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“To get back one's youth, one has merely to repeat one's follies." "A delight-

ful theory!" she exclaimed. "I must put it into practice." "A dangerous the-

ory!" came from Sir Thomas's tight lips. Lady Agatha shook her head, but 

could not help being amused. Mr. Erskine listened. "Yes," he continued, 

"that is one of the great secrets of life. Nowadays most people die of a sort 

of creeping common sense, and discover when it is too late that the only 

things one never regrets are one's mistakes.” 

The Picture of Dorian Gray by Oscar Wilde 
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ABSTRACT 

 

Over the past several decades, life expectancy in many developed countries has 

steadily increased, often surpassing 85 years. However, this demographic shift was 

not accompanied by a proportional improvement in healthspan. A significant propor-

tion of individuals over the age of 65 suffers from chronic and debilitating conditions, 

including cardiovascular diseases, cancer and neurodegenerative disorders. This 

disparity between lifespan and healthspan has intensified scientific interest in the 

biological mechanisms of aging and the development of interventions aimed at mit-

igating age-associated decline. 

Aging is governed by evolutionarily conserved pathways, allowing the use of simple 

model organisms to investigate its underlying biology. In this study, we employed 

Saccharomyces cerevisiae, a unicellular eukaryote which undergoes both replica-

tive and chronological aging, two complementary models of aging, which resemble 

the aging process of mitotically active and post-mitotic mammalian cells, respec-

tively. Replicative lifespan (RLS) refers to the number of daughter cells produced by 

a mother cell in presence of nutrients before death, while chronological lifespan 

(CLS) is the mean and maximum period of time of surviving cells in stationary phase. 

Given the strong interplay among aging, nutrient availability and metabolic regula-

tion, we explored the effects of specific nutraceutical compounds on yeast CLS to 

identify potential anti-aging agents and elucidate their mechanisms of action. In par-

ticular, we decided to focus our study on three natural compounds, characterised by 

different, specific and unrelated chemical structures and/or composition, deriving 

from various natural sources. 

We first investigated the impact of quercetin (QUER), a polyphenolic flavonoid with 

known antioxidant properties and from 2010 generally recognized as safe by the 

FDA. Supplementation with QUER at the onset of chronological aging (diauxic shift) 

significantly extended CLS. This extension correlated with reduced oxidative stress 

and marked alterations in carbon metabolism. Specifically, QUER enhanced gluco-

neogenesis via improved catabolism of C2 fermentation by-products and glycerol. 
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These effects were mediated through the Sir2-dependent activation of phosphoe-

nolpyruvate carboxykinase and the L-glycerol 3-phosphate pathway, respectively. 

The resulting increase in gluconeogenic flux led to elevated trehalose accumulation, 

a key factor in promoting longevity. Furthermore, QUER treatment in extreme calorie 

restriction amplified the long-lived phenotype, reinforcing its role in modulating car-

bon metabolism and promoting CLS. We also examined the effects of glucosinolates 

(GSLs), sulfur- and nitrogen-containing glycosides present in many edible plants 

among which the oilseed crop Camelina (Camelina sativa (L.) Crantz). Its seeds 

contain three aliphatic GSLs: glucoarabin, glucocamelinin and homoglucocamelinin, 

that were purified from Camelina press cake, a by-product of oil extraction. GSL 

supplementation extended yeast CLS in a dose-dependent manner, primarily 

through enhanced mitochondrial respiration, reduced superoxide anion (ROS) lev-

els, and increased ATP production. Additionally, GSLs preserved tricarboxylic acid 

cycle activity and promoted glycerol catabolism, contributing to improved phosphor-

ylating respiration and trehalose storage, both critical for longevity. Finally, we ex-

plored the neuroprotective potential of a cocoa bean shell extract (CBSE), a by-

product of cocoa processing, in models of Parkinson’s disease. Using yeast and 

neuroblastoma cells overexpressing α-synuclein (α-syn), we demonstrated that 

CBSE supplementation reduced ROS level, activated autophagy and decreased 

protein aggregation. In neuroblastoma cells, CBSE activated AMPK and significantly 

reduced toxic α-syn oligomers. Surface plasmon resonance assays confirmed direct 

binding of CBSE to α-syn in a concentration-dependent manner, suggesting its po-

tential to inhibit amyloid aggregation. These findings support the use of CBSE as a 

promising nutraceutical for the prevention of α-syn-associated neurodegenerative 

disorders. 

In conclusion, this thesis effectively provides compelling evidence for the potential 

pro-longevity efficacy of molecules and compounds derived from various natural 

sources. Specifically, the findings lay a metabolic and molecular foundation for the 

development of new strategies, based on nutraceutical supplementation, aimed at 

narrowing the gap between lifespan extension and healthspan improvement. 
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INTRODUCTION 

 

Aging 

 

In humans aging is inexorable [1] and globally, the world population is aging. 

Epidemiological data indicate that approximately 11% of the world’s popula-

tion is currently over the age of 60, with projections suggesting this figure will 

rise to 22% by 2050. However, significant country disparities exist. For in-

stance, in Japan, 32% of the population is aged 60 or older, and the country 

exhibits the highest life expectancy at age 60, approximately 26 additional 

years. In contrast, Africa, as a continent, reports the lowest life expectancy 

at age 60, estimated at 17 years. In high-income countries, the proportion of 

individuals aged 65 and older is steadily increasing in absolute terms [2]. 

Aging can be conceptualized as the breakdown of self-organizing systems 

and a diminished capacity to adapt to environmental changes. It is charac-

terized by a progressive and irreversible decline in physiological function 

across all organ systems, primarily driven by the uncontrolled-cumulative ef-

fects of cellular and molecular damage in response to various internal and 

external stressors [3]. The maintenance of health and survival in living organ-

isms depends on a dynamic equilibrium between damage and repair, altera-

tion and preservation, an overarching concept referred to as homeostasis. A 
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gradual decline in the intrinsic ability to regulate homeostasis effectively 

leads to increased susceptibility to disease and heightened physiological vul-

nerability [4]. Human aging is associated with a loss of complexity across a 

broad spectrum of physiological processes and anatomical structures, in-

cluding but not limited to blood pressure regulation, gait dynamics, respira-

tory cycles, visual acuity and postural control. This decline ultimately results 

in reduced fertility and an elevated risk of morbidity and mortality [5]. Aging 

is marked by a set of biological features known as the hallmarks of aging 

(Figure 1).  

 

Figure 1. Scheme of the currently identified hallmarks of aging along with their clas-

sification. Reproduced from [4] 
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These are not only associated with the progressive decline in physiological 

function and the increased risk of age-related diseases, but they also play a 

direct, causative role in the aging process itself [6]. In 2013, researchers pro-

posed a framework of nine core hallmarks which has guided much of the 

scientific inquiry into aging so far [7]. 

The first group, known as the primary hallmarks, includes genomic instability, 

telomere attrition, epigenetic alterations and loss of proteostasis. These 

mechanisms are considered the initial drivers of cellular damage. Genomic 

instability refers to the accumulation of DNA damage and mutations over 

time, which can lead to diseases such as cancer and neurodegeneration. 

Telomere attrition involves the gradual shortening of chromosomal ends dur-

ing cell division, ultimately triggering cellular senescence. Epigenetic altera-

tions affect gene expression without changing the DNA sequence, while the 

loss of proteostasis reflects the cell’s declining ability to maintain proper pro-

tein folding and degradation. The second group, termed antagonistic hall-

marks, includes dysregulated nutrient sensing, mitochondrial dysfunction 

and cellular senescence. These processes initially act as protective re-

sponses to damage but can become harmful if sustained. For instance, cel-

lular senescence can prevent the proliferation of damaged cells, thereby re-

ducing cancer risk, but its accumulation over time contributes to tissue dys-

function and aging. The final group, the integrative hallmarks, comprises 
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stem cell exhaustion and altered intercellular communication. These emerge 

when the damage from primary and antagonistic hallmarks surpasses the 

body’s capacity for repair and homeostasis. As a result, the regenerative po-

tential of tissues declines, and communication between cells becomes dis-

rupted, further accelerating the aging process. 

Over the past decade, additional features of aging have been identified. 

These include impaired autophagy, which hinders the clearance of damaged 

cellular components; disturbances in the gut microbiome or dysbiosis, which 

can promote systemic inflammation; and splicing dysregulation, which affects 

RNA processing and may drive cellular senescence. Chronic low-grade in-

flammation, often referred to as “inflammaging,” is another widespread phe-

nomenon, occurring even in the absence of infection and contributing signif-

icantly to age-related morbidity. Furthermore, changes in the mechanical 

properties of cells and tissues, such as increased stiffness, have been linked 

to conditions like hypertension and diabetes [4]. 

Recent studies have also highlighted the role of lipid metabolism in aging. 

For example, the accumulation of sphingolipids, particularly ceramides, in 

muscle tissue has been shown to impair function in older adults. Similarly, 

senescent cells tend to accumulate cholesterol in lysosomes, supporting the 

pro-inflammatory secretory phenotype associated with aging. In addition to 

these molecular and cellular mechanisms, several physiological changes are 
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commonly observed during aging. The immune system becomes less effec-

tive, increasing susceptibility to infections and certain cancers. Hormonal lev-

els shift, with declines in growth hormone, namely testosterone and estrogen, 

and a rise in cortisol. Body composition also changes, with a tendency to lose 

muscle mass and gain fat, raising the risk of metabolic disorders. Cognitive 

functions such as memory and processing speed often decline, and the risk 

of falls and fractures increases due to weakened bones and impaired bal-

ance. 

Since aging is influenced by multiple factors, including genetics, lifestyle such 

as diet, exercise and stress, environmental factors including pollution and 

climate change, and social factors such as social support and socioeconomic 

status, interventions such as lifestyle adjustments, medical treatments and 

social programs can help promote healthy aging and extend the lifespan. 

Understanding the complex interactions between these factors is essential 

for promoting healthy aging [4]. 

 

Nutraceutical – General introduction 

 

Over recent decades, the Western countries have witnessed a significant rise 

in health awareness. Along with increasing demand for sports nutrition, an 

expanding geriatric population, advancements in product formulation and a 
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growing emphasis on preventive healthcare, have driven the growth of the 

nutraceuticals market [8,9].  

The term "nutraceutical" was coined in 1989 by Dr. Stephen L. DeFelice, 

founder and chairman of the Foundation for Innovation in Medicine (FIM). He 

defined nutraceuticals as “a single item or combination of entities, including 

specific diets, that have clinical significance and may be used for disease 

prevention or therapy” [10,11]. This was an innovative concept and an “um-

brella” term for a broad category of products derived from food sources that 

offer health benefits beyond basic nutritional value [11]. 

The global nutraceutical market was valued at USD 425.2 billion in 2023 and 

is projected to increase to USD 468.15 billion in 2024, reaching approxi-

mately USD 1010.83 billion by 2032. This corresponds to a compound annual 

growth rate (CAGR) of 10.1% during the forecast period from 2025 to 2032 

[8]. Currently, Europe, the United States, and Japan collectively account for 

over 90% of the global nutraceutical market [9]. Despite increasing public 

interest, a universally accepted definition of nutraceuticals remains elusive, 

primarily due to country differences in regulatory frameworks governing their 

marketing, safety, efficacy and cultural perceptions [12]. 

Nutraceuticals encompass biologically active compounds found in foods that 

exhibit both nutritional and health advantages properties. These include nat-

ural bioactive substances such as lipids, vitamins, carbohydrates, proteins, 
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minerals, antioxidants, phytochemicals, fatty acids, amino acids and probiot-

ics [13]. Depending on regional regulations, nutraceuticals may be marketed 

with claims related to the prevention of chronic diseases, promotion of gen-

eral health, deceleration of the aging process, extension of life expectancy, 

or support of physiological functions. 

Evidence supports the potential therapeutic applications of nutraceuticals in 

managing a wide range of health conditions, including respiratory infections 

(e.g., cough and cold), arthritis, gastrointestinal disorders, sleep disturb-

ances, depression, cardiovascular diseases, diabetes, atherosclerosis, can-

cer and neurological disorders [9]. Clearly, the effective use of one of these 

compounds in the treatment of a pathological disease must be supported by 

strong scientific evidence, which nowadays remains overall poor [12]. 

 

Geroprotector - Role of nutraceuticals in anti-aging research 

 

In the field of longevity, contemporary research is primarily directed toward 

the development of strategies aimed at mitigating the deleterious effects of 

aging [14]. In this context, the concept of “geroprotectors”, a term originally 

introduced by Illya Mechnikov, one of the pioneers of gerontology [15], has 

garnered increasing attention. This term refers to all compounds that are 

characterized by the ability to modulate the biological Hallmarks of Aging, 
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thereby delaying the onset of age-associated pathologies and enhancing 

physiological resilience in older individuals. Notably, several currently recog-

nized geroprotective compounds have emerged through the repurposing of 

previously approved pharmaceuticals or well-characterized bioactive sub-

stances, many of which are derived from dietary natural sources [16]. The 

review of Rivero-Segura, N. A. et al. (2024) [16] provides detailed mappings 

of nutraceuticals to the single aging hallmarks, supported by experimental 

and clinical studies. An introductory summary with various examples of gero-

protectors is given below: 

• Genomic instability: antioxidants from grapes, coffee, turmeric and 

berries protect DNA from oxidative damage and improve genomic in-

tegrity  

• Telomeric attrition: vitamins C, D, E, retinoic acid, curcumin, resvera-

trol and omega-3s (EPA/DHA) help maintain telomeric length and te-

lomerase activity. 

• Epigenetic alterations: polyphenols (curcumin, resveratrol), vitamins 

A, C, E modulate DNA methylation, histone modifications and miRNA 

expression. 

• Loss of proteostasis: curcumin, cranberry proanthocyanidins, oleuro-

pein and resveratrol enhance chaperone activity and proteasome 

function. 
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• Deregulated nutrient sensing: genistein, resveratrol, gallic acid and 

myoinositol modulate IIS (insulin/IGF-1 signaling), mTOR, AMPK and 

SIRT (sirtuin) pathways. 

• Mitochondrial dysfunction: α-lipoic acid, resveratrol, apigenin and pea 

protein with inulin improve mitochondrial biogenesis and reduce ROS 

(Reactive Oxygen Species). 

• Cellular senescence: fisetin, procyanidin C1, luteolin and dasatinib act 

as senolytics, reducing SASP (Senescence-Associated Secretory 

Phenotype) markers and promoting cell renewal. 

• Stem cell exhaustion: resveratrol, vitamin D3 and ketogenic diets sup-

port stem cell survival and regeneration. 

• Altered intercellular communication: baicalin, vitamin D, epicatechin, 

curcumin and ginsenosides improve neuroprotection and immune sig-

naling. 

• Disabled macroautophagy: curcumin, berberine, retinoic acid and oth-

ers restore autophagic flux via mTOR/AMPK pathways. 

• Disturbances in the gut microbiome or dysbiosis: probiotics, prebiot-

ics, fermented foods and polyphenols modulate gut microbiota, en-

hancing metabolic and immune health. 

• Chronic inflammation or inflammaging: resveratrol, epigallocatechin 

gallate, baicalin, berberine and γ-tocotrienol reduce inflammatory 
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cytokines and NF-κB (nuclear factor kappa-light-chain-enhancer of 

activated B cells) activity. 

 

In the following paragraphs, will be discussed in detail three nutraceuticals 

compounds, namely quercetin, glucosinolates and cocoa bean extract, the 

possible pro-longevity effects of which have been evaluated in this thesis.  

 

Quercetin 

 

Quercetin (3,3’,4’,5,7-pentahydroxyflavanone) (QUER) is one of the widely 

occurring secondary metabolites, found abundantly in nature in plants [17] 

and represents a common constituent of the daily human diet.  

Table 1.  Natural sources of QUER. 

Food Source QUER content (mg/100 g) 

Allium cepa Patrick (onion) 383,0 

Euphorbia helioscopia  357,0 

Capparis spinosa (caper bush) 180,7 

Allium fistulosum (Welsh onion) 149,8 

Euphorbia wallichii 146,0 

Calamus scipronum (semambu) 118,8 

Capsicum annuum (red chili) 80,0 

Diplotaxis tenuifolia (perennial wall-rocket) 66,1 

Anethum graveolens (dill) 55,1 

Foeniculum vulgare (fennel) 48,8 

Mangifera indica Ubá (mango) 46,9 

Juniperus communis (common juniper) 46,6 
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Morus alba (mulberry) 35,9 

Allium cepa (onion) 34,7 

Prunus armeniaca (apricot) 32,2 

Allium cepa red (onion) 30,7 

Moringa oleifera (sohanjana) 28,1 

Sambucus canadensis (american elderberry) 26,7 

Eschscholzia californica (golden poppy) 26,3 

Ficus religiosa (peepal) 25,6 

Allium cepa (onion) 22,1 

Brassica oleracea (cauliflower) 21,9 

Abelmoschus esculentus (okra) 21,0 

Ipomoea batatas (sweet potato) 18,9 

Moringa oleifera (drumstick tree) 16,6 

Sonchus oleraceus (sowthistle) 16,0 

Vaccinium uliginosum (bog bilberry) 15,8 

Fagopyrum esculentum (buckwheat) 15,4 

Vaccinium macrocarpon (cranberry) 14,8 

Asparagus officinalis (sparrow grass) 14,0 

Lycium barbarum (wolfberry) 13,6 

Prunus domestica (plum) 12,4 

Vaccinium oxycoccos (cranberry) 12,1 

Artemisia dracunculus (tarragon) 11,0 

Brassica oleracea (kale) 11,0 

Vitis vinifera (wine grape) 10,4 

Aloe barbadensis (Aloe vera) 9,5 

Rubus arcticus (Arctic bramble) 9,1 

Aronia mitschurinii (Viking chokeberry) 8,9 

Brassica juncea (mustard greens) 8,8 

Eruca sativa (arugula) 7,9 

Brassica oleracea (leaf cabbage) 7,7 

Vaccinium caesariense (blueberry) 7,7 

Lactuca sativa (red lettuce) 7,6 

Beta vulgaris (Swiss chard) 7,5 

Origanum vulgare (oregano) 7,3 

Malus pumila (apple) 6,7 

Cichorium intybus (green chicory) 6,5 

Ficus carica (fig) 5,4 

Coriandrum sativum (coriander) 5,3 

Curcuma longa (turmeric) 4,9 

Opuntia spp. (prickly pear) 4,9 

Malpighia emarginata (acerola) 4,7 
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Malus domestica (apple) 4,4 

Ribes nigrum Öjebyn (black currant) 4,4 

Phaseolus vulgaris (French bean) 3,9 

Brassica oleracea (broccoli) 3,0 

Prunus avium Hartland (sweet cherry) 2,8 

Prunus cerasus Schattenmorelle (sour cherry) 2,5 

Helichrysum chionophyllum 1,5 

Solanum lycopersicum Manisa C-33 (tomato) 0,9 

Helichrysum compactum 0,6 

Camellia sinensis (green tea) ND 

Ginkgo biloba (ginkgo) ND 

Hypericum perforatum (hypericum) ND 

Sophora Japonica (Japanese pagoda tree) ND 

References [17-19]. ND : not defined. 

 

In 2010, the U.S. Food and Drug Administration (FDA) classified high-purity 

QUER as “Generally Recognized as Safe” (GRAS) [20], with an established 

safe daily intake of up to 1 g. 

 

Figure 2. Chemical structure of QUER 
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QUER was first isolated and identified by Albert Szent-Györgyi in 1936. Its 

name is derived from the Latin word quercetum, meaning “forest of oaks,” 

reflecting its original source.  

Chemically, QUER belongs to the flavonoid class of polyphenolic compounds 

(Figure 2). The term “flavonoid” originates from the Latin flavus, meaning 

“yellow”, which corresponds to QUER appearance as a bright lemon-yellow 

crystalline powder [19]. 

Flavonoids share a common diphenylpropane backbone (C6–C3–C6), con-

sisting of two aromatic rings (A and B) connected by a three-carbon bridge 

that typically forms a heterocyclic C-ring. In QUER, this C-ring is a closed 

pyran structure [21]. The molecule contains five hydroxyl groups, which are 

critical for its biological activity [21,22]. Structurally, QUER is defined as 2-

(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one, with a molecular 

weight of 302.24 g/mol and a melting point of 316 °C [19]. It is practically 

insoluble in cold water and only sparingly soluble in hot water (0.06 mg/mL), 

but it dissolves readily in ethanol (2 mg/mL), lipids and organic solvents such 

as dimethyl sulfoxide (30 mg/mL) [23]. 

In plants, QUER is synthesized as part of the defense response to environ-

mental stress [24]. It is derived from the amino acid phenylalanine via the 

phenylpropanoid pathway [25-27]. The biosynthetic route begins with the de-

amination of phenylalanine to cinnamic acid, followed by hydroxylation to 
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form p-coumaric acid, which is then activated to coumaroyl-CoA. Chalcone 

synthase catalyzes the condensation of three molecules of malonyl-CoA with 

one molecule of coumaroyl-CoA to form chalconaringenin (2′,4,4′,6′-tetrahy-

droxychalcone). Then chalcone isomerase facilitates the cyclization of the C-

ring to yield naringenin (4′,5,7-trihydroxyflavanone). Subsequent hydroxyla-

tion by flavanone 3-hydroxylase produces dihydrokaempferol, which is fur-

ther hydroxylated by flavonoid 3′-hydroxylase to form dihydroquercetin. Fi-

nally, flavonol synthase catalyzes the dehydrogenation of dihydroquercetin 

to yield QUER. 

In nature, QUER is predominantly found in glycosylated forms, with sugar 

moieties such as glucose, rhamnose, or rutinose typically attached at the C-

3 position via flavonoid glycosyltransferases. The aglycone form is relatively 

rare [28]. The most common glycoside is rutin, the QUER–rutinose conju-

gate. 

QUER is among the most extensively studied flavonoids [17] both using 

model organisms as the nematode Caenorhabditis elegans and mammalian 

cell cultures, mice and humans [29]. Studies on mammalian cell cultures and 

animals indicate that QUER, as a potent free radical scavenger, neutralizes 

ROS, reactive nitrogen species (RNS) and carbon species (RCS). Its antiox-

idant capacity is primarily attributed to the catechol structure on the B-ring. 

Additional structural features contributing to its activity include the C-ring’s 
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unsaturation and the presence of a 4-oxo group, which, along with the 5-

hydroxyl group, enables metal ion chelation (e.g., Cu²⁺, Fe²⁺). The five hy-

droxyl groups of QUER exhibit varying reactivity in the order: 3 > 7 > 3′ > 4′ 

≫ 5. These phenolic hydroxyls act as electron donors, with the catechol moi-

ety being particularly effective in radical scavenging [20]. QUER also upreg-

ulates antioxidant enzymes such as superoxide dismutase (SOD), catalase 

(CAT) and glutathione (GSH) and activates the nuclear erythroid 2–related 

factor 2 (Nrf2), thereby promoting endogenous antioxidant defense mecha-

nisms. It may also bind DNA, protecting it from oxidative damage [19]. 

Despite pharmacokinetics studies indicates that oral bioavailability of QUER 

is relatively low (0.17–7 μg/mL) with less than 10% of the ingested dose ab-

sorbed [29], its metabolites exhibit a slow elimination, with a half-life ranging 

from 11 to 48 hours, allowing for potential accumulation in plasma upon re-

peated intake [29].  

Enzymatic activity from host and gut microbiota can also hydrolyze QUER 

glycosides in the aglycone form, being lipophilic, facilitating absorption 

across epithelial membranes via passive diffusion. Additionally, glycosides 

may be absorbed via active transport involving sodium-dependent glucose 

transporter 1 (SGLT1), and lactase-phlorizin hydrolase (LPH) can cleave 

sugar moieties, enhancing aglycone uptake. Once absorbed, QUER enters 

the hepatic portal circulation and is distributed systemically. In the intestine, 
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QUER undergoes extensive biotransformation into methylated, sulfated and 

glucuronidated metabolites, which are more bioavailable and detectable in 

plasma and urine. Plasma concentrations of QUER can remain elevated for 

up to 48 hours post-ingestion, reflecting its prolonged half-life [30]. 

Furthermore, various QUER delivery systems have been recently developed, 

including liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid 

carriers (NLCs), polymeric and inorganic nanoparticles, extracellular vesi-

cles, hydrogels, microgels and cyclodextrin complexes [31,32]. For instance, 

Qi Y. et al. [33] developed plasma exosomes loaded with QUER (Exo-QUER) 

and their results showed an improved brain targeting of QUER as well as 

significantly enhanced bioavailability of this flavonol. Furthermore, compared 

with free QUER, Exo-QUER better relieved the symptoms of Alzheimer Dis-

ease (AD) in mice, suggesting its therapeutic potential for better treatment of 

AD.  

Beyond this single example, nowadays, QUER is clearly recognized for its 

broad therapeutic potential, including cardioprotective, neuroprotective, anti-

microbial, antiviral, hepatoprotective, antidiabetic, anti-arthritic, anticancer, 

anti-inflammatory, anti-obesity, anti-allergic and anti-asthmatic properties. 

These attributes suggest a promising role in aging prevention and lifespan 

extension [17-19,32]. 
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Glucosinolates 

 

Glucosinolates (GSLs) are nitrogen- and sulfur-containing glycosides [34], 

synthesized as secondary metabolites by numerous plant species within the 

order Brassicales, which encompasses approximately thirty families [35]. 

Among these, members of the Brassicaceae family, such as field mustard, 

cauliflower, kale, garden cress, cabbage and broccoli, accumulate GSLs at 

high concentrations, contributing to their characteristic aroma, pungent flavor 

and distinctive taste [36]. Structurally, GSLs possess a conserved core com-

prising a β-thioglucose moiety linked via a sulfur atom to a (Z)-N-hydrox-

iminosulfate ester [37], along with a variable side chain derived from amino 

acids (R), Methionine for aliphatic GSLs and Phenylalanine or Tryptophan for 

others [38] (Figure 3).  

Figure 3. Chemical structure of GSLs core 

Classification of GSLs is typically based on the nature of their amino acid 

precursors and the modifications of the side chain, resulting in three major 
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groups: aliphatic, aromatic, and indolic GSLs [37,39]. To date, over 130 dis-

tinct GSLs have been identified [39]. 

The composition and concentration of GSLs in plants vary significantly 

across species and even within cultivars, influenced by environmental condi-

tions, agronomic practices, developmental stage, tissue type and plant health 

status [40]. 

GSLs play pivotal roles in plant defense, functioning both as endogenous 

chemical mediators against biotic and abiotic stresses [39] and as bioactive 

compounds with biocidal and biofumigant properties [41–44]. Upon tissue 

damage, GSLs are hydrolyzed by endogenous myrosinases (thioglucoside 

glucohydrolases, EC 3.2.1.147), which cleave the glucose moiety from the 

core structure. The resulting aglycone is unstable and undergoes spontane-

ous rearrangement to yield isothiocyanates and other degradation products, 

the nature of which depends on factors such as the R-group structure [39,45]. 

These hydrolysis products contribute to plant resistance and are also ex-

ploited in agriculture for their biofumigant activity [44]. 

Beyond their roles in plant physiology and agricultural applications, GSLs 

have garnered increasing attention for their potential health benefits in hu-

mans and animals. Numerous studies have demonstrated their anti-inflam-

matory, antioxidant and anticancer properties [46–50]. Moreover, GSLs have 

shown promising effects in the prevention and management of chronic age-
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related diseases, including diabetes, neurodegenerative disorders, and car-

diovascular conditions [51]. These effects have been substantiated through 

research in eukaryotic model organisms, as well as in animal and human 

studies [52].  

Regarding bioavailability, intact GSLs can reach the colon, where they are 

metabolized by bacterial enzymes, generating a broader spectrum of metab-

olites [53]. Some in vivo studies indicate that a minor fraction of native GSLs 

may be absorbed in the small intestine, with up to 5% of the ingested dose 

detected in urine [54]. Ex vivo experiments using isolated rodent intestinal 

loops suggest this uptake may occur via passive or facilitated transport 

mechanisms [55]. 
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Camelina (Camelina sativa (L.) Crantz) (Figure 4), commonly known as gold-

of-pleasure, false flax, or linseed dodder, is an ancient minor oilseed crop 

belonging to the Brassicaceae family [56-58]. 

 

Figure 4. Details of the Camelina plant. (a) First pair of true leaves in emerged 

Camelina plants. (b) Camelina plants at the rosette stage. (c) Camelina branches. 

(d) Camelina inflorescences. (e) Pearshaped Camelina silicles. (f) Camelina silicles 

near maturity. Reproduced from [59] 

Camelina seeds are notable for their accumulation of two aliphatic GSLs: 

glucoarabin (9-(methylsulfinyl)nonylglucosinolate; GSL9) and glucocameli-

nin (10-(methylsulfinyl)decylglucosinolate; GSL10), along with trace amounts 

of 11-(methylsulfinyl)undecylglucosinolate (GSL11) [60] (Figure 5). 
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Figure 5. Chemical structure of variable side chain (R group) of Camelina GSLs  

 

Native to Eastern Europe and Western Asia, Camelina is now cultivated pri-

marily in the United States, Canada and Europe. It exhibits strong adaptabil-

ity to diverse climatic and soil conditions and demonstrates high resistance 

to pests and diseases. Camelina is considered a low-input crop, requiring 

minimal water, fertilizers and pesticides [60–64]. Its favourable agronomic 

traits, coupled with seeds rich in oil, containing ω-3 and ω-6 fatty acids, pro-

teins and bioactive compounds, make it a promising candidate for applica-

tions in industry, health foods and cosmetics [58]. 

Currently, Camelina is primarily cultivated for oil production, particularly for 

biolubricants [58] and biodiesel, including aviation fuels, due to its potential 

to reduce greenhouse gas emissions [65]. Additionally, by-products of oil ex-

traction, such as seed press cake (meal), can be utilized as feed 
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supplements for livestock and poultry. These by-products also contain valu-

able bioactive compounds, including GSLs, which may be harnessed in phar-

maceutical, cosmetic and food industries. This comprehensive utilization un-

derscores Camelina potential as a model for environmentally and economi-

cally sustainable bio-based production systems [66,67]. 

 

Cocoa beans (Theobroma cacao L.) 

 

Theobroma cacao L. is a small yet economically significant evergreen tree, 

typically reaching 4–8 meters in height. It belongs to the Sterculiaceae family 

and is native to the tropical regions of the Americas [68]. The species was 

domesticated by Mesoamerican civilizations and introduced to Europe in 

1502 [69].  

The fruit of T. cacao (Figure 6), known as a “pod,” is an elongated berry 

measuring 10–32 cm in length. Pod morphology, particularly color, which 

ranges from light green to dark green, yellow/red to deep purple—plays a 

crucial role in identifying varieties and populations [71]. Each pod contains 

30 to 60 cocoa beans, surrounded by a sweet, mucilaginous pulp. The beans 

vary in shape and size, typically exhibiting a flattened form approximately 25 

mm long and 8 mm thick. 
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Figure 6. Theobroma cacao L. fruit. (a) Diversity in fruit morphology of Theobroma 

cacao L. at CATIE, Costa Rica (some related wild types, Herrania spp., included), 

(b) ICGT, Trinidad. (Photo is credited to Terry Sampson) Reproduced from [70] 

 

To be transformed into chocolate, one of the most widely consumed products 

globally, cocoa seeds must undergo fermentation, drying and roasting [72]. 

While primarily consumed for their flavor, raw cocoa and its derivatives have 

demonstrated beneficial effects on human health and cosmetic applications 

[71,73-75]. Since 1996, at least 38 human studies have investigated cocoa 

in various forms, revealing a multitude of biological properties. However, the 

high variability in cocoa processing and the composition of bioactive com-

pounds complicates the translation of these findings into consistent clinical 

benefits [71]. 
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Cocoa beans are rich in macronutrients: fiber (25–40%), lipids (10–25%), 

proteins (15–20%) and carbohydrates (~15%), along with micronutrients 

(<2%) including phosphorus, calcium, potassium, sodium, magnesium, zinc 

and copper [76,77]. Phenolic compounds account for approximately 12–18% 

of the dry weight of roasted beans. Epicatechin is the predominant polyphe-

nol, comprising about 35% of the total polyphenol content, although its con-

centration decreases significantly during fermentation and drying, depending 

on the production location. In contrast, catechin levels tend to increase during 

these processes [68]. In addition to flavan-3-ols such as catechin and epicat-

echin, and their dimers (procyanidin B1 and B2), cocoa contains a wide va-

riety of other polyphenols. These include procyanidins (e.g., B3: catechin-

(4→8)-catechin; B4: catechin-(4→8)-epicatechin; B5: epicatechin-(4→6)-

epicatechin; C1: epicatechin-(4→8)-epicatechin-(4→8)-epicatechin; D: a te-

tramer of epicatechin) and oligomers/polymers with 2–18 epicatechin units. 

Other flavonoids include flavonols (e.g., QUER and its glycosides: isoquer-

cetin, hyperoside, quercetin-3-O-arabinoside), flavones (e.g., apigenin and 

its glycosides: vitexin, isovitexin, luteolin, luteolin-7-O-glucoside) and addi-

tional compounds such as dihydroquercetin, dihydrokaempferol, kaempferol-

rutinoside, naringenin and its glucoside, and myricetin-glucoside [68]. Fur-

thermore, cocoa contains methylxanthines such as caffeine and theobromine 

[78-82], as well as other phenolic acids including chlorogenic, coumaric, 
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ferulic, phenylacetic, phloretic, protocatechuic, syringic and vanillic acids, 

along with clovamide and dideoxyclovamide [83-86]. 

In the oral cavity, flavanols interact with proline-rich proteins, contributing to 

an astringent taste [87]. These compounds remain stable in the stomach, 

where acidic conditions promote hydrolysis of some oligomers into mono-

mers and dimers, enhancing absorption in the small intestine. In the stom-

ach, flavanols are absorbed in conjugated forms and undergo methylation 

and glucuronidation. Dimers and trimers are absorbed at low efficiency 

(<0.5%), while monomers (epicatechin and catechin) are absorbed at rates 

of 22–55%. In particular, epicatechin metabolites are capable of crossing the 

blood–brain barrier. Some glycosides are hydrolyzed by enzymes such as 

lactase-phlorizin hydrolase and cytosolic β-glucosidase. 

In the liver, absorbed procyanidins are transported via the portal vein and 

undergo methylation, glucuronidation and sulfation, enhancing their antioxi-

dant potential. These metabolites can circulate systemically within hours. In 

the colon, microbial metabolism produces additional bioactive compounds. 

The presence of low molecular weight metabolites in urine and feces sug-

gests that polymeric procyanidins are degraded by gut microbiota prior to 

absorption. Although some studies suggest limited microbial degradation, in 

vitro experiments show that human fecal microflora can degrade these poly-

mers within 48 hours [68]. 
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Both in vitro and in vivo studies [68,71,88] have associated cocoa intake with 

a wide range of pro-healthy effects. Cocoa polyphenols neutralize free radi-

cals and reduce oxidative stress. Cocoa flavonoids modulate inflammatory 

pathways and may inhibit angiogenesis and tumor growth; they also improve 

endothelial function and nitric oxide production, potentially reducing blood 

pressure, platelet aggregation and atherosclerosis risk; they enhance cere-

bral blood flow and neuroprotection and may improve insulin sensitivity and 

reduce inflammatory markers in diabetic models. Theobromine and phenyle-

thylamine may improve mood and cognitive performance. Cocoa fibers and 

polyphenols act as prebiotics, promoting beneficial bacteria (e.g., Lactobacil-

lus, Bifidobacterium), while theobromine may suppress harmful bacteria 

such as E.coli and Clostridium spp. Cocoa may also enhance intestinal bar-

rier integrity and reduce inflammation. Finally, cocoa may modulate lipid me-

tabolism, inhibit adipogenesis and influence gut microbiota, contributing to 

anti-obesity effects. 

Global cocoa bean production during the 2015/2016 harvest season was es-

timated at approximately 3.97 million tons, with the shell, the by-product 

waste of this process, comprising up to 20% of the bean mass [78,89]. This 

equates to roughly 600,000 tons of biomass, most of which is discarded or 

used in low-value applications such as boiler fuel, animal feed, or fertilizer 

[78]. Recent studies suggest that cocoa shells, due to their abundance and 
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cost-effectiveness, hold significant potential as sustainable sources for ther-

apeutic agents [90-92]. Additionally, new insights into the toxicological safety 

of two cocoa shell matrices have opened opportunities for their use in func-

tional foods and nutraceuticals [82]. 

 

The yeast S.cerevisiae as a model system for aging research 

 

Due to the evolutionary conservation of key cellular aging mechanisms, the 

budding yeast S.cerevisiae has become a widely utilized system for studying 

both cellular and organismal aging [93-95]. Commonly known as baker’s or 

brewer’s yeast, the species name cerevisiae derives from the traditional Gal-

lic beer, called “cervoise” [96]. S.cerevisiae is a unicellular eukaryote that, 

under optimal growth conditions, divides approximately every 90 minutes 

through an asymmetric budding process, producing daughter cells that are 

smaller than the mother. Unbudded cells typically measure around 5 µm in 

diameter. S.cerevisiae exists in either a haploid (mating type a or α) or diploid 

state. Under nutrient-rich conditions, haploid cells of opposite mating types 

can fuse to form diploid cells. Conversely, nutrient limitation induces diploid 

cells to undergo meiosis and sporulation, yielding four haploid spores, two of 

each mating type. 
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Metabolically, S.cerevisiae is a facultative anaerobe, capable of switching 

between fermentative, respiratory, or mixed respiro-fermentative metabolism 

depending on environmental conditions, such as the type and concentration 

of carbon sources and the availability of oxygen. 

S.cerevisiae was the first eukaryotic organism to have its genome fully se-

quenced, revealing a significant number of genes conserved with multicellu-

lar Eukaryotes, including mammals [97]. This milestone spurred interest in 

yeast as a model system, particularly given its numerous experimental ad-

vantages over mammalian cells. It has simple nutritional requirements and a 

rapid cell division cycle. Yeast can be genetically engineered to express hu-

man genes, and approximately 25–30% of human disease-associated genes 

have identifiable yeast orthologs [98]. This enables functional studies through 

gene deletion or overexpression. For instance, yeast models have been in-

strumental in elucidating the roles of SOD1 and YHF1, ortholog of human 

genes implicated in amyotrophic lateral sclerosis and Friedreich’s ataxia, re-

spectively. Even in cases where no yeast ortholog exists, heterologous ex-

pression of human genes in yeast has enabled the modeling of diseases 

such as Parkinson’s (PD), Huntington’s (HD) and Alzheimer’s (AD) [99-101]. 

Moreover, the metabolic flexibility of yeast allows the study of pathways rel-

evant to metabolic disorders such as diabetes and dyslipidemia. It also 

serves as a platform for screening natural and synthetic compounds with 
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potential therapeutic benefits [102-106]. Yeast has significantly contributed 

to our understanding of cell growth, division, stress responses and complex 

disease mechanisms including cancer, mitochondrial dysfunction and apop-

tosis-related disorders [107]. 

The first study on yeast aging, published over 60 years ago, demonstrated 

that yeast cells possess a finite replicative capacity [108]. Remarkably, the 

mortality curve of yeast populations was found to resemble that of many mul-

ticellular organisms, including humans [108]. This observation led to the def-

inition of the Replicative Life Span (RLS), which refers to the number of 

daughter cells a single mother cell can produce in presence of nutrients be-

fore death (Figure 7). RLS has since become a valuable model for studying 

aging of mitotically active cells, such as fibroblasts and leukocytes. Under 

optimal conditions, yeast cells grow exponentially and divide asymmetrically 

once they reach a critical size. Typically, mother cells undergo 25–35 divi-

sions before entering replicative senescence. RLS is traditionally measured 

by manually separating daughter cells from mother cells on solid media using 

micromanipulation techniques [108], a labor-intensive process necessary to 

prevent overcrowding and maintain accurate age tracking. In recent years, 

microfluidic platforms have revolutionized this assay by automating the pro-

cess and enhancing the precision of lifespan measurements [109]. The latter 

model of yeast aging, known as the Chronological Life Span (CLS), was 
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introduced in 1980 [110]. CLS is the mean and the maximum length of time 

a culture of non-dividing cells remains viable in stationary phase [111] (Figure 

7). In standard CLS assays, yeast is cultured in synthetic complete medium 

containing 2% glucose, supplemented with excess nutrients to support aux-

otrophic strains. Under these conditions, yeast primarily relies on fermenta-

tive metabolism [111]. Upon glucose exhaustion, cells undergo a diauxic shift, 

transitioning to a strictly respiratory metabolism that utilizes ethanol and ac-

etate produced during fermentation. This metabolic reprogramming activates 

stress response pathways and induces gluconeogenesis, the glyoxylate 

shunt and the tricarboxylic acid (TCA) cycle, all of which influence survival 

during the stationary phase [112-115]. 
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Figure 7. The two aging patterns of S.cerevisiae. Reproduced from [116].  

 

CLS is typically assessed starting three days after the diauxic shift by evalu-

ating the ability of quiescent cells to resume growth and form colonies upon 

plating onto fresh rich medium [111] (Figure 8). The average CLS of wild-type 

strains varies depending on genetic background, ranging from 6–7 days 

(e.g., DBY746/SP1) to 15–20 days (e.g., S288C/BY4700). 
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Figure 8. Growth curve of yeast cells and metabolites production/consumption. 

Yeast cells were grown in batches at 30°C in minimal medium (6.7 g/L Difco Yeast 

Nitrogen Base without amino acids), supplemented with 2% w/v glucose. Aux-

otrophies were compensated with four-fold excess of supplements. At designated 

time-points glucose and ethanol concentrations in the growth medium were deter-

mined 

 

Carbon metabolism in S.cerevisiae 

 

Metabolism encompasses the network of biochemical reactions required for 

nutrient assimilation, enabling both energy production and the generation of 

biosynthetic precursors. These reactions are broadly categorized into cata-

bolic and anabolic processes. A central component of cellular metabolism is 
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carbon metabolism, which includes all pathways involved in the utilization of 

carbon sources, most notably glucose, the preferred hexose monosaccha-

ride metabolized by yeast. 

Hexose sugars, including glucose, are imported into the cell via a family of 

membrane proteins known as hexose transporters (HXT), which mediate fa-

cilitated diffusion. At least twenty such transporters are encoded by the genes 

HXT1–HXT17, GAL2, SNF3 and RGT2 [117]. Among these, GAL2, SNF3 

and RGT2 exhibit distinct functional properties despite sharing high se-

quence similarity with other HXTs: Gal2 is specific for galactose uptake, while 

Snf3 and Rgt2 function as glucose sensors, responsive to high and low glu-

cose concentrations, respectively [118]. These transporters share a con-

served transmembrane helical domain architecture, whereas their N- and C-

terminal cytoplasmic domains display greater variability [117]. The expres-

sion of HXT genes is tightly regulated by extracellular glucose levels. For 

instance, HXT1 is induced under high-glucose conditions and encodes a low-

affinity/high-capacity transporter, whereas HXT2, characterized by a low KM, 

is upregulated during glucose scarcity to maximize uptake efficiency [119]. 

Once internalized, glucose undergoes phosphorylation and is metabolized 

via the glycolytic pathway (from the Greek “glykis,” meaning sweet), yielding 

pyruvate, NADH and a net gain of two ATP molecules. Glycolysis consists of 

a series of enzyme-catalyzed reactions, divided into two phases. The 
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preparatory (investment) phase involves the consumption of two ATP mole-

cules to phosphorylate glucose intermediates. The subsequent pay-off phase 

generates two molecules of pyruvate, four ATP and two NADH, resulting in a 

net production of two ATP per glucose molecule. 

Pyruvate, the end product of glycolysis, can follow three principal metabolic 

fates (Figure 9): 

(i) In the cytosol, pyruvate can be converted to acetyl-CoA via the pyruvate 

dehydrogenase (PDH) bypass. This pathway involves three enzymatic steps: 

pyruvate decarboxylase converts pyruvate to acetaldehyde; acetaldehyde 

dehydrogenases (Ald) oxidize acetaldehyde to acetate; and acetyl-CoA syn-

thetase (Acs) activates acetate to form cytosolic acetyl-CoA. This acetyl-CoA 

can then be transported into mitochondria via the carnitine acetyltransferase 

system, if carnitine is present in the medium. Or it can be used to synthesize 

fatty acids, since in yeast glycolytic cytosolic acetyl-CoA is the sole possible 

precursor for malonyl-CoA (no citrate lyase). Cytosolic acetyl-CoA is essen-

tial for biosynthetic processes, and mutants lacking this pathway are unable 

to grow on glucose unless acetate is supplemented in the medium [120]. 

(ii) Pyruvate can also undergo anaplerotic carboxylation to oxaloacetate, re-

plenishing intermediates of the TCA cycle. This reaction is catalyzed by py-

ruvate carboxylase, encoded by PYC1 and PYC2. Deletion of both genes 

impairs growth under fermentative conditions with glucose as the sole carbon 
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source, due to the inability to maintain TCA cycle activity and produce cyto-

solic oxaloacetate, a precursor for amino acid biosynthesis, particularly as-

partate [121]. However, these mutants can grow on non-fermentable carbon 

sources such as ethanol, where the glyoxylate shunt compensates for oxalo-

acetate production, bypassing the need for pyruvate carboxylation. Notably, 

the first two fates of pyruvate, fermentation and carboxylation, are highly reg-

ulated by glucose levels and dominate under high-glucose conditions, irre-

spective of oxygen availability. 

(iii) Pyruvate may also be transported into mitochondria for oxidative decar-

boxylation to acetyl-CoA by the mitochondrial PDH complex. While pyruvate 

can diffuse across the outer mitochondrial membrane, its passage through 

the inner membrane requires the mitochondrial pyruvate carrier (MPC), 

which links cytosolic glycolysis to mitochondrial respiration [112,122]. MPC 

is a heteromeric complex composed of proteins encoded by MPC1, MPC2 

and MPC3 [122]. MPC1 expression is constitutive, whereas MPC2 and 

MPC3 are differentially expressed under fermentative and respiratory condi-

tions, respectively [123]. The PDH complex, located in the mitochondrial ma-

trix, comprises three enzymatic components, E1, E2 and E3, each consisting 

of multiple subunits. This complex serves as the primary link between glycol-

ysis and the TCA cycle and is subject to tight regulation. For example, 
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transcription of LPD1, encoding the E3 subunit, is repressed in the presence 

of glucose [124]. 

The acetyl-CoA produced by PDH enters the TCA cycle, whose primary func-

tion is to generate reducing equivalents (NADH) for the mitochondrial elec-

tron transport chain. This occurs through the oxidative decarboxylation of ac-

etyl-CoA. In addition to its catabolic role, the TCA cycle also fulfils anabolic 

functions by supplying precursors for amino acid biosynthesis. The NADH 

generated from glycolysis, pyruvate oxidation and the TCA cycle is funnelled 

into the mitochondrial respiratory chain, where electrons are transferred to 

molecular oxygen, the terminal electron acceptor, resulting in water formation 

and the regeneration of NAD⁺. 

 

Figure 9. Key reactions involved in pyruvate metabolism in S.cerevisiae. 
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Gluconeogenesis 

 

As previously discussed, the capacity of yeast cells to reprogram their me-

tabolism in response to nutrient scarcity is a key determinant of the duration 

of the stationary phase and, consequently, CLS.  Upon glucose depletion, 

cells undergo a highly regulated transition from a respiro-fermentative to a 

respiratory metabolism in which by-products of the fermentation, such us eth-

anol, acetate and glycerol, become substrates and are consumed [112]. Glu-

coneogenesis essentially reverses glycolysis in an anabolic direction, ena-

bling the synthesis of glucose-6-phosphate. However, gluconeogenesis in-

cludes steps that are distinct from glycolysis.  

The first reaction of gluconeogenesis converts oxaloacetate to phosphoe-

nolpyruvate by phosphoenolpyruvate carboxykinase (Pck1). From this point 

up to the formation of fructose-1,6-bisphosphate, gluconeogenesis proceeds 

in the reverse direction of glycolysis. The subsequent conversion of fructose-

1,6-bisphosphate to fructose-6-phosphate is catalysed by fructose-1,6-

bisphosphatase (Fbp1). Both Pck1 and Fbp1 are tightly regulated by glucose 

availability, with their expression induced only when glucose concentrations 

in the medium fall below 0.005%. Notably, Pck1 catalyses the rate-limiting 

step of gluconeogenesis, and its activity is modulated by its acetylation state 

[113,125]. 
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The acetylation and deacetylation of metabolic enzymes play a pivotal role 

in cellular adaptation to energy fluctuations and are regulated by acetyl-CoA, 

a central metabolic intermediate that links metabolism with signaling, chro-

matin remodeling and transcription [125]. In yeast, the NAD⁺-dependent 

deacetylase Sir2, founding member of the Sirtuin family, is responsible for 

the deacetylation and subsequent inactivation of Pck1. Pck1 thus represents 

the first well-characterized example of a metabolic enzyme whose acetyla-

tion state directly regulates gluconeogenic flux. Furthermore, Pck1 acetyla-

tion is both necessary and sufficient to promote CLS extension under water 

starvation, a condition known to enhance lifespan in yeast, nematodes, fruit 

flies and mammals [125,126]. 

Gluconeogenesis is also critical during chronological aging, as it enables the 

synthesis of glycogen and trehalose from glucose-6-phosphate. Glycogen 

accumulates in both the cytoplasm and via macroautophagy, within the vac-

uole [127-129]. In batch cultures, glycogen synthesis begins before glucose 

is fully exhausted and peaks at the onset of the diauxic shift. During this met-

abolic transition, glycogen is partially degraded to support the shift to respir-

atory metabolism and to fuel trehalose synthesis [130]. As cells continue to 

grow on fermentation byproducts such as ethanol, glycogen is replenished 

to serve as an energy reserve during prolonged starvation. 
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Yeast cells also accumulate high levels of trehalose (up to 0.5 M) in response 

to environmental stresses such as desiccation, heat shock and nutrient star-

vation [127,131-134]. Trehalose enhances stress resistance through its 

unique biophysical properties: it preserves membrane fluidity during desic-

cation or freezing and stabilizes proteins, preventing their aggregation under 

heat and oxidative stress, functioning as a molecular chaperone [135,136]. 

During the post-diauxic phase, trehalose accumulates and is gradually de-

graded as starvation progresses, with degradation accelerating once glyco-

gen stores are depleted [127]. This indicates that trehalose, in addition to its 

protective role, contributes to energy homeostasis in quiescent cells. Treha-

lose biosynthesis is catalyzed by Tps1, which transfers a glucosyl group from 

UDP-glucose to glucose-6-phosphate to form trehalose-6-phosphate (Tre-

6P), and Tps2, which hydrolyzes Tre-6P into trehalose and phosphate. These 

enzymes form a complex with the regulatory proteins Tsl1 and Tps3 [137-

141]. Although transcription of TPS1, TPS2, TPS3 and TSL1 is upregulated 

before or during the diauxic shift [142], trehalose synthesis is primarily gov-

erned by allosteric regulation of Tps1, activated by fructose-6-phosphate and 

inhibited by phosphate, and by substrate availability [143,144]. All four pro-

teins are phosphorylated in vivo, but it remains unclear whether phosphory-

lation directly regulates their function [135]. As cells enter prolonged station-

ary phase after growth, trehalose levels tend to be maintained, whereas 
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glycogen stores decrease. It is clear that trehalose is preferentially main-

tained over glycogen as the quiescent state progresses. On exit from quies-

cence, when stationary-phase cells are re-exposed to glucose, trehalose 

plays a dominant role then glycogen [145]. This underlies the fundamental 

role for trehalose as a fuel reserve that enables yeast cells to survive starva-

tion conditions and then rapidly proliferate upon return to favourable growth 

ones. Without sufficient trehalose stores, yeast cells would exhibit defects 

not only in their ability to persist in a quiescent state and to extend their CLS 

but also into counteract the various stresses which could affect cell longevity 

[146]. 

This process is primarily mediated by the cytoplasmic neutral trehalase Nth1, 

which is believed to be activated by phosphorylation following nutrient rein-

troduction [147]. However, the specific phosphorylation sites and the kinases 

involved, likely including protein kinase A (PKA) and/or Sch9 (TORC1-signal-

ling pathway, see next paragraphs), have yet to be definitively identified 

[135]. Other trehalases, such as Nth2 and the vacuolar enzyme Ath1, appear 

to play only minor roles in trehalose mobilization during the exit from quies-

cence [148-150]. 

In the field of nutraceutical research, Orlandi et al. [114,115] demonstrated 

that supplementation with resveratrol (RSV), a naturally occurring non-flavo-

noid polyphenolic compound, at the diauxic shift exerts a detrimental effect 
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on yeast CLS. This negative impact is attributed not only to elevated levels 

of the superoxide anion, but also to a marked reduction in intracellular treha-

lose reserves. The decline in trehalose accumulation is closely linked to im-

paired gluconeogenesis, as evidenced by a significant decrease in the enzy-

matic activity of Pck1 following RSV supplementation. This reduction in ac-

tivity corresponds to a decrease in the acetylated, catalytically active form of 

Pck1, which is subject to deacetylation by the NAD⁺-dependent deacetylase 

Sir2, thereby downregulating gluconeogenic flux. Importantly, the adverse ef-

fects of RSV on both CLS and Pck1 activity/acetylation status can be re-

versed by the administration of nicotinamide (NAM), a non-competitive inhib-

itor of Sir2. NAM, the amide form of vitamin B3 and a precursor of NAD⁺, is 

currently included in various dietary supplements (e.g., BeTotal by Haleon). 

Within the context of CLS, NAM supplementation at the diauxic shift inhibits 

Sir2-mediated deacetylation of Pck1, effectively phenocopying the metabolic 

profile of chronologically aging sir2Δ cells. These cells exhibit enhanced glu-

coneogenic activity and elevated trehalose levels, metabolic traits that are 

beneficial for long-term survival during chronological aging. 

Glyoxylate shunt 

 

In Eukaryotes, the TCA cycle occurs in the mitochondrial matrix and plays a 

pivotal role in utilizing non-fermentable carbon sources via oxidative 
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generation of reducing equivalents (NADH), driving aerobic respiration to 

yield ATP. The TCA cycle is also an important source of biosynthetic building 

blocks, such as α-ketoglutarate, succinyl-CoA and oxaloacetate. When yeast 

is grown on two-carbon compounds, such as acetate, the TCA cycle by itself 

cannot supply adequate amounts of biosynthetic precursors unless alterna-

tive reactions are available [151]. S.cerevisiae, thus, employs a modification 

of the TCA cycle called the glyoxylate shunt, which converts two-carbon ac-

etate units into four-carbon dicarboxylic acids by bypassing oxidative decar-

boxylation. The glyoxylate shunt consists of five reactions catalysed by iso-

citrate lyase (Icl1), malate synthase (Mls1), citrate synthase (Cit2), aconitase 

(Aco1/2) and malate dehydrogenases (Mdh2/3). The first two enzymes, Icl1 

and Mls1, are unique to the glyoxylate shunt and are encoded by ICL1 and 

MLS1, respectively. Icl1 is localized solely in the cytosol and Mls1 is targeted 

primarily into the cytosol in cells grown on carbon sources other than fatty 

acids, such as ethanol, whereas it is mainly peroxisomal in oleic acid-grown 

cells. Deletion of the ICL1 gene in standard CLS assays results in a short-

lived phenotype and impaired acetate metabolism, underscoring the essen-

tial role of this pathway in chronological survival [113].  

The glyoxylate shunt shares three of the five reactions with the TCA cycle 

that are catalysed by Mdh2/3, Aco1/2 and Cit2. Three Mdh genes, MDH1, 

MDH2 and MDH3, encoding mitochondrial, cytosolic and peroxisomal 
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variants, have been identified in S.cerevisiae. The cytosolic isozyme Mdh2, 

but not the peroxisomal enzyme Mdh3, functions in the glyoxylate shunt, 

whereas the mitochondrial isoform Mdh1 participates in the TCA cycle. Two 

isoenzymes Aco1/2 encoded by a single gene, ACO1, are distributed be-

tween two distinct subcellular compartments, the mitochondria and the cyto-

sol, and participate in the TCA cycle and the glyoxylate shunt, respectively. 

Three distinct S.cerevisiae genes encoding citrate synthases have been 

identified: CIT1 and CIT3 code for the mitochondrial isoforms and CIT2 for 

the peroxisomal isoform. While the mitochondrial Cit1 is involved in the TCA 

cycle, its peroxisomal isoform Cit2 functions in the glyoxylate shunt. Cit3 has 

been identified as a mitochondrial dual-specific citrate and methylcitrate syn-

thase functional for propionate metabolism, a process by which the propio-

nate is converted to methylmalonyl-CoA and then to succinyl-CoA, which en-

ters the TCA cycle [151]. 

In the context of chronological aging, the glyoxylate shunt is indispensable, 

as it enables the anabolic conversion of cytosolic acetyl-CoA into glucose-6-

phosphate. Through the condensation of two acetyl-CoA molecules, succin-

ate is produced. This succinate is transported into mitochondria via the suc-

cinate–fumarate antiporter Sfc1. Within the mitochondria, fumarate is con-

verted to malate by fumarase (Fum1), which is present in both the cytosol 
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and mitochondria. Malate is subsequently converted to oxaloacetate, which 

serves as a key substrate for gluconeogenesis [152]. 

Glycerol metabolism 

 

Glycerol is a naturally occurring organic compound whose structure contains 

three carbon atoms bonded to three hydroxyl (-OH) groups. It is a ubiquitous 

molecule in biological systems, forming the structural backbone of phospho-

lipids and triacylglycerols, key components of cellular membranes and major 

forms of lipid storage, respectively [153]. In S.cerevisiae, glycerol plays mul-

tiple roles in carbon metabolism. It is produced as a by-product during the 

fermentation of glucose and its formation, which consumes NADH, is essen-

tial for maintaining cytosolic redox balance [154]. The necessity of glycerol 

production for redox homeostasis is underscored by the observation that mu-

tants deficient in glycerol biosynthesis are unable to grow under anaerobic 

conditions [155]. Beyond its role in NADH reoxidation, glycerol biosynthesis 

has also been implicated in providing protection against environmental 

stresses, particularly hyperosmotic and thermal stress [153]. Under aerobic 

conditions, it can serve as the sole carbon and energy source [153]. 

In the context of CLS, Wei M. et al. [156] demonstrated that the gene expres-

sion profiles of long-lived tor1Δ, sch9Δ and ras2Δ mutants are marked by the 

upregulation of key genes involved in glycerol biosynthesis. This metabolic 
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reprogramming toward glycerol production represents a crucial shift in the 

physiology of these longevity-associated mutants. In these strains, the de-

pletion of pro-aging carbon sources such as glucose and ethanol is in-

creased, favoring glycerol accumulation. This metabolic state closely resem-

bles the effects of calorie restriction (CR), a condition in yeast achieved by 

reducing the amount of glucose in growth medium, typically from 2% to 0.5% 

or lower. This nutritional restriction extends both RLS and CLS. Notably, glyc-

erol functions as a "phantom carbon source": it does not suppress the acti-

vation of stress-responsive transcription factors Msn2/4 and Gis1. These fac-

tors are critical for enhancing stress resistance and modulating longevity, 

both in long-lived mutants and in cells subjected to CR. Furthermore, since 

glycerol is actively taken up by cells and contributes modestly to survival un-

der starvation conditions, it likely serves as a nutritional substrate that sup-

ports long-term viability [156]. 

The primary and best-characterized pathway for glycerol biosynthesis 

in S.cerevisiae involves the NADH-dependent reduction of dihydroxyacetone 

phosphate (DHAP) to glycerol 3-phosphate (G3P) by cytosolic glycerol 3-

phosphate dehydrogenase (cG3Pdh activity), followed by dephosphorylation 

of G3P to glycerol via glycerol 3-phosphatase (Gpp activity). This anabolic 

G3P pathway constitutes the major, if not exclusive, route for glycerol pro-

duction during osmoregulation and anaerobic redox balancing [157]. 
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In yeast, cG3Pdh activity is encoded by two isogenes, GPD1 and GPD2, 

while Gpp activity is encoded by GPP1 and GPP2. Under non-stress condi-

tions, GPP1 is the predominant isoform. Mutants lacking cG3Pdh activity fail 

to produce glycerol [155], and among the two isoforms, Gpd1 is considered 

the most physiologically relevant [158-160]. The precursor DHAP can be de-

rived either from glycolysis or from gluconeogenesis when non-fermentable 

carbon sources are utilized. 

In yeast, the catabolic or, so called, dissimilatory pathway for glycerol in-

volves its phosphorylation by glycerol kinase, encoded by GUT1, followed by 

oxidation via a FAD-dependent mitochondrial glycerol 3-phosphate dehydro-

genase (Gut2), which is localized on the outer surface of the inner mitochon-

drial membrane [153,157]. This enzyme transfers electrons from FADH₂ di-

rectly to the mitochondrial respiratory chain, and the resulting DHAP enters 

the glycolytic/gluconeogenesis pathway. 

Glycerol uptake in S.cerevisiae is primarily mediated by the membrane pro-

tein Stl1, which functions as a glycerol/proton symporter. This transporter fa-

cilitates active import of glycerol by coupling its translocation to the inward 

movement of protons, thereby exploiting the proton gradient across the 

plasma membrane. The critical role of Stl1 in glycerol assimilation is demon-

strated by the complete loss of glycerol uptake and growth in synthetic glyc-

erol media upon deletion of the STL1 gene. STL1 expression is transiently 
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induced under osmotic stress, but its activity declines as the cell shifts to 

endogenous glycerol production, indicating a tightly regulated adaptation to 

environmental conditions. Fps1, another protein associated with glycerol 

transport, belongs to the major intrinsic protein (MIP) family. Although initially 

proposed to facilitate glycerol uptake, subsequent studies have shown that 

Fps1 primarily mediates glycerol efflux, particularly under hyperosmotic con-

ditions. The non-essential role of Fps1 in glycerol import is supported by the 

observation that FPS1 deletion mutants retain the ability to grow on glycerol. 

Thus, Fps1 appears to function mainly in the regulation of intracellular glyc-

erol concentrations, especially in response to osmotic stress. 

Although glucose depletion is known to trigger regulatory cascades that en-

able the utilization of alternative respiratory carbon sources [153], specific 

regulatory mechanisms governing glycerol utilization remain poorly under-

stood. For instance, the transcriptional activator Cat8 has been shown to in-

fluence STL1 derepression during the diauxic shift [161]. Cat8 is essential for 

growth on non-fermentable carbon sources [162] and activates gene expres-

sion by binding to carbon source-responsive elements (CSREs) in target pro-

moters [163,164]. Another key transcription factor is Adr1, which, in cooper-

ation with Ino2 and Ino4, is required for the derepression of GUT1 [165]. The 

expression of GUT2 is regulated by the protein kinase Snf1 and the Hap2-

Hap5 complex, which activates transcription of numerous nuclear genes 
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encoding mitochondrial proteins [166]. Both GUT1 and GUT2 are repressed 

by the negative regulator Opi1 in the presence of glucose [164,165]. Addi-

tional regulatory factors such as Rsf1 [167,168] and Rsf2 (also known as 

Zms1) [169] have been implicated in glycerol metabolism. Deletion of RSF1 

results in dysregulated expression of genes involved in both glycerol biosyn-

thesis and catabolism, reduced transcription of HAP4 (a component of the 

Hap2-Hap5 complex), and increased expression of stress response genes 

[170]. 

 

Pathways linking metabolism, nutrient availability and lon-

gevity in yeast 

 

The metabolic state and longevity of S.cerevisiae are strongly influenced by 

the availability and type of nutrients. In response to nutritional stimuli, several 

key metabolic regulators are activated. Among these, the PKA-, TORC1- and 

SNF1-signaling pathway play a central role. 

 

The PKA-signaling network 

 

The PKA (Protein Kinase A) pathway is recognized as the principal glucose-

sensing signaling cascade in yeast, regulating approximately 90% of the 
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genes involved in the diauxic shift [171]. PKA is a heterotetrameric holoen-

zyme composed of two catalytic (C) subunits and a regulatory (R) subunit 

dimer, forming a R₂C₂ complex [172]. The catalytic subunits are encoded 

by TPK1, TPK2 and TPK3, each producing distinct isoforms, while the regu-

latory subunit is encoded by BCY1. The Bcy1 dimer inhibits the catalytic sub-

units by acting as a pseudosubstrate. Binding of adenosine cyclic monophos-

phate (cAMP) to Bcy1 subunits alleviates their inhibitory activity and releases 

the catalytic subunits, each of which phosphorylates distinct, but partially 

overlapping sets of target proteins [173,174]. 

Intracellular cAMP levels are tightly regulated by its synthesis via adenylate 

cyclase (Cyr1) and degradation by phosphodiesterases Pde1 and Pde2. Two 

parallel pathways converge on Cyr1 to integrate nutrient signals. The former 

involves the GTP-bound forms of Ras1 and Ras2, which directly activate ad-

enylate cyclase. Their GTP-loading status is modulated by GTPase-activat-

ing proteins Ira1 and Ira2, and guanine nucleotide exchange factors Cdc25 

and Sdc25 [175,176]. PKA itself participates in a feedback loop by inhibiting 

cAMP synthesis and promoting its degradation [135]. The latter pathway in-

volves extracellular nutrient sensing via a G-protein-coupled receptor 

(GPCR) system, comprising the receptor Gpr1, the Gα protein Gpa2, its GAP 

Rgs2, and the Gβ subunit Asc1 [177,178]. This GPCR module plays a rela-

tively minor role in regulating quiescence [135]. 
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Beyond cAMP regulation, PKA activity is modulated by additional mecha-

nisms. For example, PKA phosphorylates Bcy1 at Ser145, destabilizing it 

through an unknown process [135]. Bcy1 also undergoes dynamic relocali-

zation from the nucleus to the cytoplasm as cells approach stationary phase, 

indicating spatial and temporal regulation of PKA activity [179]. PKA pro-

motes cellular growth by stimulating ribosome biogenesis through the regu-

lation of Ribosomal Protein (RP) genes, rDNA genes and Ribosome biogen-

esis (Ribi) genes, which encode components involved in rRNA processing, 

ribosome assembly and translation [135]. Among its roles in protein synthe-

sis, PKA favors nuclear localization of the transcription factor Sfp1, which 

positively influences RP and Ribi gene expression [135]. Also, PKA phos-

phorylates and inhibits Maf1, a repressor of RNA Polymerase III, thereby en-

hancing transcription of 5S rDNA and tRNA [180,181]. 

In addition to promoting growth, PKA suppresses stress responses. One of 

its key targets is Yak1, a dual-specificity kinase. During the diauxic shift, when 

PKA activity declines, Yak1 translocates to the nucleus and phosphorylates 

several stress-related targets, including Bcy1 [182,183], the heat shock tran-

scription factor Hsf1 [183] and the zinc-finger transcription factor Msn2 [184]. 

Msn2, together with its paralog Msn4, regulates the expression of approxi-

mately 200 genes containing stress response elements under various envi-

ronmental stress conditions, such as glucose limitation [135]. 
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PKA also directly phosphorylates Msn2 at critical residues within its nuclear 

localization signal (NLS) and possibly within its nuclear export signal (NES), 

thereby inhibiting nuclear import and potentially promoting export [185-187]. 

Another key regulator of stress response is Rim15, a member of the PAS 

kinase family (containing a N-terminal Per-Arnt-Sim domain) that promotes 

entry into quiescence and is directly inhibited by PKA phosphorylation [188]. 

Rim15 regulates the expression of nutrient-responsive and oxidative stress 

genes, trehalose and glycogen accumulation, cell cycle arrest, survival in 

stationary phase and autophagy. These processes involve Msn2/4 and the 

transcription factor Gis1, which controls PDS element-regulated genes [135]. 

Rim15 may also coordinate transcriptional activation with post-transcriptional 

mRNA protection by phosphorylating Igo1 and Igo2 [189]. These proteins in-

teract with the decapping activator Dhh1 to protect newly transcribed mRNAs 

from degradation during the transition to quiescence [190]. 

Finally, PKA inhibits autophagy by phosphorylating the kinase Atg1 and its 

regulator Atg13, preventing the formation of the Atg1-Atg13 complex at the 

preautophagosomal structure, which is essential for autophagy initiation 

[191-193]. 

Lastly, PKA orchestrates key metabolic transitions as yeast cells approach or 

enter the diauxic shift phase [135]. It antagonizes the switch from glycolysis 

to gluconeogenesis and suppresses trehalose and glycogen synthesis 
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through multiple mechanisms, including activation of glycolytic enzymes 6-

phosphofructo-2-kinase Pfk2 and pyruvate kinases Pyk1/2, inhibition of the 

gluconeogenic fructose 1,6-bisphosphatase Fbp1, as well as, activation of 

the neutral trehalase Nth1 and glycogen phosphorylase Gph1. 

The TORC1-signaling network 

 

Nutrients serve as essential sources of energy and molecular building blocks 

required for organismal growth. The ability to effectively respond to fluctua-

tions in nutrient availability is critical for maintaining cellular viability. The 

highly conserved Target of Rapamycin (TOR) proteins are central compo-

nents of a key signaling pathway that regulates the growth of proliferating 

yeast in response to nutrient cues [135,194]. 

TOR was initially identified in S.cerevisiae through mutations that conferred 

resistance to the growth-inhibitory effects of rapamycin, a clinically significant 

immunosuppressive macrolide produced by Streptomyces hygroscopi-

cus and first isolated in 1972 on Easter Island (Rapa Nui) [195]. Shortly there-

after, homologs of TOR were discovered in mammalian cells [194]. 

TOR assembles into two structurally and functionally distinct complexes: 

TOR complex 1 (TORC1) and TOR complex 2 (TORC2). Of these, only 

TORC1 is sensitive to rapamycin when this compound is bound to the pep-

tidyl-prolyl isomerase Fpr1 [also known as FK506-binding protein 12 
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(FKBP12) in mammals] [196]. The architecture of TORC1 is highly conserved 

across Eukaryotes [197]. In yeast, TORC1 comprises the catalytic subunit 

Tor1 or Tor2, the conserved subunits Kog1 and Lst8, and the fungal-exclusive 

subunit Tco89 [197-199]. 

TORC1 activity is modulated by the availability and quality of carbon and 

nitrogen sources, as well as by various stress conditions. Consistent with 

this, TORC1 is inhibited under carbon or nitrogen starvation, oxidative or os-

motic stress, and upon caffeine treatment [200,201]. 

Two primary upstream regulatory branches of TORC1 involve the highly con-

served Rag GTPases and the Pib2-mediated pathway [202]. Specifically, 

TORC1 is regulated by the Rag GTPases Gtr1 and Gtr2, which form a het-

erodimer capable of binding and hydrolyzing GTP [203,204]. In the presence 

of amino acids, Gtr1 is GTP-bound and Gtr2 is GDP-bound, a configuration 

that promotes TORC1 activation. This conformation facilitates interaction 

with TORC1 subunits Kog1 and Tco89. Under nitrogen-limiting conditions, 

Gtr1 hydrolyzes GTP to GDP while Gtr2 becomes GTP-bound, resulting in a 

conformational shift that diminishes TORC1 interaction and inhibits its acti-

vation. Recruitment of the Gtr1-Gtr2 heterodimer and TORC1 to the vacuolar 

membrane is mediated by the EGO ternary complex (EGO-TC), composed 

of Ego1/Meh1, Ego2 and Ego3/Slm4. EGO-TC acts as a scaffold to form the 
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EGO complex (EGOC) in association with the Gtr1-Gtr2 heterodimer [204-

208]. 

The nucleotide-binding states of the Rag GTPases are regulated by Guanine 

nucleotide Exchange Factors (GEFs) and GTPase-Activating Proteins 

(GAPs), which respectively promote the active (Gtr1-GTP) and inactive 

(Gtr1-GDP) states [194]. In yeast, the GAP activity of the SEACIT (SEAC 

Inhibiting TORC1) subcomplex promotes the inactive Gtr1-GDP state. 

SEACIT includes Npr2, Npr3 and Iml1/Sea1. Its activity is antagonized by the 

SEACAT (SEAC Activating TORC1) subcomplex, which comprises Seh1, 

Sec13, Rtc1/Sea2, Mtc5/Sea3 and Sea4. Together, SEACIT and SEACAT 

constitute the SEAC complex [204,207,210]. The active Gtr2-GDP state is 

promoted by the Lst4-Lst7 heterodimer, which also exhibits GAP activity 

[204,211]. 

In S.cerevisiae, an additional TORC1-activating pathway is mediated by the 

protein Pib2, which functions independently of the Rag GTPases and does 

not associate with the EGO-TC [212]. 

Active TORC1 promotes anabolic processes essential for cell growth while 

repressing catabolic processes under nutrient-rich conditions. The primary 

anabolic pathway regulated by TORC1 is protein biosynthesis, which is mod-

ulated at multiple levels, including ribosome biogenesis, mRNA stability, 
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translation initiation and the expression of high-affinity amino acid permeases 

[213]. 

The principal downstream effector of TORC1 in yeast is the AGC-family pro-

tein kinase Sch9. TORC1-mediated phosphorylation of Sch9 regulates di-

verse processes such as ribosome biogenesis, translation initiation, protein 

synthesis, sphingolipid metabolism, cell cycle progression, cell size, stress 

responses and autophagy [214]. Sch9 localizes to both the cytosol and vac-

uolar membranes and redistributes to the cytosol under carbon starvation. 

Full activation of Sch9 requires phosphorylation at multiple residues by vari-

ous kinases, including TORC1, which targets several sites in its C-terminal 

region. Conversely, Sch9 is inhibited by Snf1-mediated phosphorylation at 

Ser288 during carbon starvation [215]. 

As a central signaling hub, Sch9 regulates numerous downstream effectors, 

including the PKA pathway, with which it shares overlapping targets. Addi-

tionally, Sch9 modulates stress responses by influencing the activity of vari-

ous kinases and transcription factors and plays a role in proteasomal and 

autophagic degradation. Notably, deletion of Sch9 extends CLS and RLS in 

yeast cells [214]. 

Additional downstream targets of TORC1 include the protein phosphatases 

PP2A and PP2A-like enzymes, whose activity is modulated via the regulatory 
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protein Tap42. This regulation influences amino acid metabolism, stress re-

sponses and autophagy [216]. 

Active TORC1 also phosphorylates the transcription factor Gln3, thereby re-

pressing the transcription of genes required for growth on non-preferred ni-

trogen sources [214,216,217]. Furthermore, TORC1 negatively regulates 

macroautophagy by phosphorylating and inhibiting Atg13, a component of 

the Atg1 kinase complex [216-218]. At signaling endosomes, TORC1 phos-

phorylates Vps27, a protein involved in multivesicular body sorting, to sup-

press microautophagy [218,221-223]. Additionally, TORC1 directly inhibits 

autophagy through phosphorylation of Ypt1 [224]. 

To promote ribosomal protein synthesis, TORC1 indirectly regulates the 

phosphorylation of the ribosomal protein Rps6. More recently, TORC1 has 

been shown to directly phosphorylate and activate another AGC-family pro-

tein kinase, Ypk3. Activated Ypk3 phosphorylates Rps6 at Ser232 and Ser233 

both in vivo and in vitro, in a manner analogous to S6K in mammalian cells 

[225-227]. In parallel, TORC1 promotes ribosome biogenesis by directly 

phosphorylating the transcription factor Sfp1, enhancing its nuclear localiza-

tion and/or its binding to ribosomal protein RP and possibly Ribi gene pro-

moters, thereby stimulating their expression [228-230]. 

Recently, two novel TORC1 substrates have been identified: Ser3 and its 

paralog Ser33. These 3-phosphoglycerate dehydrogenases and alpha-



66 
 

ketoglutarate reductases are directly phosphorylated by TORC1 in a Pib2-

dependent manner, providing new evidence for TORC1 direct involvement in 

the regulation of amino acid biosynthesis [231,232]. 

The SNF1-signaling network 

 

In S.cerevisiae, the SNF1 (Sucrose Non-Fermenting 1) protein kinase com-

plex, a yeast ortholog of the mammalian AMP-activated protein kinase 

(AMPK), plays a pivotal role in coordinating nutrient availability and environ-

mental stress with cellular processes such as growth, cell cycle progression 

and stress responses [233]. Upon nutrient depletion or exposure to environ-

mental stressors, SNF1 is rapidly activated [234,235], inducing metabolic 

and transcriptional [236] reprogramming to facilitate adaptation to restrictive 

growth conditions [233,237]. 

SNF1 is essential for growth on alternative carbon sources such as sucrose, 

maltose or galactose, and non-fermentable substrates like ethanol and glyc-

erol. It is also a key regulator of the metabolic shift from fermentation to oxi-

dative phosphorylation under glucose-limiting conditions. 

The SNF1 complex is a heterotrimer composed of an α-catalytic subunit 

(Snf1), one of three β-subunits (Gal83, Sip1, or Sip2) and a γ-regulatory sub-

unit (Snf4) [237]. Structurally, Snf1 contains an N-terminal kinase domain 

(KD) and a C-terminal regulatory domain (RD), which includes an 
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autoinhibitory domain (AID) [238,239]. Interaction between the RD and AID 

maintains the SNF1 complex in an inactive conformation [240]. Activation re-

quires phosphorylation of threonine 210 (Thr210) within the activation loop (T-

loop) of Snf1 [238]. Under high glucose conditions, Snf1 is cytosolic, but upon 

glucose depletion and activation, it translocates to the nucleus [241]. 

The β-subunits (Gal83, Sip1, Sip2) serve as scaffolds facilitating the interac-

tion between Snf1 and Snf4 and modulate complex localization and substrate 

specificity [239]. Snf4 regulates the conformational state of SNF1 and binds 

adenine nucleotides (AMP, ADP, ATP), contributing to SNF1 activation 

[237,239,242,243]. Full activation of Snf1 requires phosphorylation at Thr210 

by one of three upstream kinases, Sak1, Tos3, or Elm1, collectively referred 

to as SNF1 Activating Kinases (SAKs) [237]. Inactivation is mediated by Pro-

tein Phosphatase 1, PP1 (Glc7-Reg1), which dephosphorylates Snf1 at 

Thr210 in glucose-rich conditions [237]. Notably, Glc7-Reg1 activity appears 

to be glucose-independent [244]. The Glc7-Reg2 complex also contributes 

to Snf1 dephosphorylation following glucose readdition, particularly after pro-

longed carbon starvation [235,245]. Additionally, the PP2A-like phosphatase 

Sit4 exhibits partially overlapping activity with PP1 in regulating SNF1 signal-

ing [246]. 

During energy stress, Snf1 is phosphorylated at Thr210 by SAKs, adopting an 

open, active conformation. This is further stabilized by ADP binding to Snf4 
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and its interaction with the AID domain of Snf1. In contrast, under glucose-

rich conditions, PP1 (Glc7-Reg1) dephosphorylates Snf1, reverting it to an 

inactive state, a process enhanced by ATP binding to Snf4 [239,247]. 

SNF1 regulates the transcription of over 400 genes [233]. One of its primary 

targets is Mig1, a transcriptional repressor that is phosphorylated by SNF1 

under low glucose conditions, leading to its nuclear export [248,249]. Mig1 

represses approximately 90 genes activated by SNF1, includ-

ing SUC2, HXT2/4 and genes encoding TCA cycle enzymes [233]. 

In response to alkaline stress, SNF1 phosphorylates and inhibits Mig2, a 

Mig1 homolog [250,251]. Under endoplasmic reticulum (ER) stress, SNF1 

activation promotes expression of ATG39, facilitating ER-phagy [252]. SNF1 

also induces transcription of gluconeogenic genes via activation of transcrip-

tion factors Cat8, Sip4, and Rds2 [164,165,239,253]. 

Furthermore, SNF1 enhances the expression of genes involved in ethanol 

and fatty acid metabolism through activation of Adr1 [163,239,254]. It also 

directly phosphorylates Acc1, an enzyme catalyzing the conversion of acetyl-

CoA to malonyl-CoA, bypassing transcriptional regulation [255]. 

Under low glucose conditions, SNF1 phosphorylates and activates Gln3, 

which regulates genes required for growth on non-preferred nitrogen 

sources. SNF1 indirectly modulates PKA activity by phosphorylating Cyr1, 
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leading to reduced cAMP levels and decreased PKA signaling [234]. To fine-

tune the stress response, SNF1 phosphorylates transcriptional activators 

Msn2 and Msn4 [256]. Additionally, SNF1 positively regulates autophagy by 

directly phosphorylating and activating Atg1 [128,257]. 

Scope of the thesis and synopsis 

 

The average age of the population in industrialized countries is steadily ris-

ing. However, this demographic shift is not accompanied by a corresponding 

improvement in quality of life. Age-related diseases, such as diabetes, met-

abolic disorders, neurodegenerative conditions and cardiovascular illnesses, 

are becoming increasingly prevalent, with significant social and economic 

consequences. Currently, considerable efforts are being directed toward 

identifying and developing dietary supplement-based interventions that could 

serve as safe and effective strategies to promote healthy aging. In this con-

text, the yeast S.cerevisiae is widely recognized as a valuable experimental 

model for studying aging and age-associated diseases. 

The corpus (Chapter 1-3) of the thesis illustrates three studies conducted 

during my doctorate in the context of nutraceutical research, developed on 

the unifying model of yeast chronological aging, each concerned a different 

and unrelated potential dietary supplement-based intervention. In particular, 

on the one hand we considered a molecule that is extremely well known for 
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its beneficial effects (QUER), while on the other hand we included two ex-

tracts that are almost unknown from a nutraceutical perspective. Moreover, 

we intentionally selected nutraceutical interventions with different levels of 

formulation complexity, ranging from a pure compound (QUER), to an extract 

mainly composed of three closely related chemical species (GSL extract), 

and finally to a highly complex mixture (cocoa extract). It should be empha-

sized once again that, unlike QUER—which can be extracted from multiple 

sources—both the GSL and cocoa extracts align with the principles of a cir-

cular economy, as they are obtained from specific waste products of other 

industrial processes. 

The selection of these three interventions was also guided by their expected 

differences in reactivity. As discussed in the previous sections, QUER and 

GSLs are anticipated to exhibit distinct reactivities due to their different mo-

lecular structures. These structural differences imply divergent physicochem-

ical properties and, consequently, different bioavailability and delivery pro-

files. Furthermore, they are likely to differ substantially in their molecular-level 

reactivity and in their modulation of cellular pathways. The situation is even 

more complex in the case of the cocoa extract, where the coexistence of 

numerous compounds with diverse reactivities must be considered, along 

with the potential for synergistic enhancement or attenuation of their respec-

tive beneficial effects. 
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Synopsis of the corpus: 

Chapter 1 is focused on the effects of QUER on yeast CLS. The study 

demonstrates that QUER supplementation at the diauxic shift significantly 

extends CLS. This extension is accompanied by reduced oxidative stress 

and a metabolic shift favoring gluconeogenesis and trehalose accumulation, 

both of which are associated with enhanced cellular longevity. Mechanisti-

cally, the study identifies the sirtuin Sir2 and glycerol metabolism as key me-

diators of QUER’s beneficial effects on yeast aging, highlighting its potential 

as a dietary supplement for promoting healthy aging. 

Chapter 2 describes our study about the anti-aging potential of GSLs ex-

tracted from the seed-press cake of Camelina sativa. We demonstrate that 

GSL extract supplementation significantly extends yeast CLS in a dose-de-

pendent manner. The pro-longevity effect of GSLs is attributed to their ability 

to preserve mitochondrial functionality, promote a more efficient phosphory-

lating respiration and remodulate carbon metabolism. These effects consist 

of the maintenance of TCA cycle activity, particularly succinate dehydrogen-

ase (SDH) function, and elevated levels of TCA intermediates such as citrate, 

succinate, malate and fumarate. GSLs also stimulate the glyoxylate shunt 

and gluconeogenesis, leading to increased trehalose accumulation. Com-

bined supplementation of GSLs with nicotinamide (the water-soluble active 

form of Vitamin B3), a known Sir2 inhibitor, results in additive effects on CLS. 
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Overall, the findings highlight the potential of Camelina-derived GSLs as nat-

ural compounds capable of promoting healthy aging through metabolic re-

programming and mitochondrial preservation. 

Chapter 3 includes a study which explores the neuroprotective potential of a 

cocoa bean shell extract (CBSE), a food industry by-product, in mitigating α-

synuclein (α-syn) toxicity, a hallmark of Parkinson’s disease (PD). Using both 

yeast and human neuroblastoma cell models overexpressing α-syn, we 

demonstrate that CBSE significantly reduces protein aggregation and oxida-

tive stress, while enhancing cellular longevity. Overall, the findings support 

the use of CBSE as a promising nutraceutical candidate with anti-aggregant 

and antioxidant properties. Its ability to directly interact with α-syn and mod-

ulate cellular stress responses highlights its potential for preventing or miti-

gating neurodegenerative processes associated with protein misfolding. 
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1.1  Introduction 

Quercetin (3,3’,4’,5,7-pentahydroxyflavone) (QUER) is a natural polyphe-

nolic compound belonging to flavonols, a sub-class of flavonoids. Its name 

comes from the Latin word “quercetum”, meaning forest of oaks. However, 

QUER occurrence, as a secondary metabolite, is widely distributed among 

plants where it is involved in different physiological processes from seed ger-

mination to pollen growth and in providing plant tolerance against some biotic 

and abiotic stresses [258]. QUER is among the abundant major naturally oc-

curring flavonoids in the human diet via vegetables and fruits. It is found in 

fruits such as apples, cherries, and berries (blueberries and cranberries) and 

vegetables such as asparagus, broccoli, peas, green peppers, and onions 

[259–261]. In particular, onions (red varieties) have a high content of QUER 

(about 1.31 mg/100 g of fresh weight) [263]. In 2010, the American Food and 

Drug Administration notified high-purity QUER as “Generally Recognized as 

Safe” (GRAS) [20]. Currently, QUER is marketed as a dietary supplement 

with various claims and statements concerning its health benefits [20]. In-

deed, the biological beneficial properties of QUER are well documented, en-

compassing its direct antioxidant activity to that of modulating signal trans-

duction pathways [264]. In this context, QUER displays, among others, anti-

inflammatory, immunoprotective, neuroprotective, anticarcinogenic and anti-

aging effects [259,260,265]. These health-promoting effects are supported 
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by studies performed in eukaryotic model systems, as well as in animals and 

humans [266–268]. 

The budding yeast Saccharomyces cerevisiae is a single-celled eukaryote 

that, exploited as a model system, has proved to help decipher conserved 

fundamental processes/pathways of multicellular eukaryotes, despite the 

large evolutionary distance involved. As far as human aging/longevity is con-

cerned, in this yeast, two complementary aging models allow us to simulate 

the cellular aging of actively proliferating cells, exemplified by fibroblasts, and 

that of post-mitotic, albeit metabolically active cells, namely myocytes 

[94,269,270]. The former is the replicative aging model, the latter the chron-

ological aging one. Chronological lifespan (CLS) is the length of time (mean 

and maximum) that a culture of non-dividing cells remains viable in the sta-

tionary phase: viability is estimated by the ability to resume growth and form 

a colony upon return to a rich, fresh medium [111]. In a standard CLS exper-

iment, yeast cells are grown in synthetic media with 2% glucose [111]. In this 

condition, growth predominantly relies on a fermentation-based metabolism 

that allows a fast depletion of available glucose and concomitantly provides 

an extracellular accumulation of metabolites, particularly the extensive re-

lease of ethanol in the medium. Only when glucose becomes limiting does 

the diauxic shift occur, and cells undergo a highly regulated transition from a 

fermentative to a respiratory metabolism in which by-products of the 
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fermentation become substrates and are consumed. The diauxic shift is the 

turning point between two distinct metabolic states; it is characterized by 

structural, functional, and physiological rearrangements that involve a huge 

rewiring of gene expression resulting, among others, in an increase in the 

metabolic flux through the TCA cycle, in the onset of the glyoxylate shunt and 

of gluconeogenesis. The last one switches carbon flux toward reserve car-

bohydrates [135,271]. This contributes, along with antioxidant defence sys-

tems, to establish a proper protective state of quiescence that ensures the 

long-term survival of non-dividing cells during the stationary phase and re-

sumes growth upon refeeding. The ability of cells to perform such rearrange-

ments through a series of interlocking signaling networks is a fundamental 

aspect that strongly affects CLS [145,272,273]. TORC1-Sch9 and Ras-PKA 

pathways are two nutrient-sensing pathways that negatively regulate the 

transition into quiescence, and their inhibition/inactivation at different levels 

extends CLS [135,274]. 

On the contrary, impairing the activity of the glyoxylate/gluconeogenic path-

way and the accumulation of reserve carbohydrates (in particular trehalose) 

reduces CLS [113,125,145]. In this context, the NAD+-dependent deacety-

lase Sir2, which is the founding member of Sirtuins, deacetylates phosphoe-

nolpyruvate carboxykinase (Pck1) [125], the activity of which is the main flux-

controlling step of gluconeogenesis. Pck1 is active in the acetylated form 
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[125], and SIR2 deletion correlates with an increase in the acetylated active 

Pck1, enhancing gluconeogenesis and trehalose content in concert with CLS 

extension [113,275]. In chronologically aging sir2Δ cells, all this is accompa-

nied by a decrease in oxidative stress [115]. The same outcomes are de-

tected after nicotinamide (NAM) supplementation at the diauxic shift [115]. 

NAM, which is a form of vitamin B3, is an endogenous non-competitive in-

hibitor of the deacetylation reaction catalyzed by Sirtuins, including Sir2; it 

shifts the enzymatic reaction toward the reformation of NAD+ and acetylated 

target(s) [276,277]. Concerning NAM-supplemented cells, an increase in the 

acetylated Pck1 is observed due to the lack of Sir2-targeted deacetylation 

[115]. Conversely, opposite outcomes are detected after resveratrol (RSV) 

supplementation at the diauxic shift [114]. RSV, a natural non-flavonoid pol-

yphenolic compound, restricts CLS and increases oxidative stress. In RSV-

supplemented cells, a reduction of the acetylated Pck1 is observed in concert 

with a decrease in gluconeogenesis and trehalose stores [114]. 

Here, we focused on the effects of QUER supplementation at the diauxic 

shift. The results indicate that QUER determines CLS extension accompa-

nied by a decrease in oxidative stress in line with its inbuilt characteristics of 

antioxidants. In addition, we show that QUER deeply influences carbon me-

tabolism allowing cells to acquire features useful for better survival during 

chronological aging. In particular, QUER improves the assimilation of the C2 
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by-product of yeast fermentation through Sir2-dependent Pck1 activity and 

glycerol catabolism resulting in trehalose increase. Furthermore, QUER also 

extends CLS under extreme Calorie Restriction (CR, chronologically aging 

cells in water) together with enhancement of intracellular glycerol catabolism 

and trehalose stores, indicating that critical components of the beneficial ef-

fects of QUER on CLS are changes in carbon metabolism. 

 

1.2  Materials and methods 

1.2.1 Yeast Strains, Growth Conditions and CLS Determination 

 

All yeast strains used in this work were generated by PCR-based methods in 

a W303-1A background (MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 

can1-100) and are listed in Table S1. The accuracy of gene replacements 

and correct deletions/integrations was verified by PCR with flanking and in-

ternal primers. Cells were grown in batches at 30°C in a minimal medium 

(Difco Yeast Nitrogen Base without amino acids, 6.7 g/L) with the indicated 

carbon source at 2% (3% for glycerol) and supplements added in excess 

[112]. Cell number was determined during growth using a Coulter Counter-

Particle Count and Size Analyzer [278]. Duplication time (Td) was obtained 

by linear regression of the cell number increase over time on a semi-logarith-

mic plot. Survival experiments were performed on cells grown in a minimal 
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medium with 2% w/v glucose and supplements added in excess. Samples 

were collected at different time points to define the growth profile (exponential 

phase, diauxic shift (Day 0), post-diauxic phase and stationary phase) of the 

culture [112]. CLS was measured according to [279] by counting colony-form-

ing units (CFU) starting with 72 h (Day 3, first age-point) after Day 0. The 

number of CFU on Day 3 was considered the initial survival (100%). QUER 

(dissolved in DMSO, purchased from Sigma-Aldrich) was added at the final 

concentration of 300 µM. NAM (Sigma-Aldrich, Darmstadt, Germany) at the 

final concentration of 5 mM. Survival experiments in water (pH adjusted to 

3.2) were performed as described [280]. Every 48 h, 300 µM of QUER was 

added to the culture after washing. Viability was determined by CFU. 

 

1.2.2 Dosage of Metabolites and Enzymatic Assays 

 

At designated time points, aliquots of the yeast cultures were centrifuged, 

and both pellets (washed twice) and supernatants were collected and frozen 

at – 80°C until used. Rapid sampling for intracellular metabolite measure-

ments was performed as described [112]. The glucose, G6P, ethanol, acetic 

acid and glycerol concentrations were determined using enzymatic assays 

(K-HKGLU, K-ETOH, K-ACET and K-GCROL kits from Megazyme, Bray, 
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Ireland). Extraction and determination of intracellular trehalose according to 

[281]. The K-HKGLU kit was used to quantify the released glucose. 

Pck1 and Icl1 activities were assayed as previously reported [112]. FAD-de-

pendent glycerol-3-phosphate dehydrogenase (Gut2) activity was deter-

mined according to [282]. Total protein concentration was estimated using 

the BCATM Protein Assay Kit (Thermo Fisher Scientific,Waltham, MA, USA). 

 

1.2.3 Estimation of Superoxide Levels and Lipid Peroxidation 

 

Dihydroethidium (DHE, Sigma-Aldrich) staining was performed to analyze 

superoxide anion (O2
·−) [283]. Cells were counterstained with propidium io-

dide to discriminate between live and dead cells. A Nikon Eclipse E600 fluo-

rescence microscope equipped with a Nikon Digital Sight DS Qi1 camera 

was used. Digital images were acquired and processed using Nikon software 

NIS-Elements (https://www.microscope.healthcare.nikon.com/products/soft-

ware/nis-elements). Lipid peroxidation was determined by quantifying MDA 

using the BIOXYTECH® LPO-586™ Colorimetric Assay Kit (OxisResearch, 

Portland, OR, USA). The assay is based on the reaction of the chromogenic 

N-methyl-2-phenylindole with MDA forming a stable chromophore with max-

imum absorbance at 586 nm. 

https://www.microscope.healthcare.nikon.com/products/software/nis-elements
https://www.microscope.healthcare.nikon.com/products/software/nis-elements
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1.2.4 Immunoprecipitation and Western Analysis 

 

Total protein extract preparation, immunoprecipitation and Western analysis 

were performed as described [113]. Primary antibodies used were anti-HA 

(12CA5, Roche, Mannheim, Germany) and anti-acetylated-lysine (Ac-K-103, 

Cell Signaling, Leiden, The Netherlands). Secondary antibodies were pur-

chased from Amersham. Binding was visualized with the ECL Western Blot-

ting Detection Reagent (Amersham Pharmacia Biotech, Milan, Italy). After 

ECL detection, films were scanned on a Bio-Rad GS-800 calibrated imaging 

densitometer and quantified with Scion Image software 4.0.3.2. 

 

1.2.5 HM Silencing Assay 

 

Silencing was examined using an α-factor sensitivity halo assay [284] with 

some modifications [285]. In brief, drops (5 µL of a 106 cell/mL dilution) of 

exponentially growing cells were pin-spotted onto agar plates (2% glu-

cose/minimal medium and appropriate supplements) containing α-factor (2.5 

µM final concentration). Then, 5 µL of 5 mM splitomicin (dissolved in DMSO) 

was loaded on a sterile filter disk placed in the centre of the agar plates to 

form a concentration gradient of splitomicin. Similarly, a concentration gradi-

ent of QUER was formed by loading 5 µL of 300 µM QUER. Plates were 
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incubated at 30°C for 2/3 days. Cells were also dropped onto plates without 

pheromones and scored for growth. Both α-factor and splitomicin were pur-

chased from Sigma-Aldrich. 

 

1.2.6 Statistical Analysis of Data 

 

All values are presented as the mean of three independent experiments ± 

Standard Deviation (SD). Three technical replicates were analyzed in each 

independent experiment. Statistical significance was assessed by a one-way 

ANOVA test. The level of statistical significance was set at a p value of ≤0.05. 

 

1.3  Results and discussion 

1.3.1 Quercetin Supplementation at the Diauxic Shift Extends 

CLS and Promotes Trehalose Accumulation 

 

Since previous works reported that QUER treatment to yeast cells exponen-

tially growing on glucose increases CLS [286–289], we set out to evaluate 

whether a similar positive effect could be observed following its supplemen-

tation at the onset of chronological aging, namely at the diauxic shift. At the 

diauxic shift, cells shift from glucose-driven fermentation to ethanol/acetate-

driven respiration, and the outcomes of such a metabolic reconfiguration 
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influence CLS [145,272,273,290,291]. QUER-supplemented cells displayed 

an increase of both mean and maximum CLS (Figure 1A and Table S2) as 

well as of the survival integral (Table S2) defined as the area under the CLS 

curves and calculated according to [292], compared to unsupplemented 

cells. 

 

Figure 1. QUER supplementation at the diauxic shift extends CLS and reduces ox-

idative stress. Wildtype (wt) cells were grown in minimal medium/2% glucose and 

the required supplements in excess (see Materials and Methods). At the diauxic shift 

(Day 0), quercetin (QUER, 300 µM) was added, and (A) survival over time of treated 
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and untreated cultures was assessed by colony-forming capacity on YEPD plates. 

72 h after the diauxic shift (Day 3) was considered the first age point, corresponding 

to 100% survival. In parallel, for the same cultures (B) left: bar charts of the percent-

age of fluorescent/superoxide positive cells assessed by the superoxide-driven con-

version of non-fluorescent dihydroethidium into fluorescent ethidium (Eth) and right: 

intracellular malondialdehyde (MDA) concentration. All data refer to mean values 

determined in three independent experiments with three technical replicates each. 

Standard deviations (SD) are indicated. Statistical significance as assessed by a 

one-way ANOVA test is indicated (** p ≤ 0.01). 

 

The CLS extension was accompanied by decreased levels of two oxidative 

stress biomarkers, such as superoxide anion (O2
·−) and malondialdehyde 

(MDA) (Figure 1B). The former is one of the most potentially harmful ROS, 

and the latter is a natural end-product of lipid peroxidation: both accumulate 

as chronological aging progresses, limiting cellular longevity [291,293,294]. 

The antioxidant activity is a feature shared with other flavonoids and is linked 

to the chemical structure of this class of molecules, which allows them to 

scavenge free radicals directly. In addition, the antioxidant property of flavo-

noids relies on their ability to chelate metal ions, mainly iron ones [295,296]. 

Iron plays a crucial role in many metabolic processes, and Fe2+ participates 

in the generation of free radicals in the Fenton reaction contributing to oxida-

tive stress. However, in yeast, a decrease in oxidative stress markers (ROS, 

glutathione oxidation, protein carbonylation and lipid peroxidation) observed 

after QUER treatment was not associated with iron chelation suggesting that 
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this beneficial effect of QUER is independent of its intrinsic iron-chelating 

properties [289]. 

Starting from the aforementioned results, which align with QUER’s antioxi-

dant and anti-aging properties, we decided to analyze the metabolic changes 

underlying the beneficial effects of QUER supplementation at the diauxic 

shift. Initially, we measured the enzymatic activity of isocitrate lyase (Icl1), 

one of the unique enzymes of the glyoxylate shunt, and that of Pck1, the key 

enzyme of gluconeogenesis.  

 

Figure 2. Scheme of metabolic pathways involved in utilising the main non-ferment-

able carbon sources during chronological aging. Three pathways (TCA cycle, gly-

oxylate shunt and gluconeogenesis) are schematically shown. Gut1, glycerol 
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kinase; Gut2, mitochondrial glycerol-3-phosphate dehydrogenase; Pck1, phosphoe-

nolpyruvate carboxykinase; Icl1, isocitrate lyase. 

 

The glyoxylate shunt and the gluconeogenesis are anabolic pathways oper-

ative during chronological aging and involve using ethanol and acetate (Fig-

ure 2). These are C2 compounds, the metabolism of which influences CLS 

[14,41,42]. 

In QUER-supplemented cells, the enzymatic activities of Icl1 and Pck1 were 

higher than those in the unsupplemented ones (Figure 3A), consistent with 

increased utilization of ethanol and acetate (Figure 3B), indicating an en-

hancement of glyoxylate/gluconeogenic pathways. Gluconeogenesis allows 

the production of glucose-6-phosphate (G6P), which is required for trehalose 

biosynthesis. In QUER-supplemented cells, increased G6P levels and treha-

lose ones were detected (Figure 3C). Trehalose is a disaccharide stored by 

chronologically aging cells and is advantageous for their survival [145,146]. 

In keeping with this finding, gene expression profiles of QUER-treated cells 

in the exponential phase showed upregulation of genes involved in trehalose 

biosynthesis associated with an increase in trehalose content and acquisition 

of oxidative stress resistance [289]. 
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Figure 3. QUER supplementation at the diauxic shift enhances the glyoxylate/glu-

coneogenic flux. At the indicated time points, (A) Icl1 and Pck1 enzymatic activities, 

(B) ethanol and acetate levels and (C) glucose-6-phosphate (G6P) content along 

with trehalose one evaluated for both treated and untreated cultures of Figure 1. (D) 

Bar charts of the ratio of Ac-K (acetylated form of Pck1) to Pck1-3HA (total Pck1) 

values obtained by densitometric quantification of signal intensity of the correspond-

ing bands on Western blots. Wt cells expressing Pck1-3HA were grown and supplied 

with QUER, as in Figure 1. At different time points, total protein extracts were pre-

pared from treated and untreated cultures and subjected to immunoprecipitation 

with anti-HA antibodies, followed by Western analysis. Immunodecoration was per-

formed with anti-Ac-K and anti-HA antibodies. All data refer to mean values deter-

mined in three independent experiments with three technical replicates each. SD is 

indicated (** p ≤ 0.01). 

 

Moreover, as far as Pck1 activity is concerned, its increase in QUER-supple-

mented cells was associated with an increase in the level of the acetylated 

active form of the enzyme (Figure 3D). Since Pck1 activity is inhibited by 

Sir2-mediated deacetylation [114,115,125,275], we wondered whether 
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QUER could affect Sir2 activity. To this end, an α-factor sensitivity assay was 

performed. 

Sir2 deacetylase activity is essential for gene silencing at HM loci, and in a 

haploid strain, its absence determines a pseudodiploid state [297]. Thus, in 

the presence of α-factor, MATa wild type (wt) cells were arrested in the G1 

phase of the cell cycle and did not grow, whilst sir2Δ cells grew as they were 

unresponsive to the pheromone (Figure 4A). Notably, in the presence of 

QUER, wt cells lost sensitivity to α-factor and grew in the presence of the 

pheromone. No effect was observed on sir2Δ cells (Figure 4A). Similar be-

haviour was observed for wt cells in the presence of splitomicin, used as a 

control (Figure 4A). This compound inhibits Sir2 deacetylase activity and cre-

ates a conditional phenocopy of a sir2Δ mutant [298]. All these data suggest 

that in the presence of QUER, Sir2 is inhibited, and a pro-longevity anabolic 

metabolism toward gluconeogenesis and trehalose storage takes place. 

To further assess if Sir2 activity is involved in QUER-mediated outcomes, we 

analyzed the consequences of QUER supplementation at the diauxic shift in 

the absence of the deacetylase. As previously reported, SIR2 deletion ex-

tended CLS (Figure 4B, Table S2) [113-115,298,279] in concert with a reduc-

tion of oxidative stress biomarkers (Figure 4C) and increased trehalose lev-

els (Figure 4D) [113-115]. Interestingly, QUER supplementation amplified the 

CLS extension of the sir2Δ mutant (Figure 4B, Table S2), as well as the 
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decrease of oxidative stress biomarkers (Figure 4C) and the increase of tre-

halose (Figure 4D). Thus, due to this synergistic effect of QUER supplemen-

tation and SIR2 deletion, it is reasonable to think that Sir2 may only mediate 

a portion of the effects of QUER and that this compound may also exert its 

activity on additional targets. 

As stated, trehalose production relies upon gluconeogenesis, controlled by 

Pck1 enzymatic activity. In addition, gluconeogenesis plays a positive role in 

CLS extension [125,300]. Indeed, the loss of Pck1 strongly decreased both 

CLS (Figure 4B, Table S2) [113,125] and trehalose content (Figure 4D). 

Moreover, SIR2 deletion did not affect either CLS of pck1Δ cells (Figure 4B, 

Table S2) [113,125] or trehalose levels (Figure 4D), indicating that Pck1 is 

required for the CLS extension and the increase of trehalose stores of chron-

ologically aging sir2Δ cells. On the contrary, supplementing QUER to pck1Δ 

cells or pck1Δsir2Δ ones resulted in a CLS identical to that of chronologically 

aging wt cells, although less than that measured for QUER-supplemented wt 

cells (Figure 4B, Table S2). Notably, the same effect was observed for treha-

lose content (Figure 4D), indicating that QUER supplementation at the di-

auxic shift can also promote gluconeogenesis to some extent, regardless of 

Pck1. Since this enzyme catalyzes the rate-limiting step in gluconeogenesis 

by converting oxaloacetate to phosphoenolpyruvate (Figure 2), this implies 

that in the pck1Δ mutant, QUER can also fuel gluconeogenesis with other 



91 
 

substrates available during the post-diauxic phase that allow to bypass the 

requirement of oxaloacetate. 
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Figure 4. QUER inhibits Sir2 activity. (A) Wt and sir2Δ exponentially growing cells 

were dropped (5 µL of a 106 cells/mL dilution) onto glucose-rich/medium plates (top 

left), supplemented with 2,5 µM α-factor (top right and bottom left and right). A con-

centration gradient of QUER was formed by loading 5 µL of 300 µM QUER on a 

filter disk placed on the agar (bottom left). 5 µL of 5 mM splitomicin was loaded on 

a filter disk as a control (bottom right). Growth was monitored after three days at 

30°C. (B) CLS of the indicated strains grown and supplied with QUER as in Figure 

1. (C) Bar charts of the percentage of intracellular superoxide accumulating cells 

(Eth) and intracellular malondialdehyde (MDA) concentration. Strains are indicated. 

(D) Intracellular trehalose concentration was evaluated for the indicated cultures. All 

data refer to mean values determined in three independent experiments with three 

technical replicates each. SD is shown (** p ≤ 0.01). 
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1.3.2 Quercetin Supplementation at the Diauxic Shift Also En-

hances Glycerol Catabolism 

 

Glucose-fermenting cells of S.cerevisiae produce, in addition to C2 by-prod-

ucts (ethanol and acetate), some glycerol as a by-product for cytosolic redox 

balancing [301]. Glycerol is transiently accumulated in the culture medium 

and, after the diauxic shift, is catabolised by the L-glycerol 3-phosphate (L-

G3P) pathway [153]. This pathway involves the sequential action of two en-

zymes: a glycerol kinase encoded by GUT1 and a L-glycerol-3-phosphate 

dehydrogenase encoded by GUT2. The final product is dihydroxyacetone 

phosphate that can be channelled into gluconeogenesis, bypassing the step 

catalyzed by Pck1 (Figure 2). Consequently, in light of the above results, we 

focused on glycerol catabolism.  

In QUER-supplemented chronologically aging wt cells, intracellular (Figure 

S1) and extracellular glycerol (Figure 5A) were depleted more rapidly than 

unsupplemented ones. The same behaviour was observed for chronologi-

cally aging pck1Δ cells. On the contrary, QUER supplementation to the gut1Δ 

culture had no impact on the levels of both intracellular (Figure S1) and ex-

tracellular glycerol (Figure 5A). This was also true for the double deletion 

mutant (gut1Δpck1Δ) (Figure 5A). These data are in line with previous re-

ports showing that Pck1 is dispensable when S.cerevisiae is growing on a 

C3 substrate such as glycerol [302,303] and suggest that QUER 
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supplementation at the diauxic shift enhances glycerol catabolism. Indeed, 

the glycerol depletion observed for wt cells in the presence of QUER (Figure 

5A) was accompanied by a strong increase in the glycerol-3-phosphate de-

hydrogenase activity (Figure 5B). In gut1Δ cells, this enzymatic activity was 

almost negligible (Figure 5B) due to the lack of the glycerol kinase converting 

glycerol to glycerol-3-phosphate, which is the substrate of the dehydrogen-

ase (Figure 2). 

Concerning ethanol and acetate, since GUT1 is not required for growth on 

these C2 compounds [302], in the gut1Δ culture, their kinetics of depletion in 

the medium were like those of the wt culture, and QUER supplementation 

led to a similar increase (Figure 5C,D). In line with Pck1 role in the utilization 

of C2 carbon sources, in chronologically aging pck1Δ cells and gut1Δpck1Δ 

ones, the depletion of both ethanol and acetate strongly slowed down com-

pared to that of the wt. Furthermore, QUER supplementation had no effect 

(Figure 5C,D) and this is consistent with the involvement of Pck1 in the in-

creased utilization of ethanol and acetate detected in QUER-supplemented 

wt cells. In parallel, comparisons of intracellular G6P levels measured in 

chronologically aging wt cells and in the three mutants clearly showed on the 

one hand, the different contributions of the L-G3P pathway and the step cat-

alyzed by Pck1 to gluconeogenesis and, on the other, that both routes are 

required to fuel the gluconeogenic pathway to provide G6P during the post-
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diauxic phase (Figures 2 and 5D). In this context, very low G6P levels were 

detected in the gut1Δpck1Δ mutant and were unaffected by QUER supple-

mentation (Figure 5D). On the contrary, supplementing QUER to pck1Δ cells, 

as well as to gut1Δ ones, increased the G6P levels, albeit to a lesser degree 

than those measured for QUER-supplemented wt cells (Figure 5D), correlat-

ing well with the notion that QUER impacts on gluconeogenesis at two entry 

points. 
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Figure 5. QUER supplementation at the diauxic shift enhances glycerol catabolism. 

Wt, pck1Δ, gut1Δ and gut1Δpck1Δ cells were grown and supplied with QUER as in 
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Figure 1. At the indicated time points: (A) extracellular glycerol levels, (B) Gut2 en-

zymatic activity, (C) extracellular ethanol and acetate concentrations and (D) glu-

cose-6-phosphate (G6P) content were determined. All data refer to mean values 

determined in three independent experiments with three technical replicates each. 

SD is indicated (** p ≤ 0.01). 

 

We found that NAM, a well-known non-competitive inhibitor of Sir2 activity 

[276], supplemented at the diauxic shift phenocopies chronologically aging 

sir2Δ cells by inhibiting Sir2-mediated deacetylation of Pck1 [115]. This re-

sulted in an increased CLS (Figure 6A and Table S1) and, among others, 

increased ethanol/acetate catabolism (Figure 6B) [115]. Thus, NAM was sup-

plied to wt cells at the diauxic shift, and when the NAM stationary culture 

showed 50% of survival (mean CLS), QUER was added (Figure 6A). In the 

expired medium, ethanol and acetate were exhausted (Figure 6B), whilst 

glycerol was still present (Figure 6C). Following QUER supplementation a 

strong decrease in extracellular glycerol was observed compared to NAM-

supplemented cells (Figure 6C), further experimentally reinforcing the finding 

that QUER enhances glycerol catabolism. Concomitantly, trehalose levels in-

creased (Figure 6D), and CLS was extended (Figure 6A), further supporting 

the positive correlation between these two parameters. 
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Figure 6. QUER supplementation during chronological aging further extends the 

CLS of NAM treated cells. Wt cells were grown as in Figure 1 and supplied with 

NAM (5 mM) at the diauxic shift (Day 0). At the time-point where NAM stationary 

cultures showed 50% of survival (mean CLS), QUER (300 μM) was added. (A) The 

CLS of the indicated cultures is determined in Figure 1. In parallel, (B) extracellular 

ethanol and acetate content, (C) extracellular glycerol levels and (D) intracellular 

trehalose concentration were measured. All data refer to mean values determined 

in three independent experiments with three technical replicates each. SD is indi-

cated (** p ≤ 0.01). 

 

These data indicate that QUER supplementation at the diauxic shift stimu-

lates the gluconeogenic flux through the L-G3P pathway and Pck1 activity. 

This leads to improved assimilation of C2 by-products of yeast fermentation 

and glycerol during the post-diauxic phase and increased reserve carbohy-

drate trehalose, ensuring long-term survival during chronological aging. 
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1.3.3. Quercetin Enhances Intracellular Glycerol Catabolism, and 

Further Extends CLS under Extreme CR 

 

Switching post-diauxic yeast cells from expired medium to water models an 

extreme condition of CR known to extend CLS remarkably [94,279,304] (Fig-

ure 7A and Table S1). In this context, we evaluated the effects of QUER sup-

plementation on wt cells that, after the diauxic shift, were transferred to water, 

namely in the absence of any extracellular nutrient/carbon/energy source. 

Supplementing QUER to water amplified the long-lived phenotype of chron-

ological aging cells in water alone (Figure 7A and Table S1). In parallel, 

measurements of intracellular glycerol and trehalose showed that in the pres-

ence of QUER, the utilization of the former increased considerably over time 

in concert with the increased content of the latter (Figure 7B,C). Hence, 

QUER brings about trehalose accumulation at the expense of the main com-

patible solute/osmolyte glycerol, albeit CR-restricted chronological aging 

cells face an extreme survival-based metabolism. Both trehalose and glyc-

erol are compatible solutes, the accumulation and interplay of which have 

been shown to occur in yeast during various stress conditions to maximize 

the probability of cell survival and/or proliferation [305-307]. However, treha-

lose has more specific roles in protecting proteins and preserving membrane 

structures, along with being the carbohydrate of choice for surviving 
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starvation and upon cell cycle reentry from starvation [145,146]. In line with 

this, its increase is sufficient to improve an “extreme” CLS further. 
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Figure 7. QUER supplementation further enhances CLS extension under extreme 

CR. At the diauxic shift (Day 0) wt cells (grown as in Figure 1) were switched to 

water (pH adjusted to 3.2) and challenged with QUER (300 µM). Every 48 h cultures 

were resuspended in fresh water, and each time QUER was added, they were re-

ported. At the indicated time points (A) CLS, (B) intracellular glycerol and (C) treha-

lose content of cell cultures were determined in parallel after Day 0. All data refer to 

mean values determined in three independent experiments with three technical rep-

licates each. SD is indicated (** p ≤ 0.01). 

 

Finally, since glycerol can be utilized by S.cerevisiae as a sole carbon/energy 

source under aerobic conditions, we also analyzed QUER effects on the 

growth behaviour of wt cells during exponential growth on this C3 compound. 

A significant decrease in the Td was detected for cells growing on glycerol in 

the presence of QUER compared to that measured in its absence (Table 1). 

Similarly, growth on a non-fermentable substrate such as ethanol occurred 

faster in the presence of QUER, whilst no effect was observed for cells grown 

on a fermentable substrate such as glucose (Table 1). Taken as a whole, this 

further indicates that QUER positively affects the catabolism of glycerol and 

ethanol. This effect is independent of the physiological state of the cells since 

it takes place in both actively growing cells and chronological aging ones. In 

these last cells, an enhancement of the anabolic metabolism toward gluco-

neogenesis and trehalose storage extends the CLS. 

 

https://www.mdpi.com/1422-0067/24/15/12223#fig_body_display_ijms-24-12223-f001
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Table 1. QUER promotes respiratory metabolism. 

Medium Td (h)* 

Glycerol 5.44 ± 0.15 

Glycerol + QUER 3.35 ± 0.13 

Ethanol 4.30 ± 0.15 

Ethanol + QUER 3.00 ± 0.16 

Glucose 1.40 ± 0.11 

Glucose + QUER 1.40 ± 0.13 

Duplication time (Td) of wt culture growing on different carbon sources. * Td was 

calculated as ln2/k, where k is the constant rate of exponential growth. Data repre-

sent the average of three independent experiments. Standard deviations are indi-

cated. 

 

1.4  Conclusions 

The flavonol QUER is endowed with high antioxidant properties, as proven 

by many in vivo and in vitro studies, that provide numerous health-promoting 

benefits, including anti-aging ones. We found that QUER supplementation at 

the onset of chronological aging, namely at the diauxic shift, extends yeast 

CLS. This beneficial effect relies on the influence on carbon metabolism in-

duced by QUER, which leads to improved assimilation of C2 by-products of 

yeast fermentation and glycerol during the post-diauxic phase. It follows an 

enhancement of a pro-longevity anabolic metabolism toward gluconeogene-

sis fuelled at two entry points: the L-G3P pathway and Sir2-dependent Pck1 
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activity. The outcome is increased reserve carbohydrate trehalose, which en-

sures long-term survival during chronological aging, thus benefiting cellular 

longevity. 

 

1.5  Supplementary materials 

 

 

Figure S1. QUER supplementation at the diauxic shift enhances glycerol catabo-

lism. Wt, pck1Δ, gut1Δ and gut1Δpck1Δ cells were grown and supplied with quer-

cetin (QUER, 300 μM) at the diauxic shift. At the indicated time-points intracellular 

glycerol levels were determined. All data refer to mean values determined in three 

independent experiments with three technical replicates each. SD is indicated 

(** p ≤ 0.01). 
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Table S1. Yeast strains used in this study. 

Strain Relevant Genotype Source 

W303-1A MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100 P.P. Slominski 

YVU21 W303-1A sir2Δ::URA3 [284] 

YVU83 W303-1A pck1Δ::KlLEU2 [113] 

YVU84 W303-1A sir2Δ::URA3 pck1Δ::KlLEU2 [113] 

YVU90 W303-1A PCK1-3HA::KlURA3 [113] 

YVU91 W303-1A sir2Δ::HIS3 PCK1-3HA::KlURA3 [113] 

YVU97 W303-1A gut1Δ::HIS3 This study 

YVU98 W303-1A gut1Δ::HIS3 sir2Δ::URA3 This study 

YVU99 W303-1A gut1Δ::HIS3 pck1Δ::KlLEU2 This study 
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Table S2. Quantification of chronological survival. 

Strain Mean CLS Max CLS SI CLS curve 

wt (W303-1A) 10.30 ± 0.67 14.70 ± 0.29 685.70 ± 67 

wt + QUER 13.55 ± 0.51** 18.60 ± 0.45** 996.07 ± 54** 

sir2Δ 13.12 ± 0.46** 17.80 ± 0.38** 989.43 ± 75** 

sir2Δ + QUER 15.19 ± 0.32** 20.79 ± 0.57** 1313.00 ± 43** 

pck1Δ 6.45 ± 0.53** 9.85 ± 0.49** 436.32 ± 29** 

pck1Δ + QUER 10.19 ± 0.24 14.20 ± 0.17 676.12 ± 63 

pck1Δsir2Δ 6.71 ± 0.42** 10.00 ± 0.32** 440.31 ± 39** 

pck1Δsir2Δ + QUER 9.59 ± 0.35 13.50 ± 0.40 675.32 ± 56 

wt + NAM 13.06 ± 0.58** 17.24 ± 0.49** 979.53 ± 34** 

wt (H2O) 23.18 ± 0.61** 41.74 ± 0.61** 1416.76 ± 44** 

wt (H2O) + QUER 27.94 ± 0.84** 58.74 ± 0.83** 2068.41 ± 67** 

Data referring to the time points where chronological aging cultures showed 50% 

(Mean CLS) and 10% (Max CLS) of survival as well as survival integral (SI) meas-

ured as reported by [292]. 
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2.1 Introduction 

Glucosinolates (GSLs) are a complex group of nitrogen/sulfur-containing gly-

cosides, produced as secondary metabolites by a large number of plants be-

longing to the order of Brassicales, which includes the Brassicaceae family. 

In this family, there are many edible plants, such as Brussels sprouts, cauli-

flower, garden cress, cabbage, broccoli, and radish, in which the GSL content 

is particularly abundant [35,37,308]. To date, more than 130 different GSL 

structures have been well-documented [39]. Structurally, all GSLs have a 

common core structure characterized by a β-thioglucose linked by a sulfur 

atom to a (Z)-N-hydroximinosulfate ester and an amino acid-derived, variable 

side chain (R group) [37,39]. GSLs may be classified in subgroups according 

to several criteria. The most frequently used is based on the biosynthetic 

precursor amino acid that categorizes GSLs into aliphatic, aromatic, and in-

dolic GSLs [37,39]. GSLs can be hydrolyzed by endogenous plant myrosi-

nases. These are thioglucosideglucohydrolases (EC 3.2.1.147) and remove 

glucose of the core structure. The resulting aglicone is unstable and rear-

ranges producing isothiocyanates or other breakdown products, the nature 

of which depend upon different factors, including the nature of the R group 

[39,45]. GSLs and/or their breakdown products play important roles in plant 

protection against biotic and abiotic stresses [309-311], as well as, in agricul-

ture for their biofumigant activity [44]. In addition, these compounds can 
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provide beneficial effects on human health attributed, among others, to anti-

oxidant and anti-inflammatory properties [51,52,312]. 

Camelina (Camelina sativa (L.) Crantz), also known as gold-of-pleasure, 

false flax, or linseed dodder, is an ancient oilseed plant within the Brassica-

ceae family [58]. Its crops display interesting agronomic features, such as a 

good growth under different environmental conditions, rapidly maturing short-

season forms (spring and winter cultivars), and low requirements for water, 

fertilizers, and pesticides [58,61,62,64,313]. Camelina seeds contain three 

aliphatic GSLs: glucoarabin (9-methyl-sulfinyl-nonyl-glucosinolate, GSL9), 

glucocamelinin (10-methyl-sulfinyl-decyl-glucosinolate, GSL10), and 

homoglucocamelinin (11-methylsulfinyl-undecyl-glucosinolate, GSL11) [60]. 

Furthermore, Camelina seeds have a distinctive content in fatty acids (in par-

ticular unsaturated ω-3 and ω-6), which makes Camelina oil well-suited for 

many industrial and nutritional products ranging from biodiesel and lotions to 

dietary supplements [314,315]. Following oil extraction, Camelina press cake 

(PC) is obtained as a by-product and can be employed as cheap protein-rich 

feed for cattle and poultry [315,317]. This application makes the entire Came-

lina supply chain a promising example of an environmentally and economi-

cally sustainable bio-based process. In this context, Camelina GSL9, GSL10, 

and GSL11, contained in the PC, have a great potential due to their antioxi-

dant properties that are worth studying, in order to increase the edible PC 



110 
 

valorization. Thus, the objective of the present study was to analyze the ef-

fects of these GSLs, purified from Camelina PC, in the budding yeast Sac-

charomyces cerevisiae. This single-celled eukaryote has been highly instru-

mental as a model system for many purposes from basic to biomedical re-

search. For example, S.cerevisiae-based studies have led to the identifica-

tion/characterization of the nutrient-sensing TOR pathway, that regulates 

stress, growth, metabolism, and aging from yeast to humans [318,319]. In 

addition, yeast has been employed to identify natural compounds with anti-

aging properties that proved to be functional (exemplified by spermidine) 

when tested in mammalian systems [320,321]. 

Here, we report that GSL9, GSL10, and GSL11 display anti-aging properties 

promoting chronological lifespan (CLS) extension. Such an extension relies 

on a more efficient phosphorylating respiration state that leads, on the one 

hand, to a lower superoxide anion (O2
·−) content and, on the other, to ATP 

increase. In addition, a pro-longevity metabolism toward trehalose storage 

takes place. 
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2.2 Materials and methods 

 

2.2.1. Preparation and Purification of GSL Extract 

 

Camelina PC was provided by FlaNat Research srl (Milan, Italy) and GSLs 

were extracted following a published method [322] with slight modifications. 

PC was homogenized into a fine powder using a grinder (TUBE-MILL 100, 

IKA, Staufenim Breisgau, Germany). Powdered sample was resuspended in 

96% ethanol (ratio: 1 gr/5 mL) and subjected to sonication (2 cycles of 5 min 

each). Supernatants were filtered through a 0.45 μm PTFE filter. After extrac-

tion, GSLs were purified by Solid Phase Extraction (SPE). The SPE Mega 

Bond Elut NH2 cartridges were activated with methanol and equilibrated with 

1% acetic acid in water. The extract was loaded into the NH3
+ SPE and GSL 

fraction was eluted with a solution of methanol with 2% NH4OH. The purified 

extract was then evaporated, dissolved in water, and freeze-dried. The ly-

ophilized fraction was dissolved in water at 10 mg/mL and filtered with 0.22 

μm PES syringe filter before UPLC-DAD-HRMS analysis. 
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2.2.2 Yeast Strain, Growth Conditions, and CLS Determination 

 

The yeast strain W303-1A (MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-

1 can1-100) was grown in batches at 30° C in minimal medium (Difco Yeast 

Nitrogen Base without amino acids, 6.7 g/L) with 2% w/v glucose and the 

required supplements added in excess: adenine, histidine, and uracil at 200 

mg/L and leucine at 500 mg/L [112]. CLS was determined by clonogenic as-

says [277]. Colony-forming units (CFUs) were counted starting with 72 h (Day 

3, first age-point) after the diauxic shift (Day 0). The number of CFUs on Day 

3 was considered the initial survival (100%). Cell number, extracellular glu-

cose, and ethanol were measured at different time points during growth in 

order to characterize the growth profile (exponential phase, diauxic shift, 

post-diauxic phase, and stationary phase) of the culture [112]. Cell num-

berwas determined using a Coulter Counter-Particle Count and Size Ana-

lyser [278]. Duplication time was calculated as in [278]. Survival integral, 

namely the area under the CLS curves, was determined according to [292]. 

Treatments were performed at Day 0. GSL9, GSL10, and GSL11 (purchased 

from Extrasynthese, Genay, France) were added at the final concentrations 

of 270, 640, and 90 μM, respectively. Nicotinamide (NAM, Sigma-Aldrich, 

Darmstadt, Germany) was added at 5 mM final concentration [115]. 
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2.2.3 Dosage of Metabolites and Enzymatic Activities 

 

At designated time points, aliquots of the yeast cultures were centrifuged, 

and both pellets (washed twice) and supernatants were collected and frozen 

at - 80 °C until used. Rapid sampling for intracellular metabolite measure-

ments was performed as described [112]. The concentrations of glucose, eth-

anol, acetate, citrate, succinate, malate, fumarate, and glycerol were deter-

mined using enzymatic assays (K-HKGLU, K-ETOH, K-ACET, K-SUCC, K-

CITR, K-LMALR, and K-GCROL kits from Megazyme, Bray, Ireland, and 

MAK060 from Sigma-Aldrich, Darmstadt, Germany). Extraction and determi-

nation of intracellular trehalose according to [281]. The K-HKGLU kit was 

used to quantify the released glucose.  

Isocitrate lyase (Icl1) activity was assayed as previously reported [112]. Esti-

mation of succinate dehydrogenase (SDH) activity was performed according 

to [323] by measuring at 540 nm the formation of formazan due to tetrazolium 

salt reduction. Glycerol-3-phosphate dehydrogenase (Gut2) activity was de-

termined according to [282]: spheroplasts were prepared with Zymolyase 

20T (MP Biomedicals, Solon, OH, USA).  

ATP was extracted as described [324] and quantified using the ATP determi-

nation kit (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA). 

Cell dry weight was measured as in [325]. Total protein concentration was 
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assayed using the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, USA). 

 

2.2.4 Subcellular Fractionation 

 

Mitochondria were prepared as in [326] with minor modifications. Briefly, at 

designated time points, about 109 cells were harvested by centrifugation and 

spheroplasts were prepared in the presence of Zymolyase 20T (MP Biomed-

icals, Solon, OH, USA). Spheroplasts were resuspended in ice-cold homog-

enization buffer (0.6 M sorbitol, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 0.2% 

w/v bovine serum albumin (Sigma-Aldrich, Darmstadt, Germany), containing 

1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich, Darmstadt, Germany) 

and Complete EDTA-free cocktail of protease inhibitors (Roche Diagnostic, 

GmbH, Manheim, Germany). Spheroplasts were homogenized with 20 

strokes using a Dounce homogenizer (Sigma-Aldrich, Darmstadt, Germany). 

Then, the homogenate was centrifuged at 1500 rcf for 5 min to remove cell 

debris and nuclei. The supernatant was clarified by centrifugation at 4000 rcf 

for 5 min and, finally, pellets of crude mitochondria were collected at 12,000 

for 10 min. Pellets of crude mitochondria and the corresponding supernatants 

were used to measure the concentrations of mitochondrial and cytosolic 

fumarate, respectively. Subcellular fractions were checked by Western 
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analysis using anti-3-phosphoglycerate kinase mAb (22C5 from Molecular 

Probes, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) as a cyto-

solic marker and anti-Tom40 Ab (H-300 from Santa Cruz Biotechnology, Dal-

las, TX, USA) as a mitochondrial one. Secondary antibodies were purchased 

from Amersham (Cytiva, Amersham, UK). Detection of Western blots as de-

scribed [327]. 

 

2.2.5 Respiration Assays and Fluorescence Microscopy 

 

The basal oxygen consumption of intact cells was measured at 30 °C using 

a“Clark-type”oxygen electrode (Oxygraph System, Hansatech Instru-

ments, Nortfolk, UK) as previously reported [304]. The addition of 37.5 mM 

triethyltin bromide (TET, Sigma-Aldrich, Darmstadt, Germany) and 10 μM of 

the uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP, Sigma-Al-

drich, Darmstadt, Germany) to the oxygraphy chamber accounted for the 

non-phosphorylating respiration and the maximal/uncoupled respiratory ca-

pacity, respectively [115]. The addition of 2 M antimycin A (Sigma-Aldrich, 

Darmstadt, Germany) accounted for non-mitochondrial oxygen consumption. 

Respiratory rates for the basal oxygen consumption (JR), the maximal/uncou-

pled oxygen consumption (JMAX), and the non-phosphorylating oxygen con-

sumption (JTET) were determined from the slope of a plot of O2 concentration 
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against time, divided by the cell number. The net respiration (netR) was ob-

tained by subtracting JTET from JR. Index of respiratory competence (IRC) 

was determined as previously described [328,329]. At different time points, 

identical samples of the yeast cultures were plated on Yeast Extract Pep-

tone/2% w/v glucose (YEPD) agar plates and on YEP/3% v/v glycerol 

(YEPG) plates. IRC was calculated as colonies on YEPG divided by colonies 

on YEPD times 100%.  

Dihydroethidium (DHE, Sigma-Aldrich, Darmstadt, Germany) staining was 

performed to analyze superoxide anion (O2
·−) [283]. The mitochondrial mem-

brane potential was assessed by staining with 3,3′-dihexyloxacarbocyanine 

iodide (DiOC6, Molecular Probes, Invitrogen, Thermo Fisher Scientific, Wal-

tham, MA, USA) [330]. Cells were counterstained with propidium iodide to 

discriminate between live and dead cells. A Nikon Eclipse E600 fluorescence 

microscope equipped with a Nikon Digital Sight DS Qi1 camera was used. 

Digital images were acquired and processed using Nikon NIS-Elements BR 

4.30.00 64-bit software, https://www.microscope.healthcare.nikon.com/prod-

ucts/software/niselements (accessed on 8 January 2025). 

 

 

 

https://www.microscope.healthcare.nikon.com/products/software/niselements
https://www.microscope.healthcare.nikon.com/products/software/niselements
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2.2.6 Statistical Analysis 

 

All values are presented as the mean of three independent experiments ± 

standard deviation (SD). Three technical replicates were analyzed in each 

independent experiment. Statistical significance was assessed by one-way 

ANOVA test. The level of statistical significance was set at a p value of ≤ 0.05. 

All data were processed with Microsoft Excel 2019 (Microsoft Corporation, 

Redmond, WA, USA) to calculate the average values and standard devia-

tions. Statistical analyses were performed using GraphPad Prism software 

version 9.5.1 (GraphPad Inc., La Jolla, CA, USA). 

 

2.3 Results and discussion 

 

2.3.1 Characterization of GSL Extract 

 

As a first step, we analyzed, by UPLC-DAD-HRMS, the content of the extract 

purified from Camelina PC (see Section 2), which was then used in the ex-

periments with S.cerevisiae cells. A representative chromatogram is pre-

sented in Figure 1, showing that in the purified extract only three aliphatic 

GSLs were present, namely GSL9, GSL10, and GSL11. 
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Figure 1. Representative UPLC-DAD- HRMS chromatogram of GSLs purified from 

Camelina press cake. 

 

2.3.2 GSL Extract Increases CLS 

 

Taking advantage of the chronological aging model, which allows us to sim-

ulate in S.cerevisiae cellular aging of post-mitotic quiescent mammalian 

cells, we investigated whether the purified GSL extract may have any effect 

on yeast longevity as well as on cellular metabolism. To this end, in the con-

text of a standard CLS experiment [111], GSL extract was supplemented to 

cells in a range of different concentrations (from 10 μM to 1.5 mM). Supple-

mentation was done at the diauxic shift (Day 0) because it is at this point that 

a massive metabolic reconfiguration takes place enabling cells to acquire a 

set of features required for survival during the quiescent state [272,331]. GSL 
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extract extended CLS (Figure 2A) showing a dose–response relationship be-

tween the increase of both mean and maximum CLS (Table 1) as well as of 

the survival integral (Table 1 and Figure 2B) and the concentrations of GSL 

extract. As shown in Table 1 and in the dose–response curve of Figure 2B, 

the maximal benefit for CLS extension was achieved for 1 mM GSL extract, 

whilst higher concentration such as 1.5mM could not further enhance cell 

longevity. Consequently, in this study, 1 mM GSL extract was chosen to in-

vestigate the pro-longevity effect of GSL extract on chronological aging. Fur-

thermore, since the GSL extract obtained from Camelina PC only consisted 

of three GSLs, namely GSL9, GSL10, and GSL11 (Figure 1), we also evalu-

ated the effects on CLS of the three GSLs separately using the amount of 

each that was present in 1 mM GSL extract. All three GSLs supplied sepa-

rately increased CLS (Figure 2C), confirming the pro-longevity effect exerted 

by the GSL extract. 
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Figure 2. GSL extract supplementation at the diauxic shift promotes CLS longevity. 

Yeast cells were grown in minimal medium/2% glucose and the required supple-

ments in excess (see Section 2). At the diauxic shift (Day 0), different concentrations 

(from 10 μM to 1.5 mM) of GSL extract were added and (A) survival over time of 

treated and untreated (NT) cultures was determined by colony-forming capacity on 

YEPD plates. 72 h after the diauxic shift (Day 3) was considered the first age point, 

corresponding to 100% survival. (B) Dose–response relationship of the survival 
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integral values (SI) versus the concentrations of GSL extract. (C) CLS of cells sup-

plied with GSL extract (1 mM) or GSL9, GSL10, and GSL11 separately, at the con-

centration which was present in 1 mM GSL extract. All data refer to mean values 

determined in three independent experiments with three technical replicates each. 

Standard deviations (SD) are indicated. 

Table 1. GSL extract extends CLS showing a dose-response relationship. 

 Mean CLS Max CLS SI 

NT 10.90 ± 0.52 13.99 ± 0.56 689.36 ± 60 

10 µM GSL extract 10.96 ± 0.21 14.24 ± 0.33 707.98 ± 55 

25 µM GSL extract 11.01 ± 0.47 14.60 ± 0.50 734.23 ± 74 

50 µM GSL extract 10.89 ± 0.26 13.89 ± 0.42 771.42 ± 67 

100 µM GSL extract 11.07 ± 0.39 14.76 ± 0.37 821.40 ± 31 

250 µM GSL extract 11.65 ± 0.27* 16.20 ± 0.22* 996.97 ± 58** 

500 µM GSL extract 13.38 ± 0.50** 18.50 ± 0.31** 1210.46 ± 40** 

1.0 mM GSL extract 14.92 ± 0.21** 21.40 ± 0.29** 1325.25 ± 55** 

1.5 mM GSL extract 15.25 ± 0.33** 22.15 ± 0.49** 1340.11 ± 44** 

Data referring to the time points where chronological aging cultures of Figure 2A 

showed 50% (Mean CLS) and 10% (Max CLS) of survival as well as survival integral 

(SI) measured as in [292]. NT, untreated culture. Standard deviations are indicated 

(* p ≤ 0.05 and ** p ≤ 0.01). 

 

2.3.3 GSL Extract Preserves Mitochondrial Functionality 

 

Longevity is tightly linked to mitochondrial functionality. Indeed, increase of 

mitochondrial dysfunction is one feature that has been observed in aging 
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across species and decline of mitochondrial functionality is considered a hall-

mark of aging [6,291,332]. In S.cerevisiae, mitochondrial functionality can be 

assessed by measuring the IRC, which defines the percentage of viable cells 

competent to respire [328]. At the diauxic shift, both the unsupplemented cul-

ture and that supplemented with the GSL extract were respiration-competent, 

showing an IRC of about 100% (Figure 3A). Afterwards, as expected 

[115,333], a time-dependent loss of mitochondrial functionality was observed 

with increasing chronological age. However, at Day 18 the IRC of the sup-

plemented culture was still about 75% against about 30% of the unsupple-

mented one (Figure 3A). A similar behavior was observed when GSL9, 

GSL10, and GSL11 were supplied separately (Figure 3A), indicating that 

GSLs preserve mitochondrial functionality. In addition, as cells age, mito-

chondria undergo a gradual loss of the membrane potential along with mor-

phological changes: the mitochondrial tubular network becomes punctiform 

(also referred to as mitochondrial fragmentation) [334,335]. Fluorescent 

staining with DiOC6 dye, which accumulates specifically at mitochondrial 

membranes depending on their membrane potential [330], revealed that al-

ready at Day 5 the mitochondrial network of chronologically aging cells un-

derwent fragmentation and punctuated structures appeared (Figure 3B). On 

the contrary, following GSL extract supplementation, tubular shapes with 
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bright fluorescence were still present at Day 7 (Figure 3B), suggesting that 

the mitochondrial functionality is preserved in line with IRC results. 

 

Figure 3. GSL extract supplementation at the diauxic shift preserves mitochondrial 

functionality. Cells were grown and supplied with GSL extract (1 mM) as in Figure 2 

and (A) starting from Day 0, aliquots of the indicated cultures were serially diluted 

and plated onto YEPD and YEPG plates in order to determine the index of respira-

tory competence (IRC). All data refer to mean values determined in three 
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independent experiments with three technical replicates each. Standard deviations 

(SD) are indicated. (B) Representative images of NT and GSL extract-supple-

mented cultures stained with DiOC6 to visualize mitochondrial membranes at the 

indicated time points. 

 

2.3.4 GSL Extract Supplementation at the Diauxic Shift Correlates 

with a More Efficient Respiration 

 

Considering that following the diauxic shift a respiration-based metabolism 

takes place and given the influence played by respiration on CLS [336-338], 

we quantified some respiratory parameters in both supplemented and unsup-

plemented cultures. When cells were supplied with the GSL extract at the 

diauxic shift, a slight increase in basal oxygen consumption (JR) was ob-

served, whilst maximal respiratory capacity (JMAX) was unaffected (Figure 

4A,B). Since JMAX was assayed in the presence of the protonophore CCCP, 

which dissipates the proton gradient across the mitochondrial membrane, it 

follows that the membrane potential is not influenced by GSL supplementa-

tion. Carbon starvation elicits a transition from phosphorylating to non-phos-

phorylating respiration and an increase in oxidative damage [339]. Interest-

ingly, in supplemented cells, the non-phosphorylating respiration (JTET) was 

extremely lower than that of the unsupplemented ones (Figure 4C). In such 

a determination, TET was used to inhibit ATP synthase, allowing oxygen 

measurement in a condition where the dissipation of the proton gradient due 
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to ATP synthase-driven proton translocation is inhibited and only proton leak 

takes place. Consequently, the net respiration (netR = JR − JTET), which as-

sesses the coupled respiration, in supplemented cells was higher than that 

of the unsupplemented ones, especially 5 days after the diauxic shift where 

netR for the unsupplemented culture was reduced to values close to zero 

(Figure 4D), indicating that GSL supplementation seems to promote a more 

efficient coupling of electron transport to ATP generation. In addition, in sup-

plemented cells the value of the ratio between netR and JMAX, which estimates 

the fraction of the electron transfer system utilized to drive ATP synthesis 

[338], was also significantly higher. This was particularly evident as a function 

of time in culture (Figure 4E), showing that GSL supplementation allows 

chronologically aging cells to retain a mitochondrial respiration toward a more 

coupled state for a longer period. 

It is well known that electrons may accumulate at intermediate levels of the 

electron transport chain (ETC) favouring electron leakage. This, in turn, im-

pacts on ROS formation as oxygen can readily accept single electrons gen-

erating O2 reduction intermediates, among which superoxide anions (O2
·−). 

In excess, this radical, directly or converted to other ROS, causes frequently 

irreversible damage to cellular macromolecules, such as lipids, proteins, and 

DNA, contributing to the aging process [291,293,341]. GSL supplementation 

drastically reduced the expected increase of O2
·− that occurs as cells 
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chronologically age (Figure 4F), in line with the low JTET values measured in 

the supplemented cells since non-phosphorylating respiration is prone to 

generate O2
·− [339]. In addition, a lower level of O2

·− produced in the ETC 

decreases the risk of impairing mitochondrial functionality. This is what takes 

place in the supplemented cells, the mitochondria of which are functional and 

with a tubular morphology (Figure 3B). All this correlates with an enhanced 

CLS. 
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Figure 4. GSL extract supplementation at the diauxic shift promotes phosphory-

lating respiration.Cells were grown and supplied with GSL extract (1 mM), as in Fig-

ure 2, and oxygen uptake rates (J) are expressed as pmol/106 cells/s. (A) Basal 

respiration rate (JR), (B) uncoupled respiration rate (JMAX), (C) non-phosphorylating 

respiration rate (JTET), (D) net respiration (netR = JR − JTET), and (E) fraction of the 

electron transfer system utilized for ATP synthesis (netR/JMAX) were measured at the 

indicated time points. Substrates and inhibitors used in the measurements of the 

respiratory parameters are detailed in the text. (F) Bar charts of the percentage of 

fluorescent/superoxide positive cells assessed by the superoxide-driven conversion 

of non-fluorescent dihydroethidium into fluorescent ethidium (Eth). Day 0, diauxic 

shift. All data refer to mean values determined in three independent experiments 

with three technical replicates each. SD is indicated. Statistical significance as as-

sessed by one-way ANOVA test is indicated (** p ≤ 0.01). 
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2.3.5 GSL Extract Supplementation at the Diauxic Shift Preserves 

TCA Enzymatic Activities 

 

Mitochondria host the TCA cycle that fulfils a broad range of metabolic activ-

ities, from the oxidative generation of reducing equivalents that drive aerobic 

respiration, to providing building blocks for macromolecule synthesis. TCA 

enzymatic activities change at the diauxic shift when cellular metabolism 

shifts from fermentation to respiration, as well as during chronological aging 

[271,291,342]. Thus, initially, we measured the levels of some intermediates 

of the TCA cycle, namely citrate, succinate, malate, and fumarate that also 

have a metabolic connection with the glyoxylate shunt (Figure 5). The latter 

is activated after glucose depletion and is responsible for the generation of 

C4 units from C2 ones (ethanol and acetate) by excluding the two decarbox-

ylation steps of the TCA cycle and also operates as an anaplerotic device of 

the TCA cycle [152,271]. After the diauxic shift, in the unsupplemented cul-

ture, the levels of citrate, succinate, malate, and fumarate decreased (Figure 

6A–D) as expected [112,329]. On the contrary, in the GSL-supplemented cul-

ture, the levels of these intermediates remained higher as cells aged (Figure 

6A–D). With regard to succinate, it is released from the glyoxylate shunt into 

the cytoplasm as a net product and is imported into the mitochondria to feed 

the TCA cycle [151]. 
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Figure 5. Scheme of metabolic pathways involved in utilizing the main non-ferment-

able carbon sources during chronological aging. The electron transport chain and 
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three pathways (the glyoxylate shunt, TCA cycle, and gluconeogenesis) are sche-

matically shown. Icl1, isocitrate lyase; Pck1, phosphoenolpyruvate carboxykinase; 

Gut1, glycerol kinase; Gut2, mitochondrial glycerol-3-phosphate dehydrogenase; 

Sfc1, mitochondrial succinate-fumarate transporter; SDH, succinate dehydrogen-

ase complex; PEP, phosphoenolpyruvate; DHAP, dihydroxyacetone phosphate. 

 

 

Figure 6. GSL supplementation at the diauxic shift preserves TCA intermediate con-

tents. Cells were grown and supplied with GSL extract (1 mM), as in Figure 2, and 

intracellular concentrations of (A) citrate, (B) succinate, (C) malate, and (D) 
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fumarate were measured at the indicated time points. Day 0, diauxic shift. SDH, 

succinate dehydrogenase complex. All data refer to mean values determined in 

three independent experiments with three technical replicates each. SD is indicated 

(* p ≤ 0.05 and ** p ≤ 0.01). 

 

In the latter succinate is oxidized to fumarate by succinate dehydrogenase 

complex (SDH), also known as Complex II (Figures 5 and 6). This reaction is 

coupled to the reduction of ubiquinone to ubiquinol, which is the substrate for 

Complex III in the ETC; in such a way, SDH functionally links the activity of 

the TCA cycle to the ETC. Starting from the diauxic shift, SDH activity signif-

icantly decreased in unsupplemented cells (Figure 7A), in concert with a de-

crease in the levels of mitochondrial fumarate (Figure 7B) indicative of an 

aging-associated decline of the TCA cycle flux. In the GSL-supplemented 

culture SDH enzymatic activity and mitochondrial fumarate content were sta-

bly maintained at higher levels (Figure 7A,B). This indicates that GSL extract 

preserves TCA functioning, which is a feature that is involved in conferring 

longevity in yeast and other organisms [343-346]. In addition, in the context 

of chronological aging, mutants deleted in genes encoding subunits of SDH, 

namely SDH1, SDH2, and SDH4, show the shortest-lived phenotype among 

33 single ETC component-deleted strains and higher O2
·− content associated 

with an impaired mitochondrial efficiency [347].  
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Figure 7. GSL extract supplementation at the diauxic shift promotes trehalose stor-

age. At the indicated time points, (A) SDH enzymatic activity, (B) mitochondrial 

fumarate, (C) Icl1 enzymatic activity, (D) cytosolic fumarate, and (E) trehalose 
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content evaluated for both treated and untreated cultures of Figure 2. Day 0, diauxic 

shift. Icl1, isocitrate lyase; Pck1, phosphoenolpyruvate carboxykinase; Sfc1, mito-

chondrial succinate-fumarate transporter; SDH, succinate dehydrogenase complex; 

PEP, phosphoenolpyruvate; DHAP, dihydroxyacetone phosphate. All data refer to 

mean values determined in three independent experiments with three technical rep-

licates each. SD is indicated (** p ≤ 0.01). 

 

Interestingly, SDH has a medical significance, considering that its activity has 

been reported to decline with age in many tissues (brain, liver, heart, and 

skin) and to be reduced in some age-related diseases, including neuro-

degenerative disorders. This decline/reduction is associated with an increase 

of ROS contributing to cellular damage [348-350]. 

 

2.3.6 GSL Extract Supplementation at the Diauxic Shift Enhances 

Glyoxylate/Gluconeogenic Flux and Increased Trehalose Stores 

Without Affecting Ethanol/Acetate Catabolism 

 

The glyoxylate shunt is composed of five enzymatic reactions, three of which 

are also present in the TCA cycle, whilst two are unique to the shunt. One of 

these is that catalyzed by isocitrate lyase (Icl1). This enzyme is solely local-

ized in the cytosol and generates succinate and the name-giving metabolite 

glyoxylate from isocitrate (Figures 5 and 7). Measurements of Icl1 enzymatic 

activity revealed a clear increase in the culture supplemented with GSLs 
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compared with the unsupplemented counterpart (Figure 7C) indicative of an 

enhancement of the shunt. As stated above, cytosolic succinate is imported 

into the mitochondria. However, its transfer by the Sfc1 transporter provides 

cytosolic fumarate. In fact, fumarate is generated exclusively in the TCA cy-

cle. Once in the cytosol fumarate is converted to malate and utilized to refill 

the glyoxylate shunt and fuel gluconeogenesis (Figures 5 and 7) [351]. The 

latter, in turn, fuels the synthesis of storage carbohydrates, the accumulation 

of which contributes to the longevity of chronologically aging cells [145,336]. 

Following GSL supplementation, cytosolic fumarate levels increased, as well 

as trehalose content (Figure 7D,E). It is well recognized that the ability of 

chronologically aging cells to accumulate sufficient trehalose stores ensures, 

on the one hand, long-term survival during the stationary phase and, on the 

other, the resumption of growth upon nutrient supply. Hence, an enhance-

ment of intracellular trehalose stores correlates with CLS extension 

[115,145,146,327]: this is also the case of the culture supplemented with the 

GSL extract (Figures 2A and 7E).  

During the diauxic shift, the glyoxylate shunt is fed by two C2 by-products of 

the fermentation, namely ethanol and acetate (Figure 5). No difference was 

observed in the utilization of extracellular ethanol and acetate following GSL 

supplementation (Figure 8A), suggesting that GSLs did not affect the catab-

olism of these compounds. Since, our published data indicated that 
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supplementation at the diauxic shift of nicotinamide (NAM), a form of vitamin 

B3, extends CLS in concert with an enhancement of the glyoxylate shunt and 

increased ethanol/acetate catabolism (Figure 8B,C) [115], we analyzed the 

effects of a combined supplementation of GSL extract and NAM. An additive 

extension on CLS was produced when GSLs and NAM were provided to-

gether at the diauxic shift compared to single supplementations (Figure 8B 

and Table 2). On the other hand, the fast kinetics of ethanol/acetate depletion 

in the medium of NAM-supplemented cells was unaffected by GSL supple-

mentation (Figure 8C). A feature of NAM-supplemented cells was also an 

increase in trehalose content compared with the unsupplemented ones [115], 

albeit to a lesser degree than that measured for GSL supplementation (Fig-

ure 8D). Supplementing NAM and GSLs together resulted in higher trehalose 

levels than those with GSL extract alone as cells age (Day 9 to Day 13) (Fig-

ure 8D). NAM is a non-competitive inhibitor of Sir2 activity [276] and, in the 

context of chronological aging, its supplementation inhibits Sir2-mediated 

deacetylation of phosphoenolpyruvate carboxykinase (Pck1) [115]. Pck1 cat-

alyzes the main flux-controlling step of the gluconeogenesis, is active in the 

acetylated form [125] and is required for the utilization of ethanol/acetate. 

SIR2 deletion or inhibition of its enzymatic activity lead to an improved as-

similation of these C2 units by the glyoxylate-requiring gluconeogenesis re-

sulting in increased accumulation of trehalose and longevity extension 
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[113,115,275]. Given the results described above with single/combined sup-

plementations of NAM and GSLs, we may reasonably rule out that Sir2 is the 

target of GSLs and that other targets/pathways can account for their effects. 
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Figure 8. GSL extract supplementation at the diauxic shift promotes glycerol catab-

olism resulting in increased accumulation of trehalose and CLS extension. At the 

indicated time points, (A) bar charts of ethanol and acetate levels evaluated for both 

GSL extract-treated and untreated cultures of Figure 2. (B) CLS of cultures supple-

mented at Day 0 with NAM (5 mM), GSL extract (1 mM), or NAM + GSL extract. In 

parallel, (C) extracellular ethanol and acetate content, (D) intracellular trehalose 

concentration, and (E) intracellular and extracellular glycerol levels were measured. 

Day 0, diauxic shift. All data refer to mean values determined in three independent 

experiments with three technical replicates each. SD is indicated (** p ≤ 0.01). 

 

Table 2. Effect on CLS of GSL extract and NAM provided together at the diauxic 

shift. 

 Mean CLS Max CLS SI 

NT 10.90 ± 0.52 13.99 ± 0.56 689.36 ± 60 

NAM 13.06 ± 0.58** 17.24 ± 0.49** 979.53 ± 34** 

GSL extract 14.92 ± 0.21** 21.40 ± 0.29** 1325.25 ± 55** 

NAM + GSL extract 17.97 ± 0.39** 23.28 ± 0.23** 1510.06 ± 45** 

Data referring to the time points where chronological aging cultures reported in Fig-

ure 8B showed 50% (Mean CLS) and 10% (Max CLS) of survival as well as survival 
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integral (SI) measured as in [292]. NT, untreated culture. Standard deviations are 

indicated (** p ≤ 0.01). 

 

2.3.7 Glycerol Catabolism Is Enhanced in GSL-Supplemented 

Chronologically Aging Cells in Concert with ATP Increase 

 

The L-glycerol 3-phosphate (L-G3P) pathway becomes operative at the di-

auxic shift, allowing glycerol utilization [153]. Glycerol is a C3 by-product of 

yeast fermentation and, by the L-G3P pathway, is catabolized to dihydroxy-

acetone phosphate that can be used to fuel gluconeogenesis downstream of 

the step catalyzed by Pck1 (Figure 5). In GSL-supplemented chronologically 

aging cells, intracellular and extracellular glycerol decreased more rapidly 

than in unsupplemented cells, as well as in NAM-supplemented ones (Figure 

8E). The kinetics of glycerol utilization following the combined supplementa-

tion of NAM and GSLs was similar to that of GSLs alone (Figure 8E). To 

further examine the effects on glycerol catabolism of GSLs, the latter were 

added to NAM-supplemented chronologically aging cells when the culture 

reached 50% of survival (mean CLS) (Figure 9A). At this time point, extracel-

lular ethanol and acetate were completely depleted (Figure 9B), whilst glyc-

erol was still present (Figure 9C). GSL supplementation determined a strong 

decrease in intracellular and extracellular glycerol (Figure 9C). This decrease 

corresponded temporally to the increase in trehalose, the content of which 
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started to rise again reaching levels higher than those of the single NAM 

supplementation (Figure 9D). All these changes in the carbon metabolism 

were accompanied by the extension of CLS (Figure 9A). Taken together all 

these data indicate that the GSL extract, on the one hand, specifically en-

hances glycerol catabolism and, on the other, that glycerol utilization is di-

rected toward trehalose biosynthesis.  

The enhancement of glycerol catabolism following GSL supplementation was 

further assessed by measuring the enzymatic activity of the FAD-dependent 

glycerol-3-phosphate dehydrogenase Gut2. In effect, glycerol catabolism 

specifically requires Gut1, a cytosolic glycerol kinase that phosphorylates 

glycerol to glycerol-3-phosphate (G3P). The latter is oxidized to DHAP with 

a concurrent reduction of FAD to FADH2 by Gut2, which is located in the 

mitochondrial membrane (Figure 5) [80]. In GSL-supplemented chronologi-

cally aging cells, Gut2 activity was higher than that in unsupplemented cells 

(Figure 10A), matching the increase of glycerol depletion (Figure 8E). It is 

known that the electron pair of FADH2 is transferred to the mobile electron 

carrier coenzyme Q, and via the latter to Complex III of the ETC. Electron 

flux, the final step of which is catalyzed by Complex IV, is coupled to proton 

pumping across the inner membrane of the mitochondria. The resulting pro-

ton motive force fuels ATP synthesis (Figure 5). Measurements of ATP levels 

showed that, in GSL-supplemented chronologically aging cells, these levels 
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remained higher than those in unsupplemented ones (Figure 10B). These 

results mirror respiratory results (Figure 4C,D) which pointed to a more effi-

cient coupling of electron transport to ATP generation following GSL supple-

mentation. 
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Figure 9. GSL extract supplementation during chronological aging further extends 

the CLS of NAM treated cells. Wt cells were grown as in Figure 2 and supplied with 

NAM (5 mM) at Day 0. At the time point where NAM stationary cultures showed 50% 

of survival (mean CLS), GSL extract (1 mM) was added. (A) CLS of the indicated 

cultures. In parallel, (B) extracellular ethanol and acetate content, (C) intracellular 

and extracellular glycerol levels, and (D) intracellular trehalose concentration were 

measured. All data refer to mean values determined in three independent experi-

ments with three technical replicates each. SD is indicated (** p ≤ 0.01). 
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Figure 10. GSL extract supplementation at the diauxic shift positively affects ATP 

levels. At the indicated time points, (A) Gut2 enzymatic activity and (B) ATP content 

were evaluated for both treated and untreated cultures of Figure 2. For the same 

cultures: (C) bar charts of the respiration state value (RSV = [netR / (JMAX − JTET)] × 

100). Day 0, diauxic shift. All data refer to mean values determined in three inde-

pendent experiments with three technical replicates each. SD is indicated (** p ≤ 

0.01). 

 

In keeping with this, the respiration state value (RSV), which represents the 

percentage of stimulation of oxidative phosphorylation compared to basal 

respiration capacity [339], was higher in GSL-supplemented cells than that 

in unsupplemented ones (Figure 10C) which is indicative of an increase in 

the oxidative phosphorylation efficiency. In this context, we can hypothesize, 

although yet fully speculative, that the increase in Gut2 activity together with 

that of SDH (Figure 7A), both by delivering electrons to the ETC via ubiqui-

none, might increase the electron flux through the ETC. This might reduce 
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electron stalling in the ETC decreasing the probability of unpaired electron 

leakage to produce ROS. In particular, Complex III generates O2
·− during the 

Q-cycle linked to the formation of an unstable semiquinone intermediate, 

which can donate its unpaired electron to oxygen. In general, under some 

circumstances, increasing the electron flux through the ETC decreases ROS 

formation [352]. Furthermore, a more efficient electron transfer to ubiquinone 

by channeling the electrons via the tightly bound FADH2 directly to the res-

piratory chain might explain the increase in its efficiency. In this regard, it has 

been observed that the yeast respiratory chain efficiency increased upon 

raising the growth temperature (from 30 °C up to 37 °C) and this temperature-

dependent increase required Gut2 [353]. 

 

2.4 Conclusions 

 

The GSL extract, which has been purified by us from a seed-press cake of 

C. sativa, displays a pro-longevity effect for yeast cells experiencing CLS. 

The increase of both mean and maximum CLS is also observed when the 

three aliphatic GSLs (GSL9, GSL10, and GSL11), which make up the extract, 

were supplied separately. CLS extension occurs since GSLs are effective in 

preserving mitochondrial functionality and drastically reduce the expected in-

crease of O2
·− that takes place as cells chronologically age. In addition, GSLs 
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have a significant impact on glycerol catabolism, the enhancement of which 

has positive effects on the phosphorylating respiration state and on the re-

serve carbohydrate trehalose: both prerequisites for a longer chronological 

lifespan [115,145,146,327,347]. Additional experiments are required to eluci-

date the precise molecular mechanism/target underpinning GSL-mediated 

effects during chronological aging. 
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Introduction 

 

The food industry produces a high amount of waste during food processing 

and production. Under a circular economy perspective, the valorization of 

these by-products and waste is convenient not only from an economic and 

environmental point of view, but also because they are rich in active com-

pounds with potentially useful bioactivities [74,354].  

Cocoa beans (Theobroma cacao L.) are widely used in food production, but 

also for pharmaceutical and cosmetic purposes [73]. One of the main by-

product of cocoa processing is the cocoa bean shell, which is produced in 

large quantities during the roasting process [74,75]. It has been estimated 

that global cocoa bean production in the 2015/2016 harvest reached approx-

imately 3972 thousand tons, with the shell making up to 20% of the bean 

[78,89]. This represents roughly 600 thousand tons, most of which are dis-

carded as waste and remain under-utilised, with limited applications as boiler 

fuel, animal feed, or fertilizer [78]. However, in recent years, cocoa shells 

have gained attention as a rich source of phenolic compounds, including caf-

feine and theobromine [78-82]. These two compounds, belonging to the 

methylxanthine class, are well-known for their antioxidant and anti-inflamma-

tory properties [355-357], which contribute to mitigating oxidative stress, a 

key factor in neurodegenerative diseases. While the spotlight is often on 
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cocoa bean, recent studies suggest that cocoa shells, given their abundant 

availability and cost-effectiveness, can offer a significant potential as a sus-

tainable resource for developing therapeutic agents [90-92]. Besides, new 

insights into the toxicological safety of two cocoa shell matrices has been 

also provided, opening opportunities for their use as functional food and 

nutraceutical products [82]. Recently, a new environmentally friendly and au-

tomated pressurised liquid extraction method has been developed and opti-

mised to selectively recover theobromine and caffeine from cocoa shell by-

products [80]. 

Parkinson’s disease (PD), characterised by aberrant aggregates of the pre-

synaptic protein α-synuclein (α-syn), is the second most common neuro-

degenerative disease [358-360]. Many in vitro and in vivo models mimicking 

α-syn pathology have been used over the years [361]; among them, Saccha-

romyces cerevisiae has been extensively employed as a model of synucle-

inopathies [362-365]. This unicellular eukaryote is a valuable tool in research 

due to its small size, short generation time, non-pathogenic nature, and ease 

of genetic manipulation [94]. The deep conservation of cellular mechanisms, 

such as DNA replication, cell division, and protein folding, from yeast to plu-

ricellular eukaryotes, underscores its relevance for human disease studies. 

The most commonly used yeast model for Parkinson’s disease research in-

volves the heterologous expression of human α-syn, which induces toxicity 



148 
 

associated with aggregate formation, leading to vesicular trafficking impair-

ment, increased oxidative stress and mitochondrial dysfunction, reduced 

lifespan, disturbed calcium signaling and altered autophagy [363,364,366-

368]. As in more complex systems, the autophagic pathway is the major re-

sponsible for the clearance of oligomers and toxic aggregates, which cannot 

be degraded by the proteasome [369]. 

Although S.cerevisiae provides an excellent platform for preliminary studies, 

pluricellular eukaryotic models such as Caenorhabditis elegans [370,371], 

Drosophila melanogaster [372,373] and mice [374] are also extensively em-

ployed. Interestingly, a SH-SY5Y cell line overexpressing α-syn through a 

doxycycline-inducible promoter, is a valuable model for studying the molec-

ular mechanisms underlying neuronal degeneration [375]. This eukaryotic 

system provides a robust platform for the in vitro screening of neuroprotective 

compounds to evaluate potential pharmaceutical compounds. 

Here we show that an extract from cocoa bean shells increases lifespan and 

reduces reactive oxygen species (ROS) levels in a yeast model of synucle-

inopathy. Its anti-aging properties are associated with a stimulation of au-

tophagy during the first two days of the stationary phase and a strong anti-

aggregation feature both in vivo and in vitro. Consistently, our data also high-

light a significant reduction of toxic α-syn oligomers in neuroblastoma cells 
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expressing α-syn, supporting the potential use of cocoa bean shell extract as 

a preventive agent against aggregation and its pathogenic effects. 

 

3.1 Materials and methods 

 

3.2.1 Chemical reagents 

 

All chemicals were purchased from Merck unless otherwise stated. MS-

grade solvents used for UPLC analysis, acetonitrile, water, and formic acid 

were provided by Romil. Reagents for SPR experiments were purchased 

from Cytiva. Cell culture media and supplements were provided by Euro-

clone, Biolog plates and reagents were provided by Rigel Process and Lab. 

 

3.2.2 Cocoa bean shell extract (CBSE) preparation 

 

Cocoa bean shell (Trinitario variety) was kindly provided by a cocoa proces-

sor after being roasted at 225 °C for approximately 20 min. The cocoa bean 

shell extract (CBSE) was obtained by Pressurised Liquid Extraction (PLE) 

using Dionex ASE350 (Dionex Sunnyvale, CA) as previously reported [80]. 

Briefly, 1 g of dry matrix, previously blended and sieved (300–600 μm) to 

obtain homogeneous samples, was extracted in 5 mL stainless steel cells 
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using 15% EtOH solution, 90 °C temperature, 5 cycles and a static time of 6 

min at a pressure of 100 bar. After the extraction the ethanol was removed 

using a rotary evaporator (G3, heiVAP core, Heidolph Germany) with the bath 

temperature set at 40 °C and the extract was freeze-dried (ALPHA 1–2 LSC 

BASIC, Christ Germany) with a yield of 20.68 ±1.25 % of dry matrix. 

 

3.2.3 Chemical characterization and quantitative analysis of caf-

feine and theobromine 

 

The CBSE was analysed by Synapt G2-Si QToF instrument (equipped with 

a ZsprayTM ESI-probe) (Waters) coupled with an Acquity UPLC I- Class 

chromatography system (Waters). The UPLC analyses were carried out by a 

ACQUITY UPLC HSS T3 column (100 × 2.1 mm, 1.8 μm, Waters) fitted with 

a VanGuard cartridge (Waters) maintained at a fixed temperature of 35 °C. 

The products were separated using a linear gradient elution program, which 

consisted of water (A) and acetonitrile (B) (both with 0.1% formic acid) vary-

ing from 5 to 95% B (0–20 min). A flow rate of 0. 4 mL/min and an injection 

volume of 4 μL were adopted. The PDA acquisition wavelength range was 

190–400 nm. For mass spectrometry analyses, both negative and positive 

ionization modes were applied. The ESI-modes were acquired in the range 

of 50–1200 m/z with a fixed source temperature of 120 °C and a desolvation 

temperature of 150 °C. A desolvation gas flow of 600 L/h was employed. The 
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capillary voltage was 3 kV (positive ionization mode) and - 2 kV (negative 

ionization mode). The instrument was controlled by a MassLynxTM v4.2 soft-

ware (Waters). All MS acquisitions were performed the same day, with blank 

control between injections. 

For quantitative analysis, the UPLC system was coupled with a UV detector 

acquiring data 283 nm. An external standard calibration method was used to 

quantify theobromine and caffeine in the extract. Standard solutions of theo-

bromine and caffeine, each at a concentration of 1 mg/mL, were properly 

diluted with H2O to create six-level calibration curves ranging from 1 to 200 

μg/mL. The linearity of each calibration curve was verified using analysis of 

variance (ANOVA), and the linear model was found appropriate for the con-

centrations used and each level was acquired in triplicate. The instrument 

was controlled by a MassLynxTM v4.2 software (Waters). All MS acquisitions 

were performed the same day, with blank control between injections. 

In addition, to detect analytes not visible with mass spectrometry, an NMR 

analysis was also conducted. Extract aliquots (4.3–4.7 mg) were resus-

pended in 1 mL deuterated water, containing 50 mM phosphate buffer pH7.4 

and 0.4 mM TSP (internal standard). 700 μL of this solution were transferred 

to NMR tubes and analysed. NMR analyses were performed with a JEOL 

JNM-ECZ 600R spectrometer (resonance 1H 600.17 MHz) equipped with a 

5 mm FG/RO DIGITAL AUTOTUNE probe. Monodimensional experiments 
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were carried out in the following conditions: 128 scans, 4 dummy scans, pre-

saturation of the residual water signal, impulse at 90 °C of 8.3 μs, 64K data 

points, time of acquisition 7.7 s. For metabolite identification, literature data 

referred to NMR studies on cocoa samples [376,377] were used. To quantify 

the identified metabolites in the aqueous solution, the integrals of the se-

lected 1H resonances were measured with respect to TSP as previously de-

scribed [378]. Three replicates were made, and the results were expressed 

as μg/mg of extract ±SD. 

 

3.2.4 Proteomic characterization 

 

Proteins present in the CBSE were concentrated and separated from small 

molecules using molecular cut-off filtration (Amicon 10000 Da MWCO, 

Merck) with two washes with water. After protein precipitation with 80% Ace-

tonitrile, pellets were resuspended in 25 mmol/L NH4HCO3 containing 0.1% 

RapiGest (Waters Corporation) and sonicated by immersion for 10 s before 

digestion, as previously described [379]. After 15 min of incubation at 80 °C, 

proteins were reduced with 5 mmol/L DTT at 60 °C for 15 min, and carbami-

domethylated with 10 mmol/L iodoacetamide for 30 min at room temperature 

in darkness. Digestion was performed with sequencing-grade trypsin 
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(Promega) (1 μg every 25 μg of proteins) overnight at 37 °C. After digestion, 

2% TFA was added to hydrolyze RapiGest and inactivate trypsin.  

Tryptic peptides were used for label-free mass spectrometry analysis, LC-

MSE, which was performed on a hybrid quadrupole time-of-flight mass spec-

trometer (Xevo G2-XS, Waters Corporation), coupled with a UPLC H-class 

system and equipped with an ESI source (Waters Corporation). Samples 

were injected into an analytical column ACQUITY Premier HSS T3 C18, 100 

Å, 1.8 μm, 2.1 mm ×150 mm equipped with a vanguard FIT cartridge (Waters 

Corporation), for elution at a flow rate of 200 μl/min for 3 min at 2% mobile 

phase B before increasing the organic solvent B concentration from 2 to 50% 

over 90 min, using 0.1% v/v formic acid in water as reversed phase solvent 

A, and 0.1% v/v formic acid in acetonitrile as reversed phase solvent B. All of 

the lyses were performed in duplicate and analysed by LC-MSE as previously 

detailed [380]. In particular, in the low-energy MS mode, the data were col-

lected with Masslynx software at a constant collision energy of 6 eV, while in 

the high-energy mode, fragmentation was achieved by applying a ramp from 

15 to 35 eV. Scan time of 0.1 s, capillary voltage of 1 kV, cone voltage of 40 

V, source temperature 120 °C, desolvation temperature of 600 °C with 

desolvation gas at 800 L/h were applied to acquire spectra in the range 50–

1990 m/z. The time-of-flight analyzer was externally calibrated using Sodium 

formate from m/z 50 to 1990, and data were post-acquisition lock mass 
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corrected using the monoisotopic mass of the doubly charged precursor of 

[Glu1]-fibrinopeptide B (m/z 785.8426) delivered to the mass spectrometer 

at 100 fmol/μL. The reference sprayer was sampled every 30 s. The radio 

frequency (RF) applied to the quadrupole mass analyzer was adjusted in 

such a way that ions from m/z 300 to 2000 were efficiently transmitted, thus 

ensuring that any ion with a mass of less than m/z 300 only arose from dis-

sociations in the collision cell. Peak detection and protein identification were 

performed with PLGS software (v 3.0.3) using a Uniprot Theobroma cocoa 

sequence database (v2024_04, 40947 unreviewed entries, 16 reviewed en-

tries) and NCBI database (167551 entries). The following search criteria were 

used for protein identification: the default search parameters included the 

“automatic” setting for mass accuracy (approximately 10 ppm for precursor 

ions and 25 ppm for product ions); a minimum of one peptide match per pro-

tein, a minimum of two consecutive product ion matches per peptide, and a 

minimum of five total product ion matches per protein; up to one missed 

cleavage site allowed; carbamidomethyl-cysteine as fixed modification; and 

methionine oxidation as variable modification. 
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3.2.5 Yeast strains, growth analysis and chronological lifespan 

(CLS) determination 

 

The S. cerevisiae strains used in this paper are reported in Table 1. Yeast 

cells were grown at 30 °C in minimal medium (Difco Yeast Nitrogen Base 

without amino acids 6.7 g/L), with 2% w/v glucose and supplements added 

in excess [112]. Cell growth was monitored by determining cell number using 

a Coulter Counter-Particle Count and Size Analyser, as described [278]. In 

parallel, the extracellular concentration of glucose and ethanol were meas-

ured in medium samples collected at different time-points using enzymatic 

assays (K-HKGLU and K-ETOH Megazyme) [112]. Duplication time (Td) was 

obtained by linear regression of the cell number increase over time on a 

semi-logarithmic plot. CLS of Figure 1 was measured according to [279] by 

counting colony-forming units (CFU) starting with 72 h (day 3, first-age point) 

after diauxic shift (day 0). The number of CFU on day 3 was considered the 

initial survival (100%). CBSE, dissolved in 20% ethanol by using an ultrasonic 

bath at 28 khz frequency and 90 W power for 3 min, was added to yeast 

cultures at the final concentration of 0.2% w/v. A 25X stock solution was pre-

pared to properly dissolve the raw extract and at the same time to limit per-

turbations in cell culture medium composition after the supplementation. CLS 

experiments of Figure 2 and 3 were performed adding CBSE in the exponen-

tial phase, as in [381]. Briefly, cells were pre-grown until mid-late exponential 
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phase and then inoculated at 0.150 OD/mL into flasks containing fresh me-

dium in the presence of CBSE at the final concentration of 0.05%, 0.1% or 

0.2% w/v. Then, the medium was filtered through 0.22 μm filters and 0.1 mM 

ampicillin was added to preserve sterility throughout the duration of the ex-

periments. Survival was assessed by propidium iodide staining (PI) at differ-

ent time points with the Cytoflex cytofluorimeter (Beckman Coulter) and an-

alysed with the Cytoflex software. 

 

Table 1. Yeast strains used in this study. 

 

 

3.2.6 Analysis of reactive oxygen species (ROS) levels 

 

ROS levels were analysed as previously reported [381]. Briefly, yeast cells 

were collected after 24 h treatment with the extract and 0.2 OD of cells were 

resuspended in PBS and stained with 5 μg/mL dihydroethidium (DHE) for 10 

min. FACS analyses were performed with a Cytoflex cytofluorimeter (Beck-

man Coulter) and analysed with the Cytoflex software. 

Strain Relevant Genotype Source 

wt [empty] BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 [pYX242] [382] 

wt [αSyn] BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 [pYX242-SNCA] [382] 

wt [αSyn] 
[ATG8-GFP] 

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 [pYX242-SNCA] [pCu-
ATG8-GFP] 

[382] 

atg8Δ 
[αSyn]  

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 atg8Δ::KanMX [pYX242-
SNCA] 

This study 
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3.2.7 Protein extraction and immunoblotting from yeast proteins 

 

Equal amounts of cells were collected and quenched using TCA 6% and 

lysed in lysis buffer (6 M UREA, 1% SDS, 50 mM Tris-HCl pH7.5, 5 mM 

EDTA), as reported in [381]. Western blot analysis was performed using anti-

GFP antibody (Roche), anti-α-synuclein antibody (Sigma Aldrich) or anti-

Cdc34 antibody [383]. 

 

3.2.8 Analysis of aggresomes in yeast 

 

The intracellular protein aggresomes were analysed using the PROTEO-

STAT® Aggresome detection kit (ENZO Life Sciences). Cells were collected 

following a 24 h treatment with 0.2% CBSE and 0.2 OD were suspended in 

PBS buffer and stained with the PROTEOSTAT® Aggresome detection rea-

gent at a dilution of 1:1500 [381]. FACS analyses were conducted using a 

Cytoflex cytofluorimeter (Beckman Coulter) and analysed with Cytoflex soft-

ware. 

3.2.9 In vitro aggregation of α-syn and ThT assay 

 

α-syn was purchased from Merck and dissolved at 70 μM in PBS. Protein 

samples (20 μL) were incubated at 37 °C in PBS up to 72 h under constant 
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shaking at 900 rpm with a thermo-mixer in the absence (cnt) or in the pres-

ence of the extract at 0.1 and 0.025 mg/mL or in the presence of caffeine and 

theobromine solution at 0.01 mg/mL. The ThT binding assay was performed 

according to [396], using a 20 μM ThT solution in PBS buffer. 180 μL of ThT 

solution were added to 20 μL of the aggregated α-syn samples, transferred 

into a black 96-well clear bottom multiwell plate and ThT fluorescence was 

read at the maximum intensity of fluorescence of 485 nm using a Victor X3 

plate reader (PerkinElmer); fluorescence of blank samples was subtracted 

from the fluorescence values of all samples. In control experiments, no inter-

ference of the extract on ThT fluorescence was observed.  

 

3.2.10 Surface plasmon resonance (SPR) analysis  

 

The BIACORE X100 system (Cytiva-Pall) was utilised to analyse molecular 

interactions between α-syn and the CBSE via Surface Plasmon Resonance 

(SPR). α-syn was immobilised onto a carboxymethylated dextran surface of 

a CM5 sensor chip using amine-coupling chemistry, as recommended by the 

manufacturer (Biacore Sensor Surface handbook BR100571), with the in-

strument temperature set at 25 °C. The amine coupling procedure was per-

formed using HBS-EP running buffer (0.01 M HEPES, 0.15 M NaCl, 0.003 M 

EDTA, and 0.005% v/v Surfactant P20, pH 7.4) at a flow rate of 5 μL/min. 
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The CM5 sensor chip was activated by injecting EDC/NHS (1:1) into both 

flow cells 1 and 2 for 10 min. α-syn was then injected into flow cell 2 at a 

concentration of 200 μg/mL in 10 mM sodium acetate, pH 3.1, and covalently 

immobilised at level of 1200 Response Units (RU). The remaining activated 

sites on the chip were subsequently blocked using 1 M ethanolamine (pH 

8.5) in both cells. The association capacity of α-syn was determined by in-

jecting two control antibodies, anti-α-syn (Sigma) recognizing the whole α-

syn (positive control) and anti-α-syn33 (Sigma) recognizing α-syn oligomers 

(negative control), at a dilution of 1:2500 in HBS-EP running buffer at a flow 

rate of 10 μL/min. The lyophilized CBSE was resuspended in HBS-EP run-

ning buffer and injected at multiple concentrations for 5 min at 25 °C and a 

flow rate of 10 μL/min, with the running buffer injected as a blank under the 

same conditions. After injection, the analyte solutions were replaced by the 

running buffer at a continuous flow rate of 10 μL/ min for 5 min. Surface re-

generation was achieved by injecting 50 mM NaOH for a contact time of 1 

min. Each sensorgram was corrected for the response observed in the con-

trol flow cell 1 (no immobilised protein) and normalized to a baseline of 0 RU. 

The sensorgram curves were acquired using the BiacoreX100 Control soft-

ware, version 2.0.2 (Cytiva- Pall), in manual run mode.  
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3.2.11 Biolog OmniLog system  

 

The effect of CBSE was evaluated for its impact on metabolic abilities using 

various chemical agents. This was done using the Biolog OmniLog Pheno-

type MicroArray chemical sensitivity panels PM21-PM25, which include 120 

chemical compounds at four different concentrations. The Biolog OmniLog 

System was employed to compare the chemical sensitivity for each drug of 

wt[αsyn] yeast cells with and without 0.2% CBSE. All plates were prepared 

following the manufacturer’s instructions as outlined in the OmniLog ID Sys-

tem User Guide (Biolog). Yeast cell cultures were grown on agar plates at 30 

°C and inoculated into 8 mL of minimal medium containing 2% glucose and 

YNB in sterile glass tubes. The cell suspension was measured using the BI-

OLOG Turbidimeter (Biolog) until a transmittance of 62% T was achieved. 

The suspension was prepared according to the BIOLOG PM protocol for 

yeast cells, using Dye E. 100 μL of cell suspension was added to each well 

and microplates were incubated in the OmniLog™ system at 30 °C for 72 h. 

The resistance and sensitivity profiles were compared using the appropriate 

OmniLog Biolog database (Biolog), with the y-maximum value of each kinetic 

growth curve being used for the analysis. Ratio between CBSE-treated and 

control cells were calculated, and compounds which showed a fold change 

>5 or <0.2 in at least three concentrations for each compound were consid-

ered as compounds towards which CBSE increases or decreases sensitivity. 
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3.2.12 Cell cultures 

 

SH-SY5Y pTet-SNCA-FLAG were purchased from Merck. Cells were cul-

tured on geltrex-coated plates at 37 °C in DMEM/F12 medium, containing 

10% fetal bovine serum, 2 mM glutamine, 100 units/mL penicillin and 100 

μg/mL streptomycin, in a humidified 5% CO2 incubator. Doxycycline-induci-

ble α-syn-expressing cells were selected against the antibiotic puromycin 

with a dose of 2 μg/mL. Induction of α-syn expression was achieved by add-

ing 6 μg/mL doxycycline (doxy, from a 6 mg/mL stock in DMSO) for 48 h or 

72 h. The CBSE was resuspended in water, sterile filtered and added to the 

medium at a final concentration of 150 μg/mL. For immunofluorescence as-

says, 160.000 cells were seeded on geltrex-coated glass cover slips in wells 

of a 24 multiwell plate and treated the day after for 48 h. 

 

3.2.13 Protein extraction and immunoblotting for mammalian pro-

teins 

 

Total cell extracts were prepared using RIPA buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS) plus pro-

tease inhibitor cocktail (Roche), and phosphatase inhibitor cocktail (Merck). 

Protein concentration was determined using the Bradford protein assay (Bio-

Rad). Western blot analysis was performed using anti-α-syn antibody 
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(Merck), anti-phospho-T172-AMPK antibody (Cell Signaling), anti-AMPKα 

antibody (Cell signalling), anti-p62/SQSTM1 antibody (Merck), anti-phospho-

Ser555-ULK1 antibody (Merck), anti-ULK1 antibody (Calbiochem) and anti-

vinculin antibody (Sigma). 

 

3.2.14 Immunofluorescence assay 

 

After treating cells with doxycycline (Doxy) alone or in combination with 

CBSE (Doxy + Cocoa) for 48h, cells were washed with PBS, fixed with 4% 

formaldehyde for 15 min, and permeabilized with PBS-0.2% Triton X-100 for 

10 min. Then, cells were washed three times in blocking solution (PBS-1% 

BSA), blocked at room temperature for 60 min, and then incubated overnight 

at 4 °C with the primary antibodies dissolved in blocking solution as follows: 

anti-oligomer A11 Polyclonal Antibody (1:40, Invitrogen), anti α-syn antibody 

(1:200, Merck). Then, cells were incubated with anti-rabbit secondary anti-

body (1:200) conjugated with AlexaFluor488, dissolved in a blocking solution, 

for 1 h at room temperature shield from light. Glasses were mounted with a 

DAPI containing mounting solution. The PROTEOSTAT R Protein aggrega-

tion assay (ENZO Life Sciences) was used to measure α-syn aggregates in 

cells as described by the manufacturer’s instructions. Briefly, after treating 

cells as mentioned above, cells were washed carefully twice with 1X PBS, 
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then fixed with 4% formaldehyde for 30 min at room temperature and perme-

abilized with Permeabilizing solution for 30 min on ice. Following PBS 

washes, the slides were dispensed in Proteostat dye and incubated for 30 

min at room temperature. All treated slides were washed and mounted with 

a mounting medium with DAPI for nuclear staining and imaged under a Thun-

der fluorescence microscope (Leica). Image analysis was performed using 

the ImageJ software (NIH). 

 

3.2.15 Statistical Analysis 

 

Experiments were conducted in triplicate. Results are presented as mean 

values ± standard deviations (SD). Statistical data analyses were made using 

the two-tailed Student’s t-test with significance set at p <0.05, or by one-way 

ANOVA test (*p ≤0.05 and **p ≤0.01). 

 

3.3 Results 

3.3.1 Characterization of the cocoa bean shell extract 

 

The cocoa bean shell extract (CBSE), which was optimised and partially 

characterised previously [80], was subjected to further analyses to better 
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define its composition. For this purpose, both UPLC-PDA-MS and NMR anal-

yses were performed, and the compounds identified or tentatively identified 

are described in Tables 2 and 3. The identity of some compounds was 

achieved on the basis of the accurate mass and the associated errors, iso-

topic distribution, m/z values comparison with those reported in the literature 

and using literature databases. 

NMR analysis identified and quantified mainly amino acids, such as Ala, Leu, 

Ile, Val, Phe, Asp, Tyr, and intermediates of TCA cycle such as fumarate, 

succinate, malate and citrate. The last one, together with lactate and glycerol, 

were the most abundant ones (Table 2, Figure S1A). MS analysis revealed 

the presence of the two methylxanthines, caffeine and theobromine (theo-

bromine: 52.74 ± 8.12 μg/mg extract, caffeine: 12.98 ± 3.96 μg/mg extract), 

and of other less abundant metabolites, like hydroxy-jasmonic acid sulfate, 

procyanin B, cyanidin-3-O (2″galloyl)-galactoside, as well as of some un-

known compounds that could not be clearly identified (Table 3, Figure S1B). 

According to a Bradford quantification, the extract also contained 6 μg/mg of 

proteins. Although the amount of protein was very low, a proteomic analysis 

was performed to achieve a characterization. Mass spectrometry analysis of 

the proteins present in the extract revealed the presence of 5 proteins from 

Theobroma cacao (Table 4), with Vicilins and a 21 kDa seed protein being 

the most abundant ones according to peptide intensity, as expected from 
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literature [384]. However, we cannot exclude the presence of other proteins 

not identified due to low level of annotation in the database of T. cacao, alt-

hough both UniProt and NCBI databases were used. 

Table 2. Metabolities identified by NMR analysis in the 1H spectrum. 

Metabolite 
1H chemical shift 
(ppm) 

Multiplicity (J 
[Hz]) 

Concentration 
µg/mg ± SD 

Leucine 0.96 d [6.2] 3.37 ± 0.09 

Isoleucine 1.01 d [7.1] 1.82 ± 0.02 

Valine 1.05 d [7.1] 3.22 ± 0.01 

2,3-Butanediole 1.15 d [6.4] 1.51 ± 0.10 

Lactate 1.33 d [6.9] 31.56 ± 1.12 

Alanine 1.48 d [7.2] 4.64 ± 0.09 

Acetate 1.92 s 7.43 ± 0.22 

GABA 2.30 t [6.1] 2.42 ± 0.06 

Succinate 2.41 s 3.74 ± 0.06 

Citrate 2.55 d [15.3] 13.02 ± 0.12 

Aspartate 2.82 dd [17.4, 3.8] 1.69 ± 0.01 

Glycerol 3.66 dd [11.7, 4.3] 15.90 ± 0.56 

Mannitol 3.87 dd [11.9, 2.9] 4.76 ± 0.04 

Pyroglutamate 4.18 dd [9.1, 5.9] 7.16 ± 0.03 

Malate 4.30 dd [10.2, 2.9] 3.53 ± 0.15 

Fumarate 6.53 s 0.08 ± 0.01 

Tyrosine 6.90 d [8.4] 1.26 ± 0.02 

Phenylalanine 7.43 m 4.03 ± 0.05 

Formate 8.46 s 0.46 ± 0.01 
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Table 3. Chemical compounds identified or tentatively identified by UPLC-PDA-MS. 

m/z  
expected 

m/z 
calculated 

Ionization 
mode 

Error 
(ppm) 

Molecu-
lar  
formula 

Proposed 
compound 

Reference 

181.0720 181.0733 M + H 5.5 C7H8N4O2 Theobromine [80,395] 

195.0877 195.0888 M + H 5.9 C8H10N4O2 Caffeine [80] 

 263.0636 M + H   Unknown  

 279.0407 M + H   Unknown  

 297.0509 M + H   Unknown  

305.0695 305.0699 M-H -0.57 C12H18O7S 
Hydroxy-jasmonic 
acid sulfate 

[395] 

327.0510 327.0517 M-H -2.06 C17H12O7 Unknown  

399.0838 399.0835 M + H 0.78 C28H14OS Unknown  

 563.1732 M + H   Unknown  

579.1497 579.1486 M + H 1.90 C30H26O12 Procyanidin B [80,394] 

601.1188 601.1183 M + H 0.83 C28H24O15 
Cyanidin-3-
O(2’’galloyl)-ga-
lactoside 

[394] 

 617.0954 M + H   Unknown  

467.1195 467.1214 M-H -4.07 C21H24O12 Unknown  

 

3.3.2 Supplementation of CBSE extends CLS of yeast cells ex-

pressing human α-syn 

 

Since yeast S.cerevisiae has been extensively employed as model system 

to study the cytotoxic effects of α-syn in PD and other synucleinopathies 

[365], we wished to test in the context of a standard CLS experiment [385] 

whether cocoa-shell treatment might have any ameliorating effect on the age-

dependent α-syn-mediated cell death [368]. To this end a humanised yeast 
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model of PD overexpressing human α-syn was used. As shown in Figure 1A, 

no significant differences were observed in the duplication time (Td) between 

cells expressing α-syn and wt ones grown on minimal medium in 2% glucose 

(Figure 1A). Consistently, during the exponential phase, when growth is sus-

tained by a prevalent fermentation-based metabolism, the glucose decrease 

was accompanied by ethanol accumulation that in both yeast cultures fol-

lowed the same kinetics (Figure 1B). Once defined the growth profile, CBSE 

was added to both cultures at the onset of chronological aging, namely at the 

diauxic shift, and CLS was determined by CFU scoring. In line with previous 

reports [368], α-syn expression reduced CLS (Figure 1C). Interestingly, 

CBSE supplementation increased both mean and maximum CLS (Figure 1C 

and D), as well as the survival integral (SI, Figure 1D), defined as the area 

under the CLS curves [292]. Indeed, the SI increased by about 38% for wt 

and 89% for α-syn expressing cells, indicative of a pro-longevity effect of the 

CBSE. Starting from these results and being specifically interested in α-syn 

aggregation and its cytotoxic outcome, subsequent analyses were performed 

only with cells expressing α-syn. 
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Figure 1. CBSE supplementation at the diauxic shift extends CLS. Wild-type 

(wt[empty]) and α-syn overexpressing (wt[α-syn]) cells were grown in minimal 
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medium containing 2% glucose and required supplements in excess. (A) Cell growth 

was monitored by counting cell number over time and duplication time (Td) of wt 

and α-syn expressing cells was calculated as ln2/k, where k is the constant rate of 

exponential growth. In parallel, (B) extracellular concentration of (left) glucose and 

(right) ethanol were measured in medium samples collected at different time-points. 

At the diauxic shift (day 0), CBSE (cocoa) was added and (C) survival over time of 

the indicated strains was assessed by colony-forming capacity on YEPD plates. 72 

h after the diauxic shift (day 3) was considered the first age-point, corresponding to 

100% survival. (D) Quantification of chronological survival: data referring to the time-

points (days) where chronological aging cultures showed 50% (Mean CLS) and 10% 

(Max CLS) of survival, as well as, survival integral (SI) measured as reported [292]. 

All data refer to mean values determined in three independent experiments with 

three technical replicates each. Standard deviations (SD) are indicated. *p ≤0.05 

and **p ≤0.01. 

 

When CBSE was added to exponentially growing cells, up to 0.2%, no effect 

on the growth rate was observed (data not shown), while a significant dose-

dependent reduction of intracellular ROS was detected 1 day after its addi-

tion, supporting an antioxidant effect (Figure 2A). Nevertheless, both the 

mean and the maximal CLS, as well as the SI increased (more than 70%) 

only at the highest concentration (0.2%) (Figure 2B), in accordance with the 

results reported above. 
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Figure 2. The CBSE extends yeast lifespan and reduces ROS levels. (A) ROS con-

tent of yeast wt[α-syn] cells grown in medium containing 2% glucose in the absence 

or presence of 0.05%, 0.1% or 0.2% CBSE, added in the exponential phase of 

growth. (B) Mean and maximal lifespan and SI of cells in (A). Histograms represent 

mean ±standard deviation of at least two independent experiments. *p <0.05. 

 

3.3.3 The anti-aging effect is independent from caffeine and the-

obromine 

 

Since the CBSE contains both metabolites and proteins (Tables 2–4), we 

performed a size-exclusion fractionation to separate the protein fraction 
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(molecular weight >10 kDa) from the metabolite fraction and tested them 

separately on the yeast model. As shown in Figure 4A and B, the metabolite 

fraction increased mean lifespan and reduced ROS levels (albeit to a lesser 

extent than the total extract), while the protein fraction showed no significant 

activity, suggesting that metabolites are the main responsible for the antioxi-

dant and anti-aging effect of the CBSE. This is consistent with the very low 

amount of protein present in the extract. 

Among the metabolites identified in the CBSE, caffeine and theobromine rep-

resent about 10% of the total extract (see paragraph 4.3.1). To analyse 

whether the observed anti-aging effect could be attributed to the presence of 

these two methylxanthines, α-syn overexpressing cells were treated with caf-

feine, theobromine or a combination of both, mimicking their abundance in 

the CBSE. Neither single treatments, nor their combination, showed any anti-

aging effect (Figure 4C) or antioxidant properties (Figure 4D), suggesting that 

the pro-longevity function might depend on other metabolites or result from 

a synergistic/combined action with other molecules of the CBSE. 
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Table 4. List of proteins by LC-MSE in cocoa extract with the corresponding peptides 
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3.3.4 The CBSE binds α-syn and reduces its aggregation 

 

In the last years, several data reported that natural extracts could exhibit di-

rect fibrillation-inhibiting effects [386]. Thus, we wondered if the anti-aging 

effect of the CBSE could be due to a reduction in α-syn aggregation. A very 

strong decrease of intracellular aggresomes was observed in yeast cells 

treated with the CBSE for 24 h, with a 5-fold decrease compared to control 

cells (Figure 4A), showing its potential in reducing the aggregation of mis-

folded proteins. Thus, to evaluate a direct effect of the extract on the aggre-

gation process, α-syn fibrillation experiments were performed in vitro and the 

ThT emission fluorescence signal was used to quantify fibrils formation over 

time. In the absence of the CBSE, the ThT fluorescence showed the typical 

sigmoidal shape, indicating the aggregation of the protein; this behaviour 

completely disappeared in the presence of the extract (at both concentra-

tions, Figure 4B). Interestingly, caffeine and theobromine together, although 

had no effect on yeast longevity and ROS content (Figure 3C and D), showed 

a partial inhibitory effect on the aggregation of α-syn, Figure S2A). 

A direct effect of the extract on aggregation would imply a direct interaction 

among the components of the CBSE and α-syn. To explore this hypothesis, 

α-syn protein was immobilised on a CM5 sensor chip for surface plasmon 

resonance (SPR) analysis. To validate the suitability and selectivity of the 
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chip, anti α-syn (which binds free and aggregated α-syn) and anti-α-syn33 

(which binds only α-syn aggregates) antibodies were utilised as positive and 

negative controls, respectively, and were injected into the SPR system. While 

the anti-α-syn antibody bound the protein on the chip, the one specific for the 

aggregated α-syn showed no binding at all (Figure S2B). These results 

showed that the immobilised α-syn protein on the sensor chip surface was in 

its non-aggregated form and thus was employed to assess its direct binding 

with the CBSE. Results obtained from the SPR assay indicate that the CBSE 

could bind to α-syn protein in a concentration-dependent manner (Figure 

4C). Indeed, five increasing concentrations of the extract were tested (0.64 

mg/mL, 1.27 mg/mL, 2.54 mg/mL, 5.08 mg/mL and 8 mg/mL) and the re-

sponse signal increased as a function of the rising concentration of the sam-

ple (Figure 4D). This indicates that there are compounds in the CBSE that 

directly bind to α-syn, and can explain the inhibitory effect on the amyloid 

aggregation of α-syn (Figure 4B). Finally, we tested caffeine and theobro-

mine, which did not appear to bind to the protein (data not shown). However, 

considering that the molecular weights of caffeine (194.19 g/mol) and theo-

bromine (180.164 g/mol) are near the detection limit of the instrument (100 

Da), we cannot exclude that the binding was not detected due to technical 

limitations. 
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Figure 3. The effect of the CBSE is independent from caffeine and theobromine. 

(A) CLS of yeast wt [α-syn] cells in medium containing 2% glucose in the absence 

(cnt) or presence of 0.2% CBSE, and its contained metabolites and proteins. (B) 

ROS content of cells treated for 24 h as in (A). (C) CLS of yeast wt [α-syn] cells in 

medium containing 2% glucose in the absence or presence of 0.2% CBSE, caffeine, 

theobromine or a combination of the two (25.96 μg/mL caffeine and 105.4 μg/mL 

theobromine). (D) ROS content of cells treated for 24 h as in (C). Results are re-

ported as the mean ±standard deviation of three independent experiments. *p 

<0.05. 
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Figure 4. The CBSE inhibits α-syn aggregation. (A) Fluorescence intensity obtained 

from flow cytometry analysis of aggresomes of yeast wt [α-syn] cells in medium 

containing 2% glucose in the absence (cnt) or presence of 0.2% CBSE. (B) α-syn 

aggregation process, followed by ThT fluorescence, in the absence (cnt) or pres-

ence of the CBSE (0.1 and 0.025 mg/ml). (C) SPR sensorgrams of CBSE at different 

concentrations (8 mg/mL, 5.08 mg/mL, 2.54 mg/mL, 1.27 mg/mL, 0.64 mg/mL) dis-

play binding toward α-syn on CM5 sensor chip surface. (D) The CBSE shows dose-

dependent binding activity to α-syn protein. Results are reported as the mean 

±standard deviation of at three independent experiments. 
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3.3.5 The CBSE stimulates autophagy in yeast cells 

 

In an attempt to identify cellular changes occurring upon treatment with the 

CBSE, a high throughput screening for sensitivity against antibiotics, chemi-

cals and osmolytes was performed. The chemical resistance and sensitivity 

profile due to the CBSE of the yeast strain overexpressing α-syn was meas-

ured using the Biolog Phenotype MicroArrays PM21-PM25 chemical sensi-

tivity panel, which contains 120 assays of chemical sensitivity. Each plate 

contains 24 different chemical agents in 4 different concentrations, that were 

divided into 6 groups based on their structure and function: ions, cyclic com-

pounds, organic compounds, chelators, antibiotics, and nitrogen compounds 

(Table S1). In the presence of 0.2% extract, yeast cells showed increased 

resistance to several compounds; interestingly most of them have been de-

scribed for their effect on autophagy in different models (Figure 5, Table S2). 

The autophagic pathway is normally activated in stationary phase cells and 

is the major process involved in the clearance of α-syn aggregates [364]. 

Therefore, to evaluate the activation of the autophagic process in cells 

treated with the CBSE, we monitored the accumulation of free GFP in cells 

expressing Atg8-GPF fusion protein, whose cleavage is indicative of autoph-

agy activation. Interestingly, a significant increase in the cleavage of Atg8-

GFP was observed 1 day, and even more, 2 days after the extract addition, 
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reflecting the activation of the autophagic process in such condition (Figure 

6A and B). 

However, in atg8Δ cells, CBSE was still able to significantly reduce both in-

tracellular ROS level and aggresomes (Figure 6C and D), suggesting that the 

stimulation of the autophagic process is not the only pathway involved in the 

pro-longevity function of the CBSE. 

 

 

Figure 5. Drug sensitivity upon CBSE treatment. Heatmap of sensitivity of wt[α-syn] 

cells to selected drugs in the presence of CBSE compared to the control con-dition, 

measured by Biolog OmniLog Phenotype MicroArray. Fold changes (treated/cnt) in 

y-maximum value were calculated and compounds were selected when fold change 

was >5 or <0.2 in at least three concentrations. Colour scale indicates increased 

resistance (yellow) or decreased resistance (blue) after 72 h growth. 
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Figure 6. The CBSE activates autophagy in yeast. (A) Western analysis using anti-

GFP antibody on total extracts from wt[α-syn][Atg8-GFP] cells treated with 0.2% 

CBSE for 1 and 2 days. Anti-Cdc34 antibody was used as loading control. (B) Quan-

tification of free GFP of three independent experiments performed as in (A). (C) 

ROS content of atg8Δ[α-syn] cells in medium containing 2% glucose in the absence 

(cnt) or presence of 0.2% CBSE for 24 h. (D) Fluorescence intensity obtained from 

flow cytometry analysis of aggresomes of yeast atg8Δ[α-syn] cells in medium con-

taining 2% glucose in the absence (cnt) or presence of 0.2% CBSE for 24 h. Results 

are reported as the mean ±standard deviation. *p <0.05. 
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3.3.6 The CBSE reduces α-syn aggregates in neuroblastoma 

cells 

 

In order to further investigate the effects of the CBSE, we turned to SH-SY5Y 

neuroblastoma cells expressing α-syn under a doxycycline- inducible pro-

moter [375]. As expected, doxycycline induced an increase of monomeric α-

syn level, which was not affected by treatment with the CBSE both at 48 h 

and 72 h (Figure 7A–C). Although the extract induced the phosphorylation of 

the energy sensor AMPK, no change of either pULK1 or p62 level was ob-

served, suggesting that the CBSE does not activate the autophagic pathway 

in neuroblastoma cells (Figure 7A and B). 

One of the key processes for the pathogenesis of Parkinson’s disease is the 

assembly of toxic oligomeric species of α-syn. Then, since we have shown 

that the CBSE is able to bind and inhibit α-syn aggregation (Figure 4), the 

level of α-syn oligomers was investigated in neuroblastoma cells treated with 

the CBSE. Strikingly, a significant reduction of α-syn oligomers, as well as of 

intracellular aggresomes were observed upon CBSE treatment (Figure 7D 

and E). These data suggest that the CBSE prevents the formation of toxic 

oligomeric species and not their clearance through the autophagic degrada-

tion. 
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Figure 7. The CBSE reduces α-syn toxicity in neuroblastoma cells. (A–B) Western 

blot analysis using anti-α-syn, anti-phospho-T172-AMPK, anti-AMPKα, anti- vinculin 

antibodies (A) and anti-p62/SQSTM1 anti-phospho-Ser555-ULK1, anti-ULK1 and 

anti-vinculin antibodies (B) on protein extracts from SH-SY5Y pTet- SNCA-FLAG 

cells untreated, treated with doxycycline or treated with doxycycline and 150 μg/mL 

CBSE for 48 and 72 h. (C) Representative immunofluorescence (60x) images of 

SH-SY5Y cells treated with doxycycline (Doxy) alone and in combination with 150 

μg/ml CBSE (Doxy +Cocoa) for 48 h, immunolabeled with anti α-syn antibody (C), 

A11 anti-oligomer antibody (D), and Proteostat R dye (E). Nuclei were stained by 

DAPI (Blue). Histograms represent mean ±standard deviation of cell fluorescence 

quantified with the ImageJ software. 

 

3.4 Discussion 

 

Accumulation of pathological protein aggregates is associated with a wide 

range of human diseases. Among these, aggregates of β-amyloid, p- tau or 

α-syn in the brain are found in patients with Alzheimer’s and Parkinson’s dis-

eases and correlate with the progression of neurodegeneration [387]. Con-

sidering the consequent induction of neurotoxicity and neuronal loss, there 

is an increasing interest in the study of secondary metabolites, such as ter-

penes, flavonoids and phenols, able to inhibit protein aggregation and/or 

stimulate the clearance of these toxic aggregates. In recent years, the pro-

tective effects of a number of bioactive compounds have been highlighted on 

a wide variety of diseases, among which neurodegenerative ones [386,388]. 
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In the context of the research of still unexplored bioactive molecules, nature 

is an unlimited reservoir for the discovery of novel therapeutics not only 

against broad-spectrum diseases, but also for applications in the cosmetic 

and food industries. In line with this, the valorization of by-products generated 

by the conventional linear food industry is an emerging strategy to identify 

new potential useful bioactivities and to reduce food waste.  

In the present study we have employed this approach for the utilisation of 

cocoa bean shells, a by-product typically discarded during the roasting pro-

cess of cocoa beans [80].  

Here we show that CBSE, obtained by a green extraction and rich in amino 

acids, organic acids and methylxanthines (Tables 2 and 3), strongly improves 

yeast longevity and reduces the toxicity of human α-syn, by decreasing intra-

cellular protein aggregates (Figures 1, 2, 4 and 7). Different eukaryotic mod-

els, yeast cells and a neuroblastoma cell line, were used to verify the bioac-

tivity of the CBSE. Although the effects identified are not completely super-

imposable in the two systems, this approach highlights the importance of us-

ing multiple models to better identify all the biological pathways that contrib-

ute to the neuroprotective activity of natural compounds. Indeed, while CBSE 

stimulates autophagy in the yeast model of PD (Figure 6), this is not the case 

in neuroblastoma cells, even if the stress responsive kinase AMP-activated 

protein kinase (AMPK) is activated (Figure 7). We consider this result 
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particularly relevant because energy metabolism defects are commonly de-

scribed in neurodegeneration and several studies reported the implication of 

AMPK in various signalling pathways that are involved in the progression of 

neurodegeneration [389]. Thus, the stimulation of both autophagy and AMPK 

signalling appears to represent as two complementary responses induced by 

CBSE which together contribute to protect the cell from the toxicity of mis-

folded proteins.  

Results obtained by surface plasmon resonance (SPR) assays indicate also 

that CBSE binds α-syn protein in a concentration-dependent manner, sup-

porting a direct association of the cacao-bean shell extract with monomers 

of α-syn by preventing its aggregation into toxic oligomers and amyloid fibrils 

(Figure 4B–D). What remains to be elucidated are the specific compounds 

exerting this role. Although caffeine and theobromine, as well as the very 

small fraction of proteins contained in the extract, do not have any effect on 

yeast longevity and ROS content (Figure 3), the methylxanthines together 

show a partial inhibitory effect on the aggregation of α-syn in vitro (Figure 

S2A). The protective functions of methylxanthines are well documented, 

since they reduce inflammation and preserve cognitive functions [92,390-

392]. Then, the inactivity of both caffeine and theobromine in our yeast model 

could suggest a possible synergistic or combined role of different molecules 

within the extract.  



190 
 

The promising results obtained in this study represents the first step for the 

development of the CBSE as a neuroprotective agent. In order to address if 

the reported bioactivity may be relevant also under physiological conditions, 

CBSE bioavailability, absorption rate and metabolism need to be further in-

vestigated both in animal models and in clinical studies. In addition, to reach 

the brain, the active compounds of CBSE have to pass through the gastroin-

testinal tract and to cross the blood brain barrier, without losing any efficacy. 

Remarkably, toxicology studies performed in mice, both in acute and sub-

chronic assays, indicate that the oral administration of both cacao shell flour 

or extracts is safe, without significant histopathological alterations [82]. In line 

with this, an interesting approach of encapsulation has been reported to en-

rich chocolate bars with phenolic antioxidant compounds extracted from co-

coa bean shells [393]. 
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3.5 Supplementary materials 
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Figure S1. (A) 600.17 MHz 1H NMR spectrum of cocoa bean shell extract solubil-

ized in D2O containing 50 mM phosphate buffer pH7.4 and 0.4 mM TSP as internal 

standard. (B) MS spectra of the metabolites reported in Table 3. 
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Figure S2. (A) α-syn aggregation process, followed by ThT fluorescence, in the 

absence (cnt) or presence of the 0.01 mg/mL of caffeine and theobromine. (B) The 

bioactivity of the CM5 sensor chip was determined by injecting positive (Ab anti-α-

syn) and negative (Ab anti-α-syn33) controls onto immobilised α-syn protein.  
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Table S1. PM21-PM25 chemical compounds divided into functional groups. Drugs 

from plates PMs 21–25 divided into 6 groups, based on their structure and function: 

ions, cyclic compounds, organic compounds, chelators, antibiotics and nitrogen 

compounds. These 24 different chemical agents are presented in 4 different con-

centrations. The data presented for each drug concentration represent the ratio be-

tween the y-maximum value of cells grown with the cocoa-shell treatment and the 

untreated control. 

Groups Drugs 
Conc. 

1 
Conc. 

2 
Conc. 

3 
Conc. 

4 

Ions 

Sodium dichromate  0.568 0.624 7.381 2.483 

Sodium arsenate  0.841 0.441 0.263 0.553 

Sodium arsenite  0.623 0.603 3.281 0.355 

Sodium cyanate  0.211 0.416 0.846 0.712 

Sodium orthovanadate  0.628 8.260 3.682 0.995 

Sodium selenate  0.538 0.738 0.637 0.562 

Sodium selenite  0.655 0.655 0.698 0.990 

Sodium cyanide  0.440 4.112 1.891 14.762 

Sodium thiosulfate  1.605 0.276 0.281 1.838 

Sodium metasilicate  0.883 0.891 0.395 1.333 

Sodium metaborate tetrahydrate  0.695 0.842 4.864 24.808 

Sodium (meta)periodate  0.834 0.979 0.645 0.417 

Sodium metavanadate  0.827 10.249 2.406 0.795 

Sodium fluoride  0.504 0.580 0.350 0.384 

Potassium chromate  0.328 0.982 28.241 84.368 

Copper (II) sulfate  0.747 20.745 5.493 4.990 

Thallium(I) acetate  0.941 2.938 0.198 0.037 

Cadmium chloride hydrate  61.403 12.128 13.669 7.381 

Cobalt(II) chloride hexahydrate  0.842 0.775 1.138 24.255 

Cupric chloride dihydrate  0.885 0.709 3.532 0.475 

Manganese(II) chloride  0.833 0.780 1.465 2.444 
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Magnesium chloride  1.027 0.854 0.836 0.804 

Nickel chloride  0.591 0.645 0.698 0.979 

Zinc chloride  15.230 0.056 0.231 0.019 

Benzethonium chloride  0.007 1.035 105.006 16.826 

Protamine sulfate  0.562 0.580 0.617 1.352 

Poly-L-lysine hydrochloride  0.611 3.562 3.156 0.527 

Cetylpyridinium chloride  0.425 86.487 135.200 18.796 

Domiphen bromide  0.820 0.906 112.782 93.627 

Ammonium sulfate  0.540 5.319 1.545 0.032 

Lithium chloride  0.943 0.747 30.688 12.906 

Aluminum sulfate  0.780 0.386 3.144 1.803 

Dequalinium chloride  1.332 100.927 85.825 131.658 

Methyl viologen dichloride hydrate  4.242 0.089 3.603 0.076 

Dodecyltrimethyl ammonium bromide  0.975 18.914 6.043 13.221 

Alexidine  0.652 71.948 20.141 26.238 

Cyclic 
Com-
pounds 

Promethazine  0.577 6.096 1.007 0.028 

Chlorpromazine hydrochloride  712.891 63.116 51.796 1.000 

Cycloheximide  0.762 0.732 0.488 0.528 

Trifluoperazine  6.548 3.298 1.187 1.732 

Thioridazine hydrochloride  0.721 81.016 14.520 1.000 

Fluconazole  0.726 0.482 1.386 0.240 

Tamoxifen  0.680 3.988 1.103 2.973 

Miconazole nitrate  2.408 3.024 0.661 0.622 

Tetrazolium Violet  67.922 25.351 8.318 5.290 

Amitriptyline hydrochloride  94.348 16.094 1.000 7.009 

Zaragozic acid A  0.859 0.621 0.441 0.027 

Berberine chloride  0.535 0.534 0.768 2.818 

Organic 
Com-
pounds 

L-Aspartic acid β-hydroxamate  0.527 0.272 1.930 0.192 

L-Glutamic acid g-hydroxamate  0.920 0.325 1.284 14.924 
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L-Arginine hydroxamate  0.273 0.766 1.242 97.123 

Glycine hydroxamate  0.900 125.862 130.341 57.425 

D,L-Serine hydroxamate  0.710 4.095 0.980 0.779 

D-Serine  0.921 0.789 1.847 0.423 

Thialysine  0.641 0.379 0.094 0.616 

5-Fluorocytosine  22.995 9.564 8.840 10.070 

5-Fluorouracil  0.434 0.590 0.082 0.017 

Propiconazole  1.019 0.945 1.717 7.836 

Sodium benzoate  0.658 0.595 0.415 0.295 

Hydroxyurea  0.927 0.974 1.464 34.670 

Azaserine  0.994 26.104 11.241 8.007 

Urea hydrogen peroxide  0.882 0.707 0.835 0.647 

Succinic acid  0.589 0.749 4.131 6.484 

Malic acid  0.812 0.747 116.117 11.930 

Tartaric acid  0.716 0.863 1.350 0.473 

Fumaric acid  0.556 0.729 0.392 0.029 

Cinnamic acid  0.728 0.603 0.821 0.256 

Fluorodeoxyuridine  0.739 0.884 0.645 0.026 

Sodium caprylate  0.669 0.000 0.785 0.380 

Sodium salicylate  0.871 1.452 1.116 1.159 

Glycine hydrochloride  0.305 0.768 6.428 1.666 

Caffeine  0.581 0.585 -0.028 0.407 

Chloroalanine hydrochloride  0.639 1.207 1.000 24.164 

2-Deoxy-D-glucose  0.934 0.049 0.694 0.026 

Clomiphene citrate  0.744 10.841 1.258 0.524 

Ibuprofen  0.575 0.527 0.009 0.009 

Chloroquine  0.904 1.952 95.179 1.149 

Guanidine hydrochloride  0.561 0.472 16.468 15.944 

Myclobutanil  0.881 0.671 0.911 0.120 
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Niaproof  0.204 0.327 0.013 1.221 

Polymyxin B  0.681 0.808 131.563 31.240 

Miltefosine  0.764 0.537 70.027 80.424 

FCCP  0.771 0.722 0.610 0.017 

CCCP  0.536 0.699 1.534 2.951 

Triclosan  0.536 19.741 1.574 14.318 

Chelators 

1-Hydroxypyridine-2-thione  0.659 0.714 0.873 0.327 

EDTA  0.060 139.272 131.186 59.347 

BAPTA  0.694 0.755 108.205 2.685 

EGTA  3.324 5.524 1.920 7.977 

Sodium pyrophosphate decahydrate  0.898 0.005 0.038 0.501 

Benzamidine  0.430 14.517 13.875 1.269 

2,2`-Dipyridyl  0.936 0.806 0.614 17.780 

Antibiotics 

Nystatin  0.601 0.428 17.862 12.708 

D-Cycloserine  8.931 3.427 1.049 1.153 

Apramycin sulfate  0.322 0.680 0.980 1.703 

Blasticidin hydrochloride  0.185 0.982 0.617 0.186 

Chlortetracycline hydrochloride  0.570 0.962 3.965 0.878 

Kanamycin monosulfate  0.804 0.394 0.177 1.119 

Paromomycin  9.092 3.369 2.545 1.473 

Isoniazid  0.664 2.075 10.869 1.815 

Bleomycin  0.859 128.058 60.042 3.171 

Doxycycline hyclate  0.748 0.129 0.921 2.946 

Tobramycin  0.652 34.116 24.032 3.491 

Hygromycin B  1.575 20.553 20.219 28.204 

Neomycin  38.855 117.128 36.588 14.900 

Pentamidine isethionate  0.770 1.049 0.030 2.279 

6-Azauracil  0.786 0.629 0.935 1.873 
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Nitrogen 
com-
pounds 

Diamide  0.419 0.623 0.000 2.044 

Thiourea  0.088 0.604 12.648 0.425 

4-Aminopyridine  0.131 0.353 29.848 37.486 

Sodium azide  0.477 0.853 0.278 25.055 

Sodium nitrite  0.748 0.898 1.132 1.314 

Cisplatin  8.866 9.519 4.374 11.550 

Aminacrine  1.193 7.287 1.707 2.750 

3-Amino-1,2,4-triazole  0.588 0.632 143.026 39.586 

4-Nitroquinoline-N-oxide  0.860 0.737 0.725 0.984 

Hydroxylamine hydrochloride  0.861 0.698 1.060 0.001 

 Compound 48/80 0.386 2.525 136.429 61.358 

 

 

Table S2. Compounds towards which cocoa-shell extract alters sensitivity, reported 

in Figure 5. Compounds were selected when the fold change (ratio between y-max-

imum value of CBSE treated vs control cells) was >5 or <0.2 in at least three con-

centrations. Drugs are categorised according to their structure and function, and 

their specific effects are described alongside the pertinent reference. 

Groups Drugs Effects References 

Ions 

Dodecyltrimethyl am-
monium bromide 

ability to promote disaggrega-
tion of the fibrillar assembly (in 
vitro) 

[397] 

Cadmium chloride 
hydrate 

autophagy inducer (in hepa-
tocytes) 

[398] 

Cetylpyridinium chloride 

antimicrobial effect (drug dose-
dependently inhibit mitochon-
drial complex 1 and potent and 
dose-dependent AMPK in-
ducer) 

[399] 
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Dequalinium chloride 
act as an inducer and/or stabi-
lizer of the protofibrils of α-
synuclein (in vitro) 

[400] 

Alexidine antimicrobial effect [401] 

Chelators EDTA 
autophagy inducer (in A. fu-
migatus) 

[402] 

Organic 
Compounds 

Glycine hydroxamate 
autophagy inhibitor (in neuron 
through the AMPK pathway 
both in vitro and in vivo) 

[403] 

Azaserine antioxidant effect [404] 

Cyclic Com-
pounds 

5-Fluorocytosine 
autophagy inducer (in BGC-
823 cells) 

[405] 

Tetrazolium Violet 
apoptotic inducer (antitumor ef-
fect in Human Lung Cancer 
A549 cells) 

[406] 

 
Amitriptyline hydrochlo-
ride 

autophagy inhibitor (not block 
the beginning of autophagy, 
block its turnover, via inhibiting 
autophagosome maturation in 
neuronal cells) 

[407] 

Antibiotics 

Hygromycin B inhibit growth (in S.cerevisiae) [408] 

Bleomycin 
autophagy inducer (in idio-
pathic pulmonary fibrosis) 

[409] 

Neomycin 
autophagy inducer (in both 
cochlear HCs and HEIOC-1 
cells after neomycin injury) 

[410] 
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OUTLOOK 
 

In the context of an increasing average age in industrialized countries, which 

is not accompanied by a corresponding improvement in quality of life and is 

marked by a rise in age-related diseases, this thesis provides compelling ev-

idence for the potential pro-longevity effects of three dietary supplements as 

safe strategies to support healthy aging. 

Specifically, the flavonol QUER, recognised by the Food and Drug Admin-

istration (FDA) as General Recognised as Safe, exhibits strong antioxidant 

properties, as demonstrated by numerous in vivo and in vitro studies, and 

offers a range of health-promoting benefits, including anti-aging effects. Our 

findings show that QUER supplementation at the onset of chronological ag-

ing, namely at the diauxic shift, extends the CLS of yeast. This beneficial 

effect is linked to QUER-induced modulation of carbon metabolism, which 

enhances the assimilation of C2 fermentation by-products and of glycerol 

during the post-diauxic phase. This metabolic shift promotes a pro-longevity 

anabolic state via gluconeogenesis, supported by both the L-G3P pathway 

and Sir2-dependent Pck1 activity. This results in increased accumulation of 

trehalose, which is the carbohydrate sustaining long-term survival during ag-

ing and contributes to cellular longevity. 
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The GSL extract, purified from the seed-press cake of Camelina sativa, which 

is a by-product of Camelina oil production, also exerts a pro-longevity effect 

in yeast undergoing chronological aging. Both mean and maximum CLS are 

significantly extended in a dose dependent manner, even when the three 

constituent aliphatic GSLs (GSL9, GSL10 and GSL11) are administered in-

dividually. This effect is attributed to the preservation of mitochondrial func-

tion and a marked reduction in superoxide accumulation. Furthermore, GSLs 

enhance glycerol catabolism, which positively influences the phosphorylating 

respiratory state and trehalose levels, both essential for extended CLS. 

Finally, using yeast and neuroblastoma cell models overexpressing human 

α-syn, we demonstrate that CBSE, an extract derived from cocoa bean shell, 

the by-product of the cocoa processing, significantly reduces protein aggre-

gation and oxidative stress, while promoting cellular longevity. Chemical 

characterization reveals the presence of amino acids, organic acids, glycerol, 

lactate and methylxanthines (caffeine and theobromine), although the anti-

aging effects are independent of the latter. CBSE activates autophagy in 

yeast, whereas in neuroblastoma cells it stimulates AMPK signaling. Surface 

plasmon resonance assays confirm that CBSE binds α-syn in a concentra-

tion-dependent manner, inhibiting its aggregation into toxic oligomers. These 

findings support the potential of CBSE as a nutraceutical candidate for pre-

venting neurodegenerative diseases associated with protein misfolding. 
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Although this thesis presents promising insights into the anti-aging potential 

of QUER, GSL extract and CBSE, further investigations are necessary to 

elucidate the precise molecular mechanisms and cellular targets involved in 

their effects during chronological aging. Moreover, while S.cerevisiae serves 

as a valuable model system, it has inherent limitations. As a unicellular eu-

karyote, yeast cannot replicate complex multicellular processes such as in-

flammation, synaptic transmission or tissue-specific physiology. Additionally, 

differences in metabolic profiles and gene regulation between yeast and mul-

ticellular eukaryotes may limit the translational relevance of some findings. 

Given these constraints, the results presented in this thesis require validation 

in more complex biological systems, including mammalian cells and animal 

models, to assess their applicability to human health. 

Despite these limitations, yeast remains a fundamental molecular model in 

biomedical research. Similarly, this doctoral journey has been a formative 

experience, offering not only scientific growth but also personal and profes-

sional development. It has been a path of challenges and compromises, yet 

rich in opportunities: the chance to be continually inspired by the vastness of 

scientific knowledge and its many areas still unexplored; the opportunity to 

design and refine a research project, confronting the gap between theoretical 

ideas and biological reality; the privilege of engaging with fellow researchers, 

sharing knowledge and mentoring new students. Much like the yeast model, 
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I view this PhD not as a conclusion, but as a starting point, a foundation upon 

which to build the complex system of my future, step by step. 
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