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Abstract 

 

Brain aging is presented by progressive loss and cognitive decline. 

Age is the most crucial factor that contributes to brain senescence, 

which is mainly defined as oxidative stress, neuroinflammation, and 

neurodegeneration. Age itself contributes to changes in the 

mitochondria, mostly causing an overproduction of reactive oxygen 

species (ROS). The free radical aging theory, which is largely studied 

and researched, reveals how cells go through damage oxidative 

stress related.  Cells themselves are provided with antioxidants 

such as superoxide dismutase 1 (SOD1) and superoxide dismutase 

2 (SOD2), glutathione peroxidase and catalase (CAT) capable of 

removing ROS. When a disbalance between the inner anti-oxidative 

defense system and ROS happens, active molecules that might 

counteract the oxidative stress can be qualified as helpful.  

Our study was aimed in the evaluation of anti-aging effects 

presented by the Saffron extract (SE) in human SH-SY5Y 

neuroblastoma cells after D-GAL induced aging model using 

assessment of cell proliferation, live-cell cytotoxicity, Beta-

Galactosidase (β-GAL), lipid peroxidation (MDA), intracellular 

reactive oxygen species, advanced glycation end products (AGEs) 

and malondialdehyde (MDA) levels. After D-GAL induction, what 

was observed were high levels of oxidative stress associated with 

endoplasmic reticulum (ER) stress and elevated activity of 

lysosomal enzyme SA-β-gal that can be considered as a biomarker 

of senescence. Pretreatment with SE succeeded in reducing 

oxidative stress conditions and ER stress. 
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Introduction 

Chapter I 

Overview of the thesis 

 

Neurological disorders are a presented by diseases/conditions that 

target part of the nervous system, like brain, spine or nerves and 

are classified as one of the main causes leading to long-term 

disabilities or in the worst case to death [1]. Neurological diseases 

are an increasing global issue recently and from the 

neurodegenerative disorders Parkinson’s disease (PD) and 

Alzheimer’s disease (AD) have shown a noticeable increase in 

frequency. The main risk factors influencing the neurological 

disorders include high blood pressure, body-mass index and low 

birth weight plus short gestational period and environmental 

pollution. Smoking is a major cause and  also contributes 

significantly in triggering the disorders [2]. Neurological disorders 

can weaken cognitive motor function, increase the amyloid 

deposition, damage the Blood Brain Barrier (BBB) and disrupt nerve 

conduction. Since nowadays the population is reaching a certain 

age, more and more people presenting neurological disorders are 

being observed. Therefore, PD and dementia have almost 

multiplied by two in the recent years [3,4]. Patients that suffer from 

neurological disorders often require special care, social and also 

economic assistance because of the cognitive and physical 

disabilities leading to social distancing [5].  From the main 

neurological disorders we should mention stroke, migraine, 

meningitis, AD, PD, idiopathic epilepsy, neural tube defects, spinal 

injuries, encephalitis, multiple sclerosis [2]. Since for some of the 

neurological disorders there is no cure or treatment, it is very 

important to take precautions after the absolute increase of cases 

each year.  
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Chapter II: The hallmarks of aging 

2.1 Brain aging 

 

Brain aging is presented by loss of neurophysiologic functions as a 

result of neurodegeneration [6]. One of its main characteristics is 

progressive loss and decline [7]. Another important feature of aging 

is the disturbance of BBB losing this way the homeostasis [8]. In 

physiological conditions, aging includes biological changes of the 

brain related to alterations of cognitive ability [9]. For many years it 

was thought that cognitive changes happening during aging could 

not affect functional abilities [10]. These beliefs were based on 

hypothesis according to which brain aging might affect only some 

of the cognitive skills [11,12]. Brain aging does not involve only 

functional alterations but also structural ones that occur over time. 

One of the most studied theories about aging is the one concerning 

the free radicals [13]. The free radical aging theory implies a cellular 

damage due to oxidative stress [14]. This theory is also reveals how 

mitochondrial DNA (mtDNA) mutations are related to 

mitochondrial dysfunction causing therefore higher free radical 

production [15]. According to Payene at al., mtDNA mutations over 

time can not only accumulate but also lead to proliferation of the 

already existing mtDNA age-related mutations [16]. One of the 

Drosophila studies indicated how the quantity of ROS produced 

during aging increases leading to a collapse of mitochondria on one 

hand but on the other hand, the ROS production on a specific site 

on the electron transport chain (ETC) can contribute significantly in 

signaling in order to protect mitochondria and increase the lifespan 

[17]. Other studies of Caenorhabditis elegans showed how low 

levels of mitochondrial stress can increment the longevity [18].  
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Studies are now trying to confirm if the presence of Aβ plaques is 

related to brain aging independent of AD or it might be a marker of 

a juvenile form of AD being developed [19]. Increased life longevity 

has given risen to difficulties in distinguishing the presence of Aβ 

plaques AD related with those corresponding to brain aging [10,20]. 

The most observed brain aging changes comprehend functional 

decline, DNA alteration and toxic aggregations [21].  

Senescent cells, which main characteristic is preventing cells from 

dividing and replicating, produce a recognizably different 

senescence-associated secretory phenotype (SASP) concerning 

proteases, cytokines and growth factors and they tend to 

accumulate with time in order to degenerate the tissue [22,23]. The 

upregulation of the proinflammatory molecules correlates aging as 

a result of a chronic inflammation [24]. These types of cells, in the 

content of neurodegenerative diseases, promote dysfunction [25]. 

DNA damage and ROS are capable of inducing senescence and 

according to researchers, DNA damage is mostly observed  in the 

mitochondria of neurons of seniors [26–28]. In the meantime, 

chronic and acute injuries and stress might be one of the causes 

[29,30].  One fundamental feature of senescent cells, is the 

accumulation of dysfunctional mitochondria [31]. Senescent cells 

have the tendency to display β-gal activity which can be an indicator 

and be measured with a colorimetric assay in order to identify the 

senescent cells.  According to researchers, neurons of aged mice 

present DNA damage and high expression of pro-inflammatory 

cytokines plus a higher activity of β-gal [26].The inflammatory 

activity happening  in the brain of seniors takes place in the absence 

of a pathogen [32]. Microglia of the older mice displays a boost to 

overproduce cytokines like IL-6, IL-1β and TNF-α [33,34]. In the in 

vitro studies, the activated microglia present characteristics of 

senescence like growth arrest and β-gal activity [35]. Astrocytes 

interactions with the endothelial cells are very crucial in 
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maintaining the unification of the BBB [36]. Astrocytes also present 

signs of senescence in vitro after ROS exposure and ionizing 

radiation exposure [37,38]. Targeting senescent cells might be a 

promising strategy to delay dysfunction and to increase longevity 

[39].  DNA damage, dysfunctional mitochondria and the 

accumulation of the lipofuscin aggregates are mainly attributed to 

cellular senescence [40]. One of the characteristic phenotypic 

changes during normal aging is excess of neuromelanin that is 

responsible for activation of microglial, damage to dopaminergic 

neurons, mitochondrial dysfunction and induction of oxidative 

stress [41,42]. One of the consequences of senescence might be the 

demyelination which causes damage to axons [43]. 

Neurodegeneration itself can be classified as a boost of neuronal 

senescence phenotypes like misfolded proteins or altered synaptic 

transmission [44]. Tau pathology might also be related to cellular 

senescence [45].  

 

2.2 Age related changes in the brain  

 

The aging process is a continuous  deterioration process that is 

related to irrevocable changes to all the molecules, cells, tissues 

and organs [46]. Brain senescence as a biological phenomenon 

leading to gradual deterioration of functional characteristics in 

living organisms is indeed a contributing factor for developing 

different degenerative neurological diseases such as AD and PD and 

for that reason, developing successful approaches to prevent or 

slow it down is of vital importance especially in ameliorating the 

quality of living of older generations [47]. Neurons, if compared to 

other cells have a higher probability to modify their function and 

metabolism if subjected to insults or diseases like the 

neurodegenerative ones [48]. If high levels of oxidative stress are 
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presented, neurons have the tendency to morphologically change 

the structure, especially of their dendrites with the passing of time. 

But even so, dendritic growth is still possible even in case of aging 

neurons [48]. While dendritic shortening is observed, axons tend to 

increase with the passing of time. Mitochondria have a major 

impact  in aging and axon growth [49,50]. During aging and 

neurodegeneration as pathological condition, axons tend to 

deteriorate due to a selective destruction process [51]. The self-

destructive process begins when mitochondrial permeability 

transition pore (mPTP) found between both membranes of the 

mitochondria, the inner and the outer one, is activated. The 

indicated process leading to axonal degeneration can be a possible 

target with the main aim to contrast neurodegeneration [52].  

Dendritic shrinkage is not the only process observed during aging, 

but also dendritic degradation, demyelination and microglial 

activation during all stages of the aging natural process [53]. 

Microglial activation, in particular, can cause neuroinflammation 

[54]. All these physiological age-related variations result in 

irregularities in synaptic transmission [55,56]. Neuronal survival is 

mostly regulated by neurotransmitters including dopamine, 

serotonin (5-HT) as well as by brain-derived neurotrophic factor 

(BDNF), all of which tend to decline with age. In parallel, with the 

reduction in neurotransmitter levels, aging is also linked to a 

marked lowering of glucose and oxygen rates in cerebral blood flow 

[57].  

Overall, aging is mainly related to neuronal loss, cognitive deficits 

and impairment of the central nervous system (CNS) functions [58]. 

Cellular senescence is distinguished by alterations in morphology, 

metabolic activity and transcriptional and epigenetic alterations in 

gene expression [47,59,60]. Senescent cells are identified by 

inflammation and intensified oxidative stress resulting in DNA 

damage and cell cycle arrest developing and SASP [60]. Brain 
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senescence is mainly characterized by oxidative stress, 

neuroinflammation, neurodegeneration and cognitive impairment. 

Based on the fact that senescence is characterized by 

neuroinflammation, using anti-inflammatory drugs, for example 

ibuprofen, markers of aging according to studies conducted on 

genetic mouse models, are decreased [61]. The first steps of aging 

include only cells, but, with the passing of time, morphological 

alterations in tissue and organs start to appear [62]. Studies confirm 

the existence of a correlation between cognitive performance and 

degeneration of age-related white matter sections [9]. The 

neurofibrillary tangles (NFTs) and the senile plaques are established 

in physiological and pathological states of the organism while 

accumulation of Aβ protein and α-synuclein is observed mostly in 

aged brain or during pathological conditions [63]. Accumulation of 

Aβ protein is a primary determinant of mitochondrial dysfunction 

and oxidative stress [55]. 

The heat shock proteins (HSPs) normally protect the neurons and 

glia. Acting as molecular chaperones, these proteins regulate 

protein folding and prevent the excessive aggregation of 

hyperphosphorylated tau and amyloid peptide in case of 

neurodegenerative disorders. HSPs are also responsible for 

controlling the apoptotic and inflammatory pathway. In case of 

nonfunctioning HSPs, the production of hyperphosphorylated 

inclusions is elevated [64]. The proteostasis is an important process 

that maintains the protein homeostasis between the synthesis, 

folding and in the end the degradation. Another target for fighting 

neurodegenerative diseases or improve the symptoms can also be 

modifying the conformational structure of the proteins [65]. These 

biological and pharmacological small molecules called chaperones 

can activate the refolding of damaged proteins [66]. Not only 

refolding of proteins can be target by the proteolytic enzymes like 

peptidases or proteases but also the aggregation or degradation 
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processes can be modified. Chaperones can prevent impaired 

aggregation [67]. The synthesis of chaperones is reduced or 

damaged with aging and therefore with the senescence, what 

comes along is also a variation of proteostasis [68,69]. We find the 

proteases in both intracellular and extracellular compartments and 

as a result they may play the role of  signaling molecules [67].  

 

2.3 Mitochondrial dysfunction in senescent brain 

 

Mitochondria contributes to energy production and cell cycle 

regulation starting from growth to apoptosis [70]. Changes that 

affect the mitochondria during aging are mostly characterized by 

functional decline and overproduction of ROS [71,72]. As 

mitochondria age, their energy output decreases, while ROS 

generation increases, damaging cellular components, especially 

mtDNA. Some studies suggest that mtDNA mutations can be a start 

of aging or speed up the process and appearance of the first 

symptoms [73].  The content of mtDNA is increased during aging 

while seniors present elevated neuron mtDNA levels [74]. The 

oxidation of mtDNA makes it more open to further mutations. The 

mitochondrial changes in the brain that are related to aging  involve 

a reduction in both complex I (NADH dehydrogenase/ubiquinone 

oxidoreductase) and complex IV (cytochrome oxidase; COX) while 

the activity of complex II (succinate dehydrogenase) remains stable 

[72]. Increased ROS levels induces autophagy that is a catalytic 

process able to maintain cellular homeostatic stability [75]. In the 

meantime, the activated autophagy presents a pivotal  role in 

reducing the quantity of oxidized molecules contributing therefore 

in minimizing the damage of oxidative stress [76]. Studies suggest 

that superoxide is the main ROS that guides the ROS-regulating 

autophagy [77]. Autophagy is a very special process because it can 
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remove not only oxidized and damaged products but also the 

organelles that produce ROS like mitochondria and peroxisome to 

reduce the production of more ROS [78,79]. In case of nutrient 

starvation or high quantity of ROS produced, autophagy permits a 

cell to eat a part of itself especially protein aggregates or damaged 

organelles [80]. However, the mechanism through which ROS 

activate autophagy and its protective role remain unclear [81].   

Proteins are among the primary targets of ROS or other radicals in 

vivo [82]. Disulfide bonds, covalent links between sulfur atoms of 

cysteine residues, are critical for stabilizing protein structure.  

Irreversible protein oxidation  disrupt these structure, but 

molecules like glutathione or other antioxidants can reduce the 

disulfide bridges [83].  Moreover, cells are equipped with 

antioxidant compounds such as SOD1, SOD2, CAT and glutathione 

peroxidase able to remove ROS. Results of different studies show 

how the antioxidant chaperones proteins can be selective and bind 

with the crucial proteins of autophagy to activate the process [81]. 

Autophagy systems are helpful when the first line of antioxidant 

defenses like protein and non-protein thiols cannot control the 

irreversible oxidation of macromolecules and damaged organelles 

[38].  

Mitochondria and ROS are essential in apoptosis induction 

activating the caspase 3-like protease, a cysteine protease that 

splits specific proteins, causing cells shrinking and DNA 

fragmentation [84,85]. While ROS activate several pathways that 

induce apoptosis [86]. On the other hand, damaged DNA leads to 

overproduction of ROS [87]. Both damaged DNA and ROS 

production are associated with caspase-9- dependent apoptosis, a 

mechanism playing a  role in the intrinsic apoptotic pathway that 

results in programmed cell death [88]. Caspase 8 and caspase 9 are 

initiator caspases; caspase 3 on the other hand is part of the 

terminal apoptotic process [89].  
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During aging, the ATP production is reduced [90]. The cells are 

presented with the option to work using little energy or find a 

secondary strategy to gain energy from non-oxidative metabolisms. 

This back up plan, is going to have an impact on other signaling 

pathways [91].More mutations of mtDNA in aging will lead to a 

more dysfunctional mitochondria creating a vicious cycle further 

damaging mtDNA [92]. During phosphorylation of macromolecules 

like proteins, lipids and particularly mtDNA, ROS are produced. The 

produced ROS are the cause of mtDNA mutations in aging [93,94]. 

mtDNA itself is mainly the motive of encoding some of the most 

important components in the cascade of oxidative phosphorylation 

and so if it is damaged, more ROS will be produced, altering the 

activity of the respiratory mitochondrial chain effecting cell death 

[95]. In pathological conditions or during aging, mitochondria is not 

capable of maintaining the same levels of synthesis of 

mitochondrial proteins like mitochondrial ATP synthase or the same 

oxidative enzymatic activity and therefore the ATP produced is 

indirectly reduced [96].  

During senescence, mitochondrial dysfunction is presented by 

reduced respiratory function and also a decline in mitochondrial 

membrane potential (MMP). To maintain constant ATP production 

and to preserve the MPP, mitochondria must maintain the best 

equilibrium between NAD+ and NADH. The production and 

consumption determine the levels of NAD+ [97]. During aging or in 

cases of excessive stress, NAD+ consumption is higher implying an 

altered NAD+/NADH balance and this entails a malfunctional 

mitochondrial membrane depolarization and also a modified 

mitochondrial permeability [98].  

 

2.4 Mitochondrial electron transport chain during aging  
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4 protein complexes are constituent part of the mitochondrial ETC. 

The mentioned complexes are effective in facilitating transfers of 

electrons while inducing the process of oxidative phosphorylation 

using ATP synthase to get ATP produced [99]. The first complex 

(NADH dehydrogenase) is presented as an electron acceptor 

transferring them from NADH to ubiquinone while the second 

complex (succinate dehydrogenase) accepts electrons from 

succinate with the main aim of also transferring them to 

ubiquinone. The third complex (Q-cytochrome c oxidoreductase) 

receives electrons from the reduced form of ubiquinone called 

ubiquinol so that to transfer them to cytochrome c. The fourth 

complex (cytochrome c oxidase) instead shifts the received 

electrons to oxygen which is later reduced to water. According to 

studies, if we inhibit complex I, complex III or complex IV hydrogen 

peroxide formation will be intensified. With the intention of 

enhancing ROS generation, it is necessary to inhibit the complex I 

with 25-30% while in order to power up the ROS generation, the 

complex III and the complex IV must be inhibited by more than 70% 

[100].  

During aging, dysfunctional mitochondria tend to create an 

inflammation chronic process that persists even when the insult to 

cells or tissues is over [101]. The mitochondrial release in the 

cytoplasm and/or extracellular space can cause chronic 

inflammation, therefore, to avoid it, it is very crucial to assemble 

the damaged mitochondria or the aged one, in a double membrane 

autophagosome via mitophagy [102]. 𝐶𝑎2+is a major key in 

synaptic activity and the transmission of signals. Its homeostasis 

can be maintained by protein channels that are found in the 

mitochondrial membranes, both inner and outer and also by the 

endoplasmic reticulum [103]. Defected age-related mitochondria 

can unbalance the homeostasis of 𝐶𝑎2+ influencing the levels of 
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cytoplasmatic 𝐶𝑎2+ and interfering with neurotransmitter release, 

synaptic plasticity and neuron excitability [104].  

The proteases ATP-dependent present some main functions like 

ribosome assembly, adaptation to hypoxia, transcription and 

translation and also functions that include macromolecules like 

protein import or lipid transferring. All these function seem to be 

reduced with the passing of time and therefore, during aging we 

observe an unhealthy and non-completely functioning 

mitochondria [105]. During aging, an assemblement of senescent 

cells is verified and this process causes morbidity and mortality 

[106].  

Protein turnover in the brain is a process like all the others that 

suffer from age-related changes. In case of oxidation of proteins 

and aggregation, different forms may result like Lewy bodies [107]. 

We observe the gathering of lipofuscin granules not only during 

senescence but also in neurodegenerative diseases like AD, where 

their presence disrupts cellular functioning due to toxic compounds 

[108–110].  

 

2.5 Morphological rearrangement and oxidative stress in 

aging brain  

 

Over the years, myelin undergoes some structural irregularities and 

alterations while axons tend to lose nerve fibers. This can result in 

weak conduction speed or faulty signals conduction through the 

axons. The study of Sandell on monkeys revealed that old monkeys 

present less myelinated fibers compared to the young monkeys 

[111,112].  

The brain is one of the organs that uses the most quantity of oxygen 

and therefore is at more risk of undergoing cellular damage. 

Inflammaging is this process of inflammation happening in the brain 
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not because of a pathogen but because of ROS generation during 

aging [113,114]. Aging is characterized by a high number of 

senescent cells  that release pro-inflammatory molecules and 

mediators, like cytokines [115,116]. 

 

2.6 Free radical aging theory 

 

The most studied theory related to aging is the free radical 

hypothesis according to which senior people have more oxidized 

products if compared to the rising generations [117]. As described 

in the free radical theory, the accumulation of mtDNA mutation 

during aging will cause loss of function leading to a speed up of cell 

death. Also, based on this theory, it is very crucial for the 

physiological functions to maintain a balance between antioxidants 

products and oxidants [118]. According to some studies, an 

overexpression of antioxidant enzymes can increase longevity. ROS 

contribute as signaling molecules and modulators [119].  

The lifespan of an individual is mainly inversely proportional to the 

quantity of ROS; more ROS we find in the mitochondria, reduced 

the lifespan of the person will theoretically will be [120]. The redox 

imbalance is mainly caused by a debilitated anti-oxidative defense 

system that is not able to counteract the higher levels of the ROS 

produced like hydrogen peroxide, superoxide and reactive nitric 

oxide [47]. The reduction of ROS may take place in different cellular 

compartment other than the mitochondria [121]. In case of damage 

to the mitochondrial membranes, the content can be released in 

the cytoplasm and/or extracellular environment triggering an 

inflammatory responses [122]. Rotenone is a mitochondrial 

complex I inhibitor that, if used in treating human THP1 

macrophages, can cause a dose-related increment of the secretion 

of IL-1β,loss of MMP and ROS overproduction [123]. MPTP (1-
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methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is also an inhibitor of 

complex I. It causes increased levels of inflammatory cytokines and 

in conclusion we observe microglial activation in both monkeys and 

mice according to recent studies [124]. Angiotensin is a peptide that 

is considered to be related to inflammatory response in the MPTP 

model [125]. Angiotensin is also responsible for maintaining the 

iron homeostasis which is  crucial in case of disbalances because it 

can boost the microglial inflammatory response [126]. During aging 

processes, mitochondria are the origin of ROS [127]. Henry J. H. 

Fenton explained that hydrogen peroxide might power the genesis 

of hydroxyl radicals [128]. SOD1 and SOD2 enzymes, found in 

mitochondria and cytosol, can help in transforming the superoxide 

radical into hydrogen peroxide which is less harmful. Hydrogen 

peroxide is then transformed into water and oxygen [129] (Figure 

1). 

 

 Figure 1: Illustration of different pathways of oxidative stress 

 

The fact that ROS can accumulate is a leading sign to probable cell 

death that might have different mechanisms that might be 

presented through autophagic and cytoplasmic cell death and 

apoptosis [130,131]. ROS assemblage can cause conformational 

changes of pro-apoptotic proteins including the family of Bcl-2 

proteins [132]. The release of apoptogenic factors mentioning 
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cytochrome c is attributable to the shift of these pro-apoptotic 

proteins into the mitochondrial membranes [133].  

 

2.7 Mitochondrial membrane potential during aging 

 

During aging, cells present a reduced MMP. This decrease is 

associated with a reduction of response given to agents that induce 

both the opening or closure of mPTP [134]. The mPTP is a protein 

complex which we find in the mitochondrial inner membrane 

[135,136]. In physiological conditions, the activation happens 

because of the calcium overload in the mitochondrial matrix. One 

of the mechanisms thought to activate the mPTP is the oxidation of 

the pyridine by the oxidative stress. The activation of voltage-gate 

dependent mPTP depolarizes the mitochondria and inhibits the 

oxidative phosphorylation. Consequently, a great quantity of ROS 

are released amplifying the risk of neurodegenerative diseases and 

early aging. Studies report that the inhibition of mPTP can retard 

aging [137,138]. A partial opening might be helpful for the release 

of the excessive quantity of ROS produced and calcium. A long-

lasting  opening on the other hand, might release most of the 

substrates of the matrix including calcium, mitochondrial ROS and 

glutathione resulting in membrane rupture, disturbed homeostasis, 

increased oxidative stress related to nuclear DNA, proteins, and 

membrane phospholipids enhancing aging [139]. Superabundance 

of ROS enhances the activity of mPTP leading to an accelerated 

aging process [140].  

Senescent cells in aging  might cause inflammation and loss of 

specific functions therefore clearance is very beneficial [141]. 

Among the main characteristic of the senescent cells is the ER stress 

[142]. Senescent cells secrete inflammatory cytokines that have an 

impact also on adjacent cells causing oxidative stress [143]. The 
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presence of senescent cells in aging phase is also related to 

neurodegenerative diseases like AD or PD [144,145].  

 

2.8 Telomere attrition 

 

Telomeres are repeated hexamers presented in the terminal part of 

chromosomes, composed from repetitive sequences of DNA that 

have the main aim to guard genetic information during cell division. 

Since telomere shortening is present in cellular senescence, the 

length of telomere’s can be considered a biomarker related to aging 

[146]. Telomere attrition is a powerful process  leading to  block of 

cellular division and it is believed to be  a sign of aging and its 

related processes predicting also mortality [147]. Telomerase is a 

specific telomere-synthesizing enzyme that controls telomere’s 

length. Telomerase plays a controlling role in guaranteeing that the 

replicative process does not generate genomic instability due to 

uncapped telomeres. This enzyme preserves the telomere length 

through the insertion of nucleotides [148]. The telomere hypothesis 

predicts that, when somatic cells extend to a certain length, 

senescence is activated [149]. Telomere attrition alongside with 

ROS generation are both related to the development and 

advancement of geriatric diseases [150,151]. Not only so but 

shortened telomere are connected to aggravating of cognition in 

women affected by dementia [152]. The preclinical studies 

conducted on mice revealed that when mice are susceptible to 

aging, they present age-related learning and memory deficits. As a 

result, telomere length can be associated to neurodegenerative 

diseases and therefore, shortened telomeres can be used as a 

biomarker although future investigation is indispensable with the 

main aim  to examine the connection between the 

neurodegenerative processes and telomeres [153–155].  
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Strategies to restore the length of telomeres include procedures 

that restore telomerase enzyme activity, reduce oxidative stress 

and promote the decrease of pro-inflammatory cytokines 

concentrations [156,157]. 

Lapham et al., has reported that women present longer telomeres 

[158]. One of the causes influencing the length of telomeres in 

women is maternal age and childbirth weight [159]. Lifestyle factors 

that can have an impact on telomere shortening include smoking, 

insomnia, physical activity and alcohol consumption [160,161]. 

 

2.9 Organelle crosstalk in aging: ER-mitochondria 

interactions and metabolic control 

 

Some theories present an alternative mitochondrial decline during 

aging that is related to a partially failure of other organelles such as 

vacuole/lysosomes [162]. When vacuolar depository declines, what 

is observed is an increase in cysteine levels in other compartments 

and that causes interference with redox homeostasis and iron. 

Cysteine can act as a toxin, disrupting the mitochondrial functioning 

during aging [163]. Mitochondria are not the only organelles that 

suffer from defects of vacuolar/lysosomal compartmentalization. 

Failure of amino acids lysosomal storage has an impact also on the 

dysfunction of ER [164].  

One of the most cited mechanisms of cellular senescence is 

mitochondrial dysfunction and cellular calcium imbalance and both 

can be caused by a malfunction of organelle interactions [165]. The 

intracellular calcium homeostasis is maintained by ER [166]. During 

senescence, calcium is released by ER increasing therefore the 

intracellular calcium levels [167]. ER is not the only organelle 

maintaining calcium homeostasis. Mitochondria and lysosomes 

also have an instrumental  role [168,169]. In order to  transfer 
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calcium from ER to mitochondria an appropriate distance of these 

two organelles is required [170]. In the meantime, the imbalance of 

the lysosomal calcium leads to impaired proteolytic activity of 

lysosomes reflected subsequently in a negative way on lysosome-

mediated autophagy proteolytic system causing therefore cellular 

senescence [171,172]. 

In senescent cells, the number of contact sites between 

mitochondria and ER is presented lower  if compared to normal 

cells leading to think that the interruption of contacts between the 

two organelles influences the cell longevity [173,174]. In the 

connections between mitochondria and ER, parkin, α-synuclein and 

other toxin age-related proteins are present [175–177]. 

 

2.10 Metabolic syndrome in the elderly: the role of 

mitochondrial impairment 

 

Metabolic syndrome as a definition is presented by  a group of 

metabolic risk factors such as visceral obesity, high arterial blood 

pressure, dysglycemia, high triglyceride concentrations, and low 

HDL cholesterol, which lead to obesity, insulin resistance and 

cardiovascular pathologies [178]. Metabolic syndrome is also 

related to early aging. Recent evidence is showing an association of 

metabolic syndrome with oxidative stress [179]. Oxidative stress 

triggers the biological reactions that are involved in the metabolic 

syndrome [180]. In the metabolic syndrome cases of the oxidative 

stress might result intensified due to alterations of antioxidants 

defenses [181]. During aging, factors that might influence the 

metabolic syndrome include inflammation and stress [182].  

 

2.11 Mitochondrial dynamics (Fission and Fusion) and 

their contribution to cellular senescence 
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Mitochondria, as highly motile organelles, undergo continuous 

fusion and fission processes that regulate cellular redox status and 

cell death [183]. In case of a genetic defect in the proteins 

associated with fusion and fission in the mitochondria, increased 

levels of apoptotic cell death can be observed [184]. This shows us 

how mitochondrial dynamic processes like fusion and fission 

proteins contribute to cell death [185].  Therefore, manipulating the 

proteins involved with these two processes might result in 

improved unwanted cell death and postponed age-related 

symptoms [186]. While increasing mitochondrial fusion, 

mitochondrial membrane depolarization is prevented and 

resistance to apoptosis is manifested [187,188]. Fission is a process 

that contributes to isolating damaged fragments of mitochondria 

and activating their autophagy.  If these defense mechanisms go 

wrong, mitochondrial fission can promote apoptosis [189,190]. 

Alterations of fusion and fission processes might decrease 

mitochondrial movement and cause defects in neurons [184].  

 

2.12 The interplay between nuclear and mitochondrial 

genomes in age-associated decline 

 

The normal functioning of mitochondria along with the aging 

process might be regulated by a signaling process transmitted by 

nucleus to the mitochondria. The cause of activation of this signal 

is thought to be nuclear DNA damage during aging [191]. Modified 

levels of mitochondrial metabolites or stress signals can be the 

cause of epigenetic changes affecting aging [192]. During aging, 

mitochondria itself communicate their state of metabolic activation 

and function to the nucleus as a response to various environmental 

and intracellular signals [193]. If a failure of MMP takes place, ROS 
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generation in  mitochondria can serve as signals to initiate the 

mitochondrial nuclear retrograde response [194]. Accumulation of 

unfolded or misfolded proteins activate this retrograde signaling 

that turns on a nuclear transcriptional response inducing as a result 

the mitochondria proteins chaperones [195].  

 

Chapter III: Strategies to prevent or delay brain aging 

3.1.1 Caloric restriction 

 

Through the process of caloric restriction, we aim to prolong 

lifespan and health-span of the nervous system of an individual, 

improve cognitive performance and delay aging. Not only so, caloric 

restriction has also been proved to delay the neurodegenerative 

diseases such as AD and PD and improve long-term health [196–

198]. Caloric restriction influences aging and affects age-related 

changes to the brain improving also cognitive function [199–201].  

One of the possible mechanisms of the caloric strategy is 

influencing energy and oxygen radical metabolism in order to 

protect neurons during aging. Caloric restriction can boost the 

formation of protein chaperones and antioxidant enzymes able to 

protect cells against stress  in order to resist longer to neurological 

disorders [197]. It is possible that through the reduction of calories, 

an anti-inflammatory mechanism and a process of synaptic 

plasticity protect neurons from oxidative damage. Caloric 

restriction might also be helpful in  blocking and arresting β-amyloid 

neuropathology in Alzheimer’s  transgenic models [202]. Lowering 

the oxidative stress generated by mitochondria while reducing the 

calories can increase maximum lifespan in many species [203]. One 

of the main effects of caloric restriction is promoting the survival of 

individual cells downregulating in the meantime, cell proliferation 

[204]. According to what studies reveal, neurons of the brains of 
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mice and rats maintained on caloric restriction, performed a better 

resistance to oxidative stress [197]. During low states of energy in 

case of caloric restriction, neurotrophic factors such as BDNF show 

increased concentrations probably due to a compensatory 

mechanism opposed to the physiological stress [205]. Caloric 

restriction results useful in decreasing brain concentrations of pro-

inflammatory cytokines protecting the brain from acute damage 

and aging [206].  Since caloric restriction counteracts aging and has 

a neuroprotective effect, it can be a potential target for future 

research [207].  

 

3.1.2 Intermittent fasting 

 

During fasting periods, we notice a switch from liver-derived 

glucose to adipose cell-derived ketone. Effects depend on diet, sex 

and genetic factors although, studies on mice and non-human 

primates promise a concordant effect of health span [208,209]. 

Studies in animals and humans have proved that intermittent 

fasting not only reduces the production of ROS but also improves 

stress resistance and represses inflammation. Not only so but 

during fasting periods, cells trigger mechanisms that boost intrinsic 

defenses against oxidative and metabolic syndrome [210].  

According to studies in animals, fasting helps in improving cognition 

[200]. Through intermittent fasting neuronal stress resistance is 

observed. Fasting stimulates autophagy, antioxidants defenses, 

DNA repair, the production of neurotrophic factors, synaptic 

plasticity and neurogenesis [208,211].  One of the studies 

conducted on individuals with mild cognitive impairment revealed 

how the patients that practiced intermittent fasting, presented a 

higher score and an improved cognitive function after a follow up 

of 36 months [212]. Another study based on intermittent fasting 
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regimen was performed on C. elegans and Drosophila 

melanogaster. The result demonstrated a proven extension on 

lifespan [213,214].  

 

3.1.3 Ketogenic diet 

 

Ketogenic diet that presents low carbohydrate intake, shifts the 

metabolism from carbohydrates to proteins and fatty acids 

restriction, causing an increase in longevity and health span of mice 

[215,216]. This dietary approach manifests neuroprotective effects 

while repressing the glycolysis and nurturing the production of 

ketone bodies [217,218]. The ketone bodies present 

neuroprotective activity, activate autophagy, improve 

mitochondrial functioning, increase the amount of endogenous 

antioxidants and suppress the inflammation [219]. When there is 

no glucose available, the brain operates with ketones as a 

substitute form of energy since they can be transformed in acetyl 

Coenzyme A (CoA), which after oxidative phosphorylation can 

generate ATP [220]. Ketogenic diet dietary approach also results in 

reduced cognition decline [221]. In elderly mice, ketogenic diet 

resulted in a reduced mitochondrial ROS production, amplified 

mitochondrial  production of ATP and enhanced MMP [222]. 

Ketogenic diet weakens the  decline age-related in physiological 

functions present in old mice [216,218]. 

 

3.2 Supplementation 

 

Dietary interventions and nutritional supplements can play an 

important role, alongside with pharmacological therapies, in 

cognitive impairments during aging [223]. Based on the free radical 

aging theory, the administration of exogenous antioxidants might 
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be helpful in order to reduce the reactions of free radicals 

[224,225]. The antioxidant supplementation is thought to be a 

future intervention in age-related disease [226]. The modern 

technologies use nanoparticles as antioxidants delivery systems in 

order to attenuate oxidative stress while penetrating to specific 

target organs or tissues. The concentration of the nanoparticles 

during administration does not influence in any way the final result 

which is increase of the lifespan of model organisms [227].  

From among the main antioxidant compounds, we mention vitamin 

C, curcumin, resveratrol, coenzyme Q10, vitamin E and melatonin. 

Vitamin C is a potent antioxidant able to inhibit the peroxidation of 

lipids [224]. Tetrahydrocurcumin which is the active metabolite of 

curcumin turns out to be a potential antioxidant possessing anti-

inflammatory effects [228]. Resveratrol presents a crucial 

protective effect against oxidative damage [224]. Coenzyme Q10 is 

a vital antioxidant found in cell membranes and lipoproteins [229]. 

The production of pro-inflammatory cytokines is decreased due to 

the use of Coenzyme Q10 [230]. Vitamin E also presents powerful 

antioxidant properties required for counteracting the damaging 

activity of variety of oxygen radicals [231]. Vitamin E also presents 

anti-inflammatory properties inhibiting the expression and/or 

function of the cyclooxygenase 2 (Cox-2) known for its  crucial role 

in the inflammatory process [232]. Melatonin energizes the activity 

of glutathione peroxidase and SOD [233].  

 

Chapter IV: Aim of the study 

4.1 Effects of hydroalcoholic saffron extract in an in vitro 

model of neural senescence 

 

Aging is presented as a chronic physiological process that causes 

irreversible alterations and modifications in most of the cases to all 
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molecules, tissues and organs [47]. Brain senescence is mostly 

characterized by chronic inflammation, high levels of oxidative 

stress and gradual decline of its functions. Not only so but brain 

senescence is related to a higher vulnerability of developing 

neurodegenerative diseases such as AD and PD [59,60]. For that 

reason, detecting active molecules or finding strategies to oppose 

or at least postpone the brain senescence is of high significance for 

the lifespan of individuals. This study was based on the evaluation 

of anti-aging effects of SE in human SH-SY5Y neuroblastoma cells 

after D-Gal induced aging model using analysis that evaluate of cell 

proliferation, live-cell cytotoxicity, Beta-Galactosidase (β-GAL), lipid 

peroxidation (MDA), intracellular ROS, advanced glycation end 

products (AGEs) and malondialdehyde (MDA) levels. The last step 

was using holotomography to observe changes in morphology.  

Human SH-SY5Y cells are a well employed cellular model for 

observing the mechanistic features of neurodevelopment and 

neurodegeneration. D-galactose (D-GAL), a sugar that can be used 

in experimental studies to induce aging, can cause oxidative stress, 

DNA damage and inflammation and as a result it can stimulate the 

senescence in many brain cell types [234]. For this reason, using 

exogenous antioxidants compounds such as saffron might be 

helpful.  

Figure 2: Graphical abstract of saffron extract preparation and 

experimental design 
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Saffron (Crocus Sativus L.) is part of the Iridaceae family [235]. 

Saffron is represented by its bioactive constituents like crocin, 

crocetin, safranal, picrocrocin and kaempferol that are 

distinguished for their beneficial effects in particular in cognitive 

functions [236]. Crocin (Figure 3A) and crocetin (Figure 3B) are the 

carotenoids that are responsible for the color while safranal (Figure 

3C) the aldehyde responsible for the characteristic smell. 

Picrocrocin (Figure 3D) is a monoterpene glycoside giving the 

saffron the bitter taste [237].  

 

Figure 3A: Crocin                                      Figure 3B: Crocetin 
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Figure 3C: Safranal                                Figure 3D: Picrocrocin 

 

Saffron’s constituents have been studied considering their potential  

neuroprotective effects against brain senescence and other 

neurological diseases [238]. Not only so, saffron and its constituents 

exert their neuroprotective effects through many mechanisms like 

modulating neurotransmitters, supplement the neurogenesis, 

control oxidative stress and manage inflammation [239]. Saffron’s 

chemical composition is mainly sugar 63% and proteins 12%. Fat, 

minerals and fibers are the remaining part [238]. Since crocin finds 

it difficult to pass the BBB, it is converted into crocetin by hydrolysis 

in the intestine. Crocetin can reach the brain more easily and due 

to this peculiar behavior it can be used in case of neurodegenerative 

diseases [240]. Two of the major components of saffron, which are 

crocin and crocetin can inhibit the generation of the α-synuclein 

aggregates which we find accumulated in PD and also, segregate 

the already formed ones improving therefore the symptoms and 

the quality of life and supporting people with PD [241]. AD, being 

part of the neurodegenerative diseases, is also strongly impacted 

by oxidative stress which is one of the main factors contributing to 

neuronal death and loss of synaptic transmission [242]. The study 

of Khalili et al, demonstrated that crocin is capable of improving the 

cognitive impairment in three weeks after the streptozocin 

injection inducing a sporadic AD in male rats [243]. One in vitro 

study suggested crocin can be a driving force in inhibiting the tau 

protein filament formation in AD [244]. Another double blind 

clinical trial which included patients suffering from AD, after 22 

weeks of giving casual administrations to one group saffron and to 
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the second group donepezil, revealed that if treated with 30mg of 

saffron per day, saffron is as efficient as donepezil in treating the 

symptoms of AD without side effects [245]. While in the meantime, 

another study of a double-blind placebo controlled trial at the same 

dose of 30mg/day, showed how   an improvement of the cognitive 

enhancement in the group being administered saffron was 

achieved [246]. Safranal on the other hand is considered to be an 

antioxidant molecule that is capable of reducing oxidative stress 

while scavenging free radicals [247]. Safranal can reduce ROS levels 

and as a result, there is a reduction in the apoptosis through the 

mitogen-activated protein kinases (MAPKs), extracellular regulated 

protein kinase ERK 1/2 and PI3K/AKT pathways [248].  

The mechanisms through which saffron along with its constituents 

play important beneficial roles in various neurological disorders are 

multiple. Saffron is responsible for modulating and increasing the 

levels of the neurotransmitters like serotonin, glutamate and 

dopamine involved in memory, learning and movement [249]. 

Saffron is not only capable of boosting the neurogenesis but also 

stimulate the maturation and specialization  of stem cells and while 

intensifying the expression of BDNF reinforces the growth of 

neurons and their survival [250]. Since neuroinflammation can be 

the cause of brain damage and impaired functioning, reducing it can 

be beneficial. Saffron can suppress the production of pro-

inflammatory cytokines like interleukin-1 beta (IL-1β) and tumor 

necrosis factor alpha (TNF-α) [249,250]. Saffron can work with 

different mechanisms to scavenge free radicals such as ROS or 

reactive nitrogen species (RNS) and in the meantime, to boost the 

activity of antioxidant enzymes like CAT and SOD [251].  

Mitochondrial dysfunction is thought to be the cause of many 

neurodegenerative diseases and brain senescence [252,253]. The 

brain is an organ very sensitive to oxidative stress  and therefore if 

the balance between the defense of the exogenous antioxidants 
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and the production of free radicals changes, it may result in 

neuronal death [254]. The effect that Crocus Sativus L. has in 

preventing neuronal cell loss counteracting the formation of ROS is 

demonstrated in different studies and according to them, saffron 

has a dose-depending effect [255]. The main cause of oxidative 

stress are unpaired electrons of atoms or different groups that 

might lead to damage to macromolecules like DNA, RNA and 

proteins [256]. Cognitive impairment streptozocin-induced in rats 

can be counteracted by the administration of crocetin. It increases 

the levels of glutathione peroxidase, which is a powerful 

antioxidant reducing the damage caused by oxidative stress [257].  

 

Chapter V: Methods 

5.1 Saffron extract preparation 

 

We collected the stigmas of Saffron (Crocus sativus L.) in November 

2022, in L’Aquila, Abruzzo, Italy. The cultivation soil prepared was 

left resting from November 2022 till August 2023.  After the 

germination, the bulbs were planted and the harvesting process 

started from mid-October to November in the flowering period of 

Saffron, being careful to steer clear of the flowers opening to the 

sun. The saffron stigmas, dried the same day after being harvested, 

are finally stored in room temperature in sterilized pots, away from 

sunlight.  

The hydroalcoholic extract of saffron is prepared with dried stigmas 

(250mg of stigmas in 5ml ethanol), weighed, ground and soaked in 

ethanol (EtOH) 70% in room temperature, away from sunlight for 

about 2h while stirring and then centrifugation for 10min at 13000 

g at +4°C. Supernatants were then filtered with 0.45 µm 

polyethersulfone filter (PES) and after the division into 4 small 

tubes, evaporated using Speed Vac system (Concentrator, 
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Eppendorf) for 2h. The dried extract divided in 4 tubes was kept in 

the fridge at -20°C. We obtained the stock solution of SE by 

dissolving the dried extract in dimethyl solfoxide (DMSO).  The stock 

solution of SE was then diluted using cell culture medium obtaining 

the wanted concentration which was 200 µg/ml- 25 µg/ml.  

 

5.2 Characterization of saffron 

 

We identified the quality of our Saffron with the  UV-visible 

spectrophotometry analysis of SE [258,259].  

 

5.3 In vitro model of neural senescence  

 

We used neuroblastoma SH-SY5Ycells, well employed cellular 

model which were cultured as mentioned in the protocol using 

Dulbecco’s Modified Eagle’s Medium (DMEM) completed with 10% 

fetal bovine serum and also 1% Glutamine (ATCC, USA). The cells 

were then preserved at 37 °C at 95% humidified air at 5% CO2 

(Eppendor, UK). As mentioned before, D-Gal is a monosaccharide 

sugar useful in inducing aging in in vitro and in vivo models. 

According to some research, cells were seeded in a 96 wells plate 

of 7000cells/well for the night after being treated with SE 25–200 

µg/ml for 24 h and after being subjected  to D-Gal  induction of 

senescence (SigmaAldrich, USA; 200 mM, 24 h) [260,261].  

 

5.4 MTS assay 

 

As mentioned before, cells were put on a 96-well plate, and we 

added Cell Titer based on the manufacturer’s instructions (Promega 

Corporation Madison, USA) in order to determinate the cell viability 
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of our senescence model using the MTS colorimetric assay. Then, 

using the Enzyme-linked Immunosorbent Assay (ELISA) reader, 

Infinite F200 (Tecan, Swiss) we evaluate the index of viability. The 

tests were executed in quadruplicate at an absorbance of 492nm 

[262].  

 

5.5 Live cell imaging Cytotox Assay 

 

Cells are always plated in a 96-well plate and in order to calculate 

the cytotoxic index in live-cell imaging, Cytotox Incucyte assay was 

used. To count the dead cells, we used 250nM of IncuCyteCytotox 

Red reagent in each condition (Essen Bioscience, Newark, UK). The 

plate was then placed in the IncuCyte machine with 20 x objectives 

for the recording of the cytotoxicity every 3h. The fluorescence 

scanning and phase contrast were used in measuring the 

cytotoxicity activation for 72h at 37 °C and 5% CO2. Incucyte Zoom 

software (Newark, UK) helped in scanning the images while the 

data were reported as red object count for each image [262].  

 

5.6 β-galactosidase (β-GAL) assay 

 

To measure the β-GAL colorimetric assay Pierce β-GAL reagent was 

added (ThermoScientific, USA). β-GAL can play the role of a 

biomarker for induced senescence. The well plate was incubated at 

37 °C for half an hour while  the β-GAL was quantified by the use of 

a microplate reader at 405nm [262].  

 

5.7 ROS assay 
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The main aim was to measure in the in vitro model the ROS 

production therefore DFCDA assay (Abcam, UK), a technique able 

to quantify ROS within live cells, was used as stated by the 

manufacturer’s instructions. Cells were prepared and treated as 

mentioned before and were then incubated with 10 µM DFCDA in 

obscure, at 37 °C for 30minutes. PBS is commonly used for washing 

because being a water-based salt solution it can act as buffer in a 

biological surrounding to maintain a stable pH and to have a similar 

salt concentration as the live cells. After the washing, using a Tecan 

Spark (Tecan, Switzerland), we can detect the fluorescent DCF and 

therefore measure the ROS at 485nm excitation and 535nm 

emission. As a positive control we used hydrogen peroxide [262].  

 

5.8 Malondialdehyde assay 

 

Through this assay we measure the malondialdehyde (MDA) levels 

in biological samples. In case of lipid peroxidation, lipids are 

damaged by oxidative stress and MDA can serve as a biomarker. 

MDA in biological sample interacts with thiobarbituric acid (TBA) 

resulting in the formation of this MDA-TBA adduct. To quantify the 

adduct fluorometrically, excitation/emission at 532/553 nm can be 

used. According to the protocol, TBA solution should be added to 

the biological sample before incubation for 60minutes at 95 °C. In 

order to cool the samples, they are put in an ice bath for 10minutes, 

before being moved  to microplate wells were they are examined 

making use of a microplate reader (Spark, Tecan) [262].  

 

5.9 SOD enzyme activity 

 

The SOD assay kit was obtained from Abcam, UK, and was applied 

in measuring the SOD activity. This enzymatic colorimetric method 
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measures the rate of reduction of WST-1 (2-[4-lodophenyl]-3-[4-

nitrophenyl]-5-[2,4-dis-ulfophenyl]-2H-tetrazolium, monosodium 

salt) producing a dissolved formazan product. The absorbance of 

WST-1 was calculated at 450nm.  To determine the SOD activity we 

evaluate the reduction of color development at 450nm if compared 

to control [262].  

 

5.10 CAT enzyme activity 

 

Using the Kit which we purchased from Abcam, we were also able 

to determine CAT enzyme activity. Basically, the enzyme found in 

the Kit interacts with hydrogen peroxide forming water and oxygen. 

The probe reacting with the non-used hydrogen peroxide can 

generate a product that can be evaluated colorimetrically at outer 

diameter 570nm. 

This procedure includes samples and standards loaded to wells. To 

the wells we add hydrogen peroxide. Incubation at 25 °C lasts for 

about 30minutes. The stop solution, used to halt the reaction 

between CAT and hydrogen peroxide after the incubation, is added, 

accompanied by developer mixer and incubated again for 10 

minutes using the same temperature. The plate was subsequently 

read in Spark microplate reader at outer diameter 570nm [262].  

 

5.11 Western Blotting 

 

The treated cells along with the control were lysed in ice-cold Radio 

immunoprecipitation Assay buffer (Sigma) a specialized lysis buffer 

used to break open cells that contain phosphatase and protease 

inhibitor cocktails (Thermo Fisher Scientific, Waltham, MA, USA) 

very crucial in maintaining the protein integrity and preventing its 
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degradation. The proteins that we extracted are then quantified by 

the use of Bicinchoninic acid (BCA) assay helpful in determining the 

total protein concentration in a solution (Thermo Fischer Scientific). 

The sample buffer and the denaturing agent are used in diluting the 

protein lysates according to what described by the manufacturer 

(Thermo Fischer Scientific) and Thermo Block (Eppendorf, 

Hamburg, Germany) is used for 10min in 70 °C temperature. The 

next step was to put 30 μg of protein in a gradient precast gel 

(Invitrogen, USA) in order to be electroblotted into a thin, porous 

membrane of polyvynil difluoride (PVDF, Millipore, Darmstadt, 

Germany) using Biorad system for the protein analyses. While using 

the 5% milk in TBS-T buffer solution for 1h at room temperature, 

we are able to block the binding sites. Membranes were put in 

incubation during the night at 4 °C temperature with the primary 

antibodies, mentioned below, that are diluted in a blocking buffer: 

anti-P21 1:1000; anti-CyclinD1 1:200; anti-survivin 1:1000; anti-

phospo AKT 1:1000; anti-Actin 1:2000.  We used peroxidase-

conjugated anti-rabbit or anti-mouse IgG as secondary antibody. 

We detected the immunoreactive bands that were formed through 

the chemiluminescent substrate (Thermo,USA) emitting light and 

detected with the Uvitec digital system (Cambridge, UK). We 

normalized the densities of the bands to actin [262].  

 

5.12 RT-PCR 

 

The cells after being controlled and treated were lysed in Trizol 

reagent, a monophasic solution containing phenol and guanidine, 

(Invitrogen) with the main aim to extract RNA which concentrations 

were estimated and quantified by the use of Qubit Fluorometers 

(Thermo Fisher Scientific).  
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We obtained the first strand of the DNA complementary (cDNA) 

synthesis from 1 µg of total RNA using SuperScript™ IV VILO™ 

Master Mix (Invitrogen) used for reverse transcription in converting 

RNA to cDNA while the ezDNase enzyme resulted helpful in 

detaching any genomic DNA (gDNA) from the sample. qRT-PCR for 

measuring the abundance of specific gene transcription within a 

sample was executed in a resultant volume of 20 µL including 25 ng 

of the cDNA product, specific and reverse primers (500nm) that are 

short, synthetic DNA sequences used in polymerase chain reaction 

(PCR) and Power up SYBR Green Master Mix (Applied Biosystems), 

preformulated and optimized master for real time PCR (qPCR) 

according to the manufacturer’s indications.   

The following step was performing the amplification reaction in an 

Applied Biosystems 7300 system (ThermoFisher Scientific, 

Rockford, IL, USA), based on the characteristics: 2 min at 50 °C and 

2 min at 95 °C, then 40 cycles of 15 s at 95 °C and 1 min at 60 °C.  

Using the 2^DDCt method, we calculated relative gene expression 

changes in quantitative real time PCR. GAPDH (Glyceraldehyde-3-

phosphate dehydrogenase) is a protein coding gene that was 

selected to be a reference gene while the Control was used as a 

calibrator. Two biological replicated samples were conducted. The 

samples were produced in duplicate.  

The genes that were examined were CAT, SOD1, Survivin, CHOP, 

GRP 78. 

The primers were supplied by: a) from Bio-Rad (Italy) i.e CAT 

(Unique Assay ID qHsaCED0043914) and SOD1 (Unique Assay ID 

qHsaCID0008628) b) from Eurofins Genomics (Italy) i.e. CHOP 

(forward AGG CAC TGA GCG TAT CAT GTT reverse CTG TTT CCG TTT 

CCT GGT TC), GRP 78 (forward GTT CTT GCC GTT CAA GGT GG  

reverse TGG TAC AGT AAC AAC TGC ATG), survivin (forward AGA 

ACT GGC CCT TCT TGG AGG reverse CTT TTT ATG TTC CTC TAT GGG 
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GTC), Gapdh (forward TGC ACC ACC AAC TGC TTA GC reverse GGC 

ATG GAC TGT GGT CAT GAG) [262]. 

 

5.13 Label-free holotomography 

 

Cells were inoculated in a black 96-well plate of glass bottom and 

treated with lysine which acts as a building block for proteins. The 

images of live cell time lapses were taken every 10min. Cells were 

further analyzed using a 3D Cell Explorer-fluo microscope 

(Nanolive) equipped with a dry 60×/0.8 objective and CMOS camera 

Sony and able to combine holotomography (3D images) with 

fluorescence microscopy. The 3D images were then subdivided and 

examined through built-in Eve and Steve software (Nanolive). The 

Fiji software was used as a closing process of(i.e., cropping, video, 

etc) analyzing the images [262].  

 

5.14 Statistical analysis 

 

The statistical analysis was performed with GraphPad Prism 

(GraphPad Software, Inc., La Jolla, CA, USA) while one-way ANOVA 

with Tukey’s post hoc multiple comparison test was helpful in 

determining significant differences between the groups. As a result, 

Pvalues < 0.05 were considered to be statistically significant [262]. 

 

Chapter VI: Results 

6.1 Saffron extraction and characterization 

 

The UV spectrophotometric analysis of saffron hydroalcoholic 

solution, used for the ascertainment of the quality of saffron, 



 

40 
 

revealed an intense band which center is at about 440nm. This band 

derivates from the absorption of crocin and crocetin. The second 

bands on the other hand, at around 257nm and 330nm are linked 

to by ISO-3632 Technical Specifications to the picrocrocin and 

safranal respectively [263,264]. According to Carmona et al., the 

absorption of picrocrocin and picrocrocin derivates with a 

maximum that is around 250nm and the absorption of kaempferol 

glucosides which maximum is around 265-349nm, also fall in UV 

spectra [265]. Both the isomers of crocetin, cis and trans, present 

absorption maximums at 250-260nm while, only the cis-crocin has 

an absorption peak at about 324-327 nm [258,265]. According to 

the analysis (Figure 4) and based on ISO-3632.1/2 standard, the 

saffron we used is of grade I, therefore the best quality.  

 

Sample E440 E257 

 237 90 

Reference 

values for 

saffron 

quality 

grade I 

(dry 

weight) 

≥200 ≥70 
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Figure 4: Spectrophotometric analysis UV-Vis 

 

6.2 Effects on cell viability 

 

The following step was to try out the SE on human SH-SY5Y cells 

exposed previously to 200mM of D-GAL for 24h. The pretreated 

cells with SE 100 µg/ml and 50 µg/ml, 24h before being exposed to 

D-Gal, resulted in a weakening of the D-GAL effect (p=0.0078 and 

p=0.0322, respectively) in comparison to cells treated with D-GAL 

alone (Figure 5A) while the treatment of cells with variable 

concentrations of SE alone (25–200 μg/ml) for 24h did not effect in 

any form the cell viability.  

We determined the cytotoxicity induced by the use of D-GAL 

200mM for 24h on human SH-SY%Y cells using incucyte live-cell 

Cytotox assay. According to the results (Figure 5B-C), the 

pretreated cells with SE 100 µg/ml and 50 µg/ml, 24h before being 

subjected to D-Gal, proceed with a weakening of the D-GAL effect 

when contrasted with cells treated only with D-GAL. The processing 

of cells with different concentrations of SE alone (25–200 μg/ml) for 

24h did not affect in any form the cell viability or did not present 

any toxic effect. Therefore, the concentration we used during our 

study was of 50 and 100 µg/ml of SE [262].  



 

42 
 

 

Figure 5: A) MTS assay in human SH-SY5Y upon different treatments 

at 24h. ANOVA one-way: **, P ≤ 0.01 vs CTR; ##, P ≤ 0.01, #, P ≤ 0.05 

vs D-Gal. N=6; B) Cytotox Incucyte Assay graph 0-24h and C) 

representative images at 0h and 24h in human SH-SY5Y upon 

different treatments. ANOVA two-way: ***, P ≤ 0.001 vs CTR; ##, P 

≤ 0.001, ##, P ≤ 0.01, #, P ≤ 0.05 vs D-Gal. N=9. 

 

6.3 Effects on senescence 

 

β-GAL levels senescence related are an important biomarker in cells 

senescence-induced. The SH-SY5Y cells, treated previously with D-

Gal, revealed a notable increment in β-GAL biomarker in 

comparison to the control group. The preliminary treatment of cells 

with SE in the two mentioned concentrations showed a reduction 

in the senescence biomarker while SE alone had no influence on β-

GAL levels (Figure 6).  
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Figure 6: Senescence-associated β-GAL levels in human SH-SY5Y 

upon different treatments; ANOVA two-way: ***, P ≤ 0.001 vs CTR; 

###, P ≤ 0.001, vs D-Gal. N=4. 

 

6.4 Oxidative stress 

 

From among the principal focuses of our study was the activity of 

antioxidants enzymes like SOD, CAT and ROS production (Figure 7). 

These enzymes maintain the cellular redox homeostasis and as a 

consequence they protect macromolecules like DNA, lipids and 

proteins from oxidative damage. ROS production was analyzed with 

DCFDA assay, a widely used method for detecting reactive oxygen 

species implicated in various cellular processes (Figure 7A).  ROS 

levels were higher after D-GAL- induced senescence while the 

pretreatment at both concentrations 50 µg/ml and 100 µg/ml of SE 

lowered noticeably ROS concentrations in comparison with D-GAL 

aging-induced (p < 0.001). Malondialdehyde (MDA) levels, another 

marker of oxidative stress, were also higher when D-GAL is used in 

inducing senescence while the pretreatment with SE in the two 

tested concentrations reduced the MDA levels relatively to the D-

Gal group (Figure 7B). The use of only SE  does not have an impact 

on the parameters [262].  
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D-GAL was able to induce a limitation in the activity of enzymes SOD 

and CAT (Figure 7 C-D). SE counteracted this reduction; the higher 

the dose of SE, the higher the neutralization (##). Using the RT-PCR 

we revealed that both the expression of enzymes SOD and CAT 

were reduced in the senescence induced model. The pre-incubation 

with SE restored the control conditions. 

 

Figure 7: Oxidative stress analysis on D-Gal-induced senescence 

upon SE treatment. A) ROS assay ANOVA one-way: ***, P ≤ 0.001 

vs CTR; ###, P ≤ 0.001 vs D-Gal. N=4; B) MDA levels C) SOD 

enzymatic activity assay, ANOVA one-way: **, P ≤ 0.01 vs CTR; ##, 

P ≤ 0.01, #, P ≤ 0.05 vs D-Gal. N=4. D) CAT enzymatic activity assay, 

ANOVA one-way: **, P ≤ 0.01 vs CTR; ##, P ≤ 0.01, #, P ≤ 0.05 vs D-

Gal. N=4. 

 

6.5 Effects on cell morphology 

 

Executing label-free holotomographic microscopy we obtained high 

resolution 3D imaging over extended time periods in order to 

observe the changes induced by D-GAL in SH-SY%Y cells and the 
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impact that SE might have (Figure 8). Dry mass is a particular 

parameter helpful in interpreting the state of the population cells 

taken into consideration. The dry mass refers to all cellular content 

in dry state, excluding water and it is very helpful in understanding 

the state of cells in stress situations. The group of cells treated with 

D-GAL demonstrated a reduced dry mass if compared to the control 

group. In the meantime, the pretreated SE cells showed how the 

dry mass parameter can be preserved while compared to the non-

induced senescent cells (Figure 8). Induced D-GAL senescent cells 

indicated less interaction between them and other cells. Moreover, 

they presented vacuoles accumulation as a morphological change. 

SE can definitely contrast this situation [262].  

 

Figure 8: Live-cell label-free holotomographic microscopy. Graph 

reports Total dry mass of cells upon different conditions. ANOVA 

one-way: ***, P ≤ 0.001 vs CTR; ###, P ≤ 0.001 vs D-Gal. N=4. 

 

6.6 Effects on cell cycle 

 

The induction of P21 protein has an impact on cell cycle and leads 

to cell arrest. This activation is only temporary because P21 drops 

after growth cell process is arrested [266,267]. In our experimental 

study, evaluation with Western Blotting, P21 levels were decreased 



 

46 
 

while the use of SE counteracted this effect (Figure 9A). Cyclin D1 

protein is also a protein able to regulate the cell cycle especially 

helping the passage from the G1 to the S phase. The quantity of this 

protein in our study, after senescent induction with D-GAL were 

reduced while SE could restore the initial state (Figure 9B). 

Surviving reduction, a protein having an impact in both cell division 

and preventing cell apoptosis, is counteracted in both protein levels 

and expression, by the use of SE (Figure 9C and 9E). P-Akt or 

phosphorylated Akt is a form of Akt protein kinase essential in 

different processes like cell growth, proliferation, survival and 

metabolism. In senescent induced D-Gal cells, the levels of active 

form Akt tend to get reduced suggesting inhibition in PI3K/Akt 

pathway which is a crucial intracellular signaling pathway. SE can 

counteract this reduction (Figure 9D).  

 

Figure 9: Cell cycle pathway on D-Gal-induced senescence upon SE 

treatment. A) p21 protein levels and representative image. B) Cyclin 

D1 protein levels and representative image. C) Survivin protein level 

and representative image. D) p-Akt protein levels and 

representative image. E) RT-PCR of Survivin. ANOVA one-way: ***, 

P ≤ 0.001 vs CTR; ###, P ≤ 0.001 vs D-Gal. N=3.  

 

6.7 Effects on Endoplasmic Reticulum stress 
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Recent studies have showed how stress on the ER might be a trigger 

to the conditions of aging and aging-associated diseases [268]. In 

case of chronic ER stress, apoptosis is mediated using various 

methods and approaches which include the upregulation of CHOP, 

a protein responsible for regulating gene expression especially in 

response to ER stress. Glucose regulated protein (GRP78) is among 

the  proteins useful in ER stress signaling and its expression 

decreases in time [269,270]. During our study, a notable increase of 

CHOP was observed in D-GAL induced senescence, while the 

pretreatment of the cells with SE revealed a similar condition to 

control group (Figure 10A). On the contrary, the levels of GRP78 

were reduced after D-GAL cells exposure (Figure 10B). As a result, 

pretreatment of cells with SE contrasts ER stress leading a boosted 

cell survival [262].  

 

Figure 10: RT-PCR of CHOP and Grp78 on D-Gal-induced senescence 

upon SE treatment. ANOVA one-way: **, P ≤ 0.005 vs CTR; #, P ≤ 

0.05 vs D-Gal. N=3. 

 

Chapter VII: Discussion and conclusions 

 

Neurological disorders have been a highly increasing issue in the 

last years. From among them, PD and AD have shown to be most 
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frequent. These types of disorders can alter the cognitive motor 

functions, injure the BBB and interrupt the nerve conduction. Since 

nowadays the population tends to reach a certain age, with aging 

more neurodegenerative disorders are being displayed.  

Aging is a biological process that comes alongside with changes to 

all molecules, tissues and organs. From among all cells, neurons are 

more likely to alter their function and metabolism or 

morphologically change their structure if exposed to insults or 

oxidative stress during brain senescence. The age-related 

alterations in the aging brain might cause modifications in synaptic 

transmission. Aging is mostly connected to neuronal loss and 

impairment of the CNS. Senescent cells are recognized by elevated 

levels of inflammation and oxidative stress, DNA damage and 

apoptosis. While we find the senile plaques and neurofibrillary 

tangles in physiological and pathological conditions, we observe the 

presence of the Aβ protein and α-synuclein mostly during aging.   

Among the main causes of mitochondrial dysfunction during aging 

is the generation of high quantity of ROS causing damage to cellular 

components and mutating mtDNA. Altering the function of the 

respiratory mitochondrial chain can be the cause of cell death. In 

senescent cells, we observe that there is also a decline of MMP. 

Mitochondria tend to create an inflammation chronic process. The 

gathering of many senescent cells causes morbidity and mortality, 

and these cells release proinflammatory cytokines. One of the most 

studied theories indicates that elderly people present more 

oxidized products compared to the younger generations and more 

ROS there are in the mitochondria, a reduced lifespan the individual 

will present. This redox imbalance is mainly caused by a reduced 

antioxidant ability of enzymes like SOD to counteract the 

production of ROS.  Consequently, finding molecules that can 

counteract the production of high quantity of ROS and delay 
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therefore brain senescence is highly important for the lifespan of 

individuals.  

Our study indicated that the pretreatment with SE had an anti-aging 

effect. The results implicated a regulation of lysosomal enzyme SA 

β-gal, reduction of neuronal loss and counteracted oxidative stress 

in ER in this D-GAL induced brain aging in SH-SY5Y cells model that 

we used.  

Saffron is a herb which derives from the flower of Crocus Sativus, 

and it is composed of many biologically active compounds like 

crocin, crocetin, safranal and picrocin, each responsible for its 

characteristic smell, color or bitter taste. These molecules show 

neuroprotective effects in preclinical and clinical studies.  The latest 

studies illustrated how SE can counteract cognitive impairment 

while reducing oxidative stress, which was supported also by our 

findings that suggest that SE can reduce ER stress.  

Our model of D-GAL induced senescence in SH-SY5Y cells is a 

widespread helpful model in identifying the processes of 

neurodegeneration in aging. What we observed in our senescent 

model is elevated activity of the lysosomal enzyme SA-β-gal, which 

can be treated as a biomarker of senescence and also high levels of 

oxidative stress (high production of ROS alongside with reduced 

SOD and CAT activity) and ER stress (decreased GRP78 while 

increased CHOP expression). Preliminary treatment process with SE 

was not only able to reduce the oxidative stress condition and ER 

stress but also it was able to modulate and control the proteins that 

are participate in cell death/survival like P21, surviving, Akt and 

cyclin D1.  

Crocin finds it hard to pass the BBB therefore it can be transformed 

in crocetin which crosses more easily and exert its neuroprotective 

effects. Nevertheless, the detailed mechanism of crossing remains 

non clear, and it needs further investigation. Not only so, but the 

future purposes might be to examine also other inflammatory 
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changes and conditions in the model that might influence brain 

aging. The used saffron in this study was collected based on 

protocol in Abruzzo. Further studies should probably compare the 

effects of different kinds of saffron, cultivated elsewhere to see the 

differences or the similarities in neural senescence and the 

disorders related to it.  

Our findings suggest that saffron presents therapeutic benefits in 

preventing or delaying neural senescence. Nonetheless, future 

studies in vivo should be conducted in order to confirm if saffron is 

safe and efficient in humans. The present study is based on a single 

in vitro cellular model which may limit the applicability of the 

findings to more complex physiological contexts. The aim of this 

work was to provide a first mechanistic insight into the effects of SE 

under controlled experimental conditions. The use of 

complementary experimental systems would further strength the 

translational relevance of the results. For this reason, future studies 

in our laboratory will focus on examining the effect of the SE on 

SAMP8 mice model considering the accelerated senescence and 

also on 3D aging models such as, for example cerebral organoids.   
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