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ABSTRACT

Perinatal asphyxia (PA) is a severe condition that can lead to long-lasting neurological
impairments affecting the surviving newborns. This thesis aims to investigate the effects
of PA on mitochondrial dynamics in the rat hippocampus at early (P1) and late (P7) neo-
natal stages and to explore the potential therapeutic benefits of intranasal mesenchymal
stem cell secretome (MSC-S) administration. It is hypothesised that PA increases mito-
chondrial fission, inducing delayed cell death in the rat hippocampus, and that these al-
terations can be prevented by neonatal intranasal administration of secretome derived
from preconditioned human mesenchymal stem cells via Nrf2 pathway activation.

The study provides evidence for a transient activation of the Nrf2 pathway following
MSC-S administration on a rat model of PA. Nevertheless, the precise role of Nrf2 activa-
tion in the effect of MSC-S remains to be fully elucidated. PA-induced changes in mito-
chondrial dynamics proteins, with increased fission proteins Drpl at P1 and Fisl at P7,
and increased fusion protein S-OPA1 isoform at P1 and L-OPA at P7. Furthermore, PA
decreased mitochondrial density and mass by decreasing the D-Loop region expression
of mitochondrial DNA at P1 but not at P7. Expansion microscopy analysis revealed de-
creased mitochondria density in the CA1 and dentate gyrus (DG) regions of PA-exposed
animals at P1, with smaller mitochondria in the DG than in CA1. Sex-specific differences
were identified in response to PA. Female PA-rats exhibited altered OPA1 expression at
P1 and P7, suggesting a potential upregulation of mitochondrial fission at P1 and in-
creased fusion at P7, whose impact on mitochondrial bioenergetics requires further stud-
ies.

Treatment with MSC-S derived from preconditioned human MSC normalised fission pro-
teins to control levels, but did not modify the effect of PA on OPA1 levels, either at P1 or
at P7, nor on mitochondrial density. These findings contribute to our understanding of
the pathophysiology of PA and emphasise the importance of considering sex as a biolog-
ical variable. Future research should focus on unravelling the molecular mechanisms be-
hind these sex-specific differences.
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A.1. Abbreviations

PA - Perinatal Asphyxia

WHO - World Health Organization

HI - Hypoxic-ischemia

HIE - Hypoxic-ischemic encephalopathy

ROS - Reactive oxygen species

RNS - Reactive nitrogen species

MOMP - Mitochondrial outer membrane permeabilisation
AIF - Apoptosis-inducing factor

TCA - Tricarboxylic acid cycle

ETC - Electron transport chain

OXPHOS - Oxidative phosphorylation

AWm - Mitochondrial membrane potential
mfnl/2 - Mitofusins 1 and 2

OPA1 - Optical atrophy 1

Drp1 - Dynamin-related protein 1

Mff - Mitochondrial fission factor

AMPK - AMP-activated protein kinase
PGC-1a - Peroxisome proliferator-activated receptor y co-activator 1-a
TFAM - Transcription factor A, mitochondrial
MRI - Magnetic resonance imaging

NOS - Nitric oxide synthase

NOX - NADPH oxidase

SOD - Superoxide dismutase

MSCs - Mesenchymal stem cells

MSC-S - Mesenchymal stem cell secretome
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Nrf2 - Nuclear factor erythroid 2 related factor 2
ARE - Antioxidant response element

Keap1 - Kelch-like ECH-associated protein 1

DFX - Deferoxamine

ASO - Antisense oligonucleotide

TUNEL - Terminal deoxynucleotidyl transferase dUTP nick end labeling
qPCR - Quantitative polymerase chain reaction
MDA - Malondialdehyde

RT-qPCR - Reverse transcription quantitative PCR
WB - Western blot

IHQ - Immunohistochemistry

ExM - Expansion microscopy

DAPI - 4',6-diamidino-2-phenylindole

HRP - Horseradish peroxidase

i.c.v. - Intracerebroventricular

GSSG/GSH - Oxidized/reduced glutathione ratio
CA1 - Cornu Ammonis area 1

DG - Dentate gyrus
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Chapter 1: Introduction

A.2. Perinatal Asphyxia (PA)

PA is an obstetric complication, implying impaired gas exchange, progressive hypoxemia,
hypercapnia, and acidosis at the time of delivery [1], it is defined by the World Health
Organization (WHO) as “the failure to establish breathing at birth”[2]. The associated
signs include an Apgar score of <5 at 5 and 10 minutes, foetal umbilical artery pH <7.0,
brain injury seen on brain magnetic resonance imaging (MRI) or MR spectroscopy, con-
sistent with acute hypoxia-ischemia (HI) and presence of multisystem organ failure, con-
sistent with hypoxic-ischemic encephalopathy (HIE) [3], [4]. PA is associated with 30-35%
of neonatal deaths and is one of the primary causes of neonatal mortality globally [4], [5].

The causes of PA are varied, and it must consider foetal and maternal factors such as
preeclampsia, intrauterine growth restriction, placental abruption, and labour induction
or malpresentation [6]. Depending on its severity, PA can generate permanent neurolog-
ical impairments, including long-term motor, sensory, cognitive, and memory disabilities,
affecting around one million infants per year worldwide [7]. The consequences of PA also
depend upon the maturity of the brain at the time of the insult. In the 3rd trimester, the
most common injury associated with PA affects the white matter. At term, damage of grey
matter predominates, affecting basal ganglia, hippocampus, thalamus, and neocortex [8].
The hippocampus is one relevant target, associated with cognitive and memory impair-
ments, recurrently reported following perinatal metabolic insults [9], [10].

A.2.1.Perinatal Asphyxia: Pathophysiology

Interruption of oxygen availability results in decreased oxidative phosphorylation and
ATP availability, interrupting the proton gradient and shifting to anaerobic pyruvate-de-
pendent metabolism resulting in lactate accumulation and acidosis [11]. This failure of the
ATP-dependent ionic transport by the Na*/K* pumps generates an intracellular accumu-
lation of Na*, Ca*2, and ClI- [12], [13]. Intracellular Ca*? accumulation activates lipases,
proteases, and endonucleases, inducing cell damage. In addition, interruption of mem-
brane ionic transport increases extracellular glutamate levels, interruption of glutamate
clearance by astrocytes and neuronal depolarization and overactivation of extrasynaptic
glutamate receptors, increasing calcium conductance. Thus, a severe ionic imbalance
leads to cell swelling and subsequent cell death, depending upon the lasting of the oxygen
interruption [12], [14] (Fig.1).
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Figure 1: Schematic representation of the effects of hypoxia and reoxygenation. Hypoxia leads
to a shift from aerobic to anaerobic metabolism, resulting in decreased ATP levels, increased lac-
tate production, cell swelling, necrosis, and activation of glutamate release and calcium signalling
pathways that can ultimately cause apoptosis. Otherwise, reoxygenation enables aerobic metabo-
lism but can also lead to oxidative stress and cellular damage, potentially culminating in apoptosis
as well (made in Biorender).

Resuscitation upon reoxygenation induces a secondary energy crisis due to increased ox-
idative stress, induction of pro-inflammatory cascades, and excitatory amino acid accu-
mulation, resulting in over-activation of AMPA and NMDA receptors, increasing Ca*2
conductance and nitric oxide synthase (NOS) activity. Intracellular Ca*? accumulation,
mitochondrial swelling, and membrane permeabilisation promote apoptosis, generating
a secondary brain injury that can last hours or days [15] (Fig.1). The ability of mitochon-
dria to buffer intracellular calcium in the neonatal brain is not fully developed compared
to that in the adult brain [16]. Furthermore, there is a third phase of injury, associated with
inflammation and epigenetic modifications, which can last weeks and even years [17].

A.3. Mitochondria in Perinatal Asphyxia

Mitochondria are known for their capacity to produce energy for the cell. Mitochondria
also regulate apoptosis, calcium, and cell signalling [18], [19]. In the mitochondrial matrix,
the tricarboxylic acid cycle (TCA) generates NADH and FADH2 electron carriers,
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donating electrons to the mitochondria electron transport chain (ETC), pumping protons
from the matrix into the intermembrane space, increasing membrane potential (AWm),
generating ATP [20]. Mitochondria also help to maintain membrane potential, protein
folding, cell transport, lipids biosynthesis, modulating cytoplasmic calcium concentra-
tion, which is essential for neurotransmitter synthesis and release, neurogenesis, neuronal
plasticity, and excitotoxicity [20].

During reoxygenation reactive oxygen species (ROS) production rises, increasing oxida-
tive stress. A leakage of superoxide radical (O2~) from complex I and III activates nNOS,
yielding peroxynitrite (ONOO-) [12], altering the ETC, promoting further ROS and RNS
formation [17], and NADPH oxidase (NOX) activation. Superoxide dismutase (SOD) ca-
talyses the reaction of O™ to form HxOz, which is decomposed to water and oxygen by a
catalase-mediated reaction. H>O» reacts, in a non-enzymatic reaction with Fe?*, the known
Fenton reaction, yielding OH-, which generates lipid peroxidation, DNA damage, and
protein oxidation [16]. The neonatal brain is more vulnerable to oxidative stress than the
adult brain, because of its low antioxidant capacity, increased unsaturated fatty acid con-
tent, and high free iron levels [8], [17]. Malondialdehyde levels, produced by polyunsatu-
rated fatty acids peroxidation, increase in plasma and cerebrospinal fluid in PA versus
non-PA-affected newborns [21]. Human newborns dying of hypoxic-ischaemic encepha-
lopathy, also show high levels of oxidative stress [21]. In neonates, an increase of pro-
apoptotic Bax proteins, initiates mitochondrial outer membrane permeabilisation
(MOMP), unlike in the adult brain, where the mitochondrial permeability transition pore
occurs at the opening of the inner and outer membrane. MOMP formation and increased
ROS levels result in cytochrome C, apoptosis-inducing factor (AIF), Smac/Diablo, and
endonuclease G release into the cytoplasm, triggering intrinsic apoptotic pathways [8],
[12].

A.4. Mitochondrial Dynamics

To respond to energy demands by cellular processes, including cell cycle, immunity,
apoptosis, and quality control [16], [22], mitochondria continuously adjust their shape,
distribution, and size, undergoing coordinated cycles of GTPases-dependent fission/ fu-
sion events, collectively referred to as 'mitochondrial dynamics' [23].

Mitochondrial fusion refers to the union of two or more mitochondria. Mitochondrial fu-
sion has a buffering role in exchanging matrix content [24]. Indeed, the promotion of mi-
tochondprial fusion has shown to be neuroprotective [25], [26]. Mitofusins 1/2 (Mfnl and
Mifn2) mediate the fusion of the outer mitochondrial membrane (OMM) [27], and protein
optical atrophy 1 (OPA1) mediates the fusion of the inner mitochondrial membrane
(IMM) [28]. The correct function of OPA1 is modulated by proteolytic cleavage, achieved
by the AAA-protease YmelL and protease OMA1, which generates long (L-OPA1, insol-
uble) and short (S-OPA1, soluble) OPA1 products as a result of different cellular stimuli
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[28], [29]. Under basal conditions, there is an equilibrium between the short and long
forms of OPA1 [30]. OPA1 also plays a crucial role in the structure and maintenance of
mitochondrial cristae [31].

Mitochondrial fission allows the division of one mitochondrion into two smaller mito-
chondria, regulated by the recruitment of Dynamin-related protein 1 (Drpl) from cyto-
plasm to mitochondria surface as a consequence of cellular responses [32]. GTPase activity
of Drpl is inhibited by phosphorylation of Ser 637 via protein kinase A (PKA). Drpl is
phosphorylated at Ser 616 by cdk1, cdk5, PKCy, and ERK1/2 [33] and de-phosphorylated
by calcineurin and protein phosphatase 2A (PP2A). Phosphorylated Drpl is translocated
into the mitochondrion, interacting with adapters like mitochondrial fission factor (Mff)
[34], forming a GTP-driven constriction ring around the mitochondrion to perform fission
[35]. It was thought that Mammalian Mitochondrial fission 1 protein (Fis1) played a role

in encouraging mitochondprial fission, like its yeast counterpart, which recruits Drp1 to
mitochondria [30]. However, it has been reported that human Fisl operates inde-
pendently of Drpl and is not crucial for fission [36]. Recent research suggests that Fisl
hinders the activity of fusion GTPases OPA1 and Mfn1/2 [36], implying that blocking
fusion alone is enough to induce fragmentation of the mitochondrial network, mimicking
fission activation [37] (Fig.2).

The fission-fusion equilibrium is essential for development and neuronal function. OPA1
and Drpl1 deficiencies result in genetic defects and lethal malformations [16]. In neurons,
fission plays a role in the transport of mitochondria along axons projecting towards areas
of high energy demands [38].
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Figure 2: Fusion and fission machinery. Fission involves ER-actin-mediated constriction, outer
membrane tethering by GTP proteins, DRP1 recruitment, and eventual constriction and disassem-
bly. Fusion involves outer membrane fusion mediated by MFN1/2 and GTP proteins, followed
by inner membrane fusion. Adaptor proteins like MFF, MiD49, MiD51 and membrane-bound pro-
teins like S-OPA1 and L-OPA1 play crucial roles in the regulation of these dynamic processes that
maintain mitochondrial morphology and function [22].

Healthy mitochondria require a balance between the removal of deficient/damaged mi-
tochondria (mitophagy) and the generation of new mitochondria (mitochondrial biogen-
esis) [39]. Mitochondrial biogenesis is essential for the growth and retrieval of the mito-
chondrial network, providing adaptability to conditions of high energy demands [17].
This process is mediated by activating the peroxisome proliferator-activated receptor y
co-activator 1-a (PGC1- a), orchestrating coordinated synthesis and importing proteins
and lipids from mitochondrial and nuclear DNA [40]. Moreover, mitochondrial biogene-
sis functions as an energy sensor. When an energy imbalance occurs, AMPK triggers the
activation of PGC1-q, increasing mitochondrial biogenesis [16]. Conversely, this process
is downregulated by a high nutritional load [20]. In neurons, generation of new
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mitochondria plays a pivotal role in post-injury recovery. Hence, mitochondrial biogene-
sis is crucial for synaptogenesis and brain development [39].

Mitophagy denotes a specialised degradation pathway for damaged mitochondria, the
autophagolysosomal pathway, which is primarily mediated by PTEN PINK1/Parkin [17].
Upon AWm decrease, PINK1 accumulates on the outer mitochondrial membrane, promot-
ing the recruitment of the E3 ubiquitin ligase Parkin. Additionally, adaptor proteins
(SQSTM/ p62, optineurin, NDP-52, among others) promote autophagosome formation
and subsequent lysosomal fusion [17].

An increase in fragmented neuronal mitochondria and damage of the inner membrane is
a common feature of several brain pathologies, including Alzheimer’s, Parkinson’s, Hun-
tington’s, and Amyotrophic Lateral Sclerosis [41], [42]. This leads to the idea that fission
inhibitors may play a role in therapeutic alternatives to neurodegenerative disorders [43].

As mitochondria fission and fusion are antagonistic processes, a malfunction in one of
them can exacerbate the other. For instance, impairments in fusion processes, such as
ubiquitin-mediated degradation of Mfn2 or inhibition of Mfn1 by phosphorylation, in-
crease mitochondprial fission and apoptosis [44]. Furthermore, increased Drpl1 levels in-
duced by glutamate toxicity or ischemia can lead to a decrease of AWm, energy produc-
tion, and an increase in mtDNA defects and cell death [38]. Conversely, it has been shown
that reducing or inhibiting Drp1l confers neuroprotection, both in vitro and in vivo [38].

In the acute phase of hypoxia, within the first 4 hours, there is an upregulation of mito-
chondrial fusion, while fission is suppressed. This initial response is thought to be a pro-
tective mechanism, ensuring sustained energy production, and preventing cellular dam-
age. However, during the later phase, between 12 to 24 hours post-insult, mitochondrial
fusion and membrane potentials diminish, mitochondrial fission becomes more pro-
nounced. Concurrently, there is an increased release of cytochrome c from the mitochon-
dria into the cytosol. These alterations in mitochondrial dynamics contribute to the acti-
vation of apoptotic pathways and exacerbate cellular injury in the setting of prolonged
hypoxia [45], [46].

Several key alterations in mitochondrial function and dynamics have been observed in
the context of neonatal hypoxic-ischemic (HI) injury. A decrease in mitochondrial ETC
complex activity has been reported in the cerebral cortex and hippocampus, observed at
both 2- and 18 hours post-injury in a P7 rat model of HI. Furthermore, sex-dependent
differences have been observed, indicating a decrease in mitochondrial mass and mem-
brane potential exclusively in female subjects at 18 hours post insult [47].

Female rats exhibit significantly higher levels of antioxidant defence compared to males.
This contrast becomes pronounced in the context of HI, male rats showing elevated oxi-
dative stress levels and impaired mitochondrial respiration in a rat model of HI injury at
P7 [48]. In the same model, there was a marked increase in fragmented mitochondria and
neuronal death. Interestingly, sex-specific differences in the outcome emerged, with
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female brains exhibiting lower neuronal death rates and higher levels of mitophagy, sug-
gesting a neuroprotective mechanism involving segregation and subsequent degradation
of damaged mitochondria [49].

In mice subjected to HI insult at P9, mitochondrial fusion protein OPA1 increases, yield-
ing short inactive forms (5-OPA1), which are associated with increased mitochondrial fis-
sion. This appears to be mediated by the zinc-metalloprotease Omal, which is implicated
in impaired fusion processes [50].

Moreover, mitochondrial biogenesis is upregulated in response to HI at P7, peaking be-
tween 6 to 24 hours post-insult. This increase in biogenesis is characterised by elevated
mitochondrial DNA expression, increased protein synthesis, and enhanced activity of
transcriptional regulators, such as TFAM and NRF1, with no significant changes observed
in PGC-1a levels [51].

Furthermore, prenatal hypoxia leads to increased mitochondrial biogenesis in the hippo-
campus eight days post-insult, accompanied by a rise in damaged mitochondria. Overac-
tivation of the PGC-1a pathway improves the outcomes, reducing damaged mitochondria
and promoting biogenesis via the PGC-1a/NRF1/TFAM axis [52].

Finally, in a model of mild perinatal hypoxia at birth, it was found that hypoxia induced
disruption of the brain-blood barrier, an increment of lactate levels right after the insult,
along with an increase in mitochondrial oxygen consumption up to P7 and increased buff-
ering capacity up to P14 [53]. Nevertheless, the status of mitochondrial dynamics in a
model of global hypoxia at birth has not yet been elucidated.

A.5. Pharmacological Strategies

Currently, the only established treatment for the long-term damaging effects induced by
PA is hypothermia, usually a decrease to 33-35°C for 72 hours. Hypothermia reduces
death and disabilities in term infants with moderate to severe encephalopathies due to
PA [54]. Several pharmacological treatments have been proposed for PA, some of them
entering clinical trial phases [55], including administration of antioxidants (N-acetyl-L-
cysteine, polyphenols, melatonin, allopurinol); NMDA and AMPA antagonists (topir-
amate, memantine); gases (xenon, argon); matrix metalloproteinase inhibitors (Doxycy-
clin); erythropoietin; cannabinoids, and stem cells [56]. Among these treatments, mesen-
chymal stem cells (MSCs) have already been tested for neonatal hypoxic-ischemic injury,
together with hypothermia [57], [58]. Consensus on hypothermia protocol has not been
achieved yet, making it evident that research on novel therapeutic alternatives is required.
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A.6. Mesenchymal Stem Cells

Mesenchymal stem cells are undifferentiated multipotent cells that can proliferate and
self-renew [59]. MSCs have therapeutic potential due to their ability to migrate to the fo-
cus of injury, a process known as homing [60]. In addition, MSCs can differentiate into
multiple cell types, replacing damaged tissue, and also capable of being easily isolated
from adult tissue [59]. Furthermore, the paracrine action of MSCs has been recognised as
its main therapeutic action. Indeed, MSCs have the capacity to secrete a broad array of
bioactive factors into the extracellular space, called secretome [61]. MSCs secretomes
(MSC-S) contain many active biomolecules, such as cytokines, growth factors, lipid mes-
sengers, mRNAs, and miRNAs [62]. Secretome can be divided into two fractions, a soluble
fraction composed of cytokines, chemokines and growth factors, and a vesicular fraction,
composed of different types of vesicles involved in the delivery of miRNA and proteins
[63].

A.6.1. Mesenchymal Stem Cells: Secretome

The use of MSC-S offers several advantages over the traditional use of MSC therapies. It
resolves safety considerations associated with the administration of living proliferative
cells with the capacity to migrate, which has been associated with tumorigenesis [64].
Moreover, the manufacturing, storage, and handling of MSC-S are simplified, since secre-
tomes can be lyophilised, reducing logistical challenges [65]. The production costs are ad-
vantageous as MSC-S can be produced in large quantities by reutilising cells. MSC-S can
be evaluated for safety, dosage, and potency, like conventional drugs [61].

Additionally, it has been described that in vitro preconditioning of MSCs improves their
therapeutic efficacy [66]. For instance, adipose tissue-derived MSCs, when precondi-
tioned with pro-inflammatory cytokines (TNF-a and IFN-y), increased their pro-regener-
ative, anti-inflammatory, and antioxidative properties [67]. Similarly, preconditioning
MSCs with deferoxamine (DFX), an iron chelator with antioxidant properties that mimic
hypoxia, improved the secretion of pro-angiogenic, anti-inflammatory, and neuroprotec-
tive factors [68].

MSC-S exhibits a multitarget therapeutic approach due to the presence of various bioac-
tive molecules [64]. Emerging evidence suggests a link between the effects of MSC-S and
the nuclear factor erythroid 2 related factor 2 (Nrf2) pathway, studied in different models
such as sepsis [69], pulmonary fibrosis [70], fat grafts [71], ageing [72], depression like-
behaviour [73], acute kidney injury [74], and alcoholism [75].

Results of our laboratory demonstrate that the intranasal administration of secretome de-
rived from DFX-preconditioned MSCs in rats, 2 hours after PA, reduced hippocampal
oxidative stress and increased nuclear Nrf2 protein levels in hippocampus at P7 [76].

15



A.7. Nrf2 Pathway

Nrf2 is a transcription factor, the primary activator of the antioxidant response element
(ARE). Under basal conditions, it is found in the cytoplasm, bound to the Kelch-like ECH-
associated protein 1 (Keap1), an adapter for the ubiquitin ligase Cul3/Rbx1 that mediates
the proteasomal degradation of Nrf2 via ubiquitination, maintaining Nrf2 at low levels
[77]. This transcriptional factor is critical to cells for the regulation of the redox balance,
inducing antioxidant and detoxifying enzymes [78]. Oxidative stress promotes the activa-
tion of Nrf2 by oxidation of cysteine residues within Keapl, leading to a conformational
change that allows the division of the complex. Once Nrf2 is free, it translocates to the
nucleus, forming a complex with the small Maf protein, binding to AREs promoters
(Fig.3). Some of the targets of Nrf2 include proteins of phase II detoxification, enzymes
involved in antioxidant and anti-inflammatory responses, and enzymes from the pentose
phosphate and nucleotide synthesis pathways [79].

Physiological Conditions

— = Nrf2 Degradation

Cytoplasm / * Oxidative Stress

Target Genes

Nucleus

Figure 3: Nrf2 under physiological conditions and oxidative stress. In the cytoplasm, Nrf2 is
normally bound to Keapl, leading to its degradation via proteasome. Under physiological condi-
tions, this process maintains low levels of Nrf2. Under oxidative stress, Nrf2 dissociates from
Keap1l and accumulates in the cytoplasm, then translocates to the nucleus, where it binds to small
Maf proteins and the antioxidant response element (ARE) to activate the transcription of target
genes involved in cellular defence against oxidative stress [78].
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A.7.1. Nrf2 Pathway: Mitochondria

The Nrf2 pathway is a regulator of mitochondrial function, including bioenergetics, redox
homeostasis, and quality control [80]. Nrf2 enhances mitochondrial respiration and ATP
production by increasing the availability of substrates like NADH, FADH2, and acetyl-
CoA through its effects on fatty acid oxidation, the TCA cycle, and other metabolic path-
ways [80], [81]. It also regulates mitochondrial biogenesis by upregulating the expression
of nuclear respiratory factors and the transcriptional coactivator PGC-1a [81]. Addition-
ally, Nrf2 contributes to mitochondrial quality control by promoting mitophagy through
the upregulation of PINK1 and the autophagy substrate p62 facilitating the recognition
and clearance of dysfunctional mitochondria [82].

The Nrf2 pathway plays a pivotal role in regulating mitochondrial ROS production and
redox homeostasis. Nrf2 reduces mitochondrial oxidative stress by inducing the expres-
sion of antioxidant enzymes, such as those involved in glutathione synthesis and regen-
eration, thereby maintaining the mitochondrial redox balance [81]. Nrf2 deficiency leads
to increased mitochondrial ROS generation, primarily due to impaired mitochondrial res-
piration and limited substrate availability for the electron transport chain [83]. Nrf2 also
modulates the expression of NADPH oxidase isoforms, which are major sources of cyto-
solic ROS. NOX2 expression is upregulated in Nrf2 deficiency, while NOX4 is upregu-
lated upon Nrf2 activation [83]. This regulation of ROS production from both mitochon-
drial and cytosolic sources highlights the crucial role of Nrf2 in maintaining cellular redox
balance.

Moreover, Nrf2 activation confers resistance to mitochondrial permeability transition
pore opening, preserving mitochondrial integrity under stress conditions [82], [83]. Given
the dysregulation of Nrf2 in mitochondria-related disorders and the protective effects of
Nrf2 activators in various disease models, the Nrf2 pathway has emerged as a promising

therapeutic target for mitigating mitochondrial dysfunction and associated pathologies
[84].

Additionally, the activation of Nrf2 pathway by dimethyl fumarate (DMF) shows an in-
crease in the average mitochondrial length, through the degradation of the fission protein
Drpl1 [85]. Therefore, there is an association between the activation of Nrf2 pathway and
mitochondrial dynamics.
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In summary:

PA leads to severe consequences for brain neonates, being the hippocampus one of the
most affected brain regions, known for its vulnerability to metabolic insults. PA induces
a cascade of detrimental events, including oxidative stress, mitochondrial dysfunction,
and delayed cell death in the neonatal brain. Mitochondrial dynamics, the delicate balance
between fission and fusion processes, play a pivotal role in regulating cellular energy ho-
meostasis and apoptosis. While mitochondrial dynamics have been studied in neuro-
degenerative diseases and HI conditions, the investigation specifically addressing PA is
limited, in particular with models mimicking labour complications.

Currently, therapeutic hypothermia is the only established treatment for PA, emphasising
the need for novel approaches. Treatments with MSC-S have shown to be promising. Re-
cent findings from our laboratory demonstrated that intranasal administration of secre-
tome derived from preconditioned MSCs reduced oxidative stress and increased nuclear
Nrf2 levels in asphyxia-exposed animals. Evidence suggests that the Nrf2 pathway is a
key mechanism of MSC therapeutic effects, regulating cellular redox homeostasis, mito-
chondrial biogenesis, and mitophagy. However, its impact on mitochondrial dynamics
remains underexplored.
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Chapter 2: Hypothesis and Aims

A.8. Hypothesis:

Perinatal asphyxia increases mitochondrial fission, inducing delayed cell death in rat hip-
pocampus. These alterations are prevented by neonatal intranasal administration of se-
cretome derived from preconditioned human mesenchymal stem cells via Nrf2 pathway
activation.

A.9. General Aim:

To determine the effects of perinatal asphyxia on mitochondrial dynamics and delayed
cell death in rat hippocampus, investigating whether neonatal intranasal administration
of secretome derived from preconditioned human mesenchymal stem cells prevents these
alterations via Nrf2 pathway activation.

A.10. Specific Aims:

[SA1] To determine whether the therapeutic effect exerted by intranasal administration
of secretome derived from preconditioned human mesenchymal stem cells after PA de-
pends on Nrf2 pathway activation in the rat hippocampus.

-To study the Nrf2 activation pathway, monitoring protein and mRNA levels of Nrf2
effectors after intranasal MSC-S administration at P1, P7 and P14 by WB, qPCR and IHQ.

[SA2] To determine the effects of PA and MSC-S on mitochondrial dynamics, oxidative
stress, and cell death in rat hippocampus at 1, P7 and P14.

-To study the effects of PA and intranasal MSC-S administration on cell death and oxida-
tive stress at P1, P7 and P14 by TUNEL, WB and MDA.

-To study the effects of PA and intranasal MSC-S administration on mitochondrial respir-
atory metabolism and mitochondrial dynamics at P1 and P7 by WB, and IHQ.
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Chapter 3: Methodology

Animals and induction of perinatal asphyxia (PA).

Wistar rats from the Molecular & Clinical Pharmacology Programme animal station,
ICBM, Faculty of Medicine, University of Chile, Santiago, Chile, were used in all experi-
ments. Animals were kept in a temperature and humidity-controlled environment with a
12/12-hour light/dark cycle, fed ad libitum. When not used for the experiments, qualified
personnel monitored the animals' well-being permanently, following the ARRIVE guide-
lines for reporting animal studies (www.nc3rs.org.uk/ARRIVE). A Local Committee ap-
proved animal procedures for Experiments with Laboratory Animals of the University of
Chile (Protocol-CBA# 20426 FMUCH).

On the last day of gestation, pregnant rats (G22) were euthanised as previously reported,
performing a caesarean section rapidly to remove the uterine horns [23]. Some pups were
excised from the uterine horns immediately after hysterectomy, providing caesarean-de-
livered controls, while the remaining foetuses, still in their uterine horns, were transferred
to a bath at 37°C for 21 minutes to induce severe asphyxia. Following 21 minutes of as-
phyxia, the pups were removed from the uterine horns and stimulated to breathe on a
temperature-controlled pad at 37°C. Two hours after birth, control and asphyxia-exposed
animals were treated with either MSC-S or saline via intranasal administration. Animals
were euthanised at postnatal day 1 (P1), P7 or P14 by decapitation, and the hippocampus
was dissected for protein or RNA/DNA extraction. For immunofluorescence, the animals
were transcardially perfused with 0.1M phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde (PFA). Following perfusion, the whole brains were carefully extracted
and postfixed in PFA solution for 48 hours.

@37“0

Treatment
/ Reanimation ’_‘“
.S SN )

22 Surrogate dam

Figure 4: Perinatal asphyxia model (Biorender).
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Human adipose tissue derived-MSC preconditioning, purification of MSC-derived secre-
tome, and intranasal administration.

These procedures were performed at the associated laboratory (Dr. F. Ezquer, Univer-
sidad del Desarrollo-Clinica Alemana). Human MSCs were isolated from subcutaneous
adipose tissue samples obtained with written informed consent from a healthy donor un-
dergoing cosmetic liposuction at Clinica Alemana, Santiago, Chile. The entire procedure
was conducted under protocols approved by the Faculty of Medicine Ethics Committee
at Clinica Alemana-Universidad del Desarrollo, Santiago, Chile (Protocol 2020-30), fol-
lowing the WHO Guiding Principles on Human Cell, Tissue and Organ Transplantation.
MSCs were isolated and characterised according to [75]. MSCs at 70% confluence were
preconditioned by incubation in a-MEM medium supplemented with 10% foetal bovine
serum and 400 pM deferoxamine (DFX) for 48 hours [68]. Secretome from MSCs (MSC-S)
was obtained by harvesting the culture media according to [68]. A proteomics character-
isation of the secretome has been reported in [86]. The MSC-S was obtained from DFX-
preconditioned MSCs derived from one donor and kept frozen at -80 °C pending further
experiments. A total volume of 16 pL, containing 6 pg of secretome (derived from 2x105
preconditioned-MSCs), was administered intranasally two hours post delivery, as fol-
lows: 1 pL of secretome solution was administered every 5 min, alternating between the
right and left nostril, totalling eight doses for each nostril. As a control, 16 pL of saline
solution (0.9% NaCl) was administered as previously described [76].

Experimental groups.

The following groups of animals were considered (n=4-8 for each group): (a) Control an-
imals: Rats delivered by a caesarean section but not exposed to PA, treated with vehicle
(C.Vhc) or with secretome (C.MSC-S). (b) Rats exposed to 21 min of PA, were treated with
vehicle (A.Vhc) or secretome (A.MSC-S).

Lactate in blood.

The Edge™ blood lactate monitoring system was used to evaluate lactate concentration.
A whole blood drop from the tail of the animal was placed on the test strip, and the result
was reported on the display of the device after 45 seconds.

Western Blot (WB).

Hippocampal protein extraction was performed using RIPA buffer (150 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris pH 8, with a phos-
phatase and protease inhibitor cocktail) and protein concentration was quantified by the
bicinchoninic acid (BCA) protocol (Thermofisher, cat. 23227). Protein electrophoresis was
performed using SDS polyacrylamide gel, with 6% stacking and 12% separating gel. Pro-
tein samples (50 ng) were mixed with a loading buffer (40% glycerol, 8% SDS, 8% p-mer-
captoethanol, 0.02% bromophenol blue, and 250 mM Tris HCI buffer pH 6.8) and then
heated at 100°C for 5 min. Electrophoresis was performed at constant 100V, electrotrans-
ferred onto a 0.2 pm pore nitrocellulose membrane (BIO-RAD) at 2.5A for 10 min in a

21



Trans-Blot® TurboTM. Protein transference to the membrane was evaluated using Pon-
ceau red staining (0.1% Ponceau red, 0.1% acetic acid). Then, the membrane was blocked
with 5% non-fat milk (Bio-Rad, cat. 1706404) diluted in Tris-Base Saline (TBS) 0.05 %
Tween-20 (TBS-T) at room temperature (RT) for 60 min. Primary antibodies were: NQO1
(1:750, cat. 3187S, Cell Signaling), HO1 (1:1000, cat. 43966S, Cell Signaling), GSR (1:1000,
cat. ab124995, Abcam), Drp1 (1:1000, cat. sc-271583, Santa Cruz), pDrpl S616 (1:1000, cat.
PA5-64821, Invitrogen), pDrp1 S637 (1:1000, cat. ab193216, Abcam), Fis1 (1:1000, cat. PA5-
22142 ,Thermo Scientific), OPA1 (1:250, cat. sc-30573, Santa Cruz) and -Actin (1:10000,
cat. #251003, Synaptic Systems), diluted in TBS-T. Membranes were incubated overnight
with the respective antibody in agitation at 4°C. After that, membranes were washed with
TBS-T three times for 10 min at RT with constant shaking, then incubated with the corre-
sponding horseradish peroxidase (HRP) conjugated secondary antibody (Thermo Scien-
tific Pierce, USA), diluted 1:5000 in TBS-T, at RT and constant shaking, for one hour. Mem-
branes were revealed using PierceTM Enhanced chemiluminescence Western Blotting De-
tection kit for HRP (Thermo Fisher Scientific, Inc., cat. 32209). Finally, ChemiScope 3400
(ClinX Sciences Instruments Co, Ltd) was used to capture the chemiluminescence. Images
were processed by Image ] 1.52f software (National Institutes of Health, USA). The values
are normalised to their respective B-actin and their control.

DNA/RNA extraction and retro-transcription (RT).

Extraction of RNA and DNA was performed with TRIzol (Invitrogen, cat. 15596026) ac-
cording to the manufacturer’s instructions. For reverse transcription, 1 pg of total RNA
was treated with DNAase I (Invitrogen, cat. 18068-015). MMLV (Invitrogen, cat. 28025-
013) and Oligo dT (Promega, cat. C1101) were used for retro-transcription from RNA to
cDNA. Finally, cDNA was diluted to 25ng/ul and DNA to 10ng/ uL.

Quantitative polymerase chain reaction (gPCR).

Amplification was conducted in a final volume of 25 pL, using Brilliant II SYBR Green
qPCR Master Mix (Agilent Technologies, cat. 600828) with a qPCR Mx3000p (Stratagene,
La Jolla, CA, USA). The expression was normalised with [-actin or 185 gene and deter-
mined using the 2-AACT method (see Table 1).

Table 1. qPCR primers

Gene Primer Forward 5= 3’ Primer Reverse 5> 3’ A.mphcon
size (bp)

[ actin AAGTCCCTCACCCTCCCAAAAG AAGCAATGCTGTCACCTTCCC 125
NQO1 CTCGCCTCATGCGTTTTTG CCCCTAATCTGACCTCGTTCAT 70

HO1 ACAGGGTGACAGAAGAGGCTAA CTGTGAGGGACTCTGGTCTTTG 107

Gcle CTGAGGCAAGATACCTTTATGACC GTAGCTATCTATTGAGTCATACCGAGAC | 227

Prdx GGCGTGTTGAAAAATGATGAG GTCCCACAGGTAGGTCGTTG 103

GSR TCTCACCCCAGTTGCGAT CTCGTGGTCACAGCGTGATA 228

Nrf2 CACATCCAGACAGACACCAGT CTACAAATGGGAATGTCTCTGC 121

18S GGGAGGTAGTGACGAAAAATAACAAT TTGCCCTCCAATGGATCCT 101
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D-loop GGTTCTTACTTCAGGGCCATC GATTAGACCCGTTACCATCGAGAT 102

TFAM GATGAGTCAGCTCAGGGGAAA ACGGATGAGATCACTTCGCC 174

PGCla TGGAGTGACATAGAGTGTGC GGGCTCATTGTTGTACTGGT 180

Lipid Peroxidation (MDA).

MDA quantification was assessed by homogenising the hippocampi according to the
manufacturer's guidelines (MAKO085, Sigma Aldrich), followed by measurement of ab-
sorbance at 532 nm using a Biotek Synergy HT spectrophotometer.

GSSG/GSH ratio.

The samples were homogenised in PBS 0.1 M pH 7.5, supplemented with 5 mM EDTA
disodium salt, and deproteinised with metaphosphoric acid (5%). Glutathione disulfide
(GSSG) in the sample was converted into GSH by glutathione reductase in the presence
of NADPH. Total glutathione concentration involves the oxidation of GSH by 5,5’ -dithi-
obis (2-nitrobenzoic acid) (DTNB) to form a yellow derivate which was measured at 412
nm.

Design of the antisense oligonucleotide (ASO) for Nrf2.

The design of the Nrf2 antisense oligonucleotide was kindly carried out by Dr Yedy Israel,
using the presence of the motif (5'=3') GGGA or GGGGA in the mRNA sequence of rat
Nrf2, as described by [87]. The Nrf2 used sequence was: Rattus norvegicus strain mixed
chromosome 3, Rnor_6.0, NCBI reference sequence; NC_005102.4. Since the DNA se-
quence of Nrf2 from 5' to 3' was used, it was converted to the RNA sequence from 5' to 3',
then to RNA from 3' to 5', and finally to the DNA sequence from 5' to 3', resulting in two
ASOs: (i) ASO-NF #1; 5’- AAGTTC CAACT CCCCC ATTCA-3" (n=21 nucleotides), and
(ii) ASO-NF#4; 5'- GGTTT AGCTT CCCCC TTAAT A -3’ (n=21 nucleotides). The corre-
sponding scrambled sequences (SCR) were: (i) SCR-NF #1; 5- AGGACC TTACA CACCC
CATTT-3" (n=21 nucleotides), and (ii) SCR-NF #4, 5'- TTCTG TCATG TGTCC AAACT C
-3’ (n=21 nucleotides). The presence of secondary structures was tested for all sequences
using Nucleotide Blast from NCBI and http:/ /www.oligoevaluator.com/LoginServlet.
The ASOs and SCRs were ordered with a phosphorothioate modification for improved
stability from www.idtdna.com. Subsequently, Dr. Pablo Berrios tested the ASOs and
SCRs in rat astrocyte cell line DI TNC1 (which expresses relatively high levels of Nrf2)
using 300nM of ASOs or SCRs with Lipofectamine 2000 lipid cation. Analysis was per-
formed 48 hours after transfection. First, the transfection efficiency was determined by
coupling a fluorophore to it and performing flow cytometry, which indicated an 84.1%
efficiency with transfected cells. Then, JPCR was used to determine the levels of Nrf2
mRNA using the two ASOs and their respective SCRs, indicating that only ASO-NF #1
suppressed Nrf2 expression by approximately 42% compared to SCR. Based on these re-
sults, it was concluded that only ASO-NF #1 and its respective SCR would be used in the
in vivo experiment using asphyxiated rats. The ASO and SCR were administered via in-
tracerebroventricular (ICV) injection performed 2 hours after birth, followed by intranasal

23




administration of MSCS or vehicle 24 hours after birth, as previously described. Subse-
quently, samples were extracted at P7, as described earlier.

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL).

Coronal sections were processed with the in-situ apoptosis detection TUNEL kit
(DeadEnd™ Fluorometric TUNEL System, Promega, cat. G3250) according to the sup-
plier’s instructions, with some modifications. The samples were washed in 0.1M PBS three
times for 10 minutes, then permeabilised in 0.5% Triton X-100 in 0.1M PBS solution, for
30 minutes at RT, and rinsed three times in 0.1M PBS for 5 minutes each time. Thereafter,
the samples were incubated with equilibrium buffer for 10 minutes at RT, to proceed to
incubation with the deoxynucleotidyl transferase terminal (TdT) enzyme during 90
minutes at 37°C in a humidified chamber, avoiding exposure to light from this step for-
ward. Apoptotic nuclei were marked in this reaction with green fluorescence. The reaction
was stopped with 2X SSC solution for 15 minutes at RT. Then the slides were washed six
times in PBS for 5 minutes each time, to proceed to the immunofluorescence protocol. As
anegative control, a set of sections was incubated in the absence of TdT enzyme. To quan-
tify apoptotic cell death, the study employed two complementary approaches. The
TUNEL assay detected DNA fragmentation, a characteristic feature of apoptotic cells. Ad-
ditionally, the presence of apoptotic nuclei was evaluated based on their morphological
features using DAPI staining. Pyknotic nuclei, exhibiting nuclear shrinkage and increased
chromatin condensation, were considered as indicators of apoptosis.

Immunofluorescence.

The brain was post-fixed in 4% PFA for 48 hours at 4°C, then immersed in 10% sucrose
for one day and 30% sucrose (both sucrose solutions in 0.1M PBS, pH 7.4) pending further
treatments. The samples were cryo-embedded in Tissue-Tek O.C.T. (Sakura Finetek USA,
Inc.). Coronal sections (30 or 50 pm thick) of the hippocampi (between Bregma—1.40 and
2.00 mm) were obtained using a cryostat (Thermo Scientific Microm HM 525, Germany).
Sections were collected in 0.1 M PBS solution, pH 7.4 and stored at 4°C. The floating tissue
or adhered slices were incubated with a blocking solution (1% BSA, 10% NGS, and 0.3%
Triton X-100 in 0.1M PBS) for 2 hours at RT in agitation. Then, the samples were incubated
with the primary antibody: anti-TOMM?20 (1:400, ST04-72, Novus Biologicals), anti-MAP2
(1:250, cat. MAB3418, Sigma-Aldrich) or anti-Nrf2 (1:100, cat. ab89443, Abcam) diluted in
a blocking solution overnight at 4°C. As a negative control, the tissue was incubated in
blocking solution, without primary antibody. After three rinses with 0.IM PBS 0.1%
Tween for 5 minutes at RT, sections were incubated with a secondary antibody anti-rab-
bit-Alexa 488 or anti-mouse 647 (Thermo Fisher Scientific, IL, USA), 1:250 in blocking so-
lution containing 1% NGS, and 0.02M 4,6-diamino-2-phenylindol (DAPI) (Thermo Fisher
Scientific, cat. D1306) for nuclear labelling, for 4 hours at 4°C in agitation, then rinsed three
times for 5 minutes for further Expansion microscopy protocol or 2 hours at RT for Nrf2
or TUNEL experiments.
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Expansion microscopy (ExM).

Expansion microscopy was conducted based on an already reported protocol [88]. Im-
munostained brain sections of 50 pm were incubated with 1 mM methacrylic acid N-hy-
droxy succinimidyl ester (MA-NHS) for 1 hour, as a linker molecule, and incubated for
40 min with a monomer solution (Sodium acrylate/ Acrylamide/N-methylene bisacryla-
mide) at 4°C. Gelation was performed by replacing the incubation monomer solution with
fresh monomer complemented with 4OH-TEMPO/TEMED/ APS for 2 hours at 37°C. Af-
ter gelation, the tissue was digested by incubation with 16 U/mL proteinase K at 37°C for
16 hours in digestion buffer. To be expanded, the gels were incubated in ultrapure water
for 48 hours before image capture. Once expanded, gels were immobilised in coverslips
to obtain images using a confocal microscope (FV1000, Olympus, Tokyo, Japan) with a
60X objective,1.2 NA, and water immersion. Excitation with 405 and 488 nm lasers were
used to collect the images.

ExM efficiency was confirmed by the acquired DAPI nuclei staining sample images cal-
culating the experimental expansion factor, and the area ratio before and after ExM was
measured. At least two photos per hippocampal region (CA1 and suprapyramidal blade
of DG) were evaluated. The analysis of mitochondrial morphology was conducted using
Ilastik software for pixel classification, followed by quantification using a custom-written
algorithm implemented in MATLAB software (MathWorks, Natick, MA, USA). The cus-
tom algorithm was designed to segment mitochondria based on the Ilastik classification
for measurement of morphological parameters such as mitochondria density, area, and
circularity (with a minimum of 0 and a maximum of 1, with 1 being the most round). The
segmentation accuracy was visually confirmed by overlaying the segmented objects onto
the original images. Data from all images were averaged for each animal and used for
statistical analysis.

Mitochondrial Membrane Potential.

The mitochondrial membrane potential (AWm) was evaluated using the MITOISO1 kit
(Sigma-Aldrich) according to the manufacturer's instructions for isolating mitochondria
from whole brain samples, excluding the frontal pole. After quantifying the protein con-
tent, 25 pg of protein extract was mixed with 0.04 mM safranin O (SO) in a final volume
of 100 puL. The initial fluorescence was measured at 495 nm excitation and 586 nm emis-
sion using a BioTek Synergy H1 reader. To induce mitochondrial depolarisation for the
final fluorescence measurements, carbonyl cyanide 4-(trifluoromethoxy)phenylhydra-
zone (FCCP) was added to achieve a final concentration of 0.5 mM.

Statistical analysis.

Data are presented as the mean + standard error of the mean (SEM). Normality of the
data was assessed using the Shapiro-Wilk test. For normally distributed data, a two-way
analysis of variance (ANOVA) was performed to evaluate the effects of the experimental
conditions (control or asphyxia) and treatment (vehicle or MSC-S), followed by Tukey's
post hoc test for multiple comparisons. When data did not follow a normal distribution,
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the Kruskal-Wallis test was used, followed by Dunn's post-hoc test for multiple compar-
isons. A P-value less than 0.05 (P<0.05) was considered a statistically significant differ-
ence. Statistical analyses were performed using GraphPad Prism software (version 5.0,
GraphPad Software Inc., San Diego, CA, USA). Details of the Statistics are further inserted
into the legends for each Figure.
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Chapter 3: Results
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Figure 5: Apgar evaluation after 40 minutes of birth. A: Survival as a percentage. B: Respiratory
frequency in breaths/minute. C: Spontaneous movements (4: movement of the 4 limbs, 0: no
movement). D: Skin colour (4: pink, 3: bluish pink, 2: pinkish blue and 1: blue). E: Presence of
vocalisation. F: Presence of gasping. Data are expressed as means + SEM, C.Vhc (n=94-181), A.Vhc
(n=100-191). T-test, **p<0.01, ***p <0.0001.

Apgar score was evaluated 40 minutes after caesarean in controls and 61 minutes after for
asphyxia animals, calculated from the moment when the uterine horns were cut off. The
survival of PA animals was decreased compared to control animals, from 92% to 51%. In
addition, respiratory frequency, spontaneous movements, skin colour, vocalisation and
gasping were evaluated (Fig.5). The respiratory frequency, spontaneous movements, skin
colour and vocalisation were decreased in asphyxia compared to control animals (P
<0.0001, P <0.0001, P= 0.0065, and P <0.0001), and gasping was increased in asphyxia an-
imals compared to control (P <0.0001). Additionally, the parameters were divided and
analysed by sex (Annex1), and no differences were found among groups.
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Lactate, a pyruvate metabolite, serves as the primary energy currency during anaerobic
metabolism. To validate the PA model, blood lactate levels were measured using a port-
able lactate acid analyser at different time points after birth (Fig.6). PA induces an increase
in lactate levels compared to the control group, observed from 5 up to 60 minutes only.
The 2 groups were analysed at each time. Longer times (4 hours onwards) were analysed
along with the treated groups. At 4 hours lactate levels increased in A.Vhc and A.MSC-S
compared to C.Vhc. Results at 24 hours showed that lactate levels stabilised at a lower
level in all groups. When separating the results by sex (Annex2), both males and females
showed an increase in lactate levels from 5 to 30 minutes when compared to asphyxia and
control groups.
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Figure 6: Lactate concentration in blood following PA and MSC-S treatment. Results are pre-
sented as mM. Data are expressed as means + SEM, C.Vhc (n=5-16), A.Vhc (n=4-10), C.MSC-S
(n=3-9), A.MSC-S (n=5-15) at different time points, from 5 minutes to 24 hours. Grey circles/ grey
bar: Control or C.Vhc. Blue circles/blue bar: Asphyxia or A.Vhc. Grey square/striped-grey bar:
C.MSC-S. Blue square/striped-blue bar: A.MSC-S. Mann-Whitney test for 5 to 60 min was used
and Kruskal-Wallis analysis, followed by Dunn’s as a post-hoc test for 4 and 24 hours, *p<0.05,
**p<0.01, **p<0.001, ns p>0.05.
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Figure 7: Oxidative stress in hippocampus at P1, P7 and P14 following PA and MSC-S treat-
ment. MDA quantification A: at P1, D: P7 and G: P14 and B-C, E-F and H-I: segregated by sex.
Results are presented as a fold of change to C.Vhc. Data are expressed as means + SEM, normal-
ised by control. C.Vhc (n=3-8), A.Vhc (n=3-8), CMSC-S (n=3-8), AMSC-S (n=3-8). Two-way
ANOVA, followed by Tukey as a post-hoc test, *p<0.05.

Oxidative stress and cell death following PA.

Malondialdehyde (MDA), a product of lipid peroxidation during oxidative stress, was
used as a marker for oxidative stress. Analysis of MDA levels in hippocampus at P1
showed a significant difference in the column factor (control versus asphyxia) (F (1, 28) =
4.530, P=0.0422), suggesting an increase in MDA levels in both asphyxia-exposed groups
compared to the control groups (Fig.7A). At P7 no difference in MDA levels were detected
among groups (Fig.7D). However, at P7 only the female animals showed an effect at
treatment level (Fq, 12) = 6.681, P=0.0239), suggesting an increase in MDA levels in the
A.Vhc group of females (Fig.7E). At P14, no differences in MDA levels among the groups
were observed (Fig.7G-H).
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Figure 8: Apoptotic cell death in hippocampus at P1 following PA and MSC-S treatment. A:
Representative image of TUNEL assay, scale bar: 50pm, arrows indicate apoptotic nuclei and
TUNEL positive cells. DAPI is shown in cyan and TUNEL in green. Apoptotic nuclei expressed
as positive pyknotic nuclei/ mm?3 are shown in B: CA1, D: DG and F: CA1+DG. TUNEL positive
cells/mm3 are shown in C: CAl, E: DG and G: CA1+DG. Data are expressed as means + SEM,
C.Vhc (n=13-26), A.Vhc (n=12-24), CMSC-S (n=12-24), A. MSC-S (n=11-23). Kruskal-Wallis analy-
sis, followed by Dunn’s as a post-hoc test *p<0.05, **p<0.01, ***p<0.001.

To evaluate cell death, TUNEL assay was used. In addition to TUNEL quantification,
apoptotic nuclei were measured by DAPI according to apoptotic nuclear morphology
(pyknotic nuclei). At P1, apoptotic cell death was increased in A.Vhc compared to C.Vhc
(P=0.0002) and C.MSC-S (P=0.0071) in CA1 (Fig.8B) and A.Vhc compared to C.Vhc
(P=0.0313) in CA1+DG (Fig.7F). CA1 showed an increase in TUNEL-positive cells only in
CA1 analysis, in A.Vhc compared to C.MSC-S group (P= 0.0211) (Fig.8C). No differences
were observed in DG region.

At P7, analysis of the CA1+DG regions revealed a notable increase in apoptotic nuclei in
A.Vhc compared to both the C.Vhc (P= 0.0146) and C.MSC-S (P= 0.0481) groups (Fig.9B).
Specifically focusing on the CA1 region, a difference in apoptotic nuclei was observed (P=
0.0075) (Fig.9D), with a tendency to increase in asphyxia-exposed groups. Nevertheless,
this tendency did not reach statistical significance in the multiple comparisons. Similarly,
the TUNEL assay showed a significant difference (P= 0.0336) (Fig.9E), indicating a ten-
dency of increased TUNEL labelling in the asphyxia-exposed groups compared to the
controls. Still, no significant changes were observed among the groups.
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At P14, no significant differences were observed among the groups, whether measuring
the CA1 and/or DG regions together or separately (Fig.10).
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Figure 9: Apoptotic cell death in hippocampus at P7 following PA and MSC-S treatment. A:
Representative image of TUNEL assay, scale bar: 50pm, arrows indicate apoptotic nuclei and
TUNEL positive cells. DAPI is shown in cyan, TUNEL in green and MAP2 in red. Apoptotic nuclei
expressed as positive pyknotic nuclei/ mm3 are shown in B: CA1, D: DG and F: CA1+DG. TUNEL
positive cells/mm3 are shown in C: CAl, E: DG and G: CA1+DG. Data are expressed as + SEM,
C.Vhc (n=4-16), A.Vhc (n=5-16), CMSC-S (n=5-11), A.MSC-S (n=2-10). Kruskal-Wallis analysis,
followed by Dunn’s as a post-hoc test *p<0.05, **p<0.01.
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Figure 10: Apoptotic cell death in hippocampus at P14 following PA and MSC-S treatment. A:
Representative image of TUNEL assay, scale bar: 50pm, arrows indicate apoptotic nuclei and
TUNEL positive cells. DAPI is shown in cyan and TUNEL in green. Apoptotic nuclei expressed
as positive pyknotic nuclei/mm3 are shown in B: CA1, D: DG and F: CA1+DG. TUNEL positive
cells/mm3 quantification are shown in C: CA1l, E: DG and G: CA1+DG. Data are expressed as
means + SEM, C.Vhc (n=6-16), A.Vhc (n=5-16), C.MSC-S (n=5-11), A.MSC-S (n=4-10). Kruskal-
Wallis analysis, followed by Dunn’s as a post-hoc test *p<0.05, **p<0.01.

Nrf2 activation [SA1].

Total and nuclear Nrf2 levels were measured in CA1 and DG zones of the hippocampus
by immunofluorescence at P1, P7 and P14. At P1 and P7, no differences were observed in
Nrf2 levels among the groups, or between zones (Fig.11 and Fig.12).

At P14 (Fig.13), total Nrf2 levels were increased in the A.Vhc group compared to the
C.Vhcin CA1 (P=0.0425) and CA1+DG (P=0.0011). Increased levels of total Nrf2 were also
observed in A.MSC-S, compared to C.Vhc in DG (P=0.0377) and CA1+DG (P=0.0010). An
increase in A.Vhc and A.MSC-S, compared to C.MSC-S, were observed when analysing
CA1+DG (P=0.0220 and P=0.0181). Nuclear Nrf2 levels increased in asphyxia, compared
to control groups in DG (P=0.0322), and in A.MSC-S, compared to C.MSC-S in CA1+DG
(P=0.0465).
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Figure 11: Nrf2 levels in hippocampus at P1 following PA and MSC-S treatment. A: Representa-
tive image of Nrf2 immunofluorescence, Nrf2 in red and DAPI in cyan, scale bar: 10pm, arrow-
heads indicate nuclear Nrf2. Total Nrf2 in B: CA1, D: DG and F: CA1+DG. Nuclear Nrf2 in C:
CAl, E: DG and G: CA1+DG. Data are expressed as means + SEM, normalised by control. C.Vhc
(n=5-7), CMSC-S (n=5-7), A.Vhc (n=6-7), AMSC-S (n=5-7). Kruskal-Wallis test, followed by

Dunn's post-hoc test, was used for statistical analysis, *p<0.05.
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Figure 12. A: Representative image of Nrf2 immunofluorescence, Nrf2 in red and DAPI in cyan,
scale bar: 10pm, arrowheads indicate nuclear Nrf2. Total Nrf2 in B: CA1, D: DG and F: CA1+DG.
Nuclear Nrf2 in C: CA1, E: DG and G: CA1+DG. Data are expressed as means + SEM, normalised
by control. C.Vhc (n=5-7), CMSC-S (n=5-7), A.Vhc (n=6-7), A.MSC-S (n=5-7). Kruskal-Wallis test,
followed by Dunn's post-hoc test, was used for statistical analysis, *p<0.05.
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Figure 13: Nrf2 levels in hippocampus at P14 following PA and MSC-S treatment. A: Repre-
sentative image of Nrf2 immunofluorescence, Nrf2 in red and DAPI in cyan, scale bar: 10pm, ar-
rowheads indicate nuclear Nrf2. Total Nrf2 in B: CA1, D: DG and F: CA1+DG. Nuclear Nrf2 in C:
CA1, E: DG and G: CA1+DG. Data are expressed as means + SEM, normalised by control. C.Vhc
(n=5-7), CMSC-S (n=5-7), A.Vhc (n=6-7), AMSC-S (n=5-7). Kruskal-Wallis test, followed by
Dunn's post-hoc test, was used for statistical analysis, *p<0.05, **p<0.01, ***p<0.001.

mRNA levels of Nrf2 effectors at P1, P7 and P14.

Fig.14, shows Nrf2 mRNA levels and its effector genes, including Heme oxygenasel
(HO1), NAD(P)H Quinone Dehydrogenase 1 (NQO1), Glutathione reductase (GSR), Glu-
tamate — cysteine ligase catalytic subunit (Gclc) and Peroxiredoxin (Prdx) at P1. No statis-
tical differences among the groups were observed in Nrf2, HO1, NQO1, GSR and Geclc
mRNA levels. However, MSC-S administration increased prdx2 mRNA levels, only in
asphyxia-exposed rats (A.MSC-S group), compared to C.Vhc group (Fig.14F).
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Figure 14: RT-qPCR analysis of Nrf2 gene and its effectors at P1 following PA and MSC-S
treatment. mRINA levels of A: Nrf2, B: HO1, C: NQOI1, D: GSR, E: Gclc and F: Prdx2. Results are
presented as a fold of change relative to control levels. Data are expressed as means + SEM. C.Vhc
(n=5-7), CMSC-S (n=5-7), A.Vhc (n=6-7), AMSC-S (n=5-7). Two-way ANOVA, followed by
Tukey as a post-hoc test, *p<0.05.

At P7, no differences in Nrf2 mRNA levels were observed among the groups (see Fig.15).
There was, however, an increase in HO1 (P=0.0036) and NQO1 (P=0.0135) mRNA levels,
when comparing A.MSC-S versus the C.Vhc group. GSR mRNA levels increased in the
A .MSC-S group, compared to the controls (C.Vhc and C.MSC-S) (P=0.0135 and P=0.0207,
respectively). Gcle mRNA levels increased in the MSC-S groups (C.MSC-S, and A.MSC-
S), versus C.Vhc (P=0.0036 and P= 0.0046, respectively). prdx2 mRNA levels increased in
the C.MSC-S group versus C.Vhe (P=0.0153). All Nrf2 effectors were increased after in-
tranasal MSC-S administration, both under control and asphyxia-exposed conditions.
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Figure 15: RT-qPCR analysis of Nrf2 gene and its effectors at P7 following PA and MSC-S
treatment. mRINA levels of A: Nrf2, B: HO1, C: NQOI1, D: GSR, E: Gclc and F: Prdx2. Results are
presented as a fold of change relative to control levels. Data are expressed as means + SEM, C.Vhc
(n=7), CMSC-S (n=7), A.Vhc (n=7), AMSC-S (n=7). Two-way ANOVA, followed by Tukey as a
post-hoc test, *p<0.05, **p<0.01.

At P14, GSR and Gclc mRNA levels were increased by PA, compared to that observed in
the C.Vhc group (P=0.0188 and P=0.0388 respectively) (Fig.16). MSC-S administration in-
creased Gcle mRNA levels in A.MSC-S, compared to the C.Vhc group (P=0.0388). No dif-
ferences among the groups were observed for Nrf2, HO1, NQO1 and prdx2 mRNA levels.
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Figure 16: RT-qPCR analysis of Nrf2 gene and its effectors at P14 following PA and MSC-S
treatment. mRNA levels of A: Nrf2, B: HO1, C: NQOI1, D: GSR, E: Gclc and F: Prdx2. Results are
presented as a fold of change relative to control levels. Data are expressed as means + SEM, C.Vhc
(n=5-6), CMSC-S (n=6-7), A.Vhc (n=7), AMSC-S (n=6-7). Two-way ANOVA, followed by Tukey
as a post-hoc test, *p<0.05, **p<0.01.

Nrf2 effector protein levels at P1, P7 and P14

Western blot analysis of Nrf2 effector proteins, NQO1, HO1 and GSR at P1 and P7 were
performed. At P1, no differences were observed among the groups (Fig.17). At P7, there
was an increase in NQOL1 protein levels in A.Vhc, compared to the C.Vhc group (P=
0.0256). At P7, there was an interaction effect between condition and treatment in HO1
and NQO1 GSR (F,28) = 8.018, P=0.0085), but the multiple comparisons test detected no
differences. At P14, no differences were observed among the groups (Fig.19); while pro-
tein levels of GSR were decreased in A.MSC-S group, as compared to the C.Vhc group
(P=0.0274). An effect was appreciated in the A.Vhc group as well, but not reaching the
statistically significant level.
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Figure 17: Western blot analysis of Nrf2 effectors at P1 following PA and MSC-S treatment.
Protein levels and representative Western blot image of A-B: GSR; C-D: HO1, and E-F: NQO1.
Results are presented as a fold of changes relative to control vehicle levels, normalised to f-actin
as a loading control. Data are expressed as means + SEM, C.Vhc (n=5-6), CMSC-S (n=6), A.Vhc
(n=6), AMSC-S (n=6) Two-way ANOVA, followed by Tukey as a post-hoc test, *p<0.05.
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Figure 18: Western blot analysis of Nrf2 effectors at P7 following PA and MSC-S treatment.
Protein levels and representative Western blot image of A-B: GSR; C-D: HO1, and E-F: NQOL.
Results are presented as a fold of changes relative to control vehicle levels, normalised to p-actin
as a loading control. Data are expressed as means + SEM, C.Vhc (n=6-8), CMSC-S (n=6-8), A.Vhc
(n=6-8), A.MSC-S (n=6-8) Two-way ANOVA, followed by Tukey’s post-hoc test was used for sta-

tistical analysis, *p<0.05.
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Figure 19: Western blot analysis of Nrf2 effectors at P14 following PA and MSC-S treatment.
Protein levels and representative Western blot image of A-B: GSR; C-D: HO1, and E-F: NQOL.
Results are presented as a fold of changes relative to control vehicle levels, normalised to B-actin
as a loading control. Data are expressed as means + SEM, C.Vhc (n=5-8), CMSC-S (n=5-8), A.Vhc
(n=5-8), A.MSC-S (n=5-8) Two-way ANOVA, followed by Tukey as a post-hoc test, *p<0.05.
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Figure 20: Mitochondrial DNA content in hippocampus at P1 and P7 following PA and MSC-
S treatment. mtDNA content by qPCR amplification of the D-loop region, normalised to the 185
gene (housekeeper) in hippocampus A: at P1 or B: at P7. Data are presented as fold change relative
to control levels, expressed as mean + SEM, C.Vhc (n=6-7), CMSC-S (n=8), A.Vhc (n=8), A.MSC-
S (n=7-8). Kruskal-Wallis test, followed by Dunn's post-hoc test, was used for statistical analysis,
*p<0.05. Data contain equal numbers of female and male animals (50/50 ratio).

40



Effect of asphyxia on mitochondrial mass.

In order to assess mitochondrial mass or quantity, the non-coding D-loop region of the
mitochondrial DNA (mtDNA) was amplified by qPCR, using 18S as a normaliser at P1
and P7. The D-loop is essential for mtDNA replication and transcription, making it a suit-
able target for evaluating mitochondrial content. As shown in Figure 20, the D-loop quan-
tity decreased in the A.Vhc group, compared to the C.Vhc group at P1 (P= 0.0256), sug-
gests a decrease in the number of mitochondria in the asphyxia-exposed hippocampus.
However, no differences were observed at P7 when analysing male and female together,
or when the data was segregated by sex (Annex 4). Additionally, the expression of TFAM
and PGCla, key regulators of mitochondrial biogenesis, was analysed by RT-qPCR at P1
and P7, but no differences were observed among the groups (Annex 5), suggesting that
alterations in mitochondrial biogenesis are not primarily driven by the observed changes
in mitochondrial mass.
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Figure 21: Fission protein levels in hippocampus at P1 and P7 following PA and MSC-S treat-
ment. Protein levels and representative Western blot images of Drpl and Fis1 A, C: at P1 and B,
D: at P7. Data are presented as fold change relative to control levels, normalised to B-actin as the
loading control, expressed as mean + SEM, C.Vhc (n=6-7), CMSC-S (n=8), A.Vhc (n=8), A.MSC-S
(n=7-8). Two-way ANOVA followed by Tukey's post-hoc test was used for statistical analysis,
*p<0.05. If sex is not indicated, data contain equal numbers of female and male rats (50/50 ratio).
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Effect of asphyxia on mitochondrial fission proteins.

Mitochondrial fission proteins Drp1 and Fis1 levels were monitored by Western blot, nor-
malised by p-actin at P1 or P7. As shown in Fig.21, there was no difference among the
groups for Fisl at P1 (Fig.21C), also when segregating the data by sex (Annex 7). However,
at P7, there was an increase in Fisl protein levels in A.Vhc compared with the C.Vhc
group (F (28 = 6.996, P= 0.0132). The differences were lost in the A.MSC-S group. No
differences were observed when segregating the data by sex (Annex 7).

When analysing total Drpl1 levels, an increase in Drp1 levels was observed in A.Vhc com-
pared with the C.Vhc group (P= 0.0061) (Fig.21A). When segregating by sex, an interac-
tion was found between condition (control or asphyxia) and treatment (vehicle or MSC-
S) in males (F1,11) = 5.877, P=0.0337) (Annex 6). At P7, no differences among groups were
observed. In addition, pDrpl levels phosphorylated at Ser616 and Ser637 were also ana-
lysed, but no differences were observed among the groups at P1 and P7, neither in male
nor in female animals (Annex8).
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Figure 22: Fusion protein OPA1 in hippocampus at P1 following PA and MSC-S treatment. A:
Total OPA1 and quantification of individual forms (a to c) at P1, and B: only female animals. C:
Representative images of OPA1 Western blot membranes at P1 showing the different OPA1 forms
(a to c). Data are presented as fold change relative to control levels and as a percentage of total
OPA1, with B-actin as loading control, expressed as means + SEM, C.Vhc (n=6-7), C.MSC-S (n=8),
A.Vhc (n=8), A MSC-S (n=7-8). Two-way ANOVA followed by Tukey's post-hoc test was used for
statistical analysis, *p<0.05, **p<0.01. If sex is not indicated, data contain equal numbers of female
and male rats (50/50 ratio).
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Sex-specific changes in mitochondrial fusion proteins, at early and late neonatal stages.

OPAL1 is a protein primarily found in the inner mitochondrial membrane; its primary
function is to regulate mitochondrial fusion, shaping the morphology of the
mitochondrial cristae. Figure 22 shows total OPA1 protein levels obtained by Western
blot, normalised by B-actin. The distribution of different OPA1 cleavage patterns is
expressed as the percentage of total OPA1 levels, differentiating among "a" (approx. 135
kDa), "b" (approx. 80 kDa), "c" (approx. 75 kDa), “d” (approx. kDa) or “e” (approx.. kDa)
forms, according to their molecular weight, expressed differently depending upon the
experimental condition and development.

At P1, there were statistically significant differences in the interaction among conditions
(control or asphyxia) and treatment (vehicle or MSC-S (F(20= 4.951; P=0.0377) for total
OPA1, normalised by p-actin (Fig.22).

The OPA1 "a" form levels were decreased in PA groups, either in Vhc or MSC-S treated
rats, compared to the C.Vhc group (P=0.0040 and P= 0.0118, respectively). No differences
were observed in the "b" form among any of the groups. The "c" form was, however,
increased in PA animals at P1 (Vhc or MSC-S treated), compared to the C.Vhc group (P=
0.0071 and P= 0.0152). When comparing among females only, OPA1 "a" protein levels
were decreased in PA-exposed (A.Vhc or A.MSC-S) versus C.Vhc rats at P1 (F1,8) =12.83,
P=0.0072), but the "c" form was instead increased in PA animals (Fq,s) = 7.357, P=0.0266)
(Fig.22B). No differences were observed in any of the OPA1 forms when comparing data
from male animals at P1 (Annex 9).
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Figure 23: Fusion protein OPA1 in hippocampus at P7 following PA and MSC-S treatment. A:
Representative images of OPA1 Western blot at P7 showing the different OPA1 forms (a” to €’). B:
Total OPA1 and individual forms (a’ to €’) quantification at P7, and C: only female animals. Data
are presented as fold change relative to control levels and as a percentage of total OPA1, with -
actin as the loading control, expressed as mean + SEM, C.Vhc (n=6-7), CMSC-S (n=8), A.Vhc
(n=8), AMSC-S (n=7-8). Two-way ANOVA followed by Tukey's post-hoc test was used for
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statistical analysis, *p<0.05. If sex is not indicated, data contain equal numbers of female and male
rats (50/50 ratio).

At P7, two further OPA1 forms were distinguished, but no differences were observed
among the groups for total OPA1 levels or any of the forms (Fig.23). Nevertheless, when
comparing among female animals, the "a" band was increased in asphyxia-exposed rats
compared to the controls (F,12) = 5.917, P=0.0316) (Fig.23C). Also, there were differences

in the "d" form, which was decreased in asphyxia-exposed versus control groups (F(1,12) =
9.144, P=0.0106).
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Figure 24: Mitochondrial morphology in the hippocampus at P1 following PA and MSC-S
treatment. A: Representative images of mitochondria in the CA1 region of the hippocampus at
P1, labelled with TOMM?20 antibody (green) and DAPI (cyan). Scale bar: 10 pm. B: Mitochondrial
area in pm? and C: circularity in CA1+DG. D: Mitochondria density in the CA1+DG regions and
E: the DG region. F: Mitochondria density of females in CA1+DG, G: CA1l and H: DG. Data are
expressed as mean = SEM, C.Vhc (n=4-23), CMSC-S (n=2-15), A.Vhc (n=5-18), A.MSC-S (n=4-20).
Two-way ANOVA followed by Tukey's post-hoc test and Kruskal-Wallis test, followed by Dunn's
post-hoc test was used for statistical analysis, *p<0.05. If sex is not indicated, data contain equal
numbers of female and male rats (50/50 ratio).
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Figure 25: Mitochondrial morphology in the hippocampus at P7 following PA and MSC-S
treatment. A: Representative images of mitochondria in the CA1 region of the hippocampus at
P1, labelled with TOMM20 antibody (green) and DAPI (cyan). Scale bar: 10 pm. B: Mitochondrial
density, C: mitochondrial area in pm?, and D: circularity in CA1+DG. E: Circularity of females in
CA1+DG and F: CAl. Data are expressed as mean + SEM, C.Vhc (n=4-23), C.MSC-S (n=6-15),
A.Vhc (n=4-18), A.MSC-S (n=5-20). Two-way ANOVA followed by Tukey's post-hoc test. *p<0.05.
If sex is not indicated, data contain equal numbers of female and male rats (50/50 ratio).

Mitochondria morphology in hippocampus at P1 and P7.

Mitochondrial morphology was evaluated by microscopy using ExM. The tissue was
expanded to visualise morphological details, and the data summarise the result of CA1
and DG, females and males unless specified. The results show a decrease in the number
of mitochondria in Asphyxia-exposed animals compared to Control animals (F (1, 72) =
12.34, P=0.0008). Multiple comparisons revealed a difference between A.Vhc and A.MSC-
S compared to C.MSC-S group (P=0.0243 and 0.0209, respectively) (Fig.24). A decrease in
mitochondrial density was also seen in DG in asphyxia-exposed animals, showing
differences when comparing control versus asphyxia-exposed animals (F ¢, 32) = 9.187,
P=0.0048). When segregating by sex, a decrease in mitochondrial density was observed in
female A.Vhc and A.MSC-S versus C.MSC-S animals (P=0.0341 and 0.0085 respectively),
and a decrease when A.MSC-S were compared with C.Vhc (P=0.0170) animals. In CA1,
the females showed differences among the conditions (Control versus Asphyxia) (F (i, 16)
= 6.287, P=0.0233), and in DG, there was a decrease in A.Vhc and A.MSC-S compared to
C.MSC-5 (P=0.0390 and 0.0139 respectively), and decrease in A.MSC-S compared to C.Vhc
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(P=0.0373). No differences were observed in males” mitochondrial density, neither in area
nor circularity (Annex10).

At P7, the same morphological parameters were analysed. No differences were observed
in morphology among the groups at P7 (Fig.25), however, when segregating the results
by sex, there was an increase in mitochondrial circularity in asphyxia-exposed animals
compared to control in the female data (F, 29 = 7.235, P=0.0117), specifically in CA1l
region (F 1,15 = 5.410, P=0.0345).

Differences were observed when evaluating CA1 and DG regions in C.Vhc versus A.Vhc.
There was a decrease in mitochondrial area in DG versus CAl. Specifically, when
comparing CA1 versus DG in C.Vhc animals (P=0.0293) and CA1 versus DG when
comparing C.Vhc versus A.Vhc (P=0.0337) (Fig.24).
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Figure 26: Comparison of mitochondria morphology between the CA1 and DG regions in the
hippocampus following PA at P1. Representative images of mitochondria in the CA1 and DG
region of the hippocampus at P1, labelled with TOMM?20 antibody (green) and DAPI (cyan). Scale
bar: 10 pm (A). Quantification of mitochondria area in pm2 of C.Vhc and A.Vhc animals in CA1
and DG at P1 (B). Data are expressed as mean + SEM, C.Vhc (n=4-12), A.Vhc (n=4-9). Two-way
ANOVA followed by Tukey's post-hoc test was used for statistical analysis, *p<0.05. If sex is not
indicated, data contain equal numbers of female and male rats (50/50 ratio).
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Figure 27: Mitochondrial membrane potential in brain homogenates at P1 following PA and
MSC-S treatments. A: Difference between final and initial mitochondrial membrane potential at
P1, D: in females and G: males. B: Initial mitochondrial membrane potential at P1, E: in females
and H: males. C: Final mitochondrial membrane potential at P1, F: in females and I: males. Data
are expressed as mean + SEM, C.Vhc (n=4-12), A.Vhc (n=4-9). Two-way ANOVA followed by
Tukey's post-hoc test was used for statistical analysis. If sex is not indicated, data contain equal
numbers of female and male rats (50/50 ratio).

Mitochondrial Membrane Potential in brain mitochondria at P1 and P7

As a functional measurement of mitochondria, membrane potential was evaluated in
brain homogenate lacking the frontal pole. The initial and final membrane potential was
quantified, using FCCP for mitochondrial uncoupling. The difference between the final
and initial membrane potential was also measured. Results at P1 show no difference
among the groups or any sex-specific effect. (Fig.27). However, at P7 a difference was
observed at the initial membrane potential, with an increase in fluorescence in A.Vhc and
A MSC-S compared to C.MSC-S (P=0.0186 and P=0.0247). A difference was also observed
in the final membrane potential, showing a decrease in C.MSC-S compared to A.MSC-S
animals (P=0.0425). Differences in the two-way ANOVA, column factor (control versus
asphyxia) (F 1,9=6.310, P=0.0332) were observed in asphyxia-exposed groups, showing
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increased fluorescence levels compared to the control groups, but without reaching the

statistically significant level evaluated by multiple comparisons (Fig.28).
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Figure 28: Mitochondrial membrane potential in brain homogenates at P7 following PA and
MSC-S treatment. A: Difference between final and initial mitochondrial membrane potential at
P7, D: in females and G: males. B: Initial mitochondrial membrane potential at P7, E: in females
and H: males. C: Final mitochondrial membrane potential at P7, F: in females and I: males. Data
are expressed as mean + SEM, C.Vhc (n=4-12), A.Vhc (n=4-9). Two-way ANOVA followed by
Tukey's post-hoc test was used for statistical analysis, *p<0.05. If sex is not indicated, data contain
equal numbers of female and male rats (50/50 ratio).

49



Chapter 4: Discussion

Perinatal asphyxia induces a hypoxic condition. In the present model of PA, asphyxia
induces a decrease in survival by approximately 50%. 40 minutes after birth, asphyxia-
exposed and control animals are assessed by an Apgar scale [89]. The results show a clear
difference between control and asphyxia animals, respiratory frequency, spontaneous
movements of their limbs, skin colour and vocalisation are significantly lower in asphyxia
compared to control animals (Fig.5A-E). Moreover, asphyxia animals gasp, unlike control
animals, absent apart some few gasping immediately after delivery (Fig.5F). Survival and
the different Apgar parameters do not differ between sexes (Annex1), contrary to what is
known in humans, where males have a lower survival rate than females [90]. The only
observed difference between sexes was the birth weight, males outweighing females, but
only in the control cohort (data not shown).

Lactate, primarily known and associated with hypoxia-ischemia, is now recognised for its
physiological function. It is predominantly formed by astrocytes from glucose or glycogen
and transferred to neurons to meet their energy demands and homeostatic functions [91].
The results indicate a marked increase in lactate levels in asphyxia-exposed animals,
compared to control, an increase that is observed from 5 minutes to 4 hours after the
insult, confirming the physiological effect induced by asphyxia (Fig.6), in agreement with
previous studies [53]. The differences were no longer evident 24 hours after the insult.
Elevated lactate levels in blood at 6 hours of age have been shown as a predictor of adverse
outcomes in asphyxia-exposed infants undergoing therapeutic hypothermia [92]. This
increase in lactate levels is attributed to a shift from aerobic to anaerobic metabolism,
which can exacerbate cellular damage by promoting acidosis, oxidative stress, and
inflammation, further compromising the mitochondrial redox state and impairing the
function of the electron transport chain (ETC) complexes, leading to mitochondrial
dysfunction, exacerbating the cellular injury induced by PA [93]. When comparing the
results segregating by sex, no differences were observed between females and males in
the pattern of lactate levels observed when comparing control and asphyxia-exposed
groups, biologically there appears to be no obvious difference in blood lactate levels over
time (Annex 2).

To evaluate Nrf2 activation following PA and secretome administration, both total and
nuclear Nrf2 levels were measured by immunofluorescence in CAl and DG of
hippocampus, regions known as vulnerable to PA [10]. No differences were observed in
total or nuclear Nrf2 levels at P1 and P7. However, at P14, total Nrf2 levels were increased
in asphyxia-exposed compared to control groups. In agreement, nuclear Nrf2 was also
increased in asphyxia-exposed, compared to control animals in DG and CA1+DG,
indicating nuclear Nrf2 translocation. In both cases, the observed increase could be
attributed to asphyxia, but not to the treatment.
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However when analysing mRNA levels of Nrf2 effectors, a transient and delayed
activation of the Nrf2 pathway upon administration of MSC-S was observed, reflecting
an increase in mRNA levels of Nrf2 effectors, independently upon their conditions
(control or asphyxia). At P1 only prdx showed an increase in the A.MSC-S group, but at
P7, all Nrf2 effectors increased with the MSC-S treatment, except for Nrf2 itself. However,
at P14, the effect of MSC-S was no longer evident, suggesting that the pathway had
returned to baseline levels.

Protein levels of the Nrf2 effectors GSR and NQO1 were elevated in the A.Vhc group at
P7, a phenomenon that was reversed to control levels in the A.MSC-S group. However, at
P14, contrary to that observed at P7, GSR protein levels were decreased in saline and
MSC-S asphyxia-treated groups, compared to the control groups. It is notable that at P14
the asphyxia-exposed groups showed a decrease in GSR levels at protein level, but an
increase at mRNA level. A.Vhc showed an increase in gsr levels, in both asphyxia groups,
also in gclc levels. At P14 the effect on Nrf2 levels agreed with an increase in Gelc and gsr
mRNA levels, independent of the treatment condition, suggesting an upregulation as a
response to a decrease in GSR protein levels since Gclc encodes for the glutamate-cysteine
ligase catalytic subunit, the first-rate limiting enzyme for glutathione synthesis [94], and
gsr encodes for glutathione reductase, which catalyses the reduction of GSSG to GSH [94].
Therefore, further investigation on the role of glutathione metabolism at P14 after PA
would be a subject for future studies.

The results concerning Nrf2 activation measured by monitoring mRNA levels of Nrf2
effectors with RT-qPCR did not correlate with those obtained by measuring protein levels
with Western blot. This discrepancy may be attributed to various factors, such as different
regulatory mechanisms involved in the translation of mRNA to protein, inherent
variability between the animals, or variations in the timing of protein and mRNA
expression [95]. The differential response between mRNA and protein levels further
highlights the complexity of the regulatory mechanisms involved in the Nrf2 pathway. It
underscores the need for further investigation to fully understand the underlying
processes.

To evaluate whether MSC-secretome targeted the Nrf2 pathway when eliciting
antioxidative effects, as suggested by previous findings [76], an ASO against Nrf2 was
constructed. This evaluation was performed with asphyxia-exposed animals only,
administering the secretome 24 hours after birth, 24 hours were required for ASO to
perform transcriptional repression of Nrf2 (Annex3). Thus, caution should be considered
when interpreting these results, required to exert an effect. Using RT-qPCR, mRNA levels
of selected Nrf2 effectors were measured. Indeed, the ASO-Nrf2 decreased the levels of
the effectors (gclc, prdx, hol). However, no effects of the ASO-Nrf2 were observed in
MSC-S treated groups. When measuring the GSSG/GSH ratio, no differences were
observed among the groups. However, there was a trend for a decrease, observed in
Asphyxia-MSC-5/ ASO treated, compared to the A.Vhc group. Nevertheless, it was found
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that ASO-Nrf2 decreased the effectors of the Nrf2 pathway, but the effect of MSC-S was
maintained. Taken together, these results might imply that the involvement of the Nrf2
pathway is not essential for the antioxidative effects induced by MSC-S. Further
investigation is required to understand the underlying mechanisms clarifying the
interplay between the Nrf2 pathway and the observed effects of MSC-S treatment.

The results concerning Nrf2 activation and cell death were not segregated by sex initially
but considering the relevance of sexual dimorphism in mitochondrial parameters
reported in the literature, the data were subsequently analysed accordingly.

Oxidative stress in the PA model has been evaluated before, showing increased and
sustained oxidative stress in mesencephalon and hippocampus of rats exposed to PA up
to P14 [96]. However in this study it was not possible to replicate the previous results,
only finding a significant difference at P1 in the asphyxia-exposed groups, and in A.Vhc
females at P7. The impossibility of replicating these results could be attributed to
differences in the techniques used to quantify oxidative stress.

Regarding cell death, at P1 and P7, levels of apoptotic cell death were elevated in
asphyxia-exposed animals as expected, as delayed cell death is one of the endpoints to be
evaluated in PA [89]. Apoptotic cell death was higher in the CA1 versus the DG region.
This difference could be explained by the difference in the calcium buffering capacity of
the two zones. DG has a higher calcium buffer capacity [97], [98] due to higher levels of
calcium-binding protein calbindin, which confers protection against excitotoxicity
induced by hypoxic conditions [97]. At P14, apoptotic cell death tended to be higher in
the asphyxia-exposed groups, but it did not reach the level of statistical significance
(Fig.10) in contrast to previous findings [10], [96]. Necrosis or other types of cell death
were not evaluated, since the main type of cell death found in AP models is apoptosis, no
alterations were found in histological evaluations, such as shrinkage, swelling and
membrane lysis, more typically related to necrosis [89], although it is not ruled out that
in the first hours of the insult could occur.

Mitochondrial mass was evaluated in hippocampus at P1 and P7, using qPCR for
monitoring D-loop, a non-coding region of the mitochondrial genome, crucial for mtDNA
replication and transcription [99], a suitable target for evaluating mitochondrial mass. It
was found that there was a decrease in D-loop levels in the hippocampus of asphyxia-
exposed rat neonates at P1, but not at P7. The effect of asphyxia was normalised by MSC-
S administration 2 hours after birth. This result suggests that PA affects mitochondrial
biogenesis and/ or accelerates the mitophagy process, decreasing mitochondria density in
the hippocampus at an early period after PA.

The mitochondrial biogenesis regulators PGC-1a and TFAM were also monitored by RT-
qPCR to verify changes in mitochondrial biogenesis [100], [101]. These regulators of
mitochondrial biogenesis were shown to be increased 6 to 24 hours after a HI insult
performed at P7 [51]. Nevertheless, no differences were observed here at P1 and P7
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(Annex 5), suggesting that the effect of PA on PGC-1a and TFAM has to be explored at
shorter times since it has been reported that mitochondrial biogenesis increases at 6 hours

and up to 24 hours after an H-I insult as a possible reparatory mechanism in rats at P7
[51].

An increase in Drpl levels was also observed, a fission mitochondrial protein whose
expression is elevated during stress and apoptosis [102]. Drpl levels were elevated at P1
but not at P7. Interestingly, Fis1, an adaptor for the recruitment of Drpl, was increased at
P7 but not at P1. Fisl has not been shown to affect Drp1l subcellular distribution, but it
promotes mitochondrial fragmentation [36]. Evidence suggests that Fisl may be
implicated in stress-induced fission mitophagy [103]. The increase in Fis1 protein levels
observed at P7, an effect normalised by MSC-S administration, could indicate increased
mitochondrial fission in A.Vhc animals.

The post-translational modifications of Drpl, specifically the phosphorylation at Ser616
and Ser637, were analysed by measuring pDrpl1 levels, normalised against total Drp1, at
P1 and P7. Phosphorylation of Drpl at Ser616 is considered as a key indicator of
mitochondrial fission [32], [42]. However, no differences were found at P1 or P7 among
the two pDrpl monitored variants. The absence of differences in this marker may suggest
a stable fission activity (Annex 8).

OPAL is a protein found in the inner mitochondrial membrane, whose primary function
is to regulate mitochondrial fusion, shaping the morphology of the mitochondrial cristae
[42]. Several OPA1 cleavage patterns can be differentiated according to molecular size,
mediated by two proteases, the ATP-dependent metalloprotease YMEIL and a m-AAA
protease, OMA1, yielding fragments that can be differentiated according to molecular
size. YMEIL cleaves constitutively OPA1 to maintain a balance among the forms,
overlapping with OMA1, both proteases are found in rat brain [104]. OPA1 cleavage
yields L-OPA1 (higher molecular weight and insoluble), which is, in turn, cleavaged to S-
OPA1 (lower molecular weight and soluble) under stress conditions [33], [105].

In the present study, we differentiate among three forms of OPA1 at P1 (a, b and c) and
five formsatP7 (a’, b’, ¢/, d” and ¢). It was found that OPA1 “a” (highest molecular weight
or L-OPA1) levels were decreased, while OPA “c” (lowest molecular weight at P1 or S-
OPA1) levels were increased in hippocampus of asphyxia-exposed neonates at P1. No
differences among the groups were observed for the "b" form. The relevance of these
changes is not entirely clear. An increase in L-OPA1 has been associated with an increase
in mitochondrial fusion, while an increase in S-OPA1 forms has been associated with an
increase in mitochondrial fission [29]. At P7, five different OPA1 forms were observed,
whose activation could be segregated by sex; it was found that OPA1 “ a” ” levels were
increased, while OPA1 “ d” ” levels were decreased in female subjects.

Differences in mitochondrial morphology were further evaluated by ExM microscopy. A
decrease in mitochondria density was observed at P1 in asphyxia-exposed animals,
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whether CA1 and DG regions were analysed together or separately. The effect was
magnified when segregating by sex, observing a decreased mitochondria density in CA1
and DG of female asphyxia-exposed subjects evaluated at P1l. The decrease in
mitochondria density did not imply an increase in the analysed mitochondria area. This
result is consistent with the finding of a decrease in mitochondrial mass (D-loop) shown
in Fig.19 and agrees with the results of [47], where the mitochondrial mass is decreased
in females.

The decrease in mitochondrial density, especially in females, could be related to increased
mitophagy, since in postnatally (P7) Hl-exposed animals, there was an increase in
mitophagy after 24 hours post-insult in female animals, which could be protective.
Additionally, the same study suggests that a deficit in mitophagy in males could be
related to male vulnerability to HI insults [49]. Furthermore, it has also been reported that
mitophagy exhibited dual peaks, both at 3 hours and postnatal day 7 following HI injury.
In that study, it was hypothesised that the first peak is related to a secondary energy
failure induced by the HI insult. The second peak related to a repair process after HI [106].
Therefore, the decrease in mitochondrial mass and mitochondrial density could be a
protective reaction to PA, generated by an increase in mitophagy, which is a parameter
that remains to be explored in this model and will be important to address for a better
understanding of the phenomenon.

Changes in OPA1 could be related to mitochondrial cristae, as mentioned above, but not
due to an increase in mitochondrial fission or fusion, since OPA1 actively participates in
the crista junction (CJ) maintenance [31]. Changes in the morphology of the mitochondrial
cristae observed in the hippocampus could also be associated with energy production
[28], [30]. It was observed that the percentage of OPA1 fragments was different at P1 and
P7 in control rats, suggesting that the cristae organisation and dynamics change along
with neurodevelopment. Indeed, the observed increase in Drpl levels at P1 could be

related to an increase in mitophagy, since a Drpl-dependent mitophagy is protective
[107], [108], [109].

Furthermore, when combined with the expansion microscopy analysis, differential effects
were observed in CA1 and DG hippocampal regions, known for their distinct functional
roles across development and differential vulnerability [110]. These regional differences
in response to PA contribute to the different outcomes observed with the Western blot
analysis. Since results from Western blot represent a homogenate of the whole
hippocampus, it potentially masks region-specific effects elucidated by ExM. The DG
showed a lower mitochondria area than hippocampus's CA1l at P1, indicating that the
mitochondria are smaller in DG. At P7, the mitochondrial density of DG was decreased
compared to CA1.

In mammals, neurogenesis starts at prenatal stages, and continues throughout adulthood.
Indeed, the DG is one of the neurogenic zones that remains active throughout the adult
brain [111]. Neuronal stem cells (NSCs) are located in the subgranular zone, producing
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new neurons in an outside-in pattern to the granule cell layer (GCL) of the DG. Neurons
tend to present a mitochondrial elongated morphology during development and are
wider and highly elongated in the adult hippocampus [112]. Maturation of mitochondria
has been reported to change during neurogenesis [113], showing a metabolic shift from
glycolysis to OXPHOS to enhance bioenergetic capacity [113]. In agreement, it has been
shown that mitochondrial mass and mtDNA increase along neuronal maturation [114].

Mitochondrial membrane potential was assessed using safranine O as a functional
measure of mitochondria. Interestingly, no difference among the groups or any sex-
specific effect was observed at P1. However, a difference was found at P7, where both
groups exposed to asphyxia showed an increase in the initial mitochondrial membrane
potential fluorescence compared to control groups (Fig.27). This study employed a
quenching mode probe approach to measure mitochondrial membrane potential, where
a lower membrane potential results in a higher fluorescence intensity. Therefore, the
result indicates that asphyxia-exposed male animals have lower mitochondrial membrane
potential than controls. This finding suggests that mitochondria in males have a reduced
capacity to produce ATP or that it represents a protective mechanism against the
consequences of PA. Mitochondria reduce their activity to produce lower ROS levels
[115]. This interpretation aligns with previous observations, where asphyxia-exposed
females at P7 showed higher oxidative stress, but the males did not (Fig.7).

Clinical studies have indicated that neonatal female brains exhibit greater resistance to
the consequences of neonatal hypoxia compared to males, leading to better long-term
cognitive outcomes despite similar brain injuries, suggesting a sex-specific mechanism for
neuroprotection [116]. However, the molecular mechanism underlying these sex-specific
differences remains unclear, with various factors potentially contributing to this
phenomenon, including genetics, immunological, and hormonal dynamics [117]. Animal
models of HI have shown an upregulated immune response leading to increased
microglial activation in males [117], [118]. Additionally, evidence suggests that
testosterone can enhance neurotoxicity, while oestrogens protect the brain following HI
insults [119]. Testosterone levels peak at gestational weeks 10-20 and remain elevated
during the first year of life, which could contribute to the higher mortality observed in
males. In a rat model using testosterone propionate (TP), investigators found that both
males and females HI-exposed and treated with TP showed impairments in auditory
processing [119].

In a mouse postnatal insult (P9) model, the female hippocampus of rodents exposed to HI
increased the expression of Oestrogen Receptor alpha (ERa) at mRNA and protein levels,
decreasing apoptosis and increasing the phosphorylation of the Tropomyosin receptor
kinase B (TrkB), compared to the sham control. Activation of TrkB ligand demonstrates
neuroprotective properties against HI, as evidenced by the use of TrkB ligand, whose
effect was lost in an ERa-null mouse [120]. Indeed, the apoptotic pathway differs
depending on the neonate's sex. The caspase-independent pathway seems to predominate
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in males, characterised by decreased NAD levels, PARP-1 activation, AIF, and EndoG
release. In females, a caspase-dependent apoptosis pathway seems to predominate, which

involves APAF-1 and the formation of an apoptosome, together with caspase activation
[116].

Regarding treatment, it has been shown that intracerebroventricular (i.c.v) administration
of neuronal stem cells (NSC)-derived secretome improves mitochondrial dysfunction
[121]. NSC-S has been shown to normalise levels of mitochondrial dynamics proteins in
vitro and in vivo models of 6-OHDA Parkinson's, suggesting a role for the Sirtl pathway
[121]. Notably, secretome from neural-induced human adipose tissue-derived stem cells
(NI-ADSC-S) was capable of restoring mitophagy and dynamics basal levels in an in vitro
model using rotenone [122]. In the present study, intranasal secretome administration
was capable of normalising the levels of D-loop and Drp1 at P1 and Fis1 at P7 but did not
affect other parameters affected by asphyxia, such as changes in OPA-1 or mitochondria
density, suggesting that the secretome is only capable of restoring certain pathways
affected by PA. Interestingly the proteins that were capable of normalising are related to
mitochondrial fission proteins. However, many differences in the secretome, from the
source of stem cells to the culture condition and preconditioning, can influence the pattern
of secreted molecules and, therefore differ in the mechanism of action [66].

The present study has several limitations that should be addressed in future research. In
some cases, such as Nrf2 activation and cell death quantification the sample size prevents
us from separating the results by sex and assessing a possible sex effect. Additionally,
only two periods of time were evaluated in the case of mitochondrial parameters, future
work should utilise shorter and/or longer times to evaluate the chronology of the events
and determine to what level these parameters are affected by PA. Moreover, about the
treatment used in this work, administration at different periods and the administration of
more than one dose could also be evaluated. As for the techniques used, although
mitochondrial morphology could be evaluated by combining immunofluorescence and
ExM, it is known that the best way to evaluate it is through electron microscopy, which
could not be used on this occasion, as it is more resolute and the interaction of the
mitochondrion with the endoplasmic reticulum (ER) can be evaluated. The ER and
mitochondria are closely associated cellular structures forming numerous contact points.
These areas where the two organelles interact are known as mitochondria-ER contact sites
or MERCSs, these regulate lipid synthesis, calcium homeostasis and mitochondrial
dynamics [123]. During hypoxia MERCSs coordinate cellular response, they serve as a
platform where constriction events, necessary for mitochondrial fission and subsequent
mitophagy occur, ensuring that damaged mitochondria are efficiently removed and that
mitochondrial function is preserved, by preventing the accumulation of ROS and cellular
damage [123].

Overall, these findings highlight the complexity of the therapeutic effects of secretome
derived from preconditioned MSCs and underscore the need for further research to
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elucidate its mechanisms of action and to optimise its therapeutic potential in mitigating
the effects of perinatal asphyxia.
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A.11. Conclusions

The findings show that PA decreases mitochondrial mass in the hippocampus at P1, as
evidenced by reduced mtDNA content. Furthermore, we observed changes in
mitochondrial dynamics protein levels, observing increases in fission proteins, Drp1 at P1
and Fisl at P7, and altered fusion protein OPA1 isoform expression at P1 and P7. Also,
PA decreased initial mitochondrial membrane potential compared to controls in male
animals.

Sex-specific differences were identified in response to PA. Female PA-rats exhibited
altered OPA1l expression at P1 and P7, suggesting a potential upregulation of
mitochondrial fission at P1 and increased fusion at P7, whose impact on mitochondrial
bioenergetics requires further studies. Treatment with secretome-derived from
preconditioned human MSCs normalised fission proteins to control levels, but did not
modify the effect of PA on OPA1 levels, at P1 or P7, nor on mitochondrial density.

These findings contribute to our understanding of the pathophysiology of PA and
emphasise the importance of considering sex as a biological variable. Future research
should focus on unravelling the molecular mechanisms behind these sex-specific
differences.
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Chapter 5: Annex
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Annex 1: Apgar evaluation after 40 minutes of birth, segregated by sex. A: Survival as a
percentage of survival. B: Respiratory frequency in breaths/minute. C: Spontaneous movements

(4: movement of the 4 limbs, 0: no movement). D: Skin colour (4: pink, 3: bluish pink, 2: pinkish
blue and 1: blue). E: Presence of vocalisation. F: Presence of gasping. Data are expressed as means
+ SEM, C.Vhc (n=46-48), A.Vhc (n=50). One-way ANOVA, Tukey's post-hoc test ***p <0.0001.
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Annex 2: Lactate in blood, segregated by sex. Results are presented as mM. Data are expressed
as means + SEM, C.Vhc (n=3-16), A.Vhc (n=3-10), at different time points, from 5 minutes to 24
hours. Mann-Whitney, *p<0.05, **p<0.01.

Use of an antisense oligonucleotide (ASO) against Nrf2 to inhibit the signalling
pathway.

To evaluate the Nfr2 targeting and the action mechanism of intranasal mesenchymal stem
cell-derived secretomes, we used an ASO against Nrf2. One hour after birth, an ASO or
scrambled sequence (Scr) was administered to neonates by an intracerebroventricular
(i.c.v.) injection. 24 hours after delivery, 16 pL of DFX-preconditioned MSC-S or saline
were administered intranasally to PA-exposed rats. Annex, the effect of the ASO or
scramble sequence on qRT-PCR results is shown. A decrease in gclc (P=0.0002), HO1 (P=
0.0306 and 0.0261) and prdx (P=0.0002) mRNA levels in ASO-groups were found,
compared to the Scr-groups, used as controls. The difference in Nqol mRNA levels did
not reach a significant level (P= 0.0616) compared to the Scr-treated group, although a
similar trend was observed for other effectors.

To evaluate the effects of the ASO-Nrf2 on oxidative stress, the GSSG/GSH ratio was
analysed. The GSSG/GSH ratio did not reach any significant difference (P=0.0697),
although a diminution trend was observed in the MSC-S condition.
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Annex 3: Effects of Nrf2 ASO on PA and MSC-S treatment. A: RT-qPCR analysis of Nrf2 gene
effectors Gcelc, Hol, Prdx and Nqol at P7 and B: GSSG/GSH ratio. Results are presented as a fold
of change relative to A.Scr/Vhc levels. Data are expressed as means + SEM. A.Scr/Veh (n=4-5),
A.Scr/MSC-S (n=6), A.ASO/Vhc (n=6), A.ASO/MSC-S (n=5-6). Two-way ANOVA, followed by
Tukey as a post-hoc test, *p<0.05, **p<0.01.
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Annex 4: Mitochondrial DNA content in hippocampus at P1 and P7 segregated by sex,
following PA and MSC-S treatment. Female D-loop quantification A: at P1 and C: at P7. Male D-
Loop quantification B: at P1 and D: at P7. Data are presented as fold change relative to control
levels, expressed as mean + SEM, C.Vhc (n=3-4), CMSC-S (n=3-4), A.Vhc (n=3-4), A.MSC-S (n=3-
5). Two-way ANOVA followed by Tukey's post-hoc test.
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Annex 5: Mitochondrial biogenesis at P1 and P7 following PA and MSC-S treatment. Quantifi-
cation of PGCla A: at P1 and C: P7, and TFAM B: at P1 and D: P7, segregated by sex on the right.
Data are presented as fold change relative to control levels, expressed as mean + SEM, C.Vhc (n=4-
8), C.MSC-S (n=3-8), A.Vhc (n=4-8), AMSC-S (n=3-8). Two-way ANOVA followed by Tukey's
post-hoc test was used for statistical analysis. If sex is not indicated, data contain equal numbers
of female and male rats (50/50 ratio).
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Annex 6: Drpl levels at P1 and P7 separated by sex, following PA and MSC-S treatment. A:
Female and B: male Drpl protein levels at P1. C: Female and D: male Drpl protein levels at P7.
Data are presented as fold change relative to control levels, expressed as mean + SEM, C.Vhc
(n=4), CMSC-S (n=4), A.Vhc (n=4), A.MSC-S (n=4). Two-way ANOVA followed by Tukey's post-
hoc test was used for statistical analysis.
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Annex 7: Fisl levels at P1 and P7 separated by sex, following PA and MSC-S treatment. A:
Female and B: male Fis1 protein levels at P1. C: Female and D: male Fis1 protein levels at P7. Data
are presented as fold change relative to control levels, expressed mean + SEM, C.Vhc (n=4),
C.MSC-S (n=4), A.Vhc (n=4), A MSC-S (n=4). Two-way ANOVA followed by Tukey's post-hoc
test was used for statistical analysis.
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Annex 8: Drpl phosphorylation at P1 and P7, following PA and MSC-S treatment. A:
Quantification of pDrpl S616 protein levels and segregated by sex at P1. B: Quantification of
pDrpl S637 protein levels and segregated by sex at P1. C: Representative Western blot image of
pDrpl S616 at P1. D: Representative Western blot image of pDrpl S637 at P1. E: Quantification of
pDrpl S616 protein levels at P7 and segregated by sex. F: Quantification of pDrpl S637 protein
levels, segregated by sex at P7. G: Representative Western blot image of pDrpl S616 at P7. H:
Representative Western blot image of pDrp1 S616 at P7. Data are presented as fold change relative
to control levels, normalised to B-actin as the loading control, expressed as mean + SEM, C.Vhc
(n=3-8), C.MSC-S (n=2-8), A.Vhc (n=3-8), AMSC-S (n=3-8). Two-way ANOVA followed by
Tukey's post-hoc test was used for statistical analysis, *p<0.05, **p<0.005. If sex is not indicated,
data contain equal numbers of female and male rats (50/50 ratio).
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Annex 9: OPA1 males at P1 and P7, following PA and MSC-S. A: Total OPA1 and individual
forms (a to c) quantification at P1, only in male animals. B: Total OPA1 and individual forms (a’
to €’) quantification at P7, only in male animals. Data are presented as fold change relative to
control levels and as a percentage of total OPA1, with p-actin as the loading control, expressed as
mean = SEM, C.Vhc (n=3-4), CMSC-S (n=3-4), A.Vhc (n=3-4), AMSC-S (n=3-4). Two-way

ANOVA followed by Tukey's post-hoc test was used for statistical analysis.
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Annex 10: Mitochondria morphology in CA1+DG at P1, segregated by sex, following PA and
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ey's post-hoc test was used for statistical analysis.
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