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Abstract: Stroke is a global health and socio-economic problem. However, no efficient preventive
and/or palliative treatments have yet been found. Neuroglobin (Ngb) is an endogen neuroprotective
protein, but it only exerts its beneficial action against stroke after increasing its basal levels. Therefore,
its systemic administration appears to be an efficient therapy applicable to stroke and other neurode-
generative pathologies. Unfortunately, Ngb cannot cross the blood-brain barrier (BBB), making its
direct pharmacological use unfeasible. Thus, the association of Ngb with a drug delivery system
(DDS), such as nanoparticles (NPs), appears to be a good strategy for overcoming this handicap. NPs
are a type of DDS which efficiently transport Ngb and increase its bioavailability in the infarcted
area. Hence, we previously built hyaluronate NPS linked to Ngb (Ngb-NPs) as a therapeutic tool
against stroke. This nanoformulation induced an improvement of the cerebral infarct prognosis.
However, this innovative therapy is still in development, and a more in-depth study focusing on its
long-lasting neuroprotectant and neuroregenerative capabilities is needed. In short, this review aims
to update the state-of-the-art of stroke therapies based on Ngb, paying special attention to the use of
nanotechnological drug-delivering tools.
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1. Ischemic Stroke

Stroke is the second leading cause of death and the third most common long-term
disability worldwide. While two-thirds of stroke deaths occur in less developed countries,
stroke is the second most common cause of death in Europe, accounting for 650,000
deaths per year (OECD, 2020, https://www.oecd.org/health/health-data.htm, accessed on
25 May 2022). Moreover, stroke generates a large number of hospital admissions (70% of
neurological admissions and the eighth leading cause of hospitalization), and is a leading
cause of serious disability, with 15% to 30% of victims remaining permanently disabled.
Consequently, the annual costs for stroke treatment and care in the EU are estimated at
27 billion euros per year, with 18.5 billion accounting for direct medical costs and 8.5 billion
for indirect costs (e.g., loss of productivity). An additional 11.1 billion euros are estimated
to account for informal care [1,2].

Although mortality rates have decreased in the last two decades, it is estimated that in
2035 the number of cases will increase by 39% in the EU and the total direct medical costs
for stroke will triple (https://www.fesemi.org/publicaciones/otras/atlas-ictus-espana-,
accessed on 25 May 2022); [2]. Hence, stroke has become a global social problem that
threatens health and shortens life expectancy, affecting quality of life worldwide, especially
when considering its relationship with COVID-19 sequelae [3].

There are two major types of stroke: (i) Hemorrhagic stroke (15–20%), that involves
the rupture of a blood vessel causing bleeding in the brain, thus inhibiting oxygen and
nutrients from reaching brain cells; and (ii) ischemic stroke, by far the most common type
of stroke (80–85%), and caused by a blood clot or by the narrowing of a blood vessel thus
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leading to deprivation of oxygen and nutrients in an area of the brain. This last type of
stroke produces infarcts, generally in the territory irrigated by the middle cerebral artery,
affecting mainly the parietal cortex and striatum. The infarcted zone has a core and a
penumbra, which is susceptible to recovery. The severity of damage depends both on the
duration of the ischemia and on the level of reduction of the blood flow.

There are several ways to classify the severity of the infarct, but the best one consists
in a combination of neuroimaging (e.g., magnetic resonance imaging (MRI) or computed
tomography (CT)), and neurological evaluation using specific functional outcomes to iden-
tify behavioral deficits. The results of imaging and pathological parameters are correlated
to the results of learning and memory/mood studies [4].

The response of the brain to stroke can be roughly organized into three temporal stages
(Figure 1):

• The first occurs during the initial hours after the onset of stroke and represents an
opportunity to salvage the tissue, eliminate clots (thrombolysis, thrombectomy and
thrombolytic treatments), and restore the normal blood flow. The harmful conse-
quences of stroke (ischemic cascade) begin as soon as the ischemia occurs and continue
during the reperfusion onset. The prognosis of the stroke depends on the severity of
the ischemia in this stage and determines the outcomes of the following stages.

• The second phase lasts from days to weeks following the stroke. The reperfusion
damage may continue (including neuronal death and inflammation) but spontaneous
neural auto-reparation mechanisms also occur. This stage is crucial for treatments
focused on the induction of neural repair (neurogenesis and synaptogenesis).

• The third stage is a chronic period lasting from months to years. The brain is relatively
stable regarding the endogenous repair-related events, but modifications in brain
structure and function are still possible with specific neuroprotectant interventions.
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Figure 1. Temporal stages of the brain response towards stroke. Stage 1 occurs during the initial
hours after the onset of stroke and represents an opportunity to salvage the threatened tissue, e.g.,
via reperfusion or neuroprotection. Stage 2 starts days to weeks following stroke and is crucial for
treatments focused on the induction of the neural repair, as spontaneous neural repair may occur.
Stage 3 represents a chronic phase where the brain is relatively stable with regards to endogenous
repair-related events, although some modifications in brain structure and function are still possible
with specific interventions.

These three stages delineate distinct biological states and have clinical implications
concerning the delivery of restorative therapies [5,6].
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2. Neuronal Damage and Regeneration in Ischemic Stroke

Neuronal injury in ischemic stroke is the consequence of a two-step process:
(i) ischemia and (ii) reperfusion (I/R) (Figure 2). Ischemia, which involves depletion
of oxygen and glucose, induces a series of major metabolic changes termed ischemic cas-
cade. They include the inhibition of the electron transport chain (ETC), enhanced formation
of reactive oxygen and nitrogen species (ROS, RNS), mitochondrial damage, energy de-
pletion, acidosis, and loss of ionic homeostasis among others. These changes lead to cell
swelling, membrane rupture, and eventually to neuronal death, usually in the ischemic
core [7]. Reperfusion is associated with oxidative bursts and inflammation and is the
cause of further damage [8,9]. The severity of the process depends on the duration of
the ischemia and affects all cell types in the area, i.e., vascular cells, glia, and neurons.
Neuronal deterioration and death imply the retraction and/or rupture of axons with loss
of the corresponding neuronal circuits that, if not replaced, lead to functional damage that
is difficult to recover [10].
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Figure 2. Ischemic stroke damage and repair mechanisms. Stroke triggers diverse mechanisms of
damage and restoration during both the ischemic and reperfusion periods. The damage mechanisms
mainly affect the core zone of the infarct. Conversely, repair mechanisms try to restore the damage
zone and mainly occur in the penumbra of the infarct.

While stroke injury results in a devastating set of damages, it also induces growth-
related events in the perilesional zone that enable repair and the formation of new connec-
tions in the injured area. Adult neurogenesis occurs mainly at the subventricular zone of the
walls of the lateral ventricle and the subgranular zone of the dentate gyrus. In pathological
conditions such as stroke, increased neurogenesis has been reported in adult animal models
and even in stroke patients [11]. Proliferating neural progenitor cells migrate to the injured
striatum and cortex; however, most of them fail to survive and rewire the brain [12]. Hence,
the enhancement of endogen mechanisms promoting the survival of new-born neurons
may be a potential strategy for stroke repair. Axon regeneration during I/R is critical for the
success of the re-establishment of damaged neurite networks and is driven predominantly
by neuritogenesis-promoting signals. This process may launch soon after I/R (2–3 weeks
poststroke) and is determined by the balance of driving and inhibitory signals and the glial
scar formation [10,13]. Neuronal outgrowth enables the formation of functional axons and
synapses in the brain, both over long and short distances, thus allowing the recruitment and
formation of neuronal networks and/or restitution of those damaged by the stroke [14].

Hence, any protective action, either prophylactic or therapeutic, should not only aim
to restore blood circulation in the affected area, but also to enhance those mechanisms that
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prevent cell and tissue damage and/or potentiate neural repair and neuroregeneration. In
this way, controlling the production of free radicals, and therefore the oxidative damage,
is a possible therapeutic target that has been investigated for years. Moreover, strategies
addressed to reduce neuronal death and the consequent inflammatory signals, as well as to
activate the processes of neurogenesis and synaptogenesis may also help in the recovery of
lost neuronal circuits.

3. Current Treatments against Stroke

Effective treatments for ischemic stroke are limited, despite the plethora of attempts
and therapies assayed (Table 1). Currently, intravenous thrombolysis with thrombolytic
agents within 4.5 h after the onset of reperfusion, and thrombectomy combined with arterial
thrombolysis within 6–24 h after the insult represent the two more effective strategies
regarding the number of stroke survivors [15–17]. However, these strategies are not only
highly dependent on the time elapsed until restoration of the blood supply, but may
also have strict side effects and many risks. Therefore, it is important to seek for other
treatments against the possible post-stroke complications, particularly considering that
40% of survivors are disabled after stroke due to the I/R injury [18]. Accordingly, in the
last few years, different therapeutic approaches based on physical manipulations, new
pharmaceutical entities, cell-based therapies as well as biomaterials have been proposed to
offset the reperfusion damage and promote post-ischemic regeneration [19].

Table 1. Current treatments against stroke.

Therapy Advantages Disadvantages

Intravenous thrombolysis
• Effective 4.5 h after the onset

of reperfusion
• Narrow therapeutic window
• Strict side effects
• Many risks

Thrombectomy combined with
arterial thrombolysis

• Effective 6–24 h after the insult
• Narrow therapeutic window
• Strict side effects
• Many risks

Decompressive surgery
• Reduce mortality and improve

functional outcomes
• Slightly decrease the risk of

becoming dependent after
acute stroke

Hypothermia
• Reduce mortality and improve

functional outcomes
• Slightly decrease the risk of

becoming dependent after
acute stroke

Several pharmacological therapies:

• Aspirin
• Oxalate
• Glutamate
• Nitric oxide synthase inhibitors
• Antioxidants
• Other drugs associated with the

ischemic cascade

• Improved the outcomes only to
some extent

• More research needed
• Have not yielded the

expected results

Blood glutamate grabbers • Already clinically validated • Relatively novel approach: more
research needed

Statins • Low cholesterol levels • Intracranial hemorrhage
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Table 1. Cont.

miRNAs
• Can interfere with many

biological processes
• Relatively novel approach: more

research needed

Drug delivery systems (DDS)

Cell penetrating peptides (CPPs) • Ability to cross the
cell membranes • Complex technical approach

Cell membrane-derived vesicles (CMVs):

• Exosomes
• Microvesicles

• High biocompatibility
and efficiency

• Relatively novel approach: more
research needed

NPs: • Can be loaded with a broad
range of drugs

• Liposomes
• Proven effectiveness delivering

chemotherapy agents, antibiotics,
or anti-fungals

• Scarcity of studies in clinical
trials, most literature in culture
and animal models

• Solid lipid nanoparticles (SLN)

• Good biocompatibility
• Good size range
• Can be sterilized
• Stable formulations Can avoid its

detection by the
reticule-endothelial system

• Scarcity of studies in clinical
trials, most literature in culture
and animal models

• Polymeric NPs
• Biocompatible
• Biodegradable
• Success in delivering Ngb

• Scarcity of studies in clinical
trials, most literature in culture
and animal models

Specifically, treatments such as decompressive surgery or even hypothermia have
been used [20], but they only slightly decrease the risk of becoming dependent after acute
stroke [21]. Pharmacological therapies, such as aspirin, oxalate, glutamate, nitric oxide
(NO) synthase inhibitors, antioxidants, or other drugs associated with the ischemic cascade
have to some extent improved outcomes, but have not yielded the expected results [22].
One of the reasons for these failures is the lack of consideration of transport mechanisms
at the blood–brain barrier (BBB) and neurovascular unit [23]. Hence, endogenous uptake
transporters expressed at the BBB act as a gateway determinant of efficacious brain con-
centrations for centrally acting drugs; these may provide a great opportunity to advance
stroke therapy via optimization of small molecule neuroprotective drug delivery to the
brain [23,24].

In this context, the use of blood glutamate grabbers, such as riboflavin, have already
been clinically validated, demonstrating their efficacy in patients with stroke [25,26]. More-
over, compounds such as statins, given their capability to low cholesterol levels, have
been shown to be efficient for ischemic stroke [27]; nevertheless, the observation of some
associated adverse effects such as intracranial hemorrhage, has also limited their use [28].
The possibility of interfering with many biological processes involved in the damage trig-
gered by ischemic stroke and its comorbidities by using different types of miRNAs is also a
promising tool recently proposed in the stroke therapy [29].

In any case, most of the pharmacological treatments tackle the BBB, a cellular interface
that separates the central nervous system (CNS) from the periphery. The BBB regulates
the trafficking of fluid, solutes, and cells between blood and the nervous tissue; it is
integrated by endothelial cells, pericytes, glia, and neuronal cells. All these cells form
the so-called “neurovascular unit”, contributing to the modulation of permeability after



Pharmaceutics 2022, 14, 1737 6 of 20

ischemic stroke [30]. Hence, the usefulness of any systemic drug for stroke therapy depends
on its capacity to cross the BBB.

One of the most innovative pharmaceutical strategies to overcome the BBB is the use
of different types of nanocarriers that may increase the lifespan of the associated therapeu-
tic drugs in the bloodstream, enhancing their permeation through the BBB to effectively
reach the ischemic brain site [31]. In addition, combination therapy with nanoparticles
encapsulating neuroprotectants and tissue plasminogen activator (t-PA), a globally ap-
proved thrombolytic agent, has been demonstrated to extend the narrow therapeutic time
window of t-PA [32]. There are many forms of nanocarriers, of different origin (organic,
inorganic, and biological) that can be used for the delivery of imaging and therapeutic
agents to the brain in different diseases and pathologies [33]. These nanoformulations,
termed generically as drug delivery systems (DDS) include, among others, cell penetrating
peptides (CPPs). CPPs are 5–30 aminoacid-long peptides with amphipathic or cationic
motifs; they have mimetic sequences of viral vectors [34] and are able to cross the cell
membranes [35], thus showing a great potential to deliver neurotherapeutics across the
BBB for the treatment of ischemic brain injury [36]. Besides CPPs, the most recent DDS are
cell membrane-derived vesicles (CMVs), such as exosomes and microvesicles [37]. Both of
them are segregated from many cell types and show high biocompatibility and efficiency,
although they are just beginning to be used in stroke [38]. More recently, biomimetic drug
delivery systems have been designed using circulating cells ant their inherent capability to
penetrate the ischemic brain [32].

Other popular noninvasive DDS are nanoparticles (NPs), whose most common design
is based on lipids or polymers [39]. NPs are usually loaded with different drugs such as
thrombolytics, metalloproteinases inhibitors (to regulate the BBB permeability), antioxi-
dants, miRNA-126, or retinoic acid (to mitigate the inflammatory response), angiogenic
factors and growth factors (to promote neurorepair), and even combinations of different
molecules [40,41].

Liposomes and solid lipid nanoparticles (SLN) are NPs that can easily deliver different
drugs throughout the organism [42]. Certainly, liposomes have been used in clinical
practice as cargo systems to deliver chemotherapy agents, antibiotics, or antifungals,
probing its effectiveness [42,43]. SLN show several advantages as DDS because they
are made of physiological lipids, which have good biocompatibility, good size range
(120–200 nm), and can be coated with a hydrophilic surface to avoid detection by the
reticule-endothelial system. Regarding their ability to cross the BBB, their advantages
as a strategy for brain drug delivery (longer circulation time, higher efficacy, reduced
toxicity, site-specific targeted delivery via receptor-mediated transcytosis across brain
capillary endothelial cells) overcome their limitations (smaller drug payload, storage,
and administration stability issues) [44,45]. SLN can be also sterilized, obtaining stable
formulations for as long as 3 years and whose release capacity lasts for several weeks [46].
Currently, and although this strategy is used in the clinic in cancer therapy, the scarce studies
performed in stroke have failed at clinical trials while there is a lot of literature in culture and
animal models [47–49]. In this regard, Karatas and collaborators (2009) [50] encapsulated
a peptide inhibitor of the apoptotic protease caspase 3 into liposomal NPs coated with
polyethylene-glycol. Their results showed a reduced infarct size and less neurological
deficit in a rodent model of middle cerebral artery occlusion (MCAO). A similar strategy,
followed by Reddy and Labhasetwar (2009) [51] using the antioxidant enzyme superoxide
dismutase, improved the neurological outcome and reduced the infarct size in a rodent
model of MCAO too. In rats, we have recently demonstrated the effectiveness of these
nanocarriers to transport molecules like dopamine from blood to the brain [52].

Regarding polymeric NPs, they are also biocompatible and biodegradable, and have
been used to deliver different drugs in I/R models of injury with good results. In this sense,
Liu and collaborators [53] delivered cationic bovine serum albumin-conjugated tanshinone
IIA PEGylated NPs into the ischemic rat brain, achieving a reduced infarcted volume and
preventing neuronal apoptosis. Interestingly, we have conducted a series of studies with
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nanoencapsulated neuroglobin (Ngb) using sodium hyaluronate NPs in a stroke rat model
of MCAO. The pharmaceutical preparation obtained (see later), was highly stable and
biocompatible. In addition, it was able to transport the Ngb to the damaged neurons, thus
demonstrating its neuroprotective effects against stroke [54–56].

4. Ngb: A Neuroprotective Protein against Stroke

Ngb is an oxygen-binding-heme protein of 17 kDa [57] with a monomeric hexacoordi-
nate structure whose biochemical characterization is compatible with a gas sensor function
upon hypoxic insults [58]. It is expressed in the CNS and peripheral nervous system (PNS),
as well as in other multiple tissues; at cellular level, it is mainly localized in cytosol, inner
wall of mitochondria, and nuclei [59].

Accumulating evidence has clearly demonstrated that Ngb acts as an endogenous neu-
roprotective molecule in numerous neurological diseases, including some hypoxic/ischemic
(H/I) and oxidative stress-related insults [60]. This neuroprotective activity has been de-
scribed in numerous publications from cultured neurons to animal models [61–66]. In
fact, it has been proven that the expression of Ngb is increased in acute cerebral H/I in
murine models [67,68], and even in human stroke patients [69,70]. This fact indicates
that Ngb is a protein very sensitive to H/I. However, the expression of inducible Ngb
should be at least tripled in order to achieve its neuroprotective potential [71,72]. In fact,
the protective role of Ngb has been highly questioned when Ngb is expressed only at
physiological level [73,74]. Interestingly, Ngb-overexpressing transgenic (Ngb-Tg) mice
have been used to study the neuroprotective role of Ngb, not only in stroke but also in
other neurological disorders, as reported by Shang and collaborators (2012) [75]. In stroke,
Khan and collaborators (2006) [76] showed a reduction by 30% in the cerebral infarct size
after MCAO using Ngb-Tg mice. In addition, the reduction of the size of the cerebral
infarct was sustained up to 14 days after ischemia compared with wild type controls [77].
Moreover, knocking-down Ngb expression increased neuronal hypoxic injury in vitro and
ischemic injury in vivo [77,78]. The intracerebral administration of a Ngb-expressing adeno-
associated virus vector reduced the infarct size and improved functional outcomes in a
MCAO model [79]. Consequently, throughout its short history of 20 years, Ngb has been
proven to be a good therapeutic tool against stroke, but as long as its levels are increased in
the infarcted area [80,81].

Several strategies have been used in animal model to increase Ngb in the damaged
brain; some include genetic manipulations (i.e., Ngb-Tg mice) or the use of DDS (see
below). Other options consist in up-regulating the expression of Ngb using molecules
such as deferoxamine, hemin, or valproic acid, [68,69,82], although the side effects of these
compounds, such as excessive iron chelation, seizures, pancreatic alterations, or bleeding,
outweigh their benefits. Other alternatives include the use of natural compounds and
synthetic steroids with estrogenic activity, as they all increase the expression of Ngb in
cultured neural cells [62,83,84]. In a recent publication, Barreto and collaborators (2021) [85]
have described the neuroprotective actions of estradiol on Ngb; this hormone upregulates
and translocates Ngb into the mitochondria in order to sustain the neuronal and glial cell
adaptation to injury of the CNS. In fact, sex differences in the steroid regulation of Ngb
have been reported, particularly when it comes to assessing its neuroprotective role in
reducing ischemic stroke damage [86].

5. Unraveling the Neuroprotective Action Mechanisms of Ngb

Despite the fact that the neuroprotective action of Ngb after the ischemic damage
is well documented, the mechanisms underlying this role are not well known yet [60]
(Figure 3).
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stress, probably through the scavenging of ROS and RNS [77,87–89]. The heme group of
Ngb has reductase activity and may catalyze the reduction of NO2

− to NO, contributing
to the cellular pool of this molecule [90]. However, Ngb may also react very rapidly
with NO, yielding NO3

− by means of a heme-bound peroxynitrite intermediate, acting
as an NO scavenger [91]. Besides this ability of Ngb to bind NO [92], some studies have
shown parallelism between the distribution of Ngb and the neuronal nitric oxide synthase
(nNOS) [93,94]. Moreover, NOS expression is increased in several tissues of Ngb-Tg
mice [76]. These data may imply that in these neurons, NO could be an endogenous ligand
for Ngb [81]. Indeed, after brain ischemia in mice, the infarcted areas show extensive
presence of nitrated tyrosine residues [95]. Thus, the peroxynitrite scavenging action of
Ngb may contribute to the neuronal survival following H/I episodes [96]. Therefore,
interactions between Ngb and NO may result not only in NO scavenging, but also in
nitrosative modification of proteins, including Ngb itself [97], which could alter the activity
of these target proteins and trigger additional downstream neuroprotective pathways.
These ligand-linked conformational changes based on reactions with O2 and NO have led
Brunori and collaborators (2005) [91] to propose the involvement of Ngb in controlling the
activation of a protective signaling mechanisms.

Interestingly, it has been reported that Ngb can directly interact with components of the
respiratory chain (ETC), i.e., complex III, leading to a better mitochondrial functionality [98].
The neuroprotective action of Ngb against focal cerebral ischemia in Ngb-Tg mice can
be due not only to a decrease in oxidative stress [99], but also to the preservation of the
synthesis of ATP [77,89], or even to the attenuation of the oxidative damage to DNA [72,100].
Ngb may also interact with regulatory and signal transduction related proteins like PI3K
or AMP-activated protein kinase (AMPK), involved in mitochondrial function and cell
metabolism [101,102]. Using a therapeutic drug bioengineered with Ngb consisting of a
manganese porphyrin reconstituted metal protein attached to Ngb (Mn-TAT-PTD-Ngb),
Zhang et al. (2019) [103] obtained increased ROS scavenging ability of Ngb, thus boosting its
neuroprotective activity. The authors describe that this artificial fusion protein, which has a
more negative potential than Ngb alone, maintains the mitochondrial function by restoring
its membrane potential and inhibits the loss of ATP in cell cultures. In addition, it prevented
the activation of mitochondria-dependent apoptosis interacting with the PI3K/Akt pathway
and promoted the up-regulation of Nrf2, which increased the expression of antioxidant
defense enzymes such as SOD or CAT [103].
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In this sense, different authors have reported the involvement of Ngb in the regulation
of the PTEN/PI3K/Akt pathway. Specifically, an improvement of the neurological functions
with a reduced infarct volume was achieved using a treatment with hemin to induce Ngb
overexpression in a rat model of unilateral MCAO. Delving into the neuroprotective
mechanisms of Ngb in this model, the activation of the PI3K/Akt signaling pathway has
been pointed out [104]. Other studies, carried out in glioma cells, also revealed a strong
association between Ngb and this same pathway, although, given that Ngb decreased
the expression of Akt and consequently the apoptotic process in this model, the report
concluded that Ngb may facilitate a malignant phenotype of glioma cells promoting
proliferation and suppressing apoptosis [105].

The involvement of Ngb in the death pathways triggered by stroke may be also based
on other molecular mechanisms. Specifically, the upregulation of Ngb expression in mice
cortical neurons reduced the aperture of the mitochondrial permeability transition pore
(MPTP), thus avoiding Cytc3 release after I/R [106]. Accordingly, it has been reported that
the direct interaction between Cytc3 and Ngb could regulate the release of Cytc3 [107].
Other works described that Ngb can inhibit the cell death occurring after I/R, avoiding the
elevation of cytoplasmic calcium through the modulation of channels in the endoplasmic
reticulum [108]. Furthermore, Ngb can act as a guanine nucleotide dissociation inhibitor
(GDI), inhibiting GDP dissociation from the Gα subunit of G-protein [74], or even through
interactions with voltage-dependent anion channel proteins (VDAC) that form a channel
through the outer mitochondrial membrane [81]. Mitochondrial dynamics, such as fission,
fusion, mitophagy, or simply movements through cytoplasm are strongly impaired in
ischemic stroke [109]. Upregulation of Ngb has also been related to this dynamic, prevent-
ing mitochondrial aggregation [101] and improving the cytoskeletal reorganization after
I/R [110]. All these scientific reports undoubtedly lead to the conclusion that Ngb can play
a central role in the improvement of the mitochondrial functions.

On the other hand, when Ngb is upregulated after neuronal injury, it shows other
neuronal localizations and possible neuroprotective actions. In this sense, at a nuclear
level, Ngb overexpression promotes neurogenesis in mice brains after ischemia; this ef-
fect was studied in cultured neural progenitor cells, and further validated in mice stroke
models. In these studies, it has been suggested that the role of Ngb might be mediated
through Dvl1 up-regulation, previous activation of the Wnt signaling pathway, leading to
an increased nuclear localization of beta-catenin [111]. On the other hand, after transient
global cerebral ischemia, Ngb is recruited in microdomains of the plasmatic membrane
where it interferes with the activity of Na+/K+ ATPases, preserving cellular homeostasis
and membrane excitability [112]. Ngb is also localized in axonal cones of the hypoxic
neurons, either in cultures, animals, or humans, contributing to neuritogenesis via p38
interaction/activation [13]. Moreover, Ngb is also upregulated during neuronal develop-
ment and localized in neurites, where it plays a critical role in neuritogenesis, interacting
with PTEN and Akt differentially to activate the previously mentioned PI3K/Akt path-
way [113]. Finally, Ngb has been detected in other nervous cells, such as microglia [113] or
astrocytes [114], contributing to the regulation of processes like inflammation (for review
see Barreto et al. 2021 [85]).

Proteomics and other omics studies can provide valuable information about the
protective role of Ngb. In fact, monitoring the changes on key proteins not only helps to
deepen the molecular bases of ischemia [115–117], but also the protective role of Ngb when
it is delivered into the ischemic brain. Haines and collaborators (2012) [118] described
that the protein interactome of Ngb is highly modified by hypoxia in murine neuronal cell
lysates. These authors identified Ngb-interacting proteins that include partners consistent
with antioxidative and antiapoptotic functions in neurodegenerative diseases, including
stroke. Among the proteins identified, the authors determined a significant enrichment
of intracellular protein with trafficking activities. Moreover, they found several signs to
implicitly correlate hypoxic-Ngb changes with a massive regulation of the well-described
synaptic plasticity after cerebral ischemic stroke [118].
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In this regard, we have carried out proteomic studies in an animal model of MCAO,
detecting a total of 219 proteins that significantly changed their expression after stroke
and treatment with nanoencapsulate-Ngb [55]. Interestingly, our analysis shows a strong
upregulation of ATXN2L (Ataxin-2-like protein), a protein involved in the assembly of
stress granules (formed in response to diverse cellular stresses) and processing bodies
(responsible for cytoplasmic mRNA processing). This protein, which also participates in
cytoskeletal and mitochondrial reorganization, is activated via PI3K/Akt signaling [119].
Another strongly induced protein was FBXO7, a ubiquitin-protein ligase involved in the
proteasomal degradation of target proteins related with mitophagy and negative regulation
of oxidative stress-induced neuron death. Moreover, NTRK2, a receptor for BDNF involved
in neurogenesis and plasticity pathways, was also upregulated in Ngb treated stroke
animals [55].

Consequently, the neuroprotective role of Ngb, supported by its function as oxygen
sensor, as well as its capacity to interact with other proteins involved in modulating
reparative processes such as dendritogenesis, neuritogenesis, or synaptogenesis, allows
Ngb to be assigned a central role in neuroregenerative therapy against stroke.

6. Exogenous Ngb in Stroke Therapy: Nanotechnological Tools
6.1. BBB: A Problem to Overcome

The easiest way to use Ngb as a therapeutic drug in stroke would be its direct phar-
macological administration via intravenous (IV) injection; however, its molecular size and
conformation prevent its crossing through the BBB [120,121]. Certainly, the BBB can be
disrupted transiently [122,123] or continuously [124] during the acute injury phase after
stroke, the extent and timing being dependent on several factors, such as age, genetic
background, and gender. According to this, Ngb could easily reach the ischemic damage
tissue under stroke; however, it has been shown that Ngb itself cannot efficiently cross the
BBB in ischemic mice [125]. Consequently, the direct administration of systemic Ngb seems
to be a more than questionable therapeutic strategy in stroke [126,127].

6.2. CPPs

A feasible strategy to overcome this problem, as previously pointed out, is the use
of DDS that may deliver Ngb into the ischemic neurons. In this regard, exogenous Ngb
has been linked to CPPs. This sort of DDS has been demonstrated to facilitate the entry
of Ngb from blood into the damaged brain parenchyma [128]. Particularly, Cai et al.
(2011) [125] successfully delivered Ngb macromolecules into the brain by attaching them
to the 11-amino-acid HIV transactivator of transcription protein transduction domain
(TAT-Ngb) in a mice model of MCAO. This CPP-protein fusion reduced the infarct size
by about one third when it was injected 2 h before the artery occlusion; however, these
same authors reported that the protection was negligible when the protein was applied
just at the onset of reperfusion [125]. Since then, a new generation CPPs have been used as
vehicles to transport many different drugs and molecules through the BBB in CNS diseases,
including stroke [3], but so far, we have not found new attempts to use CPPs or other
nanotechnological tools as media to facilitate the passage of Ngb through the BBB nor to
convey it in in vivo models of stroke. However, CPPs and similar nanotechnological tools
have been used in other neurodegenerative diseases [129].

6.3. Polymeric NPs

Other strategies to transport Ngb through the BBB include their association to dif-
ferent DDS, such as biodegradable nano-vehicles. This is the case of the polymeric NPs,
which are completely free of toxicity and can easily deliver the protein into the ischemic
neurons. In this sense, polymer based nanocarriers can be labeled with different functional
groups to monitor their specific targets [130]. They also protect the proteins from enzymatic
degradation, may transport large amounts of proteins, and can circumvent the BBB and
ultimately deliver the drug of interest to the brain [131], thus increasing the bioavailabil-
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ity of the cargo at the damaged tissue, as shown in different studies. More specifically,
multifunctionalized NPs with high specificity towards cancer cells with endosomal escape
capabilities [132], as well as biodegradable polymeric NPs that can accumulate in cells
without activating the mononuclear phagocyte system [133] have been developed. In
this line, we designed hyaluronate NPs by two ionic gelation methods, both coated with
chitosan and glycerol tripalmitin to enhance their specificity and to provide better targeting
and functionality [54,56] (Figure 4).
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Figure 4. Layer-by-layer ionic gelation method: bioengineering of Ngb-sodium hyaluronate NPs
coated with chitosan and glycerol tripalmitin. NPs have been constructed following layer-by-layer
ionic gelation methods. These methods depend on ionic interactions between anionic chains of
sodium hyaluronate and cationic charged polyions (e.g., calcium cations) as a cross linker. Then,
these NPs can be coated with materials like chitosan or lipids, enhancing their specificity as carriers
and providing better targeting. Finally, rat-recombinant Ngb has been attached to NPs (Ngb-NPs).
These bioengineering Ngb-NPs are toxicity free and adequate in size and surface charge to deliver
Ngb to the stroke damaged neurons.

After their formulation and characterization, our experimental purpose continued
with the biosynthesis of rat-recombinant Ngb to complete the pharmaceutical preparation
of nanoencapsulated Ngb-NPs. Then, Ngb-charged NPs were characterized by size, ζ-
potential, encapsulation efficiently, in vitro release and kinetic liberation [56]. The NPs
proved to be highly compatible with its pharmaceutical use, showing high efficiency as
DDS, transporting the protective Ngb from blood to the damaged nervous cells. Using
confocal microscopy and fluorescent labeling, both the NPs and the nanoencapsulated Ngb
were colocalized in the vascular network and nervous cells of the injured brain parenchyma
as soon as only 2 h after their systemic injection (Figure 5), and remained there after 24 h
of reperfusion.
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Figure 5. Ngb-NPs. Confocal microscopy images from the infarcted zone of MCAO animals taken 2 h
after the systemic injection of the Ngb-NPs. Both the Ngb and NPs were colocalized in the vascular
network and nervous cells of the injured brain parenchyma. (A) Cy2 green fluorescence represents
Ngb. (B) Rhodamine red fluorescence detects NPs. (C) DAPI blue fluorescence marks cell nuclei.
(D) Merge image showing the colocalization of Ngb and NPs inside vessels (V) and nervous cells
(NC). Ngb-NPs appear in yellow, due to green and red merge.

In our experiments, bioengineered Ngb-NPs were systemically injected in the MCAO
animals immediately after the surgery at the onset of reperfusion. Their neuroprotective
role against stroke was monitored during the next 24 h. These Ngb-NPs colocalized with
the neuronal marker NeuN. They appeared grouped in clusters that showed the typical
endosomal morphology. However, only a few of them colocalized with GFAP, a specific
marker of astrocytes [55]. On the other hand, the encapsulated Ngb was able to exert its
neuroprotective role as soon as 24 h after stroke; in this sense, MCAO animals treated with
Ngb-NPs showed higher survival rates (up to 50%) and better neurological scores than the
non-treated MCAO animals. Tissue damage also improved with the treatment, although
we did not detect changes in infarct volumes or in the oxidative/nitrosative stresses values
after 24 h of reperfusion [55].

6.4. New Challenges

Obviously, the next step should be to extend this study along the three temporal stroke
stages to monitor the effects of Ngb-NPs in the long term. However, it will also be important
to analyze the way in which Ngb-NPs reached the damaged tissue in the first hours of
the reperfusion period. In this sense, and considering the different pathways by which
molecules and ions cross the BBB to reach neurons [30], and the physico-chemical nature
of our nanoformulation complex [54,56], we could discuss two important matters: (i) the
way in which the Ngb-NPs cross the BBB and reach the neuron endosomal compartment
and (ii), once there, what is the escape mechanism of Ngb-NPs so that they can reach their
intracellular targets.

7. Delving into the Mechanisms of the Delivery of Ngb-NPs

Given the optimum size of the Ngb-NPs and its decoration with chitosan and glycerol
tripalmitin, it could be thought that they might cross the BBB and reach the neuron endoso-
mal compartment via several cell-penetrability mechanisms, including macropinocytosis,
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adsorptive-mediated transcytosis, or tight junctions opening at the neurovascular unit level
of the BBB [134]. Moreover, the presence of sodium-hyaluronate in the composition of
the Ngb-NPs could also suggest a possible receptor-mediated-endocytosis pathway. In
this sense, it is known that cells have hyaluronate receptors, CD44 and the receptor for
hyaluronan-mediated motility (RHAMM) being the most common. Nevertheless, both are
scarcely represented in the nervous cells of the vascular unit of the BBB [135] and although
they increase after stroke, they are only found to be upregulated in inflammatory cells
(macrophages-microglia) [136]. In this sense, polymeric NPs with hyaluronic acid in their
composition have been engineered to transport doxorubicin to cancer cells, suggesting
that they bind to CD44 receptors, highly expressed in these cells, to cross the plasma mem-
brane [132]. Anyway, the receptor-endocytic pathway via CD44 and RHAMM receptors is
questionable in neurons, and not only by their above-mentioned absence in neural cells,
but also because these receptors are involved in different cellular functions other than
endocytosis [135]. In addition, in our experiments, the Ngb-NPs were located almost
exclusively in the endosomal compartment of the neurons 24 h after their injection [55].
This selective capture of the NPs by neurons is also an issue that should be considered in
order to get a better understanding of the drug delivery strategies either for Ngb or for
other macromolecules.

A second matter, concerning the intraneuronal traffic of the Ngb-NPs, refers to the
endosomal escape mechanism. Knowledge about this mechanism comes mainly from
experiments in cultured tumor cells (for review see Donahue et al. 2019 [137]) which have
provided important information about the endosomal trapping dynamics. Interestingly,
the endosomal compartments undergo a series of transformation stages, passing from early
to late endosomes, and these stages are accompanied by changes in their intra-vesicular
pH that acidifies over time. Undoubtedly, these changes must affect the cargo escape
process and any nanoformulation or therapeutic agent should be appropriately designed
to avoid the endosomal entrapment and later lysosomal degradation at the right time [138].
Accordingly, different endosomal escape strategies have been described; one of the most
known consists of a mechanism of membrane-disruption by surface modifications, as in
the case of CPPs or lipids, that favors their fusion with the endosomal membrane. This
mechanism, that in the case of CPPs has been named “the proton sponge effect”, has
been attributed to cationic surface modifications which could induce osmotic swelling,
membrane disruption, and finally the escape of both the cargo and the nanocarrier together.
Other strategies are based on the liberation of the cargo from its nanocarrier inside the
endosome, either due to pH changes or to cleavable enzymes. Both strategies allow the
free cargo to cross the endosomal membrane and reach their subcellular targets. Possibly,
and given the polymeric nature of our Ngb-NPs, they could interact with the endosomal
luminal membrane through charge–charge, leading to local membrane destabilization
and permeability. This punctual destabilization/disruption process would avoid the
complete lysis of the endosome, suggested by the “proton sponge” hypothesis [139], thereby
maintaining the endolysosomal compartment intact during and after the escape.

Although further research will be needed to elucidate all these questions, the fact
that a nanopharmaceutical preparation of systemic Ngb capable of reaching the neurons
is already available is an important step in stroke therapy and possibly in the therapy of
other neurodegenerative diseases.

8. Conclusions

Ngb is an oxygen sensor protein with neuroprotective activity against many brain in-
juries, including neurodegeneration, toxicity, nutrient deprivation, and ischemia. Although
Ngb is an endogenous protein, its protective effects seem to rely on its overexpression or
increase in the damaged tissue. Thereby, the injection of exogenous Ngb into the blood
stream could be a good therapeutic option in some neurological diseases, including stroke.
However, Ngb cannot cross the BBB itself, so therapeutic approaches using nanotechnologi-
cal tools have arisen as promising alternatives. In fact, the use of nanoparticles as a contrast
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agent or as drug carriers for a specific target are some of the most common approaches
developed in nanomedicine for stroke [140]. In addition, these DDS not only exert a freight
function, but they also protect their cargo from immune threats, leading Ngb to their final
targets in the ischemic damaged neurons.

More specifically, polymeric sodium hyaluronate NPs fulfill all the characteristics of
DDS, as they protect exogenous Ngb from the endothelial system in blood and facilitate the
passage of Ngb through the neurovascular unit of the BBB. This path depends on numerous
cellular processes such as membrane permeability, cytoskeletal motility, endosomal and
mitochondrial dynamics, and homeostatic energy or ion regulation, among others. In fact,
the bioengineered Ngb-NPs assayed by our group seemed to overcome all these processes
reaching their intracellular targets as soon as 2 h after injection. What is more, the Ngb
delivered this way exerts its neuroprotective role in stroke for as long as 24 h after the onset
of reperfusion.

Although these nanotherapeutic strategies against stroke are very promising, further
research is needed. Hence, we have identified the following points for further investigation:
(i) More in-depth study of the neuroprotective mechanisms exerted by Ngb in the ischemic
tissue. (ii) Comprehensive identification of the many pathways and processes involved in
the long journey that the Ngb-NPs run from the blood to their final destinations in the is-
chemic damaged neurons. (iii) Detailed follow up of the evolution of this nanotechnological
treatment along the different post-stroke stages.

Thereafter, the therapeutic horizon of these nanotechnological tools is hopeful. Notwith-
standing, further scientific findings are needed in order to optimize these therapies in stroke.
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