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ABSTRACT 

The short-lived annual fish Nothobranchius furzeri (Nfu) has an extremely short life span 

and accelerated expression of age markers. This animal model recapitulates the major 

features of mammalian brain aging, such as gliosis and lipofuscin. Nfu is a convenient model 

for investigating the effects of interventions on longevity and age-related pathologies in 

Vertebrates. In this study, I observed the effects of 1.3-1.6 ß-glucans (BGs) in aging. BGs, 

natural food ingredients derived from the cell wall of Saccharomyces cerevisiae, have 

immunomodulatory, antioxidant, anti-inflammatory and antineoplastic actions. 

In the initial part of my thesis, I have used BGs as a chronic and acute dietary supplement 

in Nfu. Chronic administration of BGs reduces multiple aging hallmarks in several organs, 

including the brain. BGs act specifically in mechanism related to autophagy, lysosomal 

activity, peroxidation of proteins, and inflammation. Even acute as well as chronic diet 

increases autophagy in brain aging, although it is unable to reduce the accumulation of 

lipofuscin throughout life. Subsequently, I created an ex-vivo brain culture system for Nfu 

to investigate whether BGs could influence the brain directly. This system replicates age-

dependent reduction of autophagy observed in vivo and confirms the induction of autophagy 

by BGs. Acute treatment with BGs restores impairment of autophagy, induces biogenesis of 

mitochondria and lysosomes in aged ex-vivo brains. Proteomic analyzes in ex-vivo adult and 

old brain confirmed the positive activity of BGs on mitochondrial respiration and autophagy. 

In detail, BGs act on V-ATPase proteins (i.e. ATP6V1A), involved in mitochondrial 

respiration and the acidification of autophagosomes. Furthermore, BGs restore the 

inflammation in the brain by acting on microglia. BGs reduce the inflamed microglia in the 

ex-vivo Tg(mpeg1.1: EGFP) zebrafish model treated by Bafilomycin A1. Moreover, BGs 

induce autophagy partially mediated by microglia. In fact, the depletion of microglia in the 

ex-vivo model treated with Plx5622 involves an increase in autophagy by BGs, although to a 

lesser extent the volume of autophagosomes. Finally, to investigate the direct effect of BGs 

on neurons, I cultured human iPSC-derived neurons up to 90 DIV. BGs are able to reduce 

mortality in neurons where autophagy is blocked for 72 hours by Bafilomycin A1. Also, BGs 

increase autophagy in neurons where autophagic mechanism has been blocked for 24 hours. 

Overall, these results indicate that BGs can slow progression some age-related markers. BGs 

act directly on the brain, normalizing cellular processes that are impaired during the aging 

even in acute treatments. As BGs are part of our normal diet, our results advocate BGs-

fortified diet to promote human longevity.  
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1. INTRODUCTION 
 

1.1 Aging 
 

1.1.1 Theories of aging 

Aging has been at the centre of human thoughts ever since the dawn of human 

consciousness. However, the complexity of aging processes has made precise understanding 

and adequate definition of aging difficult. Currently, some authors define aging as “the 

process of accumulation of life consequences, such as molecular and cellular damage, 

leading to functional decline, chronic diseases and, ultimately, mortality” (Moqri et al., 

2023). Aging affects all living beings, such as animals, plants and fungi. In addition, recent 

studies suggest that also bacteria can age under certain conditions to improve the survival 

chances of half the population (Florea et al., 2017). Over the years, a question has arisen: 

"Does aging have a biological meaning?" and experts’ opinions are divided and can be split 

into two main theory groups: theories of programmed or non-stochastic aging and theories 

of unprogrammed or stochastic aging (Tartiere et al., 2024). The main difference between 

these two interpretations of aging lies in the postulated existence of a specific genetic 

program for aging. Theories of unprogrammed aging state that aging is not driven by a 

specific genetic program and argue that aging is an intrinsic consequence of life, the result 

of the accumulation of damage over a lifetime. On the contrary, theories of programmed 

aging postulate that aging is the result of an evolutionary selection process because the 

demise of the parents confers a fitness gain to the parental alleles via the offspring that 

exceeds the loss generated by the death of the parents. A theory has recently been proposed 

that lies in the middle of these two concepts, postulating that aging arises because of 

"defects" in the genetic program that controls development that fails to be correctly 

terminated and remains active at a much smaller pace during adult life. This means that 

aging is not a stochastic process but also denies the existence of a specific genetic program 

for aging, arguing that it is the consequence of defects in the developmental program 

(Khokhlov, 2013; De Magalhães, 2023).  A similar theory, called the Danaid theory of aging, 

presents aging as an inexorable consequence of taxa's biology, further modulated by the 

accumulation and selection of mutations (Wensink and Cohen, 2022). The Figure 1 

summarizes the main theories of aging. 
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Figure 1: Aging theories. Theories of unprogrammed aging postulate that damage accumulated over a lifetime is the 

driver of the aging process. Programmed aging theories argue that a specific genetic program is what moves the “aging 

clock.” The developmental program theory of aging postulates that defects in the developmental program are major 

factors determining aging. The Danaid theory states that aging is an intrinsic consequence of the biology of organisms 

because living beings are like the cracked vessels of the Danaids, that is, incapable of retaining life (water) for eternity. 

From Tartiere et al., 2024 

1.1.2 Hallmarks of aging 

The interest in understanding the mechanisms and causes of aging has gradually gained 

traction as it became increasingly clear that these mechanisms are in common with the 

major chronic diseases that represent the main causes of mortality in our society. To better 

understand the main causes of aging and the interactions between them, in 2013 an 

integrative vision of the aging process was proposed by identifying the so-called "hallmarks 

of aging", (López-Otín et al., 2013). Lopez-Otìn et al. named nine hallmarks that contribute 

to the aging process and together determine the aging phenotype. In "New hallmarks of 

aging" conference, in 2022 in Copenhagen (Denmark) the nine hallmarks of aging were 

recontextualized and other five further hallmarks were added to incorporate newer findings, 

as shown in Figure 2 (Schmauck-Medina et al., 2022). 
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Figure 2: All hallmarks of aging. The figure lists the original hallmarks of aging plus the five proposed new hallmarks 

(Compromised autophagy, Microbiome Disturbance, Altered Mechaniscal Properties, Splicing Dysregulation and 

inflammation). From Schmauck-Medina et al., 2022 

Next, the nine hallmarks of aging will be briefly described. 

Genome instability: 

During aging and premature aging diseases, a progressive accumulation of genetic damage 

has been observed (Moskalev et al., 2012). The integrity and stability of DNA are continually 

challenged by exogenous and endogenous physical, chemical and biological agents, 

including DNA replication errors, spontaneous hydrolytic reactions and reactive oxygen 

species (ROS) (Hoeijmakers, 2009). Genetic lesions resulting from extrinsic or intrinsic 

damage are very diverse and include mutations, translocations, chromosomal gains and 

losses, telomere shortening, and genetic disruption caused by the integration of viruses or 

transposons. To minimize these lesions, organisms have evolved a complex network of DNA 

repair mechanisms that are collectively capable of addressing most of the damage inflicted 

on nuclear DNA (Lord and Ashworth, 2012). DNA repair mechanisms are not perfect, 
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however, and DNA accumulates. In addition, the efficacy of these mechanisms is reduced 

during aging resulting in genome instability. 

Of note, the rate of accumulation of somatic mutations scales with lifespan (Cagan et al., 

2022) and long-living species are characterized by high expression of DNA repair genes 

(Toren et al., 2020) and more efficient double-strand repair (Tian et al., 2019) 

Telomere attrition: 

Telomeres are chromosomal regions that are particularly susceptible to the accumulation of 

damage with age (Blackburn et al., 2006). Replicative DNA polymerases lacks the ability to 

completely replicate the terminal ends of linear DNA molecules, a function that is specific 

for a specialized DNA polymerase known as telomerase. However, most mammalian somatic 

cells do not express telomerase, and this leads to the progressive and cumulative loss of 

telomere protective sequences from the ends of chromosomes in replicative tissues. 

Telomere attrition is mechanism responsible for the limited proliferative capacity of some 

cell types in vitro, the so-called replicative senescence (Hayflick and Moorhead, 1961; 

Olovnikov, 1996). Indeed, ectopic expression of telomerase is sufficient to confer unlimited 

replicative capacity in these cells without causing oncogenic transformation (Bodnar et al., 

1998). Importantly, telomere attrition is observed during normal aging in both humans and 

mice (Blasco, 2007a). Telomeres are bound by a characteristic multiprotein complex known 

as “Shelterin” (Palm and de Lange, 2008). One of the main functions of riparian is to prevent 

DNA repair and chromosome fusions by preventing DNA repair proteins to access 

telomeres. Due to limited DNA repair, DNA damage at telomeres is remarkably persistent 

and highly efficient in inducing senescence and/or apoptosis (Fumagalli et al., 2012; Hewitt 

et al., 2012). In various loss-of-function models, the components of sheltering are 

characterized by a rapid decline in the regenerative capacity of tissues and accelerated aging 

in the absence of telomere attrition (Martínez and Blasco, 2010). Furthermore, a correlation 

between short telomeres and mortality risk has been observed in several models and in 

humans (Blasco et al., 1997; Herrera et al., 1999; Rudolph et al., 1999; Tomás-Loba et al., 

2008; Armanios et al., 2009; Boonekamp et al., 2013). Recent evidence also indicates that 

aging can be reversed by activating telomerase. Indeed, normal physiological aging can be 

delayed without increasing the incidence of cancer in adult wild-type mice by systemic viral 

transduction of telomerase (Bernardes de Jesus et al., 2012). 

Epigenetic alterations: 

Aging is accompanied by epigenetic changes both at the level of DNA methylation (Johnson 

et al., 2012; Jung and Pfeifer, 2015; Xiao et al., 2019; Salameh et al., 2020) and post-

translational modifications of histones (Wang et al., 2017). In particular, patterns of DNA 

methylation are strongly age-dependent and can be used even to predict age with great 
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accuracy (Seale et al., 2022). Specifically, loss of function of epigenetically relevant enzymes, 

such as SIRT6, reduces longevity and whose gain of function extends longevity in mice 

(Kanfi et al., 2012; Mostoslavsky et al., 2006). Understanding and manipulating the 

epigenome can extend healthy lifespan and improve age-related pathologies. 

Loss proteostasis: 

Aging and some age-related diseases are linked to altered proteostasis (Powers et al., 2009). 

Proteostasis involves mechanisms for the stabilization of correctly folded proteins and 

mechanisms for the degradation of spent proteins by the proteasome or lysosome (Hartl et 

al., 2011; Koga et al., 2011; Mizushima et al., 2008). Proteostasis and other alternative 

mechanisms refold misfolded polypeptides or to remove and degrade them completely, thus 

preventing the accumulation of damaged components and ensuring the continuous renewal 

of intracellular proteins. During aging, the alteration of both proteasome activity and 

lysosome function has been observed (Koga et al., 2011). Specifically, the chronic expression 

of unfolded, misfolded, or aggregated proteins contributes to the development of some age-

related pathologies, such as Alzheimer's disease, Parkinson's disease (Powers et al., 2009). 

Cellular senescence: 

Cellular senescence can be defined as a stable cell cycle arrest coupled to stereotyped 

phenotypic changes (Campisi and d'Adda di Fagagna, 2007; Collado et al., 2007; Kuilman 

et al., 2010). The replicative senescence originally reported by Hayflick is caused by telomere 

attrition and the associated chronic activation of DNA damage response (Bodnar et al., 

1998), but other stimuli associated with aging cant trigger senescence independently of 

telomeres. For example, non-telomeric DNA damage and derepression of the INK4/ARF 

locus are capable of inducing senescence (Collado et al., 2007). The accumulation of 

senescent cells in aged tissues has often been inferred using surrogate markers such as DNA 

damage or expression of the cell cycle inhibitor CDKN2A (p16). Furthermore, cellular 

senescence is not a generalized property of all tissues in aged organisms. Presumably, the 

accumulation of senescent cells with aging may reflect an increased rate of generation of 

senescent cells and/or a decrease in their rate of elimination, for example because of an 

attenuated immune response. Most importantly, due to their senesce-associated secretory 

phenotype (SASP) and the production of inflammatory molecules, senescent cells may exert 

detrimental effects of their neighbouring cells.  

Deregulating nutrient Sensing: 

The insulin and IGF-1 signalling pathway is a conserved aging control pathway in evolution. 

This pathway comprises multiple genes of key importance including the FOXO family of 

transcription factors and the mTOR complexes, which are also involved in aging (Fontana 
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et al., 2010; Kenyon, 2010; Barzilai et al., 2012). Genetic polymorphisms or mutations that 

reduce the functions of GH, the IGF-1 receptor, the insulin receptor, or downstream 

intracellular effectors such as AKT, mTOR, and FOXO have been linked to longevity. 

Therefore, anabolic signalling accelerates aging and decreased nutrient signalling prolongs 

longevity (Fontana et al., 2010).  

Mitochondrial dysregulation: 

During aging, the activity of the mitochondrial respiratory chain tends to decrease, thus 

increasing the loss of electrons and reducing the generation of ATP (Green et al., 2011). 

Furthermore, genetically-imposed mitochondrial dysfunction can accelerate aging in 

mammals (Kujoth et al., 2005; Trifunovic et al., 2004; Vermulst et al., 2008). In particular, 

mitochondrial dysfunction during aging results from an increase in ROS production, which 

in turn causes further mitochondrial deterioration and global cellular damage (Harman, 

1965).  

Altered cellular communication: 

Aging also involves changes at the level of intercellular communication (Laplante and 

Sabatini, 2012; Rando and Chang, 2012; Russell and Kahn, 2007; Zhang et al., 2013). For 

example, neurohormonal signalling tends to be deregulated during aging as inflammatory 

reactions increase, decrease immunosurveillance against pathogens and precancerous cells. 

In addition to the nine hallmarks of aging, another five have been added, namely altered 

mechanical properties, microbiome disorders, dysregulation of splicing, inflammation, and 

impairment of autophagy. 

Altered mechanical properties: 

Altered mechanical properties affect both cells and the extracellular environment. Senescent 

cells show a major change of the mobilizable pool of actin that can be easily polymerized and 

depolymerized during cell motility (Tivey et al., 2013; Walters et al., 2016). Specifically, 

motility changes in the aging innate immune system have great relevance. The 

nucleoskeleton is also altered during aging, with destabilization of the nuclear lamina, with 

concomitant extrusion of chromatin into the cytoplasm as Cytoplasmic 

Chromatin Fragments (CCFs) activating the SASP in senescence (Vizioli et al., 2020). 

Finally, the extracellular matrix also changes with aging, which significantly alters cellular 

behaviour (Jaini et al., 2018). Increased stiffness and loss of elasticity, resulting for example 

from glycation cross-links between collagen molecules, can lead to multiple age-related 

disease states such as hypertension with concomitant renal and neurological defects, or can 

contribute to Accelerated aging observed in patients with diabetes (Bahouti et al., 2022). 
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Microbiome disorders: 

Recent advances in next-generation sequencing technologies have enabled the identification 

of notable changes in the gut microbiome with age (Wilmanski et al., 2021), particularly 

indicating changes in microbial populations and loss of species diversity. Changing 

microbial populations during aging or in age-associated pathologies can drive inflammation. 

Dysregulation of splicing 

Dysregulation of splicing has been noted in studies of the aging human population (Holly et 

al., 2013). However, interventions that appear to reverse senescent phenotypes exert their 

effects at least in part by restoring juvenile patterns of splicing factor expression (Latorre et 

al., 2017). Alternative polyadenylation of mRNAs is also altered with aging and may 

contribute to senescence (Shen et al., 2019). Such changes in RNA processing add an 

additional layer of control of gene expression to those already known, such as genome 

integrity, transcriptional efficacy and epigenetic regulation. 

Inflammaging: 

Chronic age-dependent inflammation is implicated in a wide range of age-related diseases 

(Leonardi et al., 2018). Aging is associated to elevated levels of inflammatory mediators in 

the blood, such as IL-1, IL-6, C-reactive protein, IFNα, and many others (Ferrucci et al., 

2013). Although inflammation was included in Hallmarl's “impaired intercellular 

communication,” inflammation was later proposed as a separate hallmark due to its broad 

contribution to the aging process and its interaction with other hallmarks such as cellular 

senescence. 

Impaired autophagy: 

Impaired autophagy is observed in numerous aging conditions including neurodegeneration 

and immunosenescence (Wong et al., 2020; Aman et al., 2021). Activation of autophagy is 

associated to life-extending interventions such as dietary restriction, sperimidine and 

rapamycin and can increase the lifespan of mice (Fernandez et al., 2018) and even improve 

the immune response to vaccination in older humans by overcoming immunosenescence 

(Alsaleh et al., 2020).  

1.2 Autophagy 

Autophagy is a candidate pathway known to prevent both cellular aging and chronic low-

grade inflammation (Klionsky et al., 2021). This evolutionary conserved process degrades 

and removes damaged cell material, such as protein aggregates and organelles, to maintain 

cellular and tissue homeostasis. It enables adaptation to cellular stress, including excessive 
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reactive oxygen species (ROS) production and metabolic stress, such as nutrient starvation. 

The core process of autophagy is instigated by inhibition of mechanistic target of rapamycin 

complex 1 (mTORC1) and/or activation of 5′ AMP-activated protein kinase (AMPK), both of 

which are canonical inducers of autophagy in response to metabolic stress (Fig. 3). The TOR 

pathway consists of two functional complexes: mTORC1 and mTORC2, each comprising 

several subunits (Laplante and Sabatin, 2012). Reduced mTORC1 activity by mutations or 

treatment with rapamycin induces autophagy leading to delayed aging and lifespan 

extension. 

 

Figure 3: Signalling cross-talk between mTORC1, AMPK, ULK1 and VPS34 and induction of autophagy. When nutrients 

are available, mTORC1 negatively regulates ULK1 through direct phosphorylation and destabilization of ULK1 protein. In 

case of energy deficiency, AMPK activates ULK1 through protein phosphorylation. There is a negative feedback 

mechanism in which ULK1 inhibits AMPK through phosphorylation. After nutrient withdrawal (when mTORC1 is 

inactive) ULK1 initiates autophagy in part through phosphorylation of AMBRA1 and BECN1, which activates VPS34 to 

cause autophagosome maturation from the Endoplasmic reticulum. From Dunlop and Tee, 2014 

There are canonical and non-canonical autophagy pathways. During non-canonical 

autophagy, the formation of the double-membrane-bound autophagosome does not require 

the hierarchical intervention of all the ATG proteins, whereas canonical autophagy does, 

Figure 4 (Durgan et al., 2021).  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vacuolar-protein-sorting
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Figure 4: Canonical and non-canonical autophagy. Lipidation of ATG8 occurs during canonical and non-canonical 

autophagy. The hallmark of non-canonical autophagy is the alternative lipidation of ATG8 to PS. Non-canonical 

autophagy is a parallel pathway involving the conjugation of ATG8 to individual membranes (CASM) in endolysosomal 

compartments.  From Durgan et al., 2021 

Figure 5 shows that non-canonical autophagy can be subdivided into LAP (LC3-associated 

phagocytosis), LANDO (LC3-associated endocytosis), eMI (Endosomal microautophagy). 

The last two classified as secretory and non-degradative, are LDELS (LC3-dependent 

extracellular vesicle loading and secretion) and UPS (Unconventional protein secretion).  
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Figure 5: Different type of canonical and non-canonical autophagy. Autophagy is degradative and secretory. Degrative 

autophagy is divided into canonica, LAP (LC3-associated phagocytosis), LANDO (LC3-associated endocytosis), eMI 

(Endosomal microautophagy). Secretory autophagy is divided into LDELS (LC3-dependent extracellular vesicle loading 

and secretion) and UPS (Unconventional protein secretion). Figure above shows the types of degrative autophagy nd 

figure below shows type of secretive autophagy. From Kumar and Mills, 2023 

In summary, cytoplasmic material is entrapped in membrane-delimited autophagosomes 

that then fuse with lysosomes in which their content is degraded and recycled. The three 

types of autophagy [Bejarano and Cuervo, 2010; (Fig. 6)] can be classified as 

macroautophagy, microautophagy and chaperone-mediated autophagy (CMA). 

Macroautophagy, generally referred to as autophagy, is mostly a highly selective, receptor-

mediated pathway (selective autophagy) that targets, degrades and recycles specific cargos. 

This pathway enables adaptation to environmental challenges through the removal of 

pathogens or damaged organelles. In contrast, nonselective autophagy, as such 

microautophagy, occurs in response to starvation, providing energy and new anabolic 
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substrates. In detail, microautophagy involves direct engulfment of cytoplasmic cargo at a 

boundary membrane by autophagic tubes, which mediate both invagination and vesicle 

scission into the lumen (Li et al., 2011). CMA contributes to degradation of a specific subset 

of soluble proteins, and it doesn’t require the formation of vacuoles for substrate delivery to 

lysosomes.  

 

Figure 6: Three main types of autophagy in mammalian cells: Macroautophagy, microautophagy and Chaperone-

mediated autophagy. Macroautophagy degrades soluble proteins,organelles and protein aggregates on them 

sequestration in a double-membrane vesicle which fuses with the lysosome to acquire hydrolases necessary for  

roteolysis. Microautophagy degrades soluble proteins and embedded organelles in lysosomes in small vesicles that form 

from invaginations of the lysosomal membrane.   Chaperone-mediated autophagy (CMA) only contributes to the 

degradation of a specific subset of soluble proteins and does not require any type of membrane deformity for substrate 

delivery lysosomes. From Bejarano and Cuervo, 2010 

Autophagy plays an important role in different physiological processes, as such Longevity, 

Tissue homeostasis, Differentiation, Development and Immunity. In fact, autophagy acts as 

an immune effector that mediates clearance of pathogens and pathogen-derived 

macromolecules. The role of autophagy bridge both innate and adaptive immune system. 

Moreover, the induction of autophagy reverses immune aging, senescence, and SASP 

phenotypes and rejuvenates the immune system.  

1.3 Immunosenescence 

A growing body of evidence suggests that aging of the immune system significantly 

contributes to multimorbidity and mortality of older subjects. Overall, older adults are not 

only prone to age-related conditions, but are also more susceptible to microbial infections 



18 
 

and they exhibit diminished vaccine responses due to decreased immune function (Desdlin-

Mico et al., 2020; Fane and Weerartna et al., 2020; Haynes, 2020; Mueller et al., 2020). The 

age-related changes of immune functions were named “immunosenescence”. The systemic 

deterioration of immune function with age, which is accompanied by a chronic state of 

innate immune activation that causes low-grade systemic inflammation named 

“Inflamaging” (Franceschi, 2000; Furman et al., 2019). Immune aging, characterized by 

dysregulated and impaired immune function, involves changes to the number, function, and 

maturation of immune cells, as well as transcriptional and metabolic reprogramming in 

individual cells. To better understand immunosenescence, it is necessary to consider age-

driven and immunity-related physiological changes. The body's physical barriers are the first 

line of defense against pathogens, and in older adults, the skin becomes thinner and drier, 

which in turn reduces the amount of fat-soluble defensins. Likewise, the mucosal barrier 

loses efficiency during aging because the ciliary function is compromised, which 

consequently facilitates the establishment of pathogens (Wlaschek et al., 2021). Age-related 

decline in coping ability and concomitant increase in proinflammatory state are hallmarks 

of immunosenescence. In addition, thymic involution, decreased numbers of T and B 

lymphocyte cells, reduced telomerase activity and a weak immune response   have been the 

most dramatic and ubiquitous changes in aging (Franceschi, 2000; Jose et al., 2017; Thomas 

et al., 2020; Martinez et al., 2021; Tessier et al., 2022). It is worth mentioning that these 

deficiencies are aggravated by exposure to pathogens (Pawelec, 2018; Aiello et al., 2019). 

Furthermore, alterations in innate immune cells (neutrophils, macrophages, natural killer, 

dendritic and mast cells) were detected in elderly individuals. Neutrophils show a reduced 

killing capacity, although their production in the bone marrow remains unchanged and their 

number in the blood increases slightly with aging (Rosalec, 2018). Similarly, the function of 

natural killer cells is disturbed with aging, although their turnover in the bone marrow 

decreases and their baseline number increases (Bozzano et al., 2015). Macrophages and 

dendritic cells show similar phagocytic activity between the young and the elderly; however, 

both the total number of these cells in the peripheral blood and their ability to present 

antigens and stimulate T cells are defective in the elderly (Pinti et al., 2010; Oishi et al., 

2016). Furthermore, macrophages show an increased inflammatory response (Rawji et al., 

2016). Finally, the activation and function of mast cells are altered in elderly individuals 

(Kundu et al., 2020). Adaptive immune cells are affected by aging as well. The repertoire of 

naïve T cells and memory B cells is abundant during childhood, while in older age, a decline 

in B cell production in the bone marrow (Ma et al., 2019) and a reduction in the number of 

T cells due to thymic activity involution occurs (Pinti et al., 2010; Yang et al., 2010). Overall, 

these events result in an overall reduction in immunity in older individuals (Laidlaw et al., 

2021). In summary, the hallmarks of immunosenescence are thymus involution, 

inflammaging, change in T-cells, metabolic change, such as increase of ROS (Liu et al., 

2023). Thymic involution plays a vital role in the imbalance of immune cell proportions, 
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especially for T cells (Palmer, 2013). The atrophy of aged human thymus results in a decrease 

in naïve T cells, an increase in late-differentiated peripheral memory T cells, and a 

diminished migration of naïve T cells to the periphery. Evidence for the role of thymic 

involution in the aging of the immune system is provided by the observation that premature 

thymectomy result in immunosenescence (Sauce et al., 2009). Furthermore, one of the 

hallmarks of immunosenescence is “inflammaging,” which refers to a systemic state of 

chronic low-grade inflammation characterized by upregulated blood inflammatory markers 

and is considered the central pillar of aging (Fulop et al., 2017; Accardi and Caruso, 2018). 

The accumulation of damaged macromolecules is responsible for inflammation. 

Endogenous host-derived cellular debris is the source of chronic tissue damage.  Cellular 

senescence is central to the inflammation process. Senescent cells display a characteristic 

senescence-associated secretory phenotype (SASP) that implies secretion of a plethora of 

soluble factors, including interleukin-1 (IL-1), IL-6, IL-8, IL-13, IL-18 and tumor necrosis 

factor (TNF) and its receptors, which lead to the inflammatory phenotype (Ershler et a., 

2000; Bruunsgaard et al., 2003; Ferrucci et al., 2018). Cellular senescence is a classic 

example of antagonistic pleiotropy, in which a specific genetic trait elicits a phenotype that 

is beneficial early in life, for example, by generating a well-recognized protective barrier to 

prevent tumorigenesis, which is essential for normal embryonic development and tissue 

repair. On the one hand, the chronic presence of senescent cells is harmful to surrounding 

cells and tissues owing to their secretion of cytokines, chemokines, proteases and bioactive 

lipids, and the attraction of inflammatory cells (Campisi, 2013; Calcinotto et al., 2019; 

Gorgoulis et al., 2019; Zhou et al., 2021). On the other hand, cellular aging is a consequence 

of the accumulation of damaged macromolecules (DNA, proteins and lipids) and organelles 

(e.g. mitochondria) and occurs in long-lived, post-mitotic cells (Campisi and di Fagagna, 

2007; López- Otín et al., 2013). Moreover, as the immune system ages, metabolism 

undergoes changes resulting in increased glycolysis, mitochondrial dysfunction, and 

reactive oxygen species (ROS) (Henson et al., 2014; Patsoukis et al., 2015). The combination 

of persistent environmental insults, and the decline of repair and removal mechanisms leads 

to this increased damage (Desdín-Micó et al., 2020; Goronzy and Weyand, 2019). Then, 

these features of immunosenescence are strongly correlated with high morbidity and 

mortality from age-associated diseases such as cardiovascular diseases, neurodegenerative 

diseases, autoimmune diseases, metabolic diseases, and cancers in elderly subjects.   

Immune aging accelerates the course of the organism's aging process. Immunosenescence 

and the chronic low-grade inflammation that characterizes aging have been correlated with 

altered autophagic flux in macrophages (Stranks et al., 2015; Zhang et al., 2016; Franceschi 

et al., 2017).  
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1.4 Autophagy in immune system 

Autophagy helps in the elimination of pathogens, it also acts in the release of endogenous or 

exogenous molecules into intracellular compartments, in the modulation of inflammasome 

activity, the control of cytokine secretion and the regulation of phagocytosis (Bonilla et al., 

2013). In particular, autophagy is key in modulating immunity and immune cell dynamics 

(Germic et al., 2019; Metur and Klionsky, 2021). In addition, autophagy is further involved 

in differentiation and proliferation of immune cells, although what exactly underlies 

molecular mechanisms remains partly elusive (Clarke and Simon, 2019).  Evidence indicates 

that mitophagy, which encompasses selective degradation of damaged or excessive 

mitochondria, is an especially crucial regulator of innate immune cell function (Gkikas et al., 

2018). Autophagy also prevents mitochondrial DNA escaping into the cytoplasm by 

maintaining mitochondrial homeostasis, which inhibits initiation of type I interferon 

signalling and, ultimately, inflammation (Riley and Tait, 2020). Furthermore, autophagy is 

essential for T cell immunity and its decline with age leads to immunosenescence (Phadwal 

et al., 2012; Puleston and Simon, 2014). Autophagy facilitates adaptive immune cell 

activation (Clarke and Simon, 2019; Hubbard et al., 2010; Pua et al., 2007), differentiation 

(Mortensen et al., 2011; Riffelmacher et al., 2017), and reverses systemic immunosenescence 

through modulation of T cell immunity (Macian, 2019). Autophagy participates in all aspects 

of immunity, influencing both innate and adaptive immune processes, with the term 

“immunophagy” referring to all these processes collectively (Deretic, 2006). In innate 

immunity, autophagy works downstream of pattern recognition receptors by activation of 

innate immune receptors, including TLRs and NLRs, where it facilitates a few effector 

responses, cytokine production, and phagocytosis. In adaptive immunity, autophagy 

provides a substantial source of antigens for loading onto MHC class II molecules, and it 

may be important in dendritic cells for cross-priming to CD8+ T cells. In detail, there are 

three main types of autophagic process that contribute to immune system function [Deretic, 

2011; (Fig. 7)]. Type I: specialized autophagic immune processes that are executed by 

autophagic machinery at the cellular level. These include the recognition, capture, and 

elimination of intracellular pathogens through a process called “xenophagy” (Levine, 2005) 

These processes contribute to a recently defined specialized form of Autophagic Macrophage 

Activation [APMA; (Deretic and Levine, 2009)], to improved recognition of microbial 

products by innate immunity receptors such as intraluminal Toll-like receptors (TLRs; Lee 

et al., 2007), and to enhanced MHC-restricted presentation II of the cytoplasmic self - either 

foreign antigens (Munz, 2009) or phagocytosed antigens (Lee et al., 2010). Autophagy is 

also a specialized effector mechanism downstream of the stimulation of innate immunity 

receptors (Delgrado et al., 2009) such as TLRs (Xu et al., 2007; Delgrado et al., 2008; 

Sanjuan et al., 2007; Shi et al., 2010), Nod-like receptors (NLRs) (Yano et al., 2008; Cooney 

et al., 2010; Travassor et al., 2010), and RIG-I-like (RLR) or intracellular stimulation by 

damage-associated molecular patterns (DAMPs; also known as alarmins).  Autophagy 
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doesn’t only help induce, deliver, and execute innate immunity responses, but can also limit 

innate immunity responses and inflammation (Jounai et al., 2007; Sainton et al., 2008; 

Sainton et al., 2009). Overall, autophagy in its specialized immune functions contributes to 

immune activation, acts as an effector and regulator of innate and adaptive immune 

responses, and ultimately quenches inflammation. Type II: autophagy controls cellular 

homeostasis. In this capacity, autophagy affects immune cells in the same way it affects any 

other cell type. Autophagy type II maintains cell viability and intracellular organelles, such 

as mitochondria. Some immune cells are more dependent on autophagy, such as T cells (Li 

et al., 2006; Pua et al., 2007). T cells may require autophagy to survive when growth factors 

are withdrawn, and as T cells mature, autophagy is the process that carries out the 

programmed reduction in the number of mitochondria that occurs upon the exit of naïve T 

cells from the thymus (Pua et al., 2009; Mortensens et al., 2010). On the other hand, B cells 

are less sensitive to autophagy. Type III: non-autophagic role of Atg factors. This is based on 

a separate group of activities that reflect the non-autophagic participation of one or more 

Atg genes, when they exert their function other than autophagy (Virgin and Levin, 2009). 

These activities fall within the area of peripheral interactions and coordination between 

different functional systems. 

 

Figure 7: Three types of autophagy intersections with immune processes. Type I immunophagy specializes in autophagy 

capturing, processing, or delivering immunologically active microbes or microbial or endogenous molecules. Type II 

immunophagy has roles in controlling cell viability and general functionality of immune cells in ways that are not 

different from effects in all other cell types (e.g. neurons). Type III processes are those that are influenced by isolated Atg 

factors but do not depend on the execution of the entire autophagic pathway. From Deretic, 2011 
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1.5 Autophagy in aging 

Compromised autophagy is a hallmark of aging (Aman et al., 2021). However, decreased 

autophagy contributes to senescence and the aging process itself (Rubinsztein et al., 2011; 

Aman et al., 2021). The Figure 8 summarises the cellular component reduced by impaired 

autophagy during aging.  

 

 

Figure 8: Decline of mechanisms in impaired autophagy during aging. The diagram describes biological processes, as 

inflammation, mitochondria integrity, genome instability and proteostasis, modulated by autophagy and inhibited during 

aging from Zhang et al., 2016 

Autophagy has a crucial role in the regulation of animal lifespan. Activation of 

macroautophagy has been shown to be necessary for the lifespan extension observed in 

worms and flies after specific mutations or caloric restriction (Melendez et al., 2003; Hansen 

et al., 2008). Macroautophagy is also required to sustain a normal lifespan. In fact, mice 

with impaired autophagy exhibit shorter lifespans. On the other hand, mice with 

overexpression of the Atg proteins show a notable increase in lifespan (Pyo et al., 2013). 

Moreover, genetic correction of age-dependent Chaperon-Mediated Autophagy (CMA) 

decline in the liver has been shown to be sufficient to prevent functional decline of this organ 

in aged rodents (Zhang and Cuervo, 2014). Inhibition of mTOR is a known inductor of 

autophagy and doubled normal lifespan in nematodes and increases autophagy (Vellai et al., 
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2003), increased lifespan in flies (Bjedov at al., 2010), and prolonged mice lifespan 

(Harrison et al., 2009; Bitto et al., 2016). Thus, defects in autophagy are linked to a variety 

of human diseases, including immune-associated and age-related diseases, both of which 

are often linked to increased inflammation (Aman et al., 2021; Klionsky et al., 2021). Recent 

studies have linked impairment of general autophagy to pathological states such as progeria 

and a series of accelerated aging diseases (Fang et al., 2016) neurodegenerative diseases 

(Menzies et al., 2015; Lou et al., 2019), and other disorders (Rubinsztein et al., 2011; Hansen 

et al., 2018). Therefore, the first changes in the regulation of macroautophagy may be 

secondary to age-related alterations in metabolism and/or in the hormonal response to 

fasting (Bergamini et al., 1990; Donati et al., 2001; Del Roso et al., 2003). This alteration in 

the regulation of macroautophagic proteolysis, which leads to the accumulation of 

organelles and altered membranes, may initiate a vicious cycle pro-aging (Bergamini et al., 

2004). Specifically, defective macroautophagy in aged cells results in part from impaired 

autophagosome formation and reduced autophagosome clearance. The presence of 

undigested materials in lysosomes (aggregates, such as lipofuscin) could be responsible for 

their reduced ability to fuse and/or degrade autophagosome contents (Fig. 9A). Recent 

genetic evidence also supports this critical role of macroautophagy as an anti-aging 

mechanism. CMA activity also decreases with age (Cuervo et al., 2005). In detail, a decrease 

in lysosomal levels of the CMA receptor is responsible for the reduced activity of CMA during 

aging. CMA activity is initially maintained in adults, increasing the amount of luminal 

chaperone. On the opposite, receptor levels decrease during aging to the point that they are 

so low that compensation by the chaperons is no longer possible (Fig. 9B). The concomitant 

failure of both macroautophagy and CMA probably precipitates the accumulation of 

damaged cytosolic proteins with age. 
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Figure 9: Impaired autophagy during aging. A) Impaired of macroautophagy during aging. Presence of undigested 

materials in lysosomes, i.e. lipofuscin, could be responsible for the reduced ability to fuse and degrade the contents of the 

autophagosome.  B) Impaired of CMA in old cells in comparison with young and adult cells. Normal CMA activity is 

initially maintained (middle age) by increasing the amount of luminal chaperone. Conversely, in the elderly the levels of 

the receptor are very low. From Cuervo et al., 2005 

The most imminent consequence of autophagic failure is probably the age-related 

accumulation of "waste" within long-lived post-mitotic cells like neurons that are 

characterized by a very low replacement rate. This so-called “biological waste” progressively 

accumulates within cells, suggesting failures in turned over of damaged biomolecules 

(Sheldrake, 1974; Terman and Brunk, 2004). Extra- and intralysosomal intracellular 

“waste” material accumulates, reflecting insufficient autophagic sequestration and 

degradation, respectively. During aging, the autophagic capacity decreases thus increasing 

the production of ROS, the aggregated proteins, "biological waste" that activate the 

inflammasomes. However, that inflammation inhibits autophagy and accelerates the aging 

process [Salminen et al., 2012; (Fig. 10A)]. In detail, the inflammation during aging involves 

a decline of the degradative autophagy are blocked. On the contrary, the secretory autophagy 

is activated. The secretory autophagy causes a release of inflammatory cytokines, which 

increase the hyperactivation of macrophages with increased inflammation, as Figure 10B 
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shows (Kumar and Mills, 2023). 

 

 

Figure 10: Decline of autophagy in aging. A) Link between autophagy and inflammation during aging. Autophagic uptake 

of dysfunctional mitochondria prevents excessive ROS production and thus the activation of inflammasomes. during 

aging, autophagic capacity decreases and increased production of ROS and aggregated proteins activate inflammasomes 

which cause low-grade inflammation in different tissues and thereby inhibit autophagy and accelerate the aging process. 

From Salminen et al., 2012. B) Block of degrative autophagy and activation of secretory autophagy cause inflammaging. 

Overactivation of macrophages will lead to increased phagocytosis of discarded cargo, bringing it back into the cell to 

attempt to be cleared by LAP or LANDO. If the limitation is in lysosomes, the effort is futile and will lead to the 

deposition of proteins aggregated both intracellularly and extracellularly space. From Kumar and Mills, 2023 
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1.5.1 Mitochondrial respiration and autophagy in aging 

Impairment of autophagy during aging causes the accumulation of abnormal mitochondria, 

which increases oxidative stress, Figure 11 (Cuervo et al., 2005).   

 

 

Figure 11: Age-related accumulation of damaged structure as a result of imperfect macroautophagy. The oxidative 

modification of macromolecules subjected to autophagic degradation determines the formation of a non-degradable 

intralysosomal pigment, lipofuscin. Over time, lipofuscin occupies a growing portion of the lysosomal compartment, 

which hinders macroautophagy. As a result, the number increases of ATP-deficient mitochondria with the increase in the 

amount of ROS increases progressively. Cytosolic proteins are oxidatively modified to form large indigestible aggregates 

(aggresomes). The dark red dots symbolize cytosolic proteins, while the dark green colour of the mitochondria indicates 

damage. From Cuervo et al., 2005 

Mitochondria in aged post-mitotic cells are structurally impaired, exhibiting swelling and 

disruption of cristae, often resulting in the formation of amorphous material structures 

(Terman and Brunk., 2004). Senescent mitochondria are defective in ATP production and 

mitochondria respiration by increasing of reactive oxygen species (ROS) in mitochondria 

[Sohal and Sohal, 1991; Zorov et al., 2014; (Fig. 12)]. In detail, excessive ROS induces 

oxidative stress leading to mutations in mitochondrial DNA and oxidation of proteins. 

Production of abnormal proteins in the mitochondria reduce ATP production and increase 

the AMP/ATP ratio. AMPK, an energy sensor, upregulates mitochondrial biogenesis and 
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promote quality control under conditions of acute energy deprivation. However, persistently 

reduced ATP production induces abnormal energy metabolism, which causes impaired 

mitochondrial biogenesis, Mitochondria Quality Control (MQC), and mitochondrial 

dysfunction, as Figure 12 shows (Guo et al., 2023). These aberrant changes ultimately lead 

to cellular senescence and age-related disorders. For example, in neurons high levels of 

mitochondrial ROS can induce neuroinflammation and neuronal death (Stefanatos and 

Sanz, 2018).  

 

Figure 12: Mitochondria dysfunction in aging. ROS are generated by mitochondrial ETC and exogenous sources. 

Excessive ROS induces oxidative stress, which leads to mutations in mitochondrial DNA and protein oxidation. 

Abnormal products in the mitochondria reduce ATP production and increase the AMP/ATP ratio. However, persistently 

reduced ATP production induces abnormal energy metabolism, resulting in reduced mitochondrial biogenesis, 

imbalanced MQC, and mitochondrial dysfunction. These aberrant changes ultimately lead to cellular senescence and age-

related disorders. ETC, electron transport chain; AMP, adenosine monophosphate; AMPK, AMP-activated protein 

kinase; MQC, mitochondrial quality control, PGC-1α, peroxisome alpha-1 proliferator-activated receptor gamma 

coactivator; UPRmt, unfolded mitochondrial protein response. From Guo et al., 2023 

Mitochondrial respiratory capacity and MQC decline with age (Porter et al., 2015). 

Moreover, the exposure to ROS can inactivate the tricarboxylic acid-cycle aconitase and the 

iron–sulfur centers of electron transport chain (ETC) at complexes I, II, and III, resulting in 

a shutdown of mitochondrial energy production (Reddy, 2008). Therefore, mitochondria 

undergo morphological and functional changes with age, including declines in ETC function, 

mitochondrial integrity, and mitochondrial quality, which results in impairments of cellular 

energy production and activity, Figure 13 (Webb and Sideris, 2020). 
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Figure 13: Defective function of old mitochondria in comparison with healthy mitochondria. Healthy mitochondria 

perform a variety of functions including the production and synthesis of ATP and metabolites necessary for cellular 

maintenance. Aging is associated with increased impairment of these functions, manifested as excessive production of 

reactive oxygen species (ROS), Oxidative damage to mitochondrial components, reduced ability to supply ATP, 

dysregulation of the tricarboxylic acid cycle, and increased mitochondria-driven inflammation. The main processes are 

indicated in black arrows, the blue arrows indicate the changes that occur during aging. From Webb and Sideris, 2020 

The relationship between mitochondrial respiration and autophagy is bidirectional and is 

the basis of longevity (Wong et al., 2023). Cargo degradation products are released from 

autolysosomes to be reused by the cell to fuel various metabolic pathways (Kumar et al., 

2021; Wilson et al., 2023). Glucose and free fatty acids released by autophagy fuel the TCA 

cycle and oxidative phosphorylation to support mitochondrial ATP generation (Lahiri et al., 

2019), particularly during cellular energy crisis (King et al., 2021), as Figure 14 shows. 

Furthermore, a shift towards oxidative phosphorylation (OXPHOS) induces autophagy 

while the preference for aerobic glycolysis dampens autophagy (Thomas et al., 2018; Wong 

et al., 2020). In detail, NAD directly regulates autophagy and mitochondrial quality control. 

Likewise, autophagy has been shown to preserve NAD levels by modulating cellular stress 

(Wong et al., 2020). The interaction between mitochondrial respiration and autophagy is 

involved in the regulation of longevity.  
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Figure 14: Autophagy and Mitochondrial respiration. Autophagy is activated in cells by numerous stimuli, from nutrient 

deprivation to mitochondrial damage. This triggers the formation of a phagophore that extends into a sealed double-

membrane autophagosome. During this process macromolecules are selectively engulfed into autophagosomes and 

subsequently degraded following fusion with lysosomes. Cargo degradation products are released from autolysosomes to 

be reused by the cell to fuel various metabolic pathways. Glucose and free fatty acids released by autophagy fuel TCA 

cycle and oxidative phosphorylation to support mitochondrial ATP generation. I/II/III, respiratory complexes I/II/II; Cyt 

c, cytochrome c; FAD, flavin adenine dinucleotide; Q, coenzyme Q cytochrome c reductase; rRNA, ribosomal RNA; TCA 

cycle, tricarboxylic acid cycle. From Wilson et al., 2023 
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1.5.2 Autophagy in brain aging 

The role of autophagy is particularly important for long-lived post-mitotic cells such as 

neurons. Without the aid of cell division, neurons require efficient autophagy to remove the 

waste material that would otherwise accumulate in the cytosol. Additionally, neuronal 

autophagy has been shown to be essential not only for proper neuronal function, but also for 

prevention of inflammation in glial cells (Lee, 2012). In fact, autophagic flux disruption in 

primary cortical neurons causes changes that closely resemble the accumulation of 

autophagic organelles and neurite dystrophy associated with AD (Boland et al., 2008).  

Studies of human brain gene expression have found age-associated reductions in markers of 

macroautophagy. Shibata et al. (2006) found downregulation of Beclin 1 and Lipinski et al. 

(2010) found decreases in genes regulating autophagy, including Atg5 and Atg7. Guebel and 

Torres (2016), while studying the effects of gender and aging on gene transcription in the 

hippocampus, reported decreased expression of LC3, HDAC6 (a deacetylaser required for 

autophagosomal maturation and fusion with lymphosomes; Lee J.H. et al., 2010), and 

PINK1 (a mitochondrial kinase whose activity is crucial for mitochondrial function; Qu et 

al., 2015) in elderly women. Conversely, in elderly men the expression of Bcl-2, which 

inhibits Beclin 1 (Liang et al., 1999), increased, suggesting a decrease in macroautophagic 

activity. The study of aging brain autophagy in mammalian and non-mammalian animal 

models provides similar results. For example, macroautophagy has been shown to be 

required for normal lifespan in the lysosomal block of Caenorhabditis elegans and a decline 

in autophagic flux, including mitophagy, has been observed during brain aging of mice and 

other animal model. Specifically, reductions in Beclin-1, VPS34, and Atg5 were observed in 

the hippocampi of 16-month-old mice compared to 3-month-old mice (Glatigny et al., 2019). 

In the brain of elderly mice (Ott et al., 2016) and in the hippocampus of elderly rats (Yu et 

al., 2017), a decrease in autophagic markers was observed, leading to an increase in mTOR. 

Furthermore, a decrease in Beclin-1 and an increase in the LC3-II/LC3-I ratio were found in 

the hippocampi of older cows, which may indicate excessive accumulation of 

autophagosomes and reduced autophagosomal degradation (De Biase et al., 2017). 

Furthermore, a decrease in mitophagic activity was observed in the brains of aged mice (Su 

et al., 2015).  

In detail, the reduction of autophagy during aging promotes the aggregation and 

accumulation of misfolded proteins in the aged brain. Elimination of misfolded proteins is 

crucial for cell survival because protein misfolding impairs biological function and increases 

the form toxic aggregates (Hart, 2017), one of the hallmarks of age-related 

neurodegenerative disorders (Lou et al., 2020). Under physiological conditions, misfolded 

proteins are initially removed by the ubiquitin-proteasomal system (UPS). However, larger 

cargoes, such as protein oligomers, aggregates, and damaged mitochondria, are too large to 
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enter the proteasome of the UPS system and are degraded by autophagy.  Furthermore, 

growing genetic and biochemical evidence implicates dysfunction of the autophagic 

mechanism during the pathogenesis of many neurodegenerative diseases, including AD, PD, 

Huntington disease (HD), amyotrophic lateral sclerosis (ALS), frontotemporal lobar 

degeneration (FTLD; (Niccoli and Partridge, 2012; Wolfe et al., 2013; Frakes et al., 2015). 

Figure 15 illustrates the defects of autophagy reported in different neurodegenerative 

diseases.  

 

Figure 15: Alterations of autophagy pathways in neurodegenerative diseases. The figure describes the sequestration and 

degradation of proteins and organelles through direct invagination of the lysosomal membrane. Defects in the autophagy 

machinery for several neurodegenerative diseases can occur at different steps along the pathways (proteins involved are 

labelled in red).  From Martinez-Vincente, 2015 

For example, a familiar form of AD is caused by a mutation of presenilin 1 (PS1) that causes 

impaired glycosylation and impaired lysosomal acidification (Lee et al., 2010). The 

impairment of this mechanism involves reduced degradation of protein aggregates and 

autophagic vesicles accumulation. Moreover, during AD, Phosphatidylinositol binding 

clathrin-assembly protein (PICALM) can be truncated and downregulated, causing the 

impaired regulation of endocytosis (M0reau et al., 2014). The impairment of this 

mechanism also impairs phagophore elongation, autophagosome formation and 

autophagosome-lysosome fusion, resulting in reduced aggregates degradation. During AD, 

high levels of aβ and APP (Amyloid Precursor Protein) increase PI3/AKT signalling, 
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phosphorylation of the proline rich AKT substrate 40 (PRAS40) and increase mTOR 

signalling (Caccamo et al., 2011). This mechanism determines autophagy inhibition and 

accumulation of Aβ and tau. In addition, decreased autophagy results from abnormal level 

and abnormal phosphorylation of p62/SQSTM1 (Tanji et al., 2014). In PD, the over-

expression of α-synuclein causes inhibition of autophagy by mislocated AT9 (Son et al., 

2012). Moreover, α-synuclein mutations inhibit Chaperon mediated autophagy, trigging the 

macroautophagic compensation (Cuervo et al., 2004; Xilour et al., 2008; Xilour et al., 

2009). Mutation of ATPase type 13A2 reduces the lysosomal acidification causing decrease 

of autophagy (Ramirez et al., 2006; Di Fanzo et al., 2007). In addition, PINK1 mutation 

reduces ubiquitin labelling of mitochondrial proteins, decreasing mitophagy (Gasser, 2009; 

Nixon and Yank, 2012; Son et al., 2012). In HD, htt (huntingtin) sequesters mTOR 

(Ravikumar et al., 2009) and Beclin-1 (Jeong et al., 2009; Ashkenazi et al., 2017). These 

impaired mechanisms implicate induction and inhibition of autophagy, respectively. The 

reduction of ALFY (Autophagy-linked FYVE protein) causes decreases of protein’s clearance 

(Isakson et al., 2013). Moreover, the altered p62/SQSTM1 and phosphorylated at UBD 

increase protein aggregates clearance (Matsumoto et al., 2011; Lim et al., 2015).  

1.5.2.1 Autophagy and microglia in brain aging 

Microglial cells are central nervous system (CNS) resident macrophages that play an 

important role in development, homeostasis, response to damage, infection and 

microenvironmental perturbations. Microglia differ from other types of brain cells because 

they originate from the yolk sac rather than the neural tube (Priller et al., 2001; Ginhoux et 

al., 2013; Prinz and Priller, 2014). Once the nervous tissue is reached, microglial cells can 

replicate and reconstitute in the brain, forming the resident population (Priller et al., 2001). 

In concert with other glial cells, microglia perform important functions in brain homeostasis 

and regeneration (Kent and Miron, 2023). In addition to being critical in innate immunity 

and being the first line of defence of the central nervous system against pathogens and 

internal injury, microglia are involved in myelination, synapse remodelling and tissue repair 

(Kalafatakis and Karagogeos, 2021). Microglia and astrocytes are part, together with the 

blood-brain barrier, of the so-called "neurovascular unit" and are involved in the response 

to brain insults that orchestrate neuroinflammation processes (Liu et al., 2020). Due to their 

critical role in central nervous system defence and immunity, microglia promote 

inflammation and present antigens to lymphocytes (Gomez-Nicola and Perry, 2015), but 

may also have anti-inflammatory properties. Furthermore, microglia were classified as 

“resting” and “active” (Río-Hortega, 1919; Sierra et al., 2016; Sierra et al., 2019; Paolicinelli 

et al., 2022). More recently, microglia have also been classified as M1- and M2-phenotype 

to support the study of microglial activation, as Figure 16 shows (Varnum and Ikezu, 2012; 

Heneka et al., 2015; Ransohoff, 2016; García-Revilla et al., 2019; Song and Suk, 2019; 

Molina-Martínez et al., 2020; Paolicinelli et al., 2022; Wrang et al., 2023). The classic 
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proinflammatory pattern “M1” is considered neurotoxic and the anti-inflammatory “M2” 

pattern is considered neuroprotective (Michelucci et al., 2019). Moreover, the different 

phenotypes are associated with a specific mitochondrial respiration. M1-phenotype involves 

an increase of glycolysis. On the contrary, M2-phenotype is associated with OXPHOS 

(Hickman et al., 2023). M1-M2 polarization of microglia corresponds to different active 

phenotypes implicated in harmful inflammatory effects or repair tasks (Colton et al., 2006¸ 

Masuda et al., 2019).  Furthermore, the term “M0′” probably represents a homeostatic 

physiological state of microglial cells involved in functions other than those typical of M1 

and M2. In any case, M1-M2 phenotypes represent the two extremes of a wide range of 

possible intermediate cellular states, which in vivo perform numerous functions that cannot 

be reproduced in vitro (Ransohoff, 2016). 

 

Figure 16: M1 and M2-phenotype of microglia. The figure describes the different functions of microglia and the balance 

between pro- and anti-inflammation in the progression of neuroinflammation of the central nervous system. These 

microglial phenotypes show different cell surface receptors and secreted factors, such as anti-inflammatory cytokines and 

trophic factors promote phagocytosis, maintain homeostasis and nourish nerves.  From Wang et al., 2023 

The microglial population is vulnerable to physiological disorders such as aging which can 

contribute to the development of psychiatric and neurodegenerative diseases [Spittau, 2017; 

(Fig. 17)]. Age-related microglial alterations with a moderately active phenotype are present 

during aging (Sheng et al., 1998; Streit et al., 2004; Streit et al., 2009). Furthermore, 
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microglia have been linked to the pathological processes that underlie age-related 

neurological dysfunction and disease. Aged microglia are classified as senescent or 

dystrophic (Streit and Xue, 2014). Senescent microglia may lose supportive activities that 

protect neurons and mimic reactive microglia. On the other hand, the definition of 

“dystrophic microglia” implies morphological change related to senescence (Streit et al., 

2004). These morphological changes are debranching and retraction of processes, the 

formation of aberrant bulges in residual processes and cytoplasmic fragmentation or 

cytorhexis (Streit et al., 2009; Greenwood and Brown, 2021). Aged microglia have an altered 

surveillance phenotype with fewer dendritic branching and reduced process motility. When 

responding to injury, they show lower migration rates and have a more sustained 

inflammatory response in reaction to the damage (Damani et al. 2011). Furthermore, aged 

microglia not only change their cytokine signature to a proinflammatory one, but also show 

impaired phagocytosis and increased ROS production (Koellhoffer et al., 2017). These 

changes cause microglia not only to fail to maintain neuronal health, but to compromise it, 

thus contributing to the possible development of neurodegenerative diseases. Senescence 

Associated Secretory Phenotype (SASP) is a more recently described phenotype that 

characterizes aged microglia (Streit et al., 2014). The SASP is an integral part of the 

phenotype that defines a senescent cell. It includes a variety of molecules, such as 

proinflammatory cytokines, chemokines, ROS, growth factors, and proteases that can cause 

significant negative impact on surrounding cells and is linked to aging and 

neurodegenerative diseases (Chinta et al., 2015). In microglia, SASP entails elevated levels 

of (TNFα), IL1β, IL-6 and IL-8 (Sierra et al., 2007), increased DNA damage (Coppe et al., 

2010), particularly of mitochondrial DNA (Hayashi et al., 2008; von Bernhardi et al., 2015) 

and telomere shortening (Flanary and Streit 2004). Aged microglia show an increased 

production of inflammatory cytokines and free radical species, and a poor induced 

phagocytosis, which together with a reduced lysosomal activity, decrease clearance, as figure 

16 shows. Those changes shift the balance towards decreased neuroprotective functions and 

increased neurotoxicity (Tichauer et al., 2014; von Bernhardi et al., 2015). Hallmarks of aged 

microglia activation are increased expression of MHCII (Henry et al., 2009; VanGuilder et 

al., 2011), CD68 (Wong et al., 2005; Griffin et al., 2006) as well as increased TLR levels 

(Letiembre et al., 2007). Aged microglia were characterized by the presence of lipofuscin 

inclusions and reduced process complexity. In general, the responsiveness of microglia to 

stimulation appears increased during aging, which is further reflected in the increased 

activation of aged microglia after injection of activating cytokines IL1β and IL12 into the 

hippocampus (Lee et al., 2013). This phenomenon has been defined as “microglial priming”, 

and TLR2, TLR3, and TLR4 appear to be essential for priming microglia, but not astrocytes, 

for ATP-dependent interleukin-1β release (Facci et al., 2014). Microglial priming induces a 

highly conserved transcriptional signature with specific aspects of aging (Holtman et al., 

2015), which is dependent on high mobility group box 1 (HMGB1). HMGB1 mediates 
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neuroinflammatory priming in the aged central nervous system. Inhibition of HMGB1 

functions appears to desensitize aged microglia to an immune challenge, thus preventing 

exaggerated behavioural and neuroinflammatory responses following microglial stimulation 

(Fonken et al., 2016). 

 

Figure 17: Microglia life cycle. Schematic summary of microglial development, maturation, and aging and functional 

changes that influence the onset and progression of neurodegeneration in Alzheimer's disease (AD) and Parkinson's 

disease (PD). From Spittau, 2017 

The inflammation in aged microglia with increased a production of pro-inflammatory 

cytokines determines impaired autophagic flow and drives the shift of microglia towards the 

M1 phenotype through the activation of AKT/mTOR signalling (Li et al., 2018). Impaired of 

autophagy causes an increase of lipofuscin granules in aged microglia, although to a lesser 

extent than neurons (Sierra et al., 2007; Eichhoff et al., 2008; Xu et al., 2008). Lipofuscin 

accumulation is linked to increased oxidative stress, decreased antioxidant defence system, 

lysosomal iron overload and mitochondrial dysfunction (Brunk and Terman, 2002; Terman 

and Brunk, 2006). Furthermore, intracellular ROS can act as second messengers to activate 

the p38 mitogen-activated protein kinase cascade in various cell types including microglia 

(Hashimoto et al., 2001; Hsu et al., 2002; Pawate et al., 2004). Therefore, increased 

lipofuscin accumulation is a potential candidate for the executive factor for microglial 

priming in the aging brain. Furthermore, the turnover rate of mitochondria in microglia is 

extremely high. The other is that lysosomal dysfunction in microglia more readily leads to 

the observed autophagic dysfunction.  The decline in lysosomal functions caused by ceroid-

lipofuscin accumulation may further influence mitochondrial turnover. The accumulation 
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of ceroid-lipofuscin over time in lysosomes can cause an alteration of lysosomal enzymes in 

lysosomes with lipofuscin, to attempt to degrade this material. The resulting lack of 

lysosomal enzymes for autophagy then leads to a reduced ability to recycle other cellular 

organelles such as mitochondria. The lysosomes with poorly acidic lumen (impaired 

lysosomal acidification) have inefficient fusion with autophagosomes or phagosomes, or 

even no fusion, leading to reduced phagocytic and autophagic functions. Moreover, 

overloaded mitochondrial ROS impairs lysosomal function to block autophagic flux and 

drive microglia to M1-type polarization (Yuan et al., 2019).  The theory of “mitochondrial-

lysosomal axis theory of aging” (Brunk and Terman, 2002; Terman and Brunk, 2006) link 

the dysfunction of mitochondria and autophagic processes (Brunk and Terman, 2002; 

Terman and Brunk, 2006). Therefore, autophagic activity decreases and mitochondria in 

aging produce less ATP and more ROS in aged microglia.  

An autophagy-dependent neuroprotective microglia population is a potential target for 

treating age-related neuroinflammatory conditions. In fact, autophagy stimulation can 

polarize microglia into the M2-like phenotype and inhibit subsequent inflammation (Jin et 

al., 2018).  

1.6 Autophagy: potential therapeutic targeting 

Increasing evidence supports the bidirectional interactions of autophagy and multiple aging 

factors. Indeed, aging hallmarks are influenced by autophagic activity modulations and, 

symmetrically, aging phenotypes influence the autophagic process. The figure 18 highlights 

aging processes that are sensitive to autophagy, for example the relationship between 

autophagy and metabolism, or proteostasis, or senescence etc (Kaushik, 2021). Impaired 

autophagy during aging is likely not a just a hallmark but a driver of brain deterioration and 

dysfunction, as maintenance/restoration of autophagy delays aging and prevents brain 

diseases. 
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Figure 18: Modulation of autophagy to prevent process of aging. The scheme illustrates the characteristics of aging 

influenced by changes in autophagic activity (Cell Communication, Genome Maintenance, Stress Response, Metabolism, 

Proteostasis, Senescence, Stemness, Epigenetic, Telomeres), and we indicate the mechanisms by which autophagy 

modulates these processes (indicated with black dot). From Kaushik, 2021 

Autophagy enhancement can be a therapeutic strategy to reduce aging phenotypes and 

neurodegenerative disease associated with aging. Drug and nutraceutical compound 

discovery aimed at reversal of age-associated effects via autophagy should therefore 

represent a priority. Clinical implementation of autophagy inducers may provide high 

therapeutic potential. Interventions, that improve lifespan and healthspan via autophagy, 

are caloric restriction and treatments with rapamycin or spermidine.  

Spermidine is a naturally occurring polyamine abundant in soybeans, peas, corn, chicken 

liver, shellfish, and blue cheese (Atiya et al., 2011). Spermidine supplementation improves 

longevity in several species, such as yeast, flies, worms, and mice, through the induction of 

autophagy that occurs independently of mTOR (Eisenbertg et al., 2009; Morselli et al., 2011; 

Eisenbertg et al., 2016; Madeo et al., 2019). Spermidine triggers autophagy mainly by 

promoting AMPK phosphorylation and mitophagy via PINK1/Parkin pathway. Specifically, 

spermidine reduce brain aging phenotypes and ameliorates cognitive ability (Maglione et 

al., 2019; Wirth et al., 2019; Xu et al., 2o2o; Schroeder et al., 2021; Hofer et al., 2022). A 

reduction of aging phenotypes in the brain is determined by improving autophagy and 

mitochondrial function. Spermidine through induction of autophagy has benefits in 

neurodegenerative diseases, for example the compound reduces neuroinflammation and 

soluble Aβ in APP/PS1 mice and prevents Tau fibrillization in rTg4510 mice (Guebel and 

Torres, 2016; Fang et al., 2019). According to recent animal studies, spermidine also appears 

to improve the immune response to infections (Puleston et al., 2015), counteracting the 

formation of defective CD8+ T cells that increase with aging. Although mTOR increases both 

the quantity and quality of CD8+ T cells against viral infections (Araki et al., 2009), 

spermidine may not depend on the mTOR pathway (Puleston et al., 2015). 

Rapamycin (also known by the trade names of sirolimus or rapamune) is a macrocyclic 

lactone produced by Streptomyces hygroscopicus. Rapamycin extends lifespan and 

improves health in evolutionarily divergent species, including some models of 

neurodegeneration (Kaeberlein et al., 2005b; Bjedov et al., 2010; Miller et al., 2011; 

Wilkinson et al., 2012), and has a positive effect on cognition in aging models and has shown 

promise as an intervention to improve health and cognition (Caccamo et al., 2010; Spilman 

et al., 2010; Halloran et al., 2012; Majumder et al., 2012; al., 2012). The benefits of 

rapamycin are potentially through immunomodulation and autophagy induction. Most of 

rapamycin's effects on the immune system are mediated by its ability to inhibit mTOR 
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(Saemann et al., 2009), although recent studies also show that rapamycin can also influence 

the immune system independently of mTOR (Janes and Fruman, 2009).  

1.7 β-Glucans 

β-glucans are a group of biologically active natural molecules and are gaining increasing 

attention both as an important dietary supplement and as an immunostimulant and 

potential drug. 

1.7.1 History of β-glucans 

Interest in β-glucans as so-called biological response modifiers (BRMs), with beneficial 

effects on human and animal health, has historical origins (Novak and Vetvicka, 2008). In 

the 1940s, Pillemer and Ecker prepared and studied zymosan, a crude mixture of 

polysaccharides, proteins and lipids, isolated from the cell wall of the yeast Saccharomyces 

cerevisiae (Pillemer and Ecker, 1941). Zymosan was found to improve immune reactions. 

Subsequent research identified β-glucan as the main component of zymosan responsible for 

the observed biological effects. Furthermore, the composition and biological effects of 

mushrooms used in Asian medicine were studied, and glucan was once again discovered to 

be the main immunomodulatory constituent. Starting from the pioneering work of Di Luzio 

and Chihara in the 1960s and 1970s on glucans derived from yeasts and fungi, respectively, 

the beneficial effects of various β-based preparations have been reported. (Chihara et al., 

1969; DiLuzio et al., 1970). 

1.7.2 Structure of β-Glucans and sources 

β-Glucans are a group of naturally occurring polysaccharides produced by yeast, bacteria, 

fungi, algae, and cereals and are constituents of their cell walls, as Figure 19 shows (Kaur et 

al., 2020).  
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Figure 19: Sources of β-glucans, as such Cereals, Mushrooms, Micro-organism (Yeast, Fungi and Bacteria), Lichens and 

Seaweed/Algae. From Kaur et al., 2020 

Structurally, β-glucans are long or short-chain polymers of β-(1,3) or β-(1,4) linked glucose 

subunits which may be branched, with the side chains branching from the six-position of the 

backbone (Barsanti et al., 2009), as Figure 20 shows (Du et al., 2019). Cereal-derived β-

glucans are predominantly mixtures of β(1→3)(1→3) and β (1→4)(1→4) glycosidic linkages 

without any β (1→6)(1→6) bonds (Johansson et al., 2000; Nakashima et al., 2018). β-

glucans from yeasts are mixtures of linear β (1→3)(1→3) backbones with 30-residue straight 

chains and connected to these are long branches attached via β (1→6)(1→6) linkages (Liu et 

al., 2021). Fungal β-glucans are made of straight β (1→3)(1→3) glucan with short-branched 

chains connected through β (1→6) (Synytsya and Novak, 2013). Bacterial β-glucans have 

straight and unbranched β (1→3)(1→3)-D-glucan backbones (McIntosh et al., 2005). 

Seaweed β-glucans are species-dependent and may contain straight chain 

β (1→3)(1→3) residues or the straight chain backbone together with high levels of 

β (1→6)(1→6) branches (Usoltseva et al., 2020).  

 

 

Figure 20: Structure of beta-glucans extracted from various sources. From Du et al., 2019 

 

https://www.sciencedirect.com/author/55883512700/andriy-dnk-y-synytsya
https://link.springer.com/article/10.1007/s00253-005-1959-5#auth-M_-McIntosh-Aff1-Aff3
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β-glucans are powerful immunomodulators that have multiple activities such as anti-

neoplastic, anti-infective, anti-inflammatory and antioxidant (Novak and Vetvicka, 2008; 

Kim et al., 2011; Murphy et al., 2020; Steenwijk et al, 2021). However, knowledge of the 

mechanisms of action and pharmacokinetics of β-glucans remain insufficient. The binding 

of β-glucan to specific receptors in immune cells, such as macrophages and dendritic cells, 

modulates their immune response. In case of hyperstimulation of the immune system, such 

as acute inflammation, β-glucans reduce inflammation. At the same time, in case of 

immunodeficiency, β-glucans stimulates the immune system (Kim et al., 2011). 

1.7.3 Mechanism of action  

β-glucans cannot directly penetrate the cell membrane due to their large molecular size and 

bind receptors on the cell surface called pattern recognition receptors (PRRs). These 

receptors are mainly expressed in immune cells, such as macrophages and dendritic cells, 

but can also be found in other cell types such as neurons. The main PRRs that bind β-glucans 

and could be involved in their action are dectin-1, toll-like receptor (TLR), complement 

receptor 3 (CR3), scavenge receptors (SR) and lactosylceramide (LacCer), (Brown and 

Gordon, 2005). Specifically, orally-administered β-glucans are adsorbed in the intestine, 

either by via M cells, or by binding to the projecting tips of dendritic cells (DCs) in the 

follicle-associated epithelium (FAE) of Peyer's patches [Han et al., 2022; (Fig. 21)]. Once β-

glucans have penetrated the Peyer's patches, they are fragmented and released in the form 

of fragmented β-glucans (FBGs). FBGs, like soluble β-glucans, trigger a series of biological 

responses, including immune system modulation (Hong et al., 2004; Sainkhuu et al., 2012) 

and are then transported to the lymph nodes, spleen and bone marrow (Hong et al., 2004). 
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Figure 21: Absorption and transportation mechanism of β-glucan in the gastrointestinal tract. β-glucans have positive 

regulatory effect on the intestinal mucosal barrier and the immune barrier, to play an immunoregulatory role. β-glucan 

enters the intestine and intestinal immunity cells. The absorption of β-glucan in the intestinal tract has been divided into 

two levels: intestinal absorption and cellular absorption. Intestinal absorption occurs the segment was ileum > jejunum > 

duodenum > colon. Cellular level: β-glucan enter through latex-mediated giant endocytosis and pinocytosis protein 

structure. The microfold cell (M cell) is a specialized epithelial cell found primarily in the mucosa-associated lymphoid 

tissue of the gastrointestinal tract. Through uptake, pinocytosis, and phagocytosis, M cells take up bg and present it to 

Peyer's plaque without degrading it. β-glucan penetrated the Peyer's patches are fragmented and released in the form of 

fragmented β-glucans (FBG). FBGs, like soluble β-glucans, trigger a variety of biological responses, including modulation 

of the immune system. Peyer's patches are considered the primary site of the mucosa immune response because they are 

closely connected to the intestinal lumen and are rich in macrophages, DCs and lymphocytes. The receptor specifically 

recognizes β-glucan transport and internalizes it as an internal fragment.  Furthermore, β-glucan can be taken up by 

extracellular matrix cells. From Han et al., 2022 

 

1.7.4 Activities of β-glucans 

β-glucans are biologically active biopolymers that can interact with different protein 

receptors, present in both microorganisms and multicellular organisms, eliciting a broad 

spectrum of biological responses. These responses often result in important bioactivities 

including immunomodulatory, anticancer, antioxidant, cholesterol-lowering and prebiotic 

effects (Wang et al., 2017; Ahnen et al., 2019; Frank et al., 2019; Murphy et al., 2020; 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gastrointestinal-tract
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Duysburgh et al., 2021). Numerous studies have attempted to exploit the potential 

therapeutic properties of β-glucans, which can generally be divided into immunomodulatory 

or metabolic properties (Yamada et al., 2007; Fang et al., 2012; Fuller et al., 2012; Kofuji et 

al., 2012; Vetvicka et al., 2019; Chan et al., 2021; Han et al., 2020; Sivien et al., 2022). The 

health benefits of β-glucans have been extensively documented over the past two decades. 

β-glucans are used as a disease prevention agent, as well as part of anticancer or anti-

inflammatory therapy. β-glucans are the most consumed immunomodulators with strong 

anti-tumor, insulin resistance, anti-hypertension, and anti-obesity effects. β-glucans are 

recognized and effective inducer for trained immunity to protect the organism from viral, 

bacterial, and fungal pathogens (Davis et al., 2004; Khan et al., 2016; Medina-Gali et al., 

2018; Vetvicka et al., 2020; Konusova et al., 2021; Schwartz et al., 2021; Liang et al., 2022; 

Krishnan et al., 2022; Wang et al., 2023; Wzorek-Lyczko et al., 2023), and its 

immunomodulatory effect (Di Luzio et al., 1985; Vetvicka et al., 2008; Jang et al., 2009; 

Murphy et al., 2020; Lee et al., 2021; Thomas et al., 2022). Specifically, 1.3, 1.6 β-glucans 

have greater immunomodulatory activity than the other forms and can exert a bidirectional 

action on the immune system by either boosting or suppressing immune responses. It was 

demonstrated that the immunostimulatory activity of β-glucans is exerted by activating 

macrophages and increasing the number of immunoglobulins (Daou et al., 2012). The 

immunomodulatory effects of β-glucans and their subsequent benefits were investigated in 

the context of infectious diseases and cancer (Murphy et al., 2012). Furthermore, during 

hyperactivation of the immune system, for example microglial activation during infection, 

they re-establish the immune system and reduce inflammation (Chen et al., 2023). LPS-

induced immune system and inflammatory activation is also restored by β-glucans 

(Novakovic et al., 2016). The modulation of the immune system by β-glucans also 

determines the modulation of inflammation. In fact, during the immune stimulation of β-

glucans, i.e. during infection, it is possible to observe an increase in pro-inflammatory 

cytokines to fight infection. Instead, in conditions in which β-glucans reduce immune 

hyperactivation, it is possible to observe a reduction in pro-inflammatory- and activation of 

anti-inflammatory-cytokines, thus reducing inflammation (Camilli et al., 2022; Chen et al., 

2023; Zhao et al., 2024). Moreover, the immunomodulation by β-glucans can induce axons 

regeneration in the central nervous system, i.e. the optic nerves, by binding to dectin 1 

(Baldwin et al., 2015). In addition to their immunomodulatory action, β-glucans are 

metabolized by some gut bacteria and therefore modulate the composition of the gut 

microbiota with positive actions of the host (Xu et al., 2020; Shi et al., 2020; Golish et al., 

2021; Zhen et al., 2021; Hu et al., 2022; Karimi et al., 2023; Singh et al., 2023; Sung et al., 

2023; Zhang et al., 2023). The antioxidant effects of β-glucans have been extensively studied 

using in vitro and in vivo animal models (Song et al., 2006; Kogani et al., 2008; Jaehing et 

al., 2008; Blaszczyk et al., 2015; Giese et al., 2015; Ciecierska et al., 2019; Liu et al., 2021; 

Han et al., 2022). Some studies suggest anti-neoplastic effects of β-glucans (Chen et al., 
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2007; Albeituni et al., 2016; Wang et al., 2020). They could be useful as adjuvants during 

chemotherapy or monoclonal antibodies to improve the quality of life of cancer patients 

(Hong et al., 2003; Tian et al., 2013; Jacobson et al., 2019; O’Day et al., 2019; Cheung et al., 

2022). Moreover, it was examined the ability of β-glucans in the prevention and treatment 

of metabolic syndrome, their underlying mechanisms of action, and their potential in food 

applications (El Khoury et al., 2012; Mosikanon et al., 2017; Ferreira et al., 2022; Mitchelson 

et al., 2022). In fact, β-glucans can reduce risk factors associated with diabetes mellitus and 

benefit diabetes therapy (Chen et al., 2008). β-glucans have been shown to reduce total 

cholesterol and blood lipid profile, as well as maintain body weight (Liatis et al., 2009). 

Given the important activities of β-glucans, these compounds have benefits in many 

conditions and pathologies. β-glucans can promote wound healing, alleviate ischemic heart 

damage and cardiac disease (Qian et al., 2009; Esefoglu et al., 2016; Wang et al., 2016; Kaya 

et al., 2019). β-glucans are also able to speed up the healing of wounds in different contexts 

(Majtan and Jesenak, 2018; Fronte et al., 2019; Seo et al., 2019; Edirisinghe et al., 2023). 

Finally, a positive action of β-glucans on cognitive impairment in neurodegenerative 

diseases, such as Alzheimer disease (Xu et al., 2020; Hu et al., 2022; Shi et al., 2023; Zhang 

et al., 2023). 

1.7.5 β-glucans and autophagy 

The strong relationship between autophagy and immunity (Zhou and Zang, 2012; Oh and 

Lee, 2014; Jang et al., 2019) has increased the evidence for autophagy induction by β-

glucans.  Interestingly, experiments have also shown that the induction of acquired 

immunity by β-glucans depends on autophagy. Both pharmacological and genetic inhibition 

of autophagy leads to blockade of acquired responses (Buffen et al., 2014). Indeed, 

individuals with autophagy defects are unable to develop a complete and potent acquired 

immunity (Buffen et al., 2014). Furthermore, autophagy itself has been shown to be a crucial 

component of macrophage activation/polarization. β-glucans induces autophagy in 

dendritic cells involving the maturation of these cells and facilitating the immune response 

(Ding et al., 2019). Furthermore, β-glucans determine the appearance of acidic vesicular 

compartments (AVO) and the accumulation of protein light chain-3 (LC3) within 

macrophages. β-glucan exposure triggers autophagy through LC3-associated phagocytosis 

and directs LC3 recruitment to phagosomes containing material to be digested (Ma and 

Underhill, 2013). Therefore, β-glucans can be exploited to trigger autophagy (Fatima et al., 

2017; Blaszczyk et al., 2022). In addition, β-glucan regulates metabolism by inducing 

autophagy. For example, in, β-glucans have role in lipid metabolism in zebrafish larvae 

decreasing adipose mass by autophagy induction (Li et al., 2019). Induction of autophagy by 

β-glucan has also been observed as a mechanism for viral defence (Liang et al., 2022). 

Furthermore, it has been observed that β-glucans induce autophagy by downregulating the 

expression of proinflammatory cytokines in diverse pathologies, such as inflammatory 
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bowel disease (IBD; Xu et al., 2023), colitis (Kopiasz et al., 2021) or in cancer (Kopiasz et al., 

2024). 

1.8 Nothobranchius furzeri 

Model organisms are unavoidable for aging research. For years, yeast, fruit flies, 

roundworms, mice, rats, dogs and monkeys enabled scientists to make fundamental 

discoveries into the biology of aging. Fruit flies, and nematodes are tiny and inexpensive, 

have a short lifespan and their genetic manipulation is straightforward, that made them 

instrumental in the discovery of fundamental conserved mechanisms of aging, but they lack 

vertebrate specific genes (e.g. APOE, the main genetic determinant of human aging) and 

have body plans entirely different from those of vertebrates as they lack bones, adaptive 

immunity and myelinated axons, among the other things. On the other hand, common 

vertebrate models such as mice or zebrafish have lifespan of years, which represents a limit 

for aging studies. In 2003, Nothobranchius furzeri (Nfu) was presented as the vertebrates 

with the shortest lifespan and was proposed as an alternative animal model for studying 

aging (Valdesalici and Cellerino, 2003) as it became increasingly accepted and used to 

investigate the effects of interventions on aging and lifespan (Valenzano et al., 2006; 

Terzibasi et al., 2007; Kim et al., 2016; Poeschla and Valenzano, 2020).  

1.8.1 Lifecycle of Nfu 

 Nfu lives East Africa in seasonal pools that fill during the short rainy season and dry up 

completely during the subsequent, longer dry season (Genade et al., 2005). To survive and 

reproduce in this environment, Nfu have evolved an annual life cycle, characterized by a 

prolonged period of embryonic stasis called diapause, followed by rapid growth and sexual 

maturation. Once the dry season ends and the natural pools are filled with rainwater, the 

embryos hatch and quickly reach sexual maturity. Once they reach maturity, killifish 

reproduce and lay eggs daily, as Figure 22 shows (Cellerino et al., 2016).  Overall, annual 

Nfu have adapted to their unique environment by evolving a life cycle characterized by 

prolonged arrest of embryonic development during dry seasons and explosive growth and 

sexual maturation during wet seasons.  

Several strains of Nfu have been bred in the laboratory and their lifespan has been studied. 

Specifically, two strains are more studied, the GRZ strain and the MZM0410 strain 

(Terzibasi et al., 2008). The GRZ strain derives from a population collected in 1968 in 

Zimbabwe. The recorded lifespan of the GRZ strain is the shortest among all Nfu species and 

ranges from 12 to 20 weeks. The MZM0410 strain was collected in 2004 in Mozambique and 

has a longer lifespan that can reach up to 30-40 weeks of average lifespan. A more recent 

strain, MZCS222, was collected in Mozambique in 2012 and has a similar lifespan as the 
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MZM04010 strain (Blazek et al. 2017). Lifespan is also influenced by husbandry conditions 

so that the same strain can have lifespan in different laboratories. 

 

Figure 22: Lifecycle of Nfu. After hatching, Nfu mature rapidly and begin reproducing within a few weeks. After sexual 

maturation, Nfu continue to grow throughout their lives. Fertilized eggs may arrest in diapause development at various 

developmental stages and may persist in diapause for several years. After escaping from diapause, the embryos mature in 

2-3 weeks before hatching and the Nfu life cycle begins again. From Poeschla and Valenzano, 2020 

1.8.2 Nfu aging phenotypes 

The rapid aging of Nfu entails hallmarks of aging at the molecular, cellular and physiological 

level shared with other vertebrates, including humans (Genade et al., 2005; Valenzano et 

al., 2006b; Terzibasi et al., 2007; Hartmann et al., 2009; Terzibasi et al., 2009; Hartmann 

et al., 2011). The table below (Tab. 1) summarizes the main aging phenotypes shared with 

other organisms.  
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Table 1: Aging phenotypes conserved in Nothobranchius spp. and their occurrence in other model taxa. From Cellerino and 

Valenzano, 2015 

The most relevant aging phenotypes for this thesis will be described in detail below.  

Nfu males progressively lose body and tail colour as well as their distinct aging pattern, like 

blind mammals that progressively lose fur and skin pigment with age (Geyfman and 
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Andersen, 2010). Aging phenotypes in Nfu are also associated with abnormal, defective 

vision (Vanhunsel et al., 2021), structural deterioration of the fins, reduced spontaneous 

locomotion activity (Genade et al., 2005; Evsiukova et al., 2021) and impaired learning 

(Valenzano et al., 2006b; Mariën et al., 2024). Additionally, Nfu regeneration ability are 

reduced with age both in fins (Wendler et al., 2015) and central nervous system (Van Houcke 

et al., 2021; Vanhunsel et al., 2021). In addition, an increased concentration of lipofuscin, a 

canonical aging marker (Goyal, 1982), was observed in the brain, liver, heart, and skeletal 

muscle of old Nfu (Terzibasi et al., 2008; Ahuja et al., 2019; Ruparelia et al., 2023). Staining 

of senescence-associated β-galactosidase (SA-β-gal), a marker of cellular senescence and 

stress response in human cells (Cristofalo, 2005; Dimri et al., 1995; Kurz et al., 2000; 

Untergasser et al., 2003; Yegorov et al., 1998), increases significantly in the skin and brain 

of aged fish (Genade et al., 2005; Graf et al., 2013; Van Houcke et al., 2023). Neoplastic 

lesions have been measured in Nfu using several neoplasms associated proteins, including 

Bcl-2, cytokeratin-8, carcinoembryonic antigen, and mutated p53 (Di Cicco et al., 2011). In 

this study, the liver showed the highest incidence rate of neoplasms, specifically in the short-

lived GRZ strain. Furthermore, the frequency of these lesions increases with the aging of the 

fish (Di Cicco et al., 2011). In addition, Nfu shows shortening of telomere during aging 

(Hartmann et al., 2009). Interestingly, Nfu telomeres, which are over four times shorter 

than those of mice (Zhu et al., 1998), are comparable in length to human telomeres and 

shorten with age (Hartmann et al., 2009). In addition, a telomerase mutant line of Nfu 

showed premature infertility, a dramatic decrease in the number of red and white blood 

cells, abnormalities in the epithelial cells of the intestine, including a decrease in polarity, 

and an increase in the nuclear/cytoplasmic ratio (Harel et al., 2015). These findings suggest 

that telomerase plays a key role in maintaining organismal homeostasis in the turquoise 

killifish, as in other organisms. Moreover, Mitochondrial DNA (mtDNA) instability was 

observed in Nfu. mtDNA copy number was found to be significantly reduced in different 

organs including brain, liver, and muscle, and mitohcondrial biogenesis was also impaired 

in muscles of elderly individuals (Hartmann et al., 2011).  

1.8.2.1 Nfu brain aging phenotypes 

Nfu brain aging has seen an increase in interest in recent years (Matsui et al., 2019; Kelmer 

Sacramento et al., 2020; Van Houcke et al., 2021; Vanhunsel et al., 2021; Bagnoli et al., 

2022; Louka et al., 2022; Vanhunsel et al., 2022; de Bakker and Valenzano, 2023; Mariën 

et al., 2024). Nfu aging reveal a multifaceted degenerative process sharing key aspects with 

human neurodegenerative diseases associated with aging (Fig. 23). The main brain aging-

related phenotypes of Nfu are discussed below.  
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Figure 23: Nfu brain aging phenotypes in common with human brain aging. From Valenzano and de Bakker, 

2023 

• Reduced neurogenesis: 

The reduced ability to produce new neurons during aging is associated with 

neurodegenerative diseases in mammals (Rodríguez and Verkhratsky, 2011; Winner et al., 

2011).  Nfu brain shows a drastic decrease in neurogenic potential with age (Tozzini et al., 

2012). In detail, a decrease in the homeostatic neurogenerative potential primarily of 

dividing nonglial progenitors, as Figure 24 shows (Van Houcke et al., 2021). In addition, to 

the decline in homeostatic neurogenesis, the Nfu telencephalon also shows a strong age-

related reduction in regenerative capacity after a stab wound, resulting in permanent glial 

scar formation. A decrease in the division of non-glial progenitor cells and induction of 

cellular senescence is thought to be primarily responsible for the loss of regenerative 

capacity (Van Houcke et al., 2021). Indeed, the use of senolytics improves brain regeneration 

in Nfu (Van Houcke et al., 2023). It is important to underline that the loss of regenerative 

capacity could be the basis of the accumulation of tissue damage in Nfu aging. These results 

may indicate that the decrease in neurogenic potential may contribute to the overall 

physiological decline of old Nfu. 
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Figure 24: Reduction of neurogenesis in old Nfu compared to young (scare bar 100 µm). The images show a reduction of 

marker related to neurogenesis, such as BLBP (Fuchsia), PCNA (Green) and SOX2 (Blue). From Van Houcke et al., 2021 

 

• Neuronal degeneration: 

Nfu shows neuronal degeneration in the aging brain, as observed using Fluoro-Jade B 

staining, as Figure 25 A shows (Valenzano et al., 2006b; Terzibasi et al., 2008). Specifically, 

neurodegeneration also increases in the brain of GRZ strain as early as 2 months of age, 

strongly suggesting a spontaneous age-dependent increase in neurodegeneration 

(Valenzano et al., 2006b; Terzibasi et al., 2007). Furthermore, it has been identified that 

Nfu shows an age-dependent decrease in the number of dopaminergic in the locus coeruleus 

[Matsui et al., 2019; Bagnoli et al., 2022; (Fig. 25)].  
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Figure 25: Neurodegeration of old Nfu. A, Neurodegeration of Nfu using Fluoro-Jade B (white) in 

Telencephalon, Optic tectum and Hind brain. The white arrows indicate Fluore-Jabe B staining. From Terzibasi 

et al., 2008. B, Degeneration of dopaminergic neurons (TH staining, white) in locus coerelus comping young (1 

month) and aged (5 months) brains. From Matsui et al., 2019 

• Protein aggregation: 
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A typical neurodegeneration phenotype, protein aggregation, was observed in the aging Nfu 

brain (Kelmer Sacramento et al., 2020; Matsui et al., 2019). Moreover, Nfu shows 

accumulation of lipofuscin (residues of lipid and protein oxidation) in aging tissues (Fig. 

26A), including the brain (Terzibasi et al., 2008). Age-related increases in protein 

aggregation (an example in Fig. 26B), including ubiquitinated proteins, have been 

associated with age-related declines in proteasome activity (Kelmer Sacramento et al., 2020; 

Matsui et al., 2019). For example, an accumulation of human disease-specific proteins such 

as TDP-43 has been observed, indicative of FTD and ALS (Jo et al., 2020), or α-synuclein, 

indicative of AD (Louka et al., 2022; Matsui et al., 2019; Stefanis, 2012). Aggregated 

intracellular TDP-43 accumulates with age and colocalizes with stress granule markers in 

the telencephalon and optic tectum (Louka et al., 2022). Accumulation of α-synuclein was 

detected in the medulla oblongata before expanding towards the rostral side of the brain, 

showing a similar spatiotemporal sequence of events in the brains of PD’s patients (Matsui 

et al., 2019). 
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Figure 26: Aggregation proteins in old brain of Nfu. A) Lipofuscin aggregation during aging in Nfu, the white arrows 

indicate the granules of lipofuscin in Telencephalon, Optic Tectum and Hind Brain in different strains (GRZ and 

MZM03/04) and ages (11 and 21 weeks). From Terzibasi et al., 2008. B) Ribosomal protein aggregates in old Nfu. 

Protesostat (red) indicates the aggregates of proteins (scare bar 10 µm). From Sacramento et al., 2020 

 

• Inflammation: 
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Increased protein aggregation and neuron degeneration it is often accompanied by an 

increase in activated microglia (Hickman et al., 2018). In the telencephalon and optic tectum 

of Nfu, the quantity of microglia increases in the aging Nfu brain (Fig. 27). In specific, an 

increased number of neonatal microglia was observed in aged Nfu (Vanhunsel et al., 2021). 

The age-dependent increase in microglia suggests a possible increase in the inflammatory 

state. Similarly, increased expression of complement, a generally of inflammatory response 

is observed both at the level of transcripts (Baumgart et al., 2014) and proteins (Kelmer et 

al., 2020) 

 

Figure 27: Inflammation (L-plastin) in Optic tectum of Nfu during aging. Comparison of l-plastin, marker of 

microglia/macrophages in different ages, or 6 wph, 12 wph, 18 wph and 24 wph (scare bar 20 µm). From 

Vanhunsel et al., 2021 

• Astrogliosis: 

As the process of astrogliosis is observed in neurodegenerative diseases, and it is a 

consequence of the induction of M1 inflammatory phenotype in microglia cells that –via 

inflammatory cytokines- induces the so-called A1 phenotype of astrocytes that is 

characterized by increased expression of GFAP (Liddelow et al., 2017; Clarke et al., 2018; 

Lawrence et al., 2023). Astrogliosis is also observed in the aging brain of Nfu as 

demonstrated by the dramatic increase of throughout the optic tectum and telencephalon, 

as Figure 28 shows (Tozzini et al., 2012; Vanhunsel et al., 2021) and was confirmed by 

proteomics (Kelmer et al., 2020). Moreover, it is interesting to specify that the increase in 

GFAP signalling in Nfu may not be indicative of the same processes as those underlying the 

increase in GFAP signalling in humans, including neuronal degeneration.  
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Figure 28: Glial Fibrillar Acid Protein staining in optic tectum of young and old Nfu. GFAP is labelled in red. 

From Tozzini et al., 2012 

• Gut dysbiosis:  

In recent years it has become increasingly clear that intestinal dysbiosis is correlated with 

aging and age-associated neurodegenerative diseases (Biagi et al., 2016; Qian et al., 2018; 

Barichella et al., 2019; Li et al., 2019; Liu et al., 2020; Kaiyrlykyzy et al., 2022). Gut dysbiosis 

also occurs naturally in Nfu (Smith et al., 2017). Gut bacterial taxonomic diversity within an 

individual decreases in Nfu during aging (Smith et al., 2017). In Nfu, a decrease in 

Bacteroidetes, Firmicutes and Actinobacteria and an increase of Proteobacteria was 

observed (Smith et al., 2017), as also observed in AD patients (Vogt et al., 2017). Age-related 

changes in intestinal microbiology share similarities with those observed in patients 

suffering neurodegenerative diseases and could impact systemic health. 

• Cognitive decline: 

The decrease in cognitive abilities decreases dramatically with aging and in 

neurodegenerative disorders (Selkoe, 2021; van Dyck et al., 2022). Nfu show a significant 

age-dependent decrease in learning ability (Valenzano et al., 2006; McKay et al., 2022). 

Active avoidance test was used, in which fish must learn to avoid red light that is associated 

with a negative stimulus such as air bubbles. Unlike old Nfu, the young fish have learned to 

avoid red light. Besides this test, a positive associative learning test (McKay et al., 2022) was 

performed which showed reduced learning ability in old Nfu. Furthermore, life-extending 

interventions, such as dietary restrictions or resveratrol treatment, improved learning 

abilities in aged Nfu (Valenzano et al., 2006; Terzibasi et al., 2009; Yu and Li, 2012). 
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Age-dependent spontaneous phenotypes in Nfu are consistent with an overt degenerative 

process in the brain. Together these phenotypes are consistent with a degenerative process 

in the brain. Nfu brain aging trajectory resembles that of humans suffering from 

neurodegenerative diseases compared to that of healthy humans displaying a normal, non-

disease brain (Valenzano and de Bakker, 2023). Nfu is used as a natural model to study the 

underlying mechanisms of aging and the spontaneous onset of neurodegenerative diseases. 

The advantages of Nfu involve this animal useful for screening aimed at identifying diets, 

nutraceutical compounds and drugs potentially capable of reducing age-related 

neurodegenerative symptoms. 

1.8.2.2 Nfu a powerful model for invention in aging studies 

Nfu has emerged as a powerful model to investigate interventions in aging research for 

pharmacological and dietary interventions aimed at prolonging longevity. This short-lived 

vertebrate offers a unique combination of rapid aging and pronounced age-related 

phenotypes, making it ideal for lifespan studies. Nfu is utilized to explore the effects of 

various drugs and dietary supplement on lifespan extension, uncovering insights into the 

mechanisms of aging and potential therapeutic targets.  

The use of the Nfu animal model has allowed us to observe the significant effects of 

resveratrol on aging. For example, Valenzano et al. (2006) reported that resveratrol 

treatment led to a dose-dependent increase in the median and maximum lifespan of Nfu. 

Additionally, resveratrol was found to improve markers of healthspan, including enhanced 

locomotor activity and reduced cognitive decline (Valenzano et al., 2006a). Nfu was a good 

model to demonstrate the effect of resveratrol on prolonging lifespan. 

Furthermore, Nfu has been used in studies on the effect of Dietary Restriction (DR) on aging. 

DR significantly prolonged the lifespan of Nfu (Terzibasi et al., 2009a). Furthermore, DR 

was associated delayed onset of age-related phenotypes, and preservation of cognitive 

function (Terzibasi et al., 2009a). Nfu has demonstrated the effect of DR on increasing 

lifespan and slowing down aging phenotypes. 

In recent years, the different activities of BGs in different conditions, such as cancer, 

diabetes, cardiovascular diseases, etc. have been investigated in detail (Wang et al., 2017; 

Ahnen et al., 2019; Frank et al., 2019; Murphy et al., 2020; Duysburgh et al., 2021). 

Although, BGs have various activities that can act in the mechanisms of aging, there are few 

studies regarding their anti-aging function. Specifically, there are no studies on the effect of 

BGs in aging using Nfu. For contrary, Song et al. (2020) studied the effect of 1.3 BGs (from 

alga Euglena gracilis) in aging using Nothobranchius guentheri as a model animal. 

Nothobranchius guentheri were fed 1.3 BGs (1.25 g/kg body weight) were included in the 

worm from 36 wph. 1.3 BGs prolonged the lifespan of the Nothobranchius guentheri, in fact 
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treated live up to 54 wph, for contrary the controls 52 wph. Furthermore, it was shown that 

1.3 BGs reduced lipofuscin accumulation and β-galactosidase. Finally, 1.3 BGs reduced lipid 

and protein peroxidation by providing antioxidant activity in old Nothobranchius guentheri. 

This study demonstrated for the first time the potential utility in prolonging lifespan and the 

strong antioxidant activity of 1.3 BGs in aging using Nothobranchius guentheri (Song et al., 

2020). This study laid the foundation for idealizing my thesis project, and for investigating 

widely the effect of 1.3, 1.6 BGs in other aging phenotypes, specifically brain aging 

phenotypes, used Nfu as animal model.  
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2 THESIS AIMS 
 The above scenario is suggestive of 1.3, 1.6 β-glucans (BGs) implication in processes reduced 

during aging, i.e. in autophagy, immunomodulation, antioxidant, and anti-inflammatory 

processes. Therefore, the aim of this project is to investigate the effect of BGs in a naturally 

aging animal using Nothobranchius furzeri (Nfu) as a model organism.  

The first objective was to investigate if chronic low-concentration supplement on of BGs in 

the diet could retard the progression of aging-related phenotypes.  

The second object was to concentrate on brain aging and investigate whether acute 

administration of BGs in older subjects was also capable of inducing autophagy in neurons. 

The third objective was to investigate if BGs can act directly on the brain. To this end, I used 

cultured brain sliced from Nfu.  

The fourth aim was to understand we BGs where entirely mediated by microglia or there was 

also a direct action on neurons. To this end, I cultured iPSC-derived human neurons and 

investigated whether BGs induced autophagy in these cells.  

This last aim was fundamental to confirm the effect of BGs in neurons and to suggest a 

possible translation into humans in the future. 
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3 MATERIALS AND METHODS  
3.1 Ethics Statement 

The study has been performed in accordance with the European Union (EU) Directive 

2010/63/EU for animal experiments and according to the procedures established by the 

Institutional Animal Care and Use Committee (IACUC) of the University of Pisa. Ministry 

authorization B290E.N.VIC and B290E.N.TUN approves research on the effect of 1.3, 1.6 β 

-glucans (BGs) on aging using the Nothobranchius furzeri (Nfu) and zebrafish (respectively) 

as the experimental animal. 

3.2 Setting and Study Design 

The present study concerned the effect of 1,3-1,6 β-glucans (BGs) on aging in vivo and in ex-

vivo using Nothobranchius furzeri (Nfu) and zebrafish as animal models. It was carried-out 

at the Bio@SNS of Scuola Normale Superiore, Pisa (Italy), in collaboration with “AquaLab” 

of the Department of Veterinary Sciences of the University of Pisa, “Zebralab”of IRCCS Stella 

Maris and Biogem.  

3.3 Killifish Care and Maintenance 

All animal experiments were performed on Nothobranchius furzeri (Nfu) strain MZCS-

NF222 (Blažek et al., 2017). Embryos were hatched and housed locally in a recirculating 

Tecniplast Zebtech system with automatized water flow, pH and salinity control. Water 

parameters were set temperature of 28 °C, pH 7 and conductivity 800 μs/cm. The 

photoperiod was set to 12 h light 12 h dark in phase with external day/night cycle (Nath et 

al., 2023; Polacik et al., 2016; Dodzian et al., 2018). Fertilized eggs were maintained on wet 

peat moss at a temperature of 28 °C in sealed Petri dishes. When embryos reached the final 

stage of development, eggs were hatched by transferring them in 1: 1 humic acid (1g /L) at 

temperatures of 4 °C. Hatched embryos were transferred to a clean vessel with static water 

with daily water changes where they were kept until 2 weeks of age. For the first two weeks, 

fry were fed with newly hatched Artemia nauplii and were maintained in the incubator with 

the same parameters mentioned above. After age 2 weeks the diet was gradually shifted to 

frozen Chironomus larvae. 

3.4 Zebrafish Care and Maintenance 

The study was carried out using Tg(mpeg1.1: EGFP) zebrafish (Ellett et al., 2011; Renawat 

and Masai, 2021; Ge et al., 2023). Zebrafish were maintained at 28 °C in a water 

recirculating system under a 12 h light: dark photoperiod. The pH level of the water is 
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maintained at 7.0 – 8.0 and conductivity at 800 μs/cm (Lawrence, 2007). Adult were fed 4 

times a day alternating Zebrafeed (400-600 µm, Sparos, Portugal) and Artemia nauplii. 

Mating was performed using a single couple tank 0.8 L capacity and eggs were collected, 

washed with egg water, and incubated at 28 °C until hatching. At 10 dpf (days post 

fertilization) zebrafish were introduced into the recirculating system. Larvae were fed from 

5 dpf with Zebrafeed (<100 µm). During growth, the size of the feed was increased and 

Artemia nauplii was introduced (from 10 dpf). 

3.5 Inclusion of 1.3, 1.6 β-glucans in the food 

The 1.3, 1.6 β-glucans (from the cell wall of Saccharomyces cerevisiae, MacroGard®) utilized 

in our experiments were bought from Biorigin© (São Paulo, Brazil). To include it in the food, 

we ground up the Zebrafeed (Sparos, Portugal), added the concentration of 1.3, 1.6 β-glucans 

and water (125 mL/ 100g Zebrafeed) to create a pliable paste. The paste was injected into a 

syringe to form threads that were left in an oven overnight at 68 °C. The following day, we 

crushed the feed strands to re-create the feed's original size (400–600 µm). 

3.6 Experimental design 

The project comprises three aims: 

3.6.1 Chronic effects of 1.3, 1.6 β-glucans on aging in vivo 

Starting at the second week of life, fish were fed until 27 weeks post hatching (wph) with dry 

belonging to either of these tree groups (Fig. 29A):   Zebrafeed (400-600 µm), Zebrafeed 

fortified with 0,125 μg/gr  of 1.3, 1.6 β-glucans (corresponding to a doses of 12.5 mg/Kg BW 

assuming the consumption of 100mg per day) and Zebrafeed fortified with 1,25 μg/gr of 1.3, 

1.6 β-glucans (corresponding to a doses of 125 mg/Kg BW assuming the consumption of 100 

mg per day). 

3.6.2 Acute effects of 1.3, 1.6 β-glucans on aging in vivo 

Nothobranchius furzeri were fed with Zebrafeed fortified with 1,25 μg/gr of 1.3, 1.6 β-glucans 

(corresponding to a doses of 125 mg/Kg BW assuming the consumption of 100 mg per day) 

for a week starting at age 26 weeks (Fig. 29B). 

At age 27 weeks, fish were euthanized with MS-222 and organs were extracted for analysis.  
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Figure 29: Experimental design of diet fortified with 1.3, 1.6 β-glucans. A) Chronic diet fortified with 1.3, 1.6 β-glucans, B) 

Acute diet fortified with 1.3, 1.6 β-glucans 

3.7 Tissue fixation and processing 

Fish were euthanized with MS-222 and cooled on crushed ice for 5 minutes before 

dissection. Target tissues were dissected and fixed by immersion in 4% paraformaldehyde 

in 100mM PBS for a day. Some organs were then included in paraffin and cut at a thickness 

of 5 µm on a microtome. Other organs were immersed in 30% sucrose for two days and then 
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frozen in OTC embedding matrix (Carl Roth, Germany). Frozen blocks were cut with a 

cryostat (CM186 UV, Leica) at a thickness of 25 µm. The paraffin slides were deparaffinized 

in accordance with defined procedures before beginning histology or immunolabelling 

(Krogerus and Andersson, 1988). Furthermore, 1% PBS was used to wash the cryosections 

to eliminate OTC. 

3.7.1 Lipofuscin detection 

Unstained slices were mounted using a mounting solution for lipofuscin detection. As 

lipofuscin is autofluorescent, no staining is required to produce its emission when it is 

stimulated at 488 nm. Via the use of the apotome microscope, lipofuscin was obtained. 

3.7.2 Histology 

According to the established protocols, slides were stained with haematoxylin and eosin 

(H&E) and Sirus Red.  

3.7.2.1 Protocol for H&E staining:  

Immerse the sections in Hematoxalin for 3 minutes. The sections are rinsed with water for 

5 minutes. Then, the sections are stained with Eosin for 45 seconds. The sections are rinsed 

with water for 5 minutes. Subsequently, the sections were dehydrated at different 

concentrations of ethanol (3 x 5´ 95% ethanol, 3 x 5´ 100% ethanol, 2 x 10´ xylene. The 

sections were mounted using Permount (xylene based). 

3.7.2.2 Sirus Red Fast Green protocol: 

Sirius red and fast green staining (9046, Chondrex, Inc.) was used to detect muscle collagen 

deposits. Collagen fibers appeared magenta, while the non-collagen proteins were green. 

The slices are load with  0.3 ml Dye Solution for 30 minutes. After, the Dye Solution was 

aspirated, and the slices were rinse until the water runs clean. The slices were dehydrated 

and covered with coverslip.  

3.7.2.3 Immunofluorescence and and Proteostat™ Aggresome staining: 

Slides were subject to antigen unmasking using “Antigen Retrieval” acid (2,94g Trisodium 

citrate dihydrate, Tween 20 0,05%, 1L H2Omq, pH= 6)”. Antigen Retrival solution was put 

into a receptor, which was then heated in a microwave to 95 ° C. The slides were submerged 

in warm antigen retrival solution for two minutes. Three times this unmasking cycle was 

carried out. Only for slides stained with a with Aggresome (ProteoStat ™ Aggresome 

Detection Kit, Enzo Life Sciences Inc.) we applied a 1: 2000 solution of Aggresome stain in 

PBS for 3 minutes, rinsed in 1% PBS and left the sections immersed in 1% acetic acid 40 

minutes for de-staining. To prevent non-specific staining, slides were treated with normal 

serum blocking solution (BSA 5%, Triton 0.3% diluted in 1% PBS) for two hours at RT (Room 

Temperature). Sections were then incubated with primary antibody (Tab. 2) at appropriate 

dilution in primary antibody dilution buffer (BSA 1%, Triton 0.1% in 1% PBS) overnight at 
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4 °C. Sections were rinsed three times for 5 minutes with 1% PBS. Secondary antibodies 

(diluted 1:500) were stained at RT in in the same dilution buffer used for the primary 

antibodies for 2 hours. The slides were rinsed again with 1% PBS (3 times, 5 minutes) and 

DAPI (10 µg/ml; 10236276001, Sigma Aldrich) was added for 10 minutes. The slices were 

rinsed with 1% PBS (3 times, 5 minutes) and mounted with a specific mounting medium 

(Fluoroshield mounting, Sigma-Aldrich). 

Antibody Primary  Marker of Working Solution Product type Code 

GFAP Gliosis 1:500 Rabbit Polyclonal GTX128741, Genetex 

LAMP1 Lysosomes 1:500 Rabbit Polyclonal ab24170, Abcam 

LC3B Autophagy 1:500 Rabbit Polyclonal ab48394, Abcam 

LCP1 Inflammation 1:200 Rabbit Polyclonal GTX124420, Genetex 

Nitrotyrosine Peroxidation protein 1:500 Rabbit Polyclonal A-21285, Thermo Fisher 

Table 2: Antibodies 

3.8 Direct effects of 1.3, 1.6 β-glucans on the brain aging 

3.8.1 Cultured brain slides  

We created an ex-vivo model using the brains of Nfu aged 5, 10, and 27 weeks.  

Experiments are performed under sterile conditions with tools sterilised by autoclaving 

prior to use. 70% EtOH is used to sterilize equipment and surfaces throughout the 

experiment.  

1. The fish were euthanized in MS-222 (200 mg/L), and placed in 0.05% NaOH for 30 

seconds, followed by 70% EtOH for 30 seconds. This is done to sterilize the body and 

prevent the brain from becoming contaminated with bacteria during dissection. 

2. The fish were decapitated using scissors. 

3. The heads were transferred in the dissecting medium and brains were dissected using 

a stereomicroscope. The longer it takes to extract the brain, the less likely it is that 

the slices will survive. 

4. The brains extracted were placed it on the micrometric slide and, using a precision 

micro-knife, cut it in half sagittally. 

5. The cultured brain slices were extracted and appropriately positioned on the 

semipermeable membranes (PICM0RG50, Merk Life Science, Germany) containing 



63 
 

culture medium, place the six well plate into the incubator set at a temperature of 

28°C and 5% CO2.  

The culture medium used for cultured brain slices is composed of: DMEM/F12 (21331020, 

Thermofisher, USA), FCS 10% (ECS5000L, Euroclone, Italy), Sterile milliQ water 10%, 

Insulin 0.033% (L9278, Merk Life Science, Germany), Ascorbic acid 1% 511 µM, PenStrep 

1% (ECB3001D, Euroclone, Italy), Glucose to adjust the solution at 0,4% (A2494001, 

Thermofisher, Italy). This medium was changed every day, and I put in the medium some 

treatment, like 1.3, 1.6 β-glucans, Bafilomycin A1, plx5622 and DMSO (control), to observe 

their effect.  

The slices were treated with 1.3, 1.6 β-glucans (BGs) at 8 mg / L concentration (Brogi et al., 

2021) in culture medium for three days to observe the effects of 1.3, 1.6 β-glucans in 

autophagy at different aging (Fig. 30A). Moreover, the cultured brain sliced extracted of 

Nothobranchius of 5-week and Tg(mpeg1.1.: EGFP+) zebrafish were also treated with 100 

nm of Bafilomycin A1 for 3 days (Fig. 30B) to observe if 1.3, 1.6 β-glucans is inductor of 

autophagy and restore autophagy in condition of impairment of this mechanism. Finally, 

the cultured brain slices of Nothobranchius of 10-week were treated for 3 days with 20 µm 

of plx5622 to deplete microglia (Fig. 30C). This experiment was useful to understand if BGs 

induce autophagy activating cells other than microglia.  
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Figure 30: Experimental design of treatment of cultured brain slices. A) Timeline of experimental design, B) 

Experimental design of cultured brain slices treated with BGs in different ages (5, 10, 27 wph), C) Experimental design of 

cultured brain slices at 5 wph treated with BGs, Bafilomycin A1, Bafilomycin A1 and BGs, D) Experimental design of 

cultured brain slices of Tg(mpeg1.1.: EGFP+) treated with Bafilomycin A1, Bafilomycin A1 and BGs, E) Experimental 

design of cultured brain slices at 5 wph treated with BGs, plx5622, plx5622 and BGs 

3.8.1 Preparation of treatment for Culture brain slices 

3.8.1.1 1.3, 1.6 β-glucans solution and sonication 

1.3, 1.6 β-glucans (from the cell wall of Saccharomyces cerevisiae, MacroGard®) in water 

were sonicated for 2 minutes in 30 second on/off cycles, to have microparticle of 1.3, 1.6 β-

glucans in solution stock. 1.3, 1.6 β-glucans solution stock was diluted in medium to have 

working solution of 8 mg/L. 

3.8.1.2 Bafilomycin A1 solution 

The lyophilized powder of Bafilomycin A1 (19-148; Merck; 50ug) was dissolved in 80.28 μl 

of DMSO to have a stock of 1mM Bafilomycin A1 solution stock. Bafilomycin solution stock 

was stored at -20°C. Bafilomycin A1 working concentration was diluted in medium of 

cultured brain slices or neuronal cultures to 10 or 100 nM. 

3.8.1.3 Plx5622 solution 

The crystals of plx5622 (1303420-67-8; Cayman Chemical; 5mg) was dissolved in 1.26 mL 

of DMSO to have a stock of 10mM plx5622 solution stock. Plx5622 solution stock was stored 

at -20°C. plx5622 working concentration was diluted in medium of cultured brain slices or 

neuronal cultures to 20 μM. 

I performed immunofluorescence including some kits “Lysotracker” and “Mitotracker” and 

“CYTO-ID Autophagic detection”, proteomic analyses. 

3.8.1.4 Immunofluorescence staining 

I fixed the slices for 15 minutes by placing 1 ml of PFA 4% above and 1 ml below the 

membrane. After several washes we added the blocking solution (BSA 5%, Triton 0.1% 

dissolved in 1% PBS) for 4 hours to RT on a rocker in gentle agitation. We added the primary 

antibody (LC3B, ab38354, Abcam; LCP1, GTX124420, Genetex) into the antibody solution 

(BSA 1%, Triton 0.1% dissolved in 1% PBS) for 3 days at 4 ° C on a rocker agitation. After 3 

days, the slides were washed in 1 %PBS and added the secondary antibody in the antibody 

solution. After washing the slides in 1% PBS, DAPI (10 µg/ml; 10236276001, Sigma Aldrich) 

was put on a rocker agitation at 4 ° C. After 3 washes in 1% PBS for 10 minutes, e A2 Sca/e 

clarity solution (Glycerol 10%, Urea 4M, Triton 0.1%) was added until the brain slices were 

transparent (util a week). For the maintenance of fluorescence, the S4D25(0) Sca/e solution 

[D(–)-Sorbitol 40% (wt/vol); Glycerol 10% (wt/vol); Urea 4 M; DMSO 25% (vol/vol)] was 

substituted with an A2 solution. 
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3.8.1.5 Lysotracker and Mitotracker staning 

First of all, Lysotracker (LysoTracker™ Green DND-26, special packaging; L7526; Thermo 

Fischer), and Mitotracker was validated the use of the in the ex-vivo model and discovered 

the best parameters of use by observing the penetration of the kits every 5 minutes 

(Lysostracker) or every 30 minutes (Mitotracker). Not fixed cultured brain slices (at 27 wph) 

were stained with Lysotracker, marker of lysosomes, or Mitotracker, marker of 

Mitochondria. Lysotracker was introduced to the medium at the concentration of 75 µM for 

45 minutes at 28 ° C in an incubator. Then, 3 washes of 10 min with medium were 

performed. The lyophilised dried powder of Mitotracker reagent was reconstituted in 

DMSO, as described in the Product Datasheet. The Mitotracker was added at the 

concentration of 500 nM in medium for 90 minutes at 28 ° C and 5% CO2 in an incubator, 

followed by three 10-minute washes. The cultured brain slices were fixed in PFA 4% as for 

immunofluorescence analyses and they are viewed using confocal Zeiss LSM 900 with 

Airyscan.  

3.8.1.6 CYTO-ID Autophagic detection  

First of all, the use of the CYTO-ID® Autophagy detection kit 2.0 (ENZ-KIT175, Enzo) in the 

ex-vivo model was validated, given that this kit is designed for cell cultures. Then, in the 

medium of the cultured brain slices every 1add 2 µL of CYTO-ID® Green Detection Reagent 

was added and 1 µL of Hoechst 33342 Nuclear Stain. Initially, every 30 minutes it was 

observed whether the Reagent had penetrated the cultured brain slices in confocal 

instrument. I have observed that 2 µL of CYTO-ID® Green Detection Reagent 2 for 90 

minutes at 28 ° C and 5% CO2 in the incubator are the best parameters for the action of this 

kit. The cultured brain slices were rinse three times for 10 minutes and were fixed in PFA 

4% as for immunofluorescence analyses and they are viewed using Confocal (Stellaris 5, 

Leica).  

3.9 Direct effects of BGs on iPSC-derived human neurons 

Human cortical neurons were cultured from 10 DIV 10 to 90 DIV, as described below. 

3.9.1 Cultivation of IPSC-derived human cortical neurons 

Day 1 

Dilute the Poly-D-Lysine (A-003-E, Sigma-Adrich) solution with sterile dH2O to a final 

concentration of 50 µg/mL was incubated plates ON in a 37 °C, 5% CO2 humidified 

incubator. 

Day 2 

Dilute the Mouse Laminin I solution (C095-M, Merck Millipore) with sterile PBS to a final 

concentration of 10 µg/mL was prepared. Dilute the Poly-D-Lysine solution was aspirated 
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and Mouse Laminin I solution was incubate the plates ON in a 37 °C, 5% CO2 humidified 

incubator. 

Day 3 

Neurons were thawed in the 37°C, then cells were diluted (1:5) in Hanks' Balanced Salt 

Solution (HBBS; 14025092, ThermoFisher Scientific) and centrifuged at 200g for 4 minutes 

at RT. The solution was aspirated, and the cell pellet was resuspended in maintenance 

medium (WiBiTi) with 2 µM Y-27632 (or rock-inhibitor, SM02-5, Cell Guidance Systems), 

and 20 µM DAPT (Notch inhibitor; D5942, Sigma Aldrich). Neurons were plated at 200000 

cells/cm2 in plates aspirated from the lamina I solution.  

iPSC-derived human cortical neurons were maintained in WiBiTi medium (Table xxx) from 

10 to 15 DIV. WiBiTi medium based in DMEM/F-12 (21331-046, ThermoFisher Scientific) 

containing 2mM Glutamine (25030, ThermoFisher Scientific), 1 mM Sodium Pyruvate 

(11360070, ThermoFisher Scientific), 1mM Non-essential amino acids (11140, Sigma 

Aldrich), 0.05mM β-mercaptoethanol (M3148, Sigma Aldrich), 10 μM 53AH (C5324-10, 

Cellagen Technology), 10 μM LDN193189 hydrochloride (SMLO559, Sigma-Adrich), 1 μM 

RepSox (Sigma-Aldrich R0158-5MG), N-2 Supplement 100X (175020, ThermoFisher 

Scientific), and B-27 Supplement minus Vitamin A 50X (125870, ThermoFisher Scientific). 

N2B27 medium was used from 16 to 32 DIV. N2B27 medium based DMEM/F-12 containing 

2mM Glutamine, 1 mM Sodium Pyruvate, 1mM Non-essential amino acids, 0.05 mM β-

mercaptoethanol, N-2 Supplement 100X, and B-27 Supplement minus Vitamin A 50X. 

iPSC-derived human neurons (32-70 DIV) were maintained with Neurobasal Young 

medium, changing it half the volume of the soil every 2 or 3 days as needed. Neurobasal 

medium based Neurobasal (21103049, ThermoFisher Scientific) containing 2mM 

Glutamine, 1 mM Sodium Pyruvate, 0.05mM β-mercaptoethanol, N-2 Supplement 100X, B-

27 Supplement minus Vitamin A 50X (for “Young Medium”) or B-27 Supplement 50X 

(17504044, ThermoFisher Scientific; for Old medium), 0.5 mM Ascorbic acid (A92902, 

Sigma Aldrich), and Recombinant human BDNF (20 ng/ml, NBP2-52006, Novus 

Biologicals). From 70 DIV to 90 DIV iPSC-derived human cortical neurons were maintained 

with Neurobasal Old medium. Every 2 weeks the neurons were split. After washing the cells 

with Versene for minutes and detaching with Acutase for 10 minutes at 37°C (incubator), 

the cells were aspirated and diluted in 1% PBS (1:5). Cell suspensions were centrifuged at 

200 g for 4 minutes at RT, solution was aspirated, and the cell pellet was resuspended in 

maintenance medium (depending on the DIV) supplemented with 2 µM Y-27632, 20 µM 

DAPT and 10 µM LDN193189 hydrochloride. Less than 24 hours later, maintenance medium 

containing 2 µM Y-27632, 20 µM DAPT and 10 µM LDN193189 hydrochloride was aspirated 

and fresh, unsupplemented medium was added.  
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The last split was performed on 24-glass multiwell to be acquired confocally after 

immunofluorescence.  

3.9.2 Experimental design of iPSC-derived human cortical neurons 

After maintenance of iPSC-derived human cortical neurons up to 87 DIV, treatment with 

BGs and Bafilomycin A1 (10 and 100 nm) was carried out. The experimental design is 

described below in Figure 31. The acute experiment (Fig. 31A) is divided into 4 groups, i.e. 

control, 8 mg/L BGs, 100 nm Bafilomycin and 100 nm Bafilomycin + 8 mg/L BGs. In the 

prolonged treatment experiment (Fig. 31B) there are 6 groups, namely control, 8 mg/L BGs, 

10 nm Bafilomycin A1, 10 nm Bafilomycin A1 + 8 mg/L BGs, 100 nm Bafilomycin A1 and 

100 nm Bafilomycin + 8 mg/L BGs. 
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Figure 31: Experimental design about treatments of IPSC-derivate human cortical neurons. A) Acute treatment (24 

hours) of BGs, Bafilomycin A1 100 nm and the combination of both, B) 3-day treatment of BGs, Bafilomycin A1 10 nm 

Bafilomycin A1 100 nm and the combination between BGs and each concentration of Bafilomycin A1. CTR (in black) = 

Control, i.e. no treatment. BGs (in green) = 8 mg/L of BGs. BAF 10 (red) = 10 nm of Bafilomycin A1. BAF 100 (blue) = 

100 nm of Bafilomycin A1. BAF 10 + BGs (pink) = 10 nm of Bafilomycin A1 and 8 mg/L of BGs. BAF 100 + BGs (yellow) = 

100 nm of Bafilomycin A1 and 8 mg/L of BGs 

3.9.3 Immunofluorescence iPSC-derived human neurons 

iPSC-derived human neurons DIV 90 were fixed with 2% PFA/1% PBS for 15 minutes at RT, 

after which the PFA was aspirated and replaced with fresh 1% PBS. Then, neurons were 

washed 3 times in 1X PBS after fixation and permeabilized and blocked in 10% Goat 

Serum/0.5% Triton-X in PBS and incubated at room temperature for 1 hour. The blocking 

buffer was aspirated and replaced with a primary antibody solution (Tab. 3) containing 10% 

Goat Serum in PBS and allowed to incubate ON at 4°C. The primary antibody solution was 

aspirated, the samples were washed 3 times in 1X PBS, 10 minutes per wash, and then 

allowed to incubate for 1 hour at room temperature in a secondary antibody solution 

(diliuted 1:1000) containing 0% Goat Serum in 1% PBS. Secondary antibody solution was 

aspirated, samples were washed 3 times in 1% PBS, 10 minutes per wash, and during the last 

wash DAPI (10 µg/ml; 10236276001, Sigma Aldrich) was included for 10 minutes after being 

washed in 1% PBS for 10 minutes. Samples were mounted with 3-4 drops of AquaPolymount 

(18606, Polysciences Inc.) and allowed to cure 72 hours before confocal acquisition. 

 

Antibody Primary  Marker of Working Solution Product type Code 

Tubulin βIII Neurons 1:10000 Mouse Monoclonal 801201, Biolegend 

LC3B Autophagy 1:500 Rabbit Polyclonal ab48394, Abcam 

Table 3: Antibodies used in iPSC-derived neurons 

3.10 Microscopy 

Histological images were acquired in bright field by Nixon optical microscope (Eclipse 

E400). Slides were acquired using a Zeiss Apotome.2 with Axiovision microscope equipped 

with Axiocam 807 mono.  camera (fluorescence), a camera (Bright field) and Apotome slide. 

Subsequently, the images were processed using the software suite Zen Blue. Two distinct 

magnifications (objectives 40x and 63x, both oil immersion) were used to acquire z-stacks 

of multiple focal planes at 0.5 um each. Three areas were acquired for three sections for each 
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sample. Cultured brain slides were acquired using a confocal Zeiss LSM 900 with Airyscan 

2 at 63x oil immersion using modality Airyscan. Z-stacks consisting of 10 focal planes of 2.5 

µm each. Z-stack images of cultured brain slices Tg(mpeg1.1.1:EGFP +) were acquired with 

a step size of 2 μm using a 63× objective (NA 1.28) on an Leica Stellaris 5 spanning a 

thickness of 20 μm. Z-stack images of cultured brain slices treated with plx5622 were 

acquired with a step size of 2.5 μm using a 63× objective (NA 1.28) on a Leica Stellaris 5 

spanning a thickness of 25 μm. Six areas were acquired for three/five (depending on the 

experiment) cultured brain slices. IPSC-derived human neurons were acquired with 10 

stacks a 0.5 μm pitch using a 63 objective (NA 1.28) on a Leica Stellaris 5. 3 wells (multi-well 

24) were quantified for each group, 10 images were acquired for each well.  

3.11 Quantification of each phenotype 

Images were quantified using Fiji software. The fluorescence area percent was the parameter 

used to compare the 3 groups (Control, 12.5 mg/Kg BW and 125 mg/Kg BW) for chronic diet 

and 2 groups (Control and 125 mg/Kg BW) for acute diet. For the quantification of each 

individual phenotype, 3 images per section were used for 3 sections (9 images total) for each 

sample. 

3.11.1 Histology quantification 

 

3.11.1.1 Hepatocyte vacuolization 

Hepatocellular vacuolation would be considered as lipidosis or steatosis. Cytoplasmic 

inclusions of lipid are found in hepatocytes. Fish tend to accumulate more glycogen/lipids, 

in fact have larger vacuoles than mammals. The high hepatocellular vacuolation in Nfu is a 

natural phenomenon (De Cicco et al., 2009; Godoy, R. S. et al. 2019). Histologically we 

observe cytoplasmic inclusions of lipid in hepatocytes, as shown in Figure 32. In agreement 

with De Cicco, I semi-quantitatively measured hepatocytes vacuolization by defining 4 

different degrees, as described in the Figure 31 (De Cicco et al., 2009). 

Degree Definition 

0- Normal Normal apparence of Liver 

1- Mild Cellular swelling and accumulation of lipids, 

resulting in localized or microvesicular fat 

accumulation 

2- Moderate Localized areas of cellular swelling and 

medium-sized intracytoplasmic vacuoles; 
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3- Severe Widespread and severe swelling of the 

macrovacuolated or swollen hepatocytes;  

 

 

Figure 32: Representative images of different degrees of hepatocytes vacuolization, from De Cicco et al., 2009. A. Normal 

appearance of Liver, 0 degree. B. Mild, or 1, degree. C. Moderate, or 2, degree. D. Severe, or 3, degree 

In addition, I classified the vacuoles, into glycogen-like or lipid vacuoles, as Figure 33 shows. 

The lipid type manifested itself as unstained cytoplasmic vesicles with sharp edges. The 

glycogen-like type was characterized by irregular vacuoles containing slightly flocculent 

material (Zac, et al., 2020).  

 

Figure 33: Representative image of the types of vacuoles in the liver. A. Glycogen-like type. B. Lipid type, the red arrows 

indicate some lipid vacuoles 

3.11.1.2 Histology of Kidney 

Dilation of the renal tubules is a typical condition of aging. I measured the diameter of each 

individual renal tubule (Fig. 33) using 3 images/section by 3 sections. Moreover, I calculated 

the presence of precipitate in renal tubules and necrotic tubules. As the figure shows, the 
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renal tubules show internal material (red arrow). Necrotic renal tubules show sloughing of 

tubular cells into the lumen and severe tubular leakage. I measured the increase in thickness 

of Bowman's capsule relative to the area of the glomerulus. The renal corpuscle is formed by 

a centrally located glomerulus surrounded peripherally by a Bowman's capsule. To quantify 

the increasement of in thickness of Bowman's capsule I calculated the ratio between the 

thickness of   Bowman's capsule (pixels2) compared to the total area (pixels2) of the renal 

corpuscle (Bowman’s capsule and Glomerulus), in Figure 34.  

 

Figure 34: Representative image of kidney histology. Red arrows show glomeruli; Bowman's capsule appears as a white 

cup-like sack surrounding the glomerulus. The blue arrows indicate the renal tubules. The green arrows are degenerated 

renal tubules with tubular loss. Yellow arrows indicate renal tubules with precipitates 

3.11.1.3 Feret’s size 

HE-stained muscle fibers were individually measured via Feret'size from imageJ. Feret'size 

measure diameters derived from the distance of two tangents to the fiber boundary in a well-

defined orientation. All fibers from 3 images for 3 sections for each animal were analyzed. 

3.11.1.4 Fibrosis 

Collagen deposition was used to measure the fibrosis in the muscle. Collagen deposition was 

quantified analysing the percentage area of the magenta fibers (collagen). The percentage 

area of the image was measured by setting the same threshold for all images. 

3.11.2 Immunofluorescence quantification 

The fluorescence area of each phenotype was quantified measuring the area of fluorescence 

respect to the total area (pixels2) for each image (percentage area). The fluorescence area of 
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the image was measured by setting the same threshold for all images. We used threshold for 

each phenotype, specially: 

- Nitrotyrosine: 150-255 for cardiac sections and 100-255 for hepatic sections; 

-GFAP (Gliosis): 75-255 in the brain; 

- LC3: 110-255 for liver, 120-255 for brain and 100-255 for muscle; 

-Lipofuscin: 90-255 for the hepatic sections, 85-255 for the brain, 100-255 for cardiac 

sections. 

-Lysosomal activity was analysed calculating the ratio of Area of aggregates respect to Area 

of lysosomes. To quantify the area of aggregates and lysosomes, or LAMP1, I set threshold, 

specific:  

LAMP1: 100-255, Aggressom: 90-255 

-The inflammation was quantified counting manually the LCP1+ cells respect the total cells. 

Also in cultured brain slides the depletion of microglia by PLX5622 was quantified counting 

manually the LCP1+ cells respect the total cells using 3D images.  

-Measuring LC3, Lysotracker, Mitotracker and CYTO-ID in 3D images of cultured brain 

slices: 

To quantify the LC3, Lysotracker and Mitotracker pucta in 3D images system, Fiji's 3D 

Object Counter was used, as described by Elbaly, 2021. In detail, the number of Objects 

(LC3, lysosomes and mitochondria), Volume of Objects, Percentage area of Objects 

(normalizing with cells), Integrity Density of Objects. The z-stacks of acquisitions (JPG) are 

open in Fiji, convert them to 8 bit. After selecting the 3D object counter, the threshold was 

adjusted and the size filter to 1 pixel. Threshold applied, Lc3: 25-255. Lysotracker: 50-255, 

Mitotracker: 30-255, CYTO-ID: 20-255. In all samples, the threshold and size filter values 

were the same.  

-Measuring of sphericity of mpeg+ cells in 3D images of cultured brain slices: 

Microglia sphericity were quantified using Imaris software (Bitplane) by creating 3D surface 

reconstructions of mpeg1.1:EGFP+. All images were set to a standard threshold to accurately 

maintain morphology for quantifications. 

-Measuring of survival and LC3 in iPSC-derived human neurons: 
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3 wells (multi-well 24) were quantified for each group, 10 images were acquired for each 

well. For each image, 6 stacks spaced by 0.5 µm were considered to quantify neuronal 

survival and LC3. For each image the number of neuronal nuclei and the total number of 

nuclei (including progenitor cells) were counted. Neuronal survival was determined by 

calculating the percentage of the ratio between the number of nuclei of neurons compared 

to the number of total nuclei. The quantification of LC3 was performed via Imaris software 

(Bitplane), calculating the number of objects of LC3 on the surface (µm2) of neurons, i.e. β-

III Tubulin surface. β-III Tubulin surface (threshold, absolute intensity: 11-60) was created 

and measured by “Surface” tool, then mask was applied to the LC3 canal. At this point, the 

objects of LC3 within the surface of β-III Tubulin using “Spot” tool were selected by 

determining the threshold (2.5-60). 

3.12 Proteomics analysis of cultured brain slices 

3.12.1 Preparation of cultured brain slices for proteomics analyses 

After 3 days of cultivation the cultured brain slices were collected and twice for one minute 

in fresh 1% PBS with 1% phosphatase and protease inhibitors. Subsequently, they were 

weighed in the precision balance. The cultured brain slices were collected and snap-frozen 

in liquid nitrogen and stored at -80 ° C.  

3.12.1.1 Sample preparation for proteomics analysis 

Tissues (cultured brain sliced) were resuspended in PBS to a concentration of 200 µg/µl 

cells before adding 2x lysis buffer (final concentration of 5% SDS, 100 mM HEPES and 50 

mM DTT). The samples were sonicated (Bioruptor Plus, Diagenode, Belgium) for 10 cycles 

(30 sec ON/60 sec OFF) at a high setting at 20°C, followed by boiling at 95°C for 5 min. 

Reduction was followed by alkylation with iodoacetamide (final concentration 15 mM) for 

30 min at room temperature in the dark. Samples were acidified with phosphoric acid (final 

concentration 2.5%), and seven times the sample volume of S-trap binding buffer was added 

(100 mM TEAB, 90% methanol). Samples were bound on S-trap micro spin columns 

(Protifi) and washed three times with binding buffer. Trypsin in 50 mM TEAB pH 7.55 was 

added to the samples (1 µg per sample) and incubated for 1 h at 47°C. The samples were 

eluted in three steps with 50 mM TEAB pH 7.55, elution buffer 1 (0.2% formic acid in water) 

and elution buffer 2 (50% acetonitrile and 0.2% formic acid). The eluates were dried using 

a speed vacuum centrifuge (Eppendorf Concentrator Plus, Eppendorf AG, Germany). The 

samples were resuspended in Evosep buffer A (0.1% formic acid in water) and sonicated 

(Bioruptor Plus, Diagenode, Belgium) for 3 cycles (60 sec ON/30 sec OFF) at a high setting 

at 20°C. The samples were loaded on Evotips (Evosep) according to the manufacturer’s 

instructions. In short, Evotips were first washed with Evosep buffer B (acetonitrile, 0.1% 

formic acid), conditioned with 100% isopropanol and equilibrated with Evosep buffer A. 
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Afterwards, the samples were loaded on the Evotips and washed with Evosep buffer A. The 

loaded Evotips were topped up with buffer A and stored until the measurement. 

3.12.1.2 LC-MS Data independent analysis (DIA) 

Peptides were separated using the Evosep One system (Evosep, Odense, Denmark) equipped 

with a 15 cm x 150 μm i.d. packed with a 1.9 μm Reprosil-Pur C18 bead column (Evosep 

Endurance, EV-1106, PepSep, Marslev, Denmark). The samples were run with a pre-

programmed proprietary Evosep gradient of 44 min (30 samples per day) using water and 

0.1% formic acid and solvent B acetonitrile and 0.1% formic acid as solvents. The LC was 

coupled to an Orbitrap Exploris 480 (Thermo Fisher Scientific, Bremen, Germany) using 

PepSep Sprayers and a Proxeon nanospray source. The peptides were introduced into the 

mass spectrometer via a PepSep Emitter 360-μm outer diameter × 20-μm inner diameter, 

heated at 300°C, and a spray voltage of 2.2 kV was applied. The injection capillary 

temperature was set at 300°C. The radio frequency ion funnel was set to 30%. For DIA data 

acquisition, full scan mass spectrometry (MS) spectra with a mass range of 350–1650 m/z 

were acquired in profile mode in the Orbitrap with a resolution of 120,000 FWHM. The 

default charge state was set to 2+, and the filling time was set at a maximum of 60 ms with 

a limitation of 3 × 106 ions. DIA scans were acquired with 40 mass window segments of 

differing widths across the MS1 mass range. Higher collisional dissociation fragmentation 

(stepped normalized collision energy; 25, 27.5, and 30%) was applied, and MS/MS spectra 

were acquired with a resolution of 30,000 FWHM with a fixed first mass of 200 m/z after 

accumulation of 1 × 106 ions or after filling time of 45 ms (whichever occurred first). Data 

were acquired in profile mode. For data acquisition and processing of the raw data, Xcalibur 

4.4 (Thermo) and Tune version 3.1 were used. 

3.12.1.3 Proteomic data processing 

DIA raw data were analysed using the directDIA pipeline in Spectronaut (v.16.2, 

Biognosysis, Switzerland). The data were searched against an in-house species-specific 

database (Nothobranchius furzeri 59.154 entries) and contaminant (247 entries) SwissProt 

database. The data were searched with the following variable modifications: oxidation (M) 

and acetyl (protein N-term). A maximum of 2 missed cleavages for trypsin and 5 variable 

modifications were allowed. The identifications were filtered to satisfy an FDR of 1% at the 

peptide and protein levels. Relative quantification was performed in Spectronaut for each 

paired comparison using the replicate samples from each condition. The data were exported, 

and further data analyses and visualization were performed with R studio using in-house 

pipelines and scripts.  
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3.12.2 Data Analysis of proteomics data 

3.12.2.1 Identification of DEPs 

DEPs were identified with |logFC| >0 and P value <0.05. The DEPs with logFC <0 or logFC 

>0 were considered downregulated or upregulated genes, respectively. DEPs common 

among datasets were screened using the Venn diagram software (Venny 2.0; 

https://bioinfogp.cnb.csic.es/tools/venny/index2.0.2.html). 

3.12.2.2 Protein-protein interaction network construction and module analysis 

Protein-protein interaction (PPI) information was obtained through an online STRING 

analysis (http://string-db.org). Proteins were clustered using “KMEANS” clustering 

algorithm. the KMEANS algorithm finds a defined number of clusters based on their 

centroids. The clusters were identified based on the Cellular Components. 

3.12.2.3 Over Representation Analysis (ORA) 

The Webgestalt (http://webgestalt.org/) was used to perform ORA of the identified DEPs, 

associated with biological processes. This website uses affinity propagation to group 

together similar gene sets; identifies the most enriched GO categories in each dataset and 

provides the p-value of the FDR-corrected enrichment. Categories from the GO database 

(Ashburner et al., 2000; Carbon et al., 2017) containing at least five genes were considered, 

and p values were corrected for multiple comparisons via the FDR method described in 

(Benjamini and Hochberg, 1995). Biological processes with FDR <0.10 were selected as 

significant. 

3.12.2.4 Principal component analysis (PCA) and heatmap analysis 

PCA and heatmap representation of their hierarchical clustering were performed using the 

ComplexHeatmap 2.0.0, pcaMethods 1.76.0, and ggpubr 0.2 packages of R. 

3.13 Statistics Analysis 

GraphPad Prism 8 program (GraphPad, San Diego, CA, USA) and ImageJ software were 

used to perform statistical analysis. All the data were expressed as Mean ± standard error of 

the mean (S.E.M). Data regarding survival curves were subjected to the log-rank test. Data 

regarding percentage of vacuole’s type were calculated with Chi2 test. Some data were 

analysed by One-way ANOVA trend analysis test. Other data were analysed by Two-way 

ANOVA test with Tukey’s multiple comparison test to compare the different groups. Other 

data were analysed by Student’s t-test calculated adjusted p-value with FDR. Differences 

between treatments were considered significant for p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 

(***) and p ≤ 0.00001 (****).  

  

https://bioinfogp.cnb.csic.es/tools/venny/index2.0.2.html
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4 RESULTS 
4.1 Chapter 1 Chronic effects of diet fortified with BGs in 

aging 

4.1.1 Effects of BGs on survival 

Nothobranchius furzeri (Nfu) were fed with dry food fortified with 1.3, 1.6 B-glucans (BGs) 

at two different concentrations: 12,5 mg/Kg body weight (n=26), 125 mg/Kg body weight 

(n=28) from 2 wph (weeks post hatching) until 27 wph. Fish fed with dry food (n=25) served 

as control. All surviving fish were sacrificed at week 27 (n =10, n= 9, and n =10 in the three 

groups). Survival analysis did not detect an effect of BGs on mortality, as Figure 35 shows 

(Log-rank, χ2=0,2286). 

0 50 100 150 200
0

20

40

60

80

100

Control

12.5 mg/Kg BW

125 mg/Kg BW

dpa= days
post
administration

2=0,2286 (n=25)

(n=26)

(n=28)

dpa

P
e
rc

e
n

t 
s
u

rv
iv

a
l

 

Figure 35. Survival curve of control and treated Nfu 

  

Final body weight was influenced by sex, but not treatment, as Figure 36 shows (p<0.0001, 

Two-way ANOVA, p=0.4522, One-Way ANOVA).  
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Figure 36. Effects of BGs in body weight. a. Body weight final; b. Body weight final of female and male 

 

4.1.2 Effects of BGs on aging phenotypes 

I analysed histological and immunohistochemical aging markers in liver, brain, muscle, and 

heart for a total of 19 different traits. These markers relate to the mechanism of autophagy, 

inflammation, and peroxidation of proteins. I addition, I analysed age-related 

histopathological lesions of kidney and liver (Tab. 4). 
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Table 4. Aging phenotypes 

In order to evaluate the global effect of BGs on aging phenotypes, the dimensionality of the 

data was reduced by principal component analysis (PCA), as Figure 37 shows. The PC1 axis 

(32.5% of variance explained) perfectly separates control-samples and samples treated with 

the higher concentration of BGs, with samples treated with lower concentration of BGs 

occupying an intermediate position. This result proves a positive dose-dependent preventive 

effect of BGs on the global aging process of Nfu. 

Aging Phenotypes Organ pvalue FDR

Inflammation Brain 0.0001 0.00027

Peroxidation protein Liver 0.0001 0.00032

Inflammation Gut 0.0001 0.00038

Lipofuscin Brain 0.0001 0.00048

Autophagy Liver 0.0001 0.00063

Lipofuscin Liver 0.0003 0.00071

Autophagy Brain 0.0004 0.00084

Peroxidation protein Heart 0.0001 0.00095

Gliosis Brain 0.0008 0.00152

Lysosomal activity Liver 0.0001 0.0019

Fibrosis Muscle 0.0089 0.01537

Feret's size Muscle 0.0141 0.02233

Lipofuscin Heart 0.0224 0.03274

Precipitation renal tubules Kidney 0.0519 0.06574

Area renal tubules Kidney 0.0518 0.07030

Necrotic renal tubules Kidney 0.4116 0.48878

Hepatocytes vacuolization Liiver 0.5544 0.61962

Bowman's capsule enlarged Kidney 0.7818 0.82523

Autophagy Muscle 0.9395 0.93950
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Figure 37. Principal components analysis (PCA) of effect of BGs  phenotypes 

A significant effect of treatment was detected for twelve the traits (FDR<0.05 two-way 

ANOVA). Table 4 and these traits are discussed singularly below. To visualize the traits that 

mostly contributed to the sample separation, I used a Biplot visualization (Fig. 38) where 

the arrows indicate the direction a datapoint would move by increasing only the variable of 

interest.  Longer arrows aligned with PC1 correspond to the traits that are mostly responsible 

for the effects of BGs on aging. BGs act specifically on mechanism related to autophagy (i.e. 

LC3 Brain and Liver), peroxidation of proteins (i.e. Nitrotyrosine Heart and Liver, 

Lipofuscin in Brain and Liver) and inflammation (i.e. LCP1 Brain).  
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Figure 38: PCA biplot of singular phenotypes. LIP L=Lipofuscin Liver, LIP B=Lipofuscin Brain, LC3 L= 

Autophagy (LC3) Liver, LC3 B= Autophagy (LC3) Brain, LC3 M= Autophagy (LC3) Muscle, NITRO 

L=Peroxidation of proteins (Nitrotyrosine) Liver, NITRO H=Peroxidation of proteins (Nitrotyrosine) Heart, 

GFAP=Gliosis, AGGR/LAMP1=Lysosomal activity (Aggressom/Lysosomes) Liver, LCP1 B=Inflammation (LCP1) 

Brain, LCP1 G=Inflammation (LCP1) Gut, FIBROSIS M=Fibrosis Muscle, FERET’S SIZE M=Feret’s size Muscle, 

AREA TUBULES K=Area tubules of Kidney, BOWAN CAPSULE K=Bowan’s capsule engagement, 

PRECIPITATED K=Percentage of renal tubules with precipitated, NECROTIC K= Percentage of necrotic renal 

tubules 

To unravel covariation between traits, I analysed the Sperman’s correlation between 

phenotypes visualized as Heatmap (Fig. 39). Below I mention significant correlations that 

make biological sense. Lipofuscin and autophagy are negatively correlated in the brain, 

suggesting that induction of autophagy mitigates lipofuscin accumulation in the brain. 

Autophagy is positively correlated in brain and liver, implying that BGs increase autophagy 

in a coordinated fashion in multiple organs. In the brain, lipofuscin is correlated positively 

with gliosis and inflammation, [so an increase of lipofuscin during aging can induce 

reactivity of glia cells, as reported in aged rat (Hilbig et al., 2022)] and negatively with 

inflammation. In fact, the autophagic pathway can prevent tissue inflammation (Levine et 

al., 2011).  Also, I observed that lysosomal activity (visualized as colocalization of Aggresome 
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and LAMP1) is negatively correlated with accumulation of lipofuscin and peroxidation of 

proteins that are in turn positively correlated, so as one increases/decreases the other 

phenotype increases/decreases. In the liver, autophagy and lysosomal activity are positively 

correlated as expected by the key involvement of lysosomal degradation in the autophagic 

mechanism (Yim and Mizushima, 2020). The decrease in lysosomal or autophagy activity 

leads to an increase in aggregates, such as lipofuscin. The Figure 39 shows in detail all 

correlation between phenotypes.  

 

 

Figure 39: Heatmap between phenotypes. The positive correlation is marked with blue colour, for contrary the 

negative correlation is in red. And correlations outlined in black are statistically significant (p<0.05). LIP 

L=Lipofuscin Liver, LIP B=Lipofuscin Brain, LC3 L= Autophagy (LC3) Liver, LC3 B= Autophagy (LC3) Brain, 

LC3 M= Autophagy (LC3) Muscle, NITRO L=Peroxidation of proteins (Nitrotyrosine) Liver, NITRO 

H=Peroxidation of proteins (Nitrotyrosine) Heart, GFAP=Gliosis, AGGR/LAMP1=Lysosomal activity 
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(Aggressom/Lysosomes) Liver, LCP1 B=Inflammation (LCP1) Brain, LCP1 G=Inflammation (LCP1) Gut, 

FIBROSIS M=Fibrosis Muscle, FERET’S SIZE M=Feret’s size Muscle, AREA TUBULES K=Area tubules of 

Kidney, BOWAN CAPSULE K=Bowan’s capsule engagement, PRECIPITATED K=Percentage of renal tubules 

with precipitated, NECROTIC K= Percentage of necrotic renal tubules 

4.1.3 BGs slow down the accumulation of lipofuscin during aging 

Lipofuscin is an autofluorescent pigment resulting from lipid peroxidation that accumulates 

with age within the lysosomes (Gray and Woulfe, 2005; Ilie et al., 2020). Age-dependent 

accumulation of lipofuscin is one of the most conserved markers of aging (Goyal, 1982; 

Brunk and Terman, 2002; Jung et al., 2007; Ng’oma et al., 2014; Pincus et al., 2016; 

Kushwana et al., 2018; Moreno-Garcìa et al., 2018; Imler et al., 2019; Sujana et al., 2020; 

Prasanna et al., 2022). In Nfu, Lipofuscin content is much higher in the liver, where it 

accumulates as large puncta in the shape of “rosettes”, than in the brain, where it appears as 

smaller dots (Fig. 40A). Treatment with BGs slows down the accumulation of lipofuscin in 

the liver (p=0.0003, One-Way ANOVA), the brain (p<o.0001, One-Way ANOVA) and the 

heart (p=0.0224, One-Way ANOVA) in dose-dependent manner (Figs. 40B-C).   
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Figure 40: Effects of BGs on lipofuscin in A) hepatic, B) brain and C) cardiac sections derived from old Nfu. White arrows 

indicate lipofuscin aggregates. D)Quantification of lipofuscin in liver, E) Quantification of lipofuscin in brain, F) 

Quantification of lipofuscin in heart 

4.1.4 BGs reduce protein oxidation during aging 

Protein oxidative damage was analysed by means of immunofluorescence staining for 

Nitrotyrosine. Nitrotyrosine staining is apparent as green fluorescence puncta surrounding 

the nucleus in Figure 40. Nitrotyrosine straining was quantified in the liver (Figs. 41A-C) 

and heart (Figs. 41B-D). Both concentrations of BGs reduced Nitrotyrosine staining 

significantly in both organs (p<0.0001 and p<0.0001, respectively, One-Way ANOVA) in a 

dose-dependent manner. 
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Figure 41: Effects of BGs on Peroxidation of proteins levels in A) hepatic and B) cardiac sections derived from old Nfu, C) 

Quantification of Peroxidation of proteins in liver, D) in heart 

 

4.1.5 BGs induce autophagy during aging 

Induction of autophagy by BGs was investigated by immunostaining of LC3, a protein 

localized to the inner and outer membranes of autophagosomes (Runwal et al., 2019). LC3 

immunoreactivity is apparent as green fluorescent puncta surrounding the nucleus in Figure 

42.  Treatment with BGs at 125 mg/Kg BW induces a statistically significant increase of LC3 

immunoreactivity in the liver (p<0.0001, One-Way ANOVA) and in the brain (p=0.0004, 

One-Way ANOVA) in dose-dependent manner, suggesting autophagy induction. For 

contrary, I didn’t observe induction of autophagy by BGs in dose-dependent manner in 

muscle (p=0.9395, One-Way ANOVA). 
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Figure 42: Effects of BGs on Autophagy in A) liver, B) optic tectum, C) muscle derived from old Nfu, D) Quantification of 

LC3 in liver, E) brain, F) muscle 

 

4.1.6 BGs reduce brain and gut inflammation during aging 

Activation of a chronic low-intensity inflammatory response is a highly conserved phenotype 

of aging in vertebrates (Amarillo Irizar et al., 2018). I specifically focused on the 

telencephalon (brain) and gut to quantify the number of myeloid cells using L-plastin (or 

LCP1) as a marker (Van houcke et al., 2023; Van houcke et al., 2021). Figure 43 shows the 

appearance of LCP1+ cells in the brain and gut in the three different experimental groups. 

The diet fortified with BGs (12.5 mg/Kg BW and 125 mg/Kg BW) reduced the number of 

LCP1+ cells in brain and in the gut in a dose-dependent manner (p<0.0001 for both tissue, 

One-Way ANOVA).  These results support the notion of an anti-inflammation activity of BGs 

in the brain and gut.  
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Figure 43: Effects of BGs on Inflammation in A) Telencephalon, B) Gut derived from old Nfu, C) Quantification of LCP1 
in telencephalon, D) Quantification of LCP1 in gut 

4.1.7 Gliosis is reduced in diets fortified with BGs 

Gliosis is a reactive change of astroglia induced by neuronal damage and can be quantified 

using GFAP (Glial fibrillary acid protein) as a marker. Up-regulation of GFAP is observed in 

the aging brain of humans (David et al., 1997), rodents (Kohama et al., 1995) and killfish 

(Tozzini et al., 2012; Van houcke et al., 2021) and is thought to be induced by the production 

of pro-inflamatory citokines by activated microglia (Liddelow et al., 2017; Clarke et al., 

2018). Typical appearance of GFAP immunostaining is illustrated in Figure 44 where 

staining is apparent as green filamentous structures in the radial processed of optic tectum 

glia. GFAP immunoreactivity is significantly reduced in brain tissues of Nfu that were fed 

with 125 mg/Kg BW of BG-fortified feed and 12.5 mg/Kg BW of BGs in a dose-dependent 

manner (p=0.0008, One-Way ANOVA). 

 

Figure 44: Effects of BGs on Gliosis in old Nfu. A) Gliosis in optic tectum, B) Quantification of gliosis 
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4.1.8 BGs increase lysosomal activity in the aged liver 

Dysfunction of lysosomes is a highly conserved phenotype associated with aging and age‐

related diseases (Amarillo Irizar et al., 2018) associated with changes in the organelles' 

physical and chemical characteristics (Carmora-Gutierrez et al., 2016; Gomez-Sintes et al., 

2016; Nikon, 2020; Guerrero-Navarro et al., 2022; Tan and Finkle, 2023). 

Immunoreactivity for LAMP1, a protein of the lysosomal membrane, was used to visualize 

lysosomes and is apparent as green fluorescence puncta in Figure 45. To visualize the 

lysosomal activity in situ, I double labelled liver slices with LAMP1 and aggresome and 

quantified the LAMP1+ area (green; Fig. 44) surrounding protein aggregates, (red dots in 

Fig. 45).  BGs significantly increase lysosomal activity in dose-dependent manner 

(p<0.0001, One-Way ANOVA).  
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Figure 45: Effects of BGs on Lysosomal activity. A) Lysosomal activity in liver lysosomes (green) and aggregates (red), B) 

Enlargement of figure A. White arrows indicate lysosomes with inside aggregates, yellow arrows indicate only aggregates. 

C)Graph of Lysosomal activity 

4.1.9 BGs do not affect hepatocytes vacuolization 

Hepatocytes vacuolization, or steatosis, is a disorder of the aging liver that can lead to a 

decline in liver function (Ogrodinik et al., 2017; Nguyen et al., 2021). Hepatocytes 

vacuolization is prominent in Nfu (Di Cicco et al., 2009) and two types of vacuoles can be 
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distinguished based on their morphology: glycogen- and lipid-vacuoles (Zac et al., 2020). 

We failed to detect significant effects of BG-fortified feed on either hepatocyte’s 

vacuolization (p=0.5544, One-Way ANOVA) or the type of vacuoles (Chi2=0.4475, Chi2-test, 

p=0.7995, One-Way ANOVA), as Figure 46 shows.  

 

Figure 46: Effects of BGs on hepatocytes vacuolization. A) Representative figures of hepatocytes vacuolization. B) Degree 

of hepatocytes vacuolization in control and treated Nfu, C) Percentage of different type of hepatic vacuoles 

4.1.10 BGs preserve muscle histology during aging 

Skeletal muscle aging is characterized mainly by muscle atrophy and collagen deposition, or 

fibrosis (Gustafsson and Ulfhake, 2021; Selman and Pardo, 2021). Previous studies reported 

that aged killifish suffer from muscle fiber atrophy (Ruparelia et al., 2023). To investigate 

the structure of aged muscle, I measured muscle fiber size (Feret’s size) as a marker of 

atrophy and collagen deposition as a marker of fibrosis.  The Feret’s size of muscle fibers is 

larger in fish fed with BG-fortified feed in dose-dependent manner (p=0.0141, One-Way 

ANOVA), as Figures 47A-C shows. Additionally, BGs significantly reduced collagen 

deposition in dose-dependent manner [area stained by Sirius red; (p=0.0089, One-Way 

ANOVA)], Figures 47B-D. 
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Figure 47: Effects of BGs on muscle histology. A) Feret’s diameter, B) Collagen deposition in control and treated Nfu, C) 

Quantification of Feret’s diameter, D) Quantification of Collagen deposition 
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4.1.11 BGs do not modify renal histopathology 

Aging is associated with different molecular, morphologic, and functional changes in kidney 

tissue (Kotob et al., 2021).  Markorfsky and Milstoc, and De Cicco et al. described the typical 

age-related renal histopathological changes in Nothobranchius, specifically: increment of 

Bowman’s capsule thickness, dilatation of tubules, presence of precipitates in renal tubules 

and tubule necrosis (Markorfsky Milstoc, 1979; De Cicco et al., 2009). The histopathological 

lesions are not significantly influenced by BG-fortified diet: Bowman’s capsule thickness 

(p=0.7818, One-Way ANOVA), incidence of precipitated in renal tubules (p=0.0519, One-

Way ANOVA), incidence of necrotic renal tubules (p=0.4116, One-Way ANOVA) and area of 

tubules (p=0.0518, One-Way ANOVA), as Figure 48 shows. 

Figure 48: Effects of BGs on renal histology. A) Representative figure of renal histology, B) Increment of area Bowan’s 

capsule, C) Percentage of renal tubules with precipitated, D) Percentage of necrotic renal tubules, E) Area of renal tubules 

in control and treated Nfu 
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4.2 Chapter 2 Acute effects of BGs on autophagy and 

organelles  

After observing that chronic supplementation of the diet with BGs prevents some 

phenotypes associated with aging, I decided to investigate whether BGs could acutely reduce 

phenotypes already established in elderly subjects. Old Nfu (n=5) were fed with Zebrafeed 

fortified with 1.25 μg/gr of BGs for a week starting at age 26 weeks. I focussed the analysis 

on lipofuscin and autophagy in the optic tectum, as these phenotypes were regulated 

prominently by chronic BGs supplementation.  

4.2.1 Acute diet switch with BGs fortified feeds does not reduce 

lipofuscin during aging 

I measured lipofuscin content in brain sections of animals treated acutely with BGs and 

detected no significant difference (padj= 0.24216, t-test adjusted with False Discovery Rate, 

FDR). This is in contrast with the reduction of lipofuscin accumulation detected in aged 

brains of fish treated chronically with BGs (padj=0.0012, t-test adjusted with False 

Discovery Rate, FDR), indicating that BGs mitigate the accumulation of lipofuscin but fail 

to remove it once it is already accumulated (Fig. 49).  
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Figure 49: Acute effects of BGs on lipofuscin in optic tectum in old Nfu. A) Representative figures of lipofuscin, B) 

Quantification of lipofuscin in acute and chronic treatment 
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4.2.2 Acute treatment with BGs induce autophagy during aging 

Acute treatment with BGs induces a statistically significant increase of LC3 

immunoreactivity in the aged brain (padj=0.02475, t-test adjusted with False Discovery 

Rate, FDR), as Figure 50 shows. The magnitude of this induction is not significantly different 

between chronic- and acute-treatment (padj=0.09924, t-test adjusted with False Discovery 

Rate, FDR). 
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Figure 50: Acute effects BGs on autophagy in optic tectum in old Nfu. A) Representative figures of autophagy, B) 

Quantification of autophagy in acute and chronic treatment 

 
 

The observation that an acute treatment with BGs is sufficient to induce autophagy enables 

to study the effects of BGs ex-vivo. and test whether BGs ex-vivo have a direct impact on the 

brain. To this end, I exploited an ex-vivo brain model previously developed in my laboratory 

(Bagnoli et al., 2023). I therefore exposed brain of the different ages (5 weeks, young; 12 

weeks, adult; 27 weeks, old) to 8 mg/L of BGs for three days and then studied their impact 

on multiple parameters. 

4.3 Chapter 3 role of BGs directly on the brain 

4.3.1 BGs act directly on the brain and restore defective autophagy 

during aging 

Firstly, I investigated autophagy in ex vivo brain cultures of different ages (5, 10, 27 WPH), 

in the optic tectum since neuronal cells reside in the grey layer and no other cell types. I 

quantified quantifying Number and Volume, of LC3+ autophagosomes, Percentage of LC3+ 

area and LC3 Intensity density (Fig. 51). Aging resulted in a significant reduction of the 

number (young vs. adult p= 0.0003; young vs. old p= 0.0002; Two-way ANOVA), volume 

(young vs. adult p= 0.0025; young vs. old p=0.0010; Two-way ANOVA), percentage of area 

(young vs. adult p=0.0318; young vs. old p=0.0027; Two-way ANOVA) but not of the 

integrated density (young vs. adult p=0.0791; young vs. old p= 0.1647; Two-way ANOVA) of 

autophagosomes, indicating that autophagy is defective in cultured brain slices from adult 

and old fish. 

Then, I investigated whether BGs induce autophagy in ex vivo brain slices. No significant 

induction of LC3+ autophagosomes was observed in young slices treated with BGs for 3-day 

(p=0.9518; Two-way ANOVA). On the other hand, BGs induced autophagy in adult- and old-                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

brains. In fact, BGs increase the number (young vs. adult p<0.0001; young vs. old p<0.0001; 
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Two-way ANOVA), volume (young vs. adult p=0.0092; young vs. old p=0.0040; Two-way 

ANOVA), and percentage area of autophagosomes (young vs. adult p=0.0139, young vs. old 

p=0.0018; Two-way ANOVA). Therefore, BGs have a direct effect on the brain and normalize 

impaired autophagy in the old brain. 
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Figure 51: Direct effects of BGs on Autophagy in ex-vivo model. A) Representative figures of autophagy in different ages 

and treatment, B) Quantification of number of autophagosomes per cells, C) Quantification of volume of 

autophagosomes, D) Quantification of percentage area of LC3, E) Quantification of integrity Density in the different ages 

and treatment 

 

Increased immunoreactivity for LC3+ could be the result of either higher number of 

phagosomes with normal autophagic flux (i.e. enhanced autophagy) or a block of autophagic 

flux that causes accumulation of autophagosomes despite normal autophagosome formation 

(i.e. blocked autophagy). To confirm that BGs increase autophagy, I blocked autophagy with 

Bafilomycin A1 in cultured brain slices from young brains and quantified the effects of BGs 

on LC3+ autophagosomes. Bafilomycin A1 is an inhibitor of lysosome H+ pumps and 

prevents the processing of LC3+ autophagosomes. I observed that Bafilomycin A1 induced 

accumulation of autophagosomes (Number of LC3/Cell) in comparison to control 
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(p<0.0001, One-Way ANOVA) and BGs (p=0.001, One-Way ANOVA), an increase in the 

percentage of area of autophagosomes as compared to control (p=0.0159, One-Way 

ANOVA) and BGs (p=0.0253, One-Way ANOVA) and an increment in the volume of 

autophagosomes relative to control (p=0.0029, One-Way ANOVA) and to BGs (p=0.0023, 

One-Way ANOVA). Combined treatment with Bafilomycin A1 and BGs increased the 

number (p=0.0110, One-Way ANOVA), volume compared with Bafilomycin A1 alone. These 

results indicate that BGs increase the formation of autophagosomes.  (p<0.0001, One-Way 

ANOVA) and percentage area (p=0.0162, One-Way ANOVA) of autophagosomes (Fig. 52) 

further as compared with Bafilomycin A1 alone. These results indicate that BGs increase the 

formation of autophagosomes.   
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Figure 52: Direct effects of BGs on Autophagy in ex-vivo model after the block of autophagy by Bafilomycin A1. A) 

Representative figure of autophagy blocked by Bafilomycin A1, B) Graph of number of autophagosomes per cells, C) 

Graph of volume of autophagosomes, D) Graph of percentage area of LC3, E) Graph of integrity Density in young ex-vivo 

brain 
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To confirm this result, I used CYTO-ID Autophagy Detection kit as an independent method 

to label autophagosomes. Also in this case, BGs increased the number (p=0.0344, t-test), 

the percentage of area (p=0.0307, t-test) and volume (p=0.0167, t-test) of autophagosomes 

(Fig. 53). These results demonstrate that BGs induce autophagy in cultured brain slices. 
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Figure 53: Direct effects of BGs on Autophagy in ex-vivo model after the treatment of Bafilomycin A1. A) Representative 

figures of Cyto-ID, B) Number of autophagosomes per cells, C) Volume of autophagosomes, D) Percentage area of LC3, 

E) Integrity Density in old ex-vivo brain 

4.3.2 BGs improve the morphology of lysosomes and mitochondria 

in aged brains 

To further characterized the effects of BGs in the aged brain, I investigated the morphology 

and number of acidic lysosomes using Lysotracker (Fig. 54). In cultured brain slices from 

old (27 wph) Nfu, treatment for 3 days with BGs increases the number (p=0.0014, t-test) 

and the area (p=0.0113, t-test) of acidic lysosomes, consistently with the in vivo results 

obtained by double labelling of LAMP1 and aggresome.  
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Figure 54: Direct effects of BGs on Lysosomes in ex-vivo model. A) Number of lysosomes, B) Area of Lysosomes in old ex-

vivo brain 

Autophagy is an important mechanism of mitochondria quality control that eliminates 

damaged mitochondria and recycles biomolecules of the cargo (mitophagy). Induction of 

autophagy induces an increment of functionality and energy production of mitochondria 

(Wilson et al., 2023) and treatment with BGs improved mitochondrial respiration in 

zebrafish larvae (Brogi et al., 2021). I therefore analysed the morphology and number of 

mitochondria using Mitotracker. Figure 55 shows the appearance of labelled mitochondria 

in cultured brain slices. The number (p=0.0071, t-test) and area of mitochondria (p=0.0366, 

t-test) are increased in old brains after 3-day of treatment of 8 mg/L BGs.  
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Figure 55: Direct effects of BGs on Mitochondria in ex-vivo model. A) Representative figures of Mitochondria, B) Number 

of Mitochondria, C) Area of Mitochondria in old ex-vivo brain 

 

4.4 Chapter 4 role of microglia 

4.4.1 BGs reduces microglia activation 

Brain aging is associate with an increased production of pro-inflammatory cytokines and 

increased expression of inflammatory receptors by microglia (Norden and Godbout et al., 

2014). The aged brain of Nfu is characterized by an increase expression of inflammation-

related genes, especially complement (Baumgart et al., 2014; Amarillo Irizar et al., 2018; 

Kelmer et al., 2020) and increase in the number of microglia (Vanhunsel et al., 2021). 

Moreover, BGs significantly prevented the hyperactivation of pro-inflammatory microglia 

on the mice’s brain infected (Cui et al., 2023). To analyse whether BGs reduce activation of 

microglia, I prepared organotypic cultures from adult Tg(mpeg1.1: EGFP) zebrafish  that 

enable a fine analysis of microglia morphology and treated them with Bafilomycin A1 for 3-

day. BGs reduce the sphericity (p<0.0001, t-test) of microglia cells in Tg(mpeg1.1: EGFP) 

zebrafish after treatment with Bafilomycin A1 (Fig. 56). This result demonstrates that BGs 

can directly modulate the phagocytic phenotype of microglia cells of teleost.  
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Figure 56: Direct effects of BGs on Microglia in ex-vivo model from Tg(mpeg 1.1: EGFP). A) Representative figure of 

microglia, B) Quantification Sphericity 

 

4.4.2 Induction on neuronal autophagy by BGs is partially mediated 

by microglia 

The previous result is in line with a large body of evidence (Shah et al., 2008; Goodridge et 

al., 2009; De Marco Castro et., 2020; Heng et al., 2021) indicating that BGs act on immune 

cells, particularly on microglia and macrophages, mostly by binding Toll Like Receptors 

(Sahasrabudhe et al., 2016; Zhang et al., 2022). Some of these receptors are expressed to a 

lesser extent in neurons as well. I therefore wondered whether BGs could act directly on 
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neurons. To answer this question, I treated cultured brain slices with PLX5622, a drug that 

eliminates microglia. Firstly, I quantify the effect of PLX5622 in culture brain slices of Nfu. 

The percentage of LCP1+ cells/Total cells is significantly reduced (p=0.007, t-test) in 

cultured brain slices treated with 20μM of PLX5622 compared to control (Fig. 57). This 

result confirms the depletion on microglia by PLX5622 in in culture brain slices of Nfu.  

 

Figure 57: Depletion on microglia in cultured brain slices treated with 20μM PLX5622. A) Representative figure of LCP1 

in culture brain slices, B) Quantification of LCP1 in culture brain slices treated with PLX5622 and Control 

I then analysed the effect BGs on dysregulated autophagy in cultured brain slices devoid of 

microglia. Consistently with previous experiments, treatment of adult brain slices with 8 
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mg/L of BGs for 3 days increased the number of autophagosomes per cell (p<0.0001, Two-

Way ANOVA). Depletion of microglia reduced the number of autophagosomes per cells in 

control slices (p=0.0385, Two-Way ANOVA), but do not change volume of autophagosome 

(p=0.2615, Two-Way ANOVA). BGs increase the number of autophagosomes in slices 

depleted of microglia (p=0.0022, Two-Way ANOVA), but to a lesser extent than in control 

slices treated with BGs (p=0.0001, Two-Way ANOVA). And BGs do not cause an increase in 

autophagosome volume (p=0.1774, Two-Way ANOVA). BGs increased the number of 

autophagosomes per cell in the same way in control and depleted of microglia slices 

(p=0.89842, Two-Way ANOVA). For contrary, BGs increased the volume of 

autophagosomes more strongly in controls than in depleted of microglia slices (p=0.0215, t-

test). The findings suggest that BGs effects on neurons are mediated only partially by 

microglia (Fig. 58).  
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Figure 58: Direct effects of BGs in different cells than Microglia in ex-vivo model. Microglia was blocked by pl5622. A) 

Representative figure of autophagy in ex-vivo model treated with pl5622, B) Quantification of number of 

autophagosomes, C) Quantification of volume of autophagosomes, D) Quantification of ratio of BGs/Control and 

PLX5622 & BGs/PLX5622 about number of autophagosomes, E) Quantification of ratio of BGs/Control and PLX5622 & 

BGs/PLX5622 about volume of autophagosomes 

4.5 Chapter 5 role of human BGs on iPSC-derived neurons 

As the previous results demonstrated that BGs effects in killifish are not entirely mediated 

by microglia, I investigated the effect of BGs on human iPSC-derived cortical neurons. The 

cells were cultured for 90 days with a differentiation protocol, and they are similar to human 

foetal neurons. Considering that these neurons do not suffer from impaired of autophagy, I 

treated human neurons with 10 and 100 nM Bafilomycin A1 for three days to block 

autophagy.   

4.5.1 BGs improve survival of iPSC-derived neurons after 

autophagy inhibition 

Both doses of Bafilomycin A1 for three days reduce the number of viable neurons as 

compared to control [p<0.0001, Two-Way ANOVA; (Figs. 59A-D)]. On the other hand, 

treatment with 100 nM Bafilomycin A1 for 24h did not induce neuronal mortality as 
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compared to control [p=0.5189, Two-Way ANOVA; (Figs. 59B-D)].  BGs significantly reduce 

neuronal mortality in neurons treated for 3 days with 10 nm (p=0.037, Two-Way ANOVA), 

but not 100 nm Bafilomycin A1 (p=0.3644). In addition, BGs did not improve neuronal 

survival in conditions where mortality is not increase, such as control condition (p=0.7417, 

Two-Way ANOVA) and during the treatment of Bafilomycin A1 at 100 nm for 24h 

(p=0.9573, Two-Way ANOVA).  
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Figure 59: Effects of Bafilomycin and or BGs on neuronal mortality. A) Representative figure of 72 hours of treatments, 

B) Representative figure of comparison between treatment of 100 nM Bafilomycin A1 and BGs 72 and 24 hours, C) 

Representative figure 24 hours of treatments, D) Quantification of 72 hours of treatments, E) Quantification of 

comparison between treatment of 100 nM Bafilomycin A1 and BGs 72 and 24 hours, F) Quantification of 24 hours of 

treatments. BAF indicates Bafilomycin A1. Numbers below of graphs indicate total number of cells 

4.5.2 BGs counteract impaired autophagy in iPSC-derived neurons 

BGs do not induce autophagy process under normal condition control unperturbed neurons 

(p=0.9918), consistently with the observation in Nfu that BGs act only when autophagy is 

impaired. Previous studies showed that blockade of autophagy for 48h by Bafilomycin A1 in 

iPSC involves mortality and a reduction of LC3 (Sotthibundhu et al., 2016). Consistently, 

both doses of Bafilomycin A1 caused a reduction of Number LC3/area of Beta III tubulin 

compared to control [p=0.0102; p=0.0482 at increasing doses respectively, Two-Way 

ANOVA; (Figs. 60A-D)]. BGs did not increase autophagy after treatment with Bafilomycin 

A1 10 and 100 nM for 3 days (p=0.6801 and p<0.9999, respectively, Two-Way ANOVA). On 

the contrary, acute treatment with Bafilomycin A1 at 100 nM for 24 hours increased the 

number LC3/area of Beta III tubulin as compared to control unperturbed neurons 

(p=0.0210). Combined treatment with Bafilomycin A1 and BGs increased the Number of 

LC3 / Area of Beta III Tubulin as compared to Bafilomycin A1 alone (p=0.0343, Two-Way 

ANOVA). These results indicate that BGs increase the formation of autophagosomes in 

human neurons in conditions when autophagy is impaired, similarly to what observed in the 

Nfu.  
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Figure 60: Effects of BGs on neuronal autophagy impaired by Bafilomycin A1.  A) Representative figure of 72 hours of 

treatments, B) Representative figure of comparison between treatment of 100 nM Bafilomycin A1 and BGs 72 and 24 

hours, C) Representative figure 24 hours of treatments, D) Quantification of 72 hours of treatments, E) Quantification of 

comparison between treatment of 100 nM Bafilomycin A1 and BGs 72 and 24 hours, F) Quantification of 24 hours of 

treatments. BAF indicates Bafilomycin A1. Numbers below of graphs indicate total number of neurons 

4.6 Chapter 6 Proteomics analysis of ex-vivo model 

Identification of differentially expressed proteins in the ex-vivo 

model from young, adult and aged brains treated with BGs 

In order to evaluate the global effect of ages and BGs on proteins of cultured brain slices, the 

dimensionality of the data was reduced by principal component analysis (PCA). Overall, the 

PC1 axis (29.7% of variance explained) didn’t show strong dissimilarity, although BGs at 27 

wph (BG27) shows dissimilarity compared other groups (Fig. 61). Moreover, control at 27 

wph show dissimilarity compared control at 5 and 10 wph.  
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Figure 61: Principal components analysis (PCA) of proteomics data of cultured brain slices with difference ages and treatment 

of BGs 

Mass-spectroscopy based proteomics was used to evaluate the effects of acute ex-vivo 

treatment with BGs on global protein regulation at 3 different ages: 5, 10 and 27 wph. The 

number of total detected proteins ranged around 4000 and was not significant different 

(χ2=123) in the three groups (Fig. 62A), nor was the total number of differentially expressed 

proteins (DEPs). However, with age a prevalence of up-regulated proteins was detected (Fig. 

62C). 

  

 

Figure 62: Differentially expressed proteins in ex-vivo model treated with BGs. A) Graph show the number of totals, 

upregulated and downregulated proteins in 5, 10, and 27 wph treated with BGs, B) Trend of upregulated proteins during 

aging, C) Trend of down-regulated proteins during aging 

Only five proteins are significantly upregulated at all ages: Aconitase 2 (ACO2), Myosin 10 

(MYH10), Voltage-dependent anion-selective channel protein 1 (VDAC1), Pyruvate 
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Carboxylase (PC) and Thioredoxin domain containing 2 (TXNDC2) (Fig. 63). The latter 

human protein is sperm specific, so I realigned the Nfu protein with the human one and 

found that TXN, or Thioredoxin isoform 1, has greater similarity than other proteins, 

including TXNDC2. ACO2 and PC are enzymes the TCA cycle. MYH10 is a conventional non-

muscle myosin that plays an important role in cytoskeleton reorganization enriched in 

neurons and specifically in dendritic spines (Korobova and Svitkina, 2010), but it is also 

involved in neuronal autophagy (Jun et al., 2023). MYH10 also supports mitochondrial 

homeostasis in situations of cellular stress. VDAC1 encodes a voltage-dependent anion 

channel protein that is a major component of the outer mitochondrial membrane. The 

proteins described above are all associated with mitochondrial respiration and ATP 

production. TXN is mitochondrial protein that plays an important role in diverse cellular 

functions such as maintaining redox homeostasis, proliferation, and DNA synthesis, but also 

modulating transcription factors and controlling cell death (Oberacker et al., 2023). 

Specifically, TXN has a neuroprotective role from oxidative stress (Wang et al., 2016; Guo et 

al., 2021; Cha et al., 2023). 

 

 

Figure 63: Upregulated proteins in common between different ages in ex-vivo model treated with BGs. 

No downregulated proteins are common between different ages in ex-vivo model treated 

with BGs (Fig. 64). 
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Figure 64: Down-regulated proteins in common between different ages in ex-vivo model treated with BGs. 

After observing the upregulated proteins in common by the treatment of BGs at different 

ages, I analysed the Cellular Components (CCs) in common (Fig. 65). About 23% of CCs are 

in common at different ages after BGs treatment. In detail, CCs in common are associated 

with the cytoskeleton, mitochondria, and synapses.  

 

Figure 65: Up-regulated CCs in common between different ages in ex-vivo model treated with BGs. 

For contrary, 7.46% of Cellular components are in common between downregulated protein 

by BGs in different ages (Fig. 66). CCs in common are mainly associated with extracellular 

region and cytoplasm.  
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Figure 66: Down-regulated CCs in common between different ages in ex-vivo model treated with BGs. 

At this point, I observed the differently expressed proteins in common between normal aging 

(CTR27/5) and the treatment of BGs at different ages, specifically BG5/CTR5 or 

BG10/CTR10 or BG27/CTR27.  

 

 

Figure 67: DEPs in common between normal aging and treatment of BGs in different ages. A) 5wph, B) 10 wph, C) 27 

wph 

The DEPs in common between BGs at 5 wph and normal aging are 22%. The DEPs in 

common with BGs at 10 wph are 17.9% and those between BG 27 wph and normal aging are 

18.6% (Fig. 67). I observed at the direction (up or downregulation) of DEPs for each age 

treated with BGs and aging (Fig. 68). 
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Figure 68: Direction of DEPs for each age treated with BGs and normal aging. A) 5wph, B) 10 wph, C) 27 wph 

At all 3 ages we observe a greater reverse direction with normal aging. I focus on DEPs 

downregulated with aging are upregulated by BGs. At 5 wph 19.19%, at 10 wph 43.64% and 

at 27 wph 32.27% are upregulated by BGs and downregulated by normal aging. DEPs 

upregulated with aging and downregulated by BGs are 13.29% at 5 wph, 15.58% at 10 wph 

and 14.35% at 27 wph. For contrary, I observed that 38.93% at 5 wph, 29.26% at 10 wph and 

46.93% at 27 wph are both upregulated by BGs and in normal aging. In addition, 28.59% at 

5 wph, 10.55% at 10 wph and 6.45% at 27 wph are both downregulated by BGs and in normal 

aging. 

4.6.1 Restoration of DEPs during normal aging by treatment with 

BGs 

I focused on DEPs with reverse direction to know which proteins or CCs dysregulated with 

aging were restored by BGs at different ages. I clustered proteins downregulated during 

normal aging and upregulated by BGs at 5 wph using protein-protein interaction (PPI) 

analyses performed in STRING. These proteins formed a structure network with 

significantly non-random connectivity (PPI entrenchment p<1 e-6). At 5 wph BGs restore 

28.7% of proteins associated with Mitochondria, Protein-Folding and Synapses (Fig. 69). 

Over Expression Analyses (ORA) didn’t find any about Biological Processes (BPs) regulated 

by BGs. Furthermore, CCs not dysregulated by aging but upregulated by BGs at 5 wph (71% 

upregulated DEPs) are predominantly associated with Ribosomes (Translation) and 

Cytoskeleton. 
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Figure 69: DEPs downregulated in aging and upregulated by BGs at 5 wph. A) Venn diagram of DEPs, B) PPI related to 

CCs in common between aging and BGs treatment at wph 

I clustered proteins upregulated during normal aging and downregulated by BGs at 5 wph 

using PPI performed in STRING (PPI entrenchment p=2.31e-9). At 5 wph BGs had effects on 

5.85% of proteins associated with Synapses and Endoplasmic Reticulum (ER). Furthermore, 

CCs not dysregulated by aging but downregulated by BGs at 5 wph (78.39% downregulated 

DEPs) are predominantly associated with neuronal component, such as GABA receptor 

complex (Fig. 70).  

 



131 
 

Figure 70: DEPs upregulated in aging and downregulated by BGs at 5 wph. A) Venn diagram of DEPs, B) PPI related to 

CCs in common between aging and BGs treatment at 5 wph 

I clustered proteins downregulated during normal aging and upregulated by BGs at 10 wph 

using PPI (PPI entrenchment p<1 e-6). At 10 wph BGs restore 18.2% of proteins associated 

with Mitochondria, Cytoskeleton, Synapses and GTP-asi (Fig. 71). Moreover, ORA shown 

BPs regulated by BGs, such as protein-folding, synapses organization, maintenance local of 

cell and transport (Fig. 67C). Furthermore, CCs not dysregulated by aging but upregulated 

by BGs at 10 wph (56.87% upregulated DEPs) are again associated with Mitochondria, 

Synapses, and Spliceosome.  
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Figure 71: DEPs downregulated in aging and upregulated by BGs at 10 wph. A) Venn diagram of DEPs, B) PPI related to 

CCs, C) ORA of BPs in common between aging and BGs treatment at 10 wph 

I clustered proteins upregulated during normal aging and downregulated by BGs at 10 wph 

using PPI (PPI entrenchment p=4.5 e-5). At 10 wph BGs affected on 6.1% of proteins 

associated mainly with Spectrin associated cytoskeleton and Mitochondrial cristae. In detail, 

β-spectrin accumulation has been observed in amyloid beta plaques in AD (Sihang and 

Cataldo, 1996). In addition, it was observed an increase of swelling and rupture of 

mitochondria cristae during aging (Terman and Brunk., 2004). Furthermore, CCs not 

dysregulated by aging but downregulated by BGs at 10 wph (63.87% downregulated DEPs) 

are predominantly associated with Supramolecular complex and Collagen (Fig. 72). 
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Figure 72: DEPs upregulated in aging and downregulated by BGs at 10 wph. A) Venn diagram of DEPs, B) PPI related to 

CCs in common between aging and BGs treatment at 10 wph 

 

I clustered proteins downregulated during normal aging and upregulated by BGs at 17 wph 

using PPI performed in STRING. These proteins formed a structure network with 

significantly non-random connectivity (PPI entrenchment p<1 e-6). At 27 wph BGs restore 

20% of proteins associated with Mitochondria, Synapses and Cytoskeleton (Fig. 73). 

Moreover, ORA shown BPs regulated by BGs are mainly associated to mitochondrial 

respiration, such as ATP hydrolysis coupled transmembrane transport, synapses 

organization, and transport etc (Fig. 73C). Furthermore, CCs not dysregulated by aging but 

upregulated by BGs at 27wph (41.4% upregulated DEPs) are again associated with 

Mitochondria, Cytoskeleton and also Ribosomes (Translation).  
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Figure 73: DEPs downregulated in aging and upregulated by BGs at 27 wph. A) Venn diagram of DEPs, B) PPI related to 

CCs, C) ORA of BPs in common between aging and BGs treatment at 27 wph 

I clustered proteins upregulated during normal aging and downregulated by BGs at 27 wph 

PPI (PPI entrenchment p=0.0125). At 27 wph BGs restore 4.75% of DEPs upregulated 

during normal aging. These proteins are very heterogeneous even if they are mainly 

associated with Spectrin-associated cytoskeleton and Extracellular space (Fig. 74). As I 

observed at 10 wph, BGs downregulated β-spectrin, upregulated during aging. In addition, 

it is interesting to describe some individual proteins restored by BGs during aging, such as 

PCNA (Proliferating Nuclear Cell Antigen), DDC (DOPA decarboxylase), SNCA (α-

sinuclein), AK2 (Adenylate kinase 2), NT5E (5'-Nucleotidase Ecto). PCNA can also be 

expressed during repair synthesis. For example, the reactive cell cycle of glial cells is 

important for the pathogenesis of neurodegenerative diseases related to aging. In fact, it has 

been observed that PCNA increases during aging and AD mainly in glia (Wharton et al., 

2005). I observed that BGs restore the upregulation of PCNA during aging. DDC has been 

observed to be upregulated in patients with Lewy body disease (LBD). The upregulation of 

DDC appears to serve compensation for low dopaminergic levels, as in the case of lesions to 

dopaminergic neurons (Hadjiconstantinou and Neff, 2008). Furthermore, increased levels 

of DDC in PD could be an indicator of reduced dopamine signalling in the brain, a key feature 

of both LBD and atypical parkinsonian disorders. Another potential explanation for 

increased levels of DDC in the CSF could be increased peripheral DDC in parkinsonian 

disorders with loss of peripheral DDC in the CSF (Pereira et al., 2023). In fact, DDC could 

have a future role in clinical practice as a biomarker of dopaminergic dysfunction to detect 

parkinsonian disorders even during the preclinical stages of the disease and predict their 

progression towards clinical LBD (Pereira et al., 2023). Along with the upregulation of DDC, 
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I observed elevated expression of SNCA during aging. Accumulation of SNCA is the hallmark 

pathological lesion in brains of patients with PD and related neurological disorders 

characterized as synucleinopathies (Reyes et al., 2021). Then, BGs reduce these two proteins 

related to PD during aging. In addition, I observed downregulation by BGs of oncogenic 

proteins, such as AK2 and NT5E. In detail, AK2 is a biomarker related to the prognosis of 

glioma and the immune microenvironment (Liu et al., 2023).  And NT5E is overexpressed in 

glioblastoma (GBM), where it contributes to the tumour’s pathophysiology via the generation 

of immunosuppressive adenosines (Wang and Matosevic, 2019). Furthermore, CCs not 

dysregulated by aging but downregulated by BGs at 27 wph (50.86% downregulated DEPs) 

are predominantly associated with extracellular region (Fig. 74). 
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Figure 74:  DEPs upregulated in aging and downregulated by BGs at 27 wph. A) Venn diagram of DEPs, B) PPI related to 

CCs in common between aging and BGs treatment at 27 wph 

Furthermore, it is interesting to note that proteins downregulated in aging involved in 

mitochondrial respiration (V-ATPase) are associated in phagocytosis and autophagy, 

particularly with the acidification of lysosomes. V-ATPase are downregulated during aging 

(Aufschnaiter and Buttiner, 2018; Song et al., 2020) and this involves in impairment impair 

the uncoupling of oxidative phosphorylation (reduction of ATP) and reduction of autophagy 

(Colaciurcio and Nixon, 2016; Aufschnaiter and Buttiner, 2018). In fact, V-ATPase is a 

master regulator of cellular homeostasis and lifespan (Aufschnaiter and Buttiner, 2018). 

Interestingly, downregulation of ATP6V1A, one of the proteins observed in this analysis, is 

involved in Alzheimer's disease through synaptic vesicle cycling, phagosome, and oxidative 

phosphorylation (Zhou et al., 2021). BGs at 10 and 27 wph upregulated the downregulated 

expression of these proteins during aging.  For contrary, at 5 wph BGs didn’t affect on these 

proteins. These results confirm what I was observed in the quantification of autophagy via 

immunofluorescence analysis. I clustered proteins downregulated during normal aging and 

upregulated by BGs at 10 and 27 wph using PPI. These proteins formed a structure network 

with significantly non-random connectivity (PPI entrenchment p<1 e-6). CCs are associated 
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with Mitochondrial, Synapses, Cytoskeleton and Lysosomes (Fig. 75). Specifically, BGs 

caused acidification of lumen's lysosomes. Lysosomes generate and maintain their pH 

gradients by using the activity of a proton-pumping V-type ATPase, which uses metabolic 

energy in the form of ATP to pump protons into the lysosome lumen. In fact, ORA show an 

important CC involved in this process, or Proton transporting two sector ATPase complexes 

(Fig. 75C).  
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Figure 75: DEPs downregulated in aging and upregulated by BGs at 10 and 27 wph. A) Venn diagram of DEPs, B) PPI 

related to CCs, C) ORA of CCs in common between aging and BGs treatment at 10 wph 
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7 Discussion 
Overall, the results obtained from my analyses show that BGs are able to partially 

ameliorate phenotypes compromised with aging. Next, I will discuss separately each set of 

results I reported. 

7.1 BGs can be safely supplemented in a chronic diet 

ΒGs allow the extension of lifespan as described in the Nothobranchius guentheri model 

(Song et al., 2020), in Caenorhabditis elegans (Aranaz et al., 2021) and in the PD model of 

Drosophila melanogaster (Tripodi et al., 2022). I did not observe differences in the lifespan 

of Nfu chronically treated with BGs (Fig. 35).  These results appear to be in contrast with 

what was observed in my study. In addition to the different Nothobranchius species used in 

my study (Nothobranchius furzeri) and in that of Song et al., (Nothobranchius guentheri), 

it is possible that the origin of the BGs, in my study Saccaromyces cerevisiae, may have 

determined different effects on the same parameters analysed. For contrary, Song et al 

(2020) used 1.3 BGs derived from alga Euglena gracilis at a concentration (1.25 g/Kg BW), 

10 and 100 times higher than that used in my study. In detail, BGs were included in the 

worms in the study of Song et al. (2020), while I included them in the Zebrafeed feed. 

Additionally, my experimental design differed from that of Song et al. (2020). In their study, 

BG administration began at the 36th week post-hatching (wph) and continued until the 

spontaneous death of the fish. In contrast, I started administering BGs from the 2nd wph 

and sacrificed all Nfu at a specific time point, which was 27 wph. Therefore, the number of 

Nfu that I used for this study is under power for survival analyses and the result may be a 

false negative. For comparison, studies of pharmacological interventions on lifespan by the 

Intervention Testing Program of the National Institute on Aging require ~ 300 control mice 

and ~ 150 mice for each dose (e.g. Miller et al., 2014). For this reason, I did not expect to 

observe differences regarding extension of lifespan. Likewise, this analysis confirms there is 

no toxic effect on the health of Nfu chronically fed with a concentration of BGs that is 

compatible with the dosages used for animal feeds. It is possible that higher concentrations 

may also increase survival but would not be of practical implementation. BGs, in addition to 

not being toxic to Nfu, do not cause any increase in body weight (Fig. 36). Moreover, BGs 

have no effect on kidney histology (Fig. 48), which indicates that BGs are not nephrotoxic 

but safe for kidney health. These findings suggest the safe consumption of BGs as dietary 

supplements for chronic use.  

7.2 BGs reduce aging phenotypes in multiple organs 

Overall, the chronic BGs-fortified diet reduces aging phenotypes in a dose dependent 

manner (Fig. 37; Tab. 4). In detail, I have observed that 125 mg/Kg BW of BGs has a more 

powerful anti-aging action than 12.5 mg/Kg BGs. In any case, it is essential to specify that 



143 
 

even the highest dose is considered a low dose as dietary supplement. BGs specifically act 

on mechanisms related to autophagy (e.g. LC3 brain and liver), protein peroxidation (e.g. 

nitrotyrosine heart and liver, lipofuscin in brain and liver) and inflammation (e.g. LCP1 

brain).  

7.2.1 BGs reduce peroxidation of proteins in aging 

Immunomodulatory function of BGs also determines its antioxidant properties (Kofuji et 

al., 2012). Aging of Nfu is characterized by accumulation of oxidative stress on protein, and 

lipids (Hsu et al., 2008; de Costa et al., 2020) that is detectable, for example, as increased 

nitrosylation of tyrosines in the heart (Heid et al., 2017). BGs are also able to reduce the 

peroxidation of proteins (nitrotyrosine) altered in dysfunctional processes, such as excessive 

blood platelet activation (Saluk-Juszcak et al., 2010). Furthermore, the antioxidant function 

of BGs in aging has been recently suggested by the observation of a reduced oxidative stress 

on protein oxidation and lipids in the muscles of aged Nothobranchius guenteri treated with 

BGs (Song et al., 2020). The mitigation of oxidative stress during aging, such as protein 

peroxidation in the heart and liver of Nfu, observed in my study confirms its antioxidant 

properties. Moreover, I have also observed the antioxidant property of BGs on the effect of 

the accumulation of lipofuscin, a formation derived from an oxidative alteration of 

macromolecules by ROS. As I have demonstrated in my study, BGs prevent accumulation of 

lipofuscin in the livers, hearts and brains of old Nfu (Fig. 40). Additionally, Song et al. 

reported a decrease in lipofuscin in the gills of old Nothobranchius guenteri (Song et al., 

2o2o). These data suggest that the antioxidant function of BGs during aging contributes to 

the mitigation of age-associated phenotypes. 

7.2.2 BGs reduce inflammation in aging 

BGs are immunomodulators capable of attenuating the inflammatory response. In fact, BGs 

can reduce inflammation by modulating inflammatory cytokines, such as Nitric Oxide (NO), 

Interleukins (ILs), Tumor Necrotic Factor a (TNF-a), Interferon Gamma γ (INF-γ) (Miest et 

al., 2006; de O. Silvia et al., 2007; Brogi et al., 2021; No et al., 2021; Silva et al., 2021). 

Studies on anti-inflammatory effect of BGs in physiological aging are lacking, but it has been 

reported that BGs reduce pathological inflammatory response, for example in inflammation 

stimulated by LPS (No et al., 2021), or infections (Falco et al., 2012), or intestinal 

pathologies, or in diabetes (Taylor and Vasu, 2021), or in NASH (Huang et al., 2020). 

Specifically, BGs reduce inflammation by modulating immune cells, such as macrophages 

and microglia. Indeed, BGs influence the balance of Th1/Th2 cytokines by promoting the 

secretion of anti-inflammatory cytokines (Chen et al., 2013). Xu et al. observed a reduction 

in BGs-mediated inflammation with polarization of the M2 phenotype of macrophages (Xu 

et al., 2022). Cui et al also described a decrease in microglia activation in case of 

inflammation in the brain infected with Toxoplasma gondii (Cui et al., 2023). Anti-
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inflammatory property of BGs modulating immune cells described by many studies confirms 

what I have observed in aging, i.e. a reduction of LCP1+ cells (myeloid cells) in the gut and 

brain, indicating a reduction in chronic inflammation (Fig. 43) that is a highly conserved 

hallmark of aging (Baechl et al., 2023). Furthermore, I observed that BGs reduce gliosis (Fig. 

44), a reactive response of astrocytes driven by pro-inflammatory cytokines secreted by the 

activated microglia. Furthermore, the antioxidant action of BGs is reflected in the 

prevention of sarcopenia, as quantified by Feret's size (Fig. 47A) and the significant 

reduction in muscle fibrosis (Fig. 47B), as typical sign of chronic inflammatory reactions. 

Reduction in muscle fibrosis by BGs was also observed by Preethy et al. in DMD mice 

(Preethy et al., 2023). So, BGs reduce inflammation in aging possibly via a modulation of 

immune cell activation, mainly macrophages and microglia.  

7.2.3 BGs and autophagy in aging 

7.2.3.1 Chronic BGs-fortified diet induces autophagy in aging 

The effects of BGs on autophagy in the context of physiological aging have not yet been 

investigated. BGs trigger autophagy in different pathological conditions (Ohman et al., 2014; 

Fatima et al., 2017; Ding et al., 2019; Li et al., 2019; Kopiasz et al., 2021; Liang et al., 2022; 

Xu et al., 2023; Kopiasz et al., 2024). I analysed whether BGs normalize impaired autophagy 

during aging. My results indicate that autophagy, measured by LC3 immunoreactivity, is 

induced by supplementation with BGs in the brain and liver but not in the muscle of old Nfu 

(Fig. 42) suggesting a tissue-specific dysregulation of autophagy during aging. In line with 

this hypothesis, Chapin et al. observed tissue-specific autophagic responses to aging in C. 

elegans (Chapin et al., 2015). An alternative hypothesis is that BGs do not enhance muscle 

autophagy because it is not dysregulated. Ruparelia et al. demonstrated that autophagy is 

not affected in aging in Nfu muscle except at very late age or 52 wph (Ruparelia et al., 2023) 

and our results (see below) show that BGs do not induce autophagy in young animals where 

this cellular process is not impaired. Increased autophagy in brain and liver correlates with 

reduced lipofuscin accumulation in Nfu treated chronically with BGs. Indeed, increased 

autophagy is known to reduce lipofuscin accumulation (Li et al., 2021). Further evidence for 

the induction of autophagy by BGs in aging is provided by increased colocalization of 

lysosomal markers with protein aggregates and reduced total protein aggregates in the liver 

(Fig. 45) in old Nfu treated with BGs. These data suggest that induction of autophagy by BGs 

improves clearance of protein aggregates during aging.  

7.2.3.2 Acute BGs-fortified diet induces autophagy in brain aging, but fails to reduce 

lipofuscin accumulation 

Acute (1 week) BGs-fortified diet significantly increased autophagy in the brain (Fig. 50). At 

the same time, I observed that BGs do not reduce lipofuscin accumulation in the acute diet 

(Fig. 49), as opposed to what observed in the chronic diet. Taken together, these two findings 

indicate that acute dietary-induced autophagy fails to reduce accumulated lifetime 
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lipofuscin in vivo. It seems that the chronic BGs-fortified diet improves aging phenotypes by 

modulating autophagy, inflammation and oxidative stress, typical processes altered by our 

lifestyle. 

7.3 Ex- rain culture as a model to observe direct effects 

Various papers, and my own research, reported positive effects on brain phenotypes after 

oral administration of BGs in vivo. These effects could be mediated by the intestinal 

microbiome of effects on other peripheral organs. Whether BGs could have a direct effect on 

the brain remained unknown. To this end, I performed Nfu cultured brain slides, as 

described in the protocol of Bagnoli et al (2022). Using this model, I was able to study their 

local effect in an isolated system. Moreover, the absence of the blood brain barrier (BBB) 

allowed the direct exposure of brain cells BGs. In addition to these advantages, it is 

important to underline that the ex-vivo brain model mimics adult neurogenesis and 

synaptogenesis as observed in vivo (Bagnoli et al., 2022). Overall, combined with the general 

advantages of the Nfu model, this ex vivo brain model enabled me to directly observe the 

effect of BGs on brain aging. On the downside, it remains to be determined whether BGs can 

cross the BBB in vivo or in other ways act on cells facing the brain capillaries.  

7.3.1 Autophagy in cultured brain slices  

Given the effect of BGs on autophagy in the brain during aging in vivo, I quantified for first 

time autophagy in young, adult, and old Nfu ex-vivo brains. As the results in Figure 51 shows, 

there is reduction in autophagy during aging, particularly from 10 wph. This reduction in 

autophagy mirrors what as has been observed during aging in other organisms (Cuervo et 

al., 2010; Cuervo and Wong, 2014; Saha et al., 2018; Barbosa et al., 2019) or in 

neurodegenerative pathologies (Menzies et al., 2017; Hou et al., 2020; Yuan et al., 2023). It 

is no coincidence that impaired autophagy is considered a hallmark of aging (Schmauck-

Medina et al., 2022). In addition, the age-dependent reduction of autophagy may provide 

an explanation of why at 27 wph acute BGs treatment boosts autophagy but fails to clear 

lipofuscin accumulation. In fact, it is possible the dysregulation of autophagy already at 10 

wph determines an accelerated accumulation of lipofuscin that cannot be cleared by the 

acute action of BGs in old Nfu. In this regard, it would be interesting in the future to observe 

the reduction of autophagy at different ages in the in vivo model as observed in the ex vivo 

model. Furthermore, it would be interesting to compare the reduction of autophagy in vivo 

and ex vivo. Overall, these findings show that ex-vivo Nfu brains are a good model to study 

the direct effect of compounds on autophagy.  

7.3.2 BGs directly act in the brain restoring impaired autophagy  

BGs increase autophagy in ex vivo model (Fig. 51) demonstrating that the effects observed 

in vivo does not require peripheral organs and systemic factors. In detail, BGs increased the 
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number LC3+ puncta/cells and the size of autophagosomes (Volume of LC3) when this 

mechanism is dysregulated, or at 10 and 27 wph, but not in young animals that are not 

autophagy-impaired. Moreover, the increment of lysosomes visualized with Lysotracker by 

BGs in old ex-vivo brains, confirmed what I observed using LC3 (Fig. 54). So, BGs act on 

impaired autophagy during aging. For contrary, at 5 wph, when autophagy is fully active, 

BGs do not increase its baseline. Indeed, the level of autophagy in old BGs-treated brains is 

similar Thus, BGs restore autophagy when the process is dysregulated (i.e. during aging), 

but not when the process is functioning. Indeed, when autophagy in young ex-vivo brains is 

artificially impaired by Bafilomycin A1 (Fig. 52), BGs increase the number of LC3 puncta/cell 

and the size of autophagosomes (Volume of LC3). These findings highlight that BGs directly 

act on the brain restoring autophagy during aging and BGs modulation of autophagy 

depends on the physiological condition.  

7.3.3 BGs as inductor of autophagy 

Regulation of autophagy can be either inductive or blocking. Elevated levels of 

autophagosomes (LC3) indicate either induction of autophagy or block of fusion with 

lysosomes in late stage (Myerowitz et al., 2020). This can be resolved by artificially blocking 

the late stage of autophagy. An increase of autophagosomes after inhibition indicate the 

induction of this process. To observe whether BGs are inducers or blockers, autophagy in 

ex-vivo brain was blocked by Bafilomycin A1. Bafilomycin A1 disrupts autophagic flux by 

inhibiting V-ATPase pump, so it inhibits the fusion of autophagosome-lysosome fusion 

(Yoshimori et al., 1991; Yamamoto et al., 1998; Klionsky et al., 2008). As observed for other 

autophagy inducers (Lopez et al., 2018), such as Rapamycin (Plaza-Zabala et al., 2021), BGs 

increase the number and volume of autophagosomes compared to Bafilomycin A1 treatment 

alone (Figs. 52 and 53). BGs are therefore able to regenerate new autophagosomes. The 

increase in autophagosomes from BGs in ex-vivo brains treated with Bafilomycin A1 

compared to Bafilomycin A1 treatment alone indicates the overall number of blocked 

autophagosomes and those regenerated by BGs. BGs induce of autophagy, which is reduced 

during aging. 

7.3.4 BGs improve morphology of mitochondria 

Induction of autophagy induces an increase in the functionality and energy production of 

mitochondria (Wilson et al., 2023), so I investigated if BGs could influence mitochondrial 

number and morphology in old ex-vivo brains. I show that BGs increased the mass and 

number of mitochondria during aging (Fig. 55). These results confirm the relationship 

between mitochondrial- and autophagy-functions, both processes involved in the regulation 

of longevity (Wong et al., 2023). Furthermore, for the first time, the role of BGs in the 

mitochondria-autophagy axis is reported. Although the effect of BGs on mitochondria is 

poorly investigated, it has been observed that BGs regulate mitochondrial respiration under 
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different conditions (Shaki and Pourahmed, 2012; Brogi et al., 2021; El-Deeb et al., 2022; 

Wang et al., 2022).  It would be of particular interest to investigate the mechanism and the 

mediators by which BGs regulate the autophagy-mitochondrial axis. 

7.3.5 BGs-regulated proteins relate to mitochondrial respiration 

and autophagy  

Mass-spectroscopy based proteomics provided an unbiased and global molecular view of 

BGs action and pointed to specific proteins that may mediate BGs action. Firstly, proteomic 

analyzes show that, at each of the three different ages (5, 10 and 27 wph), BGs upregulate 

the expression of proteins associated with mitochondria, and moreover with the production 

of ATP (Fig. 63). Specifically at the level of single proteins, ACO2 and PC are enzymes the 

TCA cycle. MYH10 has role in cytoskeleton reorganization enriched in neurons and 

specifically in dendritic spines (Korobova and Svitkina, 2010), in neuronal autophagy (Jun 

et al., 2023) and in mitochondrial homeostasis in situations of cellular stress. VDAC1 is 

associated with mitochondrial respiration and ATP production. TXN is mitochondrial 

protein that plays an important role in diverse cellular functions such as maintaining redox 

homeostasis, proliferation, and DNA synthesis, but also modulating transcription factors 

and controlling cell death (Oberacker et al., 2023). Specifically, TXN has a neuroprotective 

role from oxidative stress (Wang et al., 2016; Guo et al., 2021; Cha et al., 2023). At the level 

of cellular components, I observed that BGs increase proteins of mitochondria, cytoskeleton, 

and synapses (Figs. 69-71-73). On the contrary, BGs have less action in downregulation of 

proteins. In any case, BGs at different ages downregulated protein related to extracellular 

region and cytoplasm (Figs. 70-72-74). Most importantly, BGs in old animals are able to 

normalize the expression of about 46.62% of dysregulated proteins during normal aging 

(Fig. 68C). These results indicate that BGs are able to restore a more youthful protein 

landscape in normal aging. At 5 wph BGs upregulated 28.58 % proteins downregulated in 

normal aging related to mitochondria, synapse, and protein folding (Fig. 69). It is interesting 

note that BGs at 5 wph also downregulated proteins upregulated in aging related to synapses 

and Endoplasmic Reticulum (ER). These results seem to suggest that BGs tend to modulate 

some processes bidirectionally during young age, that is, when these processes are not 

dysfunctional. This study suggests that BGs modulate synapse-associated proteins 

bidirectionally. Moreover, BGs at 5 wph act also in cellular components not dysregulated 

during aging. Specifically, BGs downregulated neuronal component, such as GABA receptor 

complex, and upregulated the translation/ribosome e other proteins associated with 

cytoskeleton. At 10 wph, BGs upregulated 18.2% of proteins downregulated in aging that are 

associated with Mitochondria, Cytoskeleton, Synapses and GTP-ase (Fig. 71). On the 

contrary, BGs downregulated proteins associated with Mitochondrial cristae and 

cytoskeleton, particularly β-Spectrin proteins (Fig. 72).  It is interesting to underline that β-

Spectrin is integral component of β-amyloid plaques in AD (Sihang and Cataldo, 1996). 
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Moreover, abnormality in spectrin degradation has been observed during 

neurodegeneration (Masliah et al., 1990; Yan and Jeromin, 2012; Zhu et al., 2015). This 

accumulation of spectrin, specifically spectrin breakdown products (SBDPs) may be a 

consequence of neuronal death during neurodegerative disorders. Overall, these findings 

may imply that an accumulation of spectrin in aging of Nfu is the result of β-amyloid plaque 

formation and/or neuronal death with release of this protein in the brain. In addition, BGs 

regulate the possible accumulation of spectrin from neurodegenerative disorders. BGs, in 

addition to modulating the dysregulation of proteins in aging, upregulate other processes 

associated with mitochondria and synapses, but also the spliceosome. Furthermore, at 10 

wph BGs downregulate Mitochondria cristae and Cytoskeleton-related proteins (Spectrin-

associated), these also downregulate BG 5wph. As discussed previously, the accumulation of 

spectrin in aging Nfu may be the result of β-amyloid plaque formation and/or neuronal 

death with release of this protein in the brain. Taken together these results indicate that BGs, 

particularly at 5 and 10 wph, prevent β-amyloid plaque formation and/or neuronal death. 

An increase in collagen has been observed in AD animal models and human patients (Kalaria 

and Pax, 1995; Farkas et al., 2000; Mehta et al., 2013; Lepelletier et al., 2015; Malgaki et al., 

2018).  It is very interesting to note the effects on BGs in aging (27 wph). BGs upregulated 

cellular components related to Mitochondria, Synapses and Cytoskeleton dysregulated 

during aging (Fig. 73). In detail, BGs restore mitochondrial respiration, such as complexes 

of OXPHOS. These results are supported by imaging of mitochondria in brain slices treated 

with BGs. In addition, BGs downregulated proteins upregulated during aging (Fig. 74). 

These proteins are very heterogeneous and do not create well distinct clusters, although they 

are mainly associated with the extracellular space and the spectrin-associated cytoskeleton. 

Downregulation of the latter was also observed at 10 wph. I wish to describe in more detail 

the function of the most significant proteins that BGs downregulated in aging, specifically 

PCNA, DDC, SNCA, AK2 and NT5E. The upregulation of PCNA during aging may seem 

counterintuitive. For contrary, PCNA can also be expressed during repair synthesis, as well 

as in the case of microglial activation. Not surprisingly, the reactive cell cycle of glial cells is 

important for the pathogenesis of age-related neurodegenerative diseases. Co-location 

between PCNA and microglia (but not astrocytes) was observed in AD subjects (Marlatt et 

al., 2014). This suggests that an increase in PCNA in aging may be determined by the 

proliferation of microglia. Hence, BGs tend to downregulate the proliferation of cells such 

as microglia in aging. It is really interesting to have observed accumulation of DDC and 

SNCA in the aged brain of Nfu. These two proteins are associated with PD. In fact, DDC is 

upregulated in patients with Lewy body disease (LBD). Upregulation of DDC appears to 

compensate for low dopaminergic levels, as in the case of lesions to dopaminergic neurons 

(Hadjiconstantinou and Neff, 2008). Furthermore, increased levels of DDC in PD could be 

an indicator of reduced dopamine signalling in the brain, a key feature of both LBD and 

atypical parkinsonian disorders. Another potential explanation for increased DDC levels in 
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cerebrospinal fluid (CSF) could be increased peripheral DDC in parkinsonian disorders with 

loss of peripheral DDC in CSF (Pereira et al., 2023). It is worth noting that the DCC 

upregulation was proposed as a biomarker of dopaminergic dysfunction in the preclinical 

phases of the disease and ´to predict the progression towards clinical LBD (Pereira et al., 

2023). In addition to the upregulation of DDC, I observed an increase in SNCA during aging. 

SNCA accumulation is the characteristic pathological lesion in the brain of patients with PD 

and related neurological disorders characterized as synucleinopathies (Reyes et al., 2021). 

The accumulation of α-synuclein or SNCA in ex-vivo old brain of Nfu agrees with results 

observed by Matsui et al. in old (20 wph) brain of Nfu, in vivo model (Matsui et al., 2019). 

Overall, these results indicate that the ex vivo model mimics what was observed in the in 

vivo model. Specifically, even the ex-vivo model shows spontaneous age-dependent 

phenotypes are consistent with a degenerative process in the brain. Furthermore, it is 

important to highlight the reduction by BGs of these 2 proteins associated with the onset of 

PD. These findings suggest a possible preventive action of BGs in the context of PD. 

Furthermore, I believe that the downregulation of AK2 and NT5E. These proteins are 

associated with brain cancer, such as glioblastoma or glioma. AK2 is a biomarker related to 

glioma prognosis and immune microenvironment (Liu et al., 2023) and NT5E is 

overexpressed in glioblastoma (GBM), where it contributes to cancer pathophysiology 

through the generation of immunosuppressive adenosines. (Wang and Matosevic, 2019). 

Upregulation of proteins associated with brain cancer in this study may lead to the 

hypothesis and investigation of the onset of brain cancer in the Nfu model, as already 

observed for liver cancer (Di Ciccio et al., 2014). In fact, there is an association between aging 

and the onset of glioma. Specifically, aging progressively suppresses normal 

immunosurveillance and thus contributes to the initiation and/or growth of glioblastoma 

cells (Ladomersky et al., 2019). In addition to these considerations, it is important to 

highlight and confirm the anti-neoplastic and immunomodulation action of BGs. BGs also 

acts on proteins not dysregulated during aging such as proteins associated with 

Mitochondria, Cytoskeleton and Ribosomes (Translation). On the contrary, BGs 

downregulated proteins related to the extracellular region. Overall, these results indicate 

that BGs act mainly on the regulation of synapses and mitochondrial respiration. In fact, it 

seems that memory loss and neurodegeneration during aging are linked to mitochondrial 

dysfunction. Mitochondria are involved in the regulation of complex synaptic plasticity 

processes. Mitochondrial motility and re-localization are necessary for the maintenance and 

strengthening of dendritic spines, but also for the formation of new spines/synapses. In 

addition, mitochondria are energy suppliers regulating neuronal plasticity processes 

(Bertholet et al., 2016; Todorova and Blokland, 2017; Kuzniewska et al., 2020; Duarte et al., 

2023; Underwood et al., 2023). These results may suggest an action of BGs on synaptic 

plasticity mediated by regulation of mitochondrial activity.  In addition, the convergent 

results of imaging and proteomic analyzes suggest a role for BGs in preserving mitochondria 
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during aging. Specifically, aging reduces the functionality of mitochondrial respiration 

inducing an accumulation of ROS (Sohal and Sohal, 1991; Zorov et al., 2014). The excessive 

accumulation of ROS reduces biogenesis of mitochondria leading to a decrease in their 

number and volume (Harman, 2009; Chistiakov et al., 2014). The reduction in the number 

of mitochondria further increases the dysfunctionality of mitochondrial respiration. 

Furthermore, I observed crucial proteins involved in mitochondrial respiration (complex V, 

OXPHOS), V-ATPase, being downregulated in aging and upregulated at both 10 and 27 wph, 

but not at 5 wph, by BGs. The V-ATPase, in addition to its role in mitochondrial respiration 

(Jonckheere et al., 2011), also plays a fundamental role in the autophagic flux. V-ATPase are 

necessary to acidify lysosomes and support the degradation of the internal membranes of 

autophagosomes and their cargo (Futai et al., 2019; Song et al., 2020; Han et al., 2022). V-

ATPase dysfunction contributes to the pathogenesis of multiple neurodegenerative diseases 

(Song et al., 2020). This finding indicates that BGs at both 10 and 27 wph act not only on 

proteins associated with mitochondrial respiration, but also with autophagy. Consistent 

with what was observed in immunofluorescence analyses, BGs normalized dysregulated 

autophagy at 10 and 27 wph, but not at 5 wph. Furthermore, both analyzes indicate that 

during aging there is a reduction in the early stage of autophagy, reduction of 

autophagosome (LC3), and in the late stage, reduction of V-ATPase. BGs are able to restore 

mitochondrial respiration, autophagy and synapses during aging but also at 10 wph. Overall, 

a reduction in the autophagy-mitochondrial relationship is observed in aging. This reduction 

also affects synaptic function. In detail, it is possible that impairment of autophagy during 

aging causes the accumulation of abnormal mitochondria and ROS (Lee et al., 2012; Barbosa 

et al., 2019). Accumulation of damaged mitochondria results from the reduction of 

mitophagy. Furthermore, a reduction of cargo degradation reduces metabolites released 

from autophagy for resume to fuel for mitochondrial respiration. These altered processes 

lead to a reduction in both mitochondrial respiration and biogenesis (Kumar et al., 2021; 

Wilson et al., 2023). Furthermore, mitochondrial respiration, specifically a reduction of 

OXOPHOS, further leads to a reduction in autophagy, (Thomas et al., 218). Decreases in 

ATP levels may also block autophagic flux independently of mTORC1 because ATP is 

required in the sequestration phase as well as to maintain lysosomal function (Sakai et al., 

1982; Plomp et al., 1987; Moruno-Manchos et al., 2013; Moran et al., 2014). These findings 

seem to indicate that the bidirectional connection between autophagy and mitochondria 

regulates many functions associated with aging, such as synaptic transmission. Overall, BGs 

modulate bidirectional connection between autophagy and mitochondria thus play a central 

role for lifespan extension and age-related disorders. 
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7.3.6 Role of BGs not only in microglia but also in neurons 

7.3.6.1 BGs inhibit activation of microglia 

BGs are able to reduce the activation on microglia in the ex-vivo model. The difficulty in 

visualizing fine details of microglia morphology in the Nfu model, lent me to the use of the 

established zebrafish reporter line Tg(mpeg1.1.1:EGFP) to block autophagy by Bafilomycin 

A1 in ex-vivo zebrafish brain model, a canonical model where microglia activation is induced 

by impaired of autophagy (Jin et al., 2018; Qin et al., 2021). BGs reduced the canonical 

proinflammatory morphological transition of microglia (Fig. 56), confirming the role of BGs 

in polarization of microglia and macrophages. Moreover, this result indicates anti-

inflammatory effects of BGs and confirms its action on microglia. 

7.3.6.2 BGs act both in microglia and in neurons 

The direct effect of BGs on microglia has been discussed in the literature, but also confirmed 

in my latest experiment. However, the effect of BGs on other brain cells, such as neurons, 

has not been investigated to date. I therefore designed an experiment to specifically detect a 

direct action of BGs on neurons. I depleted microglia in the ex-vivo Nfu model with plx5622 

(Fig. 57). BGs retain the ability to increase autophagy also in brains depleted of microglia, 

though the magnitude of the effect is smaller (Fig. 58). Furthermore, BGs act with the same 

magnitude on the number of autophagosomes/cells in brains without or with microglia. For 

contrast, BGs have a minor effect on the volume of autophagosomes in the brain without 

microglia. For the first time, I observed that BGs partially restore autophagy through binding 

to neurons, blocking microglia. In any case, these results suggest the direct effect of BGs on 

neurons. 

In this regard, I investigated the role of BGs in iPSC-derived human neurons. 

7.3.6.2.1 BGs have effects on iPSC-derived human neurons 

My results indicates that BGs are able to act in impaired autophagy of iPSC-derived human 

neurons (Fig. 60). Moreover, BGs do not act in non-dysregulated processes, such as 

autophagy in controls. This confirms that BGs can act also on neurons, specifically when 

autophagy is impaired. Moreover, prolonged treatment of Bafilomycin A1 (10 nm and 100 

nm) induce neuronal mortality in according in the study of Sotthibundhu et al.  in iPSC cell 

(Sotthibundhu et al., 2016). Therefore, the acute treatment of Bafilomycin A1 determines 

impaired autophagic flux while the prolonged treatment induces the death of neurons. This 

result indicates that inhibition of the V-ATPase pump induces mortality. BGs reduce 

neuronal death induced by 10 nm of Bafilomycin A1 (Fig. 59). This may indicate that BGs 

upregulate V-ATP-associated proteins, as observed in the proteomic data. In addition, at the 

highest concentration of Bafilomycin A1, or 100 nm, BGs fail to restore this process. Overall, 

BGs act on neurons by regulating impaired autophagy and therefore reducing neuronal 

death.  
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7.4 Hypothesis of BGs’ mechanism action 

Overall, all results indicate that BGs are immunomodulatory, anti-inflammatory and 

antioxidant, mainly regulating processes dysregulated in aging such as autophagy, 

mitochondrial respiration, synaptic transmission and microglial activation. I cannot offer a 

mechanistic explanation of BGs action, also considering that they generally act as 

modulators with bidirectional action depending on the cellular and physiological context. 

My result highlight particularly a bidirectional relationship between autophagy and 

mitochondrial respiration. This relationship determines secondary effects such as 

improvement of synaptic function. AMPK signalling appears a possible pathway mediating 

BGs action. AMPK controls the regulation of cellular homeostasis, metabolism, resistance 

to stress, mitochondrial respiration, cell survival and growth, cell death, autophagy which 

are some of the most critical determinants of aging and lifespan (Antero and Kai, 2012; Herzi 

and Shaw, 2018). Indeed, AMPK inhibits mTOR by inducing autophagy and controls 

mitochondrial biogenesis and metabolism. Furthermore, the upregulation of V-ATPase is 

mainly dependent on AMPK (Collins and Forgac, 2020). AMPK acts in the regulation of 

inflammation and oxidative stress (Carling et al., 2012; Salminen and Kaarnirata, 2012), 

confirming what I observed in the in vivo data. In addition, AMPK promotes the anti-

inflammatory polarization (M2) of macrophages or microglia (Cui et al., 2023). Activation 

of AMPK delays aging and extends lifespan (Stancu, 2015; Burkewitz et al., 2016). Indeed, 

indirect AMPK activators, such as resveratrol, metformin, exercise, caloric restriction, 

increase longevity (Sifani et al., 2011; Sifani et al., 2012; Lundberg et al., 2014; Duca et al., 

2015; Fentz et al., 2015; Ido et al., 2015; Sifani et al., 2015; Weir et al., 2017; Kodali et al., 

2021; Cao et al., 2022; Hassani et al., 2022; Suzuta et al. ., 2022; Ameen et al., 2023; Karagoz 

et al., 2023). Together with these results, some studies on BGs have shown activation of 

AMPK signalling, mainly during obesity or diabetes (Zhu et al., 2013; Eveline et al., 2015; 

Tang et al., 2020; Wouk et al., 2021; Chen et al., 2023). Overall, the effects by BGs that I 

observed could result in activation on AMPK signalling. The specific mechanisms that may 

regulate AMPK by BGs are unclear. It is possible that BGs fermented by the microbiota 

produce Short-Chain Fatty Acids, SCFAs, (Jalil et al., 2021; Chen et al., 2022; Petit et al., 

2022) which regulate the activation of AMPK (Elamin et al., 2013; Jan et al., 2013; Besten 

et al., 2015; Sun and Zhu, 2017; He et al., 2020). In addition to this hypothesis, it is possible 

that BGs modulate immune system regulating AMPK activation. These two hypotheses 

could coexist, in which case it would be interesting to understand the mechanism of action 

in detail. 

7.5 Future Prospective 

The results of this study indicate the anti-aging effect of BG in many impaired processes. 

First of all, it would be interesting to understand the mechanism of action of BGs during 

aging, how BGs regulate these processes. After having observed the modulation of the 
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bidirectional relationship between autophagy and mitochondria, in the future we could 

investigate the effect of BGs in pathologies with dysregulation of this process. Finally, it 

would be useful to translate these data into human clinical trial to test whether BGs can 

reduce cardiometabolic risk factors and improve physiological function in old age.  
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8 CONCLUSION 
To conclude, these results demonstrate an anti-aging effect of BGs. BGs can be used as 

dietary supplements to prevent certain aging phenotypes. In fact, prolonged use of BGs has 

been found to be healthy and non-toxic, so BGs can be included in our lifestyle as a 

preventive anti-aging intervention. Furthermore, I demonstrated the direct effect of BGs in 

the brain, both on microglia and neurons. The direct effect of BGs predominantly acted in 

normalizing dysregulated processes, such as autophagy and mitochondrial respiration. 

Furthermore, these results show the dysregulation of these processes in the ex-vivo brain 

model of Nfu. Overall, BGs can be considered valid supplements to decrease aging 

phenotypes, specifically brain aging phenotypes. 

9 LIMITATIONS OF PROJECT 
In acknowledging the significance of our research endeavour, it is imperative to address the 

inherent limitations that shape the scope and generalizability of our findings. Firstly, a major 

limitation of this study was the insufficient number of fish to accurately determine the 

survival curve for the chronic diet of BGs. However, despite this limitation, the data allowed 

us to consider the treatment as non-harmful if taken chronically at a concentration 

comparable to dietary supplements.  

Although Nfu is an excellent model for studying aging, it may not accurately replicate all 

physiological and pathological features of humans, limiting the translation of the results to 

human medicine. However, in this study we analysed phenotypes conserved between Nfu 

and other mammals, so the observed results can be translated to humans or other mammals. 

To translate the effect of BGs on human aging, further studies on complementary models in 

physiological mechanisms not common with Nfu but unique to mammals would be 

warranted to avoid negative outcomes resulting from chronic BG intake. Furthermore, the 

observation of the effect of BGs on IPCS derived human neurons lays the foundation to 

investigate these effects in detail in humans. 

Another limitation of this study is the lack of detailed understanding of the mechanisms by 

which BGs act to modulate and reduce aging. While the study provides evidence that BGs 

have a beneficial effect, the precise biochemical and molecular pathways involved remain 

unclear. This gap in knowledge limits our ability to fully comprehend how BGs exert their 

anti-aging effects and suggests the need for further research to elucidate these mechanisms. 
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