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ARTICLE INFO ABSTRACT

Keywords: Hypoxic-ischemic encephalopathy (HIE) causes mortality and long-term neurologic morbidities in newborns,
Perinatal aSPI}Y"ia affecting pathways related to energy failure, excitotoxicity and oxidative stress that often lead to cell death. The
Neuroprotection whole process of HIE injury is coupled to changes in the expression of a great array of proteins. A nanoliposomal
Sliet:;‘:?cs preparation of the flavonoid quercetin has been shown to exert neuroprotective effects in perinatal asphyxia

models.

This study aimed to identify neonatal HIE markers and explore the effect of quercetin administration in two
perinatal asphyxia models: newborn rats and piglets. In the rat model, nanoliposomal quercetin administration
reduced mortality after asphyxia. In the piglet model, quercetin partially overrode the reduction of HIF-1a mRNA
levels in the cortex induced by asphyxia. Quercetin administration also reduced increased level of HO-1 mRNA in
asphyctic piglets. These results suggest that quercetin neuroprotection might be involved in the regulation of
HIF-1a, HO-1 and their targets.

A proteomic approach revealed that the glycolytic pathway is strongly regulated by quercetin in both species.
We also identified a set of proteins differentially expressed that could be further considered as markers. In piglets,
this set includes Acidic Leucine-rich nuclear phosphoprotein 32 (ANP32A), associated with nervous system
differentiation, proteins related with death pathways and alpha-enolase which can be converted to neuron-
specific enolase, a glycolytic enzyme that may promote neuroprotection. In newborn rats, other promising
proteins associated with neurogenesis and neuroprotection emerged, such as dihydropyrimidinase-related pro-
teins, catalytic and regulatory subunits of phosphatases and heterogeneous nuclear ribonucleoprotein K
(hnRNPK).

Our results show that a nanoliposomal preparation of quercetin, with protective effect in two HIE mammal
models, modulates the expression of proteins involved in energy metabolism and other putative neuroprotective
signals in the cortex. Identification of these signals could reveal potential molecular pathways involved in disease
onset and the novel quercetin neuroprotective strategy.
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1. Introduction

Hypoxic-ischemic encephalopathy (HIE) secondary to perinatal
asphyxia (PA) is one of the main causes of mortality in newborns and has
been associated with long-term neurologic morbidities in the surviving
neonate (Kurinczuk et al., 2010; Liu et al., 2016). Despite progress in
neonatal care in the past decades, neonatal HIE still has a prevalence of
1-6 per 1000 live births. About 15%-20% of affected newborns die in
the postnatal period, and around 30%-70% suffer neurological dis-
abilities that, depending on the severity of the HIE (Shankaran, 2012),
lead to different pathological entities such as cerebral palsy and mental
retardation, epilepsy, attention deficit, hyperactivity and other
late-onset neuropsychiatric syndromes (Du Plessis and Volpe, 2002;
Fleiss and Gressens, 2019; Odd et al., 2009; Van Erp et al., 2002).

The search for neuroprotective strategies is hindered by the
complexity of the HIE injury (Rodriguez et al., 2020). In this regard,
deepening the comprehension of still unknown molecular aspects of HIE
and the putative effect of new treatments could help to identify bio-
markers and to develop an effective combination of treatments.

In the initial phase of the HIE insult, glucose and oxygen deprivation
leads to an energy failure followed by glutamate-mediated excitotoxicity
and Na+/K + ATPase failure resulting in cell death. The increase in
intracellular calcium is followed by an excitotoxic cycle (Pierson et al.,
2007). Further consequences include the formation of free radicals,
production of nitric oxide and lipid peroxidation of cell membranes.
Neuronal necrosis is the most common and severe type of brain injury
during the primary hypoxic-ischemic insult (Rainaldi and Perlman,
2016). During reperfusion, a secondary energy failure phase occurs
(delayed phase), starting approximately 6 h or up to 24 h after the initial
injury and characterized by mitochondrial dysfunction and initiation of
the apoptotic cascade. This injury is characterized by inflammation,
generation of reactive oxygen species and free radicals and cell death,
induced mainly through caspase-3 activation (Vannucci and Hagberg,
2004). The tertiary phase is characterized by remodeling and tissue re-
covery involving new cell development and recovery of surviving
neuronal circuits.

The initial biphasic pattern of brain neonatal injury allows for a
“therapeutic window” of 6 h from birth, essential for the application of
neuroprotective strategies, such as hypothermia (Davidson et al., 2015).
Although the neurotoxic cascade is already activated and mitochondrial
impairment may exist during this latent phase, neuroprotective thera-
pies can be applied and would benefit from markers revealing hypoxia
severity and recovery (Iwata et al., 2008; van Bel and Groenendaal,
2016; Rodriguez et al., 2020).

Cellular response to hypoxia implies coordinated regulation of the
expression of a large number of genes. The changes in gene expression
are initially targeted to minimize damage and save energy to provide
compensation for hypoxia (Dai et al., 2014; Hochachka and Lutz, 2001).
A second response depending on gene expression modulation can lead to
cell death if the damage is irreversible or activate cell
survival-promoting programs. It has been reported that
Hypoxia-inducible factor-1 o (HIF-1a) expression constitutes an early
immediate response to oxygen deprivation and triggers the regulation of
several downstream molecules (Chiral et al., 2004) which play a
fundamental role in ensuring tight regulation of oxygen homeostasis in
the brain.

The selection of the most suitable treatment as well as the optimal
timing for applying it is a challenge for scientists and neonatologists. So
far, the only standardized treatment for moderate to severe HIE is
therapeutic hypothermia initiated within 6 h from birth. However, this
strategy is only partially effective (Merchant and Azzopardi, 2015) and
is not used in all gestational ages since it is not applicable during the
whole preterm period (Laptook, 2016). It is possible that a combination
of several therapeutic strategies will be necessary to block cell death and
improve functional outcome (Onténiente et al., 2003). Thus, the use of
adjunct therapies has become an increasing focus of study and other
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combined treatments are currently being assayed (Rao et al., 2017;
Glass, 2018; Osier et al., 2018). Effective neuroprotective strategies will
need to target multiple pathways and reflect the regional and temporal
changes underlying the diverse neuronal cell death phenotypes. As hy-
pothermia for neonatal HIE impacts different cytoplasmic pathways
-such as the oxidative cascade, mitochondrial failure, free radicals, lipid
peroxidation and inflammation-it might be beneficial to use it in com-
bination with other multitarget neuroprotective compounds.

In the last few years, several studies have pointed to the role of
natural antioxidants as neuroprotective agents in neurodegenerative
and vascular disorders (Rendeiro et al., 2009; Rivera et al., 2008; Silva
et al., 2008). Flavonoids have been identified as potent agents with a
protective profile (Dajas et al., 2003; Mandel et al., 2012; Patil et al.,
2003). Quercetin, a flavonoid ubiquitous in plants, fruits, and vegeta-
bles, protects neurons in culture against oxidative stress insults and
neurons in in vivo models against focal ischemia or trauma (Dajas, 2012;
Dajas et al., 2015; Ossola et al., 2009) in different mammal newborn
models of HIE (Qu et al., 2014; Blasina et al., 2015; Le et al., 2020). The
beneficial effects of quercetin as an antioxidant, anti-inflammatory and
promoter of gene expression of survival proteins make it a potential
therapeutic tool for HIE. Blasina et al. (2015) developed a nano-
liposomal preparation of quercetin and demonstrated its effects in a
perinatal asphyxia model in newborn piglets, showing it could be an
appropriate strategy to combine with therapeutic hypothermia. This
nanoliposomal preparation improved brain bioavailability of quercetin
as a concentration of 10 mg/kg administered intravenously stabilized
blood pressure after a severe hypoxic episode and promoted recovery of
brain function as shown in EEG amplitude recordings obtained either 8
or 72 h after the asphyctic episode (Blasina et al., 2015).

Even though nanoliposome deposition in the brain can be achieved
through different routes of administration (oral, transdermal, intrave-
nous, intramuscular, intraperitoneal, etc.) (Danaei et al., 2018), the
intranasal route is less invasive. The surface area of the nasal mucosa
ensures rapid absorption of most drugs and avoids the first-pass meta-
bolism associated with oral administration, thus bypassing the gastro-
intestinal system (Marx et al., 2015). Despite its advantages, intranasal
administration is not frequently used or tested, and has hardly ever been
assayed for quercetin administration. The neuroprotective effects of
intranasal breast milk in human preterms with intracerebral severe
hemorrhage was explored in a recent study, proving intranasal admin-
istration as a useful and promising drug delivery strategy (Keller et al.,
2019). Based on this evidence, we decided to test the potential of the
nanoliposomal preparation along with intranasal administration in the
newborn rat.

Numerous models of hypoxia and hypoxia-ischemia (HI) have been
developed in rodents and in larger species to mimic the different types of
injuries seen in the human newborn (Mallard and Vexler, 2015). In the
present work, we took advantage of experimental procedures in two
different species extensively used to explore perinatal asphyxia patho-
physiology: newborn piglets with perinatal asphyxia as a livestock
model (Blasina et al., 2015; Roth and Tuggle, 2015) and the rat model of
immersion asphyxia described as “delayed cesarean section” (Bjelke
et al., 1991). Newborn piglets subjected to different combinations of
hypoxia and ischemia show changes in metabolism (magnetic resonance
spectroscopy), cerebral blood flow (CBF) and electric response like those
observed in human infants with HIE. In general, injury in this species is
characterized by neuronal loss in the sensorimotor cortex and basal
ganglia and by postnatal seizures. The piglet model has been critical in
the development of therapeutic hypothermia for newborns with HIE
(Thoresen et al., 1995) and particularly useful in translational research
considering that in newborn piglets brain and organ maturation at-term
is similar to that of humans, they have gyrencephalic brains and a
white/gray matter ratio similar to the human brain (Roth and Tuggle
2015).

Rodents, in turn, are not a gyrencephalic species and their physi-
ology, CBF regulation and white/gray matter ratios are vastly different
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from those of humans. Nevertheless, many HIE models have been
developed in rodents due to ease of maintenance, short life cycle and
abundant genetic resources. Inducing asphyxia at delivery in this model
has several advantages: (i) it mimics well some relevant aspects of
human delivery; (ii) it is a low-invasive procedure; (iii) it allows
studying short- and long-term consequences of the insult in the same
preparation, and (iv) it is highly reproducible (Herrera-Marschitz et al.,
2011). Given their differences, the complementary contributions of the
two models allow for a better understanding of the events following
short and severe asphyxia.

This study aimed to deepen the knowledge of the processes occurring
during and after perinatal asphyxia injury in these two neonatal models
and to characterize the effect of quercetin administration, analyzing the
pathways implied in this protection and identifying potential markers.
Of particular interest is the analysis at protein level because changes that
occur during hypoxia-reoxygenation and/or after neuroprotective
treatment occur mainly at a post-transcriptional level.

2. Material and methods
2.1. Animals and experimental neonatal HI injury models

In the two models we applied different experimental procedures of
perinatal asphyxia and reoxygenation to cause a neonatal hypoxic-
ischemic injury (HIE). For this reason, experimental groups subjected
to these procedures will be hereafter referred to as “Hypoxia (H)”.

2.1.1. Newborn piglets (Sus scrofa domestica) and normocapnic alveolar
induced hypoxia

2.1.1.1. Animals. Animal care and experimental procedures were per-
formed in accordance with the U.K. Animals (Scientific Procedures) Act,
1986 and associated guidelines, EU Directive 2010/63/EU for animal
experiments, and the National Institutes of Health guide for the care and
use of Laboratory animals (NIH Publications No. 8023, revised 1978).
The National Committee on Animal Experimentation approved the
experiment protocol (file number 071140-000261-11, CHEA, School of
Medicine, approved June 1, 2011). Male newborn piglets (Sus scrofa
domestica) up to 48 h old with a body weight of 1500 g-2000 g were
transported from a local farm (Pando, Canelones, Uruguay) to the Uni-
versity Hospital on the day of the experiment. The preference for male
piglets was based on the high susceptibility of males to HI and to
eliminate possible differences related to endocrinological responses.

2.1.1.2. Surgical procedure. Anesthetic induction was performed with
Ketamine 30 mg/kg i/m, and a mixture of Ketamine 3 mg/kg/h, Mid-
azolam 0.3 mg/kg/h and Fentanyl 10 pg/kg/h i/v was added for anes-
thetic maintenance. During the experiment, the animals were
administered intravenous 5% glucose serum at a rate of 70 ml/kg/day to
account for the basal intake of fluids and glucose. Airway access was
secured via tracheostomy, initiating ventilation with a mechanical
ventilator (Neumovent®, GraphNet). The initial ventilatory parameters
were: respiratory rate (RR) of 20 breaths per minute (BPM), positive
end-expiratory pressure (PEEP) of 4 cm H20, positive inspiratory pres-
sure (MIP) to obtain an exhaled tidal volume of 4-6 ml/kg, inspiratory
time consistent with the time constant (according to the flow-time
curve) and an inspired fraction of oxygen (FiOs) required for 90-95%
saturation. The expected basal blood gases were pH 7.25-7.35 PaCO,
35-45 mmHg, PaO; 50-80 mmHg, Lactic <3 mmol/l. A femoral artery
route (continuous invasive monitoring of arterial pressure and extrac-
tion of blood samples) and a femoral venous route (perfusion of basal
hydration and drugs) were inserted at the beginning of the experiment.
A single dose of Cefradine 50 mg/kg/dose i/v and Gentamicin 4.5 mg/
kg/dose i/v was administered for prophylactic purposes. Temperature
was maintained between 38.5 and 39.5 °C using a thermal crib and a
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heater (ThermaCare Heater, Gaymar Industries, Inc., NY 14127, USA),
and animals were covered with a plastic blanket. Pulse oximetry and
esophageal core temperature were continuously monitored (enGuard
CM4 monitor, Masimo SET, Ohmeda Medical). Additionally, a one-
channel electroencephalogram (EEG) on the left and right parietal po-
sition was recorded (inter-electrode distance of 3 cm) for amplitude-
integrated encephalography (Olympic Cerebral Function Monitor
(CFM), Brainz, Natus®) before, during, and for 8 h after the experi-
mental severe hypoxia. Skin impedance was lowered by shaving and
washing of the head, and impedance of the surface electrodes was al-
ways <10 k Q during the recordings.

2.1.1.3. Hypoxia induction. After a 30-60 min stabilization period,
defined as a <10% variation in hemodynamic parameters and normal
blood gases, the experimental hypoxemia protocol was performed as
previously described by Blasina et al. (2015), inducing normocapnic
alveolar hypoxia. Each piglet was ventilated with FiO, 0.08 by
increasing the inhaled concentration of nitrogen gas during an individ-
ually variable period, which led to severe hypoxemia evidenced by a
CFM below 7 pV for at least 17 min and metabolic acidosis. Hypoxia was
followed by reoxygenation with FiOy 1.0 for 30 min (to induce more
severe damage) and then 0.21 for the remaining experimental period of
8 h after the beginning of hypoxia.

2.1.1.4. Experimental procedure. Piglets were administered nano-
liposomal quercetin formulation intravenously (10 mg/kg) during the
reanimation period up to 60 min after hypoxia. If severe hypotension
occurred during the reoxygenation period, adrenaline (1 mg/kg/dose)
was administered. Animals were divided into the following groups: 1)
sham-lesioned (S), 2) hypoxia plus vehicle (nanoliposomal preparation
without quercetin) (HV), and 3) hypoxia plus 10 mg/kg nanoliposomal
quercetin preparation (HQ). From each group n = 4 were subjected to
proteomic analyses and n = 6 to real-time PCR.

At the end of the 8-h experiment, piglets of all three experimental
groups under deep anesthesia were euthanized with potassium chloride
(20 mEq/1) and their brains were dissected and frozen in liquid nitrogen.
Samples were immediately stored at —80 °C for further evaluation of
HIF-1a and HO-1 expression at mRNA level or changes induced by
hypoxia and administration of quercetin using a 2D electrophoresis
proteomic approach.

2.1.2. Rat (Rattus norvegicus) and immersion model of asphyxia

2.1.2.1. Animals. Animal care and experimental procedures were per-
formed in accordance with the Guide for the Care and Use of Laboratory
Animals of the NIH and the Uruguayan law (Law 18 611) on animal
experimentation. The experimental protocol was approved by the
Ethical Committee on Animal Care and Protocols of the Facultad de
Ciencias, Universidad de la Republica (Protocol number 240011-
002308-14).

In the present study 0-1 day old male and female newborn rats
(Rattus norvegicus, Wistar strain) were used. Pups were obtained from
pregnant rats housed in separate cages at gestation day 14 and kept in a
controlled temperature (22 + 1 °C) and humidity (65%) room under a
12-hr light-dark cycle (lights on at 0600 h), with free access to food and
water. On gestational day 21, female rats were periodically checked for
their delivery of pups. A group was used as surrogate mothers and the
rest were subjected to perinatal asphyxia to obtain the experimental
groups.

2.1.2.2. Perinatal asphyxia procedure. The asphyxia was produced by a
‘delayed cesarean section’ as described in Bjelke et al. (1991), with
minor modifications. After the first pup was delivered vaginally,
full-term pregnant rats were rapidly decapitated, and immediately
hysterectomized. Both uterine horns, containing the fetuses, were
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immersed in a 37 °C bath for 15 min. Following asphyxia, the uterus
horns were rapidly opened, pups were removed and breathing was
stimulated by cleaning the amniotic fluid and gentle tapping with small
medical wipes for a few minutes until regular breathing became regular.
The umbilical cord was ligated and the animals were left to recover on a
heating mat.

2.1.2.3. Experimental procedure. Nanoliposomal quercetin (2 mg/ml)
was prepared up to 48 h before the trial. In all cases a dose of 10 mg/kg
was administered after asphyxia or after control cesarean section, in a
single intraperitoneal dose. The sham group was administered the same
volume of vehicle (empty nanoliposomes without quercetin). Thus, pups
were divided into the following groups: sham plus vehicle (SV); sham
plus quercetin (SQ); cesarean section followed by asphyxia to induce
hypoxia plus vehicle (HV) or plus quercetin administration (HQ). When
their physiological conditions improved, they were given to surrogate
mothers who had delivered normally within the 24 h prior to the ex-
periments. Each surrogate mother took care of a litter of eight sham or
perinatal asphyxia pups.

This model was applied in this study for quercetin bioavailability and
protection assessment: the number of surviving pups in each group was
recorded 24 h after reanimation. For the DIGE proteomic approach, the
animals were subjected to the asphyxia protocol, and 5 h after rean-
imation and treatment, a female pup from each experimental group was
euthanized. Samples of different brain regions were dissected and
immediately stored at —80 °C.

As a complementary study, 24-h old naturally delivered pups were
administered intranasal quercetin for the double purpose of assessing its
bioavailability and evaluating an easy drug delivery strategy.

2.2. Nanoliposomal formulation

Lecithin/cholesterol/2HBCD lipo-nanosomes of quercetin were ob-
tained in volumes of 20 ml in a reactor device where the mixture reacted
under specified conditions of flow, pressure, and temperature (60 °C) in
a physiological solution after initial sonication of the lecithin/choles-
terol mixture for 24 h (patent application number PCT/IB 2013/
059067).

2.3. Bioavailability and quercetin administration in rats

Quercetin concentration in the brain was determined 30 min after
either intranasal (n = 4) or intraperitoneal (n = 5) administration to
control pups 24 h after delivery. Intraperitoneal administration con-
sisted of a single dose while intranasal quercetin was administered in
small volumes over a 60-min period on account of the small size of pups’
nostrils. Volumes of 2 pul were administered using Hamilton syringe with
cannula (PE 10, 0.28 mm inside diameter) every 4 min, alternating
nostrils.

At the specified time point, the offspring were sacrificed and their
brains dissected, washed in saline solution and immediately frozen at
—80 °C. These samples were analyzed by HPLC with electrochemical
detection in the Department of Neurochemistry of the Instituto de
Investigaciones Bioldgicas Clemente Estable, following a standard pro-
tocol with modifications (Azuma et al., 2002), as previously published
(Martinez-Busi et al., 2019). Briefly, methanol 90% (solvent A)/formic
acid 0.1% pH = 2 (solvent B) was used as a mobile phase. The gradient
elution program was performed as follows: 0-30 min, 35%-55% A;
30-55 min. 55% A, back to the initial conditions for another 15 min, and
the detection wavelength was set at 375 nm. Fractions that showed UV
spectra characteristic of flavonoids were selected and collected.

2.4. Pup mortality

As a first approach to assessing a putative protective effect of
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quercetin on perinatal asphyxia in the rat model, we determined the
number of pups that died 24 h after reanimation in 17 litters subjected to
perinatal asphyxia and in 12 litters delivered under control conditions.
Pups within each litter were treated either with quercetin or vehicle, as
previously described. We analyzed pups’ mortality using a mixed-effects
logistic regression (using the lme 4 package in R version 3.5.1),
considering mortality as the response (binomial variable: 0 = alive and
1 = death) and delivery procedures (S or H), treatment (V or Q) and their
interaction as fixed effects. We included the litter (where the pups came
from) as a random effect. The best model was selected using the likeli-
hood ratio test.

2.5. Proteomic analyses
2.5.1. Two-dimensional electrophoresis in piglet samples

2.5.1.1. Protein extraction. For the piglet differential proteome study,
we used cortex samples from sham-lesioned (SV), hypoxia (HV), and
hypoxia treated with 10 mg/kg quercetin nanoliposomal preparation
(HQ) groups (n = 4). Protein extraction was performed from approxi-
mately 30 mg of fresh tissue samples.

2.5.1.2. Two-dimensional electrophoresis. We prepared 200 pg samples,
and the final volumes were adjusted to 125 pl with rehydration buffer (8
M urea, 2% CHAPS, 0,002% bromophenol blue). IPG buffer was added
to reach a final concentration of 0.5%, and DTT for a final concentration
of 2.8 mg/ml. The sample/rehydration buffer mix was applied to
ceramic strip holders (Amersham-Biosciences). A 7 cm 3-10 NL IPG dry
strip was added to each sample solution placing the strip with the gel
side facing down. The strip was covered with mineral oil. The strip
holder was placed in an Ettan IPGphor II Isoelectric Focusing System (GE
Healthcare) and subjected to active rehydration at 50 pA/strip for 12 h.
Strips were focused as follows: linear increase from #V to 150 V in 30
min, a constant phase of 300 V for 1 h, linear gradient from 300 V to
1000V for 1 h, linear gradient from 1000 V to 5000 V during 90 min and
final constant phase of 5000 V during 6 h. After the first-dimensional
separation, IPG strips were removed and reduced for 15 min in an
equilibration buffer (75 mM Tris-HCI, pH 8.8, 6M urea, 2% SDS, 30%
glycerol, 0.002% bromophenol blue) containing 2% DTT, followed by
alkylation for 15 min equilibration in the same buffer containing 25 mg/
ml iodoacetamide.

Strips were then rinsed in 1X Tris-Glycine-SDS running buffer and
placed in an IPG gel well with the positive end of the strip on the left side
of the gels. They were covered with molten overlay agarose at 0,5%.
Proteins were then separated in second-dimension on 12% SDS-PAGE in
a vertical electrophoresis unit at a constant current of 25 mA per gel at
4 °C until the dye front reached 0.5 cm above the bottom of the gel. The
gels were fixed in a mixture of 40% vol/vol ethanol and 10% vol/vol
glacial acetic acid for 1 h with continuous gentle shaking and then silver-
stained to visualize protein spots. Analysis of the images was done using
Image J (https://imagej.net/Fiji; Schindelin et al., 2012) and Melanie
6.0 Software. Quantitative differences in protein expression levels were
checked with one-way analysis of variance (ANOVA) with Tukey
post-hoc test comparing all group pairings. Protein spots were selected
under the following criteria: p values < 0.05 together with a fold-change
greater than 1.2.

2.5.2. DIGE in rat samples

2.5.2.1. Protein extraction. Protein was extracted from brain samples
dissected 5 h after the cesarean section, from 4 different animals (bio-
logical replicates n = 4) for each of the conditions: SV, HV and HQ. The
tissues extracted were homogenized in 200 pl of lysis buffer (40 mM Tris
base, 7 M urea, 2 M thiourea, 4% CHAPS, 1 mM PMSF, 1% protease
inhibitor cocktail Sigma Aldrich #P2714). To remove insoluble
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components, the homogenate was centrifuged for 30 min at 4 °C at
14000 g. After centrifugation, the supernatant was transferred to a new
reaction tube and stored at —80 °C. These protein homogenates were
precipitated using the 2D Clean-up kit (GE Healthcare) according to the
manufacturer’s instructions. Protein concentration was determined by
the Bradford Assay.

2.5.2.2. 2D- DIGE (two-dimensional difference gel electrophoresis). Sam-
ple labeling was performed with CyDye™ DIGE Fluor fluorescent
probes, Minimal Labeling Kit GE Healthcare (# 28-9345-30), according
to the manufacturer’s instructions. The pH of the samples was adjusted
to 8.5 and these were labeled using 400 pmol of dye for every 50 pg of
protein. An internal standard was included in each gel, for which 25 pg
of each of the 12 samples were pooled to generate 300 pg of the internal
standard which was labeled with CyDye DIGE Fluor Cy2 minimal dye. A
Dyeswapping strategy was used to avoid any labeling bias. Two samples
labeled with different probes were run on each gel, together with the
internal standard labeled with the third dye.

The first-dimension run of the two-dimensional electrophoresis was
performed on Immobiline DryStrip strips from GE Healthcare (#
17123501) with a non-linear pH 3-10 range and 18 cm long. After
passive rehydration with rehydration buffer (Urea 7 M, thiourea 2 M,
chaps 2%) supplemented with IPG buffer 3-10 NL (0.5%) and 20 mM
DTT at room temperature, overnight, the isoelectric focusing run was
carried out on the Ettan IPGphor II Isoelectric Focusing System (GE
Healthcare), under the following conditions: 1. a constant phase of 500
V for 1 h; 2. a linear gradient from 500 V to 1000 V for 1 h; 3. an
additional linear gradient from 1000 V to 8000 V for 3 h; 4. and a final
constant phase of 8000 V for 90 min. After strips were equilibrated as
described above, the electrophoretic run was performed on 12.5%
polyacrylamide gels, using the Ettan DALT six system (GE Healthcare
Life Sciences) and low fluorescence glasses. The running conditions were
as follows: 1) 45 min 2 W/gel at 20 °C; 2) 4 h 17 W/gel at 20 °C. Gels
were scanned with a Typhoon FLA 9500 laser scanner (GE Healthcare),
at a resolution of 100 pm, using laser wavelengths and filters recom-
mended for each dye. Images were analyzed using the DeCyderTM 2D
software (v7.2) (GE Healthcare). The module for Differential In-gel
Analysis (DIA) was used for spot co-detection, spot quantification by
normalization and calculation of the ratio between different samples in
the same gel. Biological Variation Analysis software module was used to
perform inter-gel matching and statistical analyses. Student’s t-test and
one-way analysis of variance (ANOVA) were used to determine whether
the standardized spot volume abundance from the samples showed
significant changes between conditions. Spots displaying significant
volume abundance differences (p < 0.05) were filtered and selected for
further analyses. When different treatments were compared, PCA anal-
ysis was used to analyze replicates.

2.5.3. Mass spectrometry

Peptide mass fingerprinting of selected protein spots from both piglet
samples in 2D electrophoresis and rat samples in 2D-DIGE was per-
formed by subjecting the samples to in-gel trypsin treatment
(Sequencing-grade Promega) overnight at 37 °C. Peptides were extrac-
ted from the gels using 60% acetonitrile in 0.2% TFA, concentrated by
vacuum drying and desalted using C18- reverse phase micro-columns
(OMIX Pipette tips, Varian). Peptides from the microcolumn were
eluted directly onto the mass spectrometer sample plate with 3 pl of
matrix solution alfa-cyano-4-hydroxycinnamic acid in 60% aqueous
acetonitrile containing 0.2% TFA). Mass spectra of digestion mixtures
were obtained using a 4800 MALDI-TOF/TOF instrument (Applied
Biosystems) in reflector mode and were externally calibrated using a
mixture of peptide standards (Applied Biosystems). Collision-induced
dissociation MS/MS experiments of selected peptides were performed.
Proteins were identified by searching the NCBInr database with peptide
m/z values using MASCOT software with the following search

Neurochemistry International 147 (2021) 105064

parameters: monoisotopic mass tolerance, 0.08 Da; fragment mass
tolerance, 0.35 Da; methionine oxidation as variable modification,
cysteine carbamidomethylation as fixed modification, and one missed
tryptic cleavage allowed.

To analyze the respective protein data sets, we performed STRING
protein-protein interaction analysis (string-db.org; Szklarczyk et al.,
2019) and enriched Gene Ontology (GO) (geneontology.org) analysis to
study the biological processes and interactive networks these proteins
are involved in.

2.6. Quantitative RT-PCR

Total RNA extraction from sham-lesioned, hypoxia and hypoxia
followed by 10 mg/kg quercetin nanosomal preparation (n = 6) piglets’
cortex was performed using Illustra RNAspin Mini RNA Isolation Kit
(General Electric). Two pg of RNA samples were retrotranscribed using
M-MulV Reverse Transcriptase (New England Biolabs) and both OligodT
and Random Primers. For Real-time PCR reactions we used the Abi
75000 system (Applied Biosystems), SYBR Green Master mix from
Sensimix and specific primers as shown in Table 1. Expression fold
changes between groups were calculated according to Pfaffl et al.
(2002). Statistical significance in real-time PCR analyses was deter-
mined using a permutation-based procedure, the nonparametric pair-
wise fixed reallocation randomization test, implemented in the Relative
Expression Software Tool (REST). P-value < 0.05 was considered sta-
tistically significant.

3. Results
3.1. Bioavailability of quercetin in the rat brain

The concentration of quercetin in the brain of neonatal rat pups 30
min after either intranasal or intraperitoneal administration of a nano-
liposomal preparation is shown in Fig. 1. We observed that after intra-
nasal administration, quercetin reached the brain with levels similar to
those obtained through the previously tested intraperitoneal route of
administration (50-100 ng/g of tissue).

3.2. Survival in rats following perinatal asphyxia and quercetin
administration

Pup mortality was significantly lower in the group of pups treated
with quercetin after perinatal asphyxia. Twenty-four hours after rean-
imation, 4% (2/49) of vehicle-treated and 0% (0/47) of quercetin-
treated Sham pups died. In pups that suffered perinatal asphyxia, mor-
tality was 31% (15/48) in vehicle- and 16% (8/50) in quercetin-treated
groups (Fig. 2). The best model predicting pups’ mortality includes de-
livery procedure and treatment as fixed effects and explains 36% of the
variance. After including litter as a random effect, the model explains
55% of the variance. Therefore, as shown in Table 2, subjecting pups to
the asphyxia procedure during delivery increases their likelihood of
dying while receiving quercetin treatment reduces it. These results
suggest that quercetin gives protection against death caused by HI

injury.

Table 1
Primers used in real-time PCR.

Gene 5'-3' primer sequence

Hif-1-a Fw CCTTGGATGGTTTTGTTATGG
Rev GCCATTTCTGTGTGTAAGCAT

HO-1 Fw ATGTGAATGCAACCCTGTGAA
Rev GGGAAAGATGCCACAGACTCCT

p-Actin Fw CCAGCACGATGAAGATCAAG

Rev CAACTAACAGTCCGCCTAGA



http://string-db.org
http://geneontology.org
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Fig. 1. Quercetin bioavailability. Concentration of nanoliposomal quercetin in
ng/g of rat brain tissue after either intraperitoneal or intranasal administration
of quercetin (10 mg/kg). Brain samples were collected 30 min after the
administration was concluded.

3.3. Changes in gene expression profile after hypoxia and quercetin
administration

3.3.1. Expression level of HIF-1a and HO-1 in the piglet

In a previously characterized piglet model, we asked ourselves
whether transcription factors and enzymes which were described as
master neuroprotective molecules would change with quercetin
administration, probably regulating the expression of several other gene
products.

Levels of HIF-1la mRNA in the piglet cortex decreased 8 h after
asphyxia and reoxygenation (HV), but seemed to be higher in the group
treated with quercetin (HQ) as shown in Table 3. HIF-la mRNA levels
almost duplicated when asphyctic animals were treated with quercetin,
reaching values similar to those of the sham group.

We also analyzed levels of HO-1, an important target of Nrf2 regu-
lation and crucial in the nervous system response to hypoxic injury. HO-
1 mRNA expression clearly increased in HV piglets compared to control
sham animals and was significantly lower in the HQ group (quercetin-
treated asphyctic animals). Levels in the HQ group were lower (though
not statistically significant) than those of sham animals exposed only to
vehicle (SV) (Table 3) suggesting that quercetin treatment could not
fully recover normal HO-1 levels. We observed the same effect of
quercetin in HO-1 levels in other regions as the hippocampus and
striatum (data not shown).
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3.3.2. Changes in cortex gene expression profile

To identify still unknown pathways or specific proteins that support
and explain quercetin neuroprotective action, we performed a large-
scale profiling analysis.

3.3.2.1. Gene expression profile in piglet cortex using 2D electrophoresis.

Table 2

Effect of quercetin on pups’ mortality. Estimation is based on the number of
pups that died 24 h after reanimation in 17 litters subjected to perinatal asphyxia
(hypoxia) and in 12 litters delivered by control C-section. Pups within each litter
were treated with either quercetin or vehicle, as previously described.
Summary of fixed effect coefficient estimates of the mixed-effects logistic
regression model. Mortality was considered the response (binomial variable: 0
= alive and 1 = death); delivery procedures (Sham/control cesarean (S) or
Hypoxia/perinatal asphyxia protocol after cesarean delivery (H)), treatment
(Vehicle/empty nanoliposomes (V) or Quercetin (Q)) and their interaction were
considered fixed effects. N = 193. Estimates are on the logit scale. Asterisks
indicate **p < 0.01 and *p < 0.05.

Estimate Stand.Error z value p
Intercept -3.99 0.95 -4.19 <0.001**
Hypoxia 3.06 0.99 3.09 0.002%*
Quercetin —-1.13 0.54 —-2.12 0.03*

Table 3

Quantitative RT- PCR analysis of gene expression of HIF-1a and HO-1 in piglets.
Comparison is expressed as the fold change between two conditions. Values were
calculated using REST (Relative expression software tool), and p < 0,05 was
considered statistically significant.

Gene Group Fold change p

HIF-1a HV vs SV 0.487 0.010
HQ vs HV 1.857 0.163
HQ vs SV 0.904 0.784

HO-1 HV vs SV 2.359 0.072
HQ vs HV 0.205 0.003
HQ vs SV 0.482 0.075

SV, Sham-lesioned: no asphyxia protocol/administration of empty nano-
liposomes.

HV, Hypoxia: hypoxia-reoxygenation protocol/administration of empty nano-
liposomes.

HQ, Hypoxia and quercetin: hypoxia-reoxygenation protocol/administration of
quercetin nanoliposomes preparation.

Samples were collected from brain cortex, 8 h after the beginning of hypoxia.

Fig. 2. Survival in rats following perinatal asphyxia
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To assess the magnitude of the changes in relative protein abundance in
the piglet cortex proteome after hypoxia and quercetin treatment, we
performed two-dimensional electrophoresis. We observed 34 protein
spots that changed their relative abundance in the different treatment
groups. Seventeen spots, whose intensity under hypoxia or quercetin
treatment changed with respect to sham, were identified by MALDI-TOF
MS (Table 4). Two of them (enolase-1 and triosephosphate isomerase)
showed differences in pl, and one spot corresponding to fructose-
biphosphate aldolase A was exclusive to quercetin treated group.
These proteins were not included in quantification analysis, but are
considered changing proteins (Fig. 3).

Protein spots were classified in three groups according to spot in-
tensity and differential expression profile (Table 4). The first group
consisted of proteins whose abundance increased under hypoxia and
quercetin treatment (HQ) compared to sham or hypoxia groups. This
group included NADH dehydrogenase ubiquinone flavoprotein 2 mito-
chondrial, Glutathione S-transferase P, voltage-dependent anion-selec-
tive channel protein 1 (VDAC1), cofilin-1 and acidic leucine-rich nuclear
phosphoprotein 32. The second group included those proteins that
changed under hypoxia treatment and remained altered after quercetin
treatment, such as complement component 1 Q subcomponent-binding
protein, glial maturation factor-beta, phosphatidylethanolamine-bind-
ing protein 1, and aldolase C, fructose-bisphosphate. The third group
consisted of proteins that showed a change in abundance under hypoxia
but reverted to initial levels after quercetin treatment. This group
included superoxide dismutase 1 and stathmin wich increased their
levels under hypoxia, and beta-actin whose levels decreased under
hypoxia. We interrogated the String database for interactions and as-
sociations between the proteins identified in this study. Eight of the 17

Table 4
Selection of piglet proteins with differential expression.
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identified proteins showed interactions, in many cases supported by
more than one type of evidence (Fig. 4). Enzymes that participate in the
glycolytic pathway belong to one association group, and proteins linked
to oxidative stress to another.

Statistical enrichment tests were performed to find significant over-
represented GO and InterPro categories. Proteins identified using
Panther GO were found to be mainly associated with catalytic activity
and binding functions, in accordance with String results. Metabolite
interconversion enzymes are a predominant class of proteins. The
glycolytic pathway is represented along with other signaling pathways.

3.3.2.2. Difference in protein relative abundance in rat cortex using 2D
DIGE. The rat model study involved a more sensitive method such as
two-dimensional difference gel electrophoresis (2D-DIGE). This tech-
nology allows for simultaneous direct comparison of changes in protein
abundance across multiple samples, without interference due to gel-to-
gel variation. An average of 2370 spots was resolved in each gel using
this approach (Fig. 5). Changes in abundance of protein spots were
measured as volume ratios, and a total of 161 differential spots were
selected. Among those differential expressed spots, 43 were revealed in
the Coomassie Brillant Blue-stained gels and excised for subsequent
mass spectrometry and database interrogation. Table 5 shows 27 protein
spots that could be identified as corresponding to 22 unique proteins.
The average ratios were calculated by comparing the volume of each
spot in one condition with that of the corresponding spot for the other
condition (Sham vs. hypoxia, HV/SV; Sham vs. quercetin, HQ/SV;
hypoxia vs. quercetin, HQ/HV).

Several proteins were identified in more than one spot, although they
were excised from the same gel. This was the case with heat shock 70

List of proteins identified by MALDI-TOF/TOF MS HV/SV (Hypoxia vs. Sham), HQ/SV (Hypoxia plus quercetin treatment vs. Sham) and HQ/HV (Hypoxia plus
quercetin treatment vs. Hypoxia plus vehicle) columns show the comparison expressed as fold changes between two experimental conditions with averaged expression
values from each spot in 3-4 gel technical replicates.

The “-” sign indicates down-regulation. The “*” symbol indicates that this Mascot score corresponds to the MS/MS ion score of the unique peptide identified for Beta
actin. Only fold change values that were statistically significant (p < 0.05) are shown. Theoretical and observed MW and pl are indicated. Accession numbers
correspond to NCBI protein entries. Percentage of coverage and number of peptides matched are also shown. Proteins were classified in three groups according to their
changing profiles. Group 1: proteins that significantly increased their expression under hypoxia and quercetin treatment (HQ) compared to sham (SV) or hypoxia (HV)
(spots 1 to 5), Group 2: proteins that significantly changed under hypoxia and remained altered after quercetin treatment (spots 6 to 9), and Group 3: proteins that
showed a change in expression under hypoxia but reverted to initial levels after quercetin treatment (spots 10 to 12).

Fold change
Spot Name HV/ HQ/ HQ/HV Accession Mascot Peptides MW pI Theor/
number Y Y% number score matched Theor/Obs Obs
1 Acidic leucine-rich nuclear phosphoprotein 32 1.42 1.28  XP 003121807.3 125 3 28.5/30.0 4.0/4.8
family member A
2 Cofilin-1 1.62 1.70 NP_001004043.1 125 6 18.5/20 8.2/6.0
3 NADH dehydrogenase ubiquinone 1.58 1.38  NP_001090944.2 130 10 25.5/25.0 6.9/6.0
flavoprotein 2, mitochondrial
4 Glutathione S-transferase P 1.36 1.45 P80031.2 117 4 21.6/25.0 7.1/5.8
5 Voltage-dependent anion-selective channel 1.60 1.83 NP 999125.1 184 9 30.7/33.0 8.6/6.0
protein 1
6 Aldolase C, fructose-bisphosphate —1.33 —1.47 NP_001230857.1 255 17 39.3/45.0 6.2/6.0
7 Glia maturation factor beta 1.92 1.64 NP_001231390 127 4 16.7/45.0 5.1/5.5
8 Complement C1q binding protein, 1.23 1.28 XP_020923404.1 112 8 28.8/30.0 4.7/4.8
mitochondrial
9 Phosphatidylethanolamine-binding protein 1 1.20 1.20 XP_003132938.1 165 4 20.9/25.0 6.9/6.0
isoform X1
10 Superoxide dismutase 1 1.20 —1.37 NP_001177351.1 166 6 15.2/12.0 6.0/5.8
11 Stathmin 1.30 -1.25 -1.61 NP_001009582.1 161 6 17.3/20.0 5.7/5.4
12 Beta actin -1.20 1.22  AAS55927.1 66* 1 44.7/50.0 5.3/5.7
13 Enolase 1 pl XP_020950937.1 249 11 61.4/55.0 10.4/5.8
change
14 Enolase 1 pl XP_020950937.1 180 10 61.4/55.0 10.4/5.5
change
15 Triosephosphate isomerase 1 pI BAI48105.1 242 12 26.6/27.0 6.5/5.5
change
16 Triosephosphate isomerase 1 pI BAI48105.1 141 8 26.6/27.0 6.5/6.0
change
17 Fructose-bisphosphate aldolase A exclusive to HQ XP_020943655.1 147 10 39.4/45.0 8.4/6.3



https://www.uniprot.org/uniprot/F1SIV3
https://www.ncbi.nlm.nih.gov/protein/NP_001004043.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP7HTZAA014
https://www.ncbi.nlm.nih.gov/protein/NP_001090944.2?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=2&amp;RID=JP7MMJ8Y014
https://www.ncbi.nlm.nih.gov/protein/P80031.2?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP7T263K016
https://www.ncbi.nlm.nih.gov/protein/NP_999125.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=6&amp;RID=JP7740Z2016
https://www.uniprot.org/uniprot/A0A286ZWI1
https://www.ncbi.nlm.nih.gov/protein/XP_020923404.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP828KMT014
https://www.ncbi.nlm.nih.gov/protein/XP_003132938.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP88AC92016
https://www.ncbi.nlm.nih.gov/protein/NP_001177351.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP85U0N9014
https://www.ncbi.nlm.nih.gov/protein/NP_001009582.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=2&amp;RID=JP8ETY8T014
https://www.ncbi.nlm.nih.gov/protein/AAS55927.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=3&amp;RID=JP8MNW03016
https://www.ncbi.nlm.nih.gov/protein/XP_020950937.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP8C9YZN014
https://www.ncbi.nlm.nih.gov/protein/XP_020950937.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP8C9YZN014
https://www.ncbi.nlm.nih.gov/protein/BAI48105.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP62GFA301R
https://www.ncbi.nlm.nih.gov/protein/BAI48105.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=1&amp;RID=JP62GFA301R
https://www.ncbi.nlm.nih.gov/protein/XP_020943655.1?report=genbank&amp;log&dollar;=prottop&amp;blast_rank=3&amp;RID=JP8GZUVZ014
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Fructose-biphosphate aldolase A
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Fig. 3. Piglet proteoforms identified by two-dimensional electrophoresis analysis. Gel images show changes in the isoelectric point (arrows) for alpha-enolase (left)
and triosephosphate isomerase (center), when comparing HV with HQ samples. Gel images on the right show a proteoform of fructose-biphosphate aldolase A
exclusive to quercetin-treated samples HQ compared to HV (right). HV and HQ represent vehicle-treated and quercetin-treated after perinatal asphyxia.
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Fig. 4. Newborn piglet proteins identified as differentially expressed by 2D electrophoresis. Protein data set was identified by network analysis using STRING (Search

Tool for Recurring Instances of Neighbouring Genes) software.

kDa protein 4, serotransferrin, transketolase and POTE ankyrin domain
family member F isoform X2. Proteins present in more than one spot
could be proteoforms, perhaps due to post-translational modifications.

When we interrogated the databases to identify interactions and
associations, we found several proteins related to metabolism among
those proteins that change significantly. String analysis showed that
there were more significant interactions between identified proteins
than expected by chance (Fig. 6) which were mainly associated with
“response to stimulus” and “response to stress” in biological process
(GO) terms enrichment analysis and with “ion binding” and “protein
binding” in molecular function (GO) terms enrichment analysis

(Table 1S). KEGG analysis showed that tight junction and AMPK and
HIF-1 signaling pathways were overrepresented.

4. Discussion

Therapeutic hypothermia is the current standardized neuro-
protective treatment strategy to improve recovery of HIE (Ahearne et al.,
2016; Gluckman et al., 2005). However, a lot of research is aimed at
designing adjuvant therapies to improve neurological outcomes of
newborns with HIE (McAdams and Juul, 2016).

The aim of this study was to obtain further molecular evidence on the
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Fig. 5. Representative two-dimensional difference with a sample from the HQ
group (red dye) and a sample from the SV group (blue dye), and internal control
pool (yellow dye). Yellow circles and corresponding numbers indicate spots that
presented significant expression changes. Spot numbers correspond to those
listed in Table 5.

neuroprotective activity of quercetin through the identification of spe-
cific targets and pathways implied in its action. The use of two animal
models allowed us to better study and understand the changes in gene
expression. Despite their differences regarding brain development,
quercetin administration route and time of sampling, both models pro-
vided a picture of the main protein changes that occur after a severe
hypoxic injury and quercetin administration.

4.1. Quercetin bioavailability and protective effect

The therapeutic success of neuroprotective compounds depends on
accurate information about routes of administration and drug
bioavailability. As a novel report, in this work, the administration of the
nanoliposomal preparation of quercetin by either intranasal or intra-
peritoneal route in newborn rats increased quercetin brain levels 30 min
after administration. In particular, the intranasal administration proved
to be an efficient route for this nanoliposomal preparation. Quercetin
levels in rat cortex samples are in accordance with those previously
reported in piglets after the intravenous administration of the same
preparation (Blasina et al., 2015). Diaz et al. (2015) confirmed the
neuroprotective capacity of nanosomes of quercetin in an experimental
rat model of Parkinson’s disease with measurable levels of quercetin in
the brain after either intraperitoneal or intravenous injection of the
same quercetin preparation.

A detailed study is necessary, however, since differences in dosing
between routes and timing of administration of the drug will most likely
influence not only the maximum concentration of quercetin that reaches
the brain but also its pharmacokinetics. Data from our group (data not
shown) indicate that maximum quercetin concentration in the brain
when administered through the intraperitoneal route is probably ob-
tained as soon as 15 min after administration. Nonetheless, the intra-
nasal route could have some advantages in a future clinical setting, in
terms of low complexity of the procedure for administration and might
allow the preparation to reach the brain more directly (Kumar et al.,
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2017). Recent research has also analyzed the applicability of intranasal
quercetin administration for Alzheimer’s disease treatment (Agrawal
et al., 2018) and cerebral ischemia (Ahmad et al., 2018). However, even
if intranasal administration is promising, a higher dose should be
considered, perhaps in a more concentrated preparation.

We found that in neonatal rats subjected to the immersion protocol,
quercetin increased survival with protective effects, made apparent by
changes in mortality and gene expression. These results suggest that a
single 10 mg/kg dose of nanoliposomal preparation reached hypoxic-
ischemic affected tissues having a beneficial in vivo effect which is
valuable in defining a therapeutic dose. This is consistent with the re-
sults by Lei et al. (2015) that reported nearly 80% survival with a
repeated oral administration. Brain concentrations of 50-100 ng/g are
similar to those found by other authors (Ahmad et al., 2018; Rivera
et al., 2004). Besides, as HIE related to perinatal asphyxia is currently
unpredictable, a suitable treatment must be one that confers protection
against brain injury when administered after the insult. In this sense, the
present result in the rat model along with previous evidence in the piglet
model (Blasina et al., 2015) suggest that with a single administration of
quercetin after asphyxia the nanoliposomal quercetin treatment is a
good putative tool for clinical use. Nevertheless, it would be valuable to
assay repeated doses of quercetin through any of the routes to explore if
it enhances the protective action.

4.2. Targets of quercetin for neuroprotective action

It was reported that treatment with quercetin may exert a protective
effect against oxidative damage by direct and indirect antioxidant
pathways (Dajas et al., 2015) and prevent the loss of pyramidal neurons
from the hippocampus in ischemia-reperfusion induced in rats (Ghosh
et al., 2013). An antiapoptotic effect has also been reported (Ossola
et al., 2009; Sharma et al., 2016; Srivastava et al., 2016). However,
although its multitarget capacity has been described, the exact mecha-
nism of the neuroprotective effect of quercetin against global brain
injury has remained elusive.

4.2.1. Quercetin action on HIF1-a and HO-1

In order to deeply explore the therapeutic value of quercetin, we first
analyzed its action on two well-known genes related to response to
hypoxic and oxidative stress, and afterward undertook a proteomic
approach. The current approach was focused on cortex gene expression.
Araetal. (2011) described during HI injury in the newborn piglet model,
that most of the neuronal loss was observed in the cortex and underlying
white matter followed by hippocampus and striatum. The basal ganglia,
cerebellum, and thalamus were affected to a lesser extent. Likewise, in
the rat model the cortex has a great postnatal maturation that makes it
particularly sensitive to this kind of damage (Kletkiewicz et al., 2018).
Consistent with this evidence, we found that perinatal asphyxia modi-
fied gene expression in the cerebral cortex of both species analyzed.

We analyzed HIF-1a, a transcription factor that plays a fundamental
role as regulator of oxygen homeostasis under hypoxic conditions by
regulating gene expression (Semenza, 2004). We observed that HIF-1a
mRNA levels significantly decreased in asphyctic piglets and almost
duplicated when animals were treated with quercetin, reaching values
comparable to those in sham groups. Several authors have reported
accumulation of HIF-la m RNA or protein under hypoxic conditions,
while several other studies provided evidence that HIF-1a mRNA is not
upregulated (Wenger et al., 1997), and in some other cases, although
upregulated during hypoxia, a quick drop to basal levels following
reoxygenation is observed. Furthermore, the presence of an antisense
HIF RNA can promote HIF mRNA degradation (Poitz et al., 2014). Kir-
ova et al. (2013) proposed that features of HIF-1a response to hypoxic
exposure depend in part on severity and duration of hypoxia insult.
Thus, induction optimally occurs only within a limited range of oxygen
concentrations in the inspired air (18-10% 02). Reduced oxygen con-
centration in the inspired air to 8% or lower impair the immediate



V. Cardozo et al.

Table 5
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Selected rat proteins identified with differential expression. List of proteins identified by MALDI-TOF/TOF MS. Spot numbers correspond to those in Fig. 5. HV/SV
(Hypoxia vs. Sham), HQ/SV (Hypoxia plus quercetin treatment vs. Sham) and HQ/HV (Hypoxia plus quercetin treatment vs. Hypoxia plus vehicle) columns show fold
changes of spot volumes calculated as the ratio of the average standardized abundances corresponding to the two conditions. Asterisks represent significant statistical
differences (p < 0.05). The “-” sign indicates down-regulation. Theoretical MW and plI are indicated. Accession numbers correspond to NCBI protein entries. Percentage

of coverage and number of peptides matched also are shown.

Spot Name HV/SV HQ/SV HQ/  Accession Mascot Peptides MW pI
number HV  number score matched
1 heat shock 70 kDa protein 4 -1.09 -1.12% —1.02  NP_705893 283 28 93997  5.12
2 heat shock 70 kDa protein 4 —1.14* -1.1 1.03 NP_705893 311 29 93997 5.12
3 elongation factor 2 —1.39* -1.14 1.22  NP_058941 353 32 95223  6.41
4 serotransferrin 1.29% 1.23 —-1.06 NP_001013128 264 24 76346  7.14
5 serotransferrin -1.18 1.09 1.28* NP_001013128 321 29 76346 7.14
6 dihydropyrimidinase-related protein 2 isoform X1 -1.15 1.06 1.22*  XP_006252159 382 36 73115  5.99
7 heat shock cognate 71 kDa protein 1.18* 1.09 —1.08  NP_077327 317 32 70827  5.37
8 serum albumin -1,02 1.44* 1.47  P02770 194 17 68686  6.09
9 transketolase, isoform CRA_c —1.33% -1.13 1.17 EDL88993 252 16 55745 7.14
10 transketolase, isoform CRA_c -1.31% -1.27* 1.03 EDL88993 139 13 55745 7.14
11 serine/threonine-protein phosphatase 2A 65 kDa —1.02 —1.21* —1.19*  XP_007648156 322 27 65038  4.96
regulatory
subunit A alpha isoform isoform X1
12 heterogeneous nuclear ribonucleoprotein K —1.09 1.16 1.26*  XP_016835931 254 19 48530 5.38
13 dihydropyrimidinase-related protein 3 1.31* 1.31 —1.02  NP_037066 340 25 61928  6.04
14 pyruvate kinase PKM isoform X2 1.13* 1.06 -1.07  XP_006243252 176 13 64484  6.63
15 protein phosphatase 3, catalytic subunit, alpha isoform, -1.03 1.09* 1.13  EDL82280 133 6 42316  5.90
isoform CRA_a
16 V-type proton ATPase subunit B, brain isoform —1.22% -1.15 1.06  NP_476561 171 20 56515  5.57
17 tubulin, alpha 1A -1.3*  -1.58* -1.21  AAH62238 121 13 50104  4.94
18 alpha-enolase isoform X1 —1.12% —1.03 1.09  XP_006239506 363 23 47228  5.90
19 POTE ankyrin domain family member F isoform X2 1.23* 1.37 1.11  XP_002725368 318 16 44861  5.62
20 tubulin beta-2B chain 2.79 4.18* 1.50 NP_076205 388 26 49921  4.78
21 POTE ankyrin domain family member F isoform X2 —1.08 1.28 1.38*  XP_002725368 117 8 44861 5.62
22 tubulin beta-3 chain 1.56 2.42* 1.55 NP_075768 251 21 50386  4.82
23 guanine nucleotide-binding protein G(0) subunit alpha -1.08 -1.19* -1.11  XP_008770543 156 13 39995  5.69
isoform X1
24 serine/threonine-protein phosphatase 2A catalytic 1.16* 1.13 —1.03  NP_058735 101 7 35585  5.30
subunit alpha isoform
25 malate dehydrogenase 1, NAD (soluble) -1.12 1.03 1.15*  AAH59124 98 10 36461  5.92
26 G protein beta 1 subunit 1.08 1.13* 1.05 AAC72249 74 7 37369  5.47
27 POTE ankyrin domain family member F isoform X1 2.46* 3.04* 1.24  XP_002728578 164 6 45903  5.45

oxygen-dependent accumulation of HIF-la and oxygen-independent
synthesis in the neocortex of rats (Kirova y col 2013). In our case, in
the piglet model, 8 h after perinatal asphyxia and reanimation, HIF-1a
mRNA levels were decreased while quercetin could help to increase
levels again. These results support that quercetin can act through the
HIF pathway in the newborn cortex. Besides the already known quer-
cetin effect at the post-transcriptional level (Triantafyllou et al., 2007),
we describe an effect at the transcriptional level.

Changes in both the expression level and in the intracellular location
of the Nrf2 factor in response to quercetin are well documented
including previous works in our laboratory (Arredondo et al., 2010). We,
therefore, decided to analyze Heme oxygenase-1 (HO-1) levels, an
important target of Nrf2 regulation and crucial in nervous system
response to damage. Asphyctic piglets exhibited a significant increase in
HO-1 mRNA while quercetin-exposed animals had decreased levels. The
protective role of HO-1 against oxidative neuronal damage has been
confirmed by experiments performed on animal models (Nitti et al.,
2018). Particularly, in the case of ischemia, animal exposure to pter-
ostilbene prevents ischemic brain damage in newborns through the
Nrf2-dependent induction of HO-1 (Li et al., 2016). It has also been
demonstrated that quercetin increases Nrf2/HO-1 favoring neuro-
protection against galactose-induced damage (Dong et al., 2017). Our
results point in the same direction, since the success of protection
through quercetin can be partially explained by up-regulation of HO-1.

4.2.2. Proteomic profile of neonatal cortex

In addition to these two proteins with an established connection to
neuroprotection in different HI models, we dedicated our efforts to the
search for less known targets and pathways affected by quercetin
treatment in response to neonatal HI.
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Over the last decade, several studies have demonstrated the power of
large-scale differential expression analysis of genes and their products in
response to ischemia. This approach can provide a large amount of in-
formation at once (Van Elzen et al., 2008), and therefore has the po-
tential to uncover clusters of participating proteins with co-regulated
expression and, in some cases, shared functionality.

The proteomic approach undertaken in the two models under study
showed a set of proteins, some of them hardly ever associated with
quercetin, which help to identify new targets and pathways related to its
neuroprotective action. In the piglet model, we selected 17 spots from
analysis that changed with hypoxia or with hypoxia-quercetin treatment
and identified them. Thirteen proteins changed upon hypoxia and 8
were modified by quercetin treatment. We classified them into three
classes according to their differential relative abundance in experi-
mental groups. In the first class, we grouped proteins that increased with
hypoxia followed by quercetin treatment (HQ) when compared with
sham or HV, including proteins related with oxidative stress like
Glutathione S-transferase P and several mitochondrial proteins. These
proteins could respond to quercetin treatment either because they are
direct targets of the compound or because the treatments (hypoxia and
then quercetin) secondarily induce its changes. In the second class, we
grouped proteins that changed with hypoxia and were not clearly
modified by quercetin. In the third group, we included proteins that
changed with hypoxia but returned to sham level to a certain extent with
the subsequent quercetin treatment, becoming candidates to be targets
in the response to quercetin following hypoxia.

String analysis established interactions among identified proteins
defining groups related to glycolytic metabolism and oxidative stress.

In group 1 we identified Acidic Leucine-rich nuclear phosphoprotein
32 (ANP32A), a protein not previously related with quercetin whose
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Fig. 6. Newborn rat proteins identified as differentially expressed by DIGE. Protein data set was identified by network analysis using STRING (Search Tool for

Recurring Instances of Neighbouring Genes) software.

level is induced in HQ group. In our laboratory, we attained the same
effect on mRNA levels by real-time RT-PCR, strongly suggesting that
quercetin is contributing to change the expression of this gene. ANP32A
regulates RNA stability as well as transport, and may control enzymatic
activities by inhibition of protein phosphatase 2A (PP2A) or activation
of caspases (Wang et al., 2015). It has also been related to development
and differentiation of the nervous system (Kular et al., 2009) on account
of its ability to modulate cytoskeletal networks. Furthermore, it mainly
operates as a component of the inhibitor of histone acetyltransferase
complex in cortical neurons (Kadota and Nagata, 2011), opening the
possibility that quercetin, by means of its action on ANP32, could be
implicated in chromatin condensation and therefore regulation of
transcription of other genes.

On the other hand, three enzymes that participate in the glycolytic
pathway of metabolism were identified in our 2D gels with changes in
their relative abundance profiles. A unique spot identified as fructose-
bisphosphate aldolase A could be detected only upon quercetin treat-
ment. Triosephosphate isomerase 1 and alpha-enolase were seen in rows
of spots of the same MW but different isoelectric point, presumably
corresponding to distinct proteoforms. Interestingly, one of them, alpha-
enolase has been described as a multifunctional protein displaying a
range of distinct activities and whose gene carries in its promoter a
hypoxia response element (Semenza et al., 1996).

Several proteins in groups 1 and 3, affected by quercetin are also
known targets of the Nrf2 pathway, as glutathione S-transferase (GST)
and SOD-1 (Shih et al., 2005; Zhang et al., 2010). These changes could
be directed to stabilize metabolism and recover cells from energy failure,
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increasing the expression of the complete battery of glycolytic enzymes
(Lee et al., 2007). As some cells failed to recover, they must be redirected
to death pathways, which may explain why proteins like VDAC1 and
cofilin 1 increased with quercetin administration (Alhadidi and Shah,
2018; Shoshan-Barmatz et al., 2018). The latter was recently proposed
as a promising therapy for different brain injury mechanisms.

Results in DIGE proteomic approach in newborn rats confirmed some
previous results in piglets as proteins related to metabolism were again
represented. GO classes showed that in both models, proteins with cat-
alytic activity were the most represented. Proteins such as pyruvate
kinase, malate dehydrogenase and enolase changed their levels with
hypoxia in rats. In all these cases, levels were similar to sham after
quercetin treatment. Alpha enolase levels that were significantly
decreased in asphyctic pups, were like sham in the group treated with
quercetin. This protein also changed its profile in the piglet model
showing an isoelectric point change in asphyctic animals and recovering
with quercetin. Enolase can be converted to neuron-specific enolase
(NSE), a glycolytic enzyme found in neuronal and neuroendocrine tis-
sues that may play a dual role in promoting both neuroinflammation and
neuroprotection. It could be a marker of neuronal injury but may also
show neurotrophic function as it controls neuronal survival, differenti-
ation, and neurite regeneration (Haque et al., 2018), and has been
identified as a marker in previous studies of asphyxia models
(Weitzdorfer et al., 2008).

As our goal was to describe the multitarget nature of quercetin and to
identify new targets, it is worth taking notice of other rat proteins that
we found related to each other in the enrichment analysis of STRING
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consortium. Noteworthy among them are more than one isoform of
dihydropyrimidinase-related protein and subunits of protein
phosphatases.

Dihydropyrimidinase-related protein 2 (Dpys2), also known as Col-
lapsin response mediator protein 2 (CRMP2), has been related to po-
larization, neural differentiation and axonal growth (Shah et al., 2018),
and inhibits the generation of p53-induced apoptotic genes (Llanos
et al., 2006; Suzuki et al., 2003). In the rat model in the present study,
Dpys2 is induced with quercetin. Shah et al. (2018) have recently shown
that melatonin, with a neuroprotective role, increased levels of CRMP2
in a middle cerebral artery occlusion (MCAO) model. Our results point in
the same direction, and, as this protein can be altered by phosphoryla-
tion and by cleavage, further investigation must be done to confirm its
behavior in perinatal asphyxia and a putative role of quercetin in its
modifications.

Three subunits of phosphatases were also identified in rat proteome
profiling: two phosphatase 2A subunits and one phosphatase 3 subunit.
Serine/threonine protein phosphatase 2A has multiple biological ac-
tivities from cellular metabolism to development and apoptosis being an
important component in the dephosphorylation process (Bennecib et al.,
2000; Liu et al., 2005). Shah et al. (2015) has found it downregulated in
the cortex 24 h after MCAO. Our study demonstrated an increase in
catalytic subunit after hypoxia injury, unrecovered by quercetin
administration. However, we also found decreased expression of regu-
latory subunit after quercetin treatment both with respect to SV and to
HV pups, suggesting that with quercetin administration this complex
holoenzyme is being finely tuned. PP2A is described to achieve substrate
specificity and regulation through combinatorial interactions between
conserved catalytic subunits and a large number of regulatory subunits
(Shi, 2009). It would be important therefore to further analyze the
effective change in this phosphatase’s activity in the rat model. If a
decreased activity could be demonstrated after quercetin treatment we
could hypothesize that, as was described for propofol protective action
(Zhu et al., 2015), a decrease in PP2A expression could control endo-
thelial inflammation induced by HIE. On the other hand, as addressed by
Kruse et al. (2020), the regulatory subunit affects the phosphorylation
site preference of the holoenzyme catalytic subunit, suggesting that
quercetin could be redirecting phosphatase activity to different sub-
strates. Interestingly, in the piglet model, we found that quercetin
increased ANP32A protein, known to inhibit this phosphatase.

In our study in rats, several proteins of the family of proteins with
ankyrin domain changed their expression pattern. This family has been
previously shown to be involved in regulating the amount of factor
inhibiting HIF (FIH) available to hydroxylate HIF-1a and hence, the
level of this transcription factor (Yang et al., 2011).

We have also found that quercetin significantly increased the level of
Heterogeneous nuclear ribonucleoprotein K (hnRNPK), found to be
involved in the maintenance of ATP levels upon cellular stress (Fukuda
et al., 2009). There is strong evidence that hnRNP K plays an important
role in the post-transcriptional regulation of multiple genes involved in
the cytoskeletal organization of axons (Liu and Szaro, 2011). In addi-
tion, it interacts with glycogen synthase-3f (GSK3p) mRNA, regulating
various signaling pathways. Particularly, the phosphorylation of the
protein Dpys2 also found in this report is mediated by GSK3 beta. A
decrease in the level of another heterogeneous nuclear ribonucleopro-
tein, hnRNPD, has been described in the same asphyxia model used in
our report (Weitzdorfer et al., 2008). Moreover, specific interaction was
described between the member hnRNPA1 and quercetin resulting in its
cytoplasmic retention (Ko et al., 2014). These pieces of evidence suggest
the importance of this family of proteins in a putative protective role.

In summary, research in neuroprotective pharmacology aims to
identify forceful compounds to further reduce and repair damage to the
immature brain after perinatal asphyxia, which functions as a synergic
complement to hypothermia treatment. We consider quercetin a serious
candidate to advance in clinical trials. Nanoliposomal preparation
available through different administration routes, reached effective
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concentrations modulating the expression of proteins involved in energy
metabolism, homeostasis, axonal growth and oxidative response in the
cortex. A more in-depth understanding of the contribution of proteins
such as CRMP2, enolase, hnRNPK or PP2A could bring valuable insight
regarding the mechanisms responsible for the neurological disabilities
frequently observed in HIE newborns and the complex action mecha-
nisms of quercetin, contributing to the design of effective therapies to
this severe illness.
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