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Abstract

Background: The metabolic phenotype of stem cells is increasingly recognized as a hallmark of their pluripotency
with mitochondrial and oxygen-related metabolism playing a not completely defined role in this context. In a previ-
ous study, we reported the ectopic expression of myoglobin (MB) in bone marrow-derived hematopoietic stem/pro-
genitor cells. Here, we have extended the analysis to mesenchymal stem cells (MSCs) isolated from different tissues.

Methods: MSCs were isolated from human placental membrane, mammary adipose tissue and dental pulp and
subjected to RT-PCR, Western blotting and mass spectrometry to investigate the expression of MB. A combination of
metabolic flux analysis and cyto-imaging was used to profile the metabolic phenotype and the mitochondria dynam-
ics in the different MSCs.

Results: As for the hematopoietic stem/progenitor cells, the expression of Mb was largely driven by an alternative
transcript with the protein occurring both in the monomer and in the dimer forms as confirmed by mass spectrom-
etry analysis. Comparing the metabolic fluxes between neonatal placental membrane-derived and adult mammary
adipose tissue-derived MSCs, we showed a significantly more active bioenergetics profile in the former that correlated
with a larger co-localization of myoglobin with the mitochondrial compartment. Differences in the structure of the
mitochondrial network as well as in the expression of factors controlling the organelle dynamics were also observed
between neonatal and adult mesenchymal stem cells. Finally, the expression of myoglobin was found to be strongly
reduced following osteogenic differentiation of dental pulp-derived MSCs, while it was upregulated following repro-
gramming of human fibroblasts to induce pluripotent stem cells.

Conclusions: Ectopic expression of myoglobin in tissues other than muscle raises the question of understanding its
function therein. Properties in addition to the canonical oxygen storage/delivery have been uncovered. Finding of Mb
expressed via an alternative gene transcript in the context of different stem cells with metabolic phenotypes, its loss
during differentiation and recovery in iPSCs suggest a hitherto unappreciated role of Mb in controlling the balance
between aerobic metabolism and pluripotency. Understanding how Mb contributes through modulation of the mito-
chondrial physiology to the stem cell biology paves the way to novel perspectives in regenerative medicine as well as
in cancer stem cell therapy.
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Background

The metabolic signature of stem cells has been receiving
growing attention in the last decade because it appears
not to be simply a consequence of the quiescent state of
the cell. Instead, metabolic shifts proved to anticipate
and influence the fate of the stem cell [1]. The metabolic
phenotype of quiescent embryonic and adult stem cells
is known to rely largely on glycolysis for energy produc-
tion with dampening of the mitochondrial oxidative
phosphorylation (OxPhos). This is thought to prevent
or keep at very low level the production of reactive oxy-
gen species (ROS), which in addition to their potential
harmfulness are known to trigger spontaneous egression
from the stemness state [2]. How the stem cells control
their mitochondrial compartment is largely unknown. In

a previous study, we found that hematopoietic progeni-
tor/stem cells (HP/SCs) express myoglobin (Mb) which
is translated from a variant of the muscular Mb mRNA
[3]. HS/PCs reside in highly hypoxic environment of
the bone marrow; however, given the relatively low con-
tent of Mb in HP/SCs, as compared with that of muscle
cells, we questioned if its function was solely linked to
di-oxygen store/deliverer. Indeed, besides its canonical
function a number of additional properties of Mb have
been proposed such as scavenger or generator of reac-
tive oxygen and nitrogen species depending on the pre-
vailing cellular/environmental conditions [4, 5]. Ectopic
expression of Mb has been also found in non-muscular
tissues and in a number of cancer cell lines and human
tumors [6, 7].
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In this study, we investigated if the expression of Mb
in the context of the stemness was limited to the spe-
cific case of the HP/SCs or it was a peculiar feature of the
pluripotency phenotype. To this purpose, we extended
our analysis to mesenchymal stem cells sourced from dif-
ferent tissues.

Methods

Isolation and maintenance of mesenchymal stem cells
Placental amniotic membrane-derived mesenchymal
stem cells (PAM-MSCs) were obtained from term placen-
tas of healthy women after vaginal delivery or cesarean
section and processed immediately. PAM-MSCs were
isolated as previously described [8] and expanded by
plating at a density of 10*/cm? in AMNIOMAX medium
(Thermo Fisher Scientific) [Advanced DMEM, 10% FBS,
1% Pen/Strep, 1% L-Glutamine, 1% ABAM (antibiotic—
antifungal), 55 uM p-mercaptoethanol, 10 ng/ml Hr-EGF
(human-recombinant epidermal growth factor)] at 37 °C
in a 5% CO, incubator.

Human mammary adipose tissue-derived MSCs
(MAT-MSCs) were obtained from mammary adipose tis-
sue biopsies of healthy women undergoing surgical mam-
mary reduction. All women were otherwise healthy and
free of metabolic or endocrine diseases. Adipose tissue
was digested with collagenase, and MAT-MSCs were iso-
lated as previously reported [9] and expanded in DMEM
and Ham’s F12 (Thermo Fisher Scientific) (1:1) with
10% FBS, 2 mM glutamine, 100 units/ml penicillin and
100 pg/ml streptavidin.

Dental pulp MSCs (DP-MSCs) were isolated from wis-
dom teeth of young adult healthy volunteers as previously
described [10] and expanded in mesenchymal stem cell
culture medium (Thermo Fisher Scientific) supplemented
with 5% heat-inactivated FBS, 100 U/mL penicillin-G,
100 pg/mL streptomycin and plated at 5 x 10° cells/cm?.

All donors gave informed consent according to the
Declaration of Helsinki, and the study was approved by
the local Ethical Committees (see Declarations).

All the MSCs when the cells reached 90% of confluence
were split and expanded not over the passage V.

PAM-, MAT- and DP-MSCs were characterized for the
presence of mesenchymal progenitor cell surface anti-
gens CD90, CD105 and CD73, or absence of the hemat-
opoietic marker CD45, by cytofluorimetric analysis.

The rhabdomyosarcoma-derived cell line RD (from
ATCC, CCL-136"") was used as control of Mb-expressing
cell [11] and cultured in DMEM supplemented with 10%
EBS.

Flow cytometry
MSCs were suspended to a final concentration of
1.0 x 10° cells/ml in phosphate-buffered saline (PBS)
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containing 0.1% (w/v) NaN; and 5% (v/v) EBS. For spe-
cific staining, 100 pl of each MSCs suspension was incu-
bated with 10 pl of each primary antibody for 20 min at
4 °C. The following primary antibodies were used: mouse
monoclonal phycoerythrin (PE)-conjugated anti-CD73,
anti-CD105, anti-CD90, anti-CD45 (BD Biosciences)
and rabbit monoclonal anti-myoglobin (ab77232) from
Abcam (1:50). Nonimmune, isotype-matched and iso-
type-conjugated mouse IgGlk and goat anti-rabbit IgG
fluorescein isothiocyanate (FITC)-labeled (ab6717) anti-
bodies were used as negative controls. For intracellular
myoglobin staining, MSCs were permeabilized with Fix
& Perm Kit (Life Technologies, Carlsbad, CA, USA),
according to the manufacturer’s instructions, before
incubation with anti-myoglobin antibody; FITC-conju-
gated anti-rabbit IgG was used as secondary Ab for Mb
detection. Cells were assessed with Navios flow cytom-
eter (Beckman Coulter, Indianapolis, USA); the emitted
fluorescent signal of 10,000 events for each sample was
acquired and analyzed using the Kaluza Analysis soft-
ware (version 1.3, Beckman Coulter, Brea, CA, USA) as
described [12].

Quantitative reverse transcription polymerase chain
reaction (qQRT-PCR) analysis

One microgram of total RNA, isolated using Trizol rea-
gent (Life Technologies, Paisley, UK), according to the
manufacturer’s instruction and quantified on a Nan-
oDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), was reverse-transcribed using the
Transcriptor First-Strand c¢cDNA Synthesis Kit (Roche
Diagnostic, Penzberg, Germany) according to the manu-
facturer’s instructions. Quantitative real-time polymer-
ase chain reaction (PCR) was performed in duplicate,
using the QuantiTect Primer Assay (Qiagen, Basel, Swit-
zerland). Quantification of the mRNA levels was per-
formed on a LightCycler® 480 real-time PCR instrument.
The relative amounts of myoglobin (variants 2 and 13),
neuroglobin and cytoglobin mRNAs were normalized to
GAPDH expression by LightCycler® 480 Software ver-
sion 1.5 (ROCHE) using the 2724 method. Primers and
thermo-cycling parameters were as previously reported

[3].

Western blotting

Aliquots, containing 40 pg of proteins from each lysate
cell, were subjected to SDS-PAGE, transferred to a PVDF
membrane (Bio-Rad Laboratories, Hercules, CA, USA)
using a Trans-Blot Turbo Transfer System and probed
with the following primary antibodies: myoglobin, Sigma
(antiserum) M8648 1:500, Abcam ab77232 1:1000, Santa
Cruz sc25607 1:500; SDHB, Abcam 1:750; TOMM40,
Abcam 1:1000; TOMM20, Santa Cruz 1:1000; MFN]1,
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Santa Cruz 1:1000; MEN2, Abnova 1:1000; OPA-1, BD
Bioscience 1:2000; DRP1, BD Bioscience 1:1000; LC3A/B,
Cell Signaling 1:1000; Lamin, Cell Signaling 1:2000;
RUNXSs, Cell Signaling 1:1000; S-actin, Sigma 1:10,000;
GAPDH, Cell Signaling 1:5000. After incubation with a
correspondingly suited horseradish peroxidase-conju-
gated secondary antibody (1:2500; Cell Signaling Tech-
nology), signals were developed using the enhanced
chemiluminescence kit (ClarityTM Western ECL Sub-
strate, Bio-Rad), acquired by the ChemiDoc Imaging
Systems XRS + (Bio-Rad) and analyzed using Image Lab
software (version 4.1, Bio-Rad, Hercules, CA, USA).

Subcellular compartment analysis

Mitochondrial, cytosolic and nuclear fractions were
isolated from PAM- and MAT-MSC cells by using the
Qproteome Mitochondrial Isolation Kit (Cat. No. 37612,
Qiagen, Basel, Switzerland) according to the protocol
provided in the kit handbook. The subcellular fractions
were stored at -80 °C for further SDS-PAGE and Western
blotting analysis.

Immunoprecipitation and mass spectrometry
Immunoprecipitations of anti-myoglobin-proteins from
PAM-, MAT- and DP-MSCs were carried out using Pro-
tein A Agarose (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) on 1 mg of total cell extracts. Lysates
were pre-cleared by incubating with protein A/G-Aga-
rose (Thermo Fischer cat.no 26146) for 1 h at 4 °C and
then incubated with the anti-myoglobin antibody (Sigma
M8648) under stirring for 18 h at 4 °C. Subsequently,
samples were further incubated for 1 h at 4 °C with fresh
beads. Beads were then collected by centrifugation and
washed twice in lysis buffer. Samples were subjected to
SDS-PAGE, and the resulting gels stained with colloidal
Coomassie blue for mass spectrometry analysis. Protein
bands were excised from the gel, washed twice alterna-
tively with 50 mM ammonium bicarbonate buffer and
acetonitrile and incubated with 10 pL of 10 ng/uL trypsin
solution in 50 mM NH,HCO; pH=28 at 4 °C, for 1 h.
Finally, a supplemental volume of 50 mM NH,HCO, was
added to cover the gel bands and samples were placed
overnight at 37 °C.

Peptide mixtures analyses were performed by nano-
LC-MS/MS by using the LTQ Orbitrap XL (Thermo
Fisher) equipped with a nano-HPLC (nano-Easy II,
Proxeon). After loading, each peptide mixture was first
concentrated and desalted onto a pre-column (C18 Easy-
Column L=2 c¢m, 5 pm, ID=100 pm, Thermo Fisher
Scientific) and then fractionated on a C18 reverse-
phase capillary column (C18 EasyColumn L=10 cm,
ID=75 pm, 3 pm, Thermo Fisher Scientific) working at a
flow rate of 300nL/min, with a gradient of eluent B (0,2%
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formic acid, 95% acetonitrile LC—MS Grade) and eluent
A (0,2% formic acid, 2% acetonitrile LC—MS Grade) from
5 to 60% in 70 min. Peptide analysis was performed using
data-dependent acquisition (DDA) of one MS scan (mass
range from 400 to 1800 m/z) followed by CID (collision-
induced dissociation) fragmentation in the ion trap of the
five most abundant ions in each MS scan. Raw data from
nano-LC-MS/MS analyses were processed and intro-
duced into the MASCOT software (Matrix Science Bos-
ton, USA) to search a non-redundant protein database.

Metabolic flux analysis

The oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured simultaneously
in PAM- and MAT-MSCs with an XFe96 extracellular
flux analyzer (Seahorse Bioscience, Billerica, MA, USA)
as previously described [13]. Briefly, after attained basal
(resting) activities, oligomycin (1 pM), FCCP (1 puM),
rotenone +antimycin A (1 pM+1 pM) and 2-deoxy-
glucose (100 mM) were injected sequentially into each
well to assess the coupling of the respiratory chain, the
maximal and non-mitochondrial oxygen consumption as
well as basal glycolysis, glycolytic capacity and glycolytic
reserve. The OCR and ECAR values were normalized
to protein content in each well, determined using BCA
assay (Thermo Scientific, Waltham, MA, USA). To assess
the contributions to the OCR of the oxidizable substrates
pyruvate/glucose, long-chain FA and glutamine, a com-
bination of specific inhibitors was used following the
protocol of the XF Mito Fuel Flex Test Kit (Seahorse—
Agilent). The fuel capacity is defined as the cell’s ability
to use a fuel pathway to meet metabolic demand when
other fuel pathways are inhibited.

Respirometric measurements

Cultured cells were gently detached from the dish by
trypsinization, washed in PBS, harvested by centrifuga-
tion at 500 x g for 5 min and immediately assessed for
O, consumption with a high-resolution oximeter (Oxy-
graph-2k, Oroboros Instruments) in DMEM at 37 °C. For
measurements at low oxygen concentration, the DMEM
in the oxygraphic chamber was fluxed under continu-
ous stirring with humified N, to reduce the dissolved O,.
Once the O, concentration was almost zeroed, the stir-
ring was stopped, the N, inlet removed, 1-2 x 10° viable
cells/ml were added, the chamber stopper inserted, and
the stirring re-activated. Measurement of routine OCR
under this condition occurred at an O, concentration of
about 20-25 puM. Control assays following the same pro-
tocol but without cells ruled out the occurrence of oxy-
gen leak in the oxygraphic chamber. The rates of oxygen
consumption were corrected for 2 uM antimycin A plus
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2 uM rotenone-insensitive respiration and normalized to
the initial cell number or mg protein.

Laser scanning confocal microscopy analysis

For live cell imaging of mitochondrial membrane
potential (mtAY), cells were cultured at low density on
fibronectin-coated 35-mm glass-bottom dishes (Eppen-
dorf, Hamburg, Germany) and incubated for 20 min at
37 °C with 2 uM of TMRE (Molecular Probes, Eugene,
OR, USA). Stained cells were washed with PBS and
examined using a Leica TCS SP8 confocal laser scanning
microscope. For immune-cytochemistry, cells (cultured
as above) were fixed, permeabilized, blocked and incu-
bated with 1:50 diluted mouse mAb anti-human myoglo-
bin (Sigma) overnight at 4 °C. After two washes in PBS,
the samples were incubated with 8 pg/ml of rhodamine-
labeled goat anti-rabbit IgG (Santa Cruz). Stained cells
were washed with PBS and examined using the same
confocal microscope (60 x objective, 1.4 NA). Acquisi-
tion, storage and data analysis were performed with an
instrumental software from Leica (LAS-X, Wetzlar, Ger-
many). Digitalized pictures were further processed by
Image]J (https://imagej.nih.gov)/iJ/).

Osteogenic differentiation of dental pulp stem cells
(DP-MSCs)

DP-MSCs were cultured in «MEM supplemented with
5% fetal bovine serum (FBS) and 1% penicillin—strepto-
mycin all from GIBCO, Thermo Fisher Scientific, and
incubated in 5% CO, at 37 °C. Cells were harvested and
subcultured according to experimental requirements. To
induce osteogenic differentiation, DP-MSCs were seeded
at a density of 0.5-3 x 10°/10-cm dish and incubated in
a differentiation medium containing 10 mM dexametha-
sone, 10 mM p-glycerolphosphate, 50 pg/ml ascorbate
phosphate and 2% FBS for 3 weeks. The medium was
replaced every 3—4 days. The culture was stopped at dif-
ferent times (0-7-14-21 days), and DPSCs were har-
vested for analysis of myoglobin and RUNXs (osteogenic
marker) expression by western blotting.

Induced pluripotent stem cells (iPSC)

Human iPSCs were obtained as previously described
(14]. Briefly, 1x 10° skin fibroblasts were nucleofected
with three episomal plasmids: pCXLE-hUL (Addgene
#27080), pCXLE-hSK (Addgene #27078) and pCXLE-
hOCT4-shp53 (Addgene #27077), and plated in fibro-
blast medium for 1 week. From day 8, the cells were
cultured in NutriStem XF Medium (Biological Industries,
Kibbutz Beit Haemek, Israel). iPSC colonies were manu-
ally cut and passaged for expansion. Absence of myco-
plasma contamination was verified by PCR analysis using
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EZ-PCR kit (Biological Industries, Kibbutz Beit Haemek,
Israel).

Statistical analysis

Data are shown as mean £ SEM. Data were compared by
an unpaired Student’s ¢ test. Differences were considered
statistically significant when the p value was less than
0.05. All analyses were performed using GraphPad Prism
(GraphPad software, v 6.01, San Diego, CA, USA).

Results

Mesenchymal stem cells express a transcript variant

of the Mb gene

Mesenchymal stem cells (MSCs) were isolated from pla-
cental amniotic membrane (PAM), mammary adipose
tissue (MAT) and dental pulp (DP), cultured under con-
dition preserving their undifferentiated state and immu-
nophenotyped by flow cytometry for the presence of
MSCs markers (Additional file 1: Fig. S1) [15].

As the properties of MSCs may differ depending on
their source, we thought to compare PAM-MSCs, hall-
marked by a high multipotent capacity because of their
early embryonic origin, with adult MSCs isolated from
mammary adipose tissue (MAT-MSCs) [16].

To verify the expression of Mb, total RNA extracts
from PAM-MSCs and MAT-MSCs were subjected to
q-RT-PCR amplifying two alternative transcripts of
the human Mb gene [17]: the variant 2 (NM_005368)
expressed in muscle and hearth tissue and the variant
13 (NM_203377) expressed in hematopoietic stem/pro-
genitor cells (HSPCs) and epithelial cancer cells (Fig. 1A)
[3, 6, 18]. As a comparison, we used the Mb-expressing
rhabdomyosarcoma-derived cell line RD [11], which
shows that both PAM-MSCs and MAT-MSCs displayed
a negligible expression of the Mb transcript variant 2 as
compared with the RD cells, whereas expression of vari-
ant 13 was significantly about twofold higher. Impor-
tantly, the relative expression ratio of the two Mb variants
(i.e., Mb-v13/Mb-v2) was significantly higher in both
PAM- and MAT-MSCs as compared to RD (Fig. 1C). To
note, the expression of neuroglobin (Ngb) and cytoglobin
(Cygb), two further members of the globin family [19],
was at very low levels in both PAM- and MAT-MSCs
(Additional file 1: Fig. S2A,B).

Analysis of the myoglobin protein expression

in mesenchymal stem cells

Western blotting analysis on both PAM-MSC and MAT-
MSC lysates using commercial Abs confirmed the pres-
ence of the Mb protein (Fig. 1D and Additional file 1: Fig.
S3). Notably, comparison with purified horse heart Mb
showed repeatedly the occurrence of Mb prevalently in
the dimeric form (with an apparent MW of ~ 35 kDa).
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This observation was independent on the presence of
different concentrations of the disulfide-reducing agent
B-mercaptoethanol (data not shown). Human Mb con-
tains only one cysteine residue in the sequence (Cys111).
Densitometric analysis of both the 35 kDa and 17 kDa
band did not show significant differences between the
MSC samples and RD cells (Fig. 1E). At the moment, we
cannot conclude if the observed SDS-resistant dimeric
Mb is artifactual or reflects an in vivo alternative state of
the protein. Of note, horse Mb, which lacks cysteine resi-
dues, was found to form a stable domain-swapped dimer
[20].

To provide definitive evidence of the occurrence of
Mb in MSCs, we subjected the SDS-PAGE bands corre-
sponding to the putative low and high molecular weights
of Mb to trypsin digestion and mass spectrometry (MS)
analysis. The results attained clearly showed, in one or
the other of PAM-MSCs, MAT-MSCs and DP-MSCs, the
presence of several tryptic fragments attributable to the
human Mb protein sequence (Fig. 2).

The expression of Mb within the population of PAM-
MSCs was evaluated assessing the co-localization of Mb
and the stemness marker CD73 by flow cytometry (Addi-
tional file 1: Fig. S4A). To notice, while a large fraction
of the PAM-MSCs (~ 77%) was Mb*/CD73* when the
same analysis was carried out in MAT-MSCs, a much
lower fraction of the cells (& 32%) resulted in Mb™/
CD73" (Additional file 1: Fig. S4B).

Intracellular localization of myoglobin in neonatal

and adult mesenchymal stem cells

Next, we evaluated the intracellular distribution of Mb
in PAM- and MAT-MSCs. To this aim, we isolated cyto-
plasmic, mitochondrial and nuclear fractions from both
MSCs and tested them by immunoblotting (Fig. 3). The
results presented in Fig. 3A,B show that the dimeric Mb
(i.e., the 35 kDa band) was largely present in the cytosolic
fraction, whereas the monomeric Mb (i.e., the 17 kDa
band) was present in the mitochondrial fraction and to
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a lesser extent in the nuclear fraction. Differences were
observed between PAM-MSCs and MAT-MSCs with
association of the monomeric Mb with mitochondria
resulting particularly marked in PAM-MSCs (Fig. 3C).

Mitochondrial morphology and dynamics in neonatal

and adult mesenchymal stem cells

On the basis of the last observed results, we sought to
investigate the mitochondria-linked oxidative metabo-
lism in the Mb differentially expressing CD73" MSCs.
To this aim, we first assessed the morpho-functional
mitochondrial network using TMRE, a mitotropic probe
which accumulates in actively respiring mitochondria
driven by the mtAy providing, in addition, morphologi-
cal indications of the organelle compartment. Figure 4A
shows the comparative confocal microscopy imag-
ing of the TMRE fluorescent signal in PAM-MSCs and
MAT-MSCs; it can be clearly appreciated that while the
fluorescent signal in PAM-MSCs is largely localized in
a densely packed compartment, in the MAT-MSCs the
fluorescence is distributed in a more rarefied filamen-
tous interconnected network. Morphometric analysis of
the images confirmed, for PAM-MSCs, a slightly higher
content of the mitochondrial mass/cell but their sig-
nificant lower elongation, Fetter and interconnectivity
parameters as compared with MAT-MSCs. Evaluation
of the expression of the succinate dehydrogenase (SDH),
a marker of the respiratory chain/inner mitochondrial
membrane, and of components of the translocase com-
plex of the outer mitochondrial membranes (TOMM20
and TOMM40) would indicate a greater mitochondrial
mass in PAM-MSCs than in MAT-MSCs (Fig. 4B).

It is well established that the morphology of the mito-
chondrial network is the result of a balance between
organelle fusion and fission with its overall appearance
depending on which of these processes prevails [21].
Figure 4C shows the immunoblot analysis of factors
involved in the mitochondrial fusion/fission dynamics
using antibodies targeting the whole protein (i.e., irre-
spective of its posttranslational covalent modifications).

(See figure on next page.)

of Mb-v13 compared to that of Mb-v2 expressed as ratios of the relative

Fig. 1 Expression of Mb gene transcript variants and Mb protein in PAM-MSCs and MAT-MSCs. A Scheme showing the structure of the alternative
transcripts of the Mb gene; variant 2 (NM_005368) and variant 13 (NM_203377). B Quantitative RT-PCR analysis of the transcript variants 2 (Mb-v2)
and 13 (Mb-v13) in PAM-MSCs and MAT-MSCs normalized to their expression in rhabdomyosarcoma cells (RD); means £ SEM of 4-5 independent
measurements (biological replicates) each carried out in 3 technical replicates; *, P<0.05 and ***, P<0.001 with respect to RD. C Relative amounts
5—bCt
P<0.01 with respect to RD. D Comparative immunoblot for Mb detection. 40 ug protein extract from total cell lysates of four and three different
preparations of PAM-MSC and MAT-MSC, respectively, was assayed by SDS-PAGE and Western blotting as described in Materials and Methods; 40 ug
protein extract from rhabdomyosarcoma-derived cell line (RD) and 0.2 pg pure horse heart myoglobin (Pur. Mb) were co-analyzed for comparative
purpose. E Densitometric analysis of comparative WBs as that shown in (D); the values refer to the 35 KDa and 17 kDa band, corresponding to the
dimeric and monomeric Mb, respectively, normalized to the GAPDH band and to the value observed for the RD cells; means & SD of six different
preparations of both PAM-and MAT-MSCs; NS, not statistically significant

values; the values shown are from the measurements in (B); **,




Scrima et al. Stem Cell Research & Therapy (2022) 13:209

Page 7 of 18

A

The new MB structure
218bp 86bp 103 bp /

L1 // L 11 |

U 2u W 4u 6Su 6u Tu 8u

(2 e
Variant 2 (NM_005368)
STOP
Variant 13 (NM_203377)

9¢ 10u 11c 12¢

n
2sby | 103bp
164bp 113bp 132bp 116 bp \ ; 140 bp 23bp 679 bp

—1000bp
B [Imbv2 [ Mbviz ¢
2.5 - *

2 *

= kK

g 2.0 L3100 1 T

5 82 ]

= 15 & ]

3 2 ]

N 1.0 - 52 1.0

s &

E 0.5 ] LIJ

(e}

4 *% * % 1

0.0 L 0.1
Q'o X o Q.o N
\&\.\* &s“ \s& ,\.@
A o) O O N
D é’% é’% e»c’@o}’% é’% "oo% é’&
F T T F ST WY

kDa <% Q¥ &F @ F ¥ ¥ F ¥ &Y o
35 W A e S amm e e —
17 ‘ —

GAPDH D e — — — N ——

35 kDa band 17 kDa band
E E.‘20- NS 3‘2-5- NS
8% 15 83 207 NS
= € = € 1.5 -
© 9o 1.0 c o
z8 ™ zg 0.5 -
0.0 0.0 -
Q_Q&,O&() QS)Q,(’ ,90
& S
¥ Q¥ N

Fig. 1 (See legend on previous page.)




Scrima et al. Stem Cell Research & Therapy (2022) 13:209

It can be appreciated that the expression of mitofusins
1 and 2 (MFN1, MFN2) and that of optic atrophy 1 pro-
tein (OPA1), involved in fusion of the outer and inner
mitochondrial membranes, respectively, are both higher
in PAM-MSCs as compared with MAT-MSCs. Inter-
estingly, also the expression of the dynamin-1-related
protein (DRP1), involved in mitochondrial fission, is
higher in PAM-MSCs. These results would hallmark
the PAM-MSCs for a more dynamic mitochondrial net-
work. Mitochondrial dynamics is also functional to the
organelle quality control; indeed, fragmentation of mito-
chondria facilitates the process of mitophagy which is
the breakdown and recycling of damaged mitochondria
[21]. Light chain 3A/B proteins (LC3A/B) are involved
in the auto-/mitophagic process, and the phosphatidyle-
thanolamine (PE)-conjugated protein (LC3A/B-II) which
promotes formation of phagophores is taken as an indi-
cator of active auto/mitophagy [22]. Consistent with
this notion, the immunoblotting in Fig. 4C shows that
the expression of LC3A/B-II is significantly enhanced in
PAM-MSCs as compared with MAT-MSCs.

Metabolic profile in neonatal and adult mesenchymal stem
cells
The morphology of the mitochondrial compartment is
also thought to reflect a different bioenergetic phenotype
[23, 24]. Therefore, we measured, by the Seahorse meth-
odology, the two major ATP-generating metabolic fluxes,
glycolysis and mitochondrial respiration (Fig. 5A,B).
The results attained clearly show that the PAM-MSCs
displayed significantly higher glycolytic and respiratory
fluxes, as compared with MAT-MSCs (Fig. 5C,D). Con-
sequently, PAM-MSCs would be hallmarked by a more
active bioenergetic state, whereas MAT-MSCs by a meta-
bolic quiescent state (Fig. 5E). Interestingly, a comparison
of the relative contribution to the OCR of the three major
oxidizable substrates (i.e., long-chain fatty acids, glucose/
pyruvate, glutamine) resulted in a significantly greater
capacity ratio for fatty acid oxidation (FAO) in PAM-
MSCs as compared with oxidation of the other substrates
(Fig. 5F). These data are consistent with a recent report
showing that FAO is an important metabolic pathway in
placenta-derived MSCs [25].

To verify if the same different respiratory capacity
between MAT-MSCs and PAM-MSCs was maintained
under low ambient O, availability, we set up a protocol
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to measure OCR in a Clark electrode-based oximeter at
20-25 pM O, (i.e., sevenfold—ninefold lower than with
the Seahorse and corresponding to about 2-3% O, ten-
sion) (Fig. 5G). The results attained confirmed a sig-
nificant higher respiratory competence in PAM-MSCs
(Fig. 5H) also under conditions mimicking hypoxia. A
plausible interpretation of these results might be linked
to the different distribution of Mb in the two types of
MSCs considering the function of Mb in buffering O,
gradients, particularly under limited O, tension, that
forms between the environmental peri-cellular O, and
the intracellular peri-mitochondrial surrounding.

To verify if chronic hypoxia was able to influence the
expression of Mb, we incubated PAM-MSCs under con-
dition of hypoxia (i.e., 0.5-1.0% O,) for 24 h and assessed
the Mb expression by confocal immunocytochemistry
imaging. Additional file 1: Figure S5A shows that fol-
lowing hypoxia PAM-MSCs increased a little but signifi-
cantly the spotted Mb-related fluorescence/cell signal.
Immunoblot analysis confirmed the moderate increased
expression of Mb after 24-h incubation under hypoxia
(Additional file 1: Figure S5B). To note treatment of
PAM-MSCs with chetomin, an inhibitor of the HIF-1a/
P300 interaction [26] did not change the expression of
Mb either under normoxia or under hypoxia (Additional
file 1: Figure S5B).

Myoglobin expression following differentiation
of mesenchymal stem cells and induction of pluripotent
stem cells
To establish if the presence of Mb was maintained or
underwent changes during differentiation of mesenchy-
mal stem cells, we followed its expression during the
osteogenic differentiation of dental pulp-derived MSCs
(DP-MSCs). Figure 6A shows that the expression of the
transcription factor RUNX2, a marker of osteogenic dif-
ferentiation, markedly and progressively enhanced fol-
lowing 21 days of treatment of DP-MSCs with specific
differentiation factors. Staining of the DP-MSCs with
alizarin red S confirmed their advanced differentiation
along the osteogenic lineage (not shown). Interestingly,
the basal expression of Mb was maintained during the
first 2 weeks following differentiation induction to drop
markedly in the last week.

This last result suggests somehow a possible function
of Mb in the maintenance of the undifferentiated state

(See figure on next page.)

Fig. 2 LC-MS analysis of Mb in PAM-MSCs, MAT-MSCs and DP-MSCs. A SDS-PAGE referring gel showing the excised bands subjected to
trypsinization. B Sequence of human Mb with the putative sites of trypsinization indicated in bold (K, R). C LC-MS extract ion chromatograms
identified in each of the bands indicated in (A) human Mb tryptic fragments; the peptide sequences and their M.W. are shown at the top of each

panel lane
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Fig. 3 Subcellular localization of Mb. Representative immunoblots for detection of monomeric and dimeric Mb (mMb and dMB) in subcellular
fractions from PAM-MSCs (A) and MAT-MSCs (B); Cyt, cytoplasmic fraction; Mit, mitochondrial fraction; Nuc, nuclear fraction. The white asterisk
in (B) identifies a unspecific immunolabeled band. C Densitometric analysis; the bars are mean values £ SEM of three independent comparative
experiments; GAPDH, Lamin and TOMM40 were used as internal normalizers for cytoplasmic, nuclear and mitochondrial fractions, respectively

(See figure on next page.)

Fig. 4 Mitochondrial morphology and dynamics in PAM-MSCs and MAT-MSCs. A Imaging of functional mitochondria in PAM-MSCs and MAT-MSCs.
MSCs were incubated with TMRE and analyzed by confocal microscopy as detailed in Materials and Methods. Addition of the uncoupler FCCP
vanished completely the fluorescent signal (indicated in the right upper corner of the main images). Digital enlargements of details are shown at
the bottom of the pictures after false color rendering and thresholding to remove background; ImagelJ tools were used with identical parameter
for both PAM- and MAT-MSCs. The images shown are representative of three analyses with as many biological replicates yielding similar results.

The histograms on the right show statistical morphometric analysis of the mitochondrial compartment assessed by ImageJ tools. Ten—fifteen
cells/optical field from 4-5 fields of each biological replicate were randomly chosen, and the following parameters measured treating the
mitochondria as objects: (1) averaged normalized TMRE pixel density/cell; (2) elongation/cell, defined as (mean perimeter)?/(4m x area) of all

the mitochondria per cell; averaged Feret's diameters, defined as the longest distance between any two points along the selection boundary

of an object; interconnectivity/cell, defined as the (mean area)/(mean perimeter) ratio. *, P<0.05; **, P<0.005. B Representative immunoblots of
mitochondrial markers. Cxll SDHB, subunit B of the succinate dehydrogenase—complex Il or the respiratory chain; TOMM40 and TOMM?20, subunits
of the translocator complex of the outer mitochondrial membrane. The histogram on the right shows the averaged normalized densitometric
analysis £ S.E.M. of four independent MSCs preparations. C Representative immunoblots of mitochondrial dynamics markers. MENT and MFN2,
mitofusins 1 and 2; OPA1, optic atrophy protein 1; DRP1, dynamin-related protein 1; LC3A/B-I, unmodified light chain 3A/B; LC3A/B-II, PE-conjugated
light chain 3A/B. The histogram on the right shows the averaged normalized densitometric analysis £ S.E.M. of three independent MSCs
preparations
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that is lost during differentiation. To test this hypoth-
esis, as proof of principle, we decided to investigate the
expression of the Mb gene in human fibroblast and in
fibroblast-derived induced pluripotent stem cells (iPSCs)
at the transcriptional level. As shown in Fig. 6B, de-dif-
ferentiation of primary fibroblasts in iPSCs resulted in a
significant increase in the Mb transcripts level in particu-
lar of the Mb-v13 variant.

Discussion

The ectopic occurrence of Mb isoforms in tissues differ-
ent from skeletal/myocardial muscle was first reported in
the liver and other organs of hypoxia-tolerant fish models
[27-29]. More recently, Mb was found to be expressed in
several cancer cell lines and epithelial tumors [7, 30, 31]
and in mice brown adipose tissue [32, 33].

In a previous report, we showed the expression of Mb
in adult CD34% HS/PCs [3]. In the present study, we
extended our analysis to MSCs and, irrespective of their
source, all cells expressed Mb at protein levels compa-
rable with that of a muscle-derived rhabdomyosarcoma
cell line (Fig. 1). The expression of Mb was conclusively
proved by mass spectrometry (Fig. 2).

Alike in HS/PCs, also in MSCs, the Mb gene is
principally transcribed by an alternative transcript
(NM_203377) (Fig. 1A-C), longer than that expressed in
muscle cells, likewise found in cancer cell lines as well
as in different types of epithelial tumors [6, 7, 34]. The
gene regulatory mechanisms driving the transcription of
Mb in cancer cells might provide insightful in the stem
cell context but remains largely elusive [18]. Several lines
of evidence and bioinformatics data would suggest the
presence upstream of the alternative transcription start
of a putative hypoxia responsive element as well as of a
hormone-receptor binding element [30]. In this study, we
tested whether incubation at 0.5-1.0% oxygen of PAM-
MSCs influenced Mb expression, but we found only a
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modest stimulatory effect (Additional file 1: Figure S5).
Therefore, further studies are needed to unveil the mech-
anism controlling the differential transcription of the Mb
gene in the context of stem cells.

The best-known function of Mb is to store O, and
regulate its bioavailability in heart and muscle to the
mitochondrial compartment as the partial pressure of
O, drops as a consequence of increased tissue work-
flow or hypoxic condition. Histochemical investigations
locate MSCs in perivascular niches in virtually all tis-
sues that, however, exhibit low oxygen tension. In pla-
cental membranes, mammary glands and dental pulps
around 2-3% O, partial pressure (corresponding to about
15-23 mmHg) have been estimated [35, 36]. A particu-
lar case is that of hematopoietic stem cells which locate
close to the endosteum of the bone marrow where 0.5%
O, (<4 mmHg) is reached [36]. Therefore, it is possible
that maintenance of MSCs in an undifferentiated state
may require a hypoxic environment, in addition to other
factors. Comparative densitometric analysis of immune
blotted MSCs with pure Mb (Fig. 1D) resulted in about
10 ug Mb/mg of total protein both in PAM-MSCs and
MAT-MSCs in close agreement with what found in HS/
PCs [3]. This value is higher than that estimated in cancer
cells [7] but at least one order of magnitude lower than
that reported in human muscle cells [37]. This would sug-
gest that in the ectopic context of MSCs the role of Mb is
unrelated or not solely related to the O, storage/delivery.
Similar conclusion is suggested from studies where the
Mb gene was overexpressed or silenced in cancer cells
[38, 39].

Intriguingly, as for HS/PCs also in MSCs immunoblot
analysis repeatedly resulted in appearance of a Mb dimer
(about 35 kDa and confirmed by MS) in addition to the
expected 17 kDa monomeric Mb (Fig. 1D and Fig. 2).
The 35 kDa band was insensitive to different disulfide-
reducing agents and also occurred in isolated horse heart

(See figure on next page.)

Fig. 5 Metabolic characterization of PAM- and MAT-MSCs. Seahorse metabolic flux analyzer was used to assess the oxygen consumption rate (OCR)
and the glycolysis-linked extracellular acidification rate (ECAR) in adherent PAM- and MAT-MSCs following the manufacturer protocols (see Materials
and Methods). A and B show representative experimental outcomes, which indicated that oligomycin (Olig.), the uncoupler (FCCP), rotenone plus
antimycin A (R4 A) and 2-deoxy-glucose (2-DG) were sequentially added. C and D show the averaged values & S.E.M. of three experiments each
performed in triplicate of three independent MAT- and PAM-MSCs preparations. In (C) OCRs under basal/routine conditions (Basal), after addition

of oligomycin (4 Olig.), after addition of FCCP (Uncoupl.) are shown as corrected for the R+ A-insensitive OCR; ***, P<0.001. In (D) glycolysis (i.e.,
basal ECAR) and glycolytic reserve (i.e,, the difference between ECAR before and after addition of 2DG) are shown; ***, P<0.001. E Bioenergetic
map obtained combining basal OCR vs ECAR. F Relative contributions to the OCR of oxidizable substrates. The oxidative capacities of long-chain
fatty acid oxidation (FAO), pyruvate oxidation (PyrOX) and glutamine oxidation (GInOX) were assessed following the Seahorse Xf Mito Fuel Flex

Test kit using combination of specific inhibitors of the three oxidative pathways as described in Materials and Methods; the capacities of each
substrate were normalized to the sum of the capacities of the three substrates and the normalized capacities measured in PAM-MSCs divided by
those in MAT-MSCs; the bars show the mean values = S.E.M. of two experiments with independent MSCs preparation each performed in triplicate;
** P<0.05]. G Representative experimental polarographic outputs of the basal O, changes elicited by MAT- and PAM-MSCs after reducing the
dissolved O, concentration to about 20-25 uM (see Materials and Methods for details). H Averaged values £ S.E.M. of three experiments each
performed in duplicate of three independent MAT- and PAM-MSCs preparations whose OCR was assessed as shown in panel (G); **, P<0.01
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Fig. 6 Pluripotency affects the expression of Mb. A Representative blotting of DP-MSCs protein extract at different times following osteogenic
differentiation; bands immune-reacting for Runt-related transcription factor (RUNX2) and myoglobin (Mb) are shown; the graph on the right shows
the normalized densitometric analysis of RUNX2 and of the 17 and 35 kDa Mb with values means 4 S.E.M. of three independent experiments;

* P<0.05,***, P<0.001 vs undifferentiated DP-MSCs. B Quantitative RT-PCR analysis of the transcript variants Mb-v2 and Mb-v13 in fibroblasts

and fibroblast-derived iPSCs normalized to their expression in rhabdomyosarcoma cells (RD); means = SEM of two independent measurements
(biological replicates) each carried out in three technical replicates; **, P<0.01 and * P<0.01 and ## P<0.001 vs RD; the histogram on the right
shows the relative amounts of Mb-v13 compared to that of Mb-v2 expressed as ratios of the relative 2~ values; **, P<0.01 and ** P<0.001 versus
RD

Mb which lacks cysteine residues. The occurrence of Mb was reported to occur after exposure to H,O,, caus-

dimeric Mb has been known for many years [40], and a
later resolved X-ray crystallographic structure showed
for the oxidized dimeric Mb (metMb) a domain-swapped
structure with two extended o-helices [20]. Molecu-
lar simulation of the apo-myoglobin folding suggests
the occurrence of additional domain-swapping arising
from partially denatured proteins [41]. Aggregation of

ing inter-monomers cross-links between the amino acid
side chains of tyrosines and tryptophans [42]. The role of
scavenger for reactive oxygen (ROS) and nitrogen spe-
cies (RNS) is a well-established function of Mb [43, 44],
and a recent report has shown the protective role of
Mb in breast cancer cells due to its ROS and NO scav-
enging properties [45]. The redox chemistry on which
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the antioxidant activity of Mb relies leads to conversion
of the hematinic ferrous Mb-Fe>™ to the ferric species
Mb-Fe®*. This raises the need to reduce back the ferric
iron to the ferrous species in order to achieve a catalytic
feature. The best characterized metMb reductase system
in muscle is the NADH-cytochrome b5 oxidoreductase
[46], which is localized on the ER membrane and on the
outer mitochondrial membranes [47, 48]. This might
account for the here-reported localization of the mono-
meric Mb close to mitochondria (Fig. 3 and graphical
abstract).

Control of the cellular redox tone appears crucial in
determining the stem cell fate [49]. Indeed, physiological
levels of reactive species proved to positively contribute
to adult stem cell self-renewal and pluripotency main-
tenance when kept at very low concentration, whereas
beyond a given threshold they prompt exit of stem cells
from their quiescent state, committing them to differen-
tiation [50-52]. Several transcription factors are known
to be functionally modifiable by reactive species, thereby
contributing to rewiring of the stem cell transcriptome in
response to redox signaling [53]. The presence of appre-
ciable amount of monomeric Mb in the nucleus of PAM-
and MAT-MSCs, here reported (Fig. 3), might serve to
control the nuclear redox tone. Notably localization of
Mb in the nucleus of more primitive CD34%-HS/PCs
was shown in our previous study [3]. Cytoglobin, another
member of the globin family, was also found in the cell
nucleus of several mouse tissues [54] and an interactomic
study of Mb unveiled its possible interaction with several
nuclear proteins [55].

Analysis of the metabolic phenotype unveiled marked
differences between MSCs isolated from placental mem-
brane and mammary adipose tissue with the former
exhibiting higher oxidative metabolism and glycolysis
fluxes, indicating a more active metabolic state (Fig. 5A—
E). This is likely to reflect the earlier embryonic origin of
the PAM-MSCs, which is proved to be characterized by
a significantly higher expansion capacity [56, 57]. Inter-
estingly, comparative analysis of the contribution of the
major oxidizable substrates revealed a specific larger reli-
ance of PAM-MSCs on FAO (Fig. 5F).

Cellular metabolism is emerging as a key player for
somatic stem cell behavior, determining whether a stem
cell remains quiescent or starts to proliferate [58—60].
Several lines of evidence have been identified in the
breakdown of lipids via FAO, a major regulator of quies-
cence and maintenance of the pluripotency in bone mar-
row hematopoietic stem cells [60], brain neural stem cells
[61], skeletal muscle stem cells [62], intestinal stem cells
[63, 64] and placental stem cells [25]. Reliance on FAO
has also been reported in breast cancer stem cells and to
be relevant for chemoresistance and recurrence [65].
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The choice of fatty acid to fuel cell metabolism might
be not simply linked to its greater ATP-generating effi-
ciency. Fatty acid beta-oxidation produces significant
amount of acetyl-CoA that exported outside mitochon-
dria via the citrate shuttle can be made available for
histone acetyl transferases, thereby modulating epige-
netically the expression of genes involved in the stem cell
identity [66—68] (see graphical abstract). Acetylation of
histone H3 results in euchromatin open state which is
proved to maintain the pluripotent epigenetic state and
self-renewal of stem cells [69, 70]. Accordingly, it has
been shown that inhibition of histone deacetylases pro-
motes reprogramming of somatic cells in iPSCs [71].

Of relevance in the context of what above discussed
is the reported evidence that Mb in its oxygenated form
can bind fatty acids with affinity constants in the micro-
molar range and therefore compatible with physiological
conditions [72-75] (see graphical abstract). Accordingly,
brown adipose tissue of Mb knockout mice exhibits dys-
regulation of lipid homeostasis, with reduced mitochon-
drial density and respiratory activity [32]. All this would
support the proposal that Mb might function as a trans-
porter of fatty acid to be released to mitochondria and
might account for the here-reported different levels of
co-localization of Mb with mitochondria in PAM-MSCs
and MAT-MSCs. Most notably, it was the monomeric
form of Mb to co-localize with mitochondrial markers,
whereas the dimeric Mb was found in the cytosolic frac-
tion (Fig. 3). Interaction of Mb with the mitochondrial
outer and inner membrane has been reported in muscle
[76, 77] and functionally linked to the oxygen delivery of
Mb to the mitochondrial respiratory chain. However, the
physical interaction of Mb with mitochondria might be
also linked to the aforementioned ability of Mb to vehicu-
lar fatty acids and/or to express peroxidase activity and
to behave as NO dioxygenase under normoxia and as a
nitrite reductase under hypoxia [5]. The mitochondrial
respiratory chain is the major ROS-generating path-
ways in the cell [78]. At the same time, the cytochrome
c oxidase of the respiratory chain is the main target of
the inhibitory effect of NO on respiration [79]. On this
basis, it is reasonable that the close proximity of Mb to
mitochondria serves to buffer efficiently the production
of reactive species right where they are generated or act.
The in-cytosol-localized Mb, largely dimeric, might rep-
resent a fraction of oxidized molecules that escape re-
reduction by the mitochondrial NADH-cyt.b5 reductase
(see graphical abstract).

A recently emerged further function of Mb related to
the mitochondrial physiology is its ability to control the
mitochondrial dynamics. As reported, expression of Mb
in breast cancer cells induces mitochondrial hyperfusion
by upregulating mitofusins 1/2 decreasing at the same
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time cancer cell proliferation and tumor growth [80].
This effect would be mediated by the Mb-dependent oxi-
dation and degradation of the E3 ubiquitin ligase parkin.
The results presented in this study show that in the more
primitive PAM-MSCs a denser mitochondrial mass as
compared with the MAT-MSCs is accompanied with up-
regulation not only of the factors involved in mitochon-
drial fusion but also of those involved in mitochondrial
fission and in mitophagy [81] (Fig. 4). These data would
suggest a more active and continuous remodeling of the
mitochondrial network that would preserve the organelle
quality, removing damaged mitochondria. However, at
the actual stage of our knowledge we cannot conclude
if the differences aforementioned between “young” and
“aged” MSCs are linked to a different expression and/or
mitochondrial co-localization of Mb.

Finally, it is worth highlighting that the Mb expression
is lost following full differentiation of DP-MSCs along
the osteogenic lineage (Fig. 6A). It remains to confirm if
similar phenomena occur with different MSCs and com-
mitments to different differentiation lineages. Along
the same line, it is relevant that acquisition of stemness
properties in iPSCs is accompanied with upregulation of
the Mb gene transcript variant (Fig. 6B). All together the
evidence provided in this study strongly suggests a func-
tional role of Mb in the maintenance of pluripotency in
MSCs.

Conclusions

The main finding of our study is the definitive proof of
the expression of Mb in adult stem cells by an alternative
Mb transcript as found in several cancer cells. The Mb
expression was lost during differentiation and recovered
in iPSCs, suggesting its functional role in maintenance
of pluripotency. Differences in the mitochondria-related
metabolism and morphology between neonatal and adult
MSCs might correlate with differences in the association
of the monomeric Mb with mitochondria. Although we
do not provide mechanistic information, the presented
study suggests for Mb in MSCs a number of non-mutu-
ally exclusive possibilities encompassing fine-tuning of
the cellular redox homeostasis, modulation of the mito-
chondrial dynamics and control of fatty acid metabolism.
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: Extracellular acidification rate; mtAy: Mitochondrial membrane potential;
TMRE: Tetramethylrhodamine ethyl ester; PBS: Phosphate-buffered saline; FBS:
Fetal bovine serum; RUNXs: Runt-related transcription factors; iPSCs: Induced
pluripotent stem cells; SEM: Standard error of the mean; Ngb: Neuroglobin;
Cygb: Cytoglobin.
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