase activity, scavenging of free
radicals, and signaling functions. The extension of the knowledge on globin functions suggests that the original
roles of bacterial globins must have been enzymatic, involved in defense against NO toxicity, and perhaps also as
sensors of Og, regulating taxis away or towards high O concentrations. In this review, we aimed to discuss the
evolution and remarkable functional diversity of vertebrate globins with particular focus on the variety of non-
canonical expression sites of mammalian globins and their according impressive variability of atypical functions.

Nitric oxide
Oxidative stress

hemoglobin (Hb), a tetramer of a- and f-globins, and Mb were among
the first proteins whose sequences and structures were determined over
50 years ago [4,5]. At that time, the Hbs in non-vertebrate metazoans
were investigated mostly in cases where their presence was visible.
These included the larval Hb of the insect Chironomus [6], the intra-

1. A historical perspective — what is a globin?

Globins are a family of proteins, characterized by the myoglobin
(Mb)-fold, a 3/3 sandwich of a-helices (A, B, C and E over helices F, G

and H) and the presence of a heme prosthetic group (Fe?*-complexed
protoporphyrin IX) ensconced within the hydrophobic cavity formed by
the fold. The hallmark of sequence conservation between taxa lies
within the systematic presence of a His at position 8 of helix F, which
represents the principal axial binding site of the proximal heme iron [1,
2]. Furthermore, the state of the sixth iron binding site subgroups glo-
bins into two categories: in the deoxygenated state, penta-coordinated
globins are characterized by an empty binding site of the heme iron
atom, favoring the binding of small ligands such as O, CO and NO,
whereas in hexa-coordinated globins, the iron atom is bound to the
distal amino acid of the protein chain (usually a His or Gln in position 7
of helix E) [3]. Historically, the familiar vertebrate O-binding

cellular Hb of the polychaete annelid Glycera [7], and the nodule
leghemoglobin (LHb) from the nodule of the legume Lupinus [8]. Com-
parison of vertebrate and invertebrate Hb structures led to the identi-
fication of a highly conserved a-helical secondary structure, the Mb-fold,
underpinned by a sequence motif based on the conservation of over 30,
mostly solvent-inaccessible hydrophobic residues [9,10], a conservation
that can be observed even in cases of <20% identity to vertebrate
globins.

It should be pointed out that the 3/3 a-helical Mb fold is a physically
stable protein motif, that is also found in proteins unrelated to globins.
The Mb fold is for example found in the cyanobacterial light-harvesting
phycocyanins and the bacterial toxin colicin A [11,12]. Furthermore,
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Abbreviations

Adgb androglobin

co carbon monoxide

Cygb cytoglobin

Cyt-c cytochrome ¢

Epo erythropoietin

Fgb single domain FHb-like globin

FHb flavohemoglobin

GbE globin E

GbX globin X

Gby globin Y

GCS globin-coupled sensor protein
Hb hemoglobin

HIF hypoxia inducible factor

LHb leghemoglobin

LPS lipopolysaccharide

Mb myoglobin

Ngb neuroglobin

NO nitric oxide

Pgb protoglobin

PHD prolyl hydroxylase

RNS reactive nitrogen species

RONS reactive oxygen and nitrogen species
ROS reactive oxygen species

SSDgb  sensor single domain globin

THb truncated hemoglobin

VEGF vascular endothelial growth factor

the DNA-binding domain of the bacteriophage repressor family is also
structurally similar to the globin eight-helix fold [13]. Pediococcus pen-
tosaeus (Bacilli) glutamate racemase displays substantial sequence ho-
mology (21-52%) with mammalian Mbs and can form an inactive
stoichiometric complex with hemin [14]. The classical globin fold is also
suitable for binding a variety of antibiotics, as indicated by the structure
of a Streptomyces TipA class of multidrug resistance transcriptional
regulators [15]. Moreover, a number of non-heme globin-like proteins
have also been discovered. These include the Bacillus subtilis stress
response regulator RsbR, where the G and H helices bend inward,
eliminating the formation of a heme-binding cavity [16]. A dimeric
globin fold that does not bind heme is adopted by the sensor domain of
one of several histidine kinases that regulate Bacillus anthracis sporula-
tion [17]. It appears to be a member of a large collection of sensor
histidine kinases not only in Bacilli but also in additional bacterial taxa
(Chlorobi and 5-Proteobacteria).

2. Diversity of globins in living organisms

In the pregenomic era from the 1960’s to the 1990’s, the number of
vertebrate globin sequences and structures increased rapidly, leading to
the discovery of many metazoan Hbs and Mbs [18,19]. New globins
were also identified in prokaryotes, such as a Hb in the B-proteobacte-
rium Vitreoscilla [20], and in plants, including symbiotic plant Hbs other
than LHbs as well as nonsymbiotic plant Hbs [21-23]. This period also
witnessed the discovery of flavohemoglobins (FHbs), chimeras of globin
and reductase domains, in bacteria, e.g. E. coli [24] and Ralstonia
eutropha [25] and in yeasts [26,27]. Concomitantly, globins shorter than
normal (<130aa), were found in ciliates [28,29] and the cyanobacte-
rium Nostoc [30]. By 1995, the ~700 vertebrate globin sequences could
be aligned with about 100 nonvertebrate globins [1] based on the
Mb-fold. At that juncture, it was evident that globin genes occur widely
in living organisms [31].

The rapid accretion of genomic information in the next two decades
revealed globins in organisms with no visible sign of their presence, such
as nematodes [32-34] and insects [35]. Moreover, the genomes of some
metazoans were shown to possess a large number of genes with globin
signature. The more than 30 globin genes of free-living nematodes [36],
the over 40 globin genes of the insect Chironomus [37], the multiple
globins of the acorn worm [38] and echinoderm [39] genomes evince
development-specific and tissue-specific expressions.

3. Genomic information reveals three globin families

Over the past 20 years, the availability of numerous sequenced ge-
nomes, new bioinformatics tools and the determination of globin crystal
structures enabled to classify bacterial, archaeal and eukaryote globins
into three families/lineages that belong to two structural classes: globins

with the canonical 3/3 a-helical fold, and globins with a 2/2 fold [40].
Furthermore, within each family, globins can be either chimeric or
single domain (i.e. non-chimeric) (Fig. 1).

The first family, displaying the typical 3/3 fold, is the F (for flavo)
family, comprising flavohemoglobins (FHbs) and related single domain
FHb-like globins (Fgbs). F globins are numerically preponderant, and are
present in a variety of bacterial groups, in all eukaryotes and plants, in
protists and lower metazoans, but are absent in Archaea [41-46]
(Fig. 1).

The second family, which also displays a 3/3 fold, is the S (for sensor)
family. This family includes globin-coupled sensor proteins (GCS),
chimeric proteins displaying an N-terminal globin domain and a C-ter-
minal output domain. Known and predictive GCS output domains
include methyl accepting chemotaxis protein domains (MCP, including
aerotactic HemAT for aerotactic heme sensor), kinase domains, digua-
nylate cyclase domains, adenylate cyclase domains, gene regulatory
domains, and domains of yet unknown functions [47-51]. The family
further includes the GCS-related sensor single domain globins (SSDgbs),
and Protoglobins (Pgbs), which are themselves related to SSDgbs but
shorter (~195aa) [52-54]. Although SSDgbs are found in primitive
metazoans, such as bdelloid rotifers, the GCSs globins are generally
limited to microbial organisms and some fungi [45,55] (Fig. 1).

The third family is the T (for truncated) family (THbs), which is
characterized by a 2/2 a-helical fold, with an absent or abbreviated A
helix, and a loop instead of the F helix [56,57]. The T family exists in
three structurally distinct subfamilies, T1, T2 and T3 [58], which in
bacteria, are also referred to as N, O, and P, respectively [59]. As for the
two other families, T globins exist as chimeric and as single domain
globins [60]. Furthermore, multi-unit T globins have been identified in
silico, consisting of multiple 2/2 globin repeats [61]. T1 chimeric and
multi-unit globin sequences have been detected in ciliated protozoan
parasites, while T1 and T2 single domain globins occur in microbial
eukaryotes (ciliates, stramenopiles, oomycetes, opisthokonts, etc.) and
in green algae [62]. In plants, only T2 single domain globins are present
[62,63]. So far, there has been no report of T globins in metazoans.

It has been proposed that eukaryote globins evolved from the
respective bacterial lineage via horizontal gene transfer resulting from
one or both of the accepted endosymbiotic events responsible for the
origin of mitochondria and chloroplastids, involving an a-proteobacte-
rium and a cyanobacterium, respectively [64,65]. Within this frame-
work, all metazoan Hbs, as well as plant Hbs are likely to have emerged
from a bacterial Fgb. This hypothesis has received experimental support
from the crystal structure of a globin from the thermophilic bacterium
Methylokorus infernorum, which was found to be closest to mammalian
neuroglobin, despite a <20% identity in sequence [66]. Furthermore, it
is evident that the F family globins that had one or more enzymatic
functions in the early bacteria, evolved in multicellular eukaryotes to
have new properties, including reversible binding of important diatomic
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Fig. 1. The three globin families. The F (Flavo)
family, the S (Sensor) family and the T (Truncated)
family can all be found in a chimeric or in a single
domain configuration. T globins may further display
multi-unit assemblies. Chimeric (FHb) and single-
domain (Fgb) F globins are found in bacteria and
eukaryotes, but absent in archaea, and are numeri-
cally preponderant. S family globins include
chimeric globin-coupled sensor proteins (GCS)
which carry a C-terminal output domain (including
HemAT for aerotactic heme sensor), and sensor sin-
gle domain globins (SSDgb) and their shorter version
the protoglobins (Pgb). HemAT is found in bacteria
and archaea, SSDgbs are found in bacteria and eu-
karyotes, and Pgb in bacteria and archaea. T family
globins exist in three structural subfamilies, T1, T2
and T3, which, in bacteria, are also termed N, O and
P, respectively. Chimeric and multi-unit T globins
can be found in bacteria (T2/0 and T3/P) and eu-
karyotes (T1), whereas single domain T globins
appear in bacteria (T1/N, T2/0 and T3/P), in
archaea (T1/N) and eukaryotes (T1 and T2).

Fig. 2. Vertebrate globins and their distribution.
Schematic cladogram of the vertebrate globin
repertoire. Notable differences in expression patterns
are summarized on the right of each phylogenetic
branch, including the selective loss of Hb and Mb in
ray-finned fish subspecies or the selective duplica-
tion of Mb in ray-finned fish subspecies, and the
duplications of Mb and GbE in lungfishes. Hb: he-
moglobin, Mb: myoglobin, Ngb: neuroglobin, Cygb:
cytoglobin, Adgb: androglobin, GbE: globin E, GbX:
globin X, GbY: globin Y.
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ligands, such as Oy, NO and sulfide, that enabled the development of
transport and storage functions. Oxygen must be regarded as a friend
and a foe at the same time. Thereby, it is likely that the Last Eukaryote
Common Ancestor globin(s) served a purpose that was not related to
oxygen transport and storage [67,68]. Indeed, the first organisms
emerged in an oxygen-poor environment, whereby oxygen itself was
probably representing a cellular threat that needed detoxification. In a
second phase, following the appearance of mitochondria, oxygen
emerged as an excellent driver of (aerobic) metabolism enabling a
greatly enhanced energy production and thereby the development of
larger organisms, which in turn needed a more efficient oxygen trans-
port mechanism than solely by simple diffusion. Concomitantly,
following the emergence of chloroplast and photosynthesis, the oxygen
levels rose. Thus, living organisms needed both an oxygen-protective
and subsequently an oxygen-transport mechanism to sustain the respi-
ratory electron transfer chain. Globins fulfill both needs, and it is likely
that their various functions represent a testimony of eukaryote and
vertebrate evolution alongside Earth’s environmental evolution.

4. Vertebrate globins

Genomic analyses have also considerably altered and greatly
extended the structural and functional diversity of vertebrate globins
through the discovery of 6 additional globin types, that all arose through
gene duplication and sequence diversification [69]. 20 years ago, neu-
roglobin (Ngb) was discovered in nerve cells, followed rapidly by
cytoglobin (Cygb) in fibroblasts [70-73]. Restricted to certain taxa,
globin Y (GbY) in amphibians and monotreme mammals [74], globin E
(GbE) in the avian eye [75] and globin X (GbX) found in many meta-
zoans but absent in birds and mammals [76] were further identified
(Fig. 2). More recently, androglobin (Adgb), a large chimeric protein
family completed the vertebrate globin repertoire [77]. Remarkably,
from all vertebrates studied so far, only three species display expression
of all 8 globins: the “living fossile” Latimeria chalumnae, a member of the
coelacanth order of lobe-finned fishes, and closely related to lung fishes,
the Chinese soft-shell turtle (Pelodiscus sinensis) and the western painted
turtle (Chrysemys picta bellii) [78,79] (Fig. 2). These species, together
with diverse other animals, represent invaluable models of vertebrate
globin evolution, enabling to trace back through phylogenetic and
syntenic analyses the gradual occurrence and separation of globin
clades, thereby giving insights into their respective primary functions. It
thus appears that Ngb, GbX and Adgb represent major clades, distinct
from the other globin types because of their early emergence and their
expression in both vertebrates and invertebrates [70,77,80,81]. This
indicates that these globins emerged prior to the separation of Proto-
stomia and Deuterostomia. Also, given this very early evolutionary
origin, Ngb, GbX and Adgb likely had non-overlapping functions. Sub-
sequently, Cygb was identified in the sea lamprey Petromyzon marinus
[82], a member of the most ancient group of vertebrates, indicating that
Cygb diverged from the other globin clades prior to the separation of
Agnathan and Gnathostomata. Strikingly, these four globins all display
hexa-coordination, suggesting that the hexa-coordinated state was
possibly the original heme-binding conformation and simultaneously
indicating that penta-coordination, the optimized O»-carrying configu-
ration, evolved later. It is therefore speculated that Hb, Mb, GbE, and
GbY belong to a separate clade of globins, whereby the coordination
state of GbY is still unknown [69,80]. The retention, or inversely the
loss, of certain globins across vertebrate taxa and species is still not fully
understood, however it is likely that various parameters have influenced
their presence or absence, including the adaptation to varying oxygen
concentrations depending on the natural habitat of given species,
functional redundancy which led to the disappearance of given globins
in favor of others, or morphological changes rendering some globins
indispensable or obsolete [83,84]. The study of species living in extreme
conditions has given some insights into their functional plasticity. These
include hypoxia-tolerant ectothermic vertebrates such as freshwater
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turtles and different species of the carp family of fish [85], species living
at high altitude [86-88], in cold habitats [89], diving species [90,91],
and animals living in underground tunnels [92,93]. An appropriate
illustrative example is the expression of Mb in certain fish taxa. Indeed,
the common carp (Cyprinus carpio) and the goldfish (Carassius auratus),
both hypoxia-tolerant fish, express two isoforms of Mb [94,95]. While
Mb1 resembles closely the classical muscle form of Mb with extended
expression sites within the brain, kidney, liver and gills, the Mb2 isoform
is exclusively expressed in the brain [94]. Functional analyses of these
two isoforms have revealed that Mb1 displays a comparable O, affinity
and nitrite reductase activity as the regular vertebrate muscle Mb,
whereas Mb2 bears lower O, affinity and slower nitrite reductase ac-
tivity, but shows a much faster HyO, elimination rate, suggesting a
specific function in ROS protection [96]. More extensive diversification
of Mb genes exists in West African lungfish (Protopterus annectens).
Lungfish harbour up to 7 distinct Mb genes that are differentially
expressed in various tissues and it has been shown that the Mbs differ in
their abilities to confer tolerance towards hypoxia [97]. Most recently,
additional lungfish species (Protopterus dolloi, Protopterus aethiopicus and
Lepidosiren paradoxa) were described to display a similar diversity of Mb
genes and have orthologous Mb genes [98]. Functional studies have
provided evidence for different O binding and enzymatic properties of
lungfish Mbs, reflecting multiple subfunctionalization and neo-
functionalization events that occurred early in the evolution of lungfish.
It was also suggested that some Mbs may have also taken over the
functions of neuroglobin and cytoglobin, which are widely expressed in
vertebrates but appear to be missing in lungfish (Fig. 2). Another
example of globin family members substituting for another and pre-
sumably assuming the latter’s function is illustrated by the elephant
shark with expression of a-globin in its nervous tissue whereas its
genome appears to be devoid of Ngb [99]. In sharp contrast to the
multiple Mb isoform harbouring genomes, certain Antarctic icefish
species (Channichthyidae family) have completely lost the expression of
Mb (and for some also Hb), whose absence is greatly compensated by an
adapted cardiovascular system to ensure proper oxygen delivery to the
tissues [100-102]. Notably, also frogs, stickleback fish and the marsu-
pial opossum lack a Mb gene [83,103]. The presence and the functional
variety of vertebrate globins is thus not limited to oxygen transport and
storage, but also NO metabolism, ROS/RNS protection and detoxifica-
tion, and signaling functions. It also becomes increasingly clear that
globins display broader expression sites than previously anticipated
(Fig. 3) and fulfil organ-specific functions. The role of each of the
vertebrate globins, with special emphasis on mammalian globins and
their non-canonical expression sites and according uncommon func-
tions, will be detailed in the next chapters.

5. Hemoglobin
5.1. General aspects

Beyond its well-established respiratory function, hemoglobin (Hb)
with a familiar tetrameric a2p2 structure also plays a crucial function in
NO metabolism. In particular, toxic NO can be converted by oxy-Hb to
nitrate, whereas deoxy-Hb can reverse this conversion in conditions of
hypoxia to induce blood vessel dilation [104,105]. In all jawed verte-
brates (gnathostomes) except in the icefish family Channichthydiae
[100] (Fig. 2), erythrocytes contain different types of hemoglobin chains
throughout different developmental stages, which are differentially
expressed during ontogenesis (the globin gene switching) [106]. All
produce a first embryonic form in erythroid precursor cells derived from
the yolk sac, some subsequently produce a fetal form in the liver, and all
produce a “final” adult form in the bone marrow [106]. The different
forms of developmental hemoglobins display varying affinities for oxy-
gen, thereby ensuring a proper oxygenation flux from the mother to the
embryo or the foetus [107]. The predominant adult forms of Hb display
a heterotetrameric a2f2 structure, composed of two a-subunits (Hba,
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Fig. 3. Human globin expression atlas. (A) Schematic representation of globin expression sites within the human body. (B) RNA-sequencing-based mRNA
expression in TPM (transcripts per million) of Hb, Mb, Ngb, Cygb and Adgb within tissues from healthy donors. The dataset was generated and adapted from the
Genotype-Tissue Expression (GTEx) project (https://www.gtexportal.org.com). Hb: hemoglobin, Mb: myoglobin, Ngb: neuroglobin, Cygb: cytoglobin, Adgb:

androglobin.

HBA gene) and two p-subunits (Hbf, HBB gene), whereby each subunit is
bound to a heme prosthetic group. It has long been considered that Hb
expression is exclusive to erythrocytes; however, several studies re-
ported that a-globin and f-globin are also expressed outside of red blood
cells [108] (Fig. 3). Importantly, while the HBB gene cluster, located on
human chromosome 11, is in an inactive heterochromatin state in
nonerythroid cells, the HBA gene cluster, located on human chromo-
some 16, has an open heterochromatin conformation in all known cell
types [67].

5.2. Neuroprotective function in neurons of the central nervous system

The first evidence of nonerythroid Hb expression was reported in
neurons, and the authors suggested that motor neuron degeneration
could be linked to iron-catalyzed oxidation of neuronal Hb [109,110].
Thereafter, various groups started exploring the expression sites of Hb,
and its potential relationship with different cerebral pathologies. Wu
and colleagues detected Hb within pyramidal neurons of the hippo-
campus, parietal grey and white matter, and in cerebellum [111]. They
further showed that Hb co-immunoprecipitates with Af oligomers in
brain homogenates from Alzheimer disease (AD) patients, and that the
expression of Hb is higher in AD brains than in control individuals [111].
Ferrer and coworkers reported an opposite expression profile of Hb in
AD brains, as well as a downregulation in neurons [112]. Various other
studies reported the same discrepancy, without providing a clear

explanation despite a wide variety of plausible hypotheses [113]. In
rodents, the full heme-bound Hb tetramer is found specifically in neu-
rons of the cortex, hippocampus and cerebellum, but is totally absent in
astrocytes and oligodendrocytes [114]. Additionally, Hb is upregulated
by erythropoietin (Epo) in these cells and leads to a better oxygenation,
supporting an Epo-dependent Hb function as neuroprotector against
ischemic/hypoxic conditions [114]. In parallel, Richter and colleagues
reported expression of Hba and Hbf in rodent nigral, cortical, and
striatal neurons, and in cortex, basal ganglia, hypothalamus, hippo-
campus, cortical and thalamic dendrites and substantia nigra pars retic-
ulata in rat and human brains [115]. Interestingly, systemic treatment of
rats with rotenone, an inhibitor of mitochondrial complex I chain,
strongly downregulated Hb mRNA expression in nigral dopaminergic
neurons, pyramidal neurons and in GABAergic projection neurons of the
striatum [115]. Various hypotheses were speculated on, including a
possible function of Hb in mitochondrial respiration and regulation of
the redox reactions, inactivation of Hif-1a due to mitochondrial complex
I inhibition, or through the reduction of free heme, which is a strong
activator of globin-chain transcription and whose synthesis takes place
in the mitochondria [115]. Shortly thereafter, Biagioli and coworkers
observed changes in gene expression related to O, homeostasis and
oxidative phosphorylation within A9 dopaminergic neurons (MN9D cell
line) overexpressing Hba and Hbb, further linking Hb to mitochondrial
function in neurons [116]. They confirmed expression of Hb in mouse,
rat and human mesencephalic A9 dopaminergic neurons, however in
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contrast to another report [114], they also detected expression within
cortical and hippocampal astrocytes and mature oligodendrocytes
[116]. The authors concluded on a possible function of Hb as an Oy
reservoir during anoxic or hypoxic conditions, thereby influencing
mitochondrial function. They moreover suggested a possible link be-
tween mitochondrial Hb and the degeneration of A9 neurons observed
in Parkinson’s disease [116]. It was subsequently shown that in A9
neurons, Hb conserves its canonical a2p2 tetrameric structure in vitro
and in vivo suggesting that neuronal Hb preserves some of its biochem-
ical activities and biological functions associated to its role in the
erythroid lineage [117]. In the case of Parkinson’s disease, it was also
shown that Hb forms insoluble aggregates in nucleoli and mitochondria
of A9 neurons when overexpressed in vitro and in vivo and upon neuro-
chemical mitochondrial stress [118]. This phenomenon was accompa-
nied by decreased pre-rRNA transcription, inducing ultimately nucleolar
stress and cell damage, as well as a decrease in the H3 methylation status
[118]. Strikingly, mice overexpressing neuronal Hb displayed aggre-
gates and motor behavior defects after only one month of vector injec-
tion. These observations led the authors to speculate on a function of Hb
as energy status sensor of neurons, as well as on additional functions
linking Hb to ribosome biogenesis, autophagy and epigenetic regulation
[118]. Similar findings relating Hb to neuronal energetics and epige-
netic changes to histones were proposed for multiple sclerosis, further
supporting a mitochondrial-associated neuroprotective function of Hb,
possibly in an erythropoietin-dependent manner [119,120].

5.3. Potential enzymatic functions in macrophages

Liu and coworkers reported expression of Hb in macrophages
following stimulation with LPS and IFN-y, both in vitro in the RAW264.7
cell line, and ex vivo after isolation of peritoneal macrophages from
BALB/c mice [121]. Given that no increase in NO consumption was
observed, the authors speculated on possible alternative enzymatic
functions of Hb, or that Hb might serve as O2/NO sensor [121]. The
expression of Hb in macrophages was confirmed a decade later by a
second group, during granulation tissue formation in rats [122]. In this
study, two peaks of Hba and Hbf mRNA were detected, a first peak
identified as macrophages infiltrating the tissue, and a second peak that
the authors hypothesized to be primitive precursor cells from the he-
matopoietic lineage [122].

5.4. ROS scavenging and cellular oxygenation of the eyes

Further evidence for nonerythroid Hb expression was found in the
eye at the level of the lens [123] and of the retinal pigment epithelium
[124]. In the lens, various hypotheses were proposed, including a
participation in iron homeostasis via a chelating action of Hb, or as
oxygen transporter/oxygen “sink” to avoid increased oxidation of nu-
clear proteins and ROS production in the very hypoxic environment of
the lens. Both defective iron homeostasis and oxygen removal are con-
nected to formation of cataracts, and surprisingly, increased cataract
formation has been associated with sickle cell anemia and thalassemia
patients [125,126], further suggesting a so far uncharacterized function
of Hb in the lens. The expression of Hb was further confirmed specif-
ically within lens epithelial cells, cortical lens fiber cells, but also in the
corneal epithelium and retinal ganglion cells, however no heme group
could be detected in these cells [127]. Gene expression analysis during
the whole lens fiber differentiation process, concomitant with denu-
cleation, suggested a possible function of Hb in apoptosis-like signaling
processes required during lens differentiation [127]. In stark contrast
with the lens, retinal pigment epithelial (RPE) cells require high
amounts of oxygen [128], and primarily supply photoreceptors with
oxygen and nutrients. Thereby, hypoxia-induced metabolic stress of RPE
cells is sufficient to lead to photoreceptor degeneration, which is in turn
associated with age-related macular degeneration [129]. Tezel and co-
workers [124] were the first to observe expression of Hb in RPE cells, by
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analyzing the proteome of human donor eyes, and could furthermore
reveal a basolateral secretion of Hb in vivo, supporting the hypothesis
that Hb is required for O, and CO, transport between the RPE and
photoreceptor cells, thereby supporting the high metabolic demands of
the photoreceptors [124]. Finally, Hb expression was also reported in
the retina and optic nerve head macroglia, as well as in retinal ganglion
cells, with significant upregulation in hypertensive rat eyes and glau-
comatous human eyes. The authors concluded that upregulation of Hb
might serve as an intrinsic protective mechanism facilitating cellular
oxygenation and free radical scavenging [130].

5.5. Oy sensing, NO scavenging and hypoxic protection of the lungs

Robust expression of a-globin and f-globin was further reported in
lung alveolar epithelial cells (AECs) [131,132]. While comparing rat
type I and type II AECs by DNA microarray analysis, Bhaskaran and
colleagues [131] could detect significant expression of a-globin and
p-globin specifically in type II AECs, which was lost upon differentiation
of type II to type I AECs. Given the close proximity of type II AECs with
environmental oxygen, the circulatory system and altered gaseous
conditions, the authors proposed various functions of Hb within the
epithelium, including facilitation of oxygen transport across the
air-blood barrier, as Oy sensor, and as NO scavenger against oxidative
and nitrosative stress [131]. This finding was confirmed shortly there-
after, with reported mRNA and protein expression in human Clara-like
adenocarcinoma cells (H441), human ATII adenocarcinoma cells
(A549), mouse alveolar epithelial cells (MLE-15) and rat primary ATII
cells [132]. In addition to its respiratory functions, the authors sug-
gested an intriguing hypothesis linking Hb’s NO metabolism to respi-
ratory pathologies [132]. This hypothesis was partially supported by the
findings of Ishikawa and coworkers [133], who compared the proteomes
of healthy lungs with lungs from patients suffering either from idio-
pathic pulmonary fibrosis (IPF) or chronic obstructive lung disease
(COPD). Hb expression was dramatically decreased in IPF samples, but
remained unaffected in COPD. Hb expression could also be detected in
bronchoalveolar lavage fluid and sputum, suggesting that Hb is secreted
from the lung tissue. A modified cysteine residue was further identified
in a thiol group of the a-globin monomer in IPF samples, preventing the
formation of Hb complexes [133]. Interestingly, type II AEC Hb
expression is regulated by hypoxia as evidenced by Grek and colleagues
[134]. Following 20 h of hypoxia or prolyl-4-hydroxylase (PHD) inhi-
bition to mimic hypoxia, MLE-15 cells and primary ATII cells displayed
robust induction of hypoxia inducible factor 2 (HIF-2a) together with
upregulation of Hb mRNA and protein levels. The authors could further
demonstrate that the hypoxia-induced Hb upregulation is
GATA-1-dependent. Furthermore, hypoxia also reduced the expression
levels of pro-surfactant proteins. These results suggest that HIFs and Hb
might jointly be involved in the homeostatic protection of the lung
epithelium against hypoxic injury, as observed with edema and subse-
quent hypoxia [134].

5.6. Localized expression in gut villi

While studying the spatio-temporal expression of Hb during lens
formation and its link to early embryonic development, Mansergh and
coworkers used gut sections to visualize normal Hb expression in
erythrocytes within a strongly vascularized organ [127]. Unexpectedly,
they noticed a small number of cells within villi epithelia that stained
positive for Hb, and that were neither associated with stem cells nor with
erythrocytes, suggesting a further moderate site of Hb expression within
the gut [127].

5.7. Hb might function as heme/iron buffer in the endometrium

In the endometrium, which is particularly sensitive to oxygen and
iron, Hb expression was detected in all phases of the menstrual cycle in
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human biopsies. The expression of Hb was not influenced by steroid
hormones, neither by hypoxia during the M-phase of the cycle during
which the oxygen levels are the lowest [135]. Moreover, heme oxy-
genase 1 (HO-1), one of the main heme-neutralizing enzymes, was
equally detected in epithelial cells of the endometrium. The authors
discussed the potential existence of an endometrial Hb-HO-1-system as
buffer to regulate the supply of heme and iron to endometrial cells due to
their critical iron requirements for proliferation [135]. They also sug-
gested a possible oxygen-regulatory function of Hb and HO-1 during the
first trimester of embryo development taking place under very low ox-
ygen concentrations [135].

5.8. Antioxidative function in kidney

In the kidney, the major oxygen-sensing organ in the human body,
Hb expression was reported in glomerular mesangial cells by in situ
hybridization and immunofluorescence. Additionally, expression pro-
files of genes and proteins differentially regulated between normoxic
and hypoxic rat kidneys revealed transient upregulation of Hba and Hbp
following hypoxia. Furthermore, overexpression of a- and f-globin in rat
primary mesangial cells significantly inhibited ROS generation
following stimulation with HyO» [136]. Similarly, induction of Hba and
Hbp was also reported in HEK293 cells following treatment with HyO4
[137], further supporting an antioxidative function of Hb in renal cells
[136,137].

5.9. Oxidative stress protection in liver

In a study focusing on the pathogenesis of non-alcoholic steatohe-
patitis (NASH), strong induction of Hba and Hbp was detected by
microarray analysis in liver biopsies from NASH patients [137]. The
expression of Hba and Hbp was confirmed in HepG2 cells, that displayed
enhanced levels following HyO2 treatment, and similarly to mesangial
cells, overexpression of Hba and Hbp protected HepG2 cells from
oxidative stress. The induction was not correlated with hematopoietic
transcription factors, suggesting expression in non-erythroid cells.
Immunofluorescence revealed positive staining of Hba and Hbp in he-
patocytes of NASH liver biopsies. Interestingly, stimulation of cells with
H»0; reduced the expression of GATA-1, suggesting a different mecha-
nism of Hb regulation during oxidative stress as observed following
hypoxia [137].

5.10. NO-mediated vascular tone regulation within the endothelium

Robust expression of Hb was furthermore described in systemic
arterial endothelial cells, and particularly enriched at the myoendo-
thelial junction [138]. In these cells, a specific role for Hba was found on
the regulation of NO-mediated vascular reactivity, which is dependent
on the heme iron redox state. In the Fe>* state, NO signaling is active and
allows diffusion of NO to smooth muscle and vasodilation, whereas
following reduction to Fe?" by the endothelial cytochrome B5 reductase
3, NO signaling is abrogated via Hb-mediated scavenging of NO [138].
Of interest, within endothelial cells, Hba colocalizes with eNOS in a
macromolecular complex, with which it can form direct protein-protein
interactions [138]. The importance of Hba/eNOS coupling was
demonstrated ex vivo by using a mimetic Hba peptide, in which the
interaction sequence was mutated, resulting in altered vasoconstriction
[139]. Injection of the mimetic Hba peptide into hypertensive mice
caused a significant decrease in blood pressure, and no effect was
observed in eNOS knockout mice, hence confirming the importance of
the complex formation for NO scavenging [139]. The complex was
further expanded with the identification of a hemoglobin stabilizing
protein (AHSP) as a required chaperone for the stabilization of Hba
monomers prior to its reduction by eNOS [140]. Recently, Hba was also
detected in pulmonary endothelial cells, where an association with
pulmonary hypertension and enhanced Hbo was described [141].
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5.11. Vaginal and cervical antimicrobial and anti-inflammatory function

Several studies confirmed expression of Hb also in vaginal epithelial
cells [108,142-144]. The first indirect evidence of Hb expression in
vaginal epithelial cells was reported in a study focusing on the identi-
fication of antimicrobial peptides in rabbit vaginal lavage [142]. One of
the peptides (RVFHbaP) was subsequently designed from Hba, and
could be robustly detected in vaginal sections within glandular epithe-
lial cells. The result was later confirmed using full-length Hba and Hbf
antibodies [108]. The peptide also showed activity against various mi-
crobial strains, and was able to bind LPS, suggesting an
anti-inflammatory effect [142]. Li and coworkers reported expression
both in normal and cancerous human cervical tissue, as well as in the
SiHa and CaSki cervical cancer cell lines [143]. They further reported
increased Hba and Hbf expression in cancerous tissue and following
treatment of cells with HyO,. The overexpression of Hba and Hbp in
these cell lines reduced the production of ROS and increased cell
viability upon HoO, treatment, which led the authors to speculate on an
antioxidant function of Hb in cervical cancer cells [143]. Saha and
colleagues investigated the expression and function of Hb in a human
immortalized vaginal epithelial cell line (VK2/E6E7) and in human
primary vaginal epithelial cells (hPVECs), and could confirm Hb
expression at the mRNA and protein levels in both cell lines [144]. The
expression of Hb was significantly increased by LPS, alongside with
enhanced NF-kB. Consistently, following inhibition of NF-kB, the
expression of Hb was back to normal levels, and direct binding of NF-xB
to the Hba promoter was identified by chromatin immunoprecipitation.
These results indicate that Hb may have antimicrobial effects, and act as
an NF-kB-dependent defense protein against vaginal infections [144].

5.12. Potential cytoprotective effect on cancer cells

Evidences for Hb expression in various cancer types have been re-
ported. Gorr and colleagues observed Hb expression in breast tumors,
but not in normal breast tissue [145]. Further Hb expression in cancer
cells was reported in cervical carcinoma cells [143], glioblastoma cells
[146] and metastasis-competent circulating tumor cells [147]. All
studies concluded on a potential cytoprotective effect of Hb on the
cancer cells, conferring them resistance to oxidative stress and possibly
against some forms of chemotherapies.

6. Myoglobin
6.1. General aspects

Mb is a monomer, mainly found in the cytoplasm, whose established
function is the transport and facilitated diffusion of oxygen from the
sarcolemma to the mitochondria of skeletal and heart muscle in almost
all vertebrates [148,149]. Mb also serves an oxygen-storage function: in
terrestrial mammals, Mb functions as short-term oxygen storage mole-
cule in the heart during normal systole when the blood flow is tempo-
rarily interrupted; in diving mammals and birds, high concentrations of
Mb guarantee sufficient oxygen storage capacity for long-term diving
performances [150-153]. Similar to Hb in erythrocytes, Mb was long
believed to be exclusively expressed in the striated muscle, i.e. restricted
to the heart and skeletal muscle, but various studies have reported
expression of Mb also in other cell types, including vascular smooth
muscle in mammals [154] (Fig. 3). As mentioned before, all vertebrates,
except for amphibians and some species of icefish [74,83,100], express
at least one isoform of the Mb gene (Fig. 2). Multiple non-mammalian
vertebrate model organisms have been used so far to explore the func-
tions of Mb, which can vary greatly depending on the animal’s spe-
cializations. In these model organisms, expression of Mb was also
reported in kidney, liver, gills, brain and endothelial cells [149]. It was
long thought that Mb serves only as oxygen storage protein, however,
various other functions have been described in vertebrates, which will
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be further discussed in the next paragraphs.
6.2. NO scavenging and production in heart and vascular smooth muscle

Apart from its oxygen storage and supply functions, another key
function of Mb is its regulation of NO and ROS levels within the cell in
response to Oy homeostasis. In the heart, excessive build-up of NO can
impair cardiac functions leading to heart failure [155]. As part of its
cardioprotective role, Mb acts as an NO scavenger, where oxygenated
Mb (oxy-Mb) converts NO into NO3 while itself being transformed to
met-Mb, having the heme iron in ferric state [156,157]. Additionally,
the versatility of Mb in NO homeostasis is illustrated by its ability to
switch from NO scavenger to NO producer in normoxic and hypoxic
cellular environments, respectively [96,158-162]. Deoxygenated Mb
(deoxy-Mb) acts as a hypoxia-dependent nitrite reductase, that along
with other cellular nitrite reductases, regulates cell energetics in
response to low oxygen levels. One prominent importance of NO is the
Oy-homeostasis regulated vasodilation resulting from the generation of
NO by Mb in the vascular wall. Although Mb is not the sole NO producer
in vascular smooth muscles, Mb-deficient mice display impaired blood
vessel dilation, with enhanced vasodilation upon NO treatment, thereby
evidencing the importance of Mb as NO producer [157,163-165]. In
addition to smooth muscles, the Mb-generated NO in cardiomyocytes is
important for cardio protection following cardiac ischemia-reperfusion
(I/R) injury as it minimizes mitochondrial cellular respiration and
hence limits ROS generation and reduces oxidative damage [166].

6.3. Cardiac and neuronal regulation of ROS

Besides NO, Mb also directly regulates ROS homeostasis, acting as
both antioxidant and pro-oxidant. Mb exhibits catalase- and peroxidase-
like activities thereby neutralizing the ROS-generating HoO, while itself
being converted from ferric-heme to ferryl-heme Mb [167-170]. The
role of Mb in cardiac antioxidant defense is observed in Mb knockout
mice that show poor adaptation to oxidative challenge, including higher
ROS in the heart upon cardiac I/R injury and slow recovery from
ischemic insult [171]. Additionally, the importance of Mb as antioxidant
was also reported in non-muscle cells including the neuron, which
upregulates Mb upon beta amyloid peptide ROS insult [172]. Mean-
while, the brain-specific Mb2 isoform in carp is shown to be active in
eliminating HyOy [95,96]. Similar to Hb, Mb can also elicit oxidative
stress via the release of ‘reactive iron’ from the heme group, that cata-
lyzes Haber-Weiss reaction to produce damaging ROS, mostly OH rad-
icals [173,174]. Reasonably, the oxidative assault by Mb is mostly
associated with pathological conditions such as cancer and muscle
damage. Muscle damage resulting from burn of injury releases Mb into
the bloodstream, which can be glycated and accumulate in the kidney.
The heavy release of iron (more with glycation) from Mb induces free
radical damage which often results in acute renal failure [175-178].

6.4. Fatty acid metabolism in skeletal and cardiac muscle

Another unconventional function of Mb is its role in fatty acid
metabolism in both skeletal and cardiac muscles [166,179]. This func-
tion stems from its ability to bind and transport long-chain fatty acids
(FAs) including oleic and linoleic acids, in its oxy-Mb form but not the
deoxy-Mb form. Whereas the Oz binding on Mb is required for FA
binding, the binding of FA has no effect on the Oy binding [180-183].
The high energy demand from the perpetual beatings of the heart is
primarily satisfied by lipid metabolism, and the highly expressed Mb in
cardiomyocytes is involved in FA oxidation for energy generation [184,
185]. The prominent role of Mb in cardiac FA metabolism is evident
from the biochemical shifting from FA to glucose oxidation with
concomitant upregulation of GLUT4 and glucose uptake in Mb-deficient
mice [186]. Additionally, high-lipid diet in rats induces an increase in
total Mb protein, similar to the upregulation of Mb in
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lipid-supplemented C5Cy 2 cells and Weddell seal cells in vitro [179,187].
In this context, Mb facilitates the transport of FA to mitochondria for
B-oxidation and energy production. Inversely, Mb-deficient mice display
abnormal accumulation of lipid deposits in the heart with compromised
heart performance [185]. Therefore, Mb seems to be also crucial for
energy supply in the heart and to regulate and prevent cardiac
lipotoxicity.

6.5. Antiproliferative function on cancer cell progression

Mb is also found to be ectopically expressed in several cell types and
malignancies, specifically in many epithelial-derived cancer cells
including breast cancer [145,188-191], prostate cancer [191,192],
non-small cell lung adenocarcinoma [193], renal cell carcinoma [194],
head and neck squamous cell carcinomas [195], ovarian cancer [188],
and colon cancer [188]. Mb expression status positively correlates with
the overall survival rate of breast cancer patients [189], and patients
with gleason score 8-10 prostatic carcinoma [192]. The expression of
Mb in breast cancer cell lines and biopsies positively correlates with
established hypoxia markers CAIX, FASN, VEGF and hypoxia-inducible
factor HIF-2a, but not HIF-1a [189,190,192]. HIF-1a is instead found
to be regulating Mb mRNA expression levels by binding to a remote
enhancer element located ~2.7 kb upstream of the Mb gene, upon
experimental hypoxia [190,191]. Hypoxia-induced Mb expression
regulation was reported in breast, prostate and colon cancer cells [196].
These data suggest that the hypoxic tumor microenvironment contrib-
utes to the upregulation of Mb in cancer cells. In contrast, in
hormone-dependent breast and prostate cancers, Mb expression was
shown to be downregulated via the recruitment of repressor complex to
the Mb promoter as mediated by estrogen and androgen, respectively,
that bind to varying distal Mb regulatory elements [189,191]. Surpris-
ingly, nearly twenty Mb splice variants have been identified in human,
and 12 are found to be expressed in human cancer cell lines [197,198],
with variants 9, 10, and 11 expressed from a hypoxia-inducible
tumor-associated promoter [191,198]. Expression of Mb in cancer
cells is related to its tumor inhibiting functions. In breast cancer cell
lines, it was elucidated that the Mb-catalyzed production of cellular ROS
exerts high oxidative stress on Parkin, a mitochondrion E3-ubiquitin
ligase, which is then oxidized and degraded. The degradation of Par-
kin, safeguards mitofusin 1 and 2 (MFN1 and MFN2) from
ubiquitination-mediated degradation. MFN1 and MFN2 are proteins
localized at the outer mitochondrial membrane that promote mito-
chondrial fusion. Their upregulation thus leads to mitochondrial
hyperfusion, which subsequently halts cell cycle progression at G1 to S
phase transition [199]. Hence, Mb expression in cancer cells might
attenuate cancer cell proliferation. Such oxidative-based counteraction
of Mb in cancer is also hypothesized by a transcriptomic-based study
which proposed that Mb-mediated ROS- and NO- production regulates
specific factors in cancer cells. This includes phosphorylation of p53,
which regulates its downstream target genes, resulting in cell cycle ar-
rest and apoptosis. Furthermore, oxidative stress also inactivates PHD2
which subsequently safeguards intact HIF-a, leading to downstream
shifting in metabolic activities in a cell-specific manner [196]. In these
processes, Mb-dependent oxygen binding and oxidative stress genera-
tion are crucial, while any free radical scavenging activity can poten-
tially impede the process [200]. Collectively, Mb might assume positive
roles in slowing cancer progression. Most recently, targeted delivery of
Oy-bound myoglobin was suggested to be an effective approach to
enhance the efficacy of radiotherapy via increasing intracellular oxygen
levels [201].

7. Neuroglobin
7.1. General aspects

Neuroglobin (Ngb) emerged in early Metazoans around 800 million
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years ago from a common ancestor to Adgb and Globin X [69,77] and is
found in vertebrates including ray-finned fishes, coelacanths, amphib-
ians, lizards, turtles, birds, monotremes, marsupials and mammals, with
the exception of lampreys, cartilaginous fishes and lungfishes [69,202]
(Fig. 2). A number of studies have reported globin-like proteins localized
to neurons of lower organisms, but it remains to be determined if these
represent genuine orthologs of vertebrate Ngb [203-205]. Ngb is a
monomeric protein that reversibly binds oxygen with a reported Psg
ranging from 0.9 to 10 torr and displays a hexa-coordinated scheme [70,
206,207]. Initially identified in rodent and human brain tissues [70],
Ngb is expressed in the central (olfactory bulb, solitary tract nucleus,
cerebellum, amygdala, hippocampus, thalamus and grey substance of
spinal cord) and peripheral (sensory and autonomic ganglia) nervous
system, with particularly high expression in the hypothalamus, in as-
trocytes, but also in the gastrointestinal tract, in endocrine tissues such
as the pituitary gland, adrenal glands and islets of Langerhans, in the
photoreceptor inner segments of the retina, retinal pigment epithelium,
inner and outer plexiform layers, the retinal ganglion cell layer, inner
and outer nuclear layers, and the optic nerve, as well as in the heart and
testes [208-212] (Fig. 3). Surprisingly, in stickleback fish, Ngb is
expressed in erythrocytes at higher levels than Hb [213]. Finally, several
studies reported that Ngb localizes mainly in the cytosol, the inner wall
of mitochondria and in the nucleus [214-217].

Despite two decades of extensive research efforts on Ngb and a broad
array of tools developed [218], its function still remains unclear. In the
following paragraphs we will briefly discuss the transcriptional and
posttranscriptional mechanisms regulating Ngb, and focus on the
physiological processes in which neuroglobin has been suggested to be
involved.

7.2. Hormone-dependent regulation of Ngb in the central nervous system

Different studies reported that several hormones and growth factors
can modulate the expression of Ngb. In mouse, vascular endothelial
growth factor (VEGF) increases Ngb protein expression in cortical neu-
rons, which in turn induces a negative feed-back loop inhibiting VEGF
expression [219]. Another study showed that thyroid hormone T3
supraphysiological administration in rats induces Ngb mRNA and pro-
tein expression in cortex, cerebellum and hippocampus of thyroidecto-
mized rats [220]. Administration of 17p-estradiol (E2) was also reported
to upregulate Ngb levels in mouse hippocampal neurons and primary
cortical astrocytes [221,222]. Interestingly, whereas no estrogen
response element is found within the Ngb promoter, Guglielmotto and
colleagues demonstrated that E2 induces the recruitment of estrogen
receptor alpha (ERa) to the first intron of Ngb that acts as an enhancer
element, which in turn induces chromatin remodeling and leads to
enhanced Ngb expression [223]. In a model of brain-induced ischemia in
gerbils, administration of recombinant human neuronal erythropoietin
resulted in Ngb upregulation and reduced neuronal death [224]. How-
ever, whether this upregulation is mediating the observed protective
effects remains unclear.

7.3. Oxidative stress protection in brain and heart

Using purified recombinant neuroglobin and human neuroblastoma
SH-SY5Y cells, Jayaraman and colleagues investigated Ngb post-
transcriptional modifications occurring under stress conditions, by
mimicking an ischemic insult by serum and glucose deprivation under
normoxic or hypoxic conditions [225]. Interestingly, they demonstrated
that under low oxygen content, Ngb phosphorylation is increased in an
ERK- and PKA-dependent manner, which in turn induces 14-3-3 protein
binding and prevents its dephosphorylation. Moreover, functional
characterization showed that phosphorylation of Ngb substantially en-
hances its nitrite reductase activity, emphasizing an adaptive mecha-
nism that may be triggered in ischemic conditions to protect the brain
[225]. Of note, Ngb was shown to directly promote 14-3-3y expression
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in a yet unknown way [226,227]. In line with these studies, over-
expression of Ngb in several pathogenic cardiac models, including
ischemia and isoproterenol-induced cardiac hypertrophy, resulted in
reduced apoptosis, inflammation, hypertrophy, infarct size and pro-
moted cardiomyocyte survival by acting on reactive oxygen and nitro-
gen species levels and thereby reducing oxidative stress [228,229].
Intriguingly, Tae and coworkers recently reported that rats exposed to
side stream cigarette smoke displayed increased levels of Ngb, and to a
lesser extent Cygb, in cerebral cortex and hippocampus, and suggested a
role in the oxidative stress response [230].

7.4. Oxidative stress sensing and recruitment of Ngb to membrane lipid

rafts

During oxidative stress, generation of ROS, and especially NO in-
duces Ngb transition from ferrous (Fe*h) to ferric state (Fe3') and
conformational changes, and results in NO3 production [231,232]. Un-
like other globins, Ngb was shown to lack catalase and peroxidase ac-
tivity [233]. Intriguingly, Watanabe and coworkers showed that in PC12
and SH-SY5Y cells overexpressing Ngb HyO»-induced oxidative stress
resulted in Ngb recruitment to membrane lipid rafts, which significantly
increased cell survival as compared to Ngb-devoid cells [232]. More-
over, addition of methyl-B-cyclodextrin (MBCD), a lipid raft-disrupting
agent, strikingly reduced cell viability that was restored after choles-
terol addition, emphasizing the importance of Ngb recruitment to these
membrane domains to exert its protective effects. Furthermore, under its
ferric state, but not ferrous, Ngb binds flotillin-1, a protein shown to
recruit signaling complexes to lipid rafts and to mediate transduction of
several cellular processes [234,235]. In addition, Watanabe and col-
leagues demonstrated that in these lipid rafts Ngb, in its oxidized state,
binds the GDP-bound Gai/o and acts as guanine nucleotide dissociation
inhibitor (GDI), preventing ROS-induced Gai/o activation and favouring
neuroprotective cAMP signaling [232], therefore strongly suggesting a
role as oxidative stress sensor for Ngb.

7.5. Inhibition of apoptosis in neurons and retinal ganglion cells

Several studies reported that Ngb may exert its protective effects by
directly acting on the intrinsic apoptotic pathway. Under oxidative
stress, Ngb can bind to huntingtin (HTT) and shuttle from the cytosol to
the mitochondria [236], where it associates with mitochondrial
voltage-dependent anion channel 1 (VDAC), a constituent of mito-
chondrial permeability transition pore (mPTP), preventing mitochon-
drial cytochrome c release [237,238], in primary mouse cortical neurons
under oxygen-glucose deprivation/reoxygenation conditions. Moreover,
Ngb can directly interact, scavenge and reduce the heme iron of cyto-
chrome c [238,239], thereby preventing cellular death [240]. Interest-
ingly, Ngb silencing experiments performed in rat retinal ganglion cells
(RGCs), as well as in vivo shRNA knockdown in rat eyes, resulted in
reduced RGCs number and nerve fibre density, impaired visual ability
and strongly affected mitochondrial respiratory chain complex I and III
activity [241]. These effects might be explained by the association of
Ngb with electron-transferring flavoprotein alpha (ETfa) that is part of
the mitochondrial respiratory chain [237], which may, in a yet unknown
manner, favor mitochondrial function and prevent unwanted ROS pro-
duction. In another study, Khan and coworkers used isolated neurons
from transgenic mice overexpressing Ngb under the control of the
chicken f-actin promoter, previously shown to protect mice from brain
and heart ischemia by induction of endothelial NO synthase (eNOS) in
vascular endothelial cells [242]. Under hypoxic conditions, they
demonstrated that the RhoGTPase Racl, maintained in an inactive state
by Rho-GDI association, is released, activated and relocated inducing
actin polymerization, cytoskeletal and mitochondrial aggregation,
which is prevented in cells overexpressing Ngb [243]. Moreover, Ngb
associates with p21 activated kinase 1 (Pakl), a kinase promoting
GDI-Racl dissociation, and prevents its activity [243]. Finally, several
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studies reported an association of Ngb with Akt and its upstream phos-
phatidylinositol modulator, 3,4,5-trisphosphate 3-phosphatase (PTEN),
which resulted in neuroprotection and less caspase activity [244-246].

7.6. Regulation of ATP production in brain and heart

Beyond its role in inhibiting apoptosis, a recent study in an immor-
talized murine hippocampal cell line (HT-22), demonstrated that over-
expression of Ngb promotes ATP production and that lipid and glycogen
content was increased [247]. These effects were confirmed in heart
tissues of Ngb-overexpressing transgenic mice. Moreover, they showed
that these effects rely on the inhibition of AMP-activated protein kinase
(AMPK) signaling, a kinase promoting catabolism, and activation of
acetyl-CoA carboxylase (ACC) in brain and heart tissues of mice over-
expressing Ngb [247]. These evidences support a role of Ngb in the
regulation of ATP production by promoting cellular anabolism through
its inhibitory effect on AMPK, though how Ngb achieves this inhibition
still remains unclear.

7.7. The controversial function of Ngb during cancer progression

While neuroglobin’s antioxidative functions have been extensively
studied, its role and expression in cancer are still largely debated [145,
248]. Cancer cells are able to survive in conditions of high intracellular
levels of ROS, which could influence the cell fate by activating apoptosis
or mechanisms of aberrant adaptation causing augmented cell prolif-
eration, immortalization, metastasis and chemo-resistance. Currently,
many groups are focusing on the identification of the survival factors
and pathways involved in the cancer resistance and adaptation to high
ROS levels. Increased Ngb levels have been found not only in brain
cancer [249,250] but also in primary tumors and cancer cell lines of
different origin than the central nervous tissue, as highlighted by Emara
and colleagues who analyzed by microarray various human solid tumors
[249]. These included, among others, ovarian, hepatocellular and breast
carcinoma, for which they further showed Ngb-stained tumor sections
that displayed distinct staining patterns with uniform expression in
stromal tissue, regions of distinct cell types, and intensive focal areas
[249]. The complexity of Ngb expression in cancer was also addressed in
non-small cell lung cancer with focus on the two histological subtypes
adenocarcinoma and squamous cell carcinoma [193]. Interestingly,
despite being overexpressed in both cancer types, Ngb was more
frequently overexpressed in squamous cell carcinoma. They further
demonstrated that in 30.8% of lung cancers, the promoter of Ngb was
hypermethylated, which paradoxically suppresses its mRNA expression.
The methylation status did not appear determinant on Ngb expression in
adenocarcinoma, while it had profound consequences on Ngb expres-
sion in squamous cell carcinoma. Various molecular mechanisms have
been proposed for the role of Ngb in cancer progression, however
whether Ngb is pro- or anti-oncogenic is still controversial. Indeed, it has
been reported that Ngb displays antiapoptotic, antioxidant, but also
antiproliferative functions. One suggested molecular mechanism behind
the Ngb-mediated cancer cell protection hypothesizes the direct acti-
vation and involvement of the PI3K/AKT pathway as investigated in
breast cancer and glioma [216,251-253]. In these cells, ERa-mediated
PI3K/AKT over-activation ultimately leads to Ngb overexpression and
Cyt-c scavenging, preventing the Cyt-c-mediated formation of the
apoptosome. As a consequence, the cancer cells are simultaneously
protected from caspase-mediated cell death, and from ROS via the
overexpression of Ngb [216,251-253]. The combined antioxidant and
antiapoptotic action of Ngb was further demonstrated in glioma cell
lines and tissue, where the authors reported that under conditions of
oxidative stress, Ngb overexpression protects U87 glioma cells from
apoptosis [253]. The same group proposed Ngb as prognostic marker for
patients affected by glioma, for its positive correlation was associated
with the histological grade of the cancer and survival rate [254]. The
tumor grade-dependent expression of Ngb was confirmed in an
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independent study, that additionally reported a negative correlation
with PPARy expression, leading to loss of Ngb upon PPARy over-
expression and vice-versa. It was suggested that enhanced Ngb might
protect the glioma cells from cell death and at the same time partially
reverse the pro-apoptotic and anti-proliferative actions of PPARy [251].
An alternative molecular mechanism has been postulated in hepatocel-
lular carcinoma (HCC), where Ngb has been found downregulated in
human tumor tissue [255]. Ngb knockdown in the HCC cell line HepG2
enhanced cell growth and proliferation, whereas its overexpression both
in HepG2 cells and in vivo suppressed cell growth and tumorigenicity.
Ngb overexpression was found to coincide with abolished Raf/MEK/Erk
signaling, an effect that could be reversed upon mutating the
oxygen-binding site (H64L) of Ngb, thereby linking oxygen/ROS
signaling to the Raf/MEK/Erk pathway [255].

These studies collectively illustrate that the cancer-related regulation
of Ngb represents a yet-to-be-determined complex pathway, involving
histological, hypoxic and epigenetic aspects, revealing Ngb to be an
intriguing potential target for the development of anticancer therapies.
Most recently, an additional unexpected therapeutical role of Ngb was
described based on its potential function as an antidote for CO poisoning
[256,257].

8. Cytoglobin
8.1. General aspects

Cygb, together with Hb and Mb, likely originated from a cellular
globin ancestor present in vertebrates around 450 million years ago.
Indeed, it is speculated that Cygb and Mb share a common phylogenetic
clade, and that Cygb and Mb represent paralogous regions of genomic
DNA (respectively regions 17q25 and 22q12 in humans), as a result of a
duplication event [72]. In most vertebrates, a single Cygb gene has been
found, including in mammals, birds and frogs. However, teleost fish, a
sub-class of the ray-finned fish, express two Cygb genes, Cygb-1 and
Cygb-2, with distinct amino acid sequences and tissue expression pat-
terns, with a preferential neural expression for Cygb-2, whereas the
expression of Cygb-1 seems to be much more ubiquitous [83,258,259]
(Fig. 2). The function of this duplication is still unclear, as the physio-
logical role of the paralogs remains unknown. However, recent studies
have shown that the functions of Cygb-1 and Cygb-2 might even be
species-specific, as well as tissue-specific [260]. In this line, Corti and
collaborators have suggested that Cygb-2, which is most orthologous to
mammalian Cygb might play a role in the protection against ROS, NO
deoxygenation, nitrite reduction and also protein-protein interactions,
whereby an oxygen carrier function seems less likely, except in specific
tissues such as the retina. On the other hand, Cygb-1 appears to be
functionally and structurally different from its paralog. Indeed, Cygb-1
displays a penta-coordinated heme group, and is robustly expressed in
zebrafish red blood cells where it might function as an oxygen carrier
when oxygen concentrations are low [261,262].

In mammals, the tissue expression profile of Cygb has been exten-
sively studied [263] (Fig. 3). Cygb is predominantly expressed in fi-
broblasts and related cell types, but also in distinct nerve cell
populations [264]. Its precise physiological function, however, remains
unclear.

8.2. NO-dependent regulation of vascular tone

The role of Cygb in NO metabolism has been addressed in a large
number of studies [265]. Strikingly, Cygb displays the highest rate of NO
dioxygenation of all mammalian globins, and shows a faster reduction
rate than other globin types in presence of reducing agents such as
ascorbate, P450 reductase or b5/cytochrome b5 reductase [266-270].
The first in vitro evidence for a function of Cygb in NO dioxygenation was
provided by Halligan and coworkers, who demonstrated that following
stable shRNA-mediated knockdown of Cygb in NIH-3T3 cells resulted in
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significantly decreased cellular NO consumption and intracellular ni-
trate formation. This effect could be reversed by re-expression of human
full-length cytogobin [271]. Interestingly, the NO dioxygenase activity
of Cygb is Op-dependent, and rapidly drops under physiological hypoxia
[267]. However, under anaerobic/anoxic conditions, Cygb’s function
switches from NO dioxygenation to nitrite reduction, thereby rather
promoting perfusion and tissue oxygenation, which supports a role for
Cygb as an important sensor and regulator of NO in the maintenance of
vascular homeostasis in an oxygen-dependent manner [272]. In line
with these studies, expression of Cygb was robustly detected in rat aortic
adventitial fibroblasts, rat aortic medial smooth muscle, and in rat,
mouse and human aortic vascular smooth muscle cells, which drove the
authors to conclude on an important function of Cygb in the
NO-dependent regulation of the vascular tone [271]. Liu et al. recently
provided in vivo evidence for a role of Cygb as regulator of NO degra-
dation and cardiovascular tone in the vascular wall using a Cyg-
b-deficient mouse model [269]. Lilly and coworkers further suggested an
involvement of Notch signaling in the regulation of Cygb within endo-
thelial cells, thereby facilitating the ability of smooth muscle cells to
metabolize NO [273].

8.3. Antioxidative function in liver, retina and kidney

Cygb was furthermore proposed as protector against oxidative stress
[265]. Various in vitro studies indicated that Cygb is able to scavenge
free radicals, and overexpression of Cygb in renal immortalized fibro-
blasts [274,275] as well as in various other cellular models preserves cell
viability under conditions of oxidative stress [276-281]. Moreover,
Thuy le et al. [317] confirmed the antioxidant function of Cygb using a
global knockout mouse model which displays age-dependent develop-
ment of multiple organ abnormalities. Recently, the same group further
validated the antioxidative role of Cygb by establishing a Cygb trans-
genic (TG) mouse line that overexpresses Cygb [282]. Using this model,
they demonstrated for the first time that following induction of mem-
brane damage and oxidative stress in the liver using thioacetamide, TG
mice were better withstanding the increase in ROS and inflammation,
displaying reduced neutrophil accumulation and release of
inflammation-related cytokines, less hepatic fibrosis with decreased
activation of hepatic stellate cells compared to wild-type mice [282].
Kwon et al. very recently showed that Cygb-deficiency affects retinal
degeneration in mice with defects in the expression of Crumbsl1, caused
by a point mutation in the rd8 gene [283]. Indeed, Cygb” 48/ mice
displayed a more rapid degeneration of the retina than Cygb*/ +rd8/rd8
mice, with a more marked photoreceptor degeneration and defective
lamination of progenitor cells, Muller glia and new photoreceptors.
Kwon and colleagues suggested a ROS scavenging-related role for Cygb
for the regulation of the polarity of photoreceptor and progenitor cells in
the retina [283]. Most recently, additional evidence for the anti-
oxidative function of Cygb in the kidney was demonstrated by using a
Cygb-deficient murine model, displaying reduced kidney function and
podocyte number [284]. Mechanistic studies using shRNA-mediated
knockdown experiments in human podocyte-derived cell lines with
abundant Cygb expression levels, further confirmed an antiapoptotic
and antioxidative role of Cygb [284].

8.4. Cygb protects against fibrosis

Nakatani et al. detected expression of Cygb in rat kidney, mainly in
fibroblasts, but also in the glomerulus [285]. Upon cyclosporine
A-induced nephropathy, Cygb expression was upregulated in fibrotic
lesions of the kidney, specifically in interstitial fibroblasts positive for
the renal cortical fibroblast markers CD73 and aSMA [285], similarly to
the first findings by Kawada and colleagues, back when Cygb was first
described as stellate cell activation-associated protein (STAP) and its
involvement in hepatic fibrosis [71]. Thuy le and coworkers also
observed substantially increased fibrosis in Cygb knockout mice, mostly
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in the liver, but also in the kidney, suggesting an antifibrotic role of Cygb
[317]. The same group could further show that Cygb deficiency
enhanced hepatocyte damage and inflammation following bile duct
ligation, and increased fibrosis possibly due to altered NO metabolism
[286]. Similarly, Mimura et al. and Nishi et al. employed
Cygb-overexpressing transgenic rats in disease models of remnant kid-
ney and renal ischemia/reperfusion, respectively, to provide evidence
for an antifibrotic role of Cygb in kidney fibroblasts, potentially via a
ROS scavenging function [274,275].

8.5. Tumor suppressive function

Consistent with a general globin role in hypoxia adaptation, also the
function of Cygb was extensively investigated under conditions of
reduced oxygen supply. Several groups explored the relationship be-
tween hypoxia and Cygb on the level of gene regulation as well as on the
level of activity in a tumor context [249,287-290]. In the same line,
McRonald et al. and Langan et al. have identified Cygb in a background
of tylosis with esophageal cancer [291,292]. Additionally, Thuy le et al.
[315] and Yassin et al. [293] both reported an implication of Cygb in
tumorigenesis using in vivo models. Thuy le et al. described in a murine
Cygb knockout model that the absence of expression of Cygb resulted in
an increased incidence of tumor development in the liver and lungs
[316]. In a follow-up paper, the group showed that Cygb-deficiency leads
to an increase in oxidative stress and, in a situation of non-alcoholic
steatohepatitis, leads to a nearly certain development of hepatocellu-
lar carcinoma [315]. Yassin and colleagues found that Cygb is important
for the suppression of colorectal tumors [293]. In an independently
generated Cygb knockout mouse model, Cygb deficiency exacerbated
chemically induced colitis and augmented the establishment of colonic
tumors. Cygb-deficient mice were more susceptible to severe inflam-
mation, leading to a significant loss of colonic crypts and colonic
epithelial cells [293]. By employing cell line studies and patient breast
and lung cancer material, further evidence was given for a tumor sup-
pressive role of Cygb [294]. Furthermore, Shaw and colleagues
described regulation of Cygb expression by promoter hypermethylation,
as well as by tumor hypoxia [295]. Accordingly, Oleksiewicz et al.
described a similar bimodal role for Cygb in lung tumorigenesis,
dependent on cell type and microenvironment. Using lung cancer cell
lines Cygb is found to function as tumor suppressor under normoxic
conditions and as oncogene in cells exposed to stress [296], revealing
Cygb as a potential versatile and attractive target for tumor therapy.

8.6. Cytoprotective lipid peroxidase activity

Interestingly, a recent study explored the influence of cold atmo-
spheric plasma treatment, a novel tool in cancer therapy relying on
increased RONS production, on the structure of Cygb. Application of
cold atmospheric plasma revealed the formation of inter- and intra-
molecular disulfide bridges, illustrating the importance of the oxida-
tion of two Cygb cysteine residues in regulating its ligand-binding
properties [297]. In this context, a difference is observed in the ability
of Cygb to bind lipids: monomers with intramolecular disulfide bridges
bind lipids more easily as compared to dimers, as the result of the for-
mation of a more open heme pocket structure [298,299]. This notion
further supports that the cold atmospheric plasma-induced conforma-
tional change is part of its cytoprotective role under oxidative stress
conditions via its lipid peroxidase activity [297].

8.7. Tissue repair and regeneration

Unexpectedly, Cygb seems to display a function in tissue repair and
remodeling. Singh and colleagues [300] suggested a major role of Cygb
in muscle repair and regeneration, as myogenic progenitor cells derived
from a mouse model in which Cygb was specifically knocked out in
skeletal muscle, were severely deficient in their ability to form
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myotubes. The regenerative function of Cygb was also proposed during
tail re-growth in the house gecko [301]. It was further shown that hy-
pertension is associated with loss of Cygb in rat aorta, whereas its
overexpression promoted the proliferation and migration of vascular
smooth muscle cells, suggesting a role in vascular wall remodeling
[302]. A similar finding was reported by Jourd’heuil and coworkers in
the rat balloon angioplasty model and in Cygb knockout mice subjected
to carotid ligation, whereby the expression of Cygb appeared crucial for
the regulation of apoptosis during vascular remodeling [303].

9. Androglobin
9.1. General aspects

In 2012, the fifth mammalian globin was described and termed
androglobin (Adgb) due to its predominant expression in testis tissue
[77] (Fig. 3). This youngest member of the globin gene family represents
a unique type of chimeric protein with a very high phylogenetic con-
servation that can be traced back to early metazoans and choano-
flagellates, thereby defining Adgb as a major clade of globins together
with Ngb and GbX that likely emerged before the separation of Proto-
stomia and Deuterostomia [69,77,80] (Fig. 2). This furthermore sug-
gests that these 3 globin clades exhibited very distinct and
non-overlapping functions. In contrast to all other known globins,
Adgb displays a peculiar protein architecture including an N-terminal
calpain-like cysteine protease domain, a central permuted globin
domain, an IQ calmodulin-binding motif, and a long C-terminal tail
without detectable motifs. The central globin domain exhibits an un-
precedented a-helical rearrangement, with helices C to H placed before
and split from helices A and B. However, the globin domain is func-
tional, and displays an absorption spectrum characteristic of
hexa-coordination of the heme iron [77,304].

9.2. Physiology and pathophysiology

The physiological function of Adgb remains still largely unknown,
but a role in spermatogenesis is conceivable given its strong expression
in vertebrate testis. Furthermore, evidence exists that Adgb expression is
reduced in infertile versus fertile men [77]. A single in vitro study re-
ported a potential oncogenic function of Adgb in glioma, whereby len-
tiviral knockdown of Adgb led to inhibition of proliferation and
increased apoptosis in the U251 glioma cell line [305]. At present,
further studies are required to assess with certainty the physiological
function of this unique globin type, and to explore its relationship to-
wards oxygen, NO scavenging, calcium-mediated signaling or potential
proteolytic activity.

10. Globin E

Initially identified in birds’ eye [75,83], globin E (GbE) was there-
after also found in turtles and coelacanth [78,79] (Fig. 2). Blank and
coworkers demonstrated that GbE localizes in photoreceptor cells in
Gallus gallus sp. (domestic chicken) [306]. Later, GbE expression was
also detected in bird erythrocytes [213]. GbE displays a heme
penta-coordinated scheme and analysis of oxygen binding kinetics
showed that GbE exhibits a high oxygen binding affinity with a Pso of
about 5.8 and 15 torr, respectively at 25 °C and 41 °C [306]. Interest-
ingly, these data indicate that GbE shows a higher affinity for oxygen
compared to myoglobin in a variety of terrestrial and diving mammals
and aquatic birds (P5¢ = 2.4-4.85 torr at 37 °C) [307] and suggests that
GbE plays an important role in oxygen supply in avian eyes. More
recently, a study showed that lungfish bear also multiple copies of GbE.
Surprisingly, in contrast to avian location, the major sites of expression
were ovaries and oocytes, whereas no detectable mRNA was found in the
eye [202]. The physiological role of GbE in lungfish and more particu-
larly in oocytes is still unclear, but it is conceivable that its main function
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might be to retrieve oxygen from water and support embryonic
development.

11. Globin Y

Globin Y (GbY) was reported in reptiles, platypus, ray-finned fishes,
coelacanth, spotted gar, elephant shark and amphibians [69,308]
(Fig. 2). Genomic analyses showed that GbY localizes at the 3’ end of the
a-globin gene cluster [309]. Moreover, the sites of expression vary
among species: gill and spleen in spotted gar; intestine, gill and spleen in
elephant shark; a low expression in several tissues including kidney,
lung, brain or blood in western painted turtle [79,308]. Up to date, due
to the lack of experimental evidence for the physiological role of GbY, its
function remains obscure.

12. Globin X
12.1. General aspects

During evolution, Globin X (GbX) emerged in early Metazoans from a
common ancestor around 800 million years ago and shows 25-30%
sequence identity to Ngb [76,79,308]. In vertebrates its expression is
restricted to certain taxa, including lampreys, fish, amphibians and some
reptiles, whereas no detectable expression was reported in birds and
mammals [69,82,310] (Fig. 2). However, the sites and levels of
expression may be variable depending on the species and include brain,
eye, intestine, liver, spleen, and heart [79,308]. In zebrafish, GbX is
mainly expressed in the eye and the central nervous system, and its
levels are oxygen-dependently regulated, with a significant decrease
under hypoxic conditions [311,312].

12.2. Membrane anchoring-dependent ROS protection

In silico and biochemical analyses reported that GbX is myristoylated
at Gly2 and palmitoylated at Cys3, which results in its anchoring to the
membrane [312]. Spectroscopic and oxygen binding analyses showed
that GbX has a hexacoordinated scheme with a deoxy-spectrum similar
to Ngb and Cygb and a P5y between 1.3 and 12.5 torr at 20 °C depending
on the pH and the presence of DTT, which strongly suggests the for-
mation of disulfide bridges that may control heme reactivity, as well as
an electron transfer function rather than oxygen binding [312]. In a
more recent study, overexpression was performed of Mb, wild-type GbX
and a mutated form of GbX, where the Gly2 was replaced by Ala and the
Cys3 by a Ser, in the mouse neuronal HN33 cell line lacking GbX and Mb,
and the viability of cells and ROS production was compared under
hypoxic conditions or in the presence of HoO5. Under low oxygen con-
tent, Mb showed significantly greater preservation of cellular viability
reflected by the higher mitochondrial dehydrogenase activity and ATP
production as compared to GbX or mutated GbX. However, in the
presence of various amounts of HyO, overexpression of Mb had only
minor impact, whereas GbX and mutant GbX were clearly more pro-
tective. Intriguingly, loss of membrane anchoring resulted in increased
ROS production upon Hy05 treatment and in lower cell viability as
compared to the wild-type form, emphasizing the importance of its
membrane localization in order to sustain optimal function [310].
However, it remains unclear how GbX exerts these protective effects and
if it may protect the membrane lipids by reducing peroxides resulting
from the accumulation of ROS, as suggested by several studies [80,312].

12.3. GbX-mediated nitrite reduction and inhibition of platelet activation

Surprisingly, two other studies have recently reported that GbX is
present in fish erythrocytes and localizes in the cytoplasm and nuclear
pores [313,314]. Nitric oxide (NO) formation experiments demon-
strated that deoxy-GbX is capable of nitrite reductase activity with a NO
production that is around 100-fold higher than Hb. These data were
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confirmed by silencing experiments performed in cultured fish red blood
cells (RBCs), which exhibited a significant reduction of NO production.
Moreover, physiologically the absence of GbX in RBCs completely
abolishes the inhibitory effect on platelet activation [313]. Altogether,
these data indicate that in nucleated fish RBCs, GbX has a specialized
function in nitrite reduction under lower oxygen content resulting in the
generation of NO and inhibition of platelet activation. However,
whether GbX may act on other intracellular or extracellular processes
through NO signaling has still to be elucidated.

13. Conclusion

The genome era has revolutionized our knowledge on multiple as-
pects of modern biology and medicine, and has greatly enhanced the
tools for exploring vertebrate evolution. Until 20 years ago, Hb and Mb
were the only known globin types in mammals, and their function was
believed to be mainly restricted to oxygen transport and supply. With
the emergence of genomic data, globin research witnessed an explosion,
not only of novel globin types, but also of unexpected functions. These
functions include an increasing variety of oxygen-independent actions,
leaving the globin field perplexed and intrigued at the same time. Still 20
years later, new functions are being discovered and novel research
questions with accompanying open avenues arise. Indisputably, the
major diversity in globin expression sites warrants substantial functional
versatility. Future research on globin function and diversification will
certainly give rise to even more insights into their astonishing
complexity, but will undoubtedly also reserve some unexpected sur-
prises to the research field.
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