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Abstract

Background and Purpose: Therapeutic hypothermia (TH) has become the standard

care to reduce morbidity and mortality in neonates affected by moderate-to-severe

hypoxic–ischaemic encephalopathy (HIE). Despite the use of TH for HIE, the inci-

dence of mortality and disabilities remains high.

Experimental Approach: Nerve growth factor (NGF) is a potent neurotrophin, but

clinical use is limited by its pain eliciting effects. CHF6467 is a recombinant modified

form of human NGF devoid of algogenic activity (painless NGF).

Key Results: In rodent hippocampal slices exposed to oxygen and glucose deprivation,

CHF6467 protected neurons from death and reverted neurotransmission impairment

when combined with hypothermia. In a model of rat neonatal HIE, intranasal CHF6467

(20 μg kg�1) significantly reduced brain infarct volume versus vehicle when delivered

10 min or 3 h after the insult. CHF6467 (20 and 40 μg kg�1, i.n.), significantly

decreased brain infarct volume to a similar extent to TH and when combined, showed

a synergistic neuroprotective effect. CHF6467 (20 μg kg�1, i.n.) per se and in combina-

tion with hypothermia reversed locomotor coordination impairment (Rotarod test) and

memory deficits (Y-maze and novel object recognition test) in the neonatal HIE rat

model. Intranasal administration of CHF6467 resulted in meaningful concentrations in

the brain, blunted HIE-induced mRNA elevation of brain neuroinflammatory markers

and, when combined to TH, significantly counteracted the increase in plasma levels of

neurofilament light chain, a peripheral marker of neuroaxonal damage.

Conclusion and Implications: CHF6467 administered intranasally is a promising ther-

apy, in combination with TH, for the treatment of HIE.
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1 | INTRODUCTION

Neonatal hypoxic–ischaemic encephalopathy (HIE) is the most com-

mon cause of death and disability in infants and is often associated

with persistent motor, sensory and cognitive impairment (Millar

et al., 2017). Brain damage following hypoxic–ischaemic insult is a

complex process with multiple contributing mechanisms and path-

ways resulting in both early and delayed injury (Patel et al., 2014).

Although therapeutic hypothermia (TH) is becoming standard

clinical care to reduce morbidity and mortality, it is more effective

against moderate than severe HIE (Sabir et al., 2012) with almost 50%

of the patients developing adverse outcomes despite cooling. Thus,

any preclinical study for evaluating new drugs in HIE, aiming to be

translated into future clinical studies, should consider a comparison as

well as a combination with TH to assess the potential for additive

effects (Landucci et al., 2022).

Nerve growth factor (NGF) is a 120-amino acid protein primarily

involved in the regulation of the growth, maintenance, proliferation

and survival of cholinergic neurons and in homeostasis of glial cells

(Lorenzini et al., 2021). NGF also activates nociceptive neurons to

transmit pain signals from the peripheral to the central nervous sys-

tem (Wise et al., 2021). Although exogenous NGF has been proposed

for the treatment of different kinds of peripheral neuropathies (Apfel

et al., 1998) and neurodegenerative diseases (Jönhagen et al., 1998),

its nociceptive effects limit its clinical use because of the induction of

hyperalgesia and allodynia. NGF is produced by astrocytes and micro-

glia, and its expression is markedly upregulated by local tissue damage

(Pöyhönen et al., 2019). Intracerebroventricularly administered NGF

has been shown to be neuroprotective in an animal model of neonatal

HIE (Holtzman et al., 1996). Beside protecting neurons expressing

neurotropic receptor tyrosine kinase 1 (TrkA) from a variety of insults

(Holtzman et al., 1995), several studies have indicated that NGF has

neuroprotective actions that extend beyond neuronal cells, as it can

inhibit pro-inflammatory cytokine release and increase the anti-

inflammatory ones (e.g., IL-10) (Fodelianaki et al., 2019; Minnone

et al., 2017). Because of its high molecular weight, NGF does not

readily cross the blood–brain barrier (BBB), thus making challenging

the use of NGF as a treatment for central nervous system diseases. A

valid alternative approach, which bypasses the BBB, appears to be the

intranasal administration and recent studies showed that a significant

amount of NGF can reach the central nervous system through this

administration route (Capsoni et al., 2017; Li et al., 2018; Manni

et al., 2021). The olfactory route seems to be a viable option, as it is

relatively simple, not invasive, safe and less likely to cause systemic

side effects.

To exploit the neuroprotective potential of NGF while improving

its therapeutic window by reducing the known algogenic side effects,

a recombinant mutated form of human NGF, namely, CHF6467, also

known as ‘painless human NGF’ (hNGFp), has been developed based

on the clinical observation that a rare genetic syndrome (hereditary

sensory autonomic neuropathy type V) bringing a point mutation on

position 100 of NGF (R100W) generates normal phenotype with

markedly reduced nociception (Testa et al., 2019). CHF6467 presents

a mutation on position 100 (R100E) to reduce algogenic activity and

another mutation in position 61 (P61S), to analytically distinguish it

from the endogenous wild type NGF. Compared to human NGF,

CHF6467 exhibits similar affinity for the ‘neurotrophic’ TrkA recep-

tors (1.35 vs. 0.94 nM) while significantly lower affinity for the ‘apo-
ptotic’ p75 receptor (200 vs. 1.53 nM) (Covaceuszach et al., 2010).

Functionally, CHF6467 shows identical neurotrophic and neuropro-

tective properties to the wild-type NGF but with at least 10 times less

algogenic activity (Capsoni et al., 2011; Malerba et al., 2015; Severini

et al., 2017). Recently, it was observed that intranasal administration

of CHF6467 in a mouse model of Alzheimer's disease differentially

modulated microglia and astroglia, by regulating tumour necrosis

factor-alpha (TNF-α) expression and reducing amyloid-β deposits by

increasing their clearance (Capsoni et al., 2017).

In the present study, we investigated the hypothesis that intrana-

sal CHF6467 could, either per se or in combination with TH, reduce

brain damage and improve behavioural outcomes in rat models of

neonatal HIE. We also assessed the ability of CHF6467 to counteract

HIE-induced gene expression of neuroinflammatory mediators and

plasma elevation of neurofilament light chain, a recognized biomarker

of neuronal damage widely used in the clinic.

2 | METHODS

2.1 | Animals and ethical approval

Wistar rats, Sprague–Dawley rats and C57BL/6J mice were used in

the different experimental protocols. All surgical and experimental

procedures were carried out in accordance with the Italian regulations

What is already known?

• Therapeutic hypothermia (TH) is used in neonates

affected by hypoxic–ischaemic encephalopathy (HIE)

• However, despite use of TH, mortality and long-term dis-

abilities remain high.

What does this study add?

• CHF6467, a painless mutant human nerve growth factor,

was administered intranasally in experimental neonatal

HIE

• CHF6467 is neuroprotective and attenuates neurobeha-

vioural deficits either alone or in combination with TH.

What is the clinical significance?

CHF6467 (i.n.) is a promising novel therapy, alone or in com-

bination with TH, for HIE.
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for the care and use of laboratory animals (EU Directive 2010/63/EU)

and were approved by appropriate institutional and state authorities

of University of Florence (17E9C.N.GS0., No. 671/2019-PR and

No. 22/2022-PR), University of Urbino Carlo Bo (No. 312/20200-PR)

and EBRI Rita Levi-Montalcini Foundation (F8BBD.N.ACZ). In compli-

ance to the Italian law and EU directives, all efforts were made to min-

imize the number of animals used and suffering according to the

principle of 3Rs. Animal studies are reported in compliance with the

ARRIVE guidelines (Percie du Sert et al., 2020) and with the recom-

mendations made by the British Journal of Pharmacology (Lilley

et al., 2020).

2.2 | Preparation of CHF6467 and intranasal
administration

For all studies, CHF6467 (hNGFp) was provided by Chiesi Farmaceutici

S.p.A. (Parma, Italy) and was produced by recombinant expression in

E. coli strain BL21 using a 100 L fermentation scale process. The result-

ing biomass was harvested by centrifugation, and the inclusion bodies

(IBs) were released by homogenization, separated by centrifugation and

washed. The further processing of the IBs included solubilization,

reduction of disulphide bridges and refolding. After refolding, the pro-

hNGFp was converted to hNGFp by cleavage of the pro-protein with

trypsin. After trypsin cleavage, purification of hNGFp started with a

mixed mode cation exchange chromatography, followed by salt tolerant

interaction chromatography (STIC) membrane filtration and ultrafiltra-

tion and cation exchange chromatography on SP Sepharose High Per-

formance (SPHP) resin. The SPHP pool is diafiltered into the

formulation buffer (20 mM Acetic acid, 20 mM L-Methionine, pH 5.5)

at target concentration of 2 mg ml�1 and stored at ≤ �65�C.

Vehicle-treated animals were administered with an equivalent

volume of an aqueous solution of 20 mM L-methionine in 20 mM

acetate buffer, pH 5.5. A total volume of 4 μl (2 μl per nostril) was

administered, alternating nostrils with an interval of 2 min. This intra-

nasal (i.n.) administration protocol was well tolerated with no relevant

sign of distress observed in the animals.

2.3 | Studies in rat organotypic hippocampal slices
exposed to oxygen–glucose deprivation

Male and female Wistar rat pups (7–9 days old) were obtained from

Charles River (Milan, Italy). Animals were housed at 23 ± 1�C under

a 12 h light–dark cycle (lights on at 07:00) and were fed a standard

laboratory diet with ad libitum access to water. Organotypic hippo-

campal slice cultures were prepared as previously described (Gerace

et al., 2012). Briefly, the hippocampi were removed from the brains

of 7–8 day old Wistar rats, and transverse slices (420 μm) were pre-

pared using a McIlwain tissue chopper in a sterile environment. Iso-

lated slices were first placed in ice-cold Hanks' balanced salt

solution (HBSS), supplemented with 5 mg ml�1 glucose and 1.5%

Fungizone® (GIBCO-BRL) and then transferred to humidified semi-

porous membranes (30 mm Millicell-CM 0.4 μm tissue culture plate

inserts, Millipore, Rome, Italy; four per membrane). These were

placed in six-well tissue culture plates containing 1.2 ml culture

medium containing 50% Eagle's minimum essential medium (MEM),

25% heat-inactivated horse serum, 25% Hanks' balanced salt solu-

tion (HBSS), 5 mg ml�1 glucose, 1 mM glutamine and 1.5% Fungi-

zone®. Slices were maintained at 37�C, with 100% humidity, and

95% air: 5% CO2 atmosphere, and the medium was changed every

3 days. Experiments were carried out after 14 days in vitro (DIV).

Oxygen and glucose deprivation (OGD) was induced as previously

described (Landucci et al., 2011, 2021). Briefly, the slices were

exposed to a serum-free medium saturated with 95% N2/5% CO2

at 37�C in a gassed incubator equipped with an oxygen controller

(BioSpherix, New York, United States). After 30 min, the cultures

were transferred to oxygenated serum-free medium containing

5 mg ml�1 glucose and returned to the incubator under normoxic

conditions. Drugs were present in the incubation medium during

30 min OGD period and in subsequent 24 h recovery period. The

neuronal injury was evaluated 24 h later. Cell injury was assessed

using the fluorescent dye propidium iodide (PI) (5 μg ml�1) that was

added to the medium at the end of the 24 h post-OGD recovery

period. Thirty minutes later, fluorescence was viewed using an

inverted fluorescence microscope (Olympus IX-50; Solent Scientific,

Segensworth, United Kingdom) equipped with a xenon-arc lamp, a

low-power objective (4X) and a rhodamine filter. Images were digi-

tized using a video image obtained with a CCD camera (Diagnostic

Instruments Inc., Sterling Heights, MI, United States) controlled by

software (InCyt Im1TM; Intracellular Imaging Inc., Cincinnati, OH,

United States) and subsequently analysed using the Image-Pro Plus

morphometric analysis software (Media Cybernetics, Silver Springs,

MD, United States). To quantify cell death, the CA1 hippocampal

subfield was identified and encompassed in a frame using the draw-

ing function in the image software (ImageJ; NIH, Bethesda, MD,

United States), and the optical density of PI fluorescence was

recorded. There was a linear correlation between CA1 PI fluores-

cence and the number of injured CA1 pyramidal cells.

2.4 | Studies in mouse hippocampal slices exposed
to oxygen–glucose deprivation

C57BL/6J male mice (15–25 days old) were housed at the EBRI Rita

Levi-Montalcini Foundation (Rome, Italy). The mice were killed by cer-

vical dislocation (Clarkson et al., 2022), and the brain was rapidly

removed from the skull and immersed in cold aCSF. Parasagittal hippo-

campal slices (250–350 μm) were obtained according to the standard

procedures (Mango & Nisticò, 2019). A single slice was placed in the

recording chamber submerged in a continuously flowing solution

(3 ml min�1) of aCSF saturated with 95%O2 to 5%CO2. Extracellular

field recordings were performed at 30 ± 0.5�C using a stimulating elec-

trode placed in Schaffer collateral fibres to elicit fEPSP that was

recorded with glass microelectrodes (1.5–2 MΩ) filled with aCSF

placed in the CA1 region of the stratum radiatum. Whole cell patch-

clamp recordings on CA1 pyramidal neurons were performed at room

temperature and held at �70 mV. Whole-cell configuration was
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obtained using glass electrodes (4–7 MΩ) in voltage-clamp mode filled

with solutions containing (in mM) CsCl (135), KCl (10), CaCl2 (0.05),

EGTA (0, 1), Hepes (10), Na3-GTP (0, 3), Mg-GTP (4, 0), pH adjusted to

7.3 with CsOH. The OGD on ex vivo hippocampal slice was applied by

perfusion with aCSF without glucose and gassed with 95%N2 to 5%

CO2 (49). After OGD the slices were reperfused with aCSF containing

glucose and O2. The neuroprotective effect of CHF6467 against OGD

was evaluated on the amplitude of field excitatory post synaptic

potentials (fEPSPs) and on single neuron parameters altered by energy

deprivation; specifically, we measured amplitude and inter event inter-

val (iei) of spontaneous excitatory post synaptic currents (sEPSC) and

membrane potential (Vm). We also assessed the time window of neu-

roprotection with CHF6467 during and after OGD, recording evoked

EPSC. All patch clamp experiments have been carried out in presence

of picrotoxin to isolate the excitatory neurotransmission.

2.5 | Study in neonatal Sprague–Dawley rats
subjected to brain hypoxic–ischaemic insult (research
site at University of Urbino)

Pregnant Sprague–Dawley rats (Charles River Laboratories, Italy) were

housed in individual cages kept in regular light/dark cycle (lights on

8 AM to 8 PM) in the animal facility of the Department of Biomolecu-

lar Sciences of the University of Urbino Carlo Bo. The day of delivery

was considered Day 0. Pup rats from different litters were randomized

and normalized to 10 pups for litter. On post-natal day (PND) 7, pups

were anaesthetized with 3% isoflurane in oxygen and the right com-

mon carotid artery of each pup was exposed, isolated from nerve and

vein and permanently ligated with surgical silk. After suturing the

wound, animals recovered for 3 h under a heating lamp. At the end of

this procedure, pups were placed in airtight jars partially submerged in

a water bath at 37�C to maintain a constant thermal environment and

exposed for 2.5 h to a humidified nitrogen–oxygen mixture (92%

and 8%, respectively) delivered at 5–6 L min�1 (hypoxia-ischaemia,

HI). Rectal temperatures were measured before surgery and at the

end of the period of hypoxia; no differences were found among

groups (data not shown). Previous studies have shown that rectal tem-

perature accurately reflects brain temperature in rodents during expo-

sure to HIE (Chen et al., 2024; Dingley et al., 2006). CHF6467 was

intranasally administered at the dose of 4 μg kg�1 (low dose) 10 min

after HI or at the dose of 20 μg kg�1 (high dose), 10 min, 1 h or 3 h

after the insult according to the manufacturer instructions. A group of

ischaemic animals received the same volume of vehicle 10 min after

HI (VEH). Animals were then returned to their dams until PND

14 (7 days after HI and CHF6467 treatment), when they were killed to

evaluate the neuroprotective effect of CHF6467 using histological

techniques. Briefly, animals were anaesthetized with 3% isoflurane in

oxygen and euthanized by decapitation, and the brains immediately

frozen in dry ice. Coronal sections (40 μm thick) of the brain of each

animal were cut on a cryostat and thaw-mounted onto acid-washed

subbed slides (gelatin and chrome alum). Sections were then post-

fixed with 4% paraformaldehyde in phosphate-buffered saline and

stained with toluidine blue. To evaluate tissue injury, a computerized

video camera-based image analysis system (J Image software; https://

imagej.nih.gov/ij) was used to measure cross-sectional areas from the

level of the anterior genu of the corpus callosum to the end of the

dentate gyrus (3.0 mm anterior to bregma, �3.0 mm posterior to

bregma; figs. 9a and 49a in the Konig and Klippel rat brain stereotaxic

atlas). Measurements were performed in blinded conditions and were

based on the intensity and uniformity of the staining of the intact tis-

sue as previously described (Carloni & Balduini, 2008). Regional vol-

umes were estimated by summing areas and multiplying by the

distance between sections (400 μm). Statistical analysis was per-

formed using the computer program Graph Pad Prism (v 8.0, Graph

Pad Software Inc., San Diego, CA, United States). Statistical differ-

ences between groups for each outcome measured were analysed

using one-way ANOVA followed by the Holm-Sidak procedure for

multiple comparisons. All the data were expressed as mean ± SEM and

significance was set at P ≤ 0.05.

2.6 | Studies in neonatal Wistar rats subjected to
brain hypoxic–ischaemic insult with or without
therapeutic hypothermia (TH) (research site at
University of Florence)

Pregnant Wistar rats (Charles River Laboratories, Italy) were housed in

individual cages in the animal facility of the University of Florence and

kept in regular light/dark cycle (lights on 8 AM to 8 PM). The day of

delivery was considered Day 0. Pup rats from different litters were

randomized and normalized to 10 pups for litter. Brain hypoxic–

ischaemic insult was obtained as previously described (Landucci

et al., 2018). Briefly, at PND 7, Wistar rat pups were anaesthetized

with isoflurane gas (induction, 4–5%; maintenance, 1–2%). The left

common carotid artery was permanently ligated using 4–0 silk follow-

ing a midline incision. After the operation, all pups were returned to

their dams for recovery and lactation for 1 h. Then, pups were placed

in enclosed, vented Plexiglas chambers (W20, D20 and H17) partially

submerged in a water-bath and exposed by continuous flow to

warmed, humidified gas 8% oxygen 92% nitrogen for 120 min.

After the insult, the pups were returned to their dams for 1 h and

then placed in a chamber at normothermic (37�C) or hypothermic

(32�C) temperatures for 4 h.

Pups dedicated to assessment of infarct volume 72 h after the

insult were administered with CHF6467 (20 and 40 μg kg�1 i.n.)

immediately and 24 h after the end of hypoxia. All pups were then

maintained with their dam and killed by decapitation 72 h later. For

the measurement of the infarct (ischaemic) areas and volumes, 1 mm

thick coronal sections were cut with a blade, incubated in 2% 2,3,5-

triphenyl-tetrazolium chloride (TTC) for 15 min at 37�C and then fixed

in 4% paraformaldehyde for 24 h. Infarct areas were measured using a

computerized image analysis system (Image-Pro Plus 3.0). The infarct

volume was calculated as previously described (Landucci et al., 2018).

Pups dedicated to neurobehavioural testing were administered

with CHF6467 (20 μg kg�1) by intranasal immediately and 24, 48 and
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72 h after the end of hypoxia were then maintained with their dam

until weaning, and they were subjected to behavioural tests at PND 60.

2.7 | Behavioural tests at PND 60 (research site at
University of Florence)

Open field test, Novel object recognition, RotaRod and Y-maze have

been performed at PND 60 for evaluating long-term neurological

function.

2.8 | Novel object recognition test

The novel object recognition test evaluates memory on rats. Rats

were placed near the centre of the front wall with their back towards

the objects for 5 min in an arena to perform the recognition task of

two objects with the same colour, size, shape and relatively heavy to

prevent animals from moving them around. Interaction with such

objects in this first test was employed to ensure that there would be

no intrinsic preferences or aversions and that each object would

be equally explored, for similar durations (habituation phase). For the

assessment of short-term memory (Vogel-Ciernia & Wood, 2014),

the animals were placed again in the open field arena at 30 min from

habituation, in the presence of two objects, one of them being novel

to the animal (with different shape and size from the other familiar

object). The act of directing the nose to the object at a distance infe-

rior to 2 cm and/or touching the object with the nose or mouth was

considered as exploration. Each session was videotaped for 5 min and

then analysed. The evaluated parameters were interaction time with

the novel object (in seconds), interaction time with the familiar object

(in seconds) and the discrimination index, calculated as the difference

in the exploration time for the novel object (N) compared to the famil-

iar (F) one as a proportion of the total time spent exploring the two

objects (N�F)/(N + F).

2.9 | RotaRod

The RotaRod test evaluates equilibrium behaviour and locomotor abil-

ity in rodents. At 60 post-natal days, the effect of combined treatment

was evaluated by RotaRod tests. The RotaRod apparatus (Ugo Basile,

Varese, Italy) consisted of a base platform and a rotating rod with a

diameter of 6 cm and a non-slippery surface. The rod was placed at

a height of 25 cm from the base. The rod, 36 cm in length, was

divided into four equal sections by five disks. The day before the test,

animals were trained to perform the task. They were placed on the

rod with no rotation for 30 s, then with a constant rotation (10 rpm),

and this procedure was repeated three times at 10 min intervals. Ani-

mals were trained until they could stay on the rod for at least 4 falls.

After 24 h in the testing session, animals were placed on the rod for

the testing trial, in which the rod rotates with the same constant

speed (Manni, Leotta, et al., 2023). The integrity of motor

coordination was assessed based on the number of falls from the rod

for a maximum of 360 s. After a maximum of four falls from the rod,

the test was suspended, and the time was recorded. Each rat was

assessed once, and the group mean average score was calculated.

Rodents with impaired locomotor function fall from the rod faster

than those with normal locomotor function.

2.10 | Y-maze

The Y-maze is commonly used to assess spontaneous alternation and

spatial memory in rodents. It consists of three arms with 120� angle

between each other. The Y-maze was initially used to study explora-

tion behaviour and behaviour pattern (known as spontaneous alterna-

tion), and for assess spatial memory in rodents by evaluating

spontaneous alternation. This test includes a single trial, in which the

animal is placed in one arm of the Y-maze and allowed to explore for

5 min. The sequence of each entrance and total number of entrances

are recorded. Spontaneous alternation is shown by the tendency of

the arm visits that are different from previous two visits.

After the end of the behavioural experiments at 60 PND, rats

were perfused transcardially with an ice-cold solution of 4% parafor-

maldehyde in PBS. Brains were extracted, postfixed overnight at 4�C

with a solution of 4% paraformaldehyde in PBS and cryoprotected

with a solution of 18% sucrose in PBS for at least 48 h. A collection of

coronal sections (20 μm thick) of the brains has been carried out using

a microtome cryostat (CM1850; Leica, Nussloch, Germany) and

stained with toluidine blue. All sections were scanned to the computer

using the Axio system (Z1 system; Zeiss, Germany). The area of brain

damage was measured using image-analysis system (NIH ImageJ soft-

ware, https://imagej.nih.gov/ij). The infarct volume was estimated

with the direct method by summing areas of the selected slices where

the damage is present and multiplying by the distance between sec-

tions (400 μm). Statistical differences between groups for each out-

come measured were analysed using two-way ANOVA followed by

Tukey's post hoc. All the data were expressed as mean ± SEM, and

significance was set at P ≤ 0.05. All statistical analyses were per-

formed using GraphPad Prism 8.0 (Graph Pad Software Inc., San

Diego, CA, United States).

2.11 | Study on neonatal Wistar rat brain
cytokines and chemokines subjected to brain hypoxic–
ischaemic insult

Wistar rats at PND 7 were subjected to brain hypoxic–ischaemic

lesion as described in the previous paragraph. CHF6467 was adminis-

tered intranasally only immediately after the end of hypoxia at the

doses of 20 μg kg�1. All the pups were then maintained with their

dam and killed by decapitation 24 h later. The brain was immediately

extracted from the skull, and cortex and hippocampus were rapidly

dissected on a cold plate kept on ice, rinsed in cold PBS and imme-

diately lysed with QIAzol Lysis Reagent (0.8 ml per 30 mg tissue).
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Tissue samples were homogenized combining beads and Tissue

Lyser (Qiagen, Hilden, Germany) device. After addition of chloro-

form, the homogenate was separated into aqueous and organic

phases by centrifugation. The upper, aqueous phase was extracted

by QiaCube system (Qiagen, Hilden, Germany). Protocol including

DNase step was chosen in order to remove gDNA. RNA samples

were eluted in RNase free water and stored at �80�C until Reverse

transcription step. Concentration of RNA samples was determined

by Nanodrop (ThermoFisher, Frosinone, Italy) analyser and adjusted

to retrotranscribe 1,000 ng of RNA in one RT reaction for each

sample. An additional ezDNase™ Enzyme step was performed

before RT reaction in order to remove gDNA. Thermal cycling

conditions suggested by the manufacturer were followed to allow

RT reaction. cDNA samples were tested on custom designed array

plates (Taqman gene array, Thermofisher) including primers and

probe for target and housekeeping genes. The following genes

(Thermofisher, Frosinone, Italy, catalogue number in brackets) were

targeted during the study: Housekeeping genes: 18 s rRNA

(Hs99999901_s1), Beta-2-microglobulin (B2m) (Rn00560865_m1),

TATA box-binding protein (Tbp) (Rn01455648_m1); Target genes:

monocyte chemoattractant protein-1 (Ccl2) (Rn00580555_m1), che-

mokine ligand 22 (Ccl22) (Rn01536591_m1), chemokine ligand

112 (Ccl12) (Rn01464638_m1), Tnf (Rn00562055_m1), Cxcl2

(Rn00586403_m1), Ccl7 (Rn01467286_m1), CC-chemokine receptor

5 (Ccr5) (Rn02132969_s1), chemokine ligand 20 (Ccl20)

(Rn00570287_m1), Il6 (Rn01410330_m1), Cxcl10 (Rn01413889_g1),

and monocyte chemoattractant protein-6 (Ccl6) (Rn01456400_m1).

TaqMan® Fast Advanced Master Mix (Applied Biosystems, Monza,

Italy) and diluted cDNA were added to plates; thermal cycling condi-

tions suggested by manufacturer were followed to carry out PCR reac-

tion. Results were calculated using the 2 � ΔΔCt method based on

housekeeping gene amplification. Statistical analysis was performed

by Graph Prism 8.0 software; one-way ordinary ANOVA test followed

by Dunnett post hoc test.

2.12 | Study on neurofilament light chain plasma
levels in neonatal rats subjected to hypoxic–ischaemic
encephalopathy (HIE)

At PND7, Wistar rats subjected to hypoxic–ischaemic insult were

treated with intranasal CHF6467 (40 μg kg�1) or hypothermia or their

combination as described in the previous paragraphs. In a subset of

animals at PND 10, three days after the insult, plasma samples were

collected, immediately upon killing. NfL plasma levels were measured

by Rat NfL Simple Plex assay on Ella device (ProteinSimple, California,

United States), according to the manufacturer's instructions.

2.13 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2022).

Operators blinded to the experimental group allocation per-

formed statistical analysis for neuroprotective experiments, electro-

physiological experiments, behavioural tests, cytokines and NfL

dosages. Statistical analyses were performed using GraphPad Prism

8 (GraphPad Software). Statistical analysis was performed without

taking sex into account for assignment to experimental groups,

because preliminary analyses for the effects of both HIE and

intranasal CHF6467 on males and females did not reveal a main or

interaction effect related to sex. The Shapiro–Wilk normality test was

used to determine if variables followed a normal distribution.

Results are presented as means ± SEM (for data with Gaussian distri-

bution) or median ± range (for data with non-Gaussian distribution).

Statistical comparisons of data obtained from electrophysiological

experiments were performed using the Student's t test (unpaired data)

or with one-way ANOVA followed by Bonferroni's post hoc test. In

OGD experiments, significance was evaluated in the last 10 min of

recordings, and statistical significance was set at P < 0.05. Amplitude

or inter-event interval of the spontaneous events was detected

from 3 min trace records, and changes were compared according to

their cumulative distributions using the Kolmogorov–Smirnov

(K-S) test.

Statistical differences between groups for SD rats were analysed

using one-way ANOVA followed by the Holm-Sidak procedure for

multiple comparisons.

To assess effects of HIE and CHF6467 treatment alone or in

combination with hypothermia (in Wistar rats) on the neuroprotection

and behavioural tests, one-way ANOVA was performed, followed by

Tukey's w test for multiple comparisons. Statistical comparisons of

data obtained from cytokines and NfL dosages were analysed using

one-way ANOVA was performed, followed by Dunnet's test for multi-

ple comparisons. Post-hoc tests were run only if F achieved P<0.05

and there was no significant variance inhomogeneity.

2.14 | Nomenclature of targets and Ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2023/23

(Alexander et al., 2023).

3 | RESULTS

3.1 | CHF6467 attenuates oxygen and glucose
deprivation (OGD)-mediated injury in rat organotypic
hippocampal slices

We investigated the effects of CHF6467 on CA1 toxicity induced by

OGD in rat organotypic hippocampal slices (Figure 1a). In basal condi-

tions, rat organotypic hippocampal slices exposed to CHF6467

(0.001–1 μg ml�1) for 24 h displayed no apparent signs of injury (data

not shown). When present in the incubation medium during OGD and
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in the subsequent 24 h of recovery period, CHF6467 reduced the

CA1 injury, the maximum protection being achieved at 0.01–

0.1 μg ml�1 (Figure 1b–e). To investigate the time therapeutic win-

dow, rat organotypic hippocampal slices were subjected to 30 min

OGD and treated with CHF6467 (0.1 μg ml�1) at different time points

(0, 30 and 60 min) after the insult. Figure 1f shows that the protective

effects of CHF6467 were still manifest when the drug was adminis-

tered up to 30 min following OGD.

3.2 | CHF6467 reverts oxygen and glucose
deprivation (OGD)-mediated synaptic depression in
acute mouse hippocampal slices

We investigated the effects of CHF6467 on electrophysiological

activity of acute mouse hippocampal slices obtained from mice

P15–25 representing early post-natal period (Brust et al., 2015).

First, we evaluated the effects of increasing CHF6467

F IGURE 1 Neuroprotective effects of
CHF6467 against 30 min oxygen and glucose
deprivation (OGD) in organotypic hippocampal
slices. (a) Schematics of experimental timeline
used for the study of hippocampal organotypic
slices under ischaemic condition (see Section 2).
DIV: day in vitro. (b) Hippocampal slice under
control conditions (CRL) (background propidium
iodide (PI) fluorescence). (c) Slice exposed to

30 min OGD displaying intense PI labelling in the
CA1. (d) CA1 damage induced by 30 min OGD
was attenuated by the presence of 0.01 μg ml�1

of CHF6467. (e) CHF6467 dose-dependently
attenuated CA1 injury. (f) CHF6467 showed
neuroprotective effects at different time points
after 30 min OGD in organotypic hippocampal
slices. Data are expressed as mean ± SEM of at
least five experiments run in quadruplicate.
*P < 0.05 versus OGD; one-way ANOVA followed
by Dunnett's test
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concentrations (0.01–0.1 μg ml�1) on basal neurotransmission in

hippocampus. Bath application of CHF6467 for 15 min at the con-

centration of 0.1 μg ml�1 affected neurotransmission by inducing a

significant increase of fEPSP amplitude compared to control condi-

tion (Figure 2a). No significant effects were observed at lower

CHF6467 concentrations. Second, we investigated the possibility of

neuroprotective effect of CHF6467 against OGD insult. The ability

of hippocampal slices to recover synaptic function upon return of

normal oxygenation depends on the duration of the OGD (Armogida

et al., 2011). OGD applied for 5 min caused a reversible fEPSP

depression that reverted on return of normal oxygenated artificial

cerebrospinal fluid (aCSF) with glucose (Figure S1a). Conversely,

application of OGD for 10 min induced an irreversible fEPSP

depression (Figure S1a). To assess neuroprotection, slices were trea-

ted with CHF6467 at 0.03 or 0.1 μg ml�1 during OGD. At both

concentrations, we observed a complete recovery of fEPSP ampli-

tude to control condition (Figure 2b). Next step was to test whether

CHF6467 may also prevent the synaptic transmission alteration

induced by a prolonged period of glucose deprivation (GD). Under

this condition, no neuroprotection was observed with CHF6467

(Figure S1b). Then, we studied the time window of neuroprotection

performing experiments in which CHF6467 (0.03 μg ml�1) was

applied 5 min after the start OGD perfusion. Surprisingly, also in

these conditions, we observed a neuroprotective effect of

CHF6467, with a completely restored fEPSP amplitude (Figure 2c).

To evaluate the therapeutic window of the observed neuroprotec-

tive effect, we performed experiments on hippocampal pyramidal

neurons using whole cell patch clamp configuration. The evoked

excitatory postsynaptic currents (EPSCs) were irreversibly reduced

after 15 min of OGD, but we observed a neuroprotective effect of

CHF6467 when it was applied after OGD with a reduction of EPSC

depression magnitude induced by OGD (Figure 2d). No EPSC

changes were observed when CHF6467 was applied under normal

conditions (Figure S1c). When CHF6467 was bath applied 10 min

after OGD, we still observed a complete rescue of EPSC reduction

induced by OGD (Figure 2e).

3.3 | CHF6467 plus hypothermia reverts oxygen
and glucose deprivation (OGD)-mediated
electrophysiological alterations in mouse hippocampal
pyramidal neurons

We evaluated the neuroprotective effects of CHF6467 and hypother-

mia on electrophysiological parameters altered by energy deprivation

on single CA1 pyramidal neuron. We ascertained excitatory neuro-

transmission measuring spontaneous postsynaptic currents (sEPSC)

and membrane potential (Vm). During OGD, we observed a significant

reduction in the inter-event interval (iei) of sEPSCs (Figure 3a,b), this

effect being linked to the increased glutamate release underlying the

excitotoxic mechanism induced by OGD (Castillo et al., 1996).

The inter-event interval decrease induced by OGD was reverted by

re-oxygenation (Figure 3a,b), while no change was observed in the

amplitude of the same currents during OGD (Figure 3a,b) and after

reoxygenation (Figure 3a,b). Notably, perfusion of CHF6467

(0.03 μg ml�1) during the OGD period significantly reversed the

effect of OGD on the reduction of iei of sEPSC (Figure 3a,b). A signif-

icant effect was also observed during the reoxygenation period in

neurons treated with CHF6467, in which we recorded a strong

increase of iei compared to reoxygenation alone (Figure 3a,b). No

changes were observed in the amplitude of the same events in differ-

ent conditions (Figure 3a,b), as well as no changes in the same param-

eters were caused by CHF6467 under normal conditions (Figure S1d).

These data show that CHF6467 was able to reduce excitotoxicity

induced by OGD. Another parameter that is classically affected by

OGD is the membrane potential (Vm). During OGD, the neuron depo-

larizes and returns to control values during reoxygenation (Figure 3c).

In neurons perfused with CHF6467, we did not observe any signifi-

cant change in the Vm during the OGD period (Figure 3c), while the

hyperpolarization during reoxygenation was increased. These data

further confirm a neuroprotective potential of CHF6467. We hypoth-

esized that CHF6467 could enhance the neuroprotective effects of

TH, which is the current standard clinical care in neonatal HIE. To

investigate such a hypothesis, we performed experiments applying

CHF6467 with hypothermia in the OGD model (Öz &

Saybaşılı, 2017). In our experimental conditions, hypothermia (aCSF

4�C for 15 min) was able to partially revert the reduction of EPSC

induced by OGD (Figure 3d). The application of CHF6467 during

hypothermia completely rescued the OGD reduction of EPSCs

(Figure 3d) suggesting an additive effect of CHF6467 with hypother-

mia, thus providing a rational for its use as combined treatment in

hypoxic–ischaemic brain injury.

3.4 | CHF6467 dose–response and time window
of intervention in experimental neonatal rat hypoxic–
ischaemic encephalopathy (HIE0

A first set of experiments conducted at University of Urbino, Italy,

evaluated the neuroprotective dose–response effects and the time-

window for intervention of CHF6467 administration in neonatal

Sprague–Dawley rats undergoing brain hypoxic–ischaemic damage

through permanent right common carotid ligation followed by hypoxia

(8% O2) (Figure 4a). A total of 60 animals were included in the study,

randomly distributed in 5 treatment groups of 12. The histological

damage evaluation shows that hypoxic-ischaemia induced a severe

damage in the brain hemisphere ipsilateral to the occluded carotid

(Figure 4b); in the vehicle-treated group, the whole hemisphere

showed a volume reduction compared to contralateral hemisphere.

Treatment with 4 μg kg�1 CHF6467, given 10 min after the damage,

did not affect brain loss (Figure 4b). After administration of

20 μg kg�1 of CHF6467, there was a significant decrease in brain

damage compared to vehicle-treated group both at 10 min, 1 h and

3 h after brain insult (Figure 4b). Coronal brain sections at the hippo-

campal level of a representative animal for each experimental group

are shown in Figure 4c. Thus, at the intranasal dose of 20 μg kg�1
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F IGURE 2 CHF6467 reverted depression induced by oxygen and glucose deprivation (OGD) in hippocampal slices. (a) Superimposed pooled
data showing fEPSP in slices treated with CHF6467 (15 min) at different concentration (0.01–0.1 μg ml�1). Histograms illustrate the amplitude of
fEPSP. Data (n = 5) are expressed as mean ± SEM; # indicates significant differences between CHF6467 0.01 and 0.1 μg ml�1 concentrations by
unpaired Student's t test. (b) Superimposed pooled data showing fEPSP in slices treated with OGD (10 min), CHF6467 0.03 μg ml�1 + OGD or
CHF6467 0.1 μg ml�1 + OGD. On top, representative traces for different conditions are shown. Histograms illustrate the amplitude of fEPSP in
the different experimental conditions. Data (n = 5) are expressed as mean ± SEM; # indicates significant differences between CHF6467 + OGD
and OGD treatment by an unpaired Student's t test. (c) Superimposed pooled data showing fEPSP in slices treated with OGD (10 min) or
CHF6467 0.03 μg ml�1 + OGD. On top, representative traces for different conditions are shown. Histograms illustrate the amplitude of fEPSP in
both experimental conditions. Data (n = 5) are expressed as mean ± SEM; # indicates significant differences between CHF6467 + OGD and
OGD treatment by unpaired Student's test. (d) Superimposed pooled data showing EPSP in slices treated with OGD or CHF6467 + OGD, on top,
representative traces for different experimental conditions are shown. Histograms illustrate the amplitude of EPSP. Data are expressed as mean ±
SEM; # indicates significant differences between two treatments by unpaired Student's t test. (e) Superimposed pooled data showing EPSP in
slices treated with OGD (10 min) or CHF6467 0.03 μg ml�1 after OGD. On top, representative traces for different experimental conditions are
shown. Histograms illustrate the amplitude of fEPSP in both experimental conditions. Data (n = 5) are expressed as mean ± SEM; # indicates
significant differences between CHF6467 after OGD and OGD treatment by an unpaired Student's t test.
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dose, CHF6467 showed a significant neuroprotection up to 3 h after

the hypoxic–ischaemic damage.

3.5 | CHF6467 reduces brain infarct volume and
synergistically potentiates neuroprotection by
hypothermia in experimental neonatal rat hypoxic–
ischaemic encephalopathy (HIE)

In a second set of experiments conducted at University of Florence,

Italy, we evaluated the neuroprotective effects of the combination of

intranasal CHF6467 and TH in neonatal Wistar rats undergoing

hypoxic–ischaemic damage through permanent left common carotid

artery occlusion followed by hypoxia (Figure 5a). A total of 82 animals

were enrolled. CHF6467 (20 μg kg�1) was given alone or in combina-

tion with hypothermia (32�C for 4 h beginning 1 h after the end of hyp-

oxia). Hypothermia significantly reduced the extension of the lesion

when compared to vehicle-treated animals maintained in normothermia

(Figure 5b). Similarly, CHF6467 significantly inhibited brain infarcted

volume compared to vehicle (Figure 5b). Interestingly, CHF6467 in

combination with hypothermia showed a dramatic reduction of brain

lesion compared to both vehicle in normothermia and CHF6467 alone

(Figure 5b). The potentiation of the hypothermia neuroprotective effect

exerted by CHF6467 appears to be synergistic as shown by the signifi-

cant positive interaction of the two fixed factors (CHF6467 and hypo-

thermia) in a two-way ANOVA model applied on log-transformed brain

infarcted volumes. Rostral to caudal coronal brain sections, staining

with TCC, of representative animals for each experimental group are

shown in Figure 5c. These data suggest that CHF6467 and hypother-

mia exert their neuroprotective activity non redundantly, likely acting

on different biological pathways.

3.6 | CHF6467 attenuates brain mRNA cytokine
elevations in experimental neonatal rat hypoxic–
ischaemic encephalopathy (HIE)

To start dissecting the mechanisms associated with the neuroprotec-

tive activity shown by CHF6467, we measured cytokine mRNA

expression in the hippocampus and frontoparietal cortex in a subset

of neonatal HIE Wistar rats killed at 24 hours after the hypoxic–

ischaemic insult. In both hippocampus and frontoparietal cortex, a

marked increase of mRNA levels of several cytokines and chemokines

was observed in comparison with sham-operated controls

(Figure 6a,b). CHF6467 (20 μg kg�1 i.n.) administered immediately

after hypoxia significantly counteracted the upregulation of several

neuroinflammatory markers (monocyte chemoattractant protein-1

[ccl2], chemokine [C-X-C motif] ligand 2 [cxcl2], TNF-α, interleukin-6

[IL-6], chemokine CC motif ligand 7 [ccl7] and chemokine ligand

20 [ccl20]) in the hippocampal region of rats subjected to the

hypoxic–ischaemic insult while hypothermia alone was not as effec-

tive as CHF6467 (Figure 6a). The combination of hypothermia and

CHF6467 did not differ significantly from the effect of CHF6467

alone (Figure 6a). In the cortex, intranasal CHF6467 alone counter-

acted upregulation of some neuroinflammatory markers (but only che-

mokine (C-X-C motif) ligand 2, cxcl2, reached a statistical significance)

induced by the hypoxic–ischaemic insult and such effect was, for

some neuroinflammatory markers (ccl7, ccl2, IL-6 and TNF-α), aug-

mented by the combination with hypothermia (Figure 6b).

3.7 | CHF6467 attenuates long-term behavioural
deficits and synergistically potentiate neuroprotection
by hypothermia in experimental neonatal rat hypoxic–
ischaemic encephalopathy (HIE)

The neuroprotective effects of intranasal CHF6467 (20 μg kg�1)

were tested in experimental HIE alone or in combination with

hypothermia, and the impact on long-term behavioural deficits was

evaluated. CHF6467 was administered by the intranasal route

immediately and 24, 48 and 72 h after the end of hypoxia at the

dose of 20 μg kg�1 that was shown to be well tolerated in previ-

ous experiments. All pups were then maintained with their dams,

and they were subjected to behavioural tests at PND 60 before

killing (Figure 7a). A total of 110 rats were enrolled, with 6 rats

dying during the surgery and one animal dying 8 days after ischae-

mia. The animals were randomly assigned to five groups: 23 rats

undergoing sham lesion, 21 rats undergoing hypoxic–ischaemic

insult, 20 rats undergoing hypoxic–ischaemic insult and receiving

CHF6467, 19 rats undergoing hypoxic–ischaemic insult plus hypo-

thermia, and 20 rats undergoing hypoxic–ischaemic insult and

CHF6467 plus hypothermia. The left eye (ipsilateral to the ischaemic

insult) opening day was delayed in hypoxic–ischaemic animals versus

sham, and we observed a significant improvement of eye opening in

F IGURE 3 Neuroprotective effect of CHF6467 on alterations induced by energy deprivation on pyramidal neuron and combined effect with
hypothermia. (a) Pooled cumulative distributions of sEPSC inter event interval (bin size 50 ms) recorded from neurons in response to oxygen and
glucose deprivation (OGD), CHF6467 + OGD and reoxygenation. On top, representative traces from different experimental conditions are
shown. (b) Histograms show the effect of different treatments on inter event interval and amplitude of sEPSC (as % of control). Data (n = 5) are
expressed as mean ± SEM; asterisk (*) indicates significant differences between CHF6467 and control in different experimental conditions by an
unpaired Student's t test. (c) On the left, representative traces from different experimental conditions are shown, histograms show the effect of
CHF6467 treatment in different experimental conditions. Data (n = 5) are expressed as mean ± SEM; asterisk (*) and # indicate significant

differences by a paired Student's t test. (d) Superimposed pooled data showing EPSP in slices treated with OGD, OGD + hypothermia or OGD
+ CHF6467 + hypothermia. On top, representative traces for different experimental conditions are shown. Histograms illustrate the amplitude of
EPSP. Data (n = 5) are expressed as mean ± SEM; # indicates significant differences between two treatments by an unpaired Student's t test. iei,
inter-event interval.
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animals treated with hypothermia or CHF6467 alone or in combina-

tion versus hypoxic–ischaemic animals (data not shown). At PND

60, lesioned animals who received vehicle showed high number of

falls and limited motility on Rotarod with latency that was significantly

increased by both CHF6467 and hypothermia. The combination of

CHF6467 and hypothermia significantly reduced the number of falls

and extended the latency compared to normothermia alone

(Figure 7b,c). At PND 60, memory performance in animals treated with

hypothermia or CHF6467 significantly improved compared to vehicle-

treated lesioned animals both on the Y-maze (discrimination index,

Figure 7d) and the novel object recognition (percent alternation,

Figure 7e) tests. Memory performance of animals treated with the

combination of CHF6467 plus TH approached that of sham animals

on both tests. We have observed that CHF6467 and TH are neuropro-

tective per se and showed synergic effects when they are adminis-

tered in combination to HIE rats (TTC staining 72 h after the end of

hypoxia, Figure 5b). In Figure 7f–h, by measuring infarct volume by

toluidine staining analysis, we showed that the magnitude of such

neuroprotective effect is still evident 53 days after the end of hypoxia.

These data combined with behavioural data demonstrate that the

neuroprotective effect of CHF6467 persists over time.

3.8 | Intranasal CHF6467 combined with
therapeutic hypothermia (TH) attenuates the elevation
of plasma neurofilament light chain (NfL) levels
induced by hypoxic–ischaemic encephalopathy (HIE)

We then verified if the central neuroprotective activity of intranasal

CHF6467 could be detected peripherally by measuring plasma levels

of neurofilament light chain (NfL), a marker of neuro-axonal damage

that is becoming very popular in clinical studies (Mullard, 2023). We

F IGURE 4 Effects of intranasal CHF6467 doses and time of administration on brain infarct volume in experimental neonatal rat hypoxic–
ischaemic encephalopathy (HIE). (a) Diagram of the experimental study protocol. (b) Brain infarct volume calculated for the whole hemisphere.
CHF6467 was administered at the single dose of 4 μg kg�1 10 min after brain damage (CHF6467 4 μg,100) or at the single dose of 20 μg kg�1

10 min, 1 h or 3 h after brain insult. Results are expressed as percent of ipsilateral damage calculated from bilateral regional volumes using the
following formula: 100(L�R)/L where L is left-side volume (contralateral) and R is right-side volume (ipsilateral). Data are expressed as mean ±
SEM. n = 12/group; *P < 0.05 versus vehicle (VEH)-treated group. The effects of the 20 μg kg�1 100 , 1 h and 3 h after the brain damage were
compared to that of the vehicle group with one-way ANOVA followed by the Holm–Sidak procedure for multiple comparison versus the control
group (VEH-treated animals). (c) Coronal brain sections at the hippocampal level of a representative animal for each experimental group
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used again the experimental paradigm (neonatal Wistar rats under-

going hypoxic–ischaemic damage) in which we observed the highest

neuroprotective activity (72 h after the end of hypoxia, by TTC

staining) when intranasal CHF6467 was combined with TH. In this

experiment, we used a higher dose of CHF6467 (40 μg kg�1) either

per se and in combination with TH to extend the dose range tested.

Quantitative and qualitative analysis confirmed that CHF6467 at

40 μg kg�1, similarly to the lower dose of 20 μg kg�1, significantly

reduced the infarct volume induced by HIE (Figure 8a,b) and

CHF6467 plus TH showed greater neuroprotection than CHF6467

or TH alone (Figure 8a,b). In a subset of animals, blood was col-

lected at killing (72 h after the insult), and NfL was measured.

Significantly higher levels of NfL were detected in HIE animals com-

pared to unlesioned animals. Both CHF6467 and TH treatments

showed a tendency in decreasing plasma NfL levels, while their

combination significantly lowered NfL in plasma (Figure 8c).

3.9 | Intranasal CHF6467 reaches the brain at
biologically active concentrations

Mass spectrometry was used to specifically detect and quantify

CHF6467 in brain homogenates as described in the supporting infor-

mation (Figure S1). We first tested the distribution of CHF6467 after

F IGURE 5 Intranasal CHF6467 alone
or in combination with therapeutic
hypothermia is neuroprotective in
experimental neonatal rat hypoxic–
ischaemic encephalopathy (HIE).
(a) Diagram of the experimental protocol.
Post-natal day (PND) 7 rat pups were
subjected to left carotid artery occlusion
followed by exposure to 2 h of hypoxia.

CHF6467 was intranasally delivered at
the dose of 20 μg kg�1 (4 μl total volume,
2 μl per nostril), alternating nostrils with
an interval of 2 min between doses
immediately (0 h) and 24 h after the end
of hypoxia. Hypothermia (32�C for 4 h)
was applied starting 1 h after the end of
hypoxia. (b) Quantitative analysis showing
that CHF6467 (20 μg kg�1) and
hypothermia significantly reduced the
infarct volume induced by HIE. CHF6467
plus hypothermia showed greater
neuroprotection than CHF6467 or
hypothermia alone. Vehicle (VEH)
normothermia (n = 37); CHF6467
(20 μg kg�1) normothermia (n = 15); VEH
hypothermia (n = 13); CHF6467
(20 μg kg�1) hypothermia (n = 17)
*P < 0.05 versus VEH normothermia;
#P < 0.05 versus HIE + 20 μg kg�1

CHF6467 at normothermia (one-way
ANOVA + Tukey's w test). (c) Rostral to
caudal coronal brain sections of
representative animals for each
experimental group are shown.
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intranasal administration (40 μg kg�1) in control neonatal PND7 rats.

This proof of principle was performed on a small number of

samples: three olfactory bulbs, two hippocampi and two cerebral cor-

texes. CHF6467 was detected in all the samples, providing further

evidence of its ability to reach the brain areas of interest upon intra-

nasal administration. Quantification estimates, performed based on

SSSHPIFHR peptide signals (Figure S2), showed that, on average, a

few hundred of picograms can be found in the cortical areas and in

the hippocampi.

4 | DISCUSSION

In this manuscript, we described a wide set of in vitro and in vivo

experiments evaluating the neuroprotective effects of CHF6467

against hypoxic–ischaemic brain damage. CHF6467 was tested in dif-

ferent experimental in vitro and in vivo rodent models. We provided

multiple converging evidences obtained at two different research sites

independently that CHF6467 administered intranasally after the

induction of the hypoxic ischaemic insult reduces brain damage in two

F IGURE 6 Effects of CHF6467 alone or in combination with therapeutic hypothermia on brain mRNA cytokine levels in experimental
neonatal rat hypoxic–ischaemic encephalopathy (HIE). (a) Hippocampal mRNA levels of a panel of rat cytokines and chemokines in sham-
operated, vehicle-treated HIE, HIE treated with CHF6467, 20 μg kg�1, HIE treated with therapeutic hypothermia, HIE treated with CHF6467 and
hypothermia. Scatter plots with means ± SEM. *P < 0.05 versus vehicle (VEH) normothermia. (b) Cortical mRNA levels of a panel of rat cytokines
and chemokines in sham-operated (n = 5); hypoxic–ischaemic encephalopathy (HIE) (n = 8); HIE treated with CHF6467, 20 μg kg�1 (n = 5); HIE
treated with hypothermia (n = 4); and HIE treated with CHF6467 and hypothermia (n = 6). Scatter plots with means ± SEM. *P < 0.05 versus
VEH normothermia (one-way ANOVA + Dunnett's test). FC,
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F IGURE 7 Intranasal CHF6467 alone or in combination with therapeutic hypothermia attenuates long-term behavioural deficits in
experimental neonatal rat hypoxic–ischaemic encephalopathy (HIE). (a) Schematic representation of the experimental protocol of the behavioural
study. (b, c) CHF6467 alone or in combination with hypothermia improves the HIE-induced locomotion impairment in the Rota-rod test.
(d) CHF6467 alone or in combination with TH improves the HIE-induced memory impairment in the Y-maze test. (e) CHF6467 alone or in
combination with hypothermia improves the HIE-induced cognitive impairment in the novel object recognition test. Data are expressed as
individual data points for each animal and bars represent means ± SEM (b–e). *P < 0.05 vs. SHAM; #P < 0.05 versus HIE (one-way ANOVA +

Tukey's w test). (f) CHF6467 alone or in combination with therapeutic hypothermia (TH) reduces ischaemic area and volume (g) of rats exposed to
HIE at 60 PND as shown also by representative images (h). SHAM (n = 23) vehicle (VEH) normothermia (n = 21); CHF6467 (20 μg kg�1)
normothermia (n = 20); VEH hypothermia (n = 19); CHF6467 (20 μg kg�1) hypothermia (n = 20). Data are expressed as individual data points for
each animal and bars represent means ± SEM (f, g). *P < 0.05, versus VEH normothermia (one-way ANOVA + Tukey's w test)
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different strains of neonatal rats. We initially investigated different

doses of CHF6467 to define an optimal neuroprotective dose.

Results revealed a significant reduction of brain damage when

CHF6467 was intranasally administered during the early phase of

brain damage development. Furthermore, we determined a time

window of intervention for CHF6467 by showing that its protective

effect was still significant when administered 3 h following the

insult. As TH is already a routine therapy for neonatal encephalopa-

thy, we also demonstrated that intranasal CHF6467, in combination

with TH, attenuated or even reversed long-term motor coordination

and memory deficit of neonatal rats subjected to hypoxic–ischaemic

insult. The neuroprotective effect (reduction of the infarct volume)

of the combination of CHF6467 (20 and 40 μg kg�1) and TH was

larger than the sum of the individual effects of CHF6467 and TH

suggesting a synergistic interaction between the two treatments.

Electrophysiological studies complement these in vivo findings by

demonstrating that the neuroprotective effects of CHF6467 in vitro

were dramatically enhanced by TH up to an almost complete rever-

sal of neuronal electrophysiological damage. Measurements in

plasma of NfL, a widely accepted biomarker of neuronal damage in

humans (Mullard, 2023), reflected the neuroprotective effects of

CHF6467 in combination with TH, and could represent an impor-

tant surrogate marker to assess the neuroprotective activity of

CHF6467 in future clinical studies. Gene expression measurements

suggest that the protective effects of CHF6467 are associated with

the counteracting of neuroinflammatory marker upregulation

induced by hypoxic–ischaemic insult. It is increasingly recognized

that one of the leading pathogenic factors of neonatal brain damage

is inflammation, induced by activation of the central and peripheral

immune systems (Hagberg et al., 2015). Neuroinflammatory

responses are induced within minutes and can expand for weeks

and even months after the insult (Fleiss et al., 2015). Indeed, our

experimental data show that CHF6467 blunted the upregulation of

cytokine expression in brain samples of neonatal rats subjected to

hypoxic–ischaemic damage. Although we cannot exclude that such

an effect is secondary to the mitigation of the insult, there is evi-

dence suggesting that NGF attenuates pro-inflammatory responses

in microglia and may thereby contribute to regulation of neuroin-

flammation (Fodelianaki et al., 2019). Moreover, CHF6467 proved

to be more potent than NGF in reducing the pro-inflammatory

markers of human microglia polarization (Lisi et al., 2022). Thus, one

possible mode of action of CHF6467 is blunting neuroinflammation

associated with hypoxic–ischaemic brain insult and such an effect is

additive when combined with TH.

The intranasal route has also been successfully used for NGF in

animal models of traumatic brain injury (Lv et al., 2013; Manni, Conti,

et al., 2023; Tian et al., 2012). Encouraging clinical case reports

employing intranasal NGF have been described in children with brain

injury (Chiaretti et al., 2017; Curatola et al., 2023; Gatto et al., 2023)

and in an infant with bacterial meningitis (Chiaretti et al., 2020). We

F IGURE 7 (Continued)
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conducted mass spectrometry analyses showing that CHF6467

reaches different regions of the brain after intranasal administration in

neonatal rodents, adding further evidence to the feasibility of this

route of administration (supporting information).

Although highly encouraging, the present study has some limita-

tions. We did not investigate the effect of CHF6467 on repair pro-

cesses, specific cellular subpopulations and the vascular niche, nor did

we fully establish the mechanism underlying functional recovery and

reduction of brain damage (Hatayama et al., 2022). Moreover, we did

not test CHF6467 in experimental models based on larger gyrence-

phalic animals, such as sheep or piglets, that may better mimic the

human brain and nasal cavities anatomy (Landucci et al., 2022). On

the other hand, conducting such experiments in larger species, consid-

ering the need for an adequate sample size, poses logistical and ethical

challenges that deserve to be tackled in a dedicated study. Finally,

since measurements of cytokines and chemokines mRNA expression

F IGURE 8 Effects of CHF6467 alone or in
combination with therapeutic hypothermia on
infarct volume and plasma neurofilament light
chain (NfL) levels in experimental neonatal rat HIE.
(a) Quantitative analysis showing that CHF6467
(40 μg kg�1) and hypothermia significantly
reduced the infarct volume induced by hypoxic–
ischaemic encephalopathy (HIE). CHF6467 plus
hypothermia showed greater neuroprotection

than CHF6467 or hypothermia alone. *P < 0.05
versus vehicle (VEH) normothermia; #P < .05
versus HIE + 40 μg kg�1 CHF6467 at
normothermia (one-way ANOVA + Tukey's w
test). VEH normothermia (n = 24); CHF6467
(40 μg kg�1) normothermia (n = 16); VEH
hypothermia (n = 13); CHF6467 (40 μg kg�1)
hypothermia (n = 23). (b) Representative
qualitative images of brain coronal sections.
(c) Plasma NfL levels in lesioned neonatal rats
treated with vehicle, hypothermia, CHF6467
(40 μg kg�1) alone or in combination with
hypothermia. Mean NfL levels in the CHF6467
plus hypothermia were significantly lower than
those in lesioned rats treated with vehicle. Plasma
samples were collected at post-natal day 10, three
days after the insult. NfL plasma levels were
measured with an ELISA kit. *P < 0.05 versus VEH
normothermia (one-way ANOVA + Dunnett's
test). SHAM (n = 10); VEH normothermia
(n = 12); CHF6467 (40 μg kg�1) normothermia
(n = 12); VEH hypothermia (n = 13); CHF6467
(40 μg kg�1) hypothermia (n = 15)
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were done without perfusing animals, the results may be affected by

residual blood remaining in brain vessels.

In conclusion, we showed that CHF6467 is neuroprotective in

different in vitro hypoxic–ischaemic encephalopathy (HIE) hippocam-

pal slice subjected to oxygen–glucose deprivation and that intranasal

CHF6467 reduces brain hypoxic–ischaemic damage and improves

behavioural outcomes in experimental HIE. Moreover, intranasal

CHF6467 reduces brain infarct volume in experimental HIE more

effectively when combined with TH and attenuates neurobehavioural

deficits, brain neuroinflammatory markers and a serum marker of neu-

roaxonal damage. Although further safety/toxicological studies are

needed to progress to clinical studies, the present results highlight the

relevance of CHF6467 as a new promising therapeutic agent for

the treatment of neonatal HIE.
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