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ABSTRACTAberrant response tophysiological cell stress is part of themechanisms
underlying the development of diverse human diseases, including neuropatholo-
gies. Neuroglobin (NGB), an intracellular monomeric globin, has gained attention
for its role in endogenous stress response pathways in neuroprotection. To date,
evidence supports the concept of NGB as an inducible protein, triggered by phys-
iological and pathological stimuli via transcriptional and/or post-transcriptional
mechanisms, offering cell-autonomous neuroprotective functions under various
cellular stresses. Notably, recent evidence suggests the extracellular occurrence
of NGB. We aimed to explore whether NGB redistribution in the cell microenvi-
ronment may serve in transmitting resilience capability in a model with neuronal
characteristics. Results obtained in SH-SY5Y demonstrated that intracellular NGB
upregulation is associated with the promotion of the extracellular release of the
globin. Additionally, cell secretome from NGB-overexpressing cells, characterized
by globin accumulation, exhibits protective effects against oxidative stress and
mitochondrial toxicity, as evidenced by reduced apoptosis and preserved mito-
chondrial structure. These findings shed light on the potential significance of
extracellular NGB as part of a common cell response to physiological and stress
conditions and as a factor promoting cell resilience. Furthermore, the potential
for neuroprotection of extracellular NGB paves the way for future therapeutic
opportunities.
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INTRODUCTION

Cellular response to stress relies on evolutionary conserved
mechanisms aimed at maintaining homeostasis and facilitating
adaptation to new cellular environments [1]. Under stressful
conditions, post-mitotic neurons are hardly replaced. Rather,
mature neurons exhibit twoprominent features: (i) the utilization
of anti-apoptotic mechanisms [2]; and (ii) the activation of
powerful stress response pathways, aimed at mitigating the
effects of both intrinsic and extrinsic insults [3].

In the scenario of searching for novel neuroprotective
mechanisms to strengthen neuronal resilience, in the past two
decades, the discovery of neuroglobin (NGB) [4] has unveiled

a potential new avenue for therapeutic interventions in various
neuropathologies. Accumulatingevidencehas revealed a func-
tion of NGB as an endogenous cellular protectant, emphasized
by its preferential expression in neurons [5–7], although the
presenceof the globin has been also reported in astrocyte [8, 9],
retinal glial cells [10] and microglial cells [11, 12], especially
in response to stress condition. A plethora of in vitro and in
vivo studies have demonstrated the role of overexpressed or
ectopic expressionof theglobin in preservingneuronal function
and viability under stress conditions including, but not limited
to, oxidative stress [13–16], hypoxic/ischemic injuries [17–19],
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neuroinflammation [20] and neurodegeneration [5, 6, 16, 21–
23].

The idea that the NGB upregulation serves as a physi-
ological acute protective response, prompted researchers to
identify modulators of endogenous globin. Our group showed
that the 17β-estradiol (E2)/estrogen receptor β (ERβ) axis [9,
24, 25] and plant-derived polyphenols, like naringenin [24]
and resveratrol [26],upregulate NGB levels, increasing neu-
ron resilience to oxidative stress. Similarly, other hormones
and growth factors (e.g. vascular endothelial growth factor,
VEGF; brain-derived neurotrophic factor BDNF; erythropoietin,
EPO) [27–29], synthetic steroids (e.g. tibolone [30]and other
phytochemicals [31]), have been demonstrated to increase
NGB levels promoting its cytoprotective function.

Concurrently with investigations on themodulation of NGB,
the dissection of its molecular mechanisms of action has re-
vealed a dynamic landscape. Numerous studies have unveiled
a complex distribution of NGB across different cellular compart-
ments, and interconnected functions of this globin within and
between these compartments [5, 6].

Adding further complexity to this scenario, NGB has been
detected in exosomes derived from rat astrocytes, leading to
the hypothesis of a potential neuroprotective transfer of the
globin among brain cells [32]. Moreover, in the context of
breast cancer, we proved the extracellular release of NGB
in both cellular and tissue models, providing evidence of its
specific modulation by exogenous compounds and suggest-
ing a potential functional role of this globin as a paracrine
resilience factor [33]. Therefore, these findings suggest that
NGB neuroprotective effects cannot be solely attributed to its
cell-autonomous functions; rather they raise the hypothesis that
extracellular NGB accumulation could influence neighboring
cells. In turn, we addressed here the possibility that dynamic
NGB distribution and function extends beyond the physical
boundaries of the cell. To this aim, we utilized the neurob-
lastoma SH-SY5Y cells, which represent a widely employed
model for exploring neurodegenerative-related stress and NGB
function, to analyze NGB release and effects, in response to
physiopathological stimuli.

RESULTS

Evidence of NGB extracellular release in SH-SY5Y cells

Well-known inducers of high levels of intracellular NGB (as
17β-estradiol (E2), resveratrol (Res), and the oxidative stres-
sor hydrogen peroxide (H2O2), could redistribute the globin
extracellularly in SH-SY5Y treated conditioned medium (CM)
and within the fraction of extracellular vesicles (EVs), confirm-
ing that the intracellular protein is part of the cell secretome
(Supplemental Figure S1). To verify that the induction of high
NGB levels culminates with its release in the extracellular milieu,
the modulation of NGB release in the extracellular milieu was
assessed in the context of ectopic intracellular expression of the
protein by using SH-SY5Y cells stably transfected with the plas-
mid encoding for hemagglutinin (HA) tagged NGB (SH-SY5Y
NGB-HA). As depicted in Fig.1A, the high expression of the
NGB inside transfected cells is paralleled with a great protein
accumulation in the CM. Specifically, the dot blot analysis
conducted on CM obtained from both wild type (WT) and
NGB-HA SH-SY5Y cells, in conjunctionwith a recombinant-NGB
dose-curve, highlights the release of an average of 102,39 ng

(± 19,96) of NGB per million overexpressing cells, in contrast
to the barely detectable levels of extracellular protein derived
from WT cells (Fig. 1B). Furthermore, both the fraction of
EVs and that related to EVs-deprived CM obtained from NGB-
overexpressing cells showa significant increase in NGBcontent
(Fig. 1C), confirming that, whenoverexpressed, NGB is released
as soluble and vesicle-embedded protein. Isolated EVs were
further characterized bymorphological analysis using scanning
(SEM) and transmission (TEM) electron microscopy (Fig.1D, E).
Obtained analysis reveals an EVs population with an average
diameter ranging from 31.6 to 113.75 nm in the case of that
collected from WT cells, and from 39.81 to 104.76 nm for EVs
derived fromNGBoverexpressingcells (Fig. 1F). Since theexact
origin for EV biogenesis (i.e., endosomal or plasma membrane)
of collected EVs could not be clearly defined and the lack
of consensus-specific markers [34], in this study, accordingly
to the size-based classification, we will use the term “small
extracellular vesicle (sEVs)”, which encompasses the exosomal
fraction, to refer to the obtained vesicles.

Altogether, the reported findings confirm that overexpres-
sionof theprotein inside cells alsopromotes the redistributionof
the protein in extracellular compartments. Hence, the different
extracellular fractions (total CM, sEVs, and EVs-deprived CM)
obtained fromWT and NGB-overexpressing cells were used for
assessing the functional protective role of cell-derived extracel-
lular NGB.

Effect of cell-derived extracellular NGB on SH-SY5Y
under oxidative stress conditions

To test the hypothesis of a cytoprotective function of cell-
derived extracellular NGB, complete CM enrichedwith extracel-
lular NGB (CM NGB+) was used as pre-treatment (4 h) before
administering the oxidative stress by using the CM obtained
from WT cells (CM WT) as control. Considering the average
release of 102.39 ng of NGB per million SH-SY5Y NGB-HA
cells, a concentration of extracellular NGB in CM NGB+ in the
nanomolar range (~0,75 nM) was estimated. The effect of
long-term stimulation with a toxic dose of H2O2 (100 µM, 24 h)
in reducing the number of viable cells was prevented only by
pre-stimulation with CMNGB+ supporting a protective function
of the media (Fig. 2A). This result was also validated by the
cytotoxicity assay performedwith propidium iodide (PI) staining
(Fig. 2B). Notably, neitherWTnorNGB+CMappear to affect cell
number under the unstressed condition at the time considered.

To further explore if the reported effects of NGB-enriched
CM were due to a direct impact on the apoptotic pathway, the
cleavage of the PARP-1 protein into the 89 kDa fragment which
represents a common hallmark of apoptotic cell death [35],
was also assessed by Western blot. As depicted in Fig.2C, cell
culturing with CM WT and CM NGB+ does not impact PARP-1
cleavage under unstressed conditions, whereas pre-stimulation
with CM NGB+ before H2O2 prevented the generation of the
apoptotic 89 kDa fragment induced by the treatment with H2O2

(100 µM, 24 h) alone or in combination with prior exposure to
CMWT.

The gathered data, combinedwith thewell-recognized role
of up-regulated intracellular NGB in promoting mitochondrial
functionality, bolstering the resilience to stress, and inhibiting
intrinsic apoptosis pathway [7] prompted us to evaluate the
impact of CM NGB+ on mitochondrial morphology and dy-
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FIGURE1• Effects of NGBoverexpression on extracellular globin release. NGBandHA levelsweremeasuredbyWestern blot in conditionedmedium
(A) or in EVs and in conditionedmediumdeprived fromEVs (CMw/o EVs) (C) obtained fromSH-SY5Ywild type (WT) or overexpressingNGB-HA (NGB-HA)
cells. Cell lysates were used as control. The levels of tubulin were evaluated on the same filter as cell lysate loading control or as marker of passively
released protein in CM. The common exosomes marker TSG101 was used as loading control for EVs (C). Where indicated, recombinant NGB protein (2.5
ng) was used as a control. Blot images are representative of at least three independent experiments with similar results. Dot blot analysis (Top) and relative
quantificationof concentration (Bottom)of extracellularNGB in conditionedmediaobtained fromWTandNGB-HASH-SY5Ycells in quadruplicate (B). NGB
recombinant concentration curve was used as dose reference for evaluating the concentration of extracellular NGB. Electron microscopy investigations
confirmed the spheroidal morphology of EVs obtained from WT and NGB-HA overexpressing cells as can be observed both in representative STEM
micrographs of EVs adsorbed on TEM grids (D) as well as in representative SEMmicrographs of EVs mounted on silicon wafers (E). STEM images were
used to analyze the diameter distribution of EVs obtained fromWT and NGB-HA overexpressing cells (F).

namics under pro-oxidative conditions. In particular, as the
mitochondrial alteration occurs early during the apoptotic path-
way [36], the morphological analysis of mitochondrial structure
was performed by applying confocal microscopy experiments
on cells exposed to H2O2 stimulation for a short term (4
h). The Mitochondrial Network Analysis tool (MiNA) [37] was
used for identifying and quantifying mitochondrial features as
the length of mitochondrial branches (branch length mean;
summed branch lengths mean) and mean network size (net-
work branches mean), for delineating network elongation and
branching status, respectively. Oxidative stress imposed on

cell culture determines a significant reduction of all mitochon-
drial descriptors taken under consideration (Fig. 2D, 2D’, D”,
D”’), consistently with the fragmented mitochondrial status that
occurs during apoptotic pathway activation and mitochondrial
dysfunction [38, 39]. Under the reported experimental condi-
tions the CM enriched in NGB enhances both the mean branch
length and the summedmean length when compared to H2O2

stimulation alone or in the presence of pre-treatment with CM
WT (Fig. 2D’,D”). On the other hand, neither the treatment with
CM NGB+ nor the stimulation with CM WT affect the reduction
in the size of the mitochondrial network (Fig. 2 D”’),
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FIGURE 2• Effect of NGB-enriched CM on H2O2 induced stress . The analysis of cytotoxicity on SH-SY5Y cells under the 24 h stimulation with H2O2

(100 µM) in presence of pre-treatment (4 h) with CM obtained from WT cells (CM WT) or from NGB-HA overexpressing cells (CM NGB+) was performed
by both viable cell counting (A) and by the analysis of cell DNA content obtained by propidium iodide assay on fixed and permeabilized cells (B). At the
same experimental condition, the PARP-1 cleavage was evaluated by Western blot (C). The levels of cleaved PARP-1 were normalized to the full-length
PARP-1 and tubulin levels on the same filter. Representative blot (left) and densitometric analysis (right) were obtained from at least four independent
experiments. Representative image obtained by confocal microscopy showing mitochondrial networks in mEFP-mitochondria SH-SY5Y cells (SH-SY5Y
mito-mEFP) treatedwith Vehicle orwithH2O2 (100µM) for 4 h in presence or absence of 4 h pre-treatmentwithCM fromWTSH-SY5Y (CMWT) or NGB-HA
overexpressing SH-SY5Y (CM NGB+) (D). Mitochondrial morphology features including the branch length mean (D’), summed branch lengths mean (D”)
and mean network size (network branches mean) (D”’) were quantified using the Mitochondrial Network Analysis tool (MiNA) on confocal microscopy
acquired images. Data shown are means± SD from ~ 60 cells from 3 independent experiments. In all cases, statistical significance was determined with
ANOVA followed by Tukey-Kramer post-test vs CTRL condition (*), vs H2O2 condition (◦) or vs treatment with H2O2and CMWT (§).
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Analysis of the effects of NGB-enriched sEVs and
EVs-deprived conditionedmediumon SH-SY5Y under
oxidative stress

Next, we examined the function of the sEVs and the EVs-
deprived CM fraction derived from complete CM NGB+. As
depicted in Figure 3A the cell pre-treatment (4 h) with NGB-
enriched CM deprived of EVs (CM NGB+ w/o EVs) appears to
reduce the apoptotic cleavageof PARP-1protein occurring after
long-term exposure (24 h) to H2O2 . Although this reduction
is not significant with respect to the H2O2 treatment, our ob-
servation sustains a potential anti-apoptotic role of such frac-
tion. Indeed, when assessing mitochondrial morphology, CM
enriched in extracellular NGB mitigates mitochondrial fragmen-
tation (Fig. 3B, B’, B”, B”’), as demonstrated by the significant
increase in both the mean and the total summed mean length
of branches with respect to the pro-oxidative conditions (Fig.
3B’, B”) while no changes were detected in the network size
(Fig. 3B”’). Conversely, pretreatmentwithCMobtained fromWT
cells (CM WT w/o EVs) does not induce significant changes in
the fragmentation of mitochondrial networks caused by H2O2

exposure (Fig. 3B, B’, B”, B”’).
In parallel, because the sEVs subpopulation isolated from

NGB+ CM (4 h pre-treatment) rescues the reduction in cell
number induced by H2O2 stimulation in a dose-dependent
manner (Supplemental Figure S2), we tested the potential cy-
toprotective impact of vesicle-embedded NGB using the most
effective dose. For this purpose, we tested the 1.8 µg/mL of
sEVs as pre-stimulation before exposure to oxidative stress in
the above-described experimental setting. As reported in Fig.
3C, neither sEVs subpopulations obtained from WT cells nor
those enriched in NGB (sEVs NGB+) are capable of producing
a reduction in PARP-1 cleavage. Nonetheless, the analysis of
mitochondrial network status reveals that only NGB-enriched
sEVs counteract the mitochondrial fragmentation due to the
oxidative stress exposure (Fig. 3D, D’, D”, D”’). In particular,
pre-treatment with sEVs NGB+ rescues the decrease of both
the length of mitochondrial branches (branch length mean;
summed branch lengths mean) (Fig. 3D’, D”) and mean
network size (network branches mean) (Fig. 3 D”’) occurring
underH2O2 treatment. Thesedata suggest that, while complete
NGB-enriched secretome, encompassing vesicle-embedded
and soluble NGB, shows a greater synergistic effect in promot-
ing overall cell survival against oxidative stress, both fractions
of extracellular globin can independently counteract mitochon-
drial dysfunction under stress conditions and thereby enhance
cell resilience.

Analysis of the effects of NGB-enriched conditioned
mediumon SH-SY5Y undermitochondrial toxicity

Because the obtained results indicate that soluble and vesicle-
NGB regulatemitochondrial structure under oxidative stress, we
next examined if the extracellular occurrence of NGB can be
protective during mitochondrial toxicity. In particular, given the
greater protective effect of CM enriched with both soluble and
vesicleNGBagainst oxidative stress (Fig. 2), we tested theeffect
of the complete secretome from WT and NGB-overexpressing
cells in the presence of 3-nitropropionic acid (3-NP), a fungal
and plant mitochondrial toxin commonly used to induce the
molecular, cellular and phenotypic changes occurring in Hunt-
ington’s disease (HD) [40]. Specifically, at the cellular level, 3-NP

inhibits the complex II (succinate dehydrogenase, SDH) of the
respiratory electron transfer chain leading to cell death through
the induction of mitochondrial defects [41, 42].

As expected, 24 h administration of 3-NP (15 mM) to SH-
SY5Y triggers a significant increase of PARP-1 cleavage confirm-
ing the apoptotic pathway activation under chemically induced
mitochondrial dysfunction (Fig. 4A). Consistent with previous
results, neither WT nor NGB enriched CM modify the level of
PARP-1 cleavage in the absence of stress. Conversely, only
the pre-treatment with complete CM enriched in NGB shows a
significant effect on the reduction of this apoptotic marker (Fig.
4A). Accordingly, the analysis of mitochondrial descriptors re-
veals that the reductionof themitochondrial elongation (branch
length mean; summed branch lengths mean) and branching
(network size) induced by 3-NP was partially attenuated by
only the NGB enriched CM (Fig 4B, B’, B”, B”’), indicating a
greater effect of CM NGB+ in preventing the mitochondrial
fragmentation and the late apoptotic events.

DISCUSSION

Since the year of its discovery in 2000 [4], the physiological
functions of the monomeric heme-globin NGB and its cel-
lular/intracellular distribution have been a matter of debate.
Continuously emerging evidence adds complexity to the un-
derstanding of this fascinating protein. In this panorama, a
growing body of evidence supports the definition of NGB
as a conserved inducible protein whose accumulation upon
physiological and pathological stimuli endows the protein with
the capacity to trigger neuroprotective functions under different
types of insults (for comprehensive reviews, please refer to [5–
7, 43]). In vitro and in vivo models for physiologically induced
or overexpressed NGB have elucidated the role of this globin
as a stress-compensating protein. NGB actively participates in
fostering homeostatic and pro-survival mechanisms, enabling
cells, including neurons and non-neuronal cells, to effectively
overcome stressful conditions [15, 18, 44–48].

Besides the connection between the intracellular distribu-
tion of NGB and its multifaceted functional roles [6, 7, 15, 25,
48, 49], recent evidences have provided the possibility of the
extracellular occurrence of the globin [32, 33, 49].

Here we report that SH-SY5Y cells can release NGB in
extracellular culture medium in particular under exposure to
inducers of the intracellular globin, as further supported by the
presence of the globinwithin sEVs released by cells in response
to treatmentswith either endogenous inducers (i.e., E2 or hydro-
gen peroxide) or with exogenous inducer (i.e., resveratrol).

This evidence suggests that NGB accumulation outside
cells could represent a potential response to physiological
and pathological stimuli enlarging the perspective on NGB
properties as an inducible protein and sustaining the idea of
a possible role of NGB in the extracellular milieu. Here we
took advantage of the evidence of extracellular accumulation
of NGB in CM and sEVs derived fromNGB-overexpressing cells,
to set up a model capable of replicating a quasi-physiological
effect of the extracellular NGB accumulation. In particular,
we explored the role of extracellular medium enriched in NGB
under pro-oxidative conditions and mitochondrial toxicity for
modeling stressing cues that commonly correlate with neu-
rodegeneration hallmarks [50]. Reported results demonstrated
that the complete CMwhere NGB accumulates as both soluble
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FIGURE 3• Effect of EVs- deprived CM and sEVs on H2O2 induced cell death and mitochondrial disruption. The level of PARP-1 cleavage was
evaluated by Western blot in SH-SY5Y cells pre-treated (4 h) with CM deprived from EVs fraction generated by SH-SY5Y WT (CM WT w/o EVs) or NGB
overexpressing cells (CMNGB+w/o EVs) before the stimulationwithH2O2 (100µM; 24 h) (A). RepresentativeWestern blot (top) and relative densitometric
analyses (bottom) are reported. Confocal microscopy representative images of mEFP-mitochondria SH-SY5Y cells (SH-SY5Y mito-mEFP) treated with
Vehicle or with H2O2 (100 µM) for 4 h in presence or absence of 4 h pre-treatment with CM WT w/o EVs or CM NGB+ w/o EVs (B). Mitochondrial
branch length mean (B’), summed branch lengths mean (B”) and mean network size (mitochondrial branches per network) (B”’) were quantified using
theMitochondrial Network Analysis tool (MiNA). Western blot analysis of PARP-1 cleavagewas performed in SH-SY5Y treatedwith H2O2 (100µM; 24 h) in
presence or absence of pre-treatment with sEVs collected fromWT cells (sEVsWT) or NGB-overexpressing cells (sEVs NGB+) at a single dose (1,8µg/mL)
(C). Representative Western blot (top) and relative densitometric analyses (bottom) are reported. Representative confocal images of SH-SY5Y with green
marked mitochondria (SH-SY5YmEFPmitochondria) pre-treated with sEVsWT or sEVs NGB+ (1,8 µg/mL; 4 h) before H2O2 (100 µM; 4 h) stimulation (D).
The measure of mitochondrial branch mean length (D’), summed branch mean length (D”) and mean network size (D”’) are reported. For Western blot
analysis, the levelsof cleavedPARP-1werenormalized to the full-lengthPARP-1and tubulin levelson the samefilter. Representativeblots anddensitometric
analysis were obtained from at least four independent experiments. For the analysis of mitochondrial morphology, about 60 cells from three independent
experiments were analyzed. Data shown are means ± SD. In all cases, statistical significance was determined with ANOVA followed by Tukey-Kramer
post-test vs CTRL condition (*), vs H2O2 condition (◦) or vs treatment with H2O2 and CMWT (§).
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FIGURE 4• Effects of NGB-enriched conditioned media on 3-NP induced mitochondrial toxicity . Representative Western blot showing the level
of cleavage of PARP-1 in SH-SY5Y cells treated with the mitochondrial toxin 3-Nitropropionic acid (3-NP; 15 mM; 24 h) in presence or absence of pre-
stimulation (4 h) with CMWT or CMNGB+ (A). Fluorescence image of SH-SY5Ymito-mEFP cells pre-stimulated with CMWT of CMNGB+ (4 h) before the
exposure to 3-NP toxicity for 4 h (B). Bar graphs report the mitochondrial branch length mean (B’), summed branch lengths mean (B”) andmean network
size (B”’) obtained by the analysis of about 60 cells from three independent experiments. For Western blot analysis, representative blot (left) and relative
densitometric analysis (right) obtained from at least four independent experiments are reported. The levels of cleaved PARP-1 were normalized to the
full-length PARP-1 and tubulin levels on the same filter. In all cases, statistical significancewas determinedwith ANOVA followedby Tukey-Kramer post-test
vs CTRL condition (*), vs 3-NP condition (◦) or vs treatment with 3-NP and CMWT (§).
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protein andwithin EVs, increases cell viability by hampering the
activation of the apoptotic cascade in the presence of oxidative
stress or induced by specific mitochondrial aberration.

Furthermore, in the context of exploring the cytoprotective
effects of extracellular NGB, the examination of mitochondrial
network structure in recipient cells exposed to stress condi-
tions has offered further insights. Mitochondrial morphology
is characterized by a dynamic equilibrium between the fission
and fusion events, leading to fragmented or elongated mito-
chondrial structures, respectively [51]. Mitochondrial reshaping
commonly occurs as a mechanism of cellular response to
stress [51, 52], and though stress and cell-specific events may
occur [51], it is recognized that mitochondrial fission represents
a key part of the apoptotic process induced by severe stress
conditions whilst elongated mitochondria can protect against
stressors [38, 51, 53, 54]. According to previous findings [42, 55,
56], stimulationwith both oxidative stress and themitochondrial
toxin 3-NP leads to mitochondrial fragmentation as a sign of
organelle dysfunction and apoptosis activation. In this context,
we identified that the cytoprotective effects of NGB-enriched se-
cretomeparallel with significantmitigation of the stress-induced
damage of the mitochondrial structure, as suggested by the
partial recovery of features used for delineating the status of the
mitochondrial network. Notably, obtained results suggest that
similarly to what has already been proved for the high levels
of intracellular NGB [13, 18, 21, 25, 48, 57], also extracellular
NGB can intervene in promoting cell survival by preserving the
mitochondrial structure and functionality. Indeed, although re-
ported evidence indicates that the NGB-enriched EVs-deprived
soluble fraction and sEVs do not significantly rescue cells from
late apoptotic events (i.e., PARP-1 cleavage), they fully maintain
thecapability tocounteractmitochondrial fragmentation. These
findings suggest, on one hand, that both soluble and vesicle
NGB enriched fractionsmay independently retain a cytoprotec-
tive effect under stressing conditions and, on the other hand,
that they may synergize to enhance the pro-survival potential
of the extracellular globin, warranting in-depth investigations
into the cytoprotective contribution of sEVs carrying NGB. In
addition, it is worth considering the possibility that sEVs derived
from NGB-overexpressing cells may be more effective in carry-
ing their neuroprotective cargo at higher doses, according to
the concept of a concentration-dependent biological effect of
EVs [58]. In summary, while further research is mandatory to
fully validate the neuroprotective potential of extracellular NGB
and, particularly, of both the soluble fraction and NGB-enriched
sEVs, obtained findings suggest that secretome derived from
NGB-overexpressingcells comes to improveSH-SY5Y resilience
under stressing conditions.

Previous results obtained in astrocyte cells have led to
speculate that the glioprotective effects of extracellular NGB
against oxidative stressmay occur through the direct regulation
ofGprotein-coupled receptor (GPCR) [59]. Aside, the protective
mechanism of extracellular NGB can rely on the delivery of the
protein inside the recipient cells where it may accumulate and
retain its biological function in keeping homeostasis and acti-
vating pro-survival mechanisms. The ability to cross efficiently
biological membranes has been previously demonstrated only
for zebrafish and human/zebrafish chimeric NGB [60], or for the
human protein linked to the HIV transactivator of transcription

protein transduction domain (TAT-NGB) [61–63]. Nonetheless,
a recent study has shown that intravitreal injection of recombi-
nant NGB, without the use of cell-penetrating peptides (CCP)
or chimeric proteins, can restore the endogenous retinal levels
of the globin under hypoxic conditions. This treatment also
preventsapoptotic cell deathand inflammation [64], suggesting
that soluble NGB can be effectively internalized andmaintain its
biological functionality.

Bulk and receptor-mediated endocytosis represents a con-
served cellular mechanism operating a critical role in cell com-
munication with the extracellular environment, encompass-
ing the uptake of extracellular nutrients and bioactive macro-
molecules like proteins [65, 66]. Despite the endosomal in-
ternalized cargo degradation to the lysosome is thought to be
the predominant fate, some examples of exogenous proteins
that are cytosolic delivered and retain their biological activity
in recipient cells have been reported [67–69]. Similarly, EVs
are lipid bilayer structures acting in inter-cellular trafficking of
bioactive molecules whose uptake is considered to prevalently
rely on endocytosis [70–72]. Even though non-functional
cargo delivery by EVs occurs because of its retainment in the
endosomal compartment before the degradation or the re-
release, different evidence supports the concept of a functional
internalization of the EVs cargo in the cytoplasm of recipient
cells [72, 73]. Furthermore, also the direct fusion of EVs with
plasma membrane with the consequent cytosolic release of
their contents has been reported [70, 72, 74]. Whether similar
pathwayscouldapply toextracellular solubleandvesicularNGB
certainly warrants further investigation in future studies.

Moreover, several pieces of evidence suggest that the
cargo of EVs reflects the condition of the cells from which they
originate [70, 71, 74–77], and this concept can generally be
extended to the dynamic secretome [78]. Then, it might be pos-
sible thatNGBoverexpression inside cellsmayprovide aparallel
modification of cell secretome and sEVs biological cargo. Thus,
other neuroprotective factors (e.g. proteins,microRNA) released
by NGB overexpressing cells can contribute to the effects of
extracellular NGB in fostering the ability of neighboring cells to
overcome stressful conditions. While a thorough investigation
into such possible indirect non-cell autonomous function of
NGB is necessary, our observation of an increase in intracellular
NGB levels in cells cultured with NGB-enriched conditioned
media that was not interfered by protein translation inhibitor
cycloheximide (CHX) (Supplemental Figure S3) supports the
notion that the protective role of extracellular NGB could be
achieved through its accumulation within recipient cells where
the globin can retain its functional properties toward the promo-
tion of mitochondrial and, in turn, cellular resilience.

Overall, the findings reported here offer novel insights into
the function of NGB in conveying cellular resilience demon-
strating that: i) NGB can be released outside cells both in the
soluble and vesicle-embedded form; ii) accumulation of NGB in
theextracellularmilieu intervene inpreserving themitochondrial
structure and preventing the apoptotic cell death induced by
oxidative stress or direct mitochondrial toxicity. Such evidence
suggests that NGB can amplify its neuroprotective and phys-
iological function beyond the cell boundaries and pave the
way for future investigation into the neuroprotective potential of
extracellular NGB delivery.
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MATERIAL ANDMETHODS

Reagents

E2, Dulbecco’s modified medium (DMEM) with and without
phenol red, Fetal Bovine Serum (FBS), G418, hydrogen perox-
ide H2O2 , HEPES solution, Hygromycin-B , L-glutamine, MEM
Non-essential aminoacids solution, 3-nitropropionic acid (3-NP),
NaCl, Resveratrol (Res), Pen-Strep solution, PBS, propidium
iodide (PI), protease inhibitor cocktail, Sodium Dodecyl Sul-
phate SDS, Sodium-Pyruvate, Trypsin-EDTA, Tris buffer, AM-
ICON Ultra-0.5 and AMICON ULTRA-15 centrifugal filter unit
with 3.5 KDa cut-off, FluoroshieldTM with DAPI (F6057) anti-
NGB (N7162), and anti-Tubulin (T9026) antibodies were ob-
tained from MERCK (Darmstadt, Germany). Bradford protein
assay and the chemiluminescence reagent for Western blot
superpower ECL were purchased from Bio-Rad (Hercules, CA,
USA). The anti-PARP-1 antibody (9542S) was obtained from
Cell Signalling Technology Inc. (Beverly, MA, USA) and the
anti-TSG101 (GTX70255) antibody was achieved by GeneTex
(Irvine, California, USA). Anti-NGB (13499-1-AP) antibody used
for dot blot analysis was purchased from Proteintech (Rose-
mont, Illinois, USA). Recombinant NGB (RD172043100-B) was
obtained from BioVendor (Karasek, Czech Republic). Human
NGB/Neuroglobin Gene ORF cDNA clone expression plasmid,
C-HA tag (Cat# HG15110-CY) was purchased from Sino Biolog-
ical (Beijing, China). mEmerald-Mito-7 was a gift from Michael
Davidson (Addgene plasmid # 54160; http://n2t.net/addgene:
54160; RRID:Addgene_54160) [79]. Analytical or reagent grade
products were used without further purification.

Cell Culture

Human neuroblastoma cells SH-SY5Y (American Type Culture
Collection, LGC Standards S.r.l., Milan, Italy) were grown in
air containing 5% CO2 , using DMEM, with or without phenol
red, containing 10% (v/v) fetal bovine serum, L-glutamine (2
mM), Sodium-Pyruvate (1%), HEPES solution (1%), non-essential
aminoacids (1%) and Pen-Strep solution (Penicillin 100 U/mL
and Streptomycin 100 mg/mL). Cells were passaged twice a
week and were used in passages 4-8. Cell line authentication
was performed periodically by amplification ofmultiple STR loci
by BMR (Padua, Italy). Cells were treated for the indicated time
with either vehicle (EtOH/PBS 1:2), H2O2 (50 and 100 µM), 3-NP
(15 mM), E2 (1 nM), Res (100 nM), conditioned media or sEVs
in free phenol-redDMEM. Forwhat concerning the experiments
involving the stimulation with conditioned media or sEVs, cells
were pretreated for 4 h before the stimulationwith H2O2 or 3NP.
Unless otherwise indicated, cells were seeded at a density of
2.5x105 in 6-well plates and treated as described.

Generation of NGB-overexpressing andmEmerald-Mito-7
SH-SY5Ymodels

For the generation of SH-SY5Y cell stable overexpressing NGB
with HA tag cells were grown to ~70% confluence and then
were transfectedwith pCMV3-NGB-HA (Sino Biological, Beijing,
China), using lipofectamine reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. After the
selection with Hygromycin-B (600 µg/mL) cells were tested
for the expression of NGB-HA. The same protocol was applied
for generating SH-SY5Y with stable fluorescent labeled mito-
chondria generation: in particular, cells were transfected with

mEmerald-Mito-7 plasmid (Addgene plasmid #54160; a gift
from Michael Davidson) and selected with G418 (400 µg/mL).
Themitochondrial labeling was tested by immunofluorescence
microscopy.

Generation of conditionedmedia

For the generation of conditioned media, NGB-overexpressing
SH-SY5Y and WT SH-SY5Y were seeded (2,5 x 106) in 100 mm
culturedishand thenwereserumstarved (0%) inphenol red-free
medium overnight. Cells were then washed twice with PBS
and were cultured in fresh serum-starved and phenol red-free
medium (10 mL) for 24 h. After cell culturing, media were
collected and centrifuged at 2000 g for 15 min to remove dead
cells. Supernatants were filtered using 10 µMcut-off membrane
to clean them from cell debris and then frozen at -80 ◦C until
use for cell culturing or concentrated to a final volume of 100µL
by using AMICON ULTRA-15 centrifugal filter unit with 3.5 kDa
cut-off membrane, for Western blot analysis of secreted protein.
For cell culturing, conditioned media were diluted in 1:1 ratio
with fresh medium and added with 10% heat inactivated FBS.

sEVs and conditionedmediaw/o EVs collection

For analysis of NGB content in extracellular vesicle fraction,
SH-SY5Y conditionedmediawas ultracentrifuged in a Beckman
Coulter ultracentrifuge using a SW-32Ti swinging bucket rotor
for 20 min at 15.000 g. The supernatant was collected and
re-spun at 110.000 g for 150 min. At the end, the supernatant
was collected (CM w/o EVs), and the pellet (the sEVs fraction)
was incubated on ice for 15 min. The sEVs fraction was
re-suspendend inPBSand re-spunat110.000g for150min. The
supernatant was removed, and after 15 min incubation on ice,
the pellet was lysed in 50 µl of YY lysis buffer or re-suspendend
in PBS for cell stimulation. For cell stimulation, 1:10 of sEVs
PBS suspension was lysed in YY lysis buffer and quantified for
protein concentration using the Bradford Protein Assay. For cell
culturing, CMw/o EVswas diluted in 1:1 ratiowith freshmedium
and added with 10% heat inactivated FBS.

Confocalmicroscopy analysis

mEmerald-Mito-7 SH-SY5Y cells seeded on coverslip were
rinsed with PBS followed by fixation in formaldehyde 4% for
10 min. Coverslips were mounted on microscope glass slide
using Prolong®Gold anti-fade reagent (Invitrogen). Confocal
analysis (Z-stack series) was performed using Leica TCS SP5
microscopy (63xObjective, 3Xzoom) (LeicaMicrosystems,Wet-
zlar, Germany). Maximum intensity projection of each Z-stack
series was generated by using the FIJI distribution of ImageJ
software for Microsoft Windows (NIH, Bethesda, MD, USA).

For each experiment, Z-stack fluorescence images were
loaded into FIJI distribution of ImageJ software in their native
format and maximum intensity projection was generated. Im-
ages were prepared for the analysis by applying the following
pre-processing steps: application of median filtering (1-pixel
radius) and “unsharp mask”. Images were then processed
with Ridge detection. Mitochondrial morphology was analyzed
using the Mitochondrial Network Analysis tool (MiNA) [37,
80], a macro tool developed for FIJI distribution of ImageJ
software for Microsoft Windows (NIH, Bethesda, MD, USA).
Following information were extracted from the morphological
skeleton: mean length of network branches (branch length
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mean; summed branch lengths mean) and mean network size
(network branches mean). Around 60 cells per condition were
randomly selected from 3 independent experiments.

For experiment concerning the expression of NGB, follow-
ing fixation and blocking step with 3% BSA in PBS containing
0.5% of Triton-X100, SH-SY5Y cells were incubated with anti-
NGB (final dilution 1:300) o/n at 4◦C. After washing with PBS,
cells were incubated with Alexa Fluor 546 donkey anti-rabbit
secondary antibodies (Carlsbad, CA, USA) (1:300) for 1 h at
RT. Coverslips were mounted on microscope glass slide using
Fluoroshield with DAPI (Invitrogen). For quantification of NGB
protein expression, exposure time was set at the CTRL sample.
All images were analyzed by using the FIJI distribution of
ImageJ software for Microsoft Windows (NIH, Bethesda, MD,
USA) selecting single cells for each acquired field. For each cell,
the area and integrated density were measured and then the
corrected total cell fluorescence (CTCF) = Integrated Density
– (Area of selected cell X Mean fluorescence of background
readings) was calculated. Confocal analysis was performed
using Nikon A1R (40x objective, 3x zoom) (Nikon Corporation,
Tokyo, Japan).

ElectronMicroscopy

For transmission electron microscopy (TEM) analysis, the sEVS
pellets, obtained by differential centrifugation, were fixed for 45
min at 4◦C in a mixture of 2% paraformaldehyde and 1.25%
glutaraldehyde. Samples were rinsed in PBS and subjected to
further centrifugation. The resulting pellets were resuspended
in 50 µL of the same buffer, and 5 µL drops were gently
deposited on formvar-coated TEM grids, using uranyl acetate
as contrasting agent. Grids with adsorbed microvesicles were
observed under a Helios Nanolab 600 dual beam (FIB/SEM)
microscope, using the STEM detector. For SEM analysis, the
same suspension employed to prepare TEM grids was dehy-
drated with ethanol solutions at increasing concentrations and
deposited on a silicon substrate. Silicon wafers hosting EVs
were air dried under a fume hood, sputter coated with gold and
examined under a Gemini 300 field emission SEM. The average
diameter of extracted EVs populationweremanually performed
by using the FIJI distribution of ImageJ software for Microsoft
Windows (NIH, Bethesda, MD, USA), on 4 different fields from
STEM images from two experiments for each tested condition.

Cell quantification

Propidium iodide (PI) cytotoxicity assay

SH-SY5Y cells were grown up to 80% confluence in a 96-well
plate and treated with the selected compounds. To quantify
adherent cells for cytotoxicity assessment after stimulation, cells
were fixed and permeabilized with cold Ethanol (EtOH) 70% for
15 min at −20◦C. EtOH solution was removed, and the cells
were incubated with propidium iodide buffer for 30 min in the
dark. The solution was removed, and the cells were rinsed
with PBS solution. The fluorescence was revealed (excitation
wavelength: 537nm; emissionwavelength: 621nm)withTecan
Spark 20M multimode microplate reader (Tecan, Männedorf,
Switzerland).

Cell count

After the treatments, SH-SY5Y cells were detached with 0.5 mL
of trypsin-EDTA and collected in 0.5 mL of DMEM with 10%
FBS, for a final volume of 1 mL. After centrifugation (300 g, 5
min), cells were re-suspended in DMEMwithout red phenol (0.5
mL), added with Trypan Blue (0.4%), and then counted with a
hemocytometer. The number of viable cells/mL was calculated
by taking the averageof the number of only viable cells counted
in the 3 diagonal quadrants, multiplied by the dilution factor
(104).

Protein extraction andWestern blot assay

Cells or sEVs were lysed with a YY buffer mix (50 mM HEPES
pH: 7.5, 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM
EDTA, 1 mM EGTA), containing 0.70% (w/v) Sodium Dodecyl
Sulphate SDS. Total proteinswere quantified using the Bradford
Protein Assay. Solubilized protein from sEVs lysate (10-20 µg)
and correspondent amount of cell lysate and/or conditioned
medium were resolved by 13.5% SDS-PAGE at 100 V for 1
h at 25◦C and then transferred on a nitrocellulose using the
Trans-Turbo Blot Transfer System (Bio-Rad) for 10min at 25 V. In
Western blot not concerning sEVs, solubilized proteins from cell
lysate (30-40 µg), and, when reported, correspondent amount
of conditionedmedia, were resolved by 7% or 13.5% SDS-PAGE
and transferred on a nitrocellulose as above reported. The
membranes were then blocked with 5% (w/v) filtered BSA or
fat-free milk in 138 mM NaCl, 25 mM Tris, pH 7.6, and 0.1 (w/v)
Tween 20 at 25◦C for 1 h, and then incubated overnight at 4◦C
with anti-NGB (final dilution 1:1000), anti-PARP-1 (final dilution
1:1000), anti-TSG101 (final dilution 1:1000), and anti-tubulin
(final dilution 1:40000). Antibody reactivity was observed with
ECL chemiluminescence Western blotting detection reagent,
by using a ChemiDoc XRS+Imaging System (Bio-Rad Labo-
ratories, Hercules, CA, USA). The densitometric analysis was
performed by ImageJ software for Microsoft Windows (NIH,
Bethesda, MD, USA).

Dot Blot assay

SH-SY5Y were seeded (5 X105/well) in 6-well plates, then were
serum starved in phenol red-free medium overnight. Cells were
then washed twice with PBS and were cultured in fresh serum-
starved and phenol red-free medium for 24 h. Conditioned
media (600 µL), obtained from both WT and NGB-HA SH-SY5Y
cells, were spotted into nitrocellulose membrane with Bio-Dot
Microfiltration Apparatus (Bio-Rad, Hercules, CA, USA). In addi-
tion, recombinant NGB with a note concentration (500 ng/mL)
was diluted as 1:2, 1:4, 1:8, 1:16 and 1:32 (final concentrations:
250 – 125 - 62.5 - 31.25 - 15.625 ng/mL, respectively) and
spotted into the nitrocellulose membrane in the same manner,
to be used as extrapolation marker. The membranes were
then incubated overnight at 4◦C with anti-NGB (13499-1-AP
Proteintech final dilution 1:1000) and the antibody reactivity
was observed with ECL chemiluminescence Western blotting
detection reagent, by using aChemiDoc XRS + Imaging System
(Bio-Rad Laboratories, Hercules, CA, USA). The densitometric
analysis was performed by ImageJ software for Microsoft Win-
dows (NIH, Bethesda, MD, USA). The anti-NGB (13499-1-AP
Proteintech) specific staining in detecting NGB overexpressed
protein in cell lysate and conditioned medium was tested by
Western blot (Supplemental Figure S4).
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Statistical Analysis

The statistical analysis was performed by ANOVA followed by
Tukey–Kramer post-test with the PRISM 6.01 software system
(GraphPad Software, Inc, San Diego, CA, USA) for Windows. In
all cases, only values of p < 0.05 were considered significant.
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