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ARTICLE INFO ABSTRACT

Keywords: Over the last decades, the silent-killer carbon monoxide (CO) has been shown to also be an endogenous cytoprotective
Carbon monoxide molecule able to inhibit cell death and modulate mitochondrial metabolism. Neuronal metabolism is mostly oxidative
Neuronal differentiation and neurons also use glucose for maintaining their anti-oxidant status by generation of reduced glutathione (GSH) via
Glycolysis

the pentose-phosphate pathway (PPP). It is established that neuronal differentiation depends on reactive oxygen species
(ROS) generation and signalling, however there is a lack of information about modulation of the PPP during adult
neurogenesis. Thus, the main goal of this study was to unravel the role of CO on cell metabolism during neuronal
differentiation, particularly by targeting PPP flux and GSH levels as anti-oxidant system.

A human neuroblastoma SH-S5Y5 cell line was used, which differentiates into post-mitotic neurons by treatment
with retinoic acid (RA), supplemented or not with CO-releasing molecule-A1 (CORM-A1). SH-SY5Y cell differentiation
supplemented with CORM-A1 prompted an increase in neuronal yield production. It did, however, not alter glycolytic
metabolism, but increased the PPP. In fact, CORM-A1 treatment stimulated (i) mRNA expression of 6-phosphogluco-
nate dehydrogenase (PGDH) and transketolase (TKT), which are enzymes for oxidative and non-oxidative phases of the
PPP, respectively and (ii) protein expression and activity of glucose 6-phosphate dehydrogenase (G6PD) the rate-
limiting enzyme of the PPP. Likewise, whenever G6PD was knocked-down CO-induced improvement on neuronal
differentiation was reverted, while pharmacological inhibition of GSH synthesis did not change CO's effect on the
improvement of neuronal differentiation. Both results indicate the key role of PPP in CO-modulation of neuronal
differentiation. Furthermore, at the end of SH-SY5Y neuronal differentiation process, CORM-A1 supplementation in-
creased the ratio of reduced and oxidized glutathione (GSH/GSSG) without alteration of GSH metabolism. These data
corroborate with PPP stimulation. In conclusion, CO improves neuronal differentiation of SH-S5Y5 cells by stimulating
the PPP and modulating the GSH system.

Pentose phosphate pathway
Glutathione

1. Introduction cell metabolism can be a key tool for neurogenesis modulation. In fact,

stimulation of endogenous neurogenesis can be particularly important

Stem cell fate can be regulated by various factors, namely cellular for replacement of impaired neurons in central nervous system (CNS),

energy metabolism, which is capable of modulating stem cell decision in future potential applications against neurodegenerative diseases in-
between self-renewing or differentiation [1-3]. Thus, manipulation of cluding ischemic stroke and psychiatric disorders.

Abbreviations: G6PD, glucose 6-phosphate dehydrogenase; CNS, central nervous system; CO, carbon monoxide; CORM-A1, Carbon monoxide-releasing molecule Al; COX, cytochrome ¢
oxidase; DMEM/F12, Dulbecco's minimum essential medium with nutrient mixture F12; FBS, foetal bovine serum; Cys, cysteine; CysGly, cysteine-glycine; GC-MS, gas chromatography
coupled with mass spectrometry analysis; G6PD, glucose 6-phosphate dehydrogenase; GSH, reduced glutathione; GSSG, oxidized glutathione; HO-1, Haem-oxygenase 1; HPLC, High
performance liquid chromatography; LDH, lactate dehydrogenase; NAC, N-acetylcysteine; NSC, neural stem cell; PBS, phosphate buffered saline; PDH, pyruvate dehydrogenase; Pen/
Strep, penicillin/streptomycin solution; PGD, phosphogluconate dehydrogenase; PPP, Pentose phosphate pathway; RA, retinoic acid; ROS, reactive oxygen species; RT-Q-PCR, Reverse
transcriptase quantitative polymerase chain reaction; R.T., room temperature; TCA, Tricarboxilic acid cycle; TKT, transketolase; UV, ultra violet radiation
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The Pentose Phosphate Pathway (PPP) is an important route of
glucose oxidation, divided into two branches, the oxidative and non-
oxidative phase, where, by multiple reactions, sugar phosphates are
interconverted. The oxidative phase of PPP is linked to glycolysis at the
level of glucose-6-phosphate and catalyses its conversion into ribulose-
5-phosphate and CO,. Also in this phase, NADP" is reduced into
NADPH, the major reducing compound, which is required for re-
generation of reduced glutathione (GSH). On the other hand, the non-
oxidative phase converts pentose phosphates into phosphorylated al-
doses and ketones. This branch is linked to glycolysis by their common
intermediates glyceraldehyde-3-phosphate and fructose-6-phosphate
and it also produces ribose-5-phosphates, which are precursors for
nucleotide synthesis [4,5]. The activity of this non-oxidative phase of
PPP supports cellular proliferation during neurogenesis by the pro-
duction of building blocks [6]. In addition, during neuronal differ-
entiation process, there is an enhancement of mitochondrial and oxi-
dative cell metabolism [3,7], which, in turn, increases ROS production.
Thus, one can speculate oxidative phase of PPP can be critical during
neuronal differentiation for reinforcing cellular anti-oxidant defence.
Indeed, PPP generates reducing molecules NADPH, which facilitates
recycling of oxidized GSSG into reduced GSH, the first line of cell an-
tioxidant defence [8].

CO is mostly known as a silent-killer due to its great affinity to
haem-proteins, such as haemoglobin or cytochrome c oxidase (COX).
Thus, high levels of CO can compromise systemic oxygen delivery or
cellular mitochondrial function, promoting high levels of intoxication
and even death. Nevertheless, CO is an endogenously produced gaso-
transmitter generated by the cleavage of haem group via the enzymatic
activity of haem-oxygenase (HO) [9]. HO is a stress-related enzyme,
whose expression or activity increases in response to several stressful
stimuli including oxidative stress, hypoxia, hyperoxia, hyperthermia,
inflammation, UV and misfolded protein response [9-11]. Furthermore,
it has been demonstrated that low levels of exogenous CO promote
cytoprotection, limit inflammation, prevent cell death and improve
neuronal differentiation [9,10,12-18]. The molecular mechanisms un-
derlying CO-induced cytoprotection are associated with improvement
of mitochondrial function and are dependent on generation of low
amounts of ROS, as signalling molecules [12,19-22]. Likewise, low
concentrations of CO promote mitochondrial biogenesis [23,24], in-
crease COX activity [13,25-28], improve oxidative metabolism [23,29]
and induce mild mitochondrial uncoupling that protects mitochondria
from oxidative stress [30,31]. For further reading, there are reviews
[23,32,33]. Because of the great potential use of CO as a therapeutic
gas, several strategies to deliver CO under biological context have been
developed. CO-releasing molecules (CORM) are small organic or orga-
nometallic molecules able to release CO under a more physiologically
relevant way than CO gas applications [34]. CORM-A1l (carbon-mon-
oxide releasing molecule Al) is a boron-based molecule that has been
often studied because it slowly releases CO under a controlled manner.
CO-releasing is dependent on temperature and pH, with optimal release
at pH of 7.4 and 37°C and it presents a half-life of approximately
21 min to transfer CO to myoglobin in vitro [35,36].

Recently, it has been demonstrated that CO promotes neuronal
differentiation [16] and increases dopaminergic differentiation [18].
The underlying molecular mechanisms of neuronal differentiation in-
volve CO-induced improvement of mitochondrial metabolism [17].
Likewise, CO modulates cellular GSH levels in astrocytes [12] and
GSSG/GSH recycling is dependent on PPP. Thus, it is hypothesized that
CO can stimulate PPP flux, which in turn, facilitates the cellular ma-
chinery rearrangement needed during neuronal differentiation. For
assessing PPP modulation by CO, a human neuroblastoma SH-S5Y5 cell
line was used as cell model. This is a simple model to study neuronal
differentiation process [37], allowing the assessment of the associated
cellular mechanisms. SH-SY5Y cells are derived from neural crest
[38,39] and present the ability to differentiate into neuron-like cells
that fulfil the morphological, biochemical and functional neuronal
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criteria [37,39,40], constituting a valuable model also for neuronal
toxicity studies [41-44].

The main goal of this study was to assess the metabolic regulation of
neuronal differentiation achieved by CO, in particular, the role of PPP.
CORM-A1 supplementation increased the yield of neuronal production
following SH-SY5Y neuronal differentiation, along with an increase of
ROS generation, PPP flux and a change in GSH availability. Likewise,
whenever the limiting PPP enzyme glucose 6-phosphate dehydrogenase
(G6PD) was knocked down, the CO-induced increase of neuronal yield
was reverted, while pharmacological inhibition of GSH synthesis had no
effect on neuronal differentiation. In conclusion, in the SH-SY5Y model
of adult neurogenesis, CO improves neuronal differentiation in a PPP
dependent manner.

2. Material and methods
2.1. Materials

All chemicals were of analytical grade and were obtained from
Sigma unless stated otherwise. Plastic tissue culture dishes were from
Sarstedt (Germany); foetal bovine serum, penicillin/streptomycin so-
lution, and Dulbecco's minimum essential medium (high glucose, 1-
glutamine and pyruvate) were obtained from Invitrogen (United
Kingdom).

The mass spectrometry derivatization reagents MTBSTFA (N-me-
thyl-N-(tert-butyldimethylsilyl) trifluoroacetamide), MSTFA (n-methyl-
n-(trimethylsilyl) trifluoroacetamide) and the t-BDMS-CI (tert-butyldi-
methylchlorosilane) were purchased from Regis Technologies, Inc.
(Morton Grove, IL, USA). All other chemicals were of the purest grade
available from regular commercial sources.

For liquid chromatography, the reduction reagent TCEP (Tris(2-
carboxyethyl)phosphine hydrochloride) and derivatization reagent
SBD-F (7-fluorobenzofurazan-4-sulfonic acid ammonium salt) and the
standards used, namely Cys (cysteine), CysGly (cysteinylglycine),
GluCys (glutamylcysteine) and GSH (y-glutamyl-cysteinylglycine) were
purchased from Sigma-Aldrich.

2.2. SH-SY5Y human neuroblastoma cell line

2.2.1. Maintenance of undifferentiated cells

The SH-SY5Y cell line was cultured in DMEM/F-12 supplemented
with 10% (v/v) FBS and 2% (v/v) Pen/Strep (growth medium). Cells
were maintained in a humidified atmosphere of 5% (v/v) CO, at 37 °C.
Undifferentiated cells were grown in 75 cm? T-flasks and sub-cultured
with fresh growth medium, whenever cell confluence achieved (about
80-90% cell confluence). Cells were detached by trypsinization at room
temperature (R.T.) and slight shaking and hitting to drain down cells
with trypsin and resuspended in growth medium in a 1:4 cell passage.
Growth medium was changed twice a week.

2.2.2. Neuronal differentiation protocol

Following trypsinization and resuspension in growth medium, cells
were plated on 75 cm? T-flasks in a 1:2 cell passage. Neuronal differ-
entiation was induced 24 h after plating undifferentiated cells to ensure
settle and attachment to flask surface and attain appropriate density,
approximately about 50% cell confluence in all 75 cm? T-flasks.

Neuronal differentiation was stimulated using DMEM/F-12
medium, reduced serum to 1% (v/v) FBS, 2% (v/v) Pen/Strep and
supplemented with 10 uM of all-trans RA (differentiation medium). CO
effect was studied by using the same composition of differentiation
medium supplemented with 25puM CORM-Al. Whenever necessary,
buthionine sulfoximine (BSO) at 50 uM was added in differentiation
medium for preventing GSH synthesis. Differentiation medium was
replaced twice (day 1 and day 4) during 7 days of treatment (Fig. 1A).
On day 7, cells were collected for analysis.
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Fig. 1. SH-SY5Y neuronal differentiation pro-
cedure and CORM-A1 improves neuronal dif-
ferentiation yield. (A) SH-SY5Y cells were in-
duced to differentiate during 7 days (d7) with
10 uM of RA treatment with or without 25 uM
of CORM-A1, subjected to a differentiation
medium exchange at day 4. After 7 days of
differentiation (d7), a mixed population of
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2.2.3. Neuronal enrichment

After the day 7 of differentiation, cells were replated at lower
density to disperse cell culture for neuronal enrichment. The culture
medium was exchanged on the following day, with fresh growth
medium supplemented with mitosis inhibitors: 1 uM cytosine arabino-
side, 10 uM floxuridine and 10 uM uridine for neuronal enrichment.
Growth medium supplemented with mitosis inhibitors was replaced
after 2 days. On the day 5 of neuronal enrichment, enriched cultures
were collected for different analysis. The used protocol is schematically
represented in Fig. 1A.

2.3. Carbon monoxide-releasing molecule A1 (CORM-A1)

The solution of CORM-A1 was prepared in milli-Q water with a final
concentration of 5mM. Then, the solution was filtrated with 0.2 uM
filter and stored at — 20 °C. For each use, an aliquot was thawed and
immediately used.

2.4. Preparation of inactivated CORM-A1

CO-depleted inactive form (iCORM-A1) was generated to be used as
a negative control by initially dissolving CORM-A1 in 0.1 M HCI and
then bubbling pure N, through the solution for 10 min in order to re-
move all residual CO gas [36]. The solution of iCORM-A1 was adjusted
to pH 7.4, filtrated using a 0.2 uM filter and stored at — 20 °C. For each
use, an aliquot was thawed and immediately used.
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undifferentiated cells and post-mitotic neurons
was obtained. In order to obtain an enriched
neuronal population, cultures are treated with
anti-mitotic compounds for 5 days (d12). (B, C)
Characterization of SH-SY5Y cells by im-
munocytochemistry (green staining: Tuj1; blue
staining: DAPI; red staining: ki67; magnifica-
tion 100 x); (D) nuclei counting of total mixed
cell population, using RA at 10 uM as reference
and (E) nuclei count of neuronal enriched cell
population. After 7 days of differentiation (B,
D) and after anti-mitotic treatment during 5
days (C, E). The used statistical analysis was
unpaired two-tailored t-test.

ki67

p=5.10e-11

RA 10uM RA 10uM +
CORM-A1

25uM

2.5. Cell counting and viability

Cell cultures were visualized using an inverted microscope with
phase contrast (DM IRB, Leica, Germany). Total cell number was de-
termined by counting cell nuclei using a Fuchs-Rosenthal haemacyt-
ometer, after digestion with 0.1 M citric acid/1% Triton X-100 (wt/wt)/
0.1% crystal violet (wt/v).

2.6. Quantitative-Polymerase chain reaction (Q-PCR)

Genomic DNA was extracted from cells after differentiation using
the High Pure PCR Template preparation kit (Roche Diagnostics,
Mannheim, Germany). PCR was performed using specific forward and
reverse primers designed for the mitochondrial COXII gene (5-ACAG
ACGAGGTCAACGATCC-3’ and 5’-AGATTAGTCCGCCGTAGTCG-3’) and
for the GAPDH gene (5-GCATCCTGGGCTACACTGAG-3’ and 5’-GTCA
AAGGTGGAGGAGTGGG-3"), respectively. Fast Start DNA Master plus
SYBR Green I (Roche Diagnostics) was used with the experimental run
protocol: denaturation program was 95 °C for 10 min, followed by 45
cycles of 95 °C for 15”, 60 °C for 6” and 72 °C for 20”.

For evaluation of gene expression, mRNA was extracted from NT2
and SH-SY5Y cells using High Pure RNA isolation kit (Roche
Diagnostics), and cDNA synthesis was performed using the Transcriptor
High Fidelity cDNA synthesis kit (Roche Diagnostics). PCR was per-
formed using specific forward and reverse primers designed for the
phosphogluconate dehydrogenase gene (5’-ACCAGCAGACAATGCAC
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GTA-3’ and 5- AGGGATGAAGACAGCCACAC-3’), transketolase gene
(5’- CATGCCAGTGACCGCATCAT-3’ and 5- ATGCGAATCTGGTCAAA
GGC-3’), pyruvate dehydrogenase gene (5-AGGGTGGTTTCTATCTGTC
TTGT-3" and 5-TCATGCTTCTTTTATCCTCTTGCT-3’), lactate dehy-
drogenase gene (5’-GGCTATTCTTGGGCAACCCT-3’ and 5-TGGAAGTG
GTACCAATACAACTCA-3") and RPL22 gene (5-CACGAAGGAGGAGTG
ACTGG-3’ and 5-TGTGGCACACCACTGACATT-3’), respectively. Fast
Start DNA Master Plus SYBR Green I (Roche Diagnostics) was used with
the experimental run protocol: denaturation program was 95°C for
10 min, followed by 45 cycles of 95 °C for 10”, 60 °C for 10” and 72 °C
for 10”.

2.7. Lactate/glucose ratio

Total glucose and lactate concentrations in the culture supernatant
were determined by automated enzymatic assays (YSI 7100
Multiparameter Bioanalytical System; Dayton, OH). The rate of lactate
production and glucose consumption was obtained by linear regression
of the metabolites concentrations.

2.8. Gas chromatography-mass spectrometry (GC-MS)

For analysis of *C percent enrichment in intracellular metabolites
cell extracts were lyophilized and resuspended in 0.01 M HCI followed
by pH adjustment to pH < 2 with 6 M HCl. Samples were dried under
atmospheric air (50°C), and metabolites were derivatized with
MTBSTFA in the presence of 1% t-BDMS-CI, see references [45,46] for
further details. The samples were analysed on an Agilent 6890 gas
chromatograph connected to an Agilent 5975B mass spectrometer
(Agilent Technologies, Palo Alto, CA, USA). The parent ion (M) and
atom percent excess '>C atoms (M +1, M+ 2, etc) values for 3PG, PEP,
alanine, aspartate, lactate, citrate and glutamate were calculated from
GC-MS data using MassHunter software supplied by Agilent (Agilent
Technologies, Palo Alto, CA, USA) and correcting for the naturally
abundant '3C by using non-enriched standards [47].

2.9. Immunofluorescence microscopy

SH-SY5Y cells were plated at a density of 2 x 10° cells/well in 24-
well plates coated with Poly-p-lysine in 0.15M sodium borate buffer
solution pH 8.4. Cells were fixed with 4% (v/v) PFA and 4% (w/v)
sucrose solution, for 20 min at R.T., and then permeabilized with 0.3%
(v/v) Triton X-100 solution, for 15min at R.T. Later, cells were in-
cubated 2h at R.T. with primary antibody: Tujl (Sigma-Aldrich,
T8660) and ki67 (Millipore, AB9260), following incubation for 1h at
R.T. with secondary antibody: AlexaFluor 488 anti-mouse (A11001) or
AlexaFluor 594 anti-rabbit (A11012). Primary and secondary anti-
bodies were dilute in 1% (v/v) BSA and 0.1% (v/v) Triton X-100 so-
lution. Cultures were mounted on Prolong mounting media (with DAPI
- Invitrogen) and images were captured with Zeiss Axiovert 40 CFL
microscope. All solutions were prepared in PBS (1 X ). Washes with PBS
(1 x) solution were performed between each step.

2.10. Immunoblotting

SH-SY5Y cell samples were collected with lysis buffer, which con-
sisted of 50 mM Tris-HCI, pH 6.8, 10% glycerol (v/v) and 2% SDS (w/
v). Protein concentration was determined using the Pierce BCA Protein
Assay Kit and was measured at 540 nm. Total protein extract (30 ug)
was mixed with 10 mM DTT, 10% (v/v) and 0.005% (w/v) bromo-
phenol blue, loaded into 12% polyacrylamide gels and electrically
transferred to a nitrocellulose membrane (HybondTM-C extra,
Amersham Biosciences). The membranes were blocked with 5% BSA in
TBS with 0.1% Tween-20 (TBS-T) and subsequently incubated with
primary antibodies in 5% BSA in TBS-T. Antibodies were against G6PD
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(Santa Cruz Biotechnology) used at 1/200 dilution and against a-actin
(A4700; Sigma- Aldrich) used at 1/1000 dilution for 2h at R.T. Blots
were developed using the ECL (BioRad) detection system after in-
cubation with horseradish peroxidase (HRP)-labelled anti-mouse or
anti-rabbit IgG antibody (Amersham Bioscience), 1/5000, 1h of in-
cubation at R.T. These experiments have been repeated three times.

2.11. G6PD siRNA transfection

G6PD protein expression was silenced by G6PD coding siRNA
transfection according to the instructions of the manufacturer (Santa
Cruz Biotech). SH-SY5Y cells at 40-60% confluence were transfected
using Lipofectamine™ RNAiMAX and 10 pmol of G6PD siRNA (Santa
Cruz Biotech) in Opti-MEM medium® (Invitrogen). Culture medium was
gently mixed at room temperature, allowing the formation of lipo-
somes. Cells were subsequently transfected in the absence of antibiotics.
In the next 27 h and 48 h, the efficiency of transfection was assessed by
Western Blot assay.

2.12. G6PD activity

G6PD activity was measured by a commercially available kit from
Sigma-Aldrich (Glucose-6-phosphate dehydrogenase Activity Assay Kit
MAKO15), based on colorimetry and manufactor's instructions were
followed.

2.13. High Performance Liquid Chromatography (HPLC)

An HPLC with fluorescence detection was used to quantify the glu-
tathiomic profile: the fraction of GSH in its free form and bound to
proteins; glutathione in the reduced (GSH) and oxidized form (GSSG) in
order to obtain GSH/GSSG ratio; as well as the GSH precursor cysteine
(Cys) and glutamylcysteine (CysGlu); and the GSH degradation product
cysteinylglicine (CysGly). Following 7 days of neuronal differentiation,
cell extracts were collected and performed by lysing cells with 250 L of
0.01% (v/v) Triton X-100 in PBS (1 x) followed by centrifugation at
16,000g for 5 min, at 4 °C.

Aminothiols in cell extracts and culture media (supernatants) were
reduced with tris(2-carboxyethyl)phosphine (TCEP) derivatized with
ammonium 7- fluoro-2,1,3-benzoxadiazole-4-sulfonate (SBD-F), as
previously described by our group [48,49]. Samples were analysed by
HPLC system (Shimadzu) with a RF-10AXL fluorescence detector, op-
erating at 385 nm (A excitation) and 515 nm (A emission). The analytes
Cys, CysGly, GluCys and GSH were separated on a LiChrospher 100 RP-
18 (250 x4 mm, 5pum; Merck), with a mobile phase consisting of a
mixture of 0.1 M acetate buffer (pH 4.5, adjusted with acetic acid):
methanol (99:1v/v), at a flow rate of 0.8 mL/min, at 29 °C. The run
time was 20 min.

2.14. Statistical analysis

The data concerning cell culture were carried out at least in three
independent preparations. Data are present as mean *+ standard de-
viation (SD), n = 3. Statistical comparisons between multiple groups
were performed using one-way ANOVA. Whenever two groups were
compared unpaired two-tailored t-test was used. In some specific cases,
such as the analysis of western blot band intensity, Q-PCR for mRNA
expression and Cys, CysGly, GluCys and GSH measurements, paired t-
tests were performed. Statistical significance was considered for p-value
bellow 0.05; p-values are described in the figures and the specific used
analysis are described in figure's legends. Statistical analysis was per-
formed in GraphPad Prism® Version 6.
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3. Results
3.1. CORM-A1 increases neuronal differentiation yield

CORM-A1 modulatory effect on neuronal differentiation was as-
sessed using SH-SY5Y cells, which have the ability to differentiate into
neurons upon treatment with retinoic acid (RA) (Fig. 1A). CORM-A1l
was used as a supplement of the classical differentiation procedure with
RA. The neuronal differentiation process of SH-SY5Y cells occurs during
7 days, followed by 5 days of neuronal enrichment with anti-mitotic
agent treatment (Fig. 1A).

After 7 days of differentiation, there is a mixed cell population
composed of fully differentiated neurons and yet undifferentiated pre-
cursor cells [16]. This occurs mainly because cells are not synchronized
in the beginning of the process. As expected, this population was
composed of neurons and proliferative cells expressing Tujl and ki67
proteins, respectively, as assessed by immunocytochemistry (Fig. 1B).
When SH-SY5Y cells were differentiated in the presence of 25 uM
CORM-A1 supplementation, the total cell number of the mixed cell
population at day 7 significantly increased, which was assessed by
nuclei counting (Fig. 1C).

To further control that CORM-A1 effect is due to CO gas, CO-de-
pleted inactive form iCORM-A1 was evaluated during neuronal differ-
entiation. Neuronal differentiation triggered by RA and RA supple-
mented with iCORM-Al presented the same amount of mixed cell
population (Fig. S1). Thus, the observed increased levels of mixed cell
population that follow neuronal differentiation with RA supplemented
with CORM-A1 is dependent on CO gas.

In order to address whether this increase was due to an effect on
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cellular proliferation or differentiation, the mixed SH-SY5Y cell popu-
lation was treated with anti-mitotic agents (for neuronal enrichment)
for further neuronal cell quantification and morphology characteriza-
tion by immunocytochemistry. Neuronal morphology is similar when-
ever differentiation was performed in the presence or absence of
CORM-A1 (Fig. 1D). For the same amount of inoculated cells in the
beginning of neuronal differentiation process, the enriched neuronal
population increased about 4.5 times in the presence of CORM-Al
(Fig. 1E). Thus, CO released by CORM-A1l presents a positive mod-
ulatory role in neuronal differentiation of SH-SY5Y cell line. Moreover,
it improves the final neuronal production yield, as also previously de-
monstrated in Almeida and co-authors (2016) [16].

3.2. CORM-A1 effect on glycolytic metabolism

Because neuronal differentiation involves modulation of glycolytic
metabolism [2,3,50-52] and CO regulates cell metabolism [13,29], the
CORM-A1 effect on glycolysis was assessed during neuronal differ-
entiation. Characterization of cell metabolism, particularly the balance
between glycolytic and oxidative metabolism, can be indirectly ad-
dressed by extracellular quantification of lactate production per glucose
consumption over time [13]. When lactate production/glucose con-
sumption ratio is 2 there might occur 100% of glycolysis. Also, as lower
is this ratio, the higher is the level of oxidative phosphorylation. Herein
lactate/glucose ratio remained unchanged with or without CORM-A1
supplementation during neuronal differentiation process (Fig. 2A); in-
dicating that there might be no alteration on glycolysis or oxidative
phosphorylation due to CO supplementation during SH-SY5Y neuronal

differentiation.
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Fig. 2. Glycolytic metabolism profile. (A) Lactate production per glucose consumption (qLac/qGlc) ratios calculated between treatments: day O to day 4 and day 4 to
day 7; (B) Labelling patterns derived from [U-13C] glucose metabolism; The % enrichment with 13¢ leading to the formation of molecules with masses: M+1, M+ 2
and M + 3 for (C) lactate, (D) citrate, (E) aspartate, (F) glutamine and (G) glutamate, determined by GC-MS analysis of SH-SY5Y cell extracts differentiated for 7 days

and subjected to 24 h incubation with medium containing [U-'>C]glucose; dark

grey corresponds to RA-treated cells and light grey to CORM-A1 supplemented cells,

with *p < 0.05; (H) mRNA expression of specific metabolic markers (PDH for pyruvate dehydrogenase and LDH for lactate dehydrogenase) in SH-SY5Y mixed cell
population after 7 days of neuronal differentiation. RPL22 was used as house-keeping gene and mRNA expression in non-differentiated cells was used as reference.
The used statistical analysis was unpaired two-tailored t-test, while for panel H it was used paired t-test.
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Fig. 2. (continued)

In order to further assess the role of glucose during neuronal dif-
ferentiation, glycolysis flux progression was evaluated using labelled
glucose (*3>C) and GC-MS analysis. During glycolysis, glucose is con-
verted in pyruvate, which can follow three distinct pathways: it can be
converted (i) to lactate by lactate dehydrogenase (LDH) activity, (ii) to
acetyl-CoA by pyruvate dehydrogenase (PDH) action followed by
coenzyme A ligation, feeding the tricarboxylic acid cycle (TCA) or (iii)
to alanine by reductive alkylation. To study '3C enrichment in in-
tracellular metabolites, SH-SY5Y cells differentiated for 7 days in the
presence and absence of CORM-A1 supplementation were treated with
[U-'3C] glucose for 24h and cell extracts were prepared for GC-MS
analysis. The percentage of '*>C enrichment was quantified in lactate,
glutamine and glutamate, as well as in the TCA cycle metabolites citrate
and aspartate. Metabolism of [U-3C] glucose generates [U-13C] lactate
and [U-13C] pyruvate. As shown in Fig. 2C, only about 50% of lactate
incorporated '3C, accordingly to the fact that differentiated neurons
present low glycolytic levels. Moreover, neuronal metabolism relies
mostly on oxidative phosphorylation and PPP is very active in neurons
[17,53,54]. Nevertheless, there is a low difference of M+ 3 lactate le-
vels between control cells and CORM-A1 supplemented ones. These
data corroborate the ratios of lactate production per glucose con-
sumption presented in Fig. 2A, suggesting that there is no increase in
glycolysis. In turn, [U-'3C] pyruvate is then converted into [1,2-'3C]
acetyl CoA. This molecule condenses with non-labelled oxaloacetate to
form double-labelled (M +2) compounds in the first turn of the TCA
cycle (Fig. 2B). Furthermore, in a combination of the first and second
turn of the TCA cycle, [1,2-3C] acetyl-CoA can condense with labelled
oxaloacetate and give rise to the formation of diversely labelled com-
pounds (Fig. 2B). GC-MS analysis of SH-SY5Y cell extracts treated with
[U-'3C] glucose showed that the percentage of '3C labelling of citrate,
aspartate, glutamine and glutamate was decreased for M + 2 (Fig. 2D-G)
in the presence of CORM-Al. In summary, CORM-A1 supplementation
of SH-SY5Y cells during neuronal differentiation seems not to interfere
with glycolysis, but it leads to a slight decrease in mitochondrial me-
tabolism. Likewise, CORM-A1 supplementation promotes a decrease of
mRNA expression of pyruvate dehydrogenase (PDH) and an increase on
lactate dehydrogenase (LDH) mRNA expression (Fig. 2H). This result is
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in accordance with the lower mitochondrial metabolism observed in
CORM-A1 supplemented cells (Fig. 2C-G) and with the unaltered ratio
lactate/glucose and the amount of lactate obtained during differentia-
tion in the presence of CORM-A1 (Fig. 2A and C, respectively). Con-
sequently, one may hypothesize that, upon CORM-A1 supplementation,
glucose can feed other pathways than glycolysis. PPP is a strong can-
didate pathway since it is important during cellular differentiation and
it is parallel and interconnected to glycolysis. Likewise, PPP is a key
cellular pathway against oxidative stress by increasing NADPH levels,
which are needed for GSH/GSSG recycling. It is worthy of note that
GSH is the first antioxidant cellular line of defence [8] and that GSH
regeneration from GSSG is catalysed by glutathione oxidases and is
dependent on electrons transferred from NADPH [55,56].

3.3. CORM-A1 modulates pentose phosphate pathway (PPP)

Our group has recently demonstrated that ROS are key signalling
molecules in CO-induced SH-SY5Y neuronal differentiation because: (i)
CO promoted anion superoxide and hydrogen peroxide production and
(i) N-acetylcysteine pre-treatment reverted CO-induced improvement
of neuronal differentiation [16]. Thus, it can be hypothesized that CO-
induced ROS production reinforces PPP in order to increase NADPH
levels and to boost GSSG/GSH recycling system, which can limit po-
tential oxidative stress. Therefore, PPP was indirectly addressed by
GSH/GSSG ratio quantification. The GSH/GSSG ratio in cell extracts of
neuronal differentiated SH-SY5Y cells with or without CORM-A1 sup-
plementation was analysed by HPLC at the end of differentiation pro-
cedure day 7 (Fig. 3A). There is an increase of the intracellular GSH/
GSSG ratio with CORM-A1 supplementation, which can be correlated
with higher amounts of intracellular NADPH and consequently with
PPP flux.

To further evaluate PPP during neuronal differentiation, mRNA
expression of two PPP key enzymes was assessed, namely phos-
phogluconate dehydrogenase (PGDH) and transketolase (TKT), from
oxidative and non-oxidative phases of PPP respectively (Fig. 3B). Ac-
tually, cellular expression of both enzymes increased in the presence of
CORM-A1 during neuronal differentiation process (Fig. 3B). Likewise,
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phosphate dehydrogenase (G6PD) was quantified by western blot E]
during neuronal differentiation process in the presence of CORM-Al g
(Fig. 3C). After 24 h of neuronal differentiation, there is no difference in g 1507
G6PD expression with CORM-A1 supplementation, while after 7 days é‘ T
an increase of G6PD expression is observed, although p-value is 0.0812, 3 1004
being above 0.05, which is usually the confidence interval for con- o
sidering statistically different. (Fig. 3C). Furthermore, G6PD expression E 50+
duplicates in SH-SY5Y cells treated with RA compared with non-treated =
cells (data not shown), indicating that PPP is a critical metabolic °
pathway in neuronal differentiation. Finally, G6PD activity was as- = 0-
sessed following 7 days of neuronal differentiation and CORM-A1 Qy' ,‘?t\ x ,?'~\
supplementation increased G6PD enzymatic activity (Fig. 3D). In OQS‘\ g OQS‘\
summary, the higher levels of PGDH and TKT mRNA and G6PD protein O ‘_,g' "
expression and activity in the presence of CORM-A1 supplementation, & *Qy'
along with an increase in GSH/GSSG ratio, corroborate with the hy- N
pothesis of CO-induced PPP stimulation during neuronal differentia- é\q'

tion.

3.4. Functional role of PPP during neuronal differentiation

In order to further validate the role of PPP during neuronal differ-
entiation, G6PD was knocked down by small interference RNA (siRNA)
approaches. By partially limiting PPP, one can validate its importance
on neuronal differentiation process. Knocking down G6PD gene ex-
pression was confirmed by protein expression analysis via Western blot
assay at 3h and 24h of neuronal differentiation (Supplementary
Material Fig. S2). Whenever G6PD is knocked down, CO-induced in-
crease on total cell population following 7 days of neuronal differ-
entiation was reverted to similar levels as control cells treated only with
RA (Fig. 4). Of note, no difference on total cell population was found in
RA control with or without knocked down expression of G6PD, in-
dicating that the role of PPP might be important only for the CO-
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Fig. 4. Role of PPP during neuronal differentiation of SH-SY5Y cell line. Total
mixed cell population, nuclei count per volume of SH-SY5Y cells and normal-
ized by control cells treated with RA, following 7 days of differentiation, in the
presence or absence of CORM-A1 supplementation and with down-regulation of
G6PD expression. The used statistical analysis was unpaired two-tailored t-test.

induced improvement of neuronal differentiation. Thus, this data evi-
dences that CO improvement on neuronal differentiation in SH-SY5Y
cells is dependent on PPP stimulation.

3.5. CORM-A1 modulates glutathiolomic profile

The cell GSH/GSSG ratio is mostly dependent on GSH/GSSG re-
cycling, which is associated with NADPH availability and PPP.
Nevertheless, one might consider that the levels of GSH are also de-
pendent on its synthesis and catabolism. Thus, it is also necessary to
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evaluate the role of CO on glutathiolomic profile during neuronal dif-
ferentiation. Quantification of intracellular precursors cysteine (Cys)
and glutamyl-cysteine (GluCys) was used to address glutathione ana-
bolism, being Cys the rate-limiting factor for GSH synthesis [57,58].
While evaluation of glutathione catabolism was performed by quanti-
fication of the ratio cysteinylglicine (CysGly) to glutathione in extra-
cellular environment [58].

Cellular synthesis of glutathione is through the condensation of
three aminoacids: cysteine, glutamate and glycine. CORM-A1 supple-
mentation seems not to change glutathione anabolism, since in-
tracellular levels of total cysteine are similar between control cells and
cells treated with CORM-A1 during neuronal differentiation (Fig. 5A).
Likewise, the levels of GluCys were below the detection limit of HPLC
(0.625 uM) indicating that GSH synthesis occurs at residual levels or
does not occur. Taken all together, these data might suggest that CO
does not modulate GSH synthesis. Furthermore, no alteration in GSH
catabolism was found, since the extracellular ratio of CysGly/GSH was
not altered in the presence of CORM-A1 (Fig. 5B).

To further confirm that GSH synthesis does not play any role on the
improvement of neuronal differentiation and the increase on GSH/
GSSG ratio is due to PPP reinforcement, the role of CORM-A1 on neu-
ronal differentiation was assessed in the presence of buthionine sul-
foximine (BSO), which is a pharmacological inhibitor of GSH synthesis.
Total mixed cell population at day 7 was counted and the growth on cell
population was similar in the presence or absence of BSO (Fig. 5C). In
conclusion, CORM-Al-induced improvement of neuronal differentia-
tion is caused by an increase on PPP, promoting reduced GSH re-
generation and is independent on new GSH synthesis or impaired cat-
abolism.

4. Discussion

Our team has recently demonstrated that CO improves neuronal
differentiation in a ROS dependent manner, using the human SH-SY5Y
neuroblastoma cell line as a model [16]. Indeed, CO triggered ROS
generation during neuronal differentiation, while N-acetylcysteine
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Fig. 5. CO modulation of glutathione metabo-
lism. Following 7 days of neuronal differ-
entiation in the presence and absence of
CORM-A1l supplmentation, it was quantified
(A) intracellular total cysteine; (B) extra-
cellular ratio CysGly/GSH; (C) Total mixed cell
population, nuclei count per volume of SH-
SY5Y cells and normalized by control cells
treated with RA, following 7 days of differ-
entiation, in the presence of BSO for inhibiting
GSH synthesis. Results are represented as the
increase on total cell population due to CORM-
Al supplementation under control and BSO
conditions.

prevention of ROS production reverted the CO stimulation of neuronal
differentiation [16]. The present work focuses on the role of CO in cell
metabolism modulation, in particular the pentose phosphate pathway,
since its metabolism is a key cellular process during neuronal differ-
entiation [3].

CO reinforces oxidative phosphorylation and decreases glycolysis in
several different models, namely astrocytes [13], carcinoma cells [59]
or NT2 cells during neuronal differentiation [17]. Nevertheless, in the
SH-SY5Y cell model of neuronal differentiation, CO supplementation
did not change the balance between glycolysis and oxidative phos-
phorylation of SH-SY5Y cells during neuronal differentiation (Fig. 2).
Therefore, the PPP was targeted as a potential metabolic pathway in-
volved in CO's modulation of neuronal differentiation in the SH-SY5Y
cell model. Although the PPP is a minor contributor to total glucose
oxidation, it is essential for cellular function due to the importance of
the products: (i) ribose-5-phosphate, which are building blocks for
biosynthetic processes during neurogenesis and (ii) the electron donor
NADPH that is needed for GSH recycling and antioxidant defence
[60-65]. It is worthy of note that the GSH system is a key in antioxidant
cell defence, by directly reacting with radicals and by being an electron
donor in reactions catalysed by glutathione peroxidases, which in turn
generates glutathione disulphide (GSSG) [8]. Thus, the CO-induced
higher levels of ROS production during neuronal differentiation might
promote the PPP stimulation in order to enhance the antioxidant de-
fence through NADPH production and GSH recycling. In fact, CORM-A1
supplementation during SH-SY5Y cell line neuronal differentiation in-
creased: (i) mRNA expression of 6-phosphogluconate dehydrogenase
(PGDH) and transketolase (TKT) enzymes for oxidative and non-oxi-
dative phases of PPP, respectively; (ii) protein expression and activity of
glucose 6-phosphate dehydrogenase (G6PD) the rate-limiting enzyme of
PPP and (iii) the intracellular ratio of GSH/GSSG (Fig. 3). Thus, one can
conclude that CO does stimulate the PPP during neuronal differentia-
tion in the SH-SY5Y cell line model. Likewise, whenever G6PD was
knocked down using the siRNA approach and the PPP was partially
inhibited, CO-induced improvement of neuronal differentiation re-
verted to levels similar to control, which is the standard RA treatment
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(Fig. 4). Of note, modulation of PPP promoted endodermal differ-
entiation of embryonic stem cells [66]. In conclusion, CO stimulates the
PPP, which is already a well-established important metabolic pathway
for neuronal differentiation.

In addition, PGDH and TKT are expressed in various cell types in the
brain [67-69], but PGDH activity decreases after birth [70], while TKT
activity increases during postnatal development [71,72]. Taking into
account that there is low mRNA expression of PGDH and high mRNA
expression of TKT, it can be speculated that SH-SY5Y cell model mimics
adult neurogenesis. Moreover, in embryonic stem cells, it was observed
that oxidative part of PPP was essential to generate NADPH to protect
cells against oxidative stress but dispensable for the synthesis of ribose-
5-phosphate (due to the interconnection to glycolysis) [73,74].

The cellular availability of reduced GSH is dependent on: GSSG
reduction, GSH synthesis and GSH catabolism. The levels of total and
free cysteine are similar in the presence or absence of CO, which in-
directly indicates that CO does not modulate GSH synthesis. Likewise,
the extracellular levels of CysGly/GSH ratio were found similar in the
presence of CORM-Al, indicating no alteration on GSH catabolism.
Finally, whenever GSH synthesis is pharmacologically inhibited by
BSO, no CO-induced improvement was found on neuronal differentia-
tion (Fig. 5). In conclusion, CO's improvement of neuronal differentia-
tion is dependent on the increase of reduced GSH levels via metabolic
regulation of PPP and enhanced generation of NADPH. Interestingly,
Kaczara and colleagues have recently demonstrated that CORM-401 (a
new CORM containing manganese as metal centre) enhances PPP in
human endothelial cells [75].

Finally, in the present experiments CO did not affect glycolysis but
slightly decreased mitochondrial metabolism (Fig. 3). These results are
not in accordance with data previously published by our group [17],
showing that CORM-A1 promotes neuronal differentiation of NT2 cells
by reinforcing mitochondrial metabolism. In fact, the discrepancy be-
tween these results can be due to the different cell models used. NT2 are
teratocarcinoma-derived cells that present a pluripotent phenotype,
while SH-SY5Y cells already present a neuronal predisposition and have
the ability to differentiate along the neuronal lineage. Thus, one can
speculate that the NT2 cell line differentiation represents an early stage
of neurogenesis process, while the SH-SY5Y cell line is a model more
appropriate to characterize end phases of the neuronal differentiation
process. Accordingly, at early stages, the switch from glycolytic to
oxidative metabolism can be more relevant for the change between cell
proliferation and the differentiation processes, which could explain the
different CO effects in the NT2 and SH-SY5Y cell models.

In summary, our results (i) corroborate the importance of anti-
oxidant defences during neuronal differentiation, (ii) present the PPP as
relevant metabolic pathway for the modulation of neurogenesis and
(iii) validate CO for improvement of neuronal yield by modulating the
PPP and glutathione metabolism. Altogether, this study is a step for-
ward in clarifying the role of cell metabolism involved in adult neu-
rogenesis process.
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