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ABSTRACT 

 

Introduction - Autophagy is a self-eating process involved in the maintenance of 

cell homeostasis, that dominates physiological and pathological conditions. Many 

studies show that brain ischemia activates the autophagic flux in neurons. However, 

the role of such activation is far to be completely understood. The identification of 

selective autophagy modulators will foster the discovery of novel neuroprotective 

strategies, as well as gain insight into the functional outcomes of this biological 

process. 

Methods - In this study, I developed a sensitive and robust assay to explore novel 

autophagy modulators in brain ischemia. Using a cell clone constitutively expressing 

Microtubule-Associated Protein 1A/1B-Light Chain 3 (LC3) coupled with the Green 

Fluorescent Protein (GFP) variant pHluorin, I monitored the autophagic flux in murine 

neuronal cells (Neuro-2a). I performed a fluorescence-based Low Throughput 

Screening by semi-automated flow cytometry. I introduced in the experimental 

setting Oxygen-Glucose Deprivation to stress cells, mimicking the toxic environment 

that features the ischemic brain. Following the primary screening assay, selected 

molecules were further evaluated by western blot analysis on Neuro-2a and ad hoc 

stressed primary cortical neurons. I finally employed Middle Cerebral Artery Occlusion 

(MCAO), an experimental animal model of brain ischemia, to validate best hits. 

Results - We prioritized a library of 6839 bioactive compounds through an in silico 

screening based on physically significant descriptors and pharmaceutically relevant 

properties. I screened 898 compounds using the established in vitro model. The 

primary screening revealed 27 putative autophagy modulators. Nineteen selected 

compounds underwent three different validation rounds, involving an immortalized 

cell line and primary neuronal cultures. Eight of the nineteen molecules passed the 

first validation step and were further tested for their dose-response efficacy 

properties. Four molecules were tested on nutrient-deprived mouse cortical neurons, 

and three of them efficiently modulated autophagy in this model. 

Conclusions - I set up a platform to screen small molecules potentially modulating 

the autophagic process. With this screening strategy, I applied stringent-threshold in 

vitro tests on different cell types. Best hits are currently under in vivo evaluation 

using the MCAO mouse model to finalize the pre-clinical study. This study will shed 

light on the complexity of the autophagy flux in ischemic stroke and its 

neuroprotective clinical potential. 
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1. INTRODUCTION 

1.1 Ischemic Stroke 

 

1.1.1 Definition and epidemiology 

 

Stroke is a neurological disease affecting the neurovascular system. It can be 

generally classified into ischemic and hemorrhagic stroke, with the ischemic stroke 

constituting the largest proportion of all new strokes annually (over 60%) (Shakir, 

2018; Roth et al, 2018). 

Ischemic stroke is described as an episode of neurological dysfunction caused by 

focal cerebral, spinal, or retinal infarction attributable to ischemia. Subtypes of 

ischemic stroke comprise Large-artery Atherosclerotic Stroke (LAS), Small-Vessel 

Stroke (SVS), and Cardioembolic Stroke (CES). Different classification systems are 

available and provide a precise etiological classification of each subtype: the TOAST 

classification (based on the Trial of ORG 10172 in Acute Stroke Treatment) (Adams 

et al, 1993), the ASCOD phenotyping system (A: atherosclerosis: S: small-vessel 

disease; C: cardiac pathology; O: other causes; D: dissection) (Amarenco et al, 

2009), and the web-based Causative Classification System (Ay et al, 2007). 

Hemorrhagic strokes are caused by leaky blood vessels causing intracerebral 

bleeding and are subdivided into intracerebral hemorrhage and subarachnoid 

hemorrhage. In this case, the classification relies on the specific anatomical site or 

presumed etiology. In 2019, intracerebral and subarachnoid hemorrhages 

constituted about 30% and 10% of all strokes, respectively (GBD 2019 Stroke 

Collaborators, 2021). 

The global stroke epidemiology is rapidly changing. According to a report from the 

Global Burden of Disease (GBD) 2019 (GBD 2019 Stroke Collaborators, 2021), the 

annual number of deaths caused by stroke increased from 1990 to 2019, particularly 

in lower-income and middle-income countries. Globally in 2019, stroke was the 

second-leading cause of death and the third-leading cause of death and disability 

combined. Specifically, there were 6.55 million deaths from stroke and 143 million 

Disability-Adjusted Life-Years (DALYs – the sum of life-years lost due to premature 

death and the years of productive life lost due to disability) due to stroke. Over the 

study period, the age-standardized rates of stroke incidence decreased by 17%. 

However, age-specific incidence rates increased by 15% among those younger than 

70 years. In addition, at the global level, age-standardized death and DALY rates 
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were higher in males than in females, although there were no significant sex 

differences in incidence rates. 

The large increase in the global burden of stroke is due to population growth, 

aging, and the increase in exposure to several risk factors. Leading risk factors are 

high systolic blood pressure, high body-mass index, high fasting plasma glucose, 

pollution, and smoking (GBD 2019 Stroke Collaborators, 2021). There is also 

evidence that stroke can be genetically driven. A large multi-ethnic genome-wide 

association meta-analysis conducted in 2018 reported 32 genetic loci, including 22 

not previously identified, associated with stroke risk. Some of the loci showed 

association specific to major etiological stroke subtypes. Approximately half of the 

identified loci correlate with multiple related vascular traits. Moreover, risk loci 

associated with stroke were enriched in drug targets for thrombolytic treatment 

(Malik et al, 2018). 

 

1.1.2 Pathophysiology 

 

Ischemic stroke is generally caused by arterial occlusion. This results in the abrupt 

Cerebral Blood Flow (CBF) decrease, hypoxia, and initiation of a series of molecular 

events that trigger tissue damage with consequent neuronal, glial, and endothelial 

cells death. From the morphological point of view, after an ischemic insult, it is 

possible to discriminate between two regions: the core and the ischemic penumbra. 

The ischemic core is the region more severely affected by ischemia, where the CBF 

is almost completely abolished. It is characterized by irreversibly damaged neurons 

that typically die from necrosis. On the other hand, the penumbra is defined as the 

perinecrotic region. It is functionally silent but metabolically active due to the 

presence of residual blood flow provided by collaterals. The ischemic penumbra is 

characterized by a slower cell death that typically occurs from apoptosis (Heiss, 

2011). If a timely, efficient restoration of CBF does not occur, the infarction matures 

and spreads from the core to the surrounding hypoperfused regions. The propagation 

of the irreversible tissue damage is a dynamic process involving both space and time. 

Ischemic lesion maturation can either lead to delayed cell death or to recovery. This 

maturation process can last hours or days, depending on the insult intensity and 

other systemic or local factors (Berardelli & Cruccu, 2015; Mergenthaler et al, 2016) 

(Figure 1). 
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Figure 1 – Necrotic lesion maturation. Following an ischemic event, it is possible to 
discriminate between irreversibly damaged tissue (ischemic core) and a surrounding 

hypoperfused region (ischemic penumbra). If prompt recanalization does not occur, the lesion 
can dynamically spread, leading to permanent tissue damage. Created with BioRender.com. 

 

Right after the ischemic insult, the brain can sustain cerebral oxygen metabolism 

through local compensatory mechanisms that involve vasodilation and augmented 

oxygen transfer from blood to the infarcted tissue. However, if the CBF is not 

restored, a metabolic crisis can occur (Powers et al, 1984). Diminished cerebral 

perfusion and oxygenation in the penumbra initiate a series of molecular events, 

termed ischemic cascade, leading to delayed neuronal cell death (Figure 2). The 

major consequence of CBF decrease is the inability of neurons to pursue aerobic 

respiration. This leads to anaerobic metabolism and excessive lactic acid production, 

with consequent tissue acidification (Kelmanson et al, 2021). The net result of this 

detrimental cascade is a strong impairment of the efficiency of the Electron Transport 

Chain (ETC), leading to the reduction of Adenosine Triphosphate (ATP) production 

and the failure of Na+/K+ ATPase. Membrane ion gradients quickly dissipate, 

facilitating selective and unselective ion channels opening. Membrane depolarization 

finally leads to neuronal swelling and cytotoxic edema, both caused by altered 

osmotic gradients. Moreover, impairment of the ionic gradient also increases Ca2+ 

influx and glutamate release in neurons. Glutamate-mediated activation of low and 

high-affinity kainate, N-methyl-D-aspartate (NMDA), and amino-3-hydroxy-5 

methyl-4-isoazole propionic acid (AMPA) receptors further depolarizes the membrane 

causing large Ca2+ influx in neuronal cells (Choi & Rothman, 1990; Macdonald & 

Stoodley, 1998; Peng et al, 2006). Ca2+-dependent events include proteases and lipid 
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peroxidases activation (Siesjö & Bengtsson, 1989). Among the enzymes that are 

aberrantly activated, phospholipase A2 (PLA2) and C (PLC) are involved in membrane 

degradation. This process leads to the release of arachidonic acid, whose metabolism 

causes lipid peroxidation, and Reactive Oxygen Species (ROS) and prostaglandin 

production. As a result, cellular components are further damaged, linking the 

ischemic cascade to apoptosis and inflammation (Bach, 2017). 

 

 

 

 

Figure 2 – Ischemic cascade. Schematic diagram highlighting the major molecular events 
that follow ischemic stroke, finally leading to cellular death. Created with BioRender.com. 
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Together with ROS, majorly produced by mitochondria, NADPH oxidases, and 

flavoproteins, also Reactive Nitrogen Species (RNS) concur to ischemic damage 

exacerbation. Indeed, ROS and RNS can harm cells in different ways, targeting lipids, 

DNA, and proteins (Girouard et al, 2009; Förstermann, 2010). 

Along with metabolic reactions, ischemic stroke also triggers the expression of a 

wide range of genes. Activated genes mainly include those belonging to the 

inflammatory pathway, such as cytokines, chemokines, and factors promoting cell 

infiltration (Paoni et al, 2002). Oxidative stress and excitotoxicity can activate 

microglia, leading to the release of inflammatory mediators in the extracellular space. 

This also results in matrix metalloproteinases (MMPs) activation, which in turn tackle 

the brain barrier system (Yang & Rosenberg, 2011). BBB disruption is a reversible 

event, but it can persist for 72 hours after the initial ischemic insult, causing 

potentially negative implications in stoke management (Candelario-Jalil et al, 2007). 

Hypoxic stress is also a direct cause of multiple transcription factors activation, 

including Activating Protein-1 (AP-1), Hypoxia-Inducible Factor-1 (HIF-1), and 

Nuclear Factor kappa B (NF-κB). Downstream activated genes comprise factors that 

significantly contribute to the adaptive response to oxygen deprivation (Safronova & 

Morita, 2010). 

Given the complex mechanisms triggered by an ischemic insult, an effective stroke 

treatment should consider a synergistic and combined approach. Due to its residual 

viability, the penumbra region is the major target for all the therapeutic strategies 

adopted so far. 

 

1.1.3 Diagnosis, management, and therapy 

 

The diagnosis of symptomatic cerebral ischemic events is primarily clinic and 

further supported by modern imaging procedures, such as Computed Tomography 

(CT) and Magnetic Resonance Imaging (MRI), that help clinicians to provide evidence 

of infarction. Based on the duration of the symptoms, stroke can be distinguished 

from a Transient Ischemic Attack (TIA). Symptoms of a stroke last longer than 24 

hours and can lead to an earlier death. TIA has a lower duration and, typically, no 

infarction evidence is detectable by imaging techniques (Sacco et al, 2013). 

Among the available stroke treatments, there are pharmacological approaches 

that are strongly influenced by other factors, including hemodynamic management, 

monitoring of the ischemic edema, and adequate management of systemic 

complications that follow the primary ischemic event. Of note, an important role is 

played by what happens in intensive care or stroke unit soon after hospitalization. As 
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a principle, there are three main points to consider for appropriate management of 

ischemic stroke: (1) timely recanalization achievement, (2) collateral flow 

optimization, and (3) secondary brain injury avoidance (Rabinstein, 2017). 

To date, the first primary therapeutic options for ischemic stroke mainly rely on 

prompt recanalization and reperfusion strategies, aiming to reduce infarct size and 

preserve neurological functions. The benefit of the therapy is time-dependent; thus, 

it is crucial to determine or estimate the time of stroke symptoms onset and follow 

updated clinical recommendations (Powers et al, 2019). The use of intravenous (IV) 

chemical thrombolytics for stroke treatment began more than 25 years ago and has 

been followed by endovascular procedures as an alternative or an adjunct to improve 

patients’ outcomes. Specifically, recombinant tissue plasminogen activator (rt-PA), 

or other proteins displaying a similar activity, and mechanical thrombectomy with 

retrievable stents are the two evidence-based strategies to open the occluded vessel. 

Approved in 1996 by the Food and Drug Administration (FDA), rt-PA (Alteplase™) 

has been proven to be effective up to 4.5 hours after the onset of the ischemic 

symptoms (Lapchak & Boitano, 2017). Nevertheless, it must be considered that only 

a small percentage of stroke patients are eligible for rt-PA therapy. Indeed, although 

the improved clinical outcome in 50% of treated patients, rt-PA treatment is 

associated with an increased incidence of hemorrhagic complications (National 

Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995). As 

regards endovascular technology, the first FDA approval came in 2004. Stent 

retrievers are particularly effective against Large Vessel Occlusions (LVO) and include 

self-expanding and aspirating devices (Gogela et al, 2017). According to updated 

guidelines, patients can be selected for mechanical thrombectomy between 6 and 24 

hours from stroke symptoms onset (Powers et al, 2019). 

Along with stroke therapy, the role of primary prevention should not be 

underestimated. This is more important considering that 77% of strokes are first 

events (Virani et al, 2021). Modifiable and behavioral factors, including 

hyperglycemia, renal dysfunction, smoking, unhealthy diet, and low physical activity, 

strongly concur to the development of an ischemic stroke (Vos et al, 2020). For every 

risk factor, guidelines exist to implement primary prevention and select the best 

therapeutic intervention for each individual patient (Goldstein et al, 2006). 

 

1.1.4 Ischemia-reperfusion injury 

 

Further considerations are needed about reperfusion. Although its undoubted 

necessary role in the therapeutic context, reperfusion causes additional damage that 
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is of great impact on patients’ outcomes. Ischemia-Reperfusion (I/R) injury is defined 

as a multifactorial process that follows CBF restoration, leading to the paradoxical 

worsening of tissue dysfunction (Fitridge & Thompson, 2011). A major role in this 

sense is played by mitochondria, as the brain almost exclusively relies on oxidative 

phosphorylation for energy production. As ischemia occurs, electrons’ transport 

through the ETC slows down, leading to electron stalling, ATP degradation, and proton 

gradient dissipation. This results in the alteration of mitochondrial membrane 

potential (ΔΨm), further promoted by the increased [Ca2+] (Puka-Sundvall et al, 

2000; Liu & Murphy, 2009). Upon reperfusion, the compromised ETC is not able to 

properly respond to the sudden oxygen influx mainly because of the unavailability of 

autoxidizable electron carriers (NAD+ and FAD). The net result of this condition is a 

secondary burst of ROS/RNS production that further supports cellular decline. 

 

1.1.5 Neuroprotection 

 

Given the limits of current therapeutic options, successful treatments for stroke 

are strongly needed. Adjuvant approaches have been considered to protect brain 

cells from I/R injury, as well as to extend the narrow therapeutic window for 

recanalization strategies. 

The term neuroprotection has been in use for about 60 years and can be 

considered a second therapeutic strategy for ischemic stroke treatment. It differs 

from the vascular approach based on early reperfusion as it is a cell-based strategy. 

The concept of neuroprotection aims to preserve brain tissue until CBF is restored, 

either by interfering with specific targets of the harmful ischemic cascade or by 

enhancing protective mechanisms. However, although several preclinical evidence 

demonstrated that neuroprotection is achievable, translation from animal models to 

patients encountered a high failure rate (Sacchetti, 2008; Braeuninger & Kleinschnitz, 

2009). In 2006, an evaluation revealed that more than 1000 drugs and non-

pharmacological strategies had been tested for neuroprotection in animal models. 

Among them, at least 114 candidates targeting the ischemic cascade, including NMDA 

and AMPA antagonists, and radical scavengers, have been administered to patients. 

Most of the tested drugs did not result in an amelioration of the clinical outcome 

(O’Collins et al, 2006). Major contributors to the high failure rate of proposed drugs 

are sub-optimal experimental design, poor consideration of age-related 

comorbidities, and limited read-outs while assessing stroke outcomes. As a result, 

the Stroke Therapy Academy Industry Roundtable (STAIR) updated its 

recommendations, highlighting the importance of focusing on agents with multiple 
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mechanisms of action, assessing long-term recovery using non-invasive MRI and 

complex motor and cognitive tests, as well as including aged animal models of stroke 

with comorbidities in both sexes. 

Of note, to promote the effective translation of neuroprotectants into future pivotal 

clinical trials, the National Institute of Neurological Disorders and Stroke (NINDS) in 

the USA announced support for the Stroke Preclinical Assessment Network (SPAN). 

This approach is intended to screen and select therapeutic candidates in combination 

with thrombectomy, thrombolysis, or both. Selected candidates include Fingolimod, 

Fasudil, Remote Ischemic Conditioning (RIC), Tocilizumab, Uric acid, and Veliparib 

(Paul & Candelario-Jalil, 2021). 

In the last decade, only a few candidates were evaluated in clinical trials. Among 

those candidates that completed phase III/IV clinical trials (Table 1), one has 

available results (ClinicalTrials.gov, NCT02930018). The efficacy and safety profile of 

Nerinetide (NA-1), an eicosapeptide interfering with Post-Synaptic Density protein 95 

(PSD-95), were evaluated in a multicenter, double-blind, randomized placebo-

controlled trial. PSD-95 potential in the neuroprotective context has already been 

extensively described (Haugaard-Kedström et al, 2017). The trial enrolled 1105 

stroke patients with LVO within a 12-hour therapeutic window. Results showed that 

treatment with a single dose of NA-1 along with endovascular thrombectomy was not 

effective in reducing disability from stroke due to LVO at 90 days when compared 

with placebo. However, improved outcomes were observed in a subpopulation of 

patients receiving the NA-1 treatment alone (Hill et al, 2020). Authors hypothesized 

a drug-drug interaction between NA-1 and Alteplase, which could lead to plasmin-

dependent NA-1 cleavage. Therefore, further confirmatory studies are needed to 

extensively explore NA-1 neuroprotective effects in patients. 

In addition, four drugs are currently undergoing phase III/IV clinical trials (Table 

2). Two of them aim to evaluate Cerebrolysin®’s efficacy. Cerebrolysin® is a multi-

target neuropeptide preparation that displayed neurotrophic and neuroprotective 

effects. It is currently recommended in various clinical practice guidelines for both 

acute stroke and post-stroke rehabilitation phases (Beghi et al, 2021). A recent 

comprehensive meta-analysis highlight a very good safety profile of Cerebrolysin®, 

although there was a tendency for serious adverse events when used at high dosage 

(Strilciuc et al, 2021). Thus, further evaluations are needed to complete the safety 

and efficacy test of this molecule. 

http://clinicaltrials.gov/
http://clinicaltrials.gov/show/NCT02930018
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Table 1 – Completed phase III/IV clinical trials for ischemic stroke. Data source: 
ClinicalTrials.gov. Research updated to January 2022; focus on “stroke” AND 
“neuroprotection”, over the 2012-2022 period. 

ID Phase Title Interventions Target 

NCT02930018  III 

Safety and Efficacy of 

Nerinetide (NA-1) in 

Subjects Undergoing 

Endovascular 

Thrombectomy for Stroke 

(ESCAPE-NA1) 

Nerinetide 

(NA.1), 2.6 

mg/kg 

PSD-95 

inhibition 

NCT03686163  IV 

Effects of Intranasal Nerve 

Growth Factor for Acute 

Ischemic Stroke 

Nerve Growth 

Factors 
N/A 

 

 

Table 2 – Ongoing phase III/IV clinical trials for ischemic stroke. Data source: 
ClinicalTrials.gov. Research updated to January 2022; focus on “stroke” AND 
“neuroprotection”, over the 2012-2022 period. 

ID Phase Title Interventions Target 

NCT04904341  III 

Efficacy of Cerebrolysin 

Treatment as an add-on 

Therapy to Mechanical 

Thrombectomy in Acute 

Ischemic Stroke. 

Cerebrolysin Other 

NCT05041010  III 

Rescues On Reperfusion 

Damage In Cerebral 

Infarction by Nelonemdaz 

Neu2000KWL 

NMDA 

inhibition; ROS 

scavenging 

NCT05124353  II/III 

Early Administration of 

Cerebrolysin on the Outcome 

of Patients With Acute Stroke 

Undergoing EVT 

Cerebrolysin Other 

NCT04657133  III 

Remote Ischemic 

Conditioning for the 

Treatment of Intracerebral 

Hemorrhage (RICH-2) 

Remote 

ischemic 

conditioning 

Other 

 

 

http://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT02930018?term=neuroprotection&recrs=e&cond=ischemic+stroke&strd_s=01%2F01%2F2015&strd_e=07%2F12%2F2024&draw=2&rank=7
https://clinicaltrials.gov/ct2/show/NCT03686163
http://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT04904341
https://clinicaltrials.gov/ct2/show/NCT05041010?term=neuroprotection&recrs=abdf&cond=ischemic+stroke&phase=23&strd_s=01%2F01%2F2012&strd_e=07%2F12%2F2024&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/NCT05124353?term=neuroprotection&recrs=abdf&cond=ischemic+stroke&phase=23&strd_s=01%2F01%2F2012&strd_e=07%2F12%2F2024&draw=2&rank=3
https://clinicaltrials.gov/ct2/show/NCT04657133?term=neuroprotection&recrs=abdf&cond=ischemic+stroke&phase=23&strd_s=01%2F01%2F2012&strd_e=07%2F12%2F2024&draw=2&rank=4
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There are other ongoing trials aim to evaluate the clinical safety of remote 

ischemic conditioning and Neu2000KWL. Neu2000KWL is a sulfasalazine derivative, 

described as a multi-target neuroprotectant that affects NMDA-receptors and acts as 

a free radical scavenger (Hong et al, 2018). 

In conclusion, while deepening the safety profile of the described drugs, these 

works also suggest that, unlike previous unsuccessful attempts to achieve 

neuroprotection, novel candidates should probably not be specific but should target 

the ischemic cascade at different levels. 

 

1.2 Autophagy 

 

1.2.1 Overview 

 

The term autophagy, denoting a self-eating process, was coined by Christian de 

Duve (Nobel Prize in Physiology or Medicine in 1974) in 1963 during a talk on the 

discovery of lysosomes. Since the concept of autophagy emerged, research studies 

remained largely observational until the early 1990s, when Yoshinori Ohsumi used 

baker’s yeast to dissect the process, identifying 15 genes involved in autophagy 

regulation (Takeshige et al, 1992; Tsukada & Ohsumi, 1993). For his discoveries on 

autophagy mechanisms, Ohsumi was awarded the Nobel Prize in Physiology or 

Medicine in 2016, and from his findings the field largely increased in knowledge. To 

date, more than 40 yeast AuTophaGy-related (ATG) genes have been described and 

many of them have orthologues in humans. Indeed, autophagy is a highly conserved 

cellular degradation and recycling process. The major roles of autophagy are the 

maintenance of cellular homeostasis and providing nutrients to sustain cellular 

metabolism during different forms of stress. 

In contrast to the ubiquitin-proteasome system, which mainly degrades short-

living proteins, the autophagic pathway is involved in the bulk degradation of long-

lived cytosolic components, including proteins and entire organelles (Yorimitsu & 

Klionsky, 2005). Moreover, in contrast to endocytic processes, which originate at the 

plasma membrane, all the autophagic substrates are freely accessible to the cytosolic 

components of the autophagic machinery. 

Mammalian cells display three different types of autophagy: Chaperon-Mediated 

Autophagy (CMA), microautophagy, and macroautophagy. Although at the 

morphological level each type is unique, all three culminate with cargo delivery to 

the lysosome, with its subsequent degradation and recycling (Cuervo, 2004) (Figure 

3). However, despite the marked morphological differences, there might be a strong 
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interplay between the diverse autophagic machinery, as they share common protein 

complexes and regulatory mechanisms (Wu et al, 2015; Mejlvang et al, 2018; 

Schuck, 2020). 

 

 

 

Figure 3 – Autophagy in mammalian cells. Graphical representation of the three major 
autophagic pathways described in mammals: (a) macroautophagy, (b) microautophagy, and 
Chaperon-Mediated Autophagy (CMA). Created with BioRender.com. 

 

CMA is a selective degradative pathway for KFERQ-like motif-bearing proteins. The 

pentapeptide is recognized by the cytosolic chaperone Heat-Shock Cognate 71 kDa 

(Hsc70), which drives lysosomal translocation. Once at the lysosome, the 

substrate/chaperone complex triggers the multimerization of the Lysosome-

Associated Membrane Protein type 2A (LAMP2A), which forms a translocation 

complex (Cuervo & Dice, 1996). Altered CMA has been proven to contribute to 

functional alterations, proteotoxicity, and a general loss of proteostasis in neurons 

(Kaushik & Cuervo, 2018; Bourdenx et al, 2021). 

Microautophagy occurs when cargoes are directly sequestered by the lysosome 

through invaginations or protrusions of the lysosomal membrane. Although in the 

past two decades studies carried out in yeast revealed much information regarding 

the mechanisms of lysosomal membrane invagination and the major proteins 
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involved in this process (Krick et al, 2008; Morshed et al, 2020), little is still known 

about microautophagy in mammalian cells. In 2011, Sahu et al. described a 

microautophagy-like process in which cytosolic proteins were delivered to late 

endosomes in a Hsc70-dependent, but LAMP2A-independent manner (Sahu et al, 

2011). 

Macroautophagy is the most studied and well-characterized autophagic pathway. 

Generally, it occurs at a low level constitutively and can be enhanced by different 

stresses, such as nutrient deprivation or energy starvation. In contrast to 

microautophagy and CMA, during macroautophagy, the initial sequestration step 

involves the formation of cytosolic double-membrane vesicles that transport cargoes 

to the lysosome. In yeast, autophagic membranes generate de novo at a single 

perivacuolar site named Phagophore Assembly Site (PAS) (Suzuki et al, 2001). On 

the contrary, in mammalian systems, the initiation step occurs at multiple sites 

(Mizushima et al, 2011; Dikic & Elazar, 2018). 

Following autophagy initiation, the membrane starts to expand, forming a cup-

shaped structure named the phagophore. As expansion proceeds, the membrane 

elongates and curves around cytosolic cargoes. Once the elongation step is 

completed, the two ends of the phagophore seal into a double-membrane structure 

termed the autophagosome. Autophagosomes vary in size, depending on the 

organism and the specific cargo type. Mammalian autophagosomes’ diameter ranges 

from 0.5 to 1.5 µm. In mammals, the autophagosome is destined to deliver the 

autophagic cargos to the lysosomal compartment, fusing with the lysosomal 

membrane to form the autolysosome. The movement of autophagic cargos to the 

lysosomal endpoint is commonly referred to as autophagic flux. 

Macroautophagy can converge with endocytosis. For this reason, as an 

intermediate step, autophagosomes may also fuse with early- or late-endosomes to 

form the amphisomes, before fusing with lysosomes. Within the autolysosome, the 

acidic pH and the presence of lysosomal hydrolases determine the degradation of the 

autophagosome inner membrane and autophagic cargoes. Degradation products are 

then recycled back to the cytoplasm to serve for energy generation or cellular 

biosynthetic pathways (Mizushima & Komatsu, 2011; Parzych & Klionsky, 2014; Dikic 

& Elazar, 2018). 

Each of the above-mentioned steps is finely regulated and promoted by dedicated 

protein complexes. Major players involved in the mammalian macroautophagic 

process are hereafter described and summarized in Figure 4. 
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Figure 4 – Macroautophagy in mammalian cells. Graphical representation of the major 
proteins and complexes involved in macroautophagic machinery regulation. Created with 

BioRender.com. 

 

Induction – Autophagy initiation requires a protein complex consisting of one 

protein belonging to the Unc-51-like kinase family (either ULK1 or ULK2), the 

mammalian homolog of Atg13 (ATG13), and the Focal adhesion kinase family 

Interacting Protein of 200 kDa (FIP200; also known as RB1CC1) (Hara et al, 2008). 

The ULK1/2-ATG13-FIP200 complex is not regulated by the nutrient status of the 

cell, and it is stably assembled. Another protein, ATG101 (also known as C12orf44), 

associates with the complex and is essential for autophagy initiation. A key regulator 

of the initiation step is the mechanistic Target Of Rapamycin Complex 1 (mTORC1). 

Its activity is dependent on the nutrient status of the cell (Bar-Peled & Sabatini, 2014; 

González & Hall, 2017; Saxton & Sabatini, 2017). Specifically, under nutrient-rich 

conditions, mTORC1 associates with the ULK1/2-ATG13-FIP200 complex. Upon 

association, it directly phosphorylates ULK1/2 and ATG13 for inactivation. 

Conversely, upon starvation or rapamycin treatment, mTORC1 dissociates from the 

complex, leading to ULK1 autophosphorylation. In turn, ULK1 phosphorylates both 

ATG13 and FIP200, leading to macroautophagy induction (Jung et al, 2009). 
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Phagophore nucleation – The next step relies on the recruitment of the ATG14-

containing class III phosphatidylinositol 3-kinase (PtdIns3K) complex (Itakura & 

Mizushima, 2010). This complex is necessary for the phagophore’s nucleation and is 

composed of Phosphatidylinositol 3-Kinase Catalytic subunit type 3 (PIK3C3; also 

known as VPS34), Phosphoinositide 3-Kinase Regulatory subunit 4 (PIK3R4; also 

known as p150), and Beclin-1. This complex participates both in macroautophagy, 

by associating with ATG14 to form the PIK3C3 complex 1 (PIK3C3-C1), or in the 

endocytic pathway, interacting with Ultraviolet Irradiation Resistant-Associated Gene 

(UVRAG) to form the PIK3C3 complex 2 (PIK3C3-C2) (Liang et al, 2006). Regulation 

of the elongation process occurs by protein interaction with Beclin-1. Nuclear 

Receptor Binding Factor 2 (NRBF2) is a component of the PIK3C3-C1, identified as a 

key regulatory subunit of the complex (Ohashi et al, 2016). NRBF2 interaction with 

the PIK3C3-C1 and, in particular, with Beclin-1 is strongly dependent on ATG14 (Lu 

et al, 2014). Negative regulators of the PtdIns3K complex include the antiapoptotic 

protein B-cell lymphoma 2 (Bcl-2), which binds Beclin-1 preventing its interaction 

with PIK3C3, and Rubicon, which interacts with the UVRAG-associated PtdIns3K 

complex. Conversely, the Activating Molecule in Beclin-1-Regulated Autophagy 

protein 1 (AMBRA1) and Bax-interacting factor 1 (Bif-1) act as positive regulators, 

which interact with Beclin-1 directly and indirectly, respectively (Takahashi et al, 

2007). 

The phagophore generation and elongation typically occur within Ω-shaped ER 

subdomains, termed omegasomes, which are enriched in the lipid molecule PtdIns-

3-phosphate (PI3P) (Axe et al, 2008). PI3P recruits the WD-repeat protein Interacting 

with Phosphoinositides (WIPI) protein family and the WIPI-binding proteins ATG2A/B 

(Velikkakath et al, 2012; Proikas-Cezanne et al, 2015), providing a scaffold to recruit 

the autophagic machinery for phagophore assembly and maturation (Ren et al, 

2020). 

Critical membrane sources for autophagosome formation include the Golgi 

apparatus, endosomes, mitochondria, and the plasma membrane (Ravikumar et al, 

2010; Longatti et al, 2012; Hamasaki et al, 2013). In addition, studies in mammalian 

cells pointed out the ER-Golgi Intermediate Compartment (ERGIC; a network of 

vesicular and tubular membrane structures devoted to the two-way trafficking 

between the two compartments) as a phospholipids source for autophagosomes 

biogenesis and maturation (Ge et al, 2013). 

 

Elongation – For phagophore elongation, there are two conjugation systems 

involving ubiquitin-like (UBL) proteins (Weidberg et al, 2011). ATG7 serves as an E1 
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activating enzyme, while ATG3 and ATG10 are two E2 conjugating enzymes. The first 

system relies on the ATG12—ATG5-ATG16L1 complex, with ATG12 and ATG5 

covalently conjugated in an ATG7/ATG10-dependent manner. The ATG12—ATG5-

ATG16L1 complex associates with the phagophore until the autophagosome is 

completed (Ichimura et al, 2000). Regulation systems involve the Golgi protein 

RAB33A, which can inhibit ATG16L1, and the Lysine Acetyltransferase 2B (KAT2B), 

which can independently target ATG5, ATG7, and ATG12. The other UBL system is 

the Microtubule-Associated Protein 1A/1B-Light Chain 3 (LC3, homolog of the yeast 

Atg8) system. It requires the LC3 processing by the cysteine protease ATG4 to form 

LC3-I, exposing an LC3’s glycine residue at the C-terminus. ATG7 activates LC3-I 

and transfers it to the E2-like enzyme ATG3, where it is covalently conjugated to the 

lipid phosphatidylethanolamine (PE) to form LC3-II (Geng & Klionsky, 2008). The 

ATG12—ATG5-ATG16L1 complex is reported to facilitate the latter step, acting as an 

E3 ligase. LC3-II is the membrane-associated LC3 form and can localize to the 

phagophore membrane. A second ATG4 cleavage step is possible, leading to LC3 

deconjugation and release from the membrane. In addition to LC3, which is the best 

characterized, several Atg8-like proteins exist and are mainly divided into LC3 and 

Gamma-aminobutyric acid Receptor-Associated Protein (GABARAP) subfamilies. LC3-

I conversion to LC3-II is enhanced upon autophagy-inducing conditions, such as 

nutrient starvation or other stresses. Moreover, an augmented LC3 synthesis after 

macroautophagy induction has also been described. While LC3 is required for 

autophagosome maturation, closure, and transport, the GABARAP subfamily seems 

to be involved in the latest maturation stages (Weidberg et al, 2010; Lee & Lee, 

2016). 

Another factor required not only for the elongation phase but also for phagophore 

formation is the transmembrane protein ATG9A. ATG9A can localize to different 

cellular compartments, and it is involved in membrane recruitment (Gómez-Sánchez 

et al, 2021). Under nutrient-rich conditions, ATG9A localizes to the trans-Golgi 

network, where it is clustered in small vesicles (ATG9A-positive vesicles). Upon 

starvation, it localizes to the phagophores and to the forming autophagosomal 

membranes, where it dynamically and transiently interacts with other ATG proteins 

(Orsi et al, 2012). The cycling to autophagosomes is ULK1- and PtdIns3K-dependent 

and can be inhibited by Mitogen-Activated Protein Kinase 14 (MAPK14) (Young et al, 

2006). 

ATG9A interacts with ATG2A for phospholipids transfer from membranes of 

different sources to the expanding phagophore. ATG2A has been proven to actively 

transfer lipids between membranes, operating at the ER-phagophore interface 
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(Maeda et al, 2019; Valverde et al, 2019). In addition, ATG9A operates as a lipid 

scramblase to efficiently distribute phospholipids both to the cytoplasmic and the 

luminal leaflet of the expanding phagophore. The interaction between ATG9A and 

ATG2A is essential for integrating lipids into the phagophore membrane, promoting 

its elongation and normal-sized autophagosomes formation (Guardia et al, 2020; 

Matoba & Noda, 2020). 

 

Autophagosome formation and fusion – The exact mechanism that leads to 

phagophore maturation and closing is still not fully elucidated. After autophagosome 

completion, microtubules drive it to the endosomal/lysosomal compartment to finally 

fuse to form the autolysosome. A key protein required for autophagosomes-late 

endosomes/lysosomes fusion is the RAB7 GTPase (Gutierrez et al, 2004; Carroll et 

al, 2013). RAB7 requires a Guanine nucleotide Exchange Factor (GEF) for its 

activation and to promote the interaction with specific effectors and tethering factors. 

The GEF involved in RAB7 activation is the MON1-CCZ1 complex, which can be found 

onto late-endosomes and autophagosomes (Hegedűs et al, 2016). The MON1-CCZ1 

complex interacts with lysosomal ARL8 and RAB7-interacting lysosomal protein, thus 

mediating the fusion step (Gao et al, 2018). The SNAP receptor (SNARE) machinery 

components, such as Vacuolar Morphogenesis protein 7 (VAM7), VAM9, or syntaxin 

17, have been shown to assemble and participate in the fusion process (Jäger et al, 

2004; Liang et al, 2008; Monastyrska et al, 2009). Selected SNAREs are recognized 

by the Homotypic vacuole fusion and Protein Sorting (HOPS) tethering complex, 

which bind both RAB7 and SNAREs promoting membrane bridging (Jiang et al, 2014). 

 

1.2.2 Macroautophagy regulation 

 

Macroautophagy is primarily involved in extra- and intracellular stress responses. 

Major regulating events include nutrient deprivation, hypoxia, altered availability of 

insulin or other growth factors, and Endoplasmic Reticulum (ER) stress. Carbon and 

nitrogen depletion are sensed by cAMP-dependent Protein Kinase A (PKA) and 

mTORC1 pathways, respectively. PKA and mTORC1 are negative regulators of 

autophagy under nutrient-rich conditions (Stephan et al, 2010). Specifically, PKA can 

influence the elongation step through LC3 phosphorylation (Cherra et al, 2010). 

Amino acid availability regulates RAS-related small GTPases (RAG), which in turn 

activate mTORC1 (Sancak et al, 2008). In amino acid-deprived conditions, mTORC1 

is inhibited, leading to autophagy induction mainly through mTORC1 substrates 

dephosphorylation. NRBF2 is a key autophagy regulator, as it binds ATG14-Beclin-1 
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upon mTORC1 inhibition, promoting ULK1 association and autophagy initiation (Ma 

et al, 2017). It has also been demonstrated that PKA can activate mTORC1, either 

through direct phosphorylation or through the inactivation of the AMP-activated 

protein Kinase (AMPK) (Djouder et al, 2010). Apart from being a PKA substrate, AMPK 

is also the major energy-sensing kinase of the cell. It is regulated by the intracellular 

AMP/ATP levels in the cell. AMP is the primary AMPK activator, indicating low energy 

levels. As a response, AMPK can phosphorylate and activate the Tuberous Sclerosis 

Complex 1/2 (TSC1/2), which inactivates mTORC1. 

Another AMPK substrate is ULK1, which can be phosphorylated by this kinase for 

activation (Inoki et al, 2003; Kim et al, 2011). 

Another key regulator, involved both in lysosomal biogenesis and autophagy, is 

Transcription Factor EB (TFEB). TFEB is involved in the starvation-induced autophagic 

response in a Mitogen-Activated Protein Kinase (MAPK)–dependent manner 

(Settembre et al, 2011). Under stress conditions, TFEB is translocated to the nucleus 

to regulate the expression of its target genes (Sardiello et al, 2009). TFEB is 

negatively regulated by mTORC1, which in turn is inhibited by the TFEB-dependent 

Ras-related GTP-binding protein D (RRAGD) activation. This mechanism provides a 

feedback response to stabilize the cellular metabolic state (Di Malta et al, 2017; 

Vega-Rubin-de-Celis et al, 2017). 

An additional important factor that regulates macroautophagy induction is ER 

stress. ER stress causes [Ca2+] increase in the cytoplasm, resulting in the activation 

of the calcium/calmodulin-dependent protein kinase kinase beta (CAMKKβ) and 

autophagy induction (Høyer-Hansen et al, 2007). Moreover, ER can also mediate 

autophagy induction through unfolded protein response (UPR) signaling (Ding et al, 

2007). 

Among other key autophagy-promoting signals, there are hypoxia and 

unavailability of growth factors. Both factors can suppress mTORC1 activation, also 

in the presence of favorable nutrient conditions (Lum et al, 2005). 

 

1.2.3 Selective macroautophagy 

 

Together with bulk degradation of randomly selected intracellular components, 

macroautophagy can be highly selective in cargoes recognition. Selective autophagy 

mediates aggregated proteins and damaged or dysfunctional organelles degradation, 

as well as the removal of invading pathogens. Specifically targeted cargoes include, 

but are not limited to, ubiquitinated proteins, ER (ERphagy), mitochondria 

(mitophagy), ribosomes (ribophagy), nucleus (nucleophagy), and pathogens 
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(xenophagy). Efficient cargo recognition is mediated by exclusive mechanisms 

involving Selective Autophagy Receptors (SARs) which specifically drive cargo 

engulfment within the autophagosomes. The common SARs characteristic is the 

presence of an LC3 interaction region (LIR) motif, which mediates ATG machinery 

recruitment to the cargoes and triggers in situ autophagosome formation (Noda et 

al, 2008; Alemu et al, 2012; Birgisdottir et al, 2013). So far, more than 30 SARs 

have been identified in mammalian cells and can be categorized based on their cargo 

recognition system in ubiquitin (Ub)-dependent and Ub-independent SARs (Kirkin & 

Rogov, 2019). Many receptors are able to recruit ULK1 complex to the cargo for 

autophagosome formation (Smith et al, 2018; Ravenhill et al, 2019; Turco et al, 

2019; Vargas et al, 2019). 

The mammalian SAR p62/SQSTM1 mediates the autophagic degradation of 

ubiquitinated cargoes such as aggregated and disposable proteins or cytosolic viruses 

and bacteria (Seibenhener et al, 2004; Bjørkøy et al, 2005; Pankiv et al, 2007; Zheng 

et al, 2009). The architecture of p62 consists of a LIR motif allowing the interaction 

with LC3, a Ubiquitin-binding domain (UBA) mediating the p62-Ub interaction, and a 

Phox and Bem1p (PB1) domain that recognizes other proteins and promotes homo-

oligomerization. Although the p62 affinity for Ub is not high, oligomerization of p62 

increases the relative avidity of the complex. As a result, the binding to the 

ubiquitinated substrates is stabilized, leading to efficient cargo sequestration within 

the autophagosomes (Raasi et al, 2005; Long et al, 2010; Wurzer et al, 2015). 

Ubiquitin stress promotes physical interaction between disposal ubiquitinated cargoes 

and p62, thus promoting LC3 binding for selective autophagic degradation. 

A critical selective pathway is mitophagy, devoted to fine-tuning mitochondrial 

turnover and maintaining adequate energy metabolism. Dysfunctions in 

mitochondrial degradation have been associated with various pathological conditions, 

including cancer, heart and liver diseases, and neurodegenerative pathologies such 

as Parkinson’s disease (Redmann et al, 2014). Mitophagy regulatory mechanisms in 

mammals are complex and can be classified as Ub-dependent or Ub-independent 

pathways, which are strongly interconnected to each other. The most characterized 

Ub-dependent pathway is the Phosphatase and tensin homolog (PTEN)-induced 

kinase 1 (PINK1)–Parkin (PRKN/PARK2) pathway. PINK1 is a Ser/Thr kinase, whereas 

PRKN is an E3 Ub ligase. The depolarization of the mitochondrial membrane is a major 

activator of the PINK1/PRKN pathway. Such activation involves a strong interplay of 

PINK1-mediated phosphorylation of several substrates and Parkin-mediated 

ubiquitination events on the outer mitochondrial membrane (Koyano et al, 2014). As 

a result of these interactions, the autophagic machinery is recruited and poly-
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ubiquitinated mitochondria are recognized by SARs for autophagosomal 

sequestration. SARs involved in polyubiquitin chains recognition are p62 and 

Optineurin (OPTN). Mutations involving Parkin and PINK1 genes are strongly 

associated with an early-onset form of Parkinson’s disease (Harper et al, 2018; 

Sekine & Youle, 2018). In addition to the PINK1–PRKN pathway, the outer 

mitochondrial membrane (OMM) proteins Bcl2 and adenovirus E1B 19-kDa-

interacting protein 3 (BNIP3), BNIP3-like (BNIP3L, also known as NIX), and FUN14 

domain-containing protein 1 (FUNDC1) have also been described to directly interact 

with LC3 to drive mitophagy (Guo et al, 2001; Shao et al, 2020). BNIP3 also exerts 

death-inducing activity as it can interact with Bcl2 and is required to abolish the 

antiapoptotic effect of Bcl-XL (Ray et al, 2000). Mitophagy occurs physiologically, 

ensuring mitochondrial recycling, but it plays a fundamental role in stress conditions, 

particularly upon starvation or hypoxia (Palikaras et al, 2018). 

 

1.3 Autophagy in ischemic stroke 

 

1.3.1 The role of autophagy in ischemic stroke 

 

After an ischemic event, autophagy has been observed in neurons, astrocytes, and 

endothelial cells in different in vitro and in vivo models (Adhami et al, 2006; Qin et 

al, 2010; Grishchuk et al, 2011; Shi et al, 2012; Li et al, 2013). However, it remains 

ambiguous whether such activation plays a protective or detrimental role. Indeed, it 

is common to define autophagy as a double-edged sword during brain ischemia 

development, exerting both protective and detrimental effects. 

Autophagic markers such as LC3 and Beclin-1 strongly increase in animal models 

of stroke. This increase often co-occurs with the expression of the active form of 

caspase-3 (Rami et al, 2008). Moreover, a dramatic increase in autophagosomes has 

been associated with hippocampal neurons death in neonatal ischemic brains (Koike 

et al, 2008). Altogether these works not only confirm that ischemic injury is followed 

by autophagy activation but also suggest that autophagy enhancement may 

represent a death-promoting process. Indeed, there is evidence that autophagy 

inhibition significantly decreases ischemic volume, brain edema, and motor deficits 

in the permanent Middle Cerebral Artery Occlusion (pMCAO) model (Wen et al, 2008). 

On the other hand, some studies described autophagy as a neuroprotective 

process, helping with the degradation of protein aggregates associated with 

degeneration (Berezniuk & Fricker, 2010; Balin et al, 2011; Medeiros et al, 2011). It 

has been observed that autophagy prevents neuronal death both in in vitro and in 
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vivo models of stroke, with Beclin-1 playing an important role in apoptosis control 

(Carloni et al, 2008; Papadakis et al, 2013; Wu et al, 2017). 

The strong crosstalk between autophagy and apoptosis may be a reason for the 

involvement of autophagy in many pathological conditions. Autophagy may 

contribute to tissue damage through autophagic cell death or turning cell injury into 

apoptosis or necrosis. Moreover, lysosomal hydrolases (cathepsins) are also involved 

in the apoptotic process through caspase activation (Vancompernolle et al, 1998; 

Wen et al, 2008; Deng et al, 2016). 

Interestingly, autophagy plays a differential role during the ischemia and 

reperfusion phases. Although autophagy is activated in both ischemia and 

reperfusion, reperfusion is characterized by a different role of autophagy with respect 

to the early ischemic events. In a myocardial model of I/R, enhancement of 

autophagy at the same time as reperfusion significantly reduced infarct size and cell 

death (Xie et al, 2021). However, whether autophagy activation during the 

reperfusion phase may be protective or detrimental is still controversial (Matsui et al, 

2007; Zhang et al, 2013). It must be considered that research works evaluating 

ischemia and reperfusion as two distinct phases in which autophagy may exert 

different effects are still limited. 

In addition, studies on the role of autophagy in the ischemic context mainly 

focused on macroautophagy. There is evidence for the activation of CMA after 

ischemia and hypoxia. Dohi et al. investigated ischemia-dependent CMA modulation 

both in vitro and in vivo. LAMP2A, a key mediator of CMA, is upregulated in neuronal 

cells exposed to hypoxic stress. Inhibiting LAMP2A expression enhanced apoptosis 

after hypoxia regardless of macroautophagy preservation. suggesting that CMA is 

involved in cell survival during hypoxia and ischemia. In the pMCAO model, LAMP2A 

positive lysosomes significantly augmented after ischemia (Dohi et al, 2012). CMA is 

also upregulated in the traumatic brain injury animal model (Park et al, 2015). 

However, the exact role of CMA in promoting cell survival or damage is far to be 

elucidated. 

 

1.3.2 Macroautophagy regulation in ischemic stroke 

 

The major signaling pathways involved in autophagy regulation are also essential 

to respond to ischemic injury. The AMPK/mTORC1 signaling pathway is strongly 

activated after ischemia and may provide potential neuroprotective targets for stroke 

treatment (Balduini et al, 2012; Huang et al, 2018). 
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The AMPK signaling pathway is a critical regulator of autophagy after an ischemic 

event. The increase in [Ca2+] is a major factor promoting AMPK-mediated autophagy, 

as well as the ATP/AMP ratio decrease due to inadequate energy supply (Meijer & 

Codogno, 2011; Bootman et al, 2018; Sun et al, 2018). AMPK is thus activated, 

inhibiting mTORC1 kinase activity through the TSC1/2 complex, and promoting 

autophagy (Herzig & Shaw, 2018). mTORC1 inhibition is also promoted by the 

restricted amino acid and insulin availability after stroke (Menon et al, 2014; Tan et 

al, 2017; Hwang et al, 2017). Additionally, the reduction of PI3K/Ak strain 

transforming protein (Akt) pathway activity was also found to consequently decrease 

mTORC1 activity and promote autophagy (Dutta et al, 2015; Mateos et al, 2016). 

An important factor activated in response to oxygen deprivation is HIF-1. It 

consists of two main subunits: the oxygen-regulated subunit HIF-1α, and HIF-1β, 

which is constitutively expressed (Daskalaki et al, 2018). When oxygen is abundant 

HIF-1α is rapidly degraded by the proteasome, while low oxygen levels allow HIF-1α 

stabilization. Once stabilized, HIF-1α translocates to the nucleus, where it associates 

with HIF-1β to form the HIF-1 heterodimer (Eales et al, 2016). HIF-1α protein levels 

are reported to increase after ischemia (Althaus et al, 2006). Hypoxia response genes 

include Vascular Endothelial Growth Factor (VEFG) and Erythropoietin (EPO), whose 

role is to support oxygen distribution to the hypoxic region (Semenza, 2003; Kim et 

al, 2009). Additionally, HIF-1α can also drive autophagy activation by p53 and BNIP3 

upregulation (Guo et al, 2001). The HIF-1α-mediated upregulation of BNIP3 leads to 

mitophagy induction, in the attempt to reduce ROS formation, limit oxygen demand, 

and remove damaged mitochondria. Moreover, upon hypoxic stress or the loss of 

mitochondrial membrane potential, FUNDC1 is dephosphorylated increasing its 

affinity for LC3 to drive receptor-mediated mitophagy (Chen et al, 2014). 

 

1.3.3 Potential role of autophagy in neuroprotection 

 

Diverse experimental and clinical investigations pointed out that dysfunctional 

autophagy is involved in several pathological conditions, including cancer and 

neurodegeneration (Levine & Kroemer, 2008; Mathew et al, 2007; Mizushima & 

Komatsu, 2011; Nixon, 2013). Current research on neuroprotective therapeutics has 

identified several candidates whose effects were also due to autophagy modulation. 

To date, some neuroprotective agents have been reported to modulate autophagy. 

Among them, statins, which inhibit the 3-hydroxy-3-methylglutaryl co-enzyme A 

reductase (HMGCR) involved in cholesterol metabolism, influenced autophagy in 

stroke models. Both Amlodipine and Atorvastatin treatments led to a significant 
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reduction in LC3-positive cells and a decrease in the infarct volume (Zhang et al, 

2011). Simvastatin exerted neuroprotective effects after spinal cord injury, partially 

through the Akt/mTORC1 signaling pathway (Gao et al, 2015). Yu et al. demonstrated 

that Ezetimibe, a selective cholesterol absorption inhibitor, prevents neuronal death 

by promoting AMPK-mediated autophagy activation in the MCAO rat model. The 

authors reported an increase in a wide range of autophagic markers in treated MCAO 

neurons, while autophagy inhibition reversed the beneficial effects provided by 

ezetimibe (Yu et al, 2018). 

Traditional Chinese drugs have been proven to exert beneficial effects through 

autophagy regulation. For instance, Puerarin alleviated brain injury after I/R damage 

by selectively reducing autophagic proteins expression levels in neurons but not in 

astrocytes (Hongyun et al, 2017). Ginsenoside Rb1 reversed mitochondrial 

dysfunction and up-regulated autophagic markers in vitro (Tang et al, 2017). 

Similarly, Triptolide administration decreased apoptosis and enhance autophagy after 

MCAO (Yang et al, 2015). 

Another study highlighted Rapamycin neuroprotective potential in both permanent 

middle cerebral artery ligation (pMCAL) and embolic clot middle cerebral artery 

occlusion (eMCAO). Results indicated that Rapamycin reduced injury lesions and 

improved neurological outcomes following ischemia through autophagy and 

mitophagy induction (Buckley et al, 2014; Li et al, 2014). 

Recently, microRNAs (miRNAs) were also proposed as potential therapeutic 

targets for stroke. Alteration in miRNA expression in the brain has been associated 

with ischemic brain injury (Kim et al, 2021). Studies evaluating the effect of miRNA-

30a upregulation after stroke in the MCAO model revealed that it decreases Beclin-1 

levels, thus impairing autophagy. Downregulation of miRNA-30a can promote 

neuroprotection through the enhancement of Beclin-1-mediated autophagy (Wang et 

al, 2014). Moreover, Wei et al. observed that miR-338-3p downregulation in neurons 

following an ischemic stress targets the Akt/mTORC1 signaling. This leads to 

autophagy inhibition and contributes to cell survival (Wei et al, 2022). 
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2. AIM OF THE WORK 

 

Brain ischemia is a leading cause of death worldwide in people over 65. To date, 

therapeutic options are limited to recanalization strategies, which are featured by 

several limitations in terms of therapeutic window and patient eligibility. It is then 

imperative to identify alternative effective and long-lasting pharmacological 

interventions to preserve tissue integrity and functionality. 

Small therapeutic molecules able to interfere with the complex series of molecular 

events that follow brain ischemia represent an exciting area of investigation. Given 

its homeostatic function both in a physiological and a pathological context, autophagy 

has been proposed as a promising potential target to foster neuroprotection. 

With the present thesis work, I sought to identify potent modulators selectively 

interfering with the autophagic pathway in stressed conditions. To address this 

assignment, I worked on three major tasks: 

• Firstly, I established a robust Low-Throughput Screening platform to screen a 

selected bioactive compound library. 

• Then I performed the chemical screening, testing drugs under stroke-

mimicking conditions. 

• I finally validated lead-like compounds by applying a series of stringent tests 

on different in vitro and in vivo models. 
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3. RESULTS 

3.1 In silico-based virtual screening 

 

The Drug Metabolism and Pharmacokinetics (DMPK) properties of a large 

compound library provided by Selleckchem were in silico predicted using molecular 

descriptors in comparison to well-characterized bioactive molecules. From the original 

Selleckchem dataset composed of 6839 compounds, 45 were discarded for the lack 

of structural information or other errors derived from the software’s analysis. Among 

all the selection criteria provided by the prediction tool, we gave priority to those 

related to drug-likeness and CNS penetration and activity. We carried out drug-

likeness evaluation computing the QPlogPo/w, #stars, RuleOfFive, RuleOfThree, 

#metab, and #rtvFG parameters (Figure 5), while CNS, QPlogBB, and QPPMDCK 

were selected as CNS-related descriptors (Figure 6). Details and ranges used to 

evaluate the descriptors and properties used for the present study are reported in 

the Materials and Methods section (Table 4). 

After the first round of analysis, we identified a subset of 1927 compounds 

(representing 28.36% of the original dataset) with computed properties falling inside 

the acceptable range of known drugs. The remaining molecules (71.64%) had at 

least one computed descriptor falling outside the normal range of known drugs and 

therefore were excluded from further analyses. 

We next prioritized the 1927 candidates performing a second round of in silico 

evaluation. We performed a molecule ranking based on characteristics that should be 

desirable in screening analyses designed for the identification of CNS-active drugs. 

We assigned a score to the CNS, QPlogBB, and QPPMDCK values obtained from the 

first analysis. Each score was then linearly and identically weighted to obtain a final 

cumulative score for every compound (Figure 6d). Using this parameter, we ranked 

all the compounds, defining a cherry-pick library comprehensive of the first 898 top-

scoring ones. Selected compounds obtained a cumulative score greater than 0.367, 

allowing the exclusion of molecules belonging to the lowest percentile range. 

The library was used for the in vitro Low-Throughput Screening (LTS) and was 

heterogeneous in terms of composition. As shown in Figure 6e, molecules fall within 

nineteen different categories. Among them, the most represented ones include 

Neuronal Signaling (17.71%), Microbiology (11.58%), and Metabolism (5.01%). 

Additional subsets (accounting for 35.19% of the whole library) include anti-

inflammatory compounds, protein kinase modulators, epigenetic regulators, and 

inhibitors of various receptors and transporters. The 30.51% of the compounds are 
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categorized as Others and comprises intermediates in the production of other 

chemicals and organic compounds. Of note, more than 350 molecules included in this 

library are FDA-approved. 

 

 

 

 

Figure 5 – Graphical representation of drug-like properties for 6794 molecules’ 
dataset. Graphs reports dispersion of compounds regarding (a) QPlogPo/w, (b) #stars, (c) 

RuleOfFive, (d) RuleOfThree, (e) #metab, and (f) #rtvFG prediction. Each dot represents a 
single molecule. Ranges for 95% of known drugs are highlighted by dashed lines. 
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Figure 6 – Graphical representation of CNS-related properties for 6794 molecules’ 
dataset and library definition. Graphs report dispersion of compounds regarding (a) CNS, 
(b) QPlogBB, and (c) QPPMDCK prediction. (d) 1927 positive compounds were further ranked 
based on their CNS activity and penetration properties (cumulative score). The pink box 
highlights 898 selected compounds. Each dot represents a single molecule. Ranges for 95% of 
known drugs are highlighted by dashed lines. (e) Graphical representation of library 

composition based on known major molecular targets. 

 

3.2 LTS assay development 

 

We next set up screening procedures to test the ability of the compounds to 

modulate the autophagic process. I monitored LC3 fluctuations using a cell line stably 

expressing the pHluorin-mKate2-human LC3 (PK-hLC3). This construct takes 

advantage of the pH-sensitivity of pHluorin, a GFP-variant whose fluorescence is 

almost completely abolished when the protein is delivered into the acidic lysosomal 
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compartment (pH 4.5-5.5). Together with pHluorin, the chimeric construct also 

carries the far-red protein mKate2, which is not pH-sensitive (Tanida et al, 2014). 

I transfected Neuro-2a cells to establish cell clones constitutively expressing the 

autophagy sensor. Individual clones were selected applying puromycin selection and 

isolated following a limiting dilution protocol. Clones were analyzed by fluorescent 

microscopy, and I ended up selecting the 7B11 cell clone for further validation. I 

investigated the autophagy-sensing properties of the 7B11 clone using well-known 

autophagy modulators (Figure 7). Specifically, I treated 7B11 cells with Bafilomycin 

A1 or Torin-1, which inhibit vacuolar H+-ATPase (V-ATPase) and mTORC1/2, 

respectively (Thoreen et al, 2009; Wang et al, 2021b). Dimethyl sulfoxide (DMSO)-

treated samples were also included as an experimental control. Cells were fixed and 

analyzed by confocal microscopy for pHluorin and mKate2. Upon Bafilomycin A1 

treatment (200 nM, 6 hours), I observed a substantial increase of green and far-red, 

double-positive fluorescent puncta within the cytoplasm of these cells. This effect is 

due to the prevention of lysosomal acidification and the subsequent blockage of the 

fusion of autophagosomes with lysosomes. Conversely, upon Torin-1 treatment (250 

nM, 24 hours), cells showed green-negative but far-red-positive puncta, indicating 

an enhancement of the autophagic flux (Figure 7a). 

I next performed western blot (WB) analysis on naïve Neuro-2a and 7B11 cells 

receiving the same treatments (Figure 7b). I assessed the conversion of LC3-I 

(detectable by SDS-PAGE at approximately 16 kDa) to LC3-II (14 kDa) by measuring 

the LC3-II levels normalized to β-Actin in each experimental group. In untransfected 

Neuro-2a cells, Bafilomycin A1 treatment induced a significant LC3-II accumulation 

compared to DMSO-treated controls, reflecting autophagic flux occurrence at basal 

conditions. Moreover, I observed an increase in the LC3-II protein levels when 

treating cells with Torin-1, which was further augmented when Torin-1 and 

Bafilomycin A1 treatment were combined. On the other hand, in 7B11 cells, I 

observed faint endogenous LC3 bands, as well as a single band at ~65 kDa, which 

corresponds to the PK-hLC3 protein (Figure 7b and c). In 7B11 cells, Bafilomycin A1 

treatment resulted in a slight but significant increase in LC3-II protein levels in 

comparison to DMSO-treated controls, while I observed no more than a trend treating 

cells with Torin-1. The treatment combining Torin-1 and Bafilomycin A1 increased 

LC3-II levels, although it did not significantly differ from Bafilomycin A1 alone. These 

observations suggest that the overexpression of PK-hLC3 may affect the endogenous 

LC3 turnover in 7B11 cells. Therefore, this tool might not be optimal for the accurate 

quantification of LC3-II variations by western blot. 
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Figure 7 – 7B11 clone as an in vitro cellular model for drug screening. (a) Maximal 

projections of confocal stacks of the 7B11 cell clone showing LC3 distribution (n=3 independent 

samples/condition); green (pHluorin) and far-red (mKate2) fluorescence were monitored in 
the same field and merged; scale bar 10 µm. (b) Representative WB analysis for LC3 and β-
Actin protein levels in protein extracts from untransfected and transfected Neuro-2a cells upon 
different treatments. (c) Representative WB analysis for LC3 and β-Actin protein levels in 
protein extracts from 7B11 cell clone; samples were subjected to immunoblotting against LC3B 

to detect LC3-I/II, and PK-LC3; the histogram shows quantifications (mean ratio ± SD; n=3 
independent wells/condition) (d) Representative flow cytometry panels; histograms show 
pHluorin fluorescence intensity (x-axis) versus events’ count normalized to mode (y-axis) (n=3 
independent samples/condition). The following treatment conditions were used in all the 
experiments: DMSO control (Ctrl), Bafilomycin A1 (Baf) 200 nM for 6 hours, and Torin-1 250 
nM for 24 hours. One-way ANOVA followed by Tukey’s multiple comparison test was used to 
analyze data from (c); *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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We next planned to use flow cytometry to maximize the time-effectiveness of the 

chemical screening. Therefore, to finalize the assay set-up, I quantified PK-hLC3 

fluctuations by Fluorescence-Activated Cell Sorter (FACS) (Shvets et al, 2008). 

Specifically, I measured pHluorin mean fluorescence intensity (MFI) variation in living 

7B11 cells. To provide evidence of the reliability of this approach, I treated cells with 

Bafilomycin A1 and Torin-1. Upon Bafilomycin A1 treatment, I observed a ~40% MFI 

increase compared to control, reflecting the PK-hLC3-positive dots accumulation 

observed by confocal microscopy. On the other hand, Torin-1 led to a ~50% MFI 

reduction, mirroring the result obtained in previous experiments (Figure 7d). 

Considering the large signal window offered by the latest described approach, I 

selected LC3-pHluorin detection by flow cytometry as the best assay read-out. I next 

performed several confirmatory experiments to validate the accuracy and precision 

of the assay. 

 

3.2.1 Assay reproducibility assessment 

 

To verify the assay’s performances in a throughput setting, I tested the assay’s 

stability and reproducibility. 7B11 cells were treated with Bafilomycin A1 and Torin-

1 across different independent experimental replicates. I assessed LC3-pHluorin MFI 

fluctuation by flow cytometry (Figure 8). Bafilomycin A1 treatment resulted in a 

significantly stable separation band between reference and positive controls. On the 

other hand, the Torin-1 treatment yielded less stability (Figure 8a). After three 

weeks in culture (experimental replicates 5 and 6), LC3-pHluorin MFI was not 

consistent with previous measurements. Therefore, I defined a signal stability 

threshold based on statistical quality control measures, even though data showed 

overall statistically significant differences (Figure 8b). 

Using these datasets, I calculated Z’-factor values and the Strictly Standardized 

Mean Difference (SSMD), two statistical parameters largely applied to validate 

procedures involving molecular screenings (Zhang et al, 1999; Goktug et al, 2013). 

Both measures account for data variability in reference and positive controls. Ranges 

reflecting general assay performances are reported in the Materials and Methods 

section (Table 6). To get a very good/excellent assay, Z’-factor (Z’) and SSMD (β) 

values should meet the following criteria: 0.5 ≤ Z’ < 1, and β ≥ 4.7, β ≤ -4.7. In line 

with MFI analysis, Z’ and SSMD values complied with the requirements until the 

fourth experimental replicate (Figure 8c). 
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Analyzing the generated dataset and comparing Z’-factor and SSMD with reference 

values, I confirmed the reproducibility of the assay, estimating that 7B11 cells can 

be used for no more than 14 days. 

 

 

 

Figure 8 – Assay quality assessment. (a) Graphs report pHluorin fluorescence intensity 
(MFI) of 7B11 cells treated with DMSO (Ctrl), Bafilomycin A1 (Baf; 200 nM for 6 hours), or 
Torin-1 (250 nM for 24 hours), measured by flow cytometry in 6 consecutive experiments (n=3 

independent wells/condition); data are reported as mean ± SD. (b) Comprehensive pHluorin 
fluorescence intensity representation from (a). (c) Z’-factor and SSMD of each experimental 
replicate reporting the separation band between controls and Baf- or Torin-1-treated samples. 
Horizontal dashed lines highlight ranges for a very good/excellent assay. Vertical dashed lines 
indicate the limit for consecutive in vitro cell passages. Two-way ANOVA followed by Šídák’s 
multiple comparisons test was used to analyze data from (a); one-way ANOVA followed by 
Tukey’s multiple comparison test was used to analyze data from (b); *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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3.2.2 Stressor selection 

 

To identify autophagy modulators active in a neuroprotective context, I introduced 

in the experimental setting a specific stressor that should mimic most of the harmful 

events occurring in ischemic conditions. Oxygen-Glucose Deprivation (OGD) is a 

widely used in vitro stroke model, reproducing the main stroke features such as 

cytotoxicity, apoptosis, and autophagy induction (Tasca et al, 2015; Zhang et al, 

2019). 

I performed a series of experiments on 7B11 cells, measuring LC3-pHluorin MFI 

variations in response to OGD treatment (Figure 9a). I obtained a linear correlation 

that linked OGD-exposure with MFI fluctuations. As OGD promotes autophagy 

activation, these results resembled those obtained upon Torin-1 treatment. I 

measured a progressive MFI decrease, reaching a 25% reduction after 15 hours of 

incubation in the OGD environment. To further validate the system, I monitored HIF-

1α protein levels by western blot. HIF-1α is a key player in the regulation of oxygen 

homeostasis, and it is responsible for the transcription of numerous genes, including 

those related to autophagy modulation (Zhang et al, 2008). As expected, after 15 

hours of OGD exposure, I observed a strong increase in HIF-1α protein levels with 

respect to normoxic experimental controls (Figure 9b). 

In conclusion, with an extensive series of pilot experiments, I developed a robust 

assay to study the autophagic pathway in living cells. I also introduced a stressor to 

mimic ischemic conditions in vitro. The OGD model is largely used by the scientific 

community working on ischemic stroke. The OGD exposure time defined with these 

experiments significantly reduced LC3-pHluorin MFI. However, such reduction is 

approximately 50% of that induced by Torin-1 treatment. Therefore, the simple OGD 

treatment is not enough to saturate the system, allowing molecules to further 

accelerate the autophagic flux. 

I also adapted the assay to a semi-automated format (96-well multiple-well plate), 

dealing with ~70 samples at once and making the acquisition at the cytometer more 

efficient. Moreover, these preliminary experiments allowed the calculation of the 

sample size. Specifically, to detect a minimum 10% difference between the 

experimental and control means, I needed to study three experimental subjects and 

three control subjects to be able to reject the null hypothesis that the population 

means of the experimental and control groups are equal with the probability (power) 

of 0.9. The Type I error probability associated with the test of this null hypothesis is 

equal to 0.05. 
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Figure 9 – Oxygen-glucose deprivation as a stressor to mimic ischemic conditions. 

(a) Linear correlation between OGD duration (hours) and pHluorin fluorescence intensities 

normalized to t0 (n=9 independent wells/condition); data are reported as mean ± SD 
(r2=0.704, p<0.0001); dashed lines define the time window for a 25% fluorescence decrease. 
(b) Representative WB analysis for HIF-1α and β-Actin protein levels in protein extracts from 
7B11 cells subjected to 15 hours of OGD (n=3 independent wells/condition). (c) Representative 
flow cytometry panels; histograms show pHluorin fluorescence intensity (x-axis) versus 

events’ count normalized to mode (y-axis); bar chart shows comprehensive quantification of 
pHluorin fluorescence intensity normalized to DMSO-treated control (Ctrl); treatments include 
Bafilomycin A1 (Baf) 200 nM for 15 hours, Torin-1 250 nM for 24 hours, and OGD for 15 hours 
(n≥6 independent samples/condition). One-way ANOVA followed by Tukey’s multiple 
comparison test was used to analyze data from (b); *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

 

3.3 LTS revealed modulators of autophagy 

 

To identify novel autophagy modulators, I carried out the primary screening 

testing the cherry-pick library (898 compounds) in OGD conditions at the single 

concentration of 1 µM. The basic idea of this assay was to drive the identification of 

molecules able to prevent the OGD-mediated autophagy induction, but also 

molecules able to further promote the autophagic flux compared to the OGD stress 

alone. I selected 1 µM to avoid off-target effects due to higher molecules’ 

concentrations. Each assay was run in triplicate. I received the library in a 384-wells 
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format, and I aliquoted each plate in a 96-wells format to minimize the impact of 

freeze-thaw cycles. In each experimental setting, I included Bafilomycin A1- or Torin-

1- treated normoxic/high-glucose controls (alternatively used to monitor cells 

responsiveness to control treatments), vehicle (water or DMSO)-treated 

normoxic/high-glucose controls, and vehicle-treated OGD controls. I used a viability 

dye to monitor viability reduction. Controls and samples were not randomized across 

the plate. For this reason, plates that showed a clear gradient in the fluorescence 

intensity throughout the acquisition (probably due to non-homogeneous 

temperature, CO2, or humidity levels upon acquisition) were discarded, and 

compounds were subsequently tested in a new experimental setting. 

At the end of the primary screening, I checked for the plate-failure rate. I applied 

a statistical quality-control measure, the Signal-to-Noise ratio (S/N), to compare the 

level of the OGD signal to the level of untreated samples, considered as background 

noise. I discarded and repeated all the plates displaying an S/N value lower than 2. 

Cumulatively, I performed 54 successful experimental runs, and the final S/N 

distribution for each plate is reported in Figure 10a. To further check for screening 

quality, I analyzed all the experimental controls across all the plates (Figure 10b). 

Controls showed a robust separation, as reported by previously described 

experiments. 

To select candidate molecules, I matched control-based and non-control-based 

statistical approaches. With the control-based method, I used the unpaired Student’s 

t-test to compare the compound’s means to OGD-treated controls. With the non-

control-based method, I calculated robust Z-score to account for sample activity per 

se. Here the mean and standard deviation are replaced with the median and the 

Median Absolute Deviation (MAD), respectively, to diminish the outliers’ effect on the 

final analysis. Moreover, this second approach is based on the assumption that most 

of the samples are inactive, serving as plate’s negative controls and allowing true 

hits identification (Goktug et al, 2013). I selected as positive hits all the compounds 

with a p-value <0.05 and a robust Z-score <-1.96 (autophagy inducers) or >1.96 

(autophagy inhibitors) (Figure 10c). In summary, crossing these two parameters, 

27 out of 898 tested molecules were selected as lead-like candidates to be validated 

with a secondary screening. Specifically, I identified 16 molecules able to increase 

LC3-pHluorin MFI and 11 molecules that further reduced fluorescent signals in 

comparison to OGD controls (Table 3). Twelve compounds were excluded from 

analysis due to their high toxicity in 7B11 cells. 
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Figure 10 – Primary screening results. (a) S/N values were calculated for each plate from 
the primary screening. (b) Comprehensive quantification of pHluorin fluorescence intensity 
normalized to DMSO-treated control (Ctrl); treatments include: Bafilomycin A1 (Baf) 200 nM 
for 15 hours, Torin-1 250 nM for 24 hours, and OGD for 15 hours (n≥111 independent 
samples/condition). (c) Volcano plot displaying -Log(p-value) and Robust Z-score across the 
whole compound library; 27 lead-like candidates are highlighted in red and labeled; dashed 
lines indicate selected statistical ranges. One-way ANOVA followed by Tukey’s multiple 

comparison test was used to analyze data from (b); *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

 



44 

 

Table 3 – List of lead-like candidates from the primary screening. 

Compound name 
S/N 

plate 

MFI 

(x1000) 

Ratio 

vs 

OGD 

p-

value 
Log p 

Robust 

Z-score 

Quinacrine 

Dihydrochloride Dihydrate 
4.443 175.25 1.833 <10

7
 7.60 21.45 

Quinacrine 2HCl 3.273 195.23 1.748 <10
7
 6.86 13.20 

ULK-101 3.988 107.28 1.111 0.0190 1.72 4.51 

Solifenacin 3.518 111.36 1.075 0.0338 1.47 3.39 

NU7441 (KU-57788) 4.181 116.21 1.311 0.0401 1.40 3.38 

Poziotinib (HM781-36B) 5.293 113.36 1.222 0.0101 1.99 3.06 

PTC-028 2.211 100.58 1.121 0.0252 1.60 2.59 

ONC212 2.211 99.81 1.113 0.0231 1.64 2.45 

Duloxetine HCl 5.079 115.14 1.130 0.0166 1.78 2.37 

WAY-331960 2.449 107.67 1.156 0.0007 3.16 2.30 

WAY-656627 2.184 99.54 1.142 0.0291 1.54 2.29 

Bedaquiline fumarate 3.906 115.80 1.108 0.0139 1.86 2.28 

WAY-348105 2.276 108.03 1.089 0.0327 1.49 2.28 

WAY-326275 3.696 85.87 1.114 0.0096 2.02 2.20 

WAY-640783 2.184 98.70 1.132 0.0283 1.55 2.15 

Bepridil hydrochloride 7.475 106.29 1.120 0.0010 3.00 2.01 

WAY-620183 3.696 70.60 0.916 0.0464 1.33 -1.99 

Dextromethorphan 

hydrobromide hydrate 
4.276 96.95 0.912 0.0375 1.43 -2.01 

Cloxiquine 4.276 96.89 0.912 0.0348 1.46 -2.02 

MK-8745 2.211 74.34 0.829 0.0035 2.46 -2.04 

CPI-1205 2.251 85.25 0.867 0.0150 1.83 -2.08 

WAY-324866 2.016 86.93 0.903 0.0361 1.44 -2.09 

Darapladib (SB-480848) 7.475 85.19 0.897 0.0020 2.70 -2.23 

Closantel 4.387 83.92 0.888 0.0348 1.46 -2.48 

Dp44mT 4.245 81.41 0.889 0.0198 1.70 -3.11 

MI-2 (MALT1 inhibitor) 4.779 87.59 0.815 0.0001 4.12 -3.23 

Chlorpromazine 4.779 87.10 0.811 0.0067 2.18 -3.32 

 



45 

 

3.4 Validation of putative autophagy modulators 

 

3.4.1 In vitro best hits validation in Neuro-2a cells 

 

With the primary screening, I identified 27 lead-like candidates able to significantly 

modulate LC3-pHluorin MFI when compared to the OGD treatment alone. A subset of 

molecules that met the selection criteria was omitted from further analysis because 

they (1) exerted moderate toxicity (Solifenacin, Dextromethorphan hydrobromide 

hydrate, Cloxiquine, and CPI-1205), (2) were previously associated with both stroke 

and autophagy (Quinacrine Dihydrochloride Dihydrate and Quinacrine) (Phillis, 1996; 

Estevez & Phillis, 1997; Golden et al, 2015), (3) were not available in pure form in 

adequate amounts (WAY-620183 and WAY-324866). 

We purchased fresh powder of 19 chemicals (6 inducers and 13 inhibitors) that 

were assayed in the validation experiments. I selected western blot analysis as the 

first line of validation. To avoid unintended misinterpretation of the results due to the 

PK-hLC3 overexpression, I used naϊve Neuro-2a cells as a cellular model. I also 

decided to exclude the OGD treatment from the assay to assess the ability of selected 

compounds to interfere with the autophagic pathway in basal conditions. 

I first set up the assay by performing experiments with control molecules (Figure 

11). To limit cytotoxicity and to uniform the treatments’ timeline, I optimized the 

final protocol selecting Bafilomycin A1 100 nM for 15 hours and Torin-1 250 nM for 

15 hours as control treatments. These treatment conditions were appropriate to 

observe LC3-II levels variation in naïve Neuro-2a cells. 

In the present assay, LC3-II turnover is measured upon the treatment with a 

selected compound, in both the presence and absence of saturating levels of 

Bafilomycin A1. As a result, when the compound enhances the autophagic flux, LC3-

II levels are higher in the presence of the compound plus Bafilomycin A1, as occurs 

when Torin-1 and Bafilomycin A1 are combined (Figure 11a). This approach allows 

the identification of autophagy inducers by comparing a selected compound plus 

Bafilomycin A1 to the compound alone and Bafilomycin A1 alone. Moreover, it is 

possible to identify putative late-stage inhibitors by comparing a selected molecule 

to Bafilomycin A1 treatment alone (Mizushima & Yoshimori, 2007; Klionsky et al, 

2021). I also tested a sequestration inhibitor, 3-Methyladenine (3-MA), to assess the 

effects of an early-stage inhibitor of autophagy (Seglen & Gordon, 1982). I observed 

that cells co-treated with 3-MA and Bafilomycin A1 displayed lower LC3-II levels 

compared to Bafilomycin A1 alone. With this experiment, I confirmed the possibility 
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to discriminate between early- and late-stage autophagic inhibitors by western blot 

analysis in Neuro-2a cells (Figure 11b). 

I tested all the 19 compounds at the single concentration of 1 µM, in the presence 

or absence of Bafilomycin A1, analyzing LC3-II protein levels normalized to β-Actin. 

Among the molecules identified from the primary screening as autophagy inhibitors, 

unexpectedly, none of them increased LC3-II levels in a Bafilomycin-like manner. 

This suggests that such molecules did not operate as late-stage inhibitors. Based on 

this observation, I compared the compounds plus Bafilomycin A1 to Bafilomycin A1 

alone, and I found that 7 out of 13 putative inhibitors significantly reduced 

Bafilomycin A1-dependent LC3-II accumulation. I selected NU7441, ONC212, 

Bedaquiline, WAY-640783 for further validation based on quantitative criteria 

(p<0.01). I also selected Poziotinib and Duloxetine, even though they did not reach 

statistical significance (Figure 12). I excluded from further analysis all the other 

putative inhibitors (Figure 13). 

 

 

Figure 11 – Set-up of secondary screening assay. (a) Representative WB analysis for LC3 
and β-Actin protein levels in protein extracts from Neuro-2a cells treated with DMSO (Ctrl), 
Bafilomycin A1 (Baf; 100 nM), or Torin-1 (250 nM) for 15 hours; histograms show 
quantifications (mean ratio ± SD; n=5-6 independent wells/condition). (b) Representative WB 

analysis for LC3 and β-Actin protein levels in protein extracts from Neuro-2a cells treated with 
DMSO (Ctrl), Bafilomycin A1 (Baf; 100 nM), or 3-Methyladenine (3-MA; 5 mM) for 15 hours; 
histograms show quantifications (mean ratio ± SD; n=3 independent wells/condition). One-
way ANOVA followed by Tukey’s multiple comparison test was used to analyze data; *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 12 – Selected putative inhibitors. (a-f) Representative WB analysis for LC3 and β-
Actin protein levels in protein extracts from Neuro-2a cells treated with DMSO (Ctrl), 
Bafilomycin A1 (Baf; 100 nM), or selected compound (1 µM) for 15 hours; histograms show 
quantifications (mean ratio ± SD; n>3 independent wells/condition). One-way ANOVA followed 
by Tukey’s multiple comparison test was used to analyze data; *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Figure 13 – Excluded putative inhibitors. (a-g) Representative WB analysis for LC3 and β-
Actin protein levels in protein extracts from Neuro-2a cells treated with DMSO (Ctrl), 
Bafilomycin A1 (Baf; 100 nM), or selected compound (1 µM) for 15 hours; histograms show 
quantifications (mean ratio ± SD; n>3 independent wells/condition). One-way ANOVA followed 
by Tukey’s multiple comparison test was used to analyze data; *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 

 

On the other hand, among the inducers, I did not observe molecules showing an 

activity that can overlap that of Torin-1 (Figure 14). However, I sorted out a few of 

them as promising inducers although their performances did not reach statistical 

significance. I selected Dp44mT for further investigations, as it significantly increased 

LC3-II protein levels compared to DMSO-treated control (Figure 14a). I also 

selected MK-8745 because it displayed an LC3-II pattern comparable to that of Torin-

1, although differences did not reach statistical significance (Figure 14b). 

 

3.4.2 Dose-response efficacy properties investigation 

 

As a second line of validation, I evaluated the eight selected molecules over a 

range of doses (0.1, 1, 10 µM). I further adapted the previous experimental settings 

differentiating compounds as autophagy inducers or inhibitors. I tested putative 

inhibitors in the presence of Bafilomycin A1 and compared LC3-II levels to those of 

Bafilomycin A1 treatment alone (Figure 15). On the other hand, when testing a 

putative inducer, I compared treatments alone to DMSO-treated control (Figure 16). 

Four out of six tested inhibitors showed a reasonable dose-response effect. 

ONC212 was also tested at lower concentrations (1 and 10 nM), as at the higher 

doses the effect in terms of LC3-II reduction was not incremental. I finally selected 

the following compounds for the next validation assay: NU7441, Poziotinib, 

Duloxetine, and ONC212 (Figure 15a, b, d, and e). 

In this experimental setting, neither of the putative inducers modulated autophagy 

in a dose-dependent manner (Figure 16). Except for Dp44mT tested at 1 µM, LC3-

II bands were too faint to appreciate autophagy induction upon different treatment 

conditions. Therefore, I decided to exclude these compounds from further analyses 

and to consider a different experimental strategy to investigate their effects. Such in 

vitro experiments are currently ongoing. 
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Figure 14 – Validation of putative inducers. (a-f) Representative WB analysis for LC3 and 
β-Actin protein levels in protein extracts from Neuro-2a cells treated with DMSO (Ctrl), 
Bafilomycin A1 (Baf; 100 nM), or selected compound (1 µM) for 15 hours; histograms show 
quantifications (mean ratio ± SD; n>3 independent wells/condition). One-way ANOVA followed 
by Tukey’s multiple comparison test was used to analyze data; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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Figure 15 – Dose-response efficacy properties of selected inhibitors. (a-f) 
Representative WB analysis for LC3 and β-Actin protein levels in protein extracts from Neuro-
2a cells treated with Bafilomycin A1 (Baf; 100 nM), or Baf plus selected compound (0.1, 1, 10 
µM) for 15 hours; histograms show quantifications (mean ratio ± SD; n>3 independent 
wells/condition). One-way ANOVA followed by Tukey’s multiple comparison test was used to 

analyze data; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 16 – Dose-response efficacy properties of selected inducers. (a-b) 
Representative WB analysis for LC3 and β-Actin protein levels in protein extracts from Neuro-
2a cells treated with DMSO (Ctrl), or selected compound (0.1, 1, 10 µM) for 15 hours; 
histograms show quantifications (mean ratio ± SD; n>3 independent wells/condition). One-
way ANOVA followed by Tukey’s multiple comparison test was used to analyze data; *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 

 

3.4.3 Electron microscopy analysis of Neuro-2a cells receiving 

selected compounds 

 

As a third validation experiment on Neuro-2a cells, I analyzed autophagy by 

Transmission Electron Microscopy (TEM). Neuro-2a cells were treated with DMSO 

(Ctrl), Bafilomycin A1 (100 nM), and Bafilomycin A1 combined with the sequestration 

inhibitor 3-MA (5 mM) as control conditions. Selected compounds (NU7441, 

Duloxetine, ONC212, and Poziotinib) were tested at the single concentration of 10 

µM. Compounds were tested in combination with Bafilomycin A1 to investigate their 

early autophagy inhibition potential. 

For this analysis, I quantified autophagic structures, termed Autophagic Vacuoles 

(AVs), which collectively refer to autophagosomes, amphisomes, and autolysosomes 

(Figure 17). Multivesicular bodies, endosomes, and phagophores were not included 

in the analysis. I firstly quantified the number of AVs normalized to 100 µm2 of 

cytoplasm, and I observed a strong increase of AVs upon Bafilomycin A1 treatment 

compared to the control, which is in line with all the previous analyses. As an 

experimental control, I used 3-MA combined with Bafilomycin A1, measuring a 

significant reduction of AVs with respect to the Bafilomycin A1 treatment alone. 

Similarly, all the tested compounds significantly reduced the Bafilomycin-induced AVs 

accumulation, confirming their ability to modulate the early stage of autophagy in 
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the Neuro-2a model (Figure 17b). Notably, NU7441 completely abolished the AVs 

accumulation induced by Bafilomycin A1. 

I next measured the AVs total area per cell profile, to account for the extension of 

the autophagic compartment (Figure 17c). The results partially overlap those 

obtained by counting the AVs total number. NU7441 and Duloxetine induced a 

significant reduction of the AVs total area compared to the Bafilomycin A1 treatment 

alone. On the contrary, ONC212 and Poziotinib did not induce any significant 

variation, suggesting that although the total number of AVs is reduced upon the 

compound treatment, the vesicles are proportionally bigger than those present in the 

Bafilomycin control. 

In conclusion, I performed three different validation experiments on naïve Neuro-

2a. Among the 19 compounds selected from those identified from the primary 

screening, I selected NU7441, Duloxetine, ONC212, and Poziotinib for further 

analyses. All these four compounds operate as early autophagy inhibitors in this in 

vitro model. 
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Figure 17 – Transmission electron microscopy analysis of autophagic vacuoles. (a) 
Representative electron micrographs of Neuro-2a cells treated with DMSO (Ctrl), Bafilomycin 
A1 (Baf; 100 nM), and Baf plus 3-Methyladenine (3-MA; 5 mM) or selected compound (10 µM) 
for 15 hours; autophagic vacuoles (AVs) are highlighted by arrows (scale bar 1 μm); (b) 
histogram shows quantifications of AVs total number normalized to 100 μm2 (mean ratio ± 

SD; n≥18 micrographs/condition); (c) histogram shows quantifications of AVs total area per 
cell profile (mean ratio ± SD; n≥18 micrographs/condition). One-way ANOVA followed by 

Tukey’s multiple comparison test was used to analyze data; *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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3.4.4 In vitro best hits validation in ad hoc stressed primary neuronal 

cultures 

 

All the previous experiments relied on Neuro-2a cells, a murine neuroblastoma cell 

line. Although these cells were instrumental to set up and perform the molecular 

screening, I next moved to primary neuronal cultures. 

Before performing validation experiments, cellular cultures were characterized by 

immunolabeling against major neuronal and astrocytic markers: neuron-specific class 

III beta-tubulin (TUJ1) to stain neuronal processes, Microtubule-Associated Protein 2 

(MAP2) as a more mature neuronal marker than TUJ1, and Glial Fibrillary Acidic 

Protein (GFAP) as astrocyte-specific protein. For these confirmatory experiments, I 

used cells at Day In Vitro (DIV) 7. At this stage, cultured neurons are young and not 

fully mature, as they express both TUJ1 and MAP2 markers. Moreover, neurons are 

the predominant cell type in culture, whereas the GFAP staining also revealed a 

moderate number of astrocytes (Figure 18). 

 

 

 

 

Figure 18 – Characterization of primary cortical neuronal cultures. Representative 
panel showing primary cortical murine cultures at DIV7 (n=3 independent sample/condition); 
cells were immunolabeled for (a) MAP2 (red; neurons) and TUJ1 (green; neuron-specific class 
III beta-tubulin), and (b) MAP2 (red; neurons) and GFAP (green; astrocytes). Scale bar 100 
µm. 
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To modulate autophagy, I first tested Bafilomycin A1 as a control at different 

concentrations (20, 60, and 180 nM) (Figure 19a). I observed a significant increase 

of LC3-II protein levels at all concentrations. Moreover, I took advantage of a stressor 

mimicking stroke-mediated autophagy induction, adapting a previously published 

protocol (Young et al, 2009). Specifically, I exposed neurons to a nutrient-limited 

medium (DMEM without B27 supplementation) for different timepoints (4, 8, and 15 

hours). Ideally, this procedure should induce a mTORC1-dependent autophagic 

activation. All the tested conditions increased LC3-II levels by at least 50% compared 

to control (nutrient-rich medium) (Figure 19b). In line with all the previous 

experimental settings, I selected a time window of 15 hours for the present assay. 

I next tested the four best hits (NU7441, Duloxetine, ONC212, and Poziotinib) in 

nutrient-deprived neurons at the concentration of 10 µM (Figure 20). I compared 

the LC3-II levels of the compound plus nutrient deprivation (ND) to those of nutrient 

deprivation alone. As in previous validation assays, NU7441 strongly abolished 

nutrient deprivation-induced LC3-II increase, supporting the early-inhibitory 

properties of this compound (Figure 20a). On the contrary, Duloxetine and ONC212 

increased LC3-II levels by 100% and 50%, respectively, when compared to cells 

receiving nutrient deprivation alone (Figure 20b and c). Poziotinib did not alter LC3-

II protein levels (Figure 20d), suggesting that the effect observed on Neuro-2a 

might be restricted to proliferating cells. 

Given all the results obtained so far, I selected NU7441, Duloxetine, and ONC212 

for in vivo validation, taking advantage of a well-established experimental stroke 

model. 
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Figure 19 – Bafilomycin A1 and nutrient deprivation efficiently modulate autophagy 
in mouse cortical neurons. (a) Representative WB analysis for LC3 and β-Actin protein levels 
in protein extracts from mouse cortical neurons treated with DMSO or Bafilomycin A1 (Baf; 20, 
60, 180 nM) for 15 hours. (b) Representative WB analysis for LC3 and β-Actin protein levels 

in protein extracts from mouse cortical neurons treated with nutrient-rich medium (Ctrl) or 

nutrient-deprived medium (ND; 0, 4, 8, 15 hours); histograms show quantifications (mean 
ratio ± SD; n=3 independent wells/condition). One-way ANOVA followed by Tukey’s multiple 
comparison test was used to analyze data; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 20 – Neuronal validation of lead-like compounds. (a-d) Representative WB 
analysis for LC3 and β-Actin protein levels in protein extracts from mouse cortical neurons 
treated with nutrient deprivation in the presence or absence of selected compound (10 µM for 

15 hours); histograms show quantifications (mean ratio ± SD; n=3 independent 
wells/condition). Unpaired Student’s t-test was used to analyze data; *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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3.4.5 Experimental stroke model for in vivo validation 

 

The transient Middle Cerebral Artery Occlusion (tMCAO) is a widely used animal 

model of ischemic stroke, mainly employed to study pathophysiology and 

neuroprotection. In our laboratory, we adapted a well-established occlusion protocol, 

performing a transient forty-five minutes left MCAO on adult male mice (Hata et al, 

2000; Hermann et al, 2001; Bacigaluppi et al, 2009). Firstly, I measured MCAO-

mediated autophagy induction as reported by the recent literature (Li et al, 2021; 

Liu et al, 2021; Yao et al, 2021). I measured LC3-II protein levels in both lesioned 

(ipsilateral) and control (contralateral) hemispheres 48 hours after MCAO induction 

(I/R48h) or sham operation (Sham). I observed a significant increase (70%) of the 

total LC3-II levels in the stroked hemisphere of I/R mice compared to Sham (Figure 

21a), while I did not observe any differences analyzing samples from the 

contralateral hemispheres (Figure 21b). 

I also extended the analysis to other markers involved in the autophagic pathway: 

p62, to account for autophagosome’s substrates degradation, and (p-)p70S6K, to 

check for mTORC1-mediated autophagy modulation (Figure 21c and d). I measured 

a ~30% reduction in p-p70S6K/p70S6K ratio in protein extracts from the ipsilateral 

hemispheres of I/R mice compared to Sham. However, analyzing the same samples, 

I did not observe any significant difference in p62 protein levels. Moreover, I did not 

observe any differences in protein levels when I assayed the contralateral samples, 

indicating that the MCAO model can selectively induce autophagy in the hemisphere 

ipsilateral to the occlusion. 

I selected Duloxetine as the first compound to be tested in the MCAO mouse 

model. Adapting the Toda’s protocol, mice were subjected to forty-five minutes 

MCAO, and we administered Duloxetine (10 mg/kg, i.p.) every 12 hours, starting just 

before reperfusion. Experimental groups (n=5 mice per group) included: Sham 

vehicle-treated, I/R vehicle-treated, and I/R Duloxetine-treated mice. It must be 

reported that two mice from the sham group died for reasons not related to the 

experimental procedure. 

We sacrificed mice at 48 hours after I/R, separately collecting ipsilateral and 

contralateral hemispheres. To validate the potential autophagy-modulating 

properties of Duloxetine, I firstly analyzed LC3-II protein levels, normalizing data to 

the housekeeping β-Actin (Figure 22). As observed in previous measurements, I/R 

alone can efficiently induce autophagy in the ipsilateral hemisphere (Figure 22a). 

However, in this experimental setting, a similar induction was also detectable in the 

contralateral hemispheres of the I/R vehicle-treated mice (Figure 22b). 
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Figure 21 – Autophagy is induced in the ipsilateral hemisphere in the MCAO mouse 
model. Representative WB analysis for different autophagic markers in protein extracts from 

ischemic (ipsilateral) or contralateral hemisphere 48 hours after sham operation (Sham) or 

ischemia induction (I/R48h); samples were subjected to immunoblotting against (a-b) LC3, 
(c-d) p-p70S6K (Thr389), p70S6K, p62, and β-Actin; histograms show quantification (mean 
ratio ± SD; n=5 mouse/condition). Unpaired Student’s t-test was used to analyze data; 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 22 – Duloxetine effect on LC3-II levels in vivo. Representative WB analysis for 
LC3 and β-Actin in protein extracts from ischemic (ipsilateral) or contralateral hemisphere 48 

hours after sham operation (Sham) or ischemia induction (I/R48h); histograms show 
quantification (mean ratio ± SD; n≥3 mouse/condition). One-way ANOVA followed by Tukey’s 
multiple comparison test was used to analyze data; *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

 

I detected a slight but not significant decrease in LC3-II protein levels comparing 

the Duloxetine-treated I/R group to the vehicle-treated I/R group. This reduction was 

observed analyzing data from both the ipsi- and contralateral hemispheres. I also 

analyzed p62 protein levels in all the experimental groups (Figure 23). Neither I/R 

alone nor Duloxetine modified p62 protein levels in both the ipsilateral and the 

contralateral hemispheres. 

Considering the present in vivo experiments, I am currently unable to confirm 

Duloxetine as a true autophagy modulator. Therefore, further analyses are needed 

to clarify the potential effect of this compound in vivo and to optimize drug 

concentrations. 
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Figure 23 – p62 levels are not affected by Duloxetine treatment in the MCAO mouse 
model. Representative WB analysis for p62 and β-Actin in protein extracts from ischemic 
(ipsilateral) or contralateral hemisphere 48 hours after sham operation (Sham) or ischemia 
induction (I/R48h); histograms show quantification (mean ratio ± SD; n≥3 mouse/condition). 
One-way ANOVA followed by Tukey’s multiple comparison test was used to analyze data; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.  DISCUSSION 

 

Therapeutic options for ischemic stroke treatment are still limited to recanalization 

strategies. Therefore, novel neuroprotective agents are a general need in the field. 

Increasing evidence supports autophagy involvement in various pathological 

contexts, including ischemic stroke (Wang et al, 2018). Autophagy has been 

proposed as a promising neuroprotective target, although its exact role in promoting 

cell survival or death after stroke is still controversial (Gunn et al, 2018). Therefore, 

novel drugs targeting the autophagic machinery are required. 

Chemical screenings provide a powerful strategy to accelerate hits identification 

for clinical application, as well as to deepen the role of autophagy in stroke 

pathophysiology. In the present work, I set out and developed an iterative drug 

screening pipeline to identify novel and specific autophagy modulators that can be 

active in the ischemic brain. We started with a preliminary in silico-based screening 

to select a restrained list of putative lead-like compounds. Using this approach, we 

not only reduced the original library from 6839 to 898 bioactive compounds, but we 

also selected the best candidates based on predicted drug-like properties and CNS 

activity, thus maximizing time- and cost-effectiveness. In parallel, I set up a robust 

fluorescence-based LTS assay to discriminate between autophagy inducers and 

inhibitors. To mimic ischemic conditions in vitro, I introduced OGD in the 

experimental setting as it is widely used as an ischemic stroke model, promoting 

autophagy activation. Thus, with this strategy, I identified a subset of molecules 

either limiting or further strengthening OGD-dependent autophagy induction. 

Selected lead-like compounds underwent a series of confirmatory assays to 

account for false positives, and to validate the autophagy-modulating potential of the 

best hits. I initially applied an experimental paradigm to measure autophagic flux in 

Neuro-2a cells in response to different treatments. Each compound was tested in the 

presence or absence of saturating levels of a late-stage autophagy inhibitor, a 

common procedure that is largely used in autophagy studies (Klionsky et al, 2021). 

Subsequently, I investigated the dose-response efficacy properties of selected 

compounds using the same cellular model. I concluded these confirmatory assays on 

Neuro-2a cells validating four potential autophagy inhibitors. 

In basal conditions, Neuro-2a cells display a relatively modest autophagic flux, 

which is reflected by the poorly detectable LC3-II protein levels. Thus, the in vitro 

validation of putative autophagy inducers is still ongoing as I defined a different 

experimental strategy to assess autophagy induction and to increase the assay 
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sensitivity. A successful approach to study autophagy inducers could be based on 

exposing Neuro-2a cells to autophagy-activating stressors (e.g., OGD or starvation). 

This should concur to set a baseline level of LC3-II that is instrumental for the 

accurate quantification of autophagy modulation. Alternatively, I could optimize the 

experimental design working with non-saturating levels of Bafilomycin A1. 

I next tested putative inhibitors for neuronal validation, as this is a fundamental 

step to reach the preclinical setting. Following the same principle as for the primary 

screening campaign, I reintroduced in the experimental setting an autophagy-

enhancing stressor, which should mimic brain ischemia. I am aware that nutrient 

deprivation is only one of the different features of an ischemic insult. However, I 

adapted the nutrient deprivation protocol published by Young et al., which induces a 

robust autophagy activation in primary neurons. In this manuscript, the authors 

demonstrated that insulin is the key autophagy-driving factor, reducing mTORC1 

phosphorylation (Young et al, 2009). I efficiently replicated the protocol, observing a 

significant LC3-I to LC3-II conversion enhancement upon nutrient and insulin 

deprivation. I tested the four selected compounds using this paradigm. Among them, 

NU7441, ONC212, and Duloxetine modulated LC3-II protein levels, thus confirming 

results I obtained in Neuro-2a cells. Unfortunately, I did not observe any substantial 

LC3-II variations upon Poziotinib treatment. 

NU7441 (KU-57788) is a potent and selective DNA-dependent protein kinase 

(DNA-PK) inhibitor (IC50 = 14 nM) (Leahy et al, 2004). DNA-PK plays an essential 

role in genome stability maintenance and DNA-damage response, ensuring an 

effective double-strand break repair through non-homologous end-joining and 

homologous recombination (Shrivastav et al, 2008). More recently, it has been 

proposed that DNA-PK influences cell survival through p53 activity upregulation (Ma 

et al, 2018; Chen et al, 2021), and its role in autophagy modulation has also been 

observed. A recent manuscript published in 2020 by Puustinen et al. demonstrated 

that the inhibition of DNA-PK catalytic subunit in cancer cell lines leads to efficient 

negative regulation of AMPK. This modulation results in autophagy inhibition, which 

can be observed in basal conditions, as well as upon a stressor administration 

(Puustinen et al, 2020). My observations are in line with their published results and 

demonstrate that the compound’s efficacy is achievable also in terminally 

differentiated cells. 

ONC212 is an antitumor agent, belonging to the impiridones family. It is an 

activator of the G Protein-Coupled Receptor 132 (GPR132) and Gq alpha subunit 

(Gαq) signaling, leading to apoptosis induction (Lin & Ye, 2003; Nii et al, 2019). A 

recent publication linked G protein-coupled receptors with Gαq to mediate autophagy 
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regulation, highlighting a key role of the Gαq subunit in mTORC1 modulation. Indeed, 

Gαq stimulation leads to mTORC1 activation, inhibiting autophagy (Cabezudo et al, 

2021). Experiments conducted on cancer cell lines also demonstrated that ONC212 

disrupts the mitochondrial unfoldase-peptidase ClpXP complex, leading to oxidative 

phosphorylation impairment, with a consequent decrease in energy production 

(Ferrarini et al, 2021). The caseinolytic protease P (ClpP) is a mitochondrial protease, 

similar to the cytoplasmic proteasome. It complexes with ClpX, which functions as a 

AAA ATPase chaperone. The ClpPX complex plays a fundamental role in the 

maintenance of the respiratory chain and it is typically overexpressed in tumors (Cole 

et al, 2015; Seo et al, 2016). ONC212 induces the hyperactivation of ClpP and 

mediates ClpX dissociation and downregulation in a concentration-dependent 

manner. ClpP hyperactivation strongly downregulates respiratory chain complexes, 

impairing mitochondrial bioenergetics, and inducing AMPK phosphorylation (Ishizawa 

et al, 2019). The present results on Neuro-2a and primary neurons support the idea 

that ONC212 can affect autophagy. However, I observed different outcomes when I 

compared the effect of ONC212 in proliferating and post-mitotic cells. Results 

deriving from Neuro-2a are in line with previously published data that assayed Gαq 

subunit stimulation. On the other hand, ONC212 enhanced nutrient deprivation-

induced autophagy in primary neurons. I can speculate that the effect exerted by 

ONC212 on primary neurons might be due to the neuronal reliance on mitochondrial 

respiration. Therefore, neurons could be more sensitive to ONC212-dependent ClpP 

hyperactivation than Neuro-2a cells. Further analyses are needed to clarify the 

mechanism of action of ONC212 and the importance of its targets’ stimulation in 

different experimental models. 

Poziotinib (HM781-36B) is a potent and irreversible pan-HER inhibitor, with a 

strong inhibitory effect on the Epidermal Growth factor Receptor (EGFR, also known 

as HER1) and Human Epidermal growth factor Receptor 2 (HER2) (Nam et al, 2011). 

Inhibition of EGFR inhibits a series of downstream signaling cascades, including those 

involved in autophagy regulation. However, given the complexity of the EGFR 

signaling pathway, the exact role of EGFR modulators in mediating autophagy 

induction or inhibition is still controversial and appears to be context-dependent (Wu 

& Zhang, 2020). My results on Neuro-2a cells suggest that Poziotinib operates as an 

early autophagy inhibitor. Unfortunately, these results were not confirmed by the 

validation experiments performed on primary cultures. EGFR protein is mainly 

expressed by epithelial cells and it plays a key role during brain development, 

especially during astrocyte maturation (Burrows et al, 1997). However, the 

expression of EGFR decreases during adulthood, as shown in rat brains (Quirion et 
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al, 1988). Studies relying on immunostaining showed that EGFR is also expressed in 

the brain of adult and aged rats, prominently in cerebral cortical neurons (layers IV 

and V), in the hippocampus, and in the periventricular germinal zones, while EGFR 

signal is weak or absent in post-natal astrocytes (Gómez-Pinilla et al, 1988; Ferrer 

et al, 1996). Another study describes that EGFR is upregulated in activated astrocytes 

after neural injury (Liu et al, 2006). I can conclude that EGFR levels in post-natal 

neurons are generally low. Therefore, the lack of autophagy modulation in Poziotinib-

treated neurons could derive from the limited expression of EGFR. Although this 

result is not conclusive, further analysis in cell populations involved in stroke 

pathophysiology could reveal a field of application of Poziotinib. 

Duloxetine is a serotonin-norepinephrine reuptake inhibitor, widely used for 

depression, anxiety, and neuropathic pain treatment (Bouhassira et al, 2014; Hsu et 

al, 2014). In vitro studies on cultured neurons propose Duloxetine as a protective 

molecule against oxidative stress and Ca2+ overload, identifying Transient Receptor 

Potential Melastatin 2 (TRPM2) as the main mediator of its protective effects (Akpinar 

et al, 2014; Demirdaş et al, 2017). Interestingly, TRPM2 has recently emerged as a 

novel therapeutic target for ischemic stroke treatment (Wang et al, 2021a). 

Moreover, Duloxetine might also inhibit autophagy through the down-regulation of 

AMPK phosphorylation (Zinnah & Park, 2019). In the herein described experimental 

setting Duloxetine confirmed its ability to modulate autophagy, although I observed 

different responses to the treatment between mitotically active and post-mitotic cells. 

As stated above, it is not surprising to find differences in autophagic responses when 

mitotically active cancer cells and terminally differentiated neuronal cultures are 

compared. Such a differential response might derive from metabolic changes that 

often occur during tumorigenesis (Aminzadeh et al, 2015). Indeed, dysregulation of 

AMPK/mTORC1 signaling is reported to be a common feature that can be observed 

in different cancer cells (Wu et al, 2013; Cairns et al, 2020). 

The recent literature points out Duloxetine as a protective drug against ischemic 

brain damage (Toda et al, 2019), therefore I decided to test this molecule in the 

tMCAO mouse model. As a first step, I decided to assess whether the autophagic 

markers could be easily detectable in protein extracts from MCAO mice. This 

experiment was instrumental to explore the ability of the drug to modulate autophagy 

in vivo. After performing these experiments, confirming the impact of tMCAO on the 

autophagic pathway, I introduced Duloxetine as pharmacological treatment. Although 

I did not reach statistical significance, I observed a trend showing that Duloxetine 

can limit the I/R-induced LC3-II accumulation. However, further studies are needed 

to deepen the Duloxetine effect in vivo and, above all, to optimize drug concentration 
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in our model for autophagy investigation. We will also consider introducing in our in 

vivo experimental settings a lysosomal degradation inhibitor (i.e., Chloroquine). Such 

experimental control might be of use to estimate LC3-II digestion rate, as well as to 

gain sensitivity for in vivo drug validation experiments. 

In conclusion, with the present work, I designed and developed a chemical 

screening platform to identify potential autophagy modulators. Through different in 

vitro assays, I selected the three best candidates for preclinical validation. Given the 

amount of time and resources demanded by the screening, I initially focused the 

attention on the monitoring of LC3 as a reliable parameter for autophagy assessment. 

However, further validations are needed to propose selected candidates as true 

autophagy modulators. Therefore, I plan to implement the characterization of each 

compound, integrating the strategy with different approaches and additional markers 

(e.g., p62, Beclin-1, and p70S6K). To do so, I will monitor autophagy induction and 

inhibition exploiting an array of different techniques, including live-cell imaging and 

electron microscopy, to assess drug performances under basal and stressed 

conditions. Moreover, I plan to investigate the mechanism of action (MOA) of each 

selected compound, which is of paramount importance in the roadmap that drives a 

small molecule from the bench to the pharmacy shelf. 

Overall, this work provides a new perspective on autophagy in brain ischemia. In 

addition, it shed new light on methods and approaches that can be exploited to 

identify molecules active in complex disorders. Protocols involving mitotically active 

cell lines are useful for screening procedures. However, they can only provide 

approximate predictions for neurological disorders, highlighting the need for further 

validations in more suitable experimental models. 

Future studies should also consider the significant changes that occur with aging. 

Aging is a major risk factor for stroke and it is accompanied by a plethora of changes, 

including increased oxidative stress and dysregulated hormone response (Cuervo et 

al, 2005), that lead to macroautophagy dysregulation. Such modifications can affect 

protein and organelles homeostasis, a condition that is further impaired upon an 

ischemic insult. Therefore, it will be crucial to describe the effects of autophagy 

modulators also in aging brain models. 
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5. MATERIALS AND METHODS 

5.1 Reagents 

 

Torin-1 (Cat. No. 4247) and Bafilomycin A1 (Cat. No. 1334) were purchased from 

Tocris Bioscience. Puromycin (Cat. No. P8833) and 3-Methyladenine (Cat. No. 

M9281) were purchased from Sigma. Bepridil hydrochloride (Cat. No. HY-16952A), 

Darapladib (Cat. No. HY-10521), ULK-101 (Cat. No. HY-114490), ONC212 (Cat. No. 

HY-111343), Duloxetine HCl (Cat. No. HY-B0161A), Bedaquiline fumarate (Cat. No. 

HY-14881A), Closantel (Cat. No. HY-17596), and Dp44mT (Cat. No. HY-18973) for 

in vitro validation were purchased from MedChemExpress. WAY-331960 (Cat. No. P-

425440429), WAY-326275 (Cat. No. P-34884134), WAY-656627 (Cat. No. P-

6984125), WAY-348105 (Cat. No. P-605854424), WAY-640783 (Cat. No. P-

486113558), and PTC-028 (Cat. No. P-608273002) for in vitro validation were 

purchased from Mcule. NU7441 (Cat. No. S2638), Chlorpromazine (Cat. No. S5749), 

MK-8745 (Cat. No. S7065), Poziotinib (Cat. No. S7358), and MI-2 (Cat. No. S7429) 

for in vitro validation were purchased from Selleckchem. Duloxetine HCl (Cat. No. 

S2084) for in vivo validation was purchased from Selleckchem. 

 

5.2 Cell culture 

 

Neuro-2a cell line was obtained from the American Type Culture Collection (CCL-

131™). Cells were plated on culture dishes or plates and maintained in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco, Cat. No. 11965084) supplemented with 10% 

FBS (Corning) and 1% penicillin/streptomycin (Gibco). Cells were grown in a 

humidified 5% CO2 atmosphere at 37°C. 

 

5.3 Generation of Neuro-2a cell line stably expressing PK-hLC3 

 

In order to generate a stable cell line allowing the monitoring of the autophagic 

flux, Neuro-2a cells were transfected with the pEX-PK-hLC3 plasmid (Addgene, Cat. 

No. 61458) following Lipofectamine LTX (Invitrogen, Cat. No. A12621) 

manufacturer’s protocol. Twenty-four hours post-transfection, cells underwent 

antibiotic selection using 4.5 µg/ml puromycin. The culture medium was refreshed 

every 2-3 days. After a week, the resistant bulk culture was seeded in a 96-well 

plate, following a limiting dilution protocol. Single clones were grown in a selection 

medium for 14 days and periodically inspected for morphology and fluorescence 
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intensity. Selected clones were expanded and cryopreserved for further analysis. 

Clone 7B11 was selected and used for the primary screening. 

 

5.4 In silico preliminary screening 

 

Bioactive Compound Library-I (Selleckchem, Cat. No. L1700) was in silico 

analyzed and screened according to a specific set of functional parameters. In silico 

analysis was conducted using the QikProp Absorption, Distribution, Metabolism, and 

Excretion (ADME) prediction tool (Schrödinger, LLC, New York), which uses an 

algorithm based on the correlation between experimentally determined properties 

and Monte Carlo simulations. Molecules underwent a first prioritization round based 

on pharmaceutically relevant Drug Metabolism and Pharmacokinetics (DMPK) 

properties listed in Table 4. After the first analysis, 1927 molecules underwent a 

second prioritization round. Compounds’ ranking was performed using a linear 

function to assign a score to the most relevant properties identically weighted. CNS, 

QPPMDCK, and QPlogBB descriptors were selected to rank the compounds. 

 

Table 4 – In silico DMPK parameters used in the present study. 

Property or 

Descriptor 

Range (for 95% 

of known drugs) 
Description 

CNS -2 to +2 Predicted CNS activity 

QPPMDCK 
<25 poor  

>500 great 

Predicted apparent MDCK cells permeability 

in nm/sec. MDCK cells are a good mimic for 

the BBB 

QPlogBB -3.0 to 1.2 Predicted brain/blood partition coefficient 

QPlogPo/w -2.0 to 6.5 Predicted octanol/water partition coefficient 

#stars 0 to 5 

Number of property or descriptor values 

that fall outside the 95% range of similar 

values for known drugs 

RuleOfFive Maximum is 4 Number of violations of Lipinski’s rule of five 
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Property or 

Descriptor 

Range (for 95% 

of known drugs) 
Description 

RuleOfThree Maximum is 3 
Number of violations of Jorgensen’s rule of 

three 

#metab 1 to 8 Number of likely metabolic reactions 

#rtvFG 0 to 2 Number of reactive functional groups 

 

 

5.5 Low-throughput autophagy screening assay and OGD 

treatment 

 

Cherry Pick Library (384-well, Cat. No. L2000-Z382759-30µl) was purchased from 

Selleckchem and included 898 compounds. PK-hLC3-expressing Neuro-2a cells (7B11 

clone) were used to screen the compounds library. Cells were plated in complete 

DMEM supplemented with 4.5 µg/ml puromycin, at a density of 1.2 x 105 cells/well 

in 12-well multiple-well plates (Costar) and grown for 24 hours. To induce OGD, the 

complete medium was replaced by deoxygenated, serum-free, glucose-free DMEM 

(Sigma, Cat. No. D5030) supplemented with 3.7 g/L NaHCO3 and 1% 

penicillin/streptomycin, and cells were exposed to a hypoxic atmosphere (1% O2, 5% 

CO2, 94% N2) in a controlled-oxygen workstation (SCI-tive, Baker Ruskinn). Each 

drug was tested in OGD conditions at a final concentration of 1 µM, for 15 hours. 

Depending on the diluent used to resuspend individual drugs, I established controls 

incubating cells with DMSO or water. Torin-1 and Bafilomycin A1-treated controls 

were alternatively included in each experiment. For screening purposes, cells were 

maintained in culture for no more than four in vitro passages. 

 

5.6 Flow cytometry 

 

Flow cytometry analysis was performed on samples derived from OGD conditions. 

They were processed in normoxic conditions, for the time needed to prepare the 

experimental setting. Briefly, living cells were detached with 0.05% Trypsin-EDTA 

(Gibco), transferred to a 96-well multiple-well plate (V-bottom), centrifuged at 300 

x g for 5 minutes at 4°C, and washed with cold 1x PBS. After washing, cells were 

stained with Zombie NIR Fixable Viability kit (Biolegend, Cat. No. 43105) for 20 
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minutes at 4°C. Fluorescence was acquired on Cytoflex S flow cytometer (Beckman 

Coulter), in a semi-automated format. Upon acquisition, events were gated on single 

and viable cells by excluding dead cells with the live/dead staining, as detailed in the 

gating strategy (Figure 24). For each sample, 1 x 107 living cells were acquired and 

analyzed with FlowJo software (BD Biosciences). 

 

 

 

Figure 24 – Representative panel showing the flow cytometry gating strategy used 
in this work. 

 

5.7 Primary neuronal cultures 

 

Primary cortical neurons were prepared from the brains of E17.5 mouse embryos 

and used at DIV7. Embryonic brains were dissected under sterile conditions in cold 

Hanks’ Balanced Salt Solution (HBSS; Sigma, Cat. No. 55037C) supplemented with 

0.6% D-(+)-glucose (Sigma, Cat. No. G8270) and 5 mM Hepes (Gibco, Cat. No. 

15630080). After dissection, single cortices were gently triturated to loosen up the 

tissue. Cells were mechanically dissociated and resuspended in the dissection 

medium, followed by centrifugation at 100 x g for 5 minutes. Cells were plated on 

cell culture treated multiple-well plates or HNO3-treated glass coverslips, both coated 

with 0.2 mg/ml poly-L-lysine (Sigma, Cat. No. P2636) and 10 µg/ml mouse laminin 

(Sigma, Cat. No. L2020). 

Cells were maintained in Neurobasal-A medium (Gibco, Cat. No. A2477501) 

supplemented with 2% B-27 (Gibco, Cat. No. 17504), 1% L-glutamine, 0.6% D-

glucose, and 5 mM Hepes. Twenty-five percent of the culture media was refreshed 

every 2-3 days, and cells were kept at 37°C with 5% CO2 until DIV7. 
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5.8 Nutrient deprivation and treatments on cortical neurons 

 

Nutrient deprivation induction on primary neuronal cultures was adapted from a 

previously described protocol (Young et al, 2009). Briefly, primary cortical neurons 

from E17.5 embryos were plated in the complete Neurobasal-A medium at a density 

of 2.2 x 105 cells/well in 12-well multiple-well plates (Costar). At DIV7, the complete 

medium was replaced with nutrient-limited media (DMEM alone). For autophagy 

modulation studies, neurons were cultured for 15 hours in the presence or absence 

of selected compounds at a final concentration of 10 µM. 

 

5.9 Mice 

 

Experiments were performed using male C57BL/6N and female CD1 mice (Charles 

River Laboratories). Mice were maintained at San Raffaele Hospital mouse facility 

(Milan, Italy) under specific pathogen-free conditions and a standard 12-hour light-

dark cycle with food and water ad libitum. 

Experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC No. 692, 798, and 1198), and all efforts were made to minimize 

animal suffering and to reduce the number of mice used, in accordance with the 

European Communities Council Directive of 24 November 1986 (86/609/EEC). 

 

5.10 Transient focal ischemia model and drug injection in vivo 

 

Stroke was induced on seven weeks-old male C57BL/6N mice through tMCAO 

(Hata et al, 2000; Hermann et al, 2001; Bacigaluppi et al, 2009). Animals were 

anesthetized with 1-1.5% isoflurane (Merial, Assago, Italy) in 30% O2. Focal cerebral 

ischemia of the left Middle Cerebral Artery (MCA) was induced with a 7-0 silicon-

coated filament (Doccol, Cat. No. 702034PK5Re). The temperature was maintained 

between 36.0 and 36.5°C during the procedure, and Cerebral Blood Flow (CBF) was 

monitored in the cerebral cortex ipsilateral to the occluded MCA with a Laser Doppler 

Flowmeter (LDF) (PeriFlux System 5000, Perimed). Animals that stably reached a 

CBF below 30% of their initial baseline were included in the study. Animals that 

experienced bleeding during surgery were excluded from the experiment. In our 

model, the filament was removed after 45 minutes, and animals were sacrificed after 

48 hours from reperfusion. 
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In order to test selected drugs in vivo, compounds were dissolved in DMSO at the 

final concentration of 10 mM. Animals intraperitoneally received vehicle or treatment 

(10 mg/Kg) just before and 12, 24, and 36 hours from reperfusion. On the day of 

sacrifice, mice received an overdose of anesthetic drug (avertine), and they were 

perfused with a saline solution containing 0.2% EDTA 0.5 M. Brains were rapidly 

isolated, and ~4 mm-thick coronal sections of the stroked (left, ipsilateral) and 

contralateral (right) hemispheres (bregma=0; from +2 to -2) were separately snap-

frozen by immersion in liquid nitrogen and stored at -80°C before processing. 

 

5.11 Transmission Electron Microscopy 

 

Naïve Neuro-2a cells were plated in complete DMEM, at a density of 2.5 x 105 

cells/well in 6-well multiple-well plates (Costar) and grown for 24 hours. Cells were 

cultured for 15 hours in the presence of selected compounds at the final concentration 

of 10 µM, in combination with 100 nM BafA1. 

Cells were fixed in 2.5% glutaraldehyde (Sigma, Cat. No. G5882) solution for 1 

hour at room temperature. After fixation cells were rinsed with 0.1 M sodium 

cacodylate (Sigma, Cat. No. C4945) buffer (pH 7.4), 3 times for 5 minutes at room 

temperature. Cells were post-fixed in a solution containing: 1% OsO4 (Sigma, Cat. 

No. 75632), 1.5% K4Fe(CN)6 (Sigma, Cat. No. 702587), and 0.1 M sodium cacodylate 

for 1 hour at 4°C protected from light. After fixation samples were washed 3 times 

for 5 minutes with 0.1 M sodium cacodylate buffer and washed 5 times with distilled 

water. Samples were then stained with 0.5% uranyl acetate at 4°C overnight, 

protected from light. After 5 washing steps with distilled water, samples were 

dehydrated using the following increasing concentration of ethanol (5 minutes per 

step): 30%, 50%, 70%, 80%, 90%, and 96%. Then, samples were incubated 3 times 

for 5 minutes in 100% ethanol. After dehydration, samples were covered with a 

mixture of ethanol and epoxy resin (1:1) and left for 2 hours on a shaker at room 

temperature. After two changes of pure epoxy resin (1 hour per change) at room 

temperature, samples were finally embedded in fresh epoxy resin and polymerized 

overnight at 45°C and then incubated at 60°C for 24 hours. 

Ultrathin sectioning (70 nm) was performed on a Leica EM UC6 ultramicrotome. 

Sections were picked up and positioned on a 300 mesh squares grid. Thin sections 

were contrasted with 2% aqueous uranyl acetate for 5 minutes, followed by three 

washes in filtered distilled water (1 minute each). Subsequently, grids were placed 

in a drop of Sato lead stain and incubated for 2 minutes, rinsed 3 times with pure 
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water, and dried with Whatman filter paper. Images were collected using a FEI 

Tecnai-12 transmission electron microscope. 

 

5.12 Immunoblotting 

 

For protein extraction, cells were washed with cold 1x PBS and lysed in buffer 

containing the following: 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 

0.5% sodium deoxycholate, 1 mM EDTA, 10 mM NaF, 1 mM DTT, 1 mM EGTA. For 

cell lysates, lysis buffer was supplemented with a 1x protease inhibitor cocktail 

(Sigma, Cat. No. P2714). 

For tissue samples, brain hemispheres were homogenized in the above-described 

lysis buffer supplemented with 1x protease and phosphatase inhibitor cocktail 

(Sigma, Cat. No. PPC1010) using the Precellys CK14 lysing kit (Bertin corp., Cat. No. 

P000933-LYSK0-A). Homogenates were then centrifuged at 12000 rpm for 10 

minutes at 4°C (Eppendorf, Centrifuge 5424). Supernatants were collected and 

aliquoted in fresh tubes, and stored at -80°C. 

Total protein concentration was measured with the Bicinchronic Acid (BCA) assay 

kit (Thermo Scientific, Cat. No. 23225). Equal aliquots of protein (20-30 µg) were 

subjected to SDS-PAGE (7.5%, 10%, or 15% polyacrylamide gels), transferred to a 

nitrocellulose membrane using the Trans-Blot® Turbo™ Transfer System (Bio-Rad). 

Membranes were blocked with 5% non-fat dry milk or BSA (PBST 0.1%) and 

processed for incubation with primary and secondary HRP-conjugated antibodies 

(Table 5). After incubations, membranes were washed and reacted with enhanced 

chemiluminescence (ECL) reagent (Bio-Rad, Cat. No. 1705061). Images were 

acquired on Bio-Rad ChemiDoc Imager, and quantifications were done using the 

Image Lab 6.0.1 software (Bio-Rad). 

 

5.13 Fluorescence microscopy 

 

Cells seeded on ad hoc-coated glass coverslips were washed with 1x PBS, fixed 

with 2-4% paraformaldehyde for 10 minutes, and incubated with 0.1 M glycine for 

10 minutes. For LC3 puncta imaging, PK-hLC3-expressing Neuro-2a cells were 

directly imaged by confocal microscopy (Leica TCS SP5) equipped with an HCX PL 

APO lambda blue 63.0x1.40 OIL UV objective. Stacks (1024X1024) were post-

processed to generate maximal projections of Z-stacks (acquired with a 0.3 µm step). 



76 

 

For primary cultures characterization, cortical neurons were permeabilized with 

0.1% Triton X-100 (in 1x PBS) for 10 minutes, blocked in a solution composed of 1x 

PBS, 0.1% Triton X-100, 10% donkey serum (Sigma) for 1.5 hours at room 

temperature, and then stained with specific primary antibodies (Table 5) diluted in 

1x PBS, 0.1% Triton X-100, 0.1% donkey serum overnight at 4°C. The next day, 

samples were incubated in donkey secondary antibodies Alexa 488, Alexa 555, and 

Alexa 546 (Table 5). Samples were incubated with Hoechst 33342 (Sigma) for nuclei 

counterstaining. Images were acquired using Olympus BX52 microscope with x40 

and x63 objectives, equipped with Leica CCD Microscope DFC3000G and DMC2900 

cameras to obtain 16-bit light and fluorescence images (1296x966 pixels). 

 

5.14 Antibodies 

 

Table 5 – List of antibodies used in the present study and suppliers. 

 Brand Cat. No. Dilution Application 

Primary antibodies     

LC3B Novus Bio NB100-2220 1:1000 WB 

P62/SQSTM1 (2C11) Novus Bio H00008878-M01 1:1000 WB 

HIF-1α (D2U3T) Cell Signalling 14179 1:1000 WB 

p70 S6 Kinase Cell Signalling 9202 1:1000 WB 

Phospho-p70 S6 

Kinase (Thr389) 
Cell Signalling 9205 1:1000 WB 

β-Actin Sigma A1978 1:20000 WB 

MAP2 Millipore AB5622 1:250 IF 

MAP2 Millipore MAB3418 1:250 IF 

TUJ1 BioLegend 801202 1:100 IF 



77 

 

 Brand Cat. No. Dilution Application 

GFAP Agilent Z0334 1:500 IF 

Secondary antibodies     

Goat Anti-Rabbit IgG-

HRP Conjugated 
Bio-Rad 1706515 1:3000 WB 

Goat Anti-Mouse IgG-

HRP Conjugated 
Bio-Rad 1706516 1:3000 WB 

Goat Anti-Mouse IgG, 

Alexa Fluor 488 
Thermo Fisher a21202 1:500 IF 

Goat Anti-Mouse IgG, 

Alexa Fluor488 
Thermo Fisher a21206 1:500 IF 

Donkey Anti-Rabbit 

IgG, Alexa Fluor 555 
Thermo Fisher a31572 1:500 IF 

Donkey Anti-Mouse 

IgG, Alexa Fluor 546 

Immunological 

Sciences 
IS20305 1:500 IF 

 

 

5.15 Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism 9 software (GraphPad 

Software, LLC). Results are expressed as the mean value ± the standard deviation 

of the mean (SD). Comparisons were made using the following statistical tests: 

unpaired Student’s t-test, one-way or two-way Analysis of Variance (ANOVA), 

followed by Tukey’s or Šídák’s multiple comparison tests. p values lower than 0.05 

were considered statistically significant. 

Mathematical formulae of statistical measures used for the screening assay 

development and validation are herein reported. Values include means (µ), and 

standard deviations (σ). 

 

𝑍′-𝑓𝑎𝑐𝑡𝑜𝑟 = 1 −  
3 (𝜎𝑠𝑎𝑚𝑝𝑙𝑒𝑠 +  𝜎𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠)

|𝜇𝑠𝑎𝑚𝑝𝑙𝑒𝑠 − 𝜇𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠 |
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𝑆𝑆𝑀𝐷 =  
𝜇𝑠𝑎𝑚𝑝𝑙𝑒𝑠 − 𝜇𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠

√𝜎𝑠𝑎𝑚𝑝𝑙𝑒𝑠
2 +  𝜎𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠

2 

 

 

𝑆/𝑁 =  
𝜇(𝐶𝑝𝑜𝑠)  −  𝜇(𝐶𝑛𝑒𝑔) 

√𝜎(𝐶𝑝𝑜𝑠)2  +  𝜎(𝐶𝑛𝑒𝑔)2 

 

 

𝑅𝑜𝑏𝑢𝑠𝑡 𝑍-𝑠𝑐𝑜𝑟𝑒 =  
𝑆𝑖 −  𝑚𝑒𝑑𝑖𝑎𝑛(𝑆𝑎𝑙𝑙)

𝑀𝐴𝐷(𝑆𝑎𝑙𝑙)
 

𝑀𝐴𝐷(𝑆𝑎𝑙𝑙)  =  1.4826 ×  𝑚𝑒𝑑𝑖𝑎𝑛(|𝑆𝑖  −  𝑚𝑒𝑑𝑖𝑎𝑛(𝑆𝑎𝑙𝑙)|) 

 

 

 

Table 6 – Ranges for statistical parameters used to assess assay quality. 

Statistical parameter Assay quality Range 

Z’-factor 

Very good 0.5 ≤ Z’ < 1 

Acceptable 0 ≤ Z’ < 0.5 

Unacceptable Z’ < 0 

Strictly Standardized 

Mean Difference 

Excellent β ≥ 4.7; β ≤ -4.7 

Good 3 > β ≥ 4.7; -4.7 < β ≤ -3 

Inferior 2 > β ≥ 3; -3 < β ≤ -2 

Poor β ≥ 2; β ≤ -2 

 

 

 

Table 7 – Ranges for statistical parameters used for lead-like compounds selection. 

Robust Z-score p-value Confidence level 

< -1.65 or > 1.65 < 0.1 90% 

< -1.96 or > 1.96 < 0.05 95% 

< -2.58 or > 2.58 < 0.01 99% 
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