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ABSTRACT 

Demographic evidence show a gradual increase in human longevity. However, the increasing 

age  of  the  world  population is a leading risk factor for several age-related  diseases. For this 

reason, investigating the factors that contribute to a long and healthy life has become the main 

focus of scientific research and public health system. Among the environmental factors, a 

healthy diet is an important modifiable factor for sustaining healthy aging phenotypes. 

Specifically, fatty acids have been examined as implicated in aging process because they have 

critical role in maintaining cell and tissue homeostasis and affect inflammatory and oxidative 

processes. In this thesis, we aimed is to provide new evidence for a better understanding of the 

role of fatty acids in aging process and age-related phenotypes. 

In Study I, we described a simple, sensitive, and reliable method for determining blood 

fatty acid profile. The method was based on transesterification of the fatty acids (direct, acidic 

transesterification), and subsequently extracting them with n-hexane. The extracted fatty acids 

were analysed by gas chromatography with flame ionization detection. The method validation 

showed satisfactory precision and linearity.  

In Study II, we compared the blood fatty acid profile of a cohort of LLIs (90-111 years 

old, n=49) from Sicily to adults (18-64 years old, n=69) and older adults (65-89 years old, n=54) 

from the same area. In addition, genetic variants in key enzymes related to fatty acid 

biosynthesis and metabolism were genotyped to investigate a potential genetic predisposition 

in determining the fatty acid profile. The method described in Study I was employed to 

determine the fatty acid profile, and genotyping was performed using high-resolution melt 

analysis. The results showed that blood levels of total polyunsaturated fatty acids (PUFAs) and 

total trans fatty acids decreased with age, while the levels of saturated fatty acids (SFAs) 

remained unchanged. Interestingly, distinctively higher circulatory levels of monounsaturated 

fatty acids (MUFAs) in LLIs compared to adults and older adults were observed. In addition, 



among LLIs the rs174537 in the fatty acid desaturase 1/2 (FADS1/2) gene was associated with 

linoleic acid (LA, 18:2n-6) and docosatetraenoic acid (DTA, 22:4n-6) levels, and the rs953413 

in the elongase of very long fatty acids 2 (ELOVL2) was associated with DTA levels. Further, 

the rs174579 and rs174626 genotypes in FADS1/2 significantly affected delta-6 desaturase 

activity. Overall, the results suggested that LLIs have a different fatty acid profile characterized 

by high MUFA content, which indicates reduced peroxidation while maintaining membrane 

fluidity.  

In Study III, the effect of n-3 PUFAs on telomere length was assessed meta-analytically. 

Four databases (PubMed, Web of Sciences, Scopus, and the Cochrane Library) were searched 

from inception until November 2021. Of 573 records, a total of 5 clinical trials were included 

for the quantitative meta-analysis, comprising a total of 337 participants. The results revealed 

an overall beneficial effect of n-3 PUFAs on telomere length (mean difference = 0.16; 95% CI, 

0.02 to 0.30; p = 0.02). Despite a limited number of studies, our analysis suggests that n-3 

PUFAs may positively affect telomere length.  

In study IV, the relationship between MUFA intake and sarcopenia were examined 

meta-analytically. A literature search was performed in three databases (PubMed, Scopus, and 

Web of Science) from inception until August 2022. Of 414 records, a total of 12 observational 

studies were identified. Ten studies were meta-analysed, comprising a total of 3704 

participants. The results revealed that MUFA intake is inversely associated with sarcopenia 

(standardized mean difference = -0.28, 95% CI: -0.46 to -0.11; p <0.01). Overall, the results 

suggest that lower MUFA intake maybe associated with a higher risk of sarcopenia.  

In summary, we presented new evidence on the role of fatty acids in aging and age-

related phenotypes. This compiled thesis could contribute substantially to the literature on the 

importance of fatty acids in healthy aging from novel perspectives. 
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1.1     Biology of Human Aging and Longevity 

Aging is a ubiquitous biological process that affects cells, tissues, organs, and organisms. As people 

age, the accumulation of detrimental changes at molecular, cellular, and tissue levels leads to a 

progressive and irreversible decline in normal physiological functions. Consequently, an individual’s 

ability to adapt to stress and to maintain an adequate homeostasis decreases and becomes more 

vulnerable to the factors that ultimately lead to death [1].  

Although aging is programmed and progressive, a person’s longevity is thought to be 

determined by the combined effects of genetics and environmental factors. The main environmental 

factors that can modulate aging process and longevity include dietary habits, physical activity, 

cultural and anthropological factors, education, and socioeconomic status [1-4]. The environmental 

and lifestyle factors also contribute to the types of aging, i.e., successful and unsuccessful aging 

(Figure 1). According to the classic concept of Rowe and Kahn, successful aging is defined as high 

physical, psychological, and social functioning at old age without major diseases [5, 6]. On the other 
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hand, unsuccessful aging is characterized by the presence of age-related diseases, low cognitive and 

physical functional ability, and decreased engagement with life. 

 

Figure 1. A graphic overview of the factors that contribute to successful aging (adapted from Anna 

Aiello, 2019). 

Phenotypically, aging is characterized by a number of hallmarks that include genomic 

instability, telomere attrition, epigenetic alterations, loss of proteostasis, compromised autophagy, 

mitochondrial dysfunction, cellular senescence, stem cell exhaustion, alteration of intercellular  

communication,  and  deregulated nutrient sensing [7]. These hallmarks of aging are also the common 

determinants of age-related diseases. However, the various age-related diseases in different organs 

and systems have their own combinations of the hallmarks of aging. At the molecular level, aging is 
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determined by a number of complex and important pathways, mainly associated with chronic 

oxidative stress caused by elevated levels of reactive oxygen species (ROS). According to the free 

radical theory of aging, the progressive and detrimental changes during aging are primarily mediated 

by the accumulation of ROS-induced damages [8]. Furthermore, the age-related disruption in 

intracellular redox balance is the primary contributing factor to a chronic low-grade inflammatory 

status, called “inflammaging”. Inflammaging may result from age-related changes to the immune 

system, damaged macromolecules and the endogenous host-derived cell debris that accumulate with 

advancing age. This chronic inflammation negatively impacts physiological functions and contribute 

to the development of several age-related diseases, including cardiovascular disease (CVD), cancer, 

type 2 diabetes and other conditions [8]. 

Over the past decades, demographic evidence has shown a continuing rise in the age at death, 

which corresponds to a gradual increase in human longevity [9]. From 2015 to 2050, the percentage 

of the worldwide population aged over 60 years is estimated to double from 12% to 22% [10]. 

However, the  increasing  age  of  the  world  population is also a leading risk factor of several age-

related  diseases, including CVD, metabolic diseases, and neurodegenerative disorders [9]. These 

diseases affect normal life activities and increase the risk of physical disabilities or even death. In 

other words, the continuous increase of human lifespan does not correspond with the increase of 

health span. In addition, these diseases place a great burden on the social, economic, and the public 

health system. Therefore, understanding the factors that contribute to a long and healthy life is of 

great importance in order to improve the quality of life of older people and to reduce the medical, 

economic, and social problems associated with advancing years [1, 11]. For this reason, investigating 

the aging process and age-related diseases has become the main focus of scientific research and public 

health system.  

The mechanisms involved in aging and age-related phenotypes are complex, which makes 

investigations on aging and the prevention/treatment of age-related diseases challenging. To date, 



Introduction 

4 
 

several strategies and interventions have been proposed to improve health and promote longevity, 

including calorie restriction (CR), nutritional interventions, and microbiota transplantation. In 

addition, a number of clinical treatment methods are described to decrease the incidence of age-

related diseases, such as senescent cell depletion, stem cell therapy, and antioxidative and anti-

inflammatory treatments [8]. Furthermore, new technologies and drug discovery methods are 

emerging that will further facilitate diagnostic, preventive and treatment strategies of age-related 

diseases, and consequently promote healthy human longevity. Particularly, the establishment and 

advancement in genomics, proteomics, and transcriptomics allow researchers to analyse and 

characterize thousands of epigenetic markers, transcripts, proteins and metabolites, that may help to 

better understand the overall changes at the molecular level that occur with advancing age [12]. 

1.2     Long-Lived Individuals as an Ideal Model of Healthy Aging  

Long-lived individuals (LLIs) are people living 90 years and more without any major disease and in 

a relatively good physical and mental state. LLIs are considered an ideal population to study healthy 

human aging. Contrary to what is seen in normal aging, characterised by the disruption of homeostatic 

processes that might predispose people to major chronic diseases, LLIs have a lower incidence, or a 

higher possibility of escaping, the age-related diseases [13-16]. LLIs are divided into low and high 

performers, based on their ability to avoid or delay major age-related diseases. The high performing 

LLIs have the capacity to reach their 90s and mostly without chronic diseases. On the other hand, the 

low-performing LLIs endure the age-related diseases and may need family or nursing facility care 

[17]. The difference between low and high-performing LLIs is described to be associated with 

different manifestation of the hallmarks of aging, particularly telomere length and immunosenescence 

[18].  

LLIs are described to have a genetic background that favours a long and healthy life. 

Additionally, they are equipped with efficient maintenance and repair systems to the different 
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environmental conditions, and thus a good responsiveness to environmental stressors. Besides, in the 

past century the overall improvements in the quality of life and dietary patterns, the establishment of 

a public health system, improvements in hygienic conditions, decreased risks of infection and 

inflammation, and the development of therapeutic and preventive medicine, are other factors that has 

contributed to an increased ability to reach 90 years and more [19].  

The remarkable resilience of LLIs has attracted the interest of researchers over the past 

decades, because they represent an informative population for studying genetic and environmental 

variables involved in extreme longevity. Investigating the positive phenotypes of LLIs could allow 

us to modify the aging rate by providing important information on how to slow the aging process. 

Previous studies have shown that some cohorts of Sicilian populations, particularly those living in 

villages located in the Madonie municipalities, have a high number of LLIs compared to other areas 

in Sicily and Italy [20]. In 2012, it was demonstrated that this area is characterized by a low mortality 

rate due to CVDs and cancer. In addition, the LLIs from this area tend to be physically active and 

have a healthy diet, adherent to the Mediterranean diet (MedDiet). In addition, the Mini Mental State 

examination of LLIs from this area showed a cognitive impairment from mild to moderate [20]. 

Therefore, this population is considered ideal for studies aimed at understanding the factors that may 

determine longevity.  

1.3     Effects of Healthy Nutrition on Healthy Aging 

Human aging and longevity are shown to be modulated by the interaction between genetic and 

environmental factors. Among the environmental factors, a healthy diet is an important modifiable 

factor for sustaining healthy aging phenotypes. A good nutrition can have both short-term and long-

term effects on the well-being and can delay and reduce the risk of age-related decline. Indeed, 

emerging evidence indicate that healthy nutrition not only decrease the risk of functional losses and 

diseases during aging, but also inhibit progression and advancement of some illnesses [21]. Hence, 
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the diet and the bioactive compounds present in food represent a good target for interventions. On the 

contrary, nutritionally unbalanced diets are often related with increased risks of numerous health 

problems. Eating too few fruits and vegetables, for example, was estimated to be respectively 

responsible for 5.6 and 7.8 million premature deaths worldwide in a study in 2013 [22]. Healthy aging 

is also promoted by the cumulative effects of healthy nutrition earlier in life. For example, consuming 

recommended levels of calcium during childhood and adolescent years, to reach a high peak bone 

mineral density, is necessary to reduce the incidence of osteoporosis later in life [23, 24]. Higher 

dietary intakes of flavonoids, for around 2 decades, is shown to be associated with lower risks of 

Alzheimer's disease (AD) and age-related dementia [25]. Similarly, long-term adherence to MedDiet 

is linked with a reduced risk of frailty, CVD, and advanced age-related macular degeneration [26-

28].  

Although the relationship between nutrition and aging is complex and still under investigation, 

a variety of dietary patterns and indices have been assessed for their role in aging process, including 

the MedDiet, Okinawan diet, Healthy Eating Index (HEI), the Dietary Approaches to Stop 

Hypertension (DASH) diet, the Mediterranean-DASH Diet Intervention for Neurodegenerative Delay 

(MIND) diet, and high-fiber diets. These diets and indices are reported to be linked with prevention 

of a wide range of age-associated illnesses, including CVD, type 2 diabetes, frailty, osteoporosis, 

several cancers, age-related cognitive decline and macular degeneration [21]. Additionally, clinical 

and observational data indicate that specific dietary components are associated with preventing 

unhealthy aging, such as antioxidant phytochemicals, n-3 polyunsaturated fatty acids (PUFAs), zinc, 

and vitamins A, B12, C, D, and E [29].  

The current available evidence strongly suggests that the adherence to healthy diet help to 

minimize the inflammaging. Indeed, a healthy nutritional pattern can lower a proinflammatory status, 

presenting a novel nonpharmacological approach to manage obesity, metabolic syndrome, diabetes 

and other age-related conditions. Likewise, specific dietary changes, such as CR, elimination of 
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saturated fatty acids (SFAs) and trans fats, increasing intake of n-3 PUFAs, micronutrients and 

antioxidants, can help to reduce the inflammaging. Moreover, diets characterized by high quantities 

of n-3 PUFAs, antioxidant vitamins, and fiber may lower the risk of chronic diseases by regulating 

oxidative stress and may protect cells from oxidative damage by neutralizing ROS. Similarly, 

adequate consumption of phytochemicals may confer health benefits, enhancing the maintenance of 

immune homeostasis, reducing oxidative stress and inflammation, and preventing metabolic 

disorders. On the contrary, an unhealthy diet, containing an excessive amounts of refined sugars, 

animal proteins and SFAs, and poor in nutraceuticals, directly contributes to increasing cell damage 

and inflammation [29].  

Overall, the analysis of dietary pattern may provide a meaningful recommendation for healthy 

aging. Moreover, the synergistic association between dietary components could influence 

physiological function and health [21]. More recently, with the advancements in the analytical 

techniques, the study of multiple parameters is more facilitated. The “Omics” platforms have 

provided unique opportunities to investigate the complex association between nutrition and aging, 

particularly to inspect the role of dietary components in health maintenance or in disease 

development. In the following section, we discuss lipidomic analysis and its role in nutrition and 

aging studies. 

1.4     Lipidomic Analysis and its Importance in Nutritional and Aging Research 

Lipidomics is an emerging discipline that studies the lipidome, i.e., the total lipid content in cells, 

organs, or biological systems, as well as their interactions with other lipids, proteins and metabolites. 

Lipidomic analysis has an interesting application in monitoring metabolic and nutritional status of an 

individual. It serves as a screening tool for metabolic disorders and to track changes in the lipid profile 

in nutritional studies [30]. Additionally, it is a effective way to identify potential clinical biomarkers 

and to determine preventive or therapeutic approaches to manage human diseases [31].  
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Lipidomics is a subfield of metabolomics that belongs to the final step in the omic cascade 

(Figure 2), starting from genomics, to transcriptomics, proteomics, and finally metabolomics. The 

metabolomics collects qualitative and quantitative data on the metabolites present in the cell that are 

essential for the maintenance, growth, and function of the cell. The metabolome comprises amino 

acids, fatty acids, carbohydrates, vitamins, and lipids, among other compounds. The metabolomics 

identifies and quantifies specific metabolites, often using sensitive chromatographic methods such as 

gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry 

(LC-MS) [32]. Lipidomics was first described in 2003 by Han and Gross, where they reported a 

method based on mass spectrometry (MS) to identify and quantify the entire lipidome present a cell 

extract [33]. Before that, the analysis of lipids involved extraction and estimation of single lipid class 

or species [34]. Therefore, the measurement of the entire lipidome was an important progress over 

the traditional methods used at that time.  

 

Figure 2. Summary of omics cascade in biological systems. 

Lipidomic analysis has attracted considerable attention because lipids are complex and have 

important biological activities and unique chemical properties. Lipids, also known as fats, are 

hydrophobic or amphipathic macromolecules. They are essential components of the cell and can 
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constitute up to 70% of cell’s total composition. The Lipid MAPS classification system have 

classified lipids into eight groups, which are fatty acyls, polyketides, glycerolipids, 

glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, and saccharolipids [35]. These 

compounds play significant roles as building blocks of cellular membranes, and in energy storage and 

metabolism. In addition, they have an important role in signal transduction by acting as signalling 

molecules, affecting membrane fluidity, and regulating post-translational modifications [36]. 

Nevertheless, the dysregulation of lipids is related to a number of health problems, such as CVD, 

obesity, diabetes, lysosomal disorders, Parkinson's disease (PD) and AD.  

Moreover, accumulating evidence from experimental and human studies suggest that lipids 

have important roles to play in the aging process. Detrimental lipid storage and peroxidation are 

known to be linked with unhealthy aging. On the other hand, evidence also show that active signalling 

role of certain lipids may help in the regulation lifespan and longevity [36]. Although the relationship 

between lipids and aging is complex and not well understood, lipids are considered as a useful target 

to investigate aging biomarkers. Lipid‐related interventions, such as sphingolipid, is reported to 

modulate lifespan in experimental models [37].  Likewise, specific lipids have been shown to increase 

or decrease with advancing age. For example, in model organisms phosphatidylcholine and 

phosphatidylethanolamine decrease with age, while triglycerides (TG) generally increase [38]. 

Healthy elderly people show higher plasma levels of sphingomyelins and phosphatidylcholines 

compared to young subjects [39]. Finally, genome‐wide  association  studies  have  identified  several  

lipid‐related  genetic variants that are associated with exceptional longevity in humans [40].  

Although lipidomics belong metabolomics, the analytical procedures used in lipidomic 

analysis can be different from the techniques used in metabolomics. Initially, thin-layer 

chromatography (TLC) and gas chromatography (GC) were mainly used for lipid profiling. 

Nowadays, lipidome of complex samples can be analysed using GC-MS and LC-MS, high-

performance liquid chromatography (HPLC), supercritical fluid chromatography (SFC), and nuclear 
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magnetic resonance (NMR) [41]. Additionally, with the rapid developments of analytical techniques, 

lipidomics has been increasingly used in nutritional and aging research to expand our knowledge 

about the lipidome of long-lived species and centenarians. The study of circulatory lipidome in LLIs 

and older adults without major age-related diseases is regarded as a useful tool for the identification 

of aging biomarkers, and to understand physiological  mechanisms involved in aging and longevity 

[36]. Furthermore, the integration of the genomics, proteomics, and metabolomics molecular markers 

to comprehensively assess biological age and age-related functional decline has become a hot issue 

of interest for scientific community. In the following sections we will describe the fatty acids, the 

composition of which potentially linked with aging and longevity. We first describe the main classes 

of fatty acids, then we describe the role of fatty acids in human aging and age-related phenotypes.  

1.5     Fatty Acids 

Fatty acids are carboxylic acids with an aliphatic chain. These compounds are classified as SFAs and 

unsaturated fatty acids, the latter is further divided into MUFAs and PUFAs. Dietary intake is the 

main source of fatty acids for most mammals, including human. Moreover, several physiologically 

important fatty acids can be de novo synthesized through a series of reactions from metabolites 

derived from the catabolism of carbohydrates and proteins [42]. In addition, long-chain fatty acids 

can be synthesized from essential fatty acids through a series of desaturation and elongation reactions. 

Biologically, fatty acids are esterified with glycerol, phosphoglycerol, and cholesterol forming 

triacylglycerol, phospholipids, and cholesterol esters, respectively [43].  

Fatty acids have important structural and functional roles in human body. The 

physicochemical properties of these compounds may affect their functions, which ultimately leads to 

altered functions of the cells and organisms. Fatty acids are important structural components cellular 

membranes. The level of different fatty acids in cell membrane can affect the fluidity, stability, and 

function of the membrane. When the membrane level of SFAs is high, the phospholipids form a more 
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rigid bilayer because SFAs are straight-chained. On the other hand, PUFAs have bents along their 

chain at the position of double bonds, hence, they cannot align tightly and consequently, they increase 

the degree of membrane fluidity [44]. Therefore, the importance of controlling and balancing of fatty 

acids derives from the fact that a balance between the various components regulate fluidity and 

permeability of the plasma membrane, and thus favouring metabolic alterations within the body. 

Furthermore, fatty acids are an excellent source of energy through the β-oxidation process, which is 

mostly used by the heart and the muscle cells. Fatty acids also affect the functions of membrane-

proteins, conduct signalling cascades, and act as a precursor to a number of pro and anti-inflammatory 

mediators [42, 43]. 

1.5.1   Saturated versus Unsaturated Fatty acids 

SFAs are fatty acids with aliphatic carbon chains fully saturated with hydrogen atoms or have only 

C-C single bond, while unsaturated fatty acids’ aliphatic carbon chains contain C=C double bonds. 

Animal-source foods and tropical oils have a high quantity of SFAs than most plant-source foods. 

The most common SFA in the diet are palmitic acid (PA, 16:0) and stearic acid (STA, 18:0), which 

are present in high amounts in palm oil, coconut oil, egg yolk, aged cheese, butter, bacon, and 

processed meats. SFAs are described to have harmful health effects as they reduce membrane 

permeability and may cause an increase in low-density lipoprotein (LDL) levels. In fact, excessive 

SFA intake is correlated with a greater the risk of CVD, metabolic and dyslipidaemia [43, 45].  

On the other hand, unsaturated fatty acids are called MUFAs, when they contain only one C=C double 

bond, and PUFAs, when they contain more than one C=C double bond. The presence of C-C single 

bonds or C=C double bonds is responsible for the characteristic structural differences in physical and 

chemical properties of these fatty acids, which consequently influences the structure and function of 

cellular membranes [43].  
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1.5.2  Essential versus Nonessential Fatty Acids 

Both plant and animal cells can synthesize fatty acids. Animals and human, however, cannot 

synthesize some of the fatty acids, therefore, they must be obtained from the exogenous dietary 

sources. These fatty acids are known as essential fatty acids (EFAs) in the human body. Of all the 

unsaturated fatty acids, two of them are considered to be EFAs: they are linoleic acid (LA,18:2n-6) 

of the n-6 PUFA series and the alpha-linolenic acid (ALA, 18:3n-3) of the n-3 PUFA series. ALA 

serves as the precursor for the production of long-chain n-3 PUFAs, such as eicosapentaenoic acid 

(EPA, 20:5n-3), docosapentaenoic acid (DPA, 22:5n-3), and docosahexaenoic acid (DHA, 22:6n-3), 

whereas, LA serves as the precursor of long-chain n-6 PUFA, namely gamma-linolenic acid 

(GLA,18:3n-6), dihomo-gamma-linolenic acid (DGLA, 20:3n-6), arachidonic acid (AA, 20:4n-6) and 

docosatetraenoic acid (DTA, 22:4n-6) through a series of desaturation and elongation processes [46, 

47]. Other fatty acids, such as SFA and MUFA, are considered nonessential as our body can 

synthesize them without receiving them directly from the diet [43]. Being nonessential does not mean 

that they are not important. Our body does require them to function properly; however, we can 

synthesize them without obtaining them directly from the diet. Therefore, the diet is described to have 

a limited influence on fatty acid status. Indeed, genetic variants that influence the desaturation and 

elongation of fatty acids may modulate circulating fatty acid levels. Metabolic pathways, physio-

pathological disorders, and gut microbiota are other factors that affect the fatty acid profile [48].  

1.5.3  Polyunsaturated Fatty Acids 

Based on the location of the C=C double bonds from the methyl terminal position, PUFAs are 

categorized into n-3 and n-6 PUFAs. The PUFAs that have a double bond between the 6th and 7th 

carbon position from the methyl terminal end are called n-6 PUFAs, while those with the double bond 

between the 3rd and 4th carbon are called n-3 PUFAs. Both n-3 and n-6 PUFAs have important 

structural function and exert receptor-mediated effects through their metabolites. However, they also 

show great differences in their physical, biochemical, and physiological properties. Some of the 
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beneficial effects overlap between the n-3 and n-6 PUFAs, while many effects are antagonistic to 

each other. The n-6 PUFAs can be found in vegetable oils, seeds, meat, and poultry, whereas n-3 

PUFAs are found more in fish, marine animals, walnuts, canola oil, and certain plant sources [43].  

Over the last decades, there has been an increasing interest in researching n-3 PUFAs because 

of their roles in reducing the risk of numerous diseases. The estimation of n-3 PUFA levels is 

considered important to determine health status, disease diagnosis, and prevention strategies in 

human. Particularly, the health benefits of EPA and DHA have been commonly described, as they  

act as a precursor to a number of anti-inflammatory mediators [49]. These fatty acids play a significant 

role in human health and considered essential for the heart, brain, eye and joints health. By reducing 

inflammation, the n-3 PUFAs are associated with a lower risk of heart complications. A meta-analysis 

study of 14 randomized clinical trials (RCTs), involving 1,35,291 subjects, showed that n-3 PUFA 

supplementation can reduce the incidence of major adverse cardiovascular events, cardiovascular 

death, myocardial infarction (MI) in people with coronary heart disease (CHD) [50]. Additionally, 

higher intake of n-3 PUFAs is associated with a reduced risk of mood and neurodegenerative 

disorders in the elderly people [51]. On the other hand, increasing dietary intake of the n-6 PUFAs, 

particularly AA and LA, is described to be involved in inflammatory processes, because they act as 

a precursor to a number of pro-inflammatory mediators [52]. However, other studies reported that n-

6 intake may not be correlated with elevated levels of inflammatory markers. Epidemiological data 

have also suggested that AA and LA may be related to reduced inflammation [52, 53]. Nevertheless, 

there is also evidence that a high intake of n-6 PUFAs oppose and inhibits the anti-inflammatory 

effect of the n-3 PUFAs [52]. Thus, the interaction between n-3 and n-6 PUFAs and their lipid 

mediators is complex and still not well understood.  

When investigating n-3 PUFAs, determining the n-3 index, n-6/n-3 ratio, and AA/EPA ratio 

provide valuable information on PUFA status and metabolism, nutritional needs, and health 

outcomes. 
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N-3 Index 

The n-3 index measures the amount of EPA plus DHA in the erythrocyte membranes expressed as 

the percentage of total fatty acids of erythrocyte membrane. The n-3 index has been shown to be a 

stable biomarker of dietary intake of long-chain n-3 PUFAs in the body. The n-3 index is used as a 

guide to evaluate cardiovascular health in observational and clinical studies. This index is inversely 

associated with depressive symptoms among subjects with elevated oxidative stress biomarkers [54]. 

The n-3 index also reduce the risk for CHD mortality, and hence it can have significant clinical utility. 

In addition, cognitive impairment is reported to be correlated with a low n-3 index in the elderly [55]. 

Clinical studies indicate that a protective level for the n-3 index is around 8%, while an n-3 index 

level of <4%  is associated with the increased risk of several diseases (Figure 3) [56]. 

 

Figure 3. The protective level of n-3 index is around 8%, and a level of <4% is linked with increased 

risk of diseases (Adapted from Davinelli, 2020). 

N-6/n-3 ratio 

Both n-3 and n-6 PUFAs compete for the same metabolic enzymes, hence, an imbalance in the n-6/n-

3 ratio may lead alter fluidity and function of cellular membrane, and promote an inflammatory state 

[57]. Therefore, the bioconversion of LA and ALA to their intermediates depends on the ratio of 
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consumed n-3 and n-6 PUFAs. Evidence suggest that an n-6/n-3 ratio around 1/1 to 5/1 is involved 

in an improved lipid metabolism, reduced inflammation and oxidative stress, and consequently 

improved endothelial and cardiovascular function [58, 59]. A diet with high n-3 PUFAs and low n-

6/n-3 ratio is reported to prevent adverse health outcomes. For example, among CVD patients, a n-

6/n-3 ratio of 4/1 reduced total death by 70%. Likewise, a ratio of 2.5/1 was associated with decreased 

rectal cell proliferation in colorectal cancer patients, and a ratio of 2-3/1 was related with suppressed 

inflammation in subjects with rheumatoid arthritis [60]. On the other hand, the n-6/n-3 ratio in the 

Western diets is approximately 15/1, that is described to promote the pathogenesis of many diseases, 

such as CVD, cancer, inflammatory and autoimmune diseases [56].  

Arachidonic acid/Eicosapentaenoic acid ratio 

AA/EPA is a ratio between two molecules that compete for the same enzymes to be converted to 

bioactive eicosanoids. This ratio shows the level of cellular inflammation in the body because the 

balance between AA and EPA is important to regulate the synthesis of inflammatory mediators. In 

addition, AA/EPA ratio is associated with nutritional status and considered to be a reliable indicator 

of PUFA intake. Although a range of the AA/EPA ratio has not been clearly defined, an AA/EPA 

ratio of 1.5-3 is considered optimal [56]. A higher AA/EPA ratio corresponds to higher levels of 

chronic inflammation and enhanced pro-aggregation conditions. It is well established that chronic 

low-grade inflammation contributes to the development of several age-related diseases. Indeed, the 

AA/EPA ratio is a valuable predictor of CVD risk. Epidemiological data reveal that a higher AA/EPA 

ratio is associated with an increased risk of coronary artery disease, acute coronary syndrome, MI, 

stroke, chronic heart failure [61]. Likewise, clinical data indicate that lowering AA/EPA ratio through 

EPA supplementation can be effective in primary and secondary prevention of cardiovascular events 

[61, 62]. In contrast, lower AA/EPA ratio is correlated with decreased risk of coronary artery disease, 

acute coronary syndrome, MI, stroke, chronic heart failure, peripheral artery disease, and mood 

disorders [56].  
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Biosynthesis and Metabolism of Polyunsaturated Fatty Acids 

Two different pathways exist for the synthesis of the long chain n-3 and n-6 PUFAs (Figure 4). The 

LA and ALA cannot be synthesized in human body. Once consumed in the diet, LA and ALA are 

converted to long-chain PUFAs by delta-6 desaturase (D6D) and delta-5 desaturase (D5D) enzymes, 

and their respective fatty acid elongases. The synthesis of long-chain PUFAs from LA and ALA 

regulate various homeostatic processes by acting on the synthesis of bioactive signalling lipids called 

eicosanoids. Those in the n-6 series synthesizes the pro-inflammatory eicosanoids, whereas those in 

n-3 series induce the synthesis anti-inflammatory eicosanoids [56]. 

In the n-3 pathway, ALA undergoes a transformation to EPA by cyclooxygenases-2 and 5-

lipoxygenase to form 3-series prostaglandins (B3, D3, E3, I3, and thromboxane A3), and 5-series 

leukotrienes (B5, C5, and D6), respectively. The EPA-derived mediators have important anti-

inflammatory action. Next, EPA is elongated through two elongation processes where n-3 DPA is 

generated. DHA is the latest product of the n-3 pathway. The biosynthesis of DHA from DPA 

involves elongation and desaturation by D6D, and finally undergoes a beta-oxidation process. DHA 

can be then metabolized to autacoids such as D-series resolvins and protectins (neuroprotectin D1). 

The DHA-derived mediators exert powerful anti-inflammatory activities and play an important role 

in the resolution of inflammation [56].  

By an analogous set of reactions catalysed by the same enzymes, LA is converted to GLA 

through the addition of a double bond by D6D enzyme. By the action of elongase 5 enzyme, GLA is 

then elongated to form DGLA, the precursor of 1-series prostaglandins. AA is generated from DGLA 

through a desaturation process by D5D enzyme. AA is widely present in the membranes of red blood 

cells, making up about 15%. Levels of this fatty acid is important as in some cases to underline the 

presence of a state of "silent inflammation". AA synthetizes 2-series prostaglandins (A2, E2, I2, and 

thromboxane A2) by cyclooxygenases-2. Additionally, leukotrienes of the series 4 (B4, C4, and E4) 

are also synthesized from AA by the action of 5-lipoxygenase. These AA-derived eicosanoids are 
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involved in several physiological actions, including proinflammation, pro-platelet aggregation, 

vasoconstriction, and immune response [56]. 

 

Figure 4. Biosynthesis and metabolism of polyunsaturated fatty acids. LA and ALA are obtained 

from the diet and converted to long chain fatty acids by a series of desaturation and elongation 

reactions. LA, linoleic acid; ALA, alpha-linolenic acid; GLA, gamma-linolenic acid; DGLA, dihomo-

gamma-linolenic acid, AA, arachidonic acid; EPA, eicosapentaenoic acid; DTA, docosatetraenoic 

acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid; D6D, delta-6 desaturase; D5D, 

delta-5 desaturase; COX-2, cyclooxygenases-2; 5-LOX, 5-lipoxygenase. 
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1.5.4  Monounsaturated Fatty Acids 

MUFAs are nonessential fatty acids that can be biosynthesized in the body or obtained from dietary 

sources. Due to the presence of a C=C bond in the central position of their aliphatic carbon chain, 

MUFAs enhance the fluidity and permeability of cellular membranes. In addition, MUFAs are less 

exposed to the oxidative effects of free radicals, hence, low levels of these fatty acids may negatively 

affect membrane function. Likewise, results of experimental and human nutritional studies indicate 

that MUFAs has help to impede and reverse SFA induced inflammation [63, 64]. MUFAs are 

specifically high in the heart healthy MedDiet. MUFA-rich foods mainly include olives and olive oil, 

rapeseed oil, peanut oil, nuts, seeds, avocados, and some animal-based foods [65]. The most common 

MUFA is oleic acid (OL, C18:1n-9), which is the highest MUFA provided in the diet (~90% of all 

MUFA) and constitutes 15% of the fatty acids present in the erythrocyte membrane, followed by 

palmitoleic acid (PLA, 16:1n-7) and vaccenic acid (18:1n-7) [65].  

MUFAs have numerous positive effects on health, particularly as a substitute for dietary SFAs. 

These fatty acids also have the ability to reduce both plasma LDL cholesterol and TG, and a good 

efficiency to increase high-density lipoprotein (HDL) cholesterol. A high-MUFA, cholesterol-

lowering diet is reported to have beneficial effects on the CVD risk profile compared to a low-fat diet 

[66]. Beside the cardioprotective effects, MUFAs ameliorate the risk of obesity, insulin resistance 

and metabolic syndrome, due to their ability to alleviate inflammation, balancing lipid metabolism 

and preventing fat accumulation [67]. Moreover, high MUFA intakes was inversely related with age-

related cognitive decline in elderly people from Southern Italy with a typical MedDiet [68]. 

1.5.5  Cis-trans Fatty Acids 

The unsaturated fatty acids are naturally occurring as cis C-C double bond. However, artificial 

hydrogenation may generate other forms of trans fatty acids. Trans fatty acids are unsaturated fatty 

acids with one or more double bond in the trans configuration.  Like the essential n-3 and n-6 PUFAs, 



Introduction 

19 
 

trans fatty acids come from diet and cannot be synthesized in human body. A small amount of these 

fats can be found naturally in meats and dairy products from cows, goat, and other ruminants, as these 

fatty acids are produced by gut bacteria in the ruminant digestive system [69]. However, around 80-

90% of trans fats come from partial hydrogenation of liquid vegetable oils, margarine, fried foods, 

and bakery products. The most common trans fatty acids are 16:1n-7t (trans isomer of PLA), 18:2n-

6t (trans isomer of LA), and elaidic acid (18:1n-9t), which is the trans isomer of OL. Consumption of 

trans fatty acids has been linked to harmful health effects. Excessive consumption of these fats 

contributes to an increase in  LDL levels, a decrease in HDL levels, and an increased risk of CHD 

and heart attack [70, 71]. It is reported that trans fatty acids also lead to the progression of 

atherosclerosis by inducing inflammation and oxidative stress [72]. The American Heart Association, 

the American Dietetic Association, the Institute of Medicine, US Dietary Guidelines, and the National 

Cholesterol Education Program Adult Treatment Panel recommend a limited intake of dietary trans 

fatty acids [73].  

1.6     Genetic Variations in Fatty Acid Desaturase and Elongase 

Several studies have previously demonstrated that genetic variants in fatty acid desaturase 1/2 

(FADS1/2) and elongase of very long fatty acids 2 (ELOVL2) genes are correlated with circulatory 

PUFA concentrations in various populations [46, 74]. FADS1/2 genes encode D5D and D6D, 

respectively [47]. These enzymes are the main determinants of PUFA levels because they catalyse 

the formation of long-chain PUFAs from dietary ALA and LA [47]. Likewise, ELOVL2 encodes one 

of the key enzymes in the elongation reaction of long-chain PUFA from their precursor [75]. Single 

nucleotide polymorphisms (SNPs) with the strongest association with PUFA status are rs174537, 

rs174579, and rs174626 in the FADS1/2 gene cluster and rs953413 in the ELOVL2 gene [46, 74, 76]. 

These SNPs are statistically shown to be correlated either with a variation in the circulatory levels of 

n-3 and n-6 PUFAs or with a change in desaturase activity (evaluated in terms of product-to-precursor 

ratio). In addition, a recent study identified an intergenic variant (rs529143) that was observed to 



Introduction 

20 
 

modify the effect of plasma n-3 PUFA and DHA levels on leukocyte telomere length [77]. The 

rs529143 is located on chromosome 1 in a region that includes multiple phospholipase genes such as 

PLA2G2D and PLA2G2F [77]. Together, these studies show that SNPs in genes encoding enzymes 

related to the metabolism of PUFA contribute to plasma concentrations of fatty acids. The SNPs with 

an association with fatty acid level and desaturase activities are summarized in Table 1. 

Table 1. Genetic variants associated with fatty acid status and desaturase activity 

Gene SNP Genotype Phenotype Reference 

FADS1/2 rs174579 CC High desaturase activity 

High GLA, AA 

[74] 

CT 

TT 

Medium/low desaturase activity 

Low GLA AA 

rs174626 TT High desaturase activity 

High GLA, AA 

CT 

CC 

Medium/low desaturase activity 

Low GLA AA 

rs174537 GG High AA EPA DHA [46] 

GT Medium AA EPA DHA 

TT Low AA EPA DHA 

ELOVL2 rs953413 GG Low EPA/High DHA 

AG Medium EPA/Medium DHA 

AA High EPA/Low DHA 

Intergenic rs529143 CC 

AC 

AA 

Modifies the effect of plasma n-3 

PUFAs and DHA on leukocyte 

telomere length 

[77] 

SNP, single-nucleotide polymorphism; FADS1/2, fatty acid desaturase 1/2; GLA, gamma-linolenic 

acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; ELOVL2, 

elongase of very long fatty acids 2; PUFAs, polyunsaturated fatty acids. 
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1.7     Fatty Acid Profiling  

Determination of fatty acid profile is challenging, mainly because of their biological diversity and 

physicochemical similarity. Although there is no standard protocol, fatty acid analysis should be 

adjusted for sample collection, storage conditions, extraction and derivatization, instrument setting, 

and data analysis stages [78].  

There are several biological samples to estimate fatty acid status, including adipose tissue, 

cheek cells, plasma, erythrocytes, and whole blood. Although the adipose tissue is a gold standard to 

determine long-term dietary changes, it is difficult to obtain and, therefore, adipose tissue is not 

considered ideal in clinical and population-based studies [79]. Cheek cell sample is simple and 

sensitive to changes in dietary long-chain PUFAs; however, it is less responsive to dietary changes 

in SFA content. Therefore, the validity of investigating fatty acid profile in cheek cells remains 

uncertain in nutritional studies [80]. Another important sample source to estimate fatty acid profile is 

plasma. A limitation of plasma fatty acid profile is that it reflects short-term dietary fat intake [81]. 

The erythrocyte membrane preferred as it provides information on the long-term dietary intake of 

fatty acids and their derived mediators [82]. Furthermore, whole blood is another attractive sample 

choice commonly used in epidemiological studies, due to its accessibility and minimal sample 

processing requirements.  

The conventional analysis of blood fatty acid in blood requires specific sample preparation 

steps that need equipment, reagents, and time. As a result, other techniques that use a small sample 

volume have been developed [83]. Dried blood spots (DBS) is an attractive sample source because 

some sample preparation steps can be avoided. DBS from fingertip blood has been validated, in 

research and clinical practice, to effectively determine whole blood fatty acid profile changes 

associated with lifestyle and dietary factors [84]. In addition, DBS offers a rapid, minimally invasive, 

and accessible sample collection and can be easily applied to studies of large populations [85]. In 

fact, the DBS has become a significant sample source used in new-born screening, epidemiological 
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studies, and drug monitoring. In comparison to whole blood sampling, however, DBS samples have 

limitations as quantitative results are not possible, except when blood volumes are assessed before 

spotting. On the other hand, fatty acid contaminants present on items used to spot the blood can be 

determined, and the high risk of fatty acid loss during storage can be properly managed [78]. 

Fatty acid separation, identification and quantitation is commonly done by GC on capillary 

columns, through which individual fatty acids are separated due their different affinity to the liquid 

at high molecular weight present in the internal wall of the column (stationary phase). However, fatty 

acids can be analysed only as fatty acid methyl esters (FAMEs), due to their acidity and polarity, 

which can cause problems for GC columns. For this purpose, fatty acid’s bond with glycerine is 

replaced by a methyl group. This reaction is called transesterification or derivatization [78]. 

Therefore, fatty acid sample preparation initially involves derivatization into FAMEs, followed by 

extraction of FAMEs. The derivatization of fatty acids to FAMEs can be achieved utilizing acidic or 

alkaline because both hydrogen ions and hydroxyl act as catalysts for the reaction. Common 

methanolic solutions include sulfuric acid, hydrochloric acid, and boron trifluoride-methanol. The 

method should preferably be simple and rapid and should not produce unwanted structural changes. 

After derivatization, FAMEs are extracted using a nonpolar solvent, such as hexane [78, 84]. 

The optimal qualitative and quantitative GC analysis generally presumes a good resolution, 

high repeatability and reproducibility of retention times, precise and accurate quantification of peak 

area measurements, and lowest sample degradation [86]. A commonly used detector in GC analysis 

is a flame-ionization detector (FID) that is easy to manage and offers a wide linear  range and rapid 

response [87]. Under optimized conditions, ordinary GC-FID analysis determines the changes in 

human tissue fatty acids. Furthermore, by carefully choosing column and instrument conditions, GC-

FID allows the estimations of fatty acids and fatty acid-derived lipid mediators from various 

biological samples to study disease states [56].  

Other methods include GC-MS that is a well-established technique for the analysis of fatty 

acids after the transesterification of all lipids, which provides the information on fatty acid 



Introduction 

23 
 

composition. The LC-MS is another key analytical method for fatty acid characterization. Reversed-

phase LC is commonly used as it provides complex separation based on the fatty acid length and also 

the number and positions of double bond [88]. Furthermore, The HPLC applied for fatty acid 

separation in relatively short analysis times. HPLC on a stable silver ion column permits the isolation 

of clean fractions differing in the double number, positions, and cis/trans geometry of the methyl ester 

derivatives of fatty acids [89].   

1.8     The Role of Fatty Acid Status on Aging and Age-Related Phenotypes 

In the aging research, there is a persistent and increasing interest in the factors that modulate the aging 

process. Given the important role of oxidative stress and inflammation in aging, the effects of dietary 

components with antioxidative and anti-inflammatory properties on aging phenotypes and age-related 

illnesses have been extensively studied. Among them, fatty acids have been examined as implicated 

in aging process as their profile is critical in maintaining cell and tissue homeostasis [4]. A number 

of studies have highlighted the relationship between the fatty acid profile and longevity in human. 

This association is also demonstrated at the cellular level, where fatty acid composition of cell 

membranes influences the aging process. Specifically, the protective role of n-3 PUFAs on aging have 

been extensively investigated and they are implicated as potential lipid biomarkers of aging [4, 90]. 

In a 22-year study that evaluated healthy and unhealthy aging in older adults, higher intake of EPA 

from marine sources lowered the risk of unhealthy aging by 24%. However, the intake of marine 

DHA and plant-derived ALA were not associated with healthy aging in the population [91]. Another 

study found that regular consumption of n-3 PUFAs from marine dietary sources help to optimize 

brain aging in the elderly [92]. In addition, previous investigations demonstrate that aging is 

accompanied by an alteration in the fatty acid profile, and this alteration contributes to the age-related 

declines [93]. Indeed fatty acid status are not only predict disease risk in the elderly, but can also be 

helpful in establishing a diagnosis [44].  
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During the last decades, there has been an increasing interest in the effects of n-3 PUFAs on 

disease risk and aging. The n-3 PUFAs and their metabolites affect metabolic, inflammatory, and 

oxidative processes [56]. These fatty acids can attenuate many mechanisms associated with 

inflammation, including inhibition of pro-inflammatory transcription factors, leucocyte chemotaxis, 

and eicosanoid production [94]. Likewise, supplementation with n-3 PUFAs ameliorate 

malondialdehyde, total antioxidant capacity, and glutathione peroxidase activity in different clinical 

disorders [95]. Moreover, a number of experimental and intervention studies have reported an 

association between n-3 PUFAs and hallmarks of aging. EPA and DHA are shown to attenuate 

oxidative stress-induced DNA damage and subsequent cell senescence through upregulation of 

nuclear factor erythroid 2–related factor 2 (Nrf2)-mediated antioxidant response. It is suggested that 

n-3 PUFAs may prevent CVD during aging, in part by their genome protective properties [96]. 

Furthermore, marine n-3 PUFA supplementation is related with alleviating effects on the plasma 

senescence-associated secretory phenotype components [97]. These fatty acids may also regulate 

gene expression by modifying epigenetic mechanisms, such as DNA methylation [98]. In AD 

patients, DHA-rich supplementation was associated with global DNA hypomethylation, which may 

influence inflammatory and other processes that could lead to AD [99]. Fish oil rich in n-3 PUFAs 

also has a protective effect on mitochondrial function during aging. These PUFAs can enhance 

mitochondrial oxidative capacity and increase sarcoplasmic protein synthesis in elderly people [100]. 

Likewise, the n-3 PUFAs exert neuroprotective actions by delaying the age-related mitochondrial 

dysfunction in the brain [101]. Furthermore, DHA improve muscle homeostasis delays muscle 

wasting by inhibiting proteasomal degradation of muscle proteins. Both the ubiquitin–proteasome 

and the autophagy–lysosome systems are modulated by this fatty acid. This makes DHA a potential 

therapeutic strategy to manage sarcopenia in older persons [102].  

Consequently, n-3 PUFAs directly and indirectly affects the aging process and age-related 

diseases. In fact, it is well demonstrated that the n-3 PUFAs, particularly EPA and DHA, are 

associated with decreased risk of CVD, type 2 diabetes, metabolic syndrome, macular degeneration, 
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breast cancer, and depression in different populations [10, 43, 103-107]. In addition, lower levels of 

EPA and DHA are linked with an increased risk of cognitive impairment and dementia, making them 

a potential marker of brain aging [90, 103, 108, 109]. Likewise, the long-chain n-3 PUFA 

supplementation is associated with an overall improvement in muscle function and may reduce the 

risk of age-related sarcopenia [110]. Overall, higher levels of n-3 PUFA of erythrocytes are associated 

with a reduced risk of all-cause mortality [111, 112]. It has also been suggested that circulating n-6 

PUFA levels benefit cardiometabolic outcomes, although controversial findings remained [113-116]. 

Beside PUFAs, the effects of diets rich in MUFAs, such as MedDiet, on aging has also been 

examined. The MUFA-rich MedDiet is associated with increased longevity and reduced risk of 

numerous age-related diseases. Extra virgin olive oil (EVOO), the characteristic of MedDiet and 

particularly rich in MUFA, is also reported to affect the hallmarks of aging. The MedDiet is described 

to exert a protective effect against genomic instability by preventing DNA damage, enhancing DNA 

repair, or attenuating telomere shortening [117]. In elderly subjects, MedDiet is shown to protect 

endothelial cells from oxidative stress, prevent cellular senescence, lower percentage of cell with 

telomere shortening, and reduce cellular apoptosis [118]. In a meta-analysis of 8 cross-sectional 

studies comprising a total of 13,733 participants, it was demonstrated that higher adherence to 

MedDiet is associated with a longer telomere [119]. These effects are described to be due to the anti-

inflammatory effects of the MedDiet, but also may be due to direct changes in gene expression or via 

epigenetic mechanisms. For instance, OL, principal sources of which are vegetable and olive oil, 

induces a global hypomethylation and consequently an expression pattern that are related with an 

improvement of the inflammation profile, amelioration of pathways related to atherosclerosis [120].  

The MUFA-rich MedDiet mitigates the effects of adverse vascular factors and has a potential 

to prevent the late-onset AD [121]. In an elderly population of Southern Italy with a typical MedDiet, 

high MUFA intakes appeared to be protective against age-related cognitive decline [68]. The 

modulation of proteostasis capacity is one of the mechanisms through which the MedDiet may 
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prevent neurodegeneration. It is suggested that olive oil participates in regulation of cell proteostasis 

through activation of the protein deacetylase sirtuin 1 (SIRT1) and enhanced autophagy [122]. In 

addition, dietary components that reduce, delay, or attenuate the rate of stem cell exhaustion play a 

role in facilitating healthy aging. In this regard, in an observational study involving 421 very old 

individuals, higher adherence to the MedDiet was associated with significantly higher endothelial 

progenitor cells [123]. Similarly, in a crossover trial involving 20 older participants (>65 years), the 

consumption of a MedDiet was associated with an increased number of circulating endothelial 

progenitors cells [124].  

As such, detailed studies on the effects of fatty acids on aging and age-related phenotypes are 

well investigated. In addition, a number of clinical studies suggested positive effects of n-3 PUFA 

supplementation on telomere length, as an important aging hallmark. Nonetheless, the evidence 

concerning the clinical effect of n-3 PUFAs on telomere length has not been reviewed meta-

analytically. Likewise, observational data suggest that MUFA intake promote muscle health in the 

elderly, however, the effect of MUFAs on sarcopenia, as a geriatric syndrome, is not clear and needs 

further evaluation. In the following section we briefly describe the possible effects of n-3 PUFA on 

telomere length, as an aging hallmark. Then, we discuss the effects of MUFAs on sarcopenia, as a 

geriatric condition.  

Effect of Polyunsaturated Fatty Acids on Telomere Length 

Among the wide variety of aging hallmarks at the molecular and cellular levels, short telomeres are 

sufficient to trigger age-related pathologies and decrease lifespan in mice and humans [7, 125, 126]. 

Telomeres are repetitive sequence of nucleotides at the end of eukaryotic chromosomes. Human 

telomeres consist of a tract of repeated sequences of DNA (5'-TAGGG-3') and associated protective 

proteins. Together, telomeric DNA and telomeric proteins maintain the structural integrity of 

chromosomes, thus keeping genomic stability [127]. At each cycle of cell division, telomeres are 
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subject to shortening, losing approximately 50 to 100 base pairs per mitotic division in human cells. 

This telomere attrition can be replenished by an enzyme, telomerase, that adds telomeric repeat 

sequences to the ends of chromosomes, hence elongating them to compensate for their loss. 

Additionally, the rate of telomere loss is affected by numerous factors other than the mitotic 

replication rate [128].  

Oxidative stress and low‐grade systemic inflammation are thought to be the major contributors 

to telomere shortening. Due to the high guanine-cytosine content, telomeres are extremely prone to 

oxidative damage compared to non-telomeric sequences. Likewise, the proinflammatory phenotype 

that accompanies aging in mammals is also linked to the onset of age-associated diseases and telomere 

shortening [129, 130]. Furthermore, extensive evidence supports that telomere length is a dynamic 

trait sensitive to environmental factors. An accelerated telomere shortening has been associated with 

smoking, air pollution, excessive food intake, and psychological stress. Exposure to these factors may 

promote telomere attrition by increasing oxidative stress and inflammation [131-133].  

Although the association between diet and telomere maintenance is currently under 

investigation, recent human studies indicate that specific dietary components may be considered a 

potential nutritional tool for preserving telomere length throughout the lifespan [134, 135]. In 

particular, a higher intake of antioxidant-rich foods and a greater adherence to an anti-inflammatory 

diet may play a role in telomere maintenance and influence overall health and longevity [136, 137]. 

Indeed, current epidemiological and clinical data showed that a higher consumption of vegetables, 

fruits, nuts, legumes, and seaweed is associated with longer telomere length [138, 139]. These foods 

provide a range of bioactive compounds affecting endogenous antioxidant response, anti-

inflammatory pathways and, at least in part, telomere maintenance [140]. Dietary fiber intake, 

specifically cereal fiber intake, was positively associated with telomeres. Furthermore, the intake of 

n-3 PUFA are also suggested to be inversely related to the rate of telomere shortening [141-143]. 

Nonetheless, no study has reviewed meta-analytically the evidence concerning the clinical effect of 
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n-3 PUFAs on telomere length, and therefore, the effect of n-3 PUFAs on telomere needs further 

confirmation.  

Effect of Monounsaturated Fatty Acids on Sarcopenia  

Sarcopenia is a geriatric disorder characterized by progressive decrease in muscle mass, muscle 

strength, and physical function [144, 145]. The prevalence of sarcopenia ranges from 10% to 27% in 

people over 60 years of age [146]. Elderly people suffering from sarcopenia are at high risk of adverse 

outcomes such as falls, fractures, poor quality of life, physical disability, hospitalization, and 

mortality [147, 148]. Since the aging population is increasing globally, sarcopenia has become a 

major public health issue [146]. In the past decade, sarcopenia has become the focus of intense 

investigations to better understand its pathophysiology and to identify effective preventive and 

treatment strategies [149, 150].  

Besides insufficient protein intake and physical inactivity, accumulating evidence suggests 

that oxidative stress and inflammation are the main contributors to the complex etiology of sarcopenia 

[151, 152]. During aging, excessive production of ROS, which controls the redox signal pathway, 

results in oxidative damage and mitochondrial dysfunction, impaired protein homeostasis, and 

eventually skeletal muscle dysfunction [153-155]. Age-related impairments in mitochondrial function 

may also increase oxidative stress and enhance the loss of proteostasis [152]. In addition, chronic 

low-grade inflammation during aging affects the metabolism of skeletal muscle cells through 

interactions among various cytokines [156]. Furthermore, inflammation causes oxidative stress and 

anabolic resistance, leading to the loss of muscle mass, strength, and function [156]. 

Although the association between diet and sarcopenia is still under investigation, a growing 

body of evidence suggests that nutrition has an important role in both the prevention and treatment 

of sarcopenia, in particular, a dietary pattern that ensure an adequate protein intake [157]. In addition, 

higher intakes of antioxidant nutrients play an important role in the regulation of muscle mass and 
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function throughout life [158]. Indeed, current observational and clinical data show that increasing 

fruit and vegetable consumption could be effective tools to prevent or treat sarcopenia, especially by 

enhancing muscle strength and function [159]. MUFAs have also attracted considerable attention 

because of their role in health and disease prevention. Detailed studies have shown that olive oil, the 

main source of MUFA, may attenuate oxidative stress, the main mechanism of sarcopenia 

pathogenesis [160-162]. Additionally, the MUFA-rich MedDiet reduces inflammation related to 

aging [163, 164]. Previous observational studies have also evaluated the association between MUFA 

intake and sarcopenia; however, inconclusive results are reported. The effects on MUFAs on 

sarcopenia is, therefore, needs further confirmation. 

Moving Forward 

Previous studies have played a critical role in evidence synthesis and conveyed important and 

significant information on the role of fatty acids on health and aging process. However, there exists 

some gaps, some of which could be addressed in this thesis. In order to provide additional evidence 

from new perspectives, in the following chapters we will examine the age-associated changes in fatty 

acid profile in a Sicilian cohort and evaluate whether among Sicilian LLIs genetic variants are 

associated with fatty acid profile. In addition, we will meta-analytically assess the role of n-3 PUFAs 

and MUFAs on telomere length (an important aging hallmark) and sarcopenia (a geriatric syndrome), 

respectively. 



 

 
 



 

 
 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

The overall aim of this thesis is to provide evidence for a better understanding of the role of fatty 

acids in aging process and age-related phenotypes. More specifically, the aim of each study is as 

follows: 

I. To describe a sensitive and reliable method based on GC-FID to identify and quantify fatty 

acids. 

II. To evaluate whether a distinctive blood fatty acid profile may be associated with longevity in 

LLIs from Western Sicily compared to adults and older adults from the same area. Further, to 

study genetic variants in key enzymes related to fatty acid biosynthesis and metabolism that 

could be responsible for differences in fatty acid profile between the age groups. Additionally, 

to investigate whether among LLIs the genetic variants are associated with fatty acid status 

and desaturase activity. 

III. To meta-analytically assess whether supplementation of n-3 PUFA can modulate telomere 

length in clinical trials.  

2. AIMS 



 

 
 

IV. To meta-analytically evaluate the association between MUFA intake and sarcopenia in 

observational studies. In addition, to investigate whether this association is influenced by 

participant characteristics, methods for MUFA assessment, and the diagnostic criteria of 

sarcopenia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

This chapter is organized as follows: First, in section 3.1. we described data collection, characteristics 

of study cohort, lipidomic analysis, and genetic analysis that were used in Study I and II. Then, we 

described search strategy, data extraction, quality assessment, and meta-analysis of Study III and IV 

in section 3.2. and 3.3., respectively.  

3.1     Age-Associated Changes in Circulatory Fatty Acids 

3.1.1  Study Design and Participant Characteristics 

Subjects participating in the “Discovery of molecular and genetic/epigenetic signatures underlying 

resistance to age-related diseases and comorbidities (DESIGN, 20157ATSLF)” project were used for 

the present investigation. Detailed information on participant recruitment have been previously 

described [20]. A total of 172 subjects from Western Sicily were enrolled. The participants ranged 

from 18-111 years of age and were recruited at the University of Palermo (Italy) between June 2017 

and March 2020. The population was divided into three age groups: adults (69 subjects, age range 

3. MATERIALS AND METHODS 
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18-64 years old), older adults (54 subjects, age range 65-89 years old), and LLIs (49 subjects, age 

range 90-111 years old). The participants were relatively healthy. Subjects were excluded from the 

study if they had been diagnosed with chronic and acute diseases, such as neoplastic and autoimmune 

diseases and severe dementia. The subjects participated voluntarily and written informed consent was 

obtained from all of them. The study protocol was conducted following the Declaration of Helsinki 

and its amendments. The Ethics Committee of Palermo University Hospital approved the study 

(Nutrition and Longevity, No. 032017). 

Anthropometric measurements were recorded at the University of Palermo, including body 

weight and height, which were used to calculate the body mass index (BMI). In addition, data on 

eating habits were collected by a food frequency questionnaire (FFQ) that has been used in previous 

studies [165, 166]. Overnight fasting blood samples were collected from all the participants. 

According to standard procedures, hematochemical and haematological analyses were performed, 

including serum total cholesterol (TC), TG, HDL, and LDL. The samples were kept at -80°C until 

the analyses performed in this project. 

3.1.2  Fatty Acid Profiling by Gas Chromatography 

Method Development and Validation 

A GC-2010 gas chromatograph (Shimadzu, Kyoto, Japan), equipped with an SP®-2560 capillary GC 

column (L x I.D. 100m × 0.25mm × 0.2μm) with a poly (biscyanopropyl siloxane) phase, one FID, 

an automatic injection system (AOC-20i), and an electronic flow and pressure control system, was 

used for the GC analysis. The GC column was connected to the injector and the FID. The electronic 

flow and pressure controller supplied carrier gas (helium) at constant pressure. Samples (1 µl) were 

introduced by the injector heated to 250°C with a split ratio of 10:0. The initial temperature was 

170°C with a 1 min hold followed by 7.00°C/min ramp to 200°C with a 1 min hold and 1.00°C/min 

ramp to 220°C with a 20 min hold. The FID temperature was 280.0°C with hydrogen, air, and nitrogen 
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make-up gas flow rates of 40.0 ml/min, 400.0 ml/min, and 30.0 ml/min, respectively. The 

configuration and condition of this system are described in Table 2.  

Table 2. The configuration and condition of the gas chromatography system. 

Column Configuration 

Gas chromatography column SP-2560 (100 m x 0.25 mm, df 0.20 µm) 

Gas chromatography flow 2.24 ml /min 

 

Autoinjector 

Temperature 250.0°C 

Pressure 457.3 kPa 

Injection size 1 µl 

Total flow 29.6 ml/min 

Purge flow 5.0 ml/min 

 

Flame-ionization detector 

Temperature 280.0°C 

Hydrogen 40.0 ml/min 

Air 400.0 ml/min 

Make-up (Nitrogen) 30.0 ml/min 

  

Column oven temperature program  

Initial temperature 170.0°C for 1 min 

Ramp number 1 7.00°C/min to 200.0°C for 1 min 

Ramp number 2 1.00°C/min to 220.0°C for 20 min 

 

The calibration of the method was produced from average response factor (RF) and linear 

regression equations. According to the US FDA guideline for biological methods, the procedure was 

also validated for linearity and precision. Batches of the 22 FAMEs standard mixture were prepared 

to determine the average RF, the limit of quantitation (LOQ), and linearity range. The average RF 

was calculated as the average of each calibration factor of the external standard batches. The average 

RF was then evaluated from the calculated relative standard deviation (RSD). To calculate the RSD, 
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the standard deviation of the calibration factors was first determined. Then the standard deviation was 

divided by the mean of the calibration factors to give the RSD. The precision of the method was 

determined from the calculated RSD. Generally, an RSD of <15% or <20% is utilized as a criterion 

for accepting the precision of the method. Additionally, the regression analysis formed an association 

equation between the instrument response (peak area) and the concentration of individual FAMEs in 

the analyte, generating calibration lines. The linearity of the calibration curve was assessed by the 

coefficient of determination (r2) that permits the determination of the percent of data nearest to the 

line, and a value ≥ 0.99 was considered acceptable.  

Fatty Acid Extraction 

Total fatty acids were extracted from samples of whole blood and analysed using GC-FID, according 

to the following steps: 

1. Initially, 300 ul of whole blood was placed inside a 10 ml headspace vial with a sealing cap, 

and 2.0 ml of boron trifluoride-methanol (BF3-MeOH) (12% w/v, 1.5 M) (Acros Organics, 

Geel, Belgium) was added. 

2. The vials were sealed and heated at 100°C for 60 mins, using a convectional block heater. 

This leads to the direct transesterification of the fatty acids in the mixture into FAMEs.  

3. After cooling to 25°C, two ml of n-hexane (CARLO ERBA Reagents, S.r.l., France) was 

added, and the mixture was then vortexed for 1 min, resulting in the formation of a transparent 

n-hexane top layer containing the FAMEs. This organic layer (the supernatant) was removed 

into a fresh 2ml glass GC vial. 

4. The aliquot was air-dried in the darkness and subsequently redissolved in 400 μl of n-hexane 

and injected into GC-FID for analysis.   
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Identification and Quantification of Fatty Acids 

Individual FAMEs were identified by the standard mixture (Nu-Chek-Prep, Elysian, MN, U.S.A.), 

which was dissolved in n-hexane at various concentrations before injection into GC-FID. The 

retention times of the 22 FAMEs mixture on the GC column were used to identify the fatty acids, as 

shown in Table 3. The retention time used for calibration was representative of five concentrations 

of the standard. A peak represented each FAME, in which area of the peaks is proportional to the 

amount of the corresponding fatty acid. The data were analysed using Shimadzu system GC Solutions 

software, designed for this system. Fatty acid concentration measured in ng/ml was then converted to 

a percentage of total fatty acids:  

Fatty acid % = (peak area corresponding to the fatty acid / sum of all the peak areas 

corresponding to the total mixture of the fatty acids) × 100 

Table 3. Retention time of the fatty acids.   

Fatty acid Retention time (min) Fatty acid Retention time (min) 

14:0 (MA) 7.536 20:1n-9 14.197 

16:0 (PA) 8.791 20:2n-6 (EA) 15.512 

16:1n-7t 9.227 20:3n-6 (DGLA) 16.861 

16:1n-7 (PLA) 9.450 20:4n-6 (AA) 17.988 

18:0 (STA) 10.521 24:0 20.112 

18:1t 11.005 20:5n-3 (EPA) 20.543 

18:1n-9 (OL) 11.311 24:1n-9 (NA) 21.651 

18:2n-6t 11.920 22:4n-6 (DTA) 22.699 

18.2n-6 (LA) 12.556 22:5n-6 (n-6 DPA) 23.950 

18:3n-3 (ALA) 13.602 22:5n-3 (n-3 DPA) 25.810 

18.3n-6 (GLA) 13.879 22:6n-3 (DHA) 27.268 

The retention time is representative of five concentrations of the standard used for the calibration. MA, myristic 

acid; PA, palmitic acid; PLA, palmitoleic acid; STA, stearic acid; OL, oleic acid; LA, linoleic acid; ALA, alpha-

linolenic acid; GLA, gamma-linoleic acid; 20:1n-9, eicosenoic acid; EA, eicosadienoic acid; DGLA, dihomo-

gamma-linolenic acid; AA, arachidonic acid; 24:0, lignoceric acid; EPA, eicosapentaenoic acid; NA, nervonic 

acid; DTA, docosatetraenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.  
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The n-3 index, defined as the amount of EPA and DHA content in erythrocytes as a percentage 

of the total amount of fatty acids, was then calculated. Likewise, the trans-fat index was calculated as 

the percent of 18:1t and 18:2n-6t trans fatty acids of the total fatty acids. Additionally, the AA/EPA, 

SFA/MUFA, and n-6/n-3 ratios were determined. Furthermore, desaturase activity was estimated by 

calculating the ratio of the product fatty acid to precursor fatty acid, as described previously [76, 167]. 

Four estimates of desaturase activity were studied: D6D activity by dividing the percent composition 

of GLA by LA, D5D activity by dividing the percent composition of AA by DGLA, and aggregate 

desaturase activity (ADA), by dividing the percent composition of EPA by ALA in the n-3 pathway, 

and AA by LA in the n-6 pathway.  

3.1.3  Genetic Analysis 

Based on previous studies, five SNPs were selected for genotyping: rs174579 (C>T), rs174626 

(C>T), rs174537 (G>T), rs953413 (G>A), and rs529143 (A>C) [46, 74]. Three of these SNPs 

(rs174579, rs174626, and rs174537) are located in the FADS1/2 gene cluster. The rs953413 is found 

on the ELOVL2 gene, while rs529143 is an intergenic polymorphism in a region that includes multiple 

phospholipase genes such as PLA2G2D and PLA2G2F. 

Genomic DNA extraction 

The genomic DNA was extracted from peripheral blood leukocytes and purified using E.Z.N.A.® 

Blood DNA Mini Kit (Omega Bio-tek, Inc., GA, USA), following the manufacturer’s instructions: 

1. A volume of 100-200 μl of whole blood was transferred into a sterile microcentrifuge tube 

and the volume was brought up to 250 μl with 10mM Tris-HCl. 

2. Proteinase K Solution (25 µl) and BL Buffer (250 μl) were added. The mixture was vortexed 

at maximum speed for 15 sec. As RNA-free genomic DNA was required, 5 μl RNase A (50 

mg/ml) was also added. 

3. The mixture was incubated at 65°C for 10 mins, and vortexed briefly once during incubation. 
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4. A volume of 260 µl of 100% ethanol was added. The tube was then vortexed at maximum 

speed for 20 sec, followed by a brief centrifugation to collect any drops from the inside of the 

lid. 

5. The entire sample was transferred to a HiBind® DNA Mini Column that was inserted into a 

2 ml Collection Tube. The sample was centrifuged at ≥10,000 x g for 1 min. 

6. After the discard of the filtrate and the Collection Tube, the HiBind® DNA Mini Column was 

inserted into a new 2 ml Collection Tube. 

7. A volume of 500 μl of HBC Buffer (diluted with 100% isopropanol before use) was added. 

The sample was centrifuged at ≥10,000 x g for 1 min. The filtrate was discarded, and the 

Collection Tube was reused. 

8. A volume of 700 μl DNA Wash Buffer (diluted with 100% ethanol before use) was added. 

The sample was centrifuged at 10,000 x g for 1 min. The filtrate was discarded, and the 

Collection Tube was reused. 

9. Step 8 was repeated for a sec DNA Wash Buffer wash step. 

10. The empty HiBind® DNA Mini Column was centrifuged at maximum speed (≥10,000 x g) 

for 2 mins to dry the column matrix. The column membrane was dried before elution as 

residual ethanol may interfere with downstream applications. 

11. The HiBind® DNA Mini Column was transferred into a nuclease-free 2 ml microcentrifuge 

tube. 

12. Elution Buffer (100-200 μl), heated to 65°C, was added and left at room temperature for 5 

mins. The sample was centrifuged at ≥13,000 x g for 1 min. 

13. Step 12 was repeated for a sec elution step. 

14. The concentration of the extracted DNA was determined using NanoDrop™ One/OneC 

Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., MI, Italy). 

15. The eluted DNA was stored at -20°C until further analysis. 
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High-Resolution Melting Analysis 

Genotyping was performed using polymerase chain reaction (PCR)-based high-resolution melting 

(HRM) assay, which is a post-PCR analysis method that is based on detecting small differences in 

PCR melting curves [168]. The HRM analysis consisted of the following steps: 

1. The reactions were made using white 96-well plates, with 10 μl of the Precision Melt 

Supermix for HRM analysis (Bio-Rad Laboratories, Inc., USA), 0.6 μl of each forward and 

reverse primers (10 μM), 3-5 μl of genomic DNA, and nuclease-free water up to 20 μl. 

2. The plate was covered with a sealing film and briefly centrifuged.  

3. The PCR-HRM was performed with a CFX96 Touch Real-Time PCR Detection System (Bio-

Rad Laboratories, Inc, Singapore). The pairs of primers for amplification of rs174579, 

rs174626, rs174537, rs953413, and rs529143 and the PCR-HRM conditions are shown in 

Table 4.  

4. Data were analysed using Bio-Rad CFX Manager and Bio-Rad Precision Melt Analysis 

systems designed specifically for HRM analysis.  

Table 4. Primer sequences and PCR-HRM conditions 

SNP Primer sequences (5’-3’) Ta (℃) PCR cycle Tm (℃) 

rs174579 
F: TTTCCTTCTCCTCCATCCCT 

R: GATTGTCATCTGGCACCTTCC 
58.5 45 98 

rs174626 
F: CGGTTAAGCAGAGAGCAGATA 

R: CTTCCCTGGGTCAAGAAGCT 
58.5 45 98 

rs174537 
F: GGGTGCTTCTGAGGGAGG 

R: CACCATGTCTGCTGTGTGTC 
58.5 45 98 

rs953413 
F: AAAACGCTAAAGGTCACAAAGC 

R: TGTTTCTGCCCTTCTTCCAC 
58.5 45 98 

rs529143 
F: CATCCTCATCCTCATTATTATCATTCAA 

R: CTAAGGTTTGTGCATTTTCCTGGAT 
59 39 98 

PCR, polymerase chain reaction; HRM, high-resolution melting, SNP, single-nucleotide polymorphism; F, 

forward; R, reverse; Ta, annealing temperature; Tm, melting temperature. 
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Sample Preparation for Next Generation Sequencing 

To ensure the reliability of the results of PCR-HRM analysis, duplicate samples were used. In 

addition, sequencing verified genotyped samples (24 samples) were included as quality controls. The 

sample preparation, which is a method used prepare the target DNA sequence for Next Generation 

Sequencing (NGS), consisted of the following steps:  

1. DNA extraction (as described in previous section). 

2. DNA amplification by PCR:  

The DNA segment containing the selected SNPs were amplified by PCR-based protocol with C1000 

Touch Thermal Cycler (Bio-Rad Laboratories, Inc, Singapore). The reaction components used for the 

PCR reaction were assembled on ice (Table 5). 

Table 5. PCR reaction components and final concentrations 

Component 50 µl Reaction Final Concentration 

10 µM Forward Primer 2.5 µl 0.5 µM 

10 µM Reverse Primer 2.5 µl 0.5 µM 

2X Phusion Master Mix 25 µl 1X 

Template DNA 10 µl 50 ng–250 ng 

Nuclease-free water 10 µl  

The PCR tubes were then transferred to the PCR machine with the block preheated to 98°C 

and started thermocycling: The pairs of primers used for amplification of rs174579, rs174626, 

rs174537, and rs953413, and the thermocycling conditions are shown in Table 6.  
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Table 6. Primer sequences and PCR conditions 

SNP Primer sequences (5’-3’) Ta (℃) PCR cycle Tm (℃) 

rs174579 
F: AAGAATTCTTGCCCCATGAACT 

R: AACTCGAGTGTAACAACTCTCCTCCCCG 
56.5 35 98 

rs174626 
F: AAGAATTCGGTGTTGGGGTTTGATTGCT 

R: AACTCGAGTCAACACCCGCTTACCCTAG 
56.5 35 98 

rs174537 
F: AAGAATTCAAGAGGCCATGGGAGAAGAC 

R: AACTCGAGAGTGACACAGTGCTGCTACT 
56.5 35 98 

rs953413 
F: AAGAATTCCCCCGATGTGAGAAAGGTCA 

R: AACTCGAGACTCTGTGACGATAAGGACCA 
56.5 35 98 

PCR, polymerase chain reaction; SNP, single-nucleotide polymorphism; F, forward; R, reverse; Ta, annealing 

temperature; Tm, melting temperature. 

 

3. Gel electrophoresis 

The amplified DNA fragments were separated by gel electrophoresis, according to the following 

steps: 

1. A 2% gel was prepared by dissolving 1 g of agarose powder in 50 ml of 1X TBE Buffer in a 

microwave. 

2. Once the agarose is fully dissolved and the solution was cooled to about 55°C, five µL of 

ethidium bromide was added to the melted agarose. The solution was well mixed by swirling 

the beaker until the stain was evenly dispersed in the mixture.  

3. The solution was then slowly poured into the gel box, which was initially set up. Once the gel 

solidified, the comb was removed, and the gel was transferred to the casting tray.  

4. The DNA ladder was loaded into the first well, then the DNA samples that were pre-mixed 

with 3 µl loading dye.  

5. The gel was run for 40 mins at 80V. Once completed, the gel was visualized under UV light. 
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4. Gel purification 

The purification of PCR products was performed using ISOLATE II PCR and Gel Kit (Bioline 

Meridian Bioscience, London, UK), according to the manufacturer’s instructions, as follows: 

1. Gel slice excise and dissolution 

▪ Using a clean scalpel, the DNA fragment was excised from the gel. The excess agarose was 

removed, and the weight of the slice was determined and transferred into a clean tube. 

▪ A volume of 200 μl of Binding Buffer was added per 100 mg of the 2% agarose gel. 

▪ The sample was incubated at 50°C for 10 mins. The sample was then vortexed briefly every 

2-3 mins until the gel slice was completely dissolved. 

2. DNA binding 

▪ An ISOLATE II PCR and Gel Column was placed in a 2 ml Collection Tube and the sample 

was loaded. 

▪ The sample was centrifuged for 30 sec at 11,000 x g. The flow‑through was discard and the 

Collection Tube was reused.  

3. Washing silica membrane 

▪ A volume of 700 μl of Wash Buffer was added to the ISOLATE II PCR and Gel Column and 

centrifuged for 30 sec at 11,000 x g. The flow‑through was discarded and the column was 

placed back into the Collection Tube. 

4. Drying the silica membrane 

▪ After a centrifuge for 1 min at 11,000 x g to remove residual ethanol, the ISOLATE II PCR 

and Gel Column was placed in a 1.5 ml microcentrifuge tube.  

5. DNA elution  

▪ A volume of 15‑30 μl of Elution Buffer was added directly onto the silica membrane.  

▪ The sample was incubated at room temperature for 1 min, followed by a centrifuge 1 min at 

11,000 x g. 
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After the sample preparation step, the purified PCR products were send abroad for sequencing (CCG 

- Cologne Center for Genomics, Cologne, Germany). Afterwards, the DNA sequences were analysed 

using FinchTV (version 1.4) software. An example of the results of DNA sequencing and HRM 

analyses of rs174537, rs953413, rs174579, and rs174626 are shown in Figure 5, Figure 6, Figure 7, 

and Figure 8, respectively.  

3.1.4   Statistical Analysis 

Variables were assessed for normality using the Shapiro Wilk's test and skewed data were 

subsequently log-transformed for all analyses. A two-way Analysis of Variance (ANOVA) test was 

used to identify whether age, gender, or their interaction affects anthropometric, clinical, and fatty 

acid measurements. When statistically significant, a post hoc pairwise comparison test using the 

Bonferroni method was performed. Deviation from Hardy-Weinberg Equilibrium (HWE) was tested 

for each SNP using a Chi-square test. HWE was determined for all SNPs within the older adults and 

LLIs. Linear regression models were used to examine the associations between individual blood fatty 

acids and SNP genotypes among LLIs. These models were adjusted for gender, BMI, and LDL levels. 

The genotypes of rs174537, rs953413, and rs529143 were coded 0, 1, and 2 reflecting the number of 

copies of an allele being tested (additive genetic model). A dominant model was used for rs174579, 

in which we combined heterozygous with minor homozygous subjects. For rs174626, a recessive 

model was used by combining heterozygous with major homozygous subjects. The analyses were 

conducted using the R software, version 4.0.3 (R Foundation for Statistical Computing, Vienna, 

Austria) and the interface RStudio version 1.4.1717 (R studio, PBC, Boston, MA, USA). A two-tailed 

p-value of ≤ 0.05 was considered to be statistically significant. 
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Figure 5. Results of DNA sequencing and high-resolution melting (HRM) analyses. (A) sequencing analysis 

of rs174537 polymorphism (TT, GG, and GT genotypes), (B) HRM analysis of rs174537 polymorphism (TT, 

GG, and GT genotypes). 
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Figure 6. Results of DNA sequencing and high-resolution melting (HRM) analyses. (A) Sequencing analysis 

of rs953413 polymorphism (AA, GG, and AG genotypes), (B) HRM analysis of rs953413 polymorphism (AA, 

GG, and AG genotypes). 



Material and Methods 

48 

 

 

Figure 7. Results of DNA sequencing and high-resolution melting (HRM) analyses. (A) Sequencing analysis 

of rs174579 polymorphism (TT, CC, and CT genotypes), (B) HRM analysis of rs174579 polymorphism (TT, 

CC, and CT genotypes). 
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Figure 8. Results of DNA sequencing and high-resolution melting (HRM) analyses. (A) Sequencing analysis 

of rs174626 polymorphism (TT, CC, and CT genotypes), (B) HRM genotype analysis of rs174626 

polymorphism (TT, CC, and CT genotypes). 
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3.2     Effect of N-3 Polyunsaturated Fatty Acids on Telomere Length 

3.2.1  Search Strategy 

The search strategy, screening and selection criteria were developed according to the Preferred 

Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) Statement [169]. Clinical 

studies assessing the effect of n-3 PUFAs on telomere length, published up to 15 November 2021, 

were eligible for this analysis. On the other hand, exclusion criteria involved: studies not published 

in English language; articles that used secondary data; studies on animal models or in vitro 

experiments; observational studies; studies in individuals younger than 18 years of age. 

 A comprehensive systematic literature search was conducted in the following databases: 

PubMed, Web of Sciences, Scopus, and the Cochrane Library. Both controlled vocabulary and free 

text terms were used for the search. Using Boolean operators, we combined the following terms: 

"polyunsaturated fatty acids" OR "pufa" OR "unsaturated fatty acid" OR omega-3" OR "n-3" OR 

"n3" OR "ω-3" "docosahexaenoic acid" OR "DHA" OR "eicosapentaenoic acid" OR "EPA" OR 

"alpha linolenic acid" OR "ALA" AND "telomere" OR "telomeric" OR "telomere shortening" OR 

"telomere homeostasis" OR "telomere length" OR "telomere length maintenance" OR "telomere 

maintenance". Similar queries were used for controlled vocabulary search. 

3.2.2  Data Extraction and Quality Assessment  

Titles and abstracts obtained from all the databases were reviewed. The removal of duplicate records 

was conducted with a reference management software (EndNote X8; Clarivate Analytics, 

Philadelphia, PA, USA). The full texts were then screened, excluding all articles that did not meet the 

inclusion criteria. Disagreements were resolved by consensus. The following data were extracted and 

tabulated: author’s name, publication year, study country, study design, participant characteristics 

(sample size, age, gender, duration of intervention, and health status), intervention (type of n-3 PUFA, 

and dose), outcome assessment for telomere length, fluid analyzed, and results.  
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To assess the methodological quality and risk of bias of the included RCTs, the Cochrane risk 

of bias tool was used [170]. The tool evaluates 7 components: (1) sequence generation, (2) allocation 

sequence concealment, (3) blinding of participants and personnel, (4) blinding of outcome 

assessment, (5) incomplete outcome data, (6) selective outcome reporting, and (7) other bias. For 

non-randomized and single-arm clinical trials, Risk Of Bias In Non-randomized Studies - of 

Interventions (ROBINS-I) was used [171]. This tool assesses 7 components: (1) bias due to 

confounding, (2) bias in selection of participants into the study, (3) bias in classification of 

interventions, (4) bias due to deviations from intended interventions, (5) bias due to missing data, (6) 

bias in measurement of outcomes, and (7) bias in selection of the reported result. 

3.2.3  Meta-Analysis 

Continuous data were expressed as mean difference with a 95% confidence interval. The summary 

statistics were the number of participants, the mean change from baseline, and the standard deviation 

of the mean change. If change from-baseline scores were not provided post-test means and standard 

deviations were used. The mean difference was used to express the results across studies. The I2 test 

was used to describe the proportion of the total variation in the study estimates that is due to 

heterogeneity. The following grades were applied: <25% (very low), from 25 to <50% (low), from 

50 to <75% (moderate) and ≥75% (large) [172]. A random effects model was chosen for the meta-

analyses because this method of analysis is favored when there is evidence of heterogeneity among 

studies. To assess whether the pooled estimate was biased by the effect of any particular study, we 

also carried out a sensitivity analysis, recalculating the pooled estimate. The meta-analysis was 

conducted using the R Software, version 4.0.3 (R Foundation for Statistical Computing, Vienna, 

Austria) and the interface R-Studio version 1.4.1717 (R studio, PBC, Boston, MA, USA). A p-value 

< 0.05 was considered to be statistically significant. 
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3.3      Effect of Monounsaturated Fatty Acids on Sarcopenia 

3.3.1   Search Strategy 

This systematic review and meta-analysis were performed according to the PRISMA statement [169]. 

Studies were eligible for this study if they met the following criteria: (1) observational studies (cohort, 

case-control, cross-sectional) that evaluated the association between dietary or circulatory MUFA 

levels with sarcopenia defined as confirmed/severe sarcopenia, probable sarcopenia, sarcopenic 

index, or sarcopenia risk score; (2) included adult people (aged 18 years and more); and (3) studies 

published in English. On the contrary, the exclusion criteria included: (1) RCTs; and (2) studies with 

secondary data (conference abstracts, meta-analyses, reviews, letters, and case reports). The PICOS 

criteria (i.e., participants, interventions, comparisons, outcomes, and study design) used to define the 

research question are shown in Table 7. 

Table 7. PICOS criteria for inclusion of studies 

Parameter Description 

Participants People aged ≥18 years with and 

without sarcopenia 

Intervention/exposure Dietary or circulatory MUFA 

Comparison People with vs without sarcopenia 

Outcome Confirmed/severe sarcopenia, 

probable sarcopenia, sarcopenic 

index, sarcopenia risk score. 

Study design Observational studies (cohort, 

cross-sectional, case-control) 

MUFA, monounsaturated fatty acids. 

 

A systematic search was performed using three databases: PubMed, Scopus, and Web of 

Science. The following keywords and Boolean operators were used for the literature search: 
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("monounsaturated fatty acid" OR "monounsaturated fat" OR "MUFA" OR "palmitoleic acid" OR 

"oleic acid") AND ("sarcopenia" OR "sarcopenic" OR "muscular atrophy" OR "muscle strength" OR 

"muscle mass" OR "muscle fatigue" OR "physical performance"). At the same time, similar queries 

were respectively used for controlled vocabulary search: “monounsaturated fatty acids” [Mesh] AND 

“sarcopenia” [Mesh], INDEX TERMS “monounsaturated fatty acids” AND “sarcopenia”. The search 

was conducted from inception to August 2022.  

3.3.2   Data Extraction and Quality Assessment  

After removing duplicate records with the reference management software EndNote X9 (Clarivate 

Analytics, Philadelphia, PA, USA), titles and abstracts of retrieved articles were screened for 

eligibility. If an abstract did not provide enough information for evaluation, the full text was retrieved. 

Disagreements were resolved by consensus. A data extraction table for the included studies was then 

developed. The following information was extracted: the first author (along with the year of 

publication and country of the study), study design, participant characteristics (sample size, age, 

gender), exposure assessment, outcome measure and sarcopenia definition, and the main findings. 

Methodological quality assessments of the included studies were performed using the 

Newcastle-Ottawa Scale (NOS) for observational studies [173]. The NOS assesses three quality 

domains (selection, comparability, and outcome) divided into eight specific items. The NOS gives a 

maximum score of 9 points. Studies with NOS scores of 0-3, 4-6, and 7-9 were considered low, 

moderate and high quality, respectively [174]. 

3.3.3   Meta-Analysis 

The meta-analysis was conducted using the R Software, version 4.0.3 (R Foundation for Statistical 

Computing, Vienna, Austria) and the interface RStudio version 1.4.1717 (R studio, PBC, Boston, 

MA, USA). Mean values and standard deviations of MUFA levels were extracted for the meta-

analysis. The standardized mean difference (SMD) was used as a summary statistic because the 
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studies assessed the outcome using different techniques and tools. A p-value of less than 0.05 was 

considered to be statistically significant. Heterogeneity among studies was examined with I2 statistics 

[170]. Random-effects models were used for the analyses and the possibility of small study effects 

was assessed qualitatively by a visual estimate of the funnel plot and quantitatively by calculation of 

the Egger and Begg’s tests [175]. In addition, subgroup analyses were performed that included 

consideration of sarcopenic obesity, participants' age (<65 and ≥ 65 years to evaluate the aging effect), 

gender (men, women, and both), sarcopenia classification (confirmed/severe sarcopenia and probable 

sarcopenia), sarcopenia diagnostic criteria (the European Working Group on Sarcopenia (EWGSOP), 

[149], EWGSOP2 [150], the Asian Working Group for Sarcopenia (AWGS), and others), MUFA 

exposure assessment (dietary and circulatory), and MUFA levels unit (percent of total energy, percent 

of total fatty acids, gm/day, and MUFA/SFA ratio).  
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This section is organized as follows; the results of Study I and Study II are described together in 

Section 4.1., because the method described in Study I was used for analysis in Study II. Section 4.2 

is for Study III, and the last section (4.3) presents the results Study IV. 

 

4.1     Age-Associated Changes in Circulatory Fatty Acids 

4.1.1   Characteristics of Study Cohort 

Characteristics of the study population are presented in Table 8. One hundred and seventy-two 

healthy subjects with an age range of 18-111 years were included. Fifty-five percent of the study 

cohort were women. All participants were from Western and South-Western Sicily. The population 

was divided into three age groups, from adults to LLIs. Subjects in the older adults age class showed 

an increase in BMI (28.2 ± 4.6 kg/m²), with no gender effect. Regarding serum lipids, TC was low in 

LLIs compared to adults and older adults, whereas TG levels were not different among the groups. 

4. RESULTS 



Results 

 

57 

 

HDL levels of LLIs were not significantly different from those observed in adults and older adults. 

However, LLIs showed lower LDL levels than those observed in adults and older adults. Women had 

higher HDL levels compared to men. However, there was no effect of gender on the serum levels of 

TC, TG, and LDL. 

Table 8. Characteristics of study participants. 

Variable Adults Older adults LLIs 
Difference 

by gender 

Age range (y) 18-64 65-89 90-111  

Men/Women 34/35 28/26 15/34  

Weight (kg) 71.67 ± 15.11 74.04 ± 13.35 56.15 ± 13.60 a, b < 0.00001 * 

BMI (kg/m2) 25.17 ± 4.48 28.21 ± 4.60 c 25.10 ± 5.43 d 0.09 

TC (mg/dl) 179.28 ± 35.48 187.47 ± 28.54 163.29 ± 30.59 e, b 0.8 

HDL (mg/dl) 53.38 ± 14.28 53.94 ± 12.79 49.96 ± 12.78 0.00002 * 

LDL (mg/dl) 107.43 ± 27.38 112.23 ± 27.41 89.87 ± 24.98 f, b 0.06 

TG (mg/dl) 92.03 ± 49.41 111.04 ± 43.92 112.86 ± 49.99 0.9 

Data are represented as mean ± SD. a p ≤ 0.001, LLIs vs adults; b p ≤ 0.001, LLIs vs older adults; c p ≤ 0.01, 

older adults vs adults; d p ≤ 0.01, LLIs vs older adults; e p ≤ 0.05, LLIs vs adults; f p ≤ 0.01, LLIs vs adults. 

LLIs, long-lived individuals; BMI, body mass index; TC, total cholesterol; HDL, high-density lipoprotein; LDL, 

low-density lipoprotein; TG, triglyceride. *significant p-value. 

 

4.1.2  Gas Chromatography Method Development and Validation 

We used a practical and economical method involving the collection of a low volume of venous whole 

blood or capillary whole blood from finger prick on a DBS card, which provides compositional data 

within 1-2 days. The GC analysis could separate 22 fatty acids, including 11 PUFAs of interest in 1 

μl of the analyte within 40 mins, indicating that the method is sensitive and satisfactory. Additionally, 

the n-3 index, AA/EPA, and other index and ratios calculation utilize qualitative fatty acid values; 

therefore, the analysis is particularly suitable for DBS, as blood volumes are often unknown. As 

shown in Figure 9, the SP-2560 column separated individual FAMEs very well and overlapping was 



Results 

 

58 

 

not observed in the chromatogram. The calibration curves were created from five concentrations of 

each FAME in the standard mixture. According to US FDA guidelines, the lower limit of quantitation 

(LLOQ) was identified as the lowest point of the calibration curve, which can be determined with 80-

120% accuracy and an imprecision <20% [176]. The standard curves of the PUFAs were linear (r2 ≥ 

0.99), and the RSD was < 20 %. 

 

Figure 9. Gas chromatography-flame-ionization detector chromatogram for a standard mixture of 

fatty acid methyl esters using an SP-2560 column. 

 

4.1.3   Fatty Acid Profile of the Participants 

Total blood fatty acid profiles of the population by age group are presented in Table 9. Figure 10 

graphically depicts the age-associated changes in the blood levels of total n-3 PUFA, n-6 PUFA, 

MUFA, SFA and trans fatty acids. 

Compared with adults, we found that older adults, but not LLIs, have higher levels of ALA. 

The values of the DHA ratio in LLIs were similar to adults. However, the DHA value decreased in 

older adults compared to adults. Although not significantly, a trend towards a reduction in EPA levels 

with increasing age was also detected. Total n-3 PUFA decreased with age because of overall 
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decreases in EPA, n-3 DPA, and DHA levels. The reduction in the n-3 index was small but significant 

in older adults and LLIs with respect to adults.  

Total n-6 PUFA decreased with advancing age, primarily due to decreased LA and AA levels. 

The percentage of LA, the essential n-6 PUFA, significantly differed in LLIs compared to both adults 

and older adults, with the highest blood levels in adults and the lowest in LLIs. Mean levels of AA 

(the major n-6 PUFA in erythrocyte membranes) and DTA also decreased in LLIs. However, other 

LA metabolites, such as DGLA and n-6 DPA, were significantly higher in LLIs than in adults and 

older adults. No significant difference in AA/EPA and the n-6/n-3 ratio was observed among the 

groups. 

Total SFA compositions remained stable across the lifespan, and there were no gender 

differences. However, overlapping values and variations in the individual SFA were observed. In 

particular, the levels of the myristic acid (MC, 14:0) and PA were higher in LLIs compared to adults 

and older adults, even though the latter was not statistically significant. In contrast, STA and 

lignoceric acid (24:0) decreased with advancing age.  

We also found significant differences in between-group comparisons of total MUFA, with 

LLIs and adults showing the highest and lowest values, respectively. Consequently, the SFA/MUFA 

ratio decreased in LLIs compared to adults and older adults. Circulatory levels of the PA metabolite 

PLA were significantly different among the groups, with the highest values in LLIs compared to adult 

and older adult subjects. Likewise, OL increased with age, while similar blood levels of eicosenoic 

acid (20:1n-9) were observed among the study groups.  

Regarding trans fatty acids, the fatty acid profile from the LLIs showed a smaller percentage 

of 18:2n-6t, total trans fatty acids, and trans-fat index compared with both adult and older adult 

groups. Furthermore, the fatty acid profile from LLIs showed a reduced proportion of elaidic acid 

compared to adults.  
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Men and women were significantly different in n-3 DPA, DTA PLA, OL, lignoceric acid, 

elaidic acid, total MUFA, SFA/MUFA ratio, and trans-fat index. Women had lower n-3 DPA, DTA, 

lignoceric acid, elaidic acid, trans-fat index, and SFA/MUFA values, while men had lower PLA, OL, 

and total MUFA percentages. As a result of these differences, we included sex as a covariate in the 

subsequent analyses. In addition, we observed a significant interaction between age and gender with 

regard to n-3 DPA, LA, AA, and DTA (p ≤ 0.05). 

 

Figure 10. Mean values ± SD of total n-3 PUFA (A), total n-6 PUFA (B), total MUFA (C) and total 

trans fatty acids (D), expressed as % of total fatty acids, in 69 adults (18-64 years); 53 older adults 

(65-89 years) and 49 LLIs (90-111 years). a p ≤ 0.05, older adults vs adults; b p ≤ 0.05, LLIs vs adults; 

c p ≤ 0.001, older adults vs adults; d p ≤ 0.001, LLIs vs adults; e p ≤ 0.05, LLIs vs older adults; f p ≤ 

0.001, LLIs vs older adults; g p ≤ 0.01, LLIs vs older adults. PUFA, polyunsaturated fatty acids; 

MUFA, monounsaturated fatty acids; LLIs, long-lived individuals. Fatty acid levels are expressed as 

percentage of the total fatty acids. 
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Table 9. Fatty acid status among the study population by age-class 

Variable 
Adults 

(n =69) 

Older adults 

(n=54) 

LLIs 

(n = 49) 

Difference 

by gender 

ALA (%) 0.32 ± 0.15 0.39 ± 0.15 a 0.35 ± 0.13 0.1 

EPA (%) 0.79 ± 0.66 0.84 ± 0.76 0.64 ± 0.41 0.6 

n-3 DPA (%) 0.95 ± 0.33 0.80 ± 0.30 a 0.73 ± 0.25 b 0.002 * 

DHA (%) 3.71 ± 1.12 3.01 ± 1.19 a 3.22 ± 1.08 0.5 

Total n-3 PUFA (%) 5.78 ± 1.77 5.03 ± 2.00 c 4.94 ± 1.51 d 0.3 

n-3 index 5.54 ± 1.71 4.76 ± 1.93 a 4.70 ± 1.45 d 0.2 

LA (%) 23.23 ± 4.18 21.77 ± 3.78 19.66 ± 3.57 b, e 0.8 

GLA (%) 0.28 ± 0.1 0.33 ± 0.12 0.32 ± 0.16 0.9 

EA (%) 0.26 ± 0.04 0.26 ± 0.04 0.27 ± 0.04 0.3 

DGLA (%) 1.86 ± 0.45 1.90 ± 0.51 2.27 ± 0.59 b, f 0.07 

AA (%) 10.07 ± 2.27 9.16 ± 2.10 9.08 ± 1.85 d 0.6 

DTA (%) 1.05 ± 0.56 0.84 ± 0.39 0.82 ± 0.44 d 0.01 * 

n-6 DPA (%) 0.24 ± 0.10 0.23 ± 0.09 0.32 ± 0.11 b, g 0.1 

Total n-6 PUFA (%) 36.99 ± 3.35 34.50 ± 4.33 h 32.75 ± 3.25 b, e 0.6 

AA/EPA 18.38 ± 10.02 16.49 ± 8.84 18.36 ± 8.41 0.6 

n-6/n-3  6.99 ± 2.17 7.87 ± 3.07 7.19 ± 2.14 0.3 

PLA (%) 1.06 ± 0.48 1.64 ± 0.69 h 2.09 ± 0.85 b, e 0.01 * 

OL (%) 19.01 ± 3.00 21.60 ± 3.03 h 24.05 ± 3.66 b, g 0.02 * 

Eicosenoic acid (%) 0.22 ± 0.04 0.23 ± 0.06 0.24 ± 0.05 0.8 

NA (%) 1.98 ± 0.77 1.81 ± 0.67 1.52 ± 0.56 b 0.2 

Total MUFA (%) 22.27 ± 3.05 25.27 ± 3.19 h 27.90 ± 3.94 b, g 0.01 * 

MC (%) 0.62 ± 0.23 0.87 ± 0.36 h 0.78 ± 0.28 i 0.3 

PA (%) 22.59 ± 1.56 23.42 ± 2.24 24.20 ± 1.92 b 0.7 

STA (%) 10.09 ± 1.87 9.50 ± 1.62 8.49 ± 1.47 b, f 0.06 

Lignoceric acid (%)  1.13 ± 0.61 0.90 ± 0.39 0.51 ± 0.26 b, g 0.002 * 

Total SFA (%) 34.44 ± 2.79 34.69 ± 3.41 34.00 ± 2.49 0.06 

SFA/MUFA 1.58 ± 0.28 1.40 ± 0.23 h 1.25 ± 0.25 b, f 0.01 * 

16:1n-7t (%) 0.09 ± 0.02 0.10 ± 0.03 0.09 ± 0.03 0.9 

Elaidic acid (%) 0.08 ± 0.03 0.09 ± 0.03 0.07 ± 0.02 g 0.02 * 

18:2n-6t (%) 0.27 ± 0.12 0.22 ± 0.09 c 0.18 ± 0.10 b 0.1 

Total trans fatty 

acids (%) 
0.44 ± 0.13 0.40 ± 0.10 0.34 ± 0.11 b, f 0.06 

Trans-fat index 0.35 ± 0.13 0.31 ± 0.10 0.25 ± 0.10 b, f 0.02 * 

Data are represented as mean ± SD. a p ≤ 0.01, older adults vs adults; b p ≤ 0.001, LLIs vs adults; c p ≤ 0.05, 

older adults vs adults; d p ≤ 0.05, LLIs vs adults; e p ≤ 0.05, LLIs vs older adults; f p ≤ 0.01, LLIs vs older 

adults; g p ≤ 0.001, LLIs vs older adults; h p ≤ 0.001, older adults vs adults; i p ≤ 0.01, LLIs vs adults. For fatty 

acid abbreviations see the text. LLIs, long-lived individuals. *significant p value. Fatty acid levels are expressed 

as percentage of the total fatty acids. 
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We further estimated the D6D, D5D, and ADA desaturase activities reflected in n-3 and n-6 

PUFA among the three age classes (see Table 10). LLIs had a higher GLA concentration to AA levels 

than adults, which serves as an indirect marker of D6D enzyme activity. On the other hand, LLIs 

showed lower D5D enzyme activity than adults and older age groups, as estimated from AA to DGLA 

concentration levels. No effect of gender was observed.  

Table 10. Estimates of D5D and D6D, and ADA desaturase activity reflected in n-3 and n-6 

PUFA among the study population by age-class. 

Variable 
Adults 

(n =69) 

Older adults 

(n=54) 

LLIs 

(n = 49) 

Difference 

by gender 

D6D (GLA/LA) 0.010 ± 0.007 0.015 ± 0.006 a 0.020 ± 0.010 b 0.7 

D5D (AA/DGLA) 5.77 ± 1.95 5.09 ± 1.54 4.28 ± 1.47 c, b 0.07 

n-3 ADA (EPA/ALA) 3.20 ± 4.09 2.71 ± 3.64 2.00 ± 1.49 0.5 

n-6 ADA (AA/LA) 0.46 ± 0.17 0.44 ± 0.15 0.49 ± 0.18 0.8 

Data are represented as mean ± SD. a p ≤ 0.01, older adults vs adults; b p ≤ 0.001, LLIs vs adults; c p ≤ 0.05, 

LLIs vs older adults. LLIs, long-lived individuals; D6D, delta-6 desaturase; D5D, delta-5 desaturase; ADA, 

aggregate desaturase activity. 

 

The characterisation of the PUFA status in LLIs showed that there were no systematic 

differences between men and women, except for GLA (see Table 11). The average n-3 index was 

4.7±1.45. Around 63% of the participants had an n-3 index ranging between 4-8%, while 33% had 

an n-3 index < 4 %. As for the AA/EPA ratio, the average value was 18.36±8.41. Nearly 40% of the 

LLIs had an AA/EPA ratio less than 15, while the remaining participants had an AA/EPA ratio higher 

than 15. 

 

 



Results 

 

63 

 

Table 11. Blood polyunsaturated fatty acid status among LLIs. 

 
All LLIs 

(n=49) 

Women 

(n=34) 

Men 

(n=15) 

ALA (%) 

EPA (%) 

n-3 DPA (%) 

DHA (%) 

LA (%) 

GLA (%) * 

EA (%) 

DGLA (%) 

AA (%) 

DTA (%) 

n-6 DPA (%) 

n-3 Index 

AA/EPA 

n-6/n-3 

0.35 ± 0.13 

0.64 ± 0.41 

0.73 ± 0.25 

3.22 ± 1.08 

19.66 ± 3.57 

0.32 ± 0.16 

0.27 ± 0.04 

2.27 ± 0.59 

9.08 ± 1.85 

0.82 ± 0.44 

0.32 ± 0.11 

4.70 ± 1.45 

18.36 ± 8.41 

7.19 ± 2.14 

0.37 ± 0.13 

0.61 ± 0.42 

0.75 ± 0.27 

3.25 ± 1.20 

19.04 ± 3.06 

0.30 ± 0.17 

0.27 ± 0.04 

2.27 ± 0.62 

9.36 ± 1.89 

0.84 ± 0.48 

0.33 ± 0.10 

4.77 ± 1.60 

18.99 ± 8.87 

7.12 ± 2.30 

0.32 ± 0.12 

0.59 ± 0.24 

0.69 ± 0.19 

3.15 ± 0.77 

21.08 ± 4.31 

0.37 ± 0.14 

0.27 ± 0.05 

2.27 ± 0.53 

8.46 ± 1.65 

0.75 ± 0.35 

0.29 ± 0.11 

4.56 ± 1.05 

16.93 ± 7.36 

7.36 ± 1.77 

Data are represented as mean ± SD. LLIs, long-lived individuals. For polyunsaturated fatty acid 

abbreviations see the text. * p = 0.03. Fatty acid levels are expressed as percentage of the total 

fatty acids. 

 

4.1.4  Genetic Variants and their Association with Fatty Acid Profile 

The genotypes in the FADS1/2 gene cluster (rs174579, rs174626, and rs174537), ELOVL2 

(rs953413), and the intergenic rs529143 were determined in 98% (n = 168) of the participants (see 

Table 12). The genotype distribution for each of the examined SNPs was consistent with HWE 

(p>0.05). The minor allele frequency (MAF) of the SNPs ranged between 22 and 49%. No significant 

differences in the allelic frequencies were observed between the age groups. 
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Table 12. Allele and genotype frequency of rs174579, rs174626, rs174537, rs953413, and 

rs529143 polymorphisms among adults, older adults, and LLIs. 

SNP 
Gene 

(locus) 
Genotype 

Genotype and allele frequency Chi-square (p-value) 

Adults 
Older 

adults 
LLIs 

Adults vs 

LLIs 

Older adults 

vs LLIs 

N % N % N %   

rs174579 FADS1/2 

(chr11:61838141) 

CC 

CT 

TT 

MAF % 

43 

23 

3 

62 

34 

4 

21 

33 

16 

4 

62 

30 

8 

23 

25 

19 

2 

 

55 

41 

4 

25 

 

 

 

0.30 (0.6) 

 

 

 

0.05 (0.8) 

rs174626 FADS1/2 

(chr11:61869585) 

TT 

CT 

CC 

MAF % 

18 

35 

16 

26 

51 

23 

49 

9 

27 

17 

17 

51 

32 

42 

11 

23 

12 

 

24 

50 

26 

49 

 

 

 

0.06 (0.8) 

 

 

 

1.15 (0.3) 

rs174537 FADS1/2 

(chr11:61785208) 

TT 

GT 

GG 

MAF % 

8 

27 

34 

12 

39 

49 

31 

5 

28 

20 

9 

53 

38 

36 

5 

23 

18 

 

11 

50 

39 

36 

 

 

 

0.4 (0.5) 

 

 

 

< 0.01 (0.99) 

rs953413 ELOVL2 

(chr6:11012626) 

AA 

AG 

GG 

MAF % 

15 

32 

22 

22 

46 

32 

45 

11 

25 

17 

21 

47 

74 

44 

8 

28 

10 

 

17 

61 

22 

48 

 

 

 

0.09 (0.8) 

 

 

 

0.12 (0.7) 

rs529143 Intergenic 

(chr1:20125527) 

CC 

AC 

AA 

MAF % 

5 

31 

33 

7 

45 

48 

30 

4 

22 

27 

8 

41 

51 

28 

6 

18 

22 

 

13 

39 

48 

33 

 

 

 

0.10 (0.7) 

 

 

 

0.25 (0.6) 

SNP, single nucleotide polymorphism; LLIs, long-lived individuals; H-W; Hardy-Weinberg equilibrium, FADS, fatty acid 

desaturase; MAF, minor allele frequency; ELOVL2, elongase of very long fatty acids 2. *derived from Pearson’s chi-square 

test for Hardy-Weinberg Equilibrium. 

 

It was investigated whether the polymorphisms examined could alter blood PUFA levels and 

the desaturase indices in LLIs (see Table 13 and Table 14). A positive correlation was identified 

between rs174537 genotypes and blood levels of LA, eicosadienoic acid (EA, 20:2n-6), and DTA. 

The major allele carriers of rs174537 had significantly higher levels of DTA, but lower levels of LA 

and EA compared with the minor allele carriers. Similarly, the genotypes of rs953413 were associated 

with the DTA, where the presence of the minor allele (A) was associated with lower percentages of 

DTA. Regarding rs529143, levels of n-3 PUFA were observed. Although the major allele carriers had 

higher levels of all the observed n-3 PUFA, no significant correlation was observed.  
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Table 13. Associations between blood PUFA levels with rs174537, rs953413 and rs529143 

genotypes among LLIs. 

 Genotypes R-square (p-value) 

rs174537 G/G (n = 18) G/T (n = 23) T/T (n = 5)  

ALA (%) 0.40 ± 0.11 0.35 ± 0.15 0.33 ± 0.09 0.1 (0.2) 

EPA (%) 0.73 ± 0.44 0.64 ± 0.41 0.40 ± 0.24 0.04 (0.3) 

n-3 DPA (%) 0.74 ± 0.24 0.69 ± 0.20 0.60 ± 0.15 0.11 (0.1) 

DHA (%) 3.20 ± 0.99 3.29 ± 1.19 2.51 ± 0.47 -0.08 (0.8) 

LA (%) 19.85 ± 2.93 19.20 ± 2.21 23.44 ± 6.60 0.41 (0.0006) * 

GLA (%) 0.34 ± 0.22 0.33 ± 0.11 0.31 ± 0.08 0.11 (0.1) 

EA (%) 0.25 ± 0.04 0.28 ± 0.04 0.30 ± 0.08 0.27 (0.01) * 

DGLA (%) 2.07 ± 0.52 2.41 ± 0.64 2.60 ± 0.46 0.05 (0.3) 

AA (%) 9.48 ± 1.80 8.86 ± 1.85 7.77 ± 1.30 0.03 (0.3) 

DTA (%) 0.76 ± 0.28 0.73 ± 0.36 0.67 ± 0.08 0.51 (< 0.0001) * 

n-6 DPA (%) 0.30 ± 0.08 0.32 ± 0.16 0.27 ± 0.06 0.15 (0.08) 

rs953413 G/G (n = 10) A/G (n = 28) A/A (n = 8)  

ALA (%) 0.35 ± 0.13 0.35 ± 0.12 0.43 ± 0.14 0.14 (0.09) 

EPA (%) 0.68 ± 0.52 0.65 ± 0.43 0.60 ± 0.16 0.04 (0.3) 

n-3 DPA (%) 0.74 ± 0.28 0.69 ± 0.02 0.69 ± 0.11 0.08 (0.2) 

DHA (%) 3.16 ± 1.22 3.26 ± 1.09 2.87 ± 0.81 -0.07 (0.7) 

LA (%) 19.8 ± 2.39 20.43 ± 3.82 18.27 ± 1.96 0.06 (0.2) 

GLA (%) 0.29 ± 0.10 0.36 ± 0.19 0.29 ± 0.07 0.1 (0.2) 

EA (%) 0.25 ± 0.03 0.29 ± 0.05 0.25 ± 0.04 -0.01 (0.5) 

DGLA (%) 2.03 ± 0.69 2.39 ± 0.55 2.31 ± 0.61 -0.1 (0.9) 

AA (%) 9.21 ± 2.30 8.98 ± 1.86 8.67 ± 1.00 -0.002 (0.4) 

DTA (%) 0.74 ± 0.31 0.74 ± 0.34 0.71 ± 0.19 0.50 (< 0.0001) * 

n-6 DPA (%) 0.29 ± 0.12 0.31 ± 0.09 0.31± 0.08 0.06 (0.2) 

rs529143 A/C + A/A (n = 40) C/C (n = 6)  

ALA (%) 0.37 ± 0.13 0.36 ± 0.10 0.13 (0.09) 

EPA (%) 0.65 ± 0.44 0.61 ± 0.15 0.05 (0.2) 

n-3 DPA (%) 0.72 ± 0.22 0.60 ± 0.13 0.15 (0.06) 

DHA (%) 3.20 ± 1.12 2.99 ± 0.58 -0.06 (0.7) 

Total n-3 PUFA (%) 4.93 ± 1.58 4.57 ± 0.75 -0.04 (0.6) 

Data are represented as mean ± SD. LLIs, long-lived individuals. For PUFA abbreviations see the text. 

*significant p-value. Fatty acid levels are expressed as percentage of the total fatty acids. 
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Additionally, desaturase activities were estimated by calculating the product/precursor ratio 

as indices to evaluate the potential differences in desaturase activities among the LLIs grouped by 

rs174579 and rs174626 genotypes. The differences were observed for D6D, D5D, n-3 ADA, and n-6 

ADA activities, where the D6D index differed significantly between major and minor allele carriers 

of both rs174579 and rs174626 after adjustment for covariates (see Table 14). The D6D estimated as 

AA/DGLA ratio was lower in the minor allele carriers compared to the major allele carriers for 

rs174579. The relationships were contrary for rs174626, where the minor allele carriers had a higher 

D6D index than major allele carriers. Neither D5D, n-3 ADA, nor n-6 ADA was associated with 

rs174579 genotypes. Likewise, for rs174626 genotypes, no differences in their PUFA 

product/precursor ratios were found for D5D, n-3 ADA, and n-6 ADA. 

Table 14. Estimates of D5D and D6D, and ADA desaturase activity reflected in n-3 and n-

6 PUFA with rs174579 and rs174626 genotypes among LLIs. 

 Genotype 
Adjusted R-square  

(p-value) 

rs174579 C/C (n = 25) C/T + T/T (n = 21)  

D6D activity (GLA/LA) 0.018 ± 0.008 0.016 ± 0.006 0.18 (0.04) * 

D5D activity (AA/DGLA) 4.59 ± 1.51 3.71 ± 1.20 0.09 (0.1) 

n-3 ADA activity (EPA/ALA) 2.09 ± 1.38 1.80 ± 1.57 -0.01 (0.5) 

n-6 ADA activity (AA/LA) 0.50 ± 0.13 0.43 ± 0.13 0.16 (0.07) 

rs174626 T/T (n = 11) C/C + C/T (n = 35)  

D6D activity (GLA/LA) 0.018 ± 0.011 0.017 ± 0.006 0.17 (0.04) * 

D5D activity (AA/DGLA) 5.12 ± 2.00 3.89 ± 1.08 0.08 (0.2) 

n-3 ADA activity (EPA/ALA) 1.66 ± 1.10 2.05 ± 1.56 -0.04 (0.6) 

n-6 ADA activity (AA/LA) 0.52 ± 0.15 0.45 ± 0.13 0.14 (0.08) 

Data are represented as mean ± SD. LLIs, long-lived individuals. D6D, delta‐6‐desaturase; D5D, delta-5-desaturase; ADA, 

aggregate desaturase activity. *significant p value. 
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4.2      Effect of N-3 Polyunsaturated Fatty Acids on Telomere Length 

4.2.1   Study Selection and Characteristics 

As shown in Figure 11, the combined search resulted in 573 published studies from the four 

databases, among which 313 were duplicates. After evaluation of title and abstract, 241 records were 

discarded because they did not meet the inclusion criteria. The remaining 19 articles were examined 

for eligibility assessment through full-text reading. Of these, 14 records did not meet the eligibility 

criteria. Therefore, a total of 5 studies were included in the final analysis.  

 

 

Figure 11. PRISMA flow diagram of the meta-analysis study on the effect of n-3 PUFAs on telomere 

length. 
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The 5 included clinical studies were conducted between 2013 and 2019 [142, 177-180]. Three 

out of the 5 studies selected were RCTs. The sample size ranged from 33 to 106 subjects per study 

with an average number of 67.4 participants. The clinical trials varied in time duration from 2 to 12 

months. The age of all participants varied from 33 to > 65 years. Three studies assessed both men and 

women, one study assessed only women, and 1 study did not provide information about sex of 

participants. Quantitative PCR was the preferred method for measuring telomeres and 1 study used 

quantitative‑fluorescent in situ hybridization. The characteristics of all the included studies are 

presented in Table 15.  

4.2.2  Meta-Analysis 

Overall, five clinical trials were meta-analyzed that involved a total of 337 participants. Using a 

random effect model, the meta-analysis showed a statistically significant effect of n-3 PUFA 

supplementation on telomere length (mean difference = 0.16; 95% CI, 0.02, 0.30; p = 0.02) (Figure 

12A). However, there was significant evidence of high heterogeneity (I2 = 85%) in the overall 

analysis. Thus, a sensitivity analysis was conducted by omitting 1 study with no control from the 

primary analysis and recalculating the effect size. After the sensitivity analysis, the positive effects 

of n-3 PUFAs on telomere length remained significant (mean difference = 0.21; 95% CI, 0.07, 0.36; 

p < 0.01) (Figure 12B). Although the heterogeneity was reduced to I2 = 69%, the grade remained 

moderate.  
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Table 15. Characteristics of the included clinical trials in the meta-analysis on the effect of n-3 PUFAs on telomere length. 

Study 

(Author, year, Ref.) 
Country Design Study characteristics Intervention 

Telomere length 

assessment method 
Fluid analysed Results 

Balcerczyk et al., 2014 

[177] 

 

Poland Intervention trial 66 women (age range 35-55 y) 

Duration: 3 months 

Condition: healthy 

n-3 PUFAs (1350 

mg/d) 

qPCR (T:S ratio) Blood No effect on telomere 

length. 

 

Barden et al.,  

2016 [178] 

 

Australia Randomized 

double-blind 

placebo-controlled 

trial 

85 subjects (mean age 56.5 ± 1.4 y) 

(men and women) 

Duration: 2 months 

Condition: kidney disease 

n-3 PUFAs (4 g/d) qPCR (kb/genome) Blood Significant increase of 

neutrophil telomere length 

after correction for 

neutrophil count 

(p = 0.015). 

Kiecolt-Glasera et al., 

2013 [142] 

 

USA Randomized 

double-blind 

placebo-controlled 

trial 

106 subjects (mean age 50.7 y) 

(37 men and 69 women) 

Duration: 4 months 

Condition: overweight 

n-3 PUFAs (2.5 g/d 

or l.25 g/d)  

qPCR (bp) Blood Telomere length increased 

but not significantly 

O’Callaghan et al., 

2014 [179] 

 

Australia Randomized 

double-blind 

controlled pilot 

study 

33 subjects (age > 65 y) 

Duration: 6 months 

Condition: mild cognitive 

impairment 

EPA-rich fish oil 

(1.67 g EPA + 0.16 g 

DHA/d) or DHA-rich 

fish oil (1.55 g DHA 

+ 0.40 g EPA/d) 

qPCR (kb/genome) Blood Significant reduction of 

telomere shortening 

(p < 0.02) 

Tsoukalast et al.,  

2019 [180] 

 

Greece Intervention trial 47 subjects (mean age 47.1 y) 

(24 men and 23 women) 

Duration: 6-12 months 

Condition: healthy 

ALA (370 mg/d); 

EPA (312,6 mg/d); 

DHA (154,2 mg/d) 

Q‑FISH (bp) Blood Significant increase in 

telomere length 

(p < 0.05) 

Abbreviations: PUFAs, polyunsaturated fatty acids; qPCR, quantitative real-time polymerase chain reaction; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; ALA, alpha-linolenic acid; 

Q‑FISH, quantitative‑fluorescent in situ hybridization. 
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Figure 12. Forest plots showing the effect of n-3 PUFAs on telomere length. A) Forest plot of the 

overall analysis. B) Forest plot of the sensitivity analysis.  

Furthermore, the publication bias was assessed using funnel plots. As shown in Figure 13, 

the funnel plot analysis revealed that the risk of publication bias was low. Results for the risk of bias 

are shown in Table 16 and Figure 14. The critical appraisal tools of the intervention trials show good 

quality in the methodology.  
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Figure 13. Funnel plots of risk of publication bias of the included studies in the meta-analysis on the 

effects of n-3 PUFAs on telomere length. (A) Overall analysis. (B) Sensitivity analysis. 
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Table 16. Quality assessment of the included interventional trials in the meta-analysis on the effect of n-3 PUFAs on telomere length 

Articles 
Random sequence 

generation 

Allocation 

concealment 

Blinding of 

participants and 

personnel 

Blinding of 

outcome 

assessment 

Incomplete 

outcome data 

(attrition bias) 

Selective 

reporting 
Other bias 

Barden 2016 Low Low Low Low Unclear Low Low 

Kiecolt-Glasera 

2013 
Low Low Low Low Low Low Low 

O’Callaghan 

2014 
Low Low Low Low Low Low Low 

 

Bias due to 

confounding 

Bias in selection 

of 

participants into 

the 

study 

Bias in 

classification of 

interventions 

Bias due to 

deviations 

from intended 

interventions 

Bias due to 

missing 

data 

Bias in 

measurement of 

outcomes 

Bias in selection 

of the 

reported result 

Balcerczyk 2014 - - - Low Low Low Low 

Tsoukalast 2019 Moderate Low Low Low Low Low Low 
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Figure 14. Results for the risk of bias in the meta-analysis on the effect of n-3 PUFAs on telomere 

length. (A) Risk of bias graph. (B) Risk of bias summary.  
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4.3     Effect of Monounsaturated Fatty Acids on Sarcopenia 

4.3.1  Study Selection and Characteristics 

The PRISMA flow diagram of the systematic review and meta-analysis on the association between 

MUFA intake and sarcopenia is presented in Figure 15. A total of 414 potentially relevant articles 

(PubMed: 60, Scopus: 300, and Web of Science: 54) were yielded during initial literature searches. 

After eliminating 112 duplicated articles, 302 articles were screened by titles and abstracts. 

Eventually, a total of 12 articles were identified to be included in our study [181-192]. 

 

Figure 15. PRISMA flow diagram of the systematic review and meta-analysis on the association 

between MUFA intake and sarcopenia. 
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The main characteristics of the included studies are presented in Table 17. The studies were 

published between 2006 and 2021. The countries in which the studies were conducted were Spain 

[181, 183], Brazil [184, 185], Japan [188, 190], Canada [182], Iran [186], Finland [187], the 

Netherlands [191], and UK [192], and one study was conducted in multiple European countries [189]. 

All studies included both men and women, except for one study that included only men [187] and 

one that included only women [182]. The sample size ranged from 22 to 1535 subjects. The diagnostic 

criteria for sarcopenia were the EWGSOP [183], the EWGSOP2 [185-187, 189, 191], the AWGS 

[188, 190], and other diagnostic criteria [181, 182, 184, 192]. Two studies measured circulatory 

MUFA levels [188, 191], whereas the remaining ten studies estimated dietary intake of MUFA. The 

dietary MUFA were determined by food-frequency questionnaire (FFQ) [181, 186], 24-hour dietary 

recall [183, 185], 3-day food diary [187, 192], 7-day food diary [189], dietary recall questionnaires 

[184], and brief-type self-administered diet history questionnaire (BDHQ) [190].  

The quality of the included studies, based on NOS quality assessment, is shown in Table 18. 

One study achieved NOS scores of 6 (moderate quality) [182], and 11 studies was rated as “high” 

quality (7-9 points) [181, 183-185, 187-190, 192, 193].  

4.3.2  Meta-Analysis 

Two of the 12 studies were excluded from the meta-analysis because the required pooling data were 

unavailable [189, 194]. These studies involved a total of 3704 participants. The overall combined 

SMD showed that the dietary or circulatory MUFA level is inversely associated with the risk of 

sarcopenia (SMD = -0.28, 95% CI: -0.46 to -0.11; p <0.01) (Figure 16). A high level of heterogeneity 

was found among the studies (I2 = 79%, p <0.01). The funnel plots showed no evidence of publication 

bias in the included studies (Figure 17). Likewise, Egger’s and Begg’s rank tests detected no evidence 

of publication bias (p = 0.09 and p = 0.7, respectively).
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Table 17. Characteristics of the included studies of the systematic review and meta-analysis on the association between MUFA intake and sarcopenia. 

Study (author, 

year, country, 

reference) 

Design 
Participant 

characteristics 

Assessment of 

MUFA levels 
Outcome measure Sarcopenia definition Main findings 

Abete 2019, Spain 

[181] 

Cross-sectional 

from the 

PREDIMED-Plus 

trial 

1535 subjects 

(mean age 65.2 y) 

48% women 

143-item semi-

quantitative FFQ 

Skeletal muscle mass index by 

DXA 

Sarcopenic index 

tertiles (women: T1: 

<21.0% and T3: 

≥22.7; men: T1: 

<26.3% and T3: 

≥28.5%) 

No difference in dietary 

MUFA levels between tertiles 

of sex-specifict sarcopenic 

index 

Aubertin-

Leheudre 2006, 

Canada [182] 

Cross-sectional 

22 obese postmenopausal 

women 

(mean age 66 y) 

3-day dietary 

record 
Muscle mass index by DXA 

Muscle mass index 

<14.30 kg fat-free 

mass/m2 

No difference in diettay 

MUFA levels between 

sarcopenic-obese and non-

sarcopenic-bese subjects 

Bibiloni 2018, 

Spain [183] 
Cross-sectional 

380 subjects 

(age range 55-80 y) 

54% women 

24-hour dietary 

recall 

Muscle strength by HGS test 

and physical performance by 

8-f TUG test 

EWGSOP 

Significant lower MUFA 

levels in subjects with low 

HGS compared to those 

normal HGS (p = 0.001) 

De-franca 2020, 

Brazil [184] 

Cross-sectional 

from ISA-Capital 

2015 and 2015 

ISA-Nutrition 

studies 

218 community-dwelling 

adults 

(mean age 63 y) 

52% women 

Dietary recall 

questionnaires 

Muscle mass by DXA, muscle 

strength by HGS test, and 

physical function by 4-m 

walking test 

Muscle mass <0.789 

for men and <0.512 

for women 

No difference in dietary 

MUFA levels between 

osteosarcopenic obese and 

normal subjects 
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Dos Reis 2021, 

Brazil [185] 
Cross-sectional 

125 kidney transplant 

patients 

(mean age 48 y) 

32% women 

24-hour dietary 

recall 

Appendicular muscle mass by 

BI, muscle strength by HGS 

test, and physical performance 

by 4-m walking test 

EWGSOP2 

Significant lower MUFA 

levels in sarcopenic subjects 

compared to non-sarcopenic 

subjects (p = 0.005) 

Esmaeily 2021, 

Iran [186] 
Cross-sectional 

201 community-dwelling 

older adults 

(mean age 65.72 y) 

77% women 

147-item 

semiquantitative 

FFQ 

Muscle strength by HGS test 

Prosarcopenia 

according to 

EWGSOP2 

Higher ratio of MUFA and 

PUFA to SFA in subjects with 

a low prosarcopenia scores 

compared to high 

prosarcopenia scores (p = 

0.03) 

Jyvakorpi 2020, 

Finland [187] 

Cross-sectional 

from HBS study  

126 men 

(mean age 87 y) 
3-day food diary 

Appendicular muscle mass, 

muscle strength, and physical 

performance by SPPB 

EWGSOP2 

Significant negative 

association between MUFA 

levels and sarcopenia (p = 

0.01) 

Katoh 2020, Japan 

[188] 

Retrospective 

cross-sectional 

study 

308 cardiovascular 

patients 

(mean age 72 y) 

43.5% women 

Serum MUFA 

levels 

Muscle mass by BI, muscle 

strength by HGS test, and 

physical performance by gait 

speed test 

AWGS 

Low serum levels of OL (p = 

0.005) and high serum levels 

of NA (p < 0.001) and erucic 

acid (p < 0.001) in sarcopenic 

subjecrs compared to non-

sarcopenic subjects 

Montiel-rojas 

2020, European 

countries [189] 

Cross-sectional 

from NU-AGE 

Cohort 

986 older adults 

(age range 65-79 y) 

%58 women 

7-day food record 

Skeletal muscle mass by DXA 

and muscle strength by HGS 

test 

Sarcopenia risk score 

according to 

EWGSOP2 

No significant association 

between MUFA levels and 

sarcopenia risk score 
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Otsuka 2021, 

Japan [190] 

Cross-sectional 

from the fifth 

survey of the 

ROAD Study 

1345 community-

dwelling subjects 

(mean age 71.2 y) 

67.5% women 

BDHQ 

Muscle mass by BI, muscle 

strength by HGS test, and 

physical performance by 6-m 

walking test 

AWGS 

Significant lower MUFA 

levels in sarcopenic subjects 

compared to non-sarcopenic 

subjects (p = 0.01) 

ter Borg 2018, 

Netherlands [191] 

Cross-sectional 

Maastricht 

Sarcopenia study 

227 older adults 

(age ≥65 y) 

52% women 

Blood MUFA 

levels 

Skeletal muscle mass by BI, 

muscle strength by HGS test, 

and physical performance by 

gait speed test and chair stand 

test 

EWGSOP 

No significant association 

between MUFA levels and 

sarcopenia 

Verlaan 2017, UK 

[192] 

Case-control from 

PROVIDE study 

132 older adults 

(mean age 71 y) 

39% women 

3-day food diary 

Appendicular muscle mass by 

DXA, muscle strength by HGS 

test, and muscle function by 

SPPB 

SPPB score of 4-9, 

muscle mass index 

<37% for men and 

<28%  for women, 

and BMI 20-30 

kg/m2 

No significant difference in 

MUFA levels between 

sarcopenic and non-sarcopenic 

subjects 

FFQ, food frequency questionnaires; DXA, dual-energy X-ray absorptiometry; MUFA, monounsaturated fatty acids; HGS, handgrip strength; 8-f TUG, eight-foot time up-and-go; 

EWGSOP, the European working group on sarcopenia in older people; BI, bioimpedance; EWGSOP2, revised EWGSOP; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; 

SPPB, short physical performance battery; AWGS, the Asian working group for sarcopenia; OL, oleic acid; NA, nervonic acid, BDHQ, brief-type diet history questionnaire; BMI, body 

mass index. * the values < 0.789 for men and <0.512 for women were used in the De-franca 2020 as cutpoints for low muscle mass based on the Foundation for the National Institutes 

of Health Sarcopenia Project. 
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Table 18. Risk of bias assessment of the included studies of the systematic review and meta-

analysis on the association between MUFA intake and sarcopenia 

Study Selection Comparability Outcome Total No. stars Quality of study 

Abete 2019 *** ** ** 7 High 

Aubertin-Leheudre 2006 *** * ** 6 Moderate 

Bibiloni 2018 *** ** ** 7 High 

De-franca 2020 *** ** ** 7 High 

Dos Reis 2021 *** ** ** 7 High 

Esmaeily 2021 *** ** ** 7 High 

Jyvakorpi 2020 *** ** ** 7 High 

Katoh 2020 *** ** ** 7 High 

Montiel-rojas 2020 *** ** ** 7 High 

Otsuka 2021 *** ** ** 7 High 

ter Borg 2018 *** ** ** 7 High 

Verlaan 2017 *** ** *** 8 High 

 

 

Figure 16. Forest plot showing the effect of dietary or circulatory levels of MUFA on sarcopenia in 

10 observational studies. 
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Figure 17. Funnel plot for publication bias of the systematic review and meta-analysis on the 

association between MUFA intake and sarcopenia. 

The results of the subgroup analyses are shown in Table 19. The pooled analysis of three 

studies that involved 1087 subjects with sarcopenic obesity did not show a significant association 

between MUFA intake and sarcopenic obesity (SMD = 0.11, 95% CI -0.01 to 0.22, p = 0.08). Eight 

studies on 3532 people over 65 years of age confirmed a significant effect of MUFA on sarcopenia 

(SMD = -0.26, 95% CI: -0.45 to -0.07, p < 0.01). The remaining 2 studies involved 172 subjects with 

an overall mean age less than 65 years, and the pooled analysis showed a negative, although not 

significant, association between MUFA levels and sarcopenia (SMD = -0.45, 95% CI: -0.92 to 0.02, 

p = 0.06). Likewise, eight studies included both men and women and showed a negative association 

(SMD = -0.26, 95% CI: -0.45 to -0.07, p < 0.01). Regarding the diagnostic criteria of sarcopenia, the 

significant result existed in EWGSOP2 (SMD = -0.46, 95% CI: -0.71 to -0.21; p <0.01) and AWGS 

(SMD = -0.33, 95% CI: -0.50 to -0.15; p <0.01), but lost in others (SMD = -0.09, 95% CI: -0.02 to 

0.20; p = 0.12). 
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Table 19. Subgroup analyses on the effects of MUFA on sarcopenia 

 No. of studies No. of participants I2 (%) SMD (95% CI) p-value 

Overall 10 3704 79.0 -0.28 (-0.46, -0.11) < 0.01 

Sarcopenic obesity 3 1087 0.0 0.11 (-0.01, 0.22) 0.08 

Age 

≥65 years  

<65 years 

 

8 

2 

 

3532 

172 

 

82.0 

34.0 

 

-0.26 (-0.45, -0.07) 

-0.45 (-0.92, 0.02) 

 

<0.01 

0.06 

Gender 

Women 

Men 

Women and Men  

 

1 

1 

8 

 

18 

126 

3560 

 

- 

- 

82.0 

 

0.00 (-0.92, 0.92) 

-0.59 (-0.95, -0.22) 

-0.26 (-0.45, -0.07) 

 

- 

- 

< 0.01 

Sarcopenia classification 

Confirmed/severe sarcopenia 

Probable sarcopenia 

 

7 

 

2 

 

3028 

 

300 

 

42.0 

 

46.0 

 

-0.26 (-0.41, -0.11) 

 

-0.41 (-0.74, -0.08) 

 

<0.01 

 

0.01 

Sarcopenia diagnostic tool 

EWGSOP 

EWGSOP2 

AWGS 

Others 

 

1 

3 

2 

4 

 

380 

452 

1653 

1219 

 

- 

26.0 

0.0 

0.0 

 

-0.53 (-0.77, -0.30) 

-0.46 (-0.71, -0.21) 

-0.33 (-0.50, -0.15) 

-0.09 (-0.02, 0.20) 

 

- 

<0.01 

< 0.01 

0.12 

Exposure assessemnt 

Dietary 

    FFQ 

    Dietary recall 

Circulatory  

 

9 

2 

7 

1 

 

3396 

1223 

2173 

308 

 

80.0 

84.0 

34.0 

- 

 

-0.27 (-0.47, -0.07) 

-0.06 (-0.44, 0.32) 

-0.37 (-0.55, -0.19) 

-0.37 (-0.63, -0.11) 

 

< 0.01 

0.6 

< 0.01 

- 

MUFA intake expressed as 

Percent of total energy 

Percent of total FA  

Grams/day  

MUFA/SFA ratio 

 

6 

1 

3 

2 

 

1832 

308 

1488 

327 

 

87.0 

- 

0.0 

0.0 

 

-0.29 (-0.57, -0.01) 

-0.37 (-0.63, -0.11) 

-0.28 (-0.48, -0.08) 

-0.34 (-0.57, -0.12) 

 

0.04 

- 

<0.01 

<0.01 

MUFA, monounsaturated fatty acids; SMD, standardized mean difference; EWGSOP, the European Working Group 

on Sarcopenia in Older People; EWGSOP2, revised EWGSOP; AWGS, the Asian Working Group for Sarcopenia; 

FFQ, food frequency questionnaires; SFA, saturated fatty acids. 
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The above findings were also confirmed in dietary MUFA levels (SMD = -0.27, 95% CI: -0.47 to -

0.07, p <0.01), considering dietary recall tools (SMD = -0.37, 95% CI: -0.55 to -0.19, p <0.01). 

Additionally, MUFA levels expressed as a percent of total energy (SMD = -0.29, 95% CI: -0.57 to -

0.01, p = 0.04), grams/day (SMD = -0.28, 95% CI: -0.48 to -0.08, p < 0.01), and MUFA/SFA ratio 

(SMD = -0.34, 95% CI: -0.57 to -0.12, p <0.01) showed significant negative associations between 

MUFA and sarcopenia. 
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The work in this thesis has examined the role of fatty acids in aging process. We hypothesized that 

blood fatty acids, mirroring the whole-body status, could signify physiological decline and better 

aging. We determined blood fatty acid profile in 69 adults (18-64 years old), 54 older adults (65-89 

years old), and 49 LLIs (90-111 years old) from Southern Italy. The results showed that LLI 

population from this area have a distinctive fatty acid profile, characterized by significantly high 

MUFA levels. In addition, we found that supplementation of n-3 PUFAs is positively associated with 

telomere length in clinical trials. Furthermore, we observed that MUFA intake may mediate a 

negative association with the incidence of sarcopenia. These findings added new evidence in the 

literature of the important role of fatty acids on aging process and age-related phenotypes. 

5.1   General Discussion 

5.1.1   Implications 

The findings in this thesis largely corroborate previous research of the same topics. However, our 

studies also highlight the importance of fatty acids in healthy aging from novel perspectives. In Study 

5. DISCUSSIONS 
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I, we applied a method based on GC-FID analysis, the results from which showed a precise and 

accurate determination of fatty acid profile from low volume blood samples. In Study II, we 

observationally analysed a cohort of 172 participant aged from 18-111 years to characterize the age-

related changes in fatty acid profile and to examine the effect of genetic variants of fatty acid profile. 

The results showed differences in fatty acids profile among the age groups studied, implying a change 

in physical properties of the blood cell’s membrane with advancing age. In addition, the results 

suggested the MUFA is potential marker of extreme longevity in this LLI population from Southern 

Italy. While in Study III and IV we exploited data from RCTs and observational studies to meta-

analytically analyse the correlation between n-3 PUFAs and MUFA with telomer length and 

sarcopenia occurrence, respectively. If no biases are present, then supplementation of n-3 PUFAs is 

associated with longer telomer, and higher MUFA intakes reduce the risk of sarcopenia. The 

following discussions might serve as an introduction to the unanswered questions.  

5.1.2    Age-Associated Changes in Fatty Acid Profile 

Over the past decade, various epidemiological studies on genetic, demographic, and phenotypic 

characteristics of longevity support that LLIs are an ideal model of healthy human aging [13-15]. 

Despite decreased physical functioning, LLIs have a high ability to adapt to age-associated 

challenges, and the majority of them endure or escape diseases that cause death at younger ages [15]. 

We determined blood fatty acid profile in a cohort of 172 subjects from Southern Italy and assessed 

the role of gender in determining the blood fatty acid composition. The results showed differences in 

fatty profile among the different age groups, indicating age-associated changes in physical properties 

of the blood cell’s membrane. 

Compared with adults, we found that older adults, but not LLIs, have higher levels of ALA, which is 

indicative of an accumulation of the precursor of n-3 PUFA metabolic pathways. Despite the high 

ALA levels, DHA levels were significantly reduced in older adults compared to adults. The reduced 
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DHA levels among older adults might be explained by the age-associated decline in enzyme activity 

or decreased absorption of DHA. Despite their age, the LLIs maintained DHA levels similar to adults. 

Similar data have been reported previously in a population from central Italy, in which higher 

erythrocyte membrane levels of DHA in centenarians were observed compared with elderly (61 to 99 

years old) subjects [195]. Moreover, Puca et al. have examined fatty acid profile of erythrocyte 

membranes as possible biomarker of longevity by studying another model of successful aging and 

longevity, i.e., nonagenarian children [4]. They demonstrated a number of modifications of the 

erythrocyte membrane components including an increase in 3-PUFA compared to the older 

population. The results of the genetic analysis did not indicate a role of the genetic loci in modulating 

the lipid composition observed in nonagenarian offspring erythrocyte membranes. In agreement with 

this, the conversion rate from ALA to EPA and especially to DHA is described to be low [196, 197]. 

Thus, it is clear that DHA values are lower in older adults than in adults but not in centenarians and 

that apparently genetics do not play a role. Concerning the possible role of diet to explain the 

differences between older adults and LLIs, in a survey (Aiello et al., 2021 quoted [20]), no dietary 

differences was noted between these two populations. Thus, further studies are needed to go insight 

to this difference between older adults and LLIs. 

Regarding EPA, there was a trend in decreasing its amounts with age, but this change did not 

reach a significant level. Nishihira et al. reported similar results among community-dwelling 

octogenarians (80 and 94 years old) in Okinawa, in which serum EPA levels did not change 

significantly with increasing age [198]. In contrast, other studies in different populations have 

demonstrated that increasing age predicts higher circulatory n-3 PUFA, especially EPA and DHA 

[199-201]. Increasing EPA and DHA with age in these studies is suggested to be an artifact, resulting 

from older people consuming more fish and n-3 supplements than younger people [202]. Therefore, 

it is speculated that aging may not augment n-3 PUFA, but greater n-3 PUFA levels may promote 

longevity. 
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There was also a small but significant reduction in the n-3 index in older adults and LLIs 

compared to adults. The n-3 index is associated with a lower risk of fatal CHD [203]. The 

cardioprotective target level for the n-3 index is around 8%, and the level associated with the 

increased risk for CHD death is <4% [204]. A systematic review of healthy adults showed high % 

EPA + DHA values (> 8 %) in European countries, such as Denmark and Norway, and moderate n-3 

index values (> 4-6 %) in Finland and Sweden. In contrast, very low blood levels were observed in 

Italy (≤ 4%) [205]. The majority of the LLIs in the present study had an average n-3 index between 

4 and 8 % (67%, n = 33), while the n-3 index in 33% (n = 16) of LLIs was <4 %. The average 

moderate value of the n-3 index suggests a decreased risk for chronic diseases among LLIs in this 

study. 

Regarding n-6 PUFA, LA levels were inversely associated with age in our study. A similar 

trend was seen in other studies, where the plasma LA declined with age [206, 207]. The reason for 

the inverse relations between age and LA levels is not well understood. One possible explanation 

would be a change in dietary LA intake [202]. While the increase in LA value was reflected by the 

level of its D5D metabolite AA, other important LA metabolites, such as DGLA, were higher in LLIs 

than in adults and older adults. DGLA is a product of GLA and a precursor of AA that acts as a 

substrate for cyclooxygenases and lipoxygenases to produce anti-inflammatory eicosanoids [208]. 

AA, the primary n-6 PUFA in the erythrocyte membrane, is a precursor to several pro-inflammatory 

mediators, such as prostaglandins and leukotrienes. It is either obtained from the diet or endogenously 

synthesized from LA [209]. Modifying dietary LA does not affect AA circulatory levels, and LA 

availability is not rate-limiting for AA synthesis [202, 210]. Therefore, metabolic factors might 

determine membrane AA levels [202]. Our result of a reduced AA level with age is consistent with 

previous evidence, reporting lower levels of both LA and AA in nonagenarian offspring from 

Southern Italy than in matched controls [4]. The authors suggested that low levels of the n-6 PUFA 

may speculate a reduced peroxidability in the cell membrane of nonagenarian offspring. 
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Surprisingly, our results showed high total MUFA and OL levels among LLIs compared to 

other age classes. We suppose that the high consumption of the EVOO may have influenced this 

datum. Indeed, in Sicily, EVOO is the primary source of MUFA [211], and we observed that the 

frequency of EVOO among LLIs was greater than in adults and older adults. MUFA from olive oil 

was associated with a significant risk reduction of all-cause mortality, cardiovascular mortality, and 

cardiovascular events [65]. Higher levels of MUFA indicate maintenance of cell membrane fluidity 

and resistance toward peroxidation [212]. The high consumption of EVOO (characteristics of the 

Sicilian diet [211]) also leads to a higher proportion of MUFA in the mitochondrial membrane, which 

is associated with a better mitochondrial function and a reduction of mitochondrial oxidative stress 

during aging [213]. Our analysis also showed high PLA levels among LLIs with respect to adults and 

older adults. This agrees with a recent study by Manca et al. on elderly people from the longevity 

Blue Zone of Sardinia/Italy, in which elderly people from a high longevity zone of Sardinia/Italy 

showed higher levels of PLA compared with the elderly from a low longevity zone of the same island 

[48]. The so-called “Blue Zone” are areas of the world inhabited by exceptionally long-lived 

populations. The Blue Zone of Sardinia is located in the central-eastern mountain area of the island 

that displays one of the highest concentrations of LLIs in the world [48]. High levels of circulatory 

PLA suggest an efficient adipose tissue de novo lipogenesis (DNL), which is associated with 

decreased lipid accumulation and enhanced insulin sensitivity [214, 215]. DNL is also involved in 

caloric restriction, which extends lifespan and delays age-related dysfunction [216]. In fact, our LLIs 

showed a better cholesterol profile than that of the other groups. In contrast, we observed small but 

significantly higher PA levels among LLIs than in adults. PA is PLA precursor, and elevated levels 

of this SFA exert detrimental effects on brain cells and might increase the risk of neurodegenerative 

disorders [217]. However, our LLIs do not show any neurodegenerative disorders at the time of the 

recruitment.  

In addition, we observed lower levels of total trans fatty acids and trans-fat index in the blood 

cell membranes of LLIs compared with adults and older adults. Because elderly people have limited 
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consumption of foods made with processed sources of trans fatty acids, the age-related changes in 

dietary habits are possible reasons for this trend.  

5.1.3   Gender Differences in Fatty Acid Profile 

We further assessed the role of gender in determining the blood fatty acid composition in the 

population. Gender is considered a possible confounding factor in studies investigating fatty acids, 

specifically PUFA status, because sex hormones impact enzymes involved in synthesizing long-chain 

PUFA and fatty acid metabolism [218]. A systematic review of 51 studies in humans showed that 

plasma values of AA and DHA are significantly lower in men than women, although there were no 

gender differences in the levels of their precursors, i.e., LA and ALA [218]. In our study population, 

women had lower proportions of n-3 DPA, DTA, lignoceric acid, elaidic acid, trans-fat index, and 

SFA/MUFA. In contrast, men had lower PLA, OL, and total MUFA proportions.  

5.1.4   Genetic Variants and Fatty Acid Profile 

Regarding genetic analyses, previous studies described that people with the T allele of rs174537 

polymorphism in FADS1/2 have lower AA levels and get more benefit from n-3 PUFA than those 

with the GG allele [46, 219]. The GG genotype of rs174537 is linked with increased PUFA-derived 

eicosanoid levels that influence downstream inflammatory pathways [220, 221]. The minor allele T 

of rs174537 is associated with decreased risk of major depressive disorder and breast cancer among 

women [219, 222]. In addition, the T allele predicts a reduced risk of coronary artery disease [223-

225]. The rs174537 also modulates the age-associated changes in serum long-chain PUFA, D5D 

activity, and oxidative stress [226]. Age-associated increases in AA levels and D5D activity have 

been observed in GG individuals, whereas the T allele carriers have not [226]. Consistent with 

previous studies, our results confirmed a significant effect of FADS1 rs174537 polymorphism on LA, 

EA, and DTA levels among LLIs [46]. We also observed that GG carriers have higher ALA, EPA, 
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and AA levels than T allele carriers, but the correlation was insignificant. However, the DHA levels 

were not linked with rs174537 polymorphism in our study [46]. 

Besides rs174537, the fatty acid profile is influenced by rs174579 and rs174626 in the 

FADS1/2 gene cluster. Previous studies consistently reported that the minor allele carriers for 

rs174579 and rs174626 polymorphisms have lower levels of AA and a reduced desaturase index [74, 

76]. This was also observed in the present study, where minor allele carriers for the examined SNPs 

showed a reduced D6D index. Therefore, minor allele carriers appear to have a reduced capacity to 

convert LA into GLA. This result confirms the association between variation in the FADS1/2 gene 

cluster and fatty acid metabolism among LLIs. However, we did not observe any effect of rs174579 

and rs174626 for D5D, n-3 ADA, and n-6 ADA in our population [74].  

Another SNP we examined was rs953413 found in the locus of ELOVL2 that is involved in 

the homeostasis of longer chain n-3 PUFA. The minor allele A of rs953413 is described to result in 

higher EPA but lower DHA levels, whereas the G allele carriers have high DHA levels [227]. The 

presence of the G allele also shows a protective effect on lipid metabolism and might be an indicator 

of lower cardiometabolic risk [75, 228]. Although not significant, we observed that AA individuals 

of this SNP have lower DHA levels. Our result also showed that the minor allele carriers have lower 

percentages of DTA [46]. However, no relationship between this SNP and EPA level was observed 

among LLIs. This could be explained by the fact that significant associations are often harder to find 

with smaller sample sizes [229]. In addition, the genetic background that determine EPA levels in our 

LLIs population might be different than the populations of previous studies. 

Besides FADS1/2 and ELOVL2 genes, a recent study on a Singaporean Chinese population 

showed that an intergenic variant (rs529143) modifies the effects of n-3 PUFA on leukocyte telomere 

length. Subjects carrying the minor C allele of rs529143 have shorter leukocyte telomere length in 

the lower tertile of n-3 PUFA and DHA. In comparison, subjects with higher tertile of n-3 PUFA and 

DHA have longer leukocyte telomere length. Regional genes around rs529143 include multiple 
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phospholipase genes such as PLA2G2D and PLA2G2F that contribute to phospholipid metabolism 

[230]. Although the major allele carriers of our population had higher levels of all the observed n-3 

PUFA, no significant correlation was observed. 

Our study provides additional evidence that genetic variants in FADS1/2 and ELOVL2 are 

associated with levels of certain PUFA and desaturase activity among LLIs. However, since the allele 

frequency of these SNPs is similar to those observed in adults and older adults, they might have 

minimal impact on longevity in a population of LLIs from southern Italy. 

5.1.5    Effect of N-3 Polyunsaturated Fatty Acids on Telomere Length 

Despite the limited number of clinical studies included in our meta-analysis on the association 

between n-3 supplementation and telomere length, our results indicate that n-3 PUFAs may have a 

role in telomere maintenance. Moreover, our results are consistent with previous studies showing that 

key foods rich in antioxidant and anti-inflammatory components may positively influence telomere 

attrition [231, 232]. However, most of the trials examined in our analysis used different sample size, 

treatment durations, and involved a large variety of dosages of n-3 PUFAs. In the RCT conducted by 

O' Callaghan et al., six months of daily supplementation with two different doses of EPA and DHA 

(1.67 g EPA + 0.16 g DHA; 1.55 g DHA + 0.40 g EPA) reduced telomere shortening in older adults 

with mild cognitive impairment when compared to the group supplemented with LA [179]. Although 

this study has a longer duration than others, the main limitation was the limited sample size (n = 33). 

In contrast, Kiecolt-Glasera et al. conducted a RCT with a larger sample size (n = 106) and involving 

overweight subjects. After four months of supplementation with two different doses of n-3 PUFAs 

(2.5 g/d or l.25 g/d), telomere length increased in the active group, while it tended to decrease in the 

control group. Likewise, a reduction of F2-isoprostanes, an oxidative stress biomarker, was observed 

in the supplemented group compared to the placebo [142]. Despite a small number of participants (n 

= 47), the beneficial effects of n-3 PUFAs on the length of short telomeres was also demonstrated by 
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Tsoukalast et al. in a cohort of healthy volunteers. They used a nutraceutical supplement with 778,8 

mg of EPA + DHA and the supplementation period lasted for 6 to 12 months [180]. In another 2 

studies included in this meta-analysis, no statistically significant effect on telomere length was 

observed after supplementation with n-3 PUFAs [177, 178]. However, Barden et al. obtained a 

significant result when telomere length was corrected for neutrophil count. This finding was 

associated with reduced levels of F2-isoprostanes, and it may relate to increased clearance of 

neutrophils with shorter telomeres from the circulation.  

Currently, oxidative stress appears to play a primary role in telomere shortening [233]. The 

molecular mechanisms underlying the effect of n-3 PUFAs against oxidative stress have been 

investigated in experimental models and several findings support the involvement of Nrf2 [234, 235]. 

This transcription factor is known as the master regulator of the antioxidant response and it is 

responsible for both constitutive and inducible expression of cytoprotective proteins and 

detoxification enzymes [236]. A recent clinical study in patients with type 2 diabetes established a 

translational link between DHA and EPA and their antioxidant properties through modulation of Nrf2 

[237]. Oxidative stress also represents the most frequent cause of DNA damage at the telomeric level 

and it is related to telomere shortening/dysfunction [238]. It was reported that n-3 PUFAs may 

attenuate DNA oxidative damage and protect chromosomal integrity through upregulation of Nrf2 

[96].  As mentioned, the n-3 PUFAs may also exert beneficial effects on telomere length through their 

anti-inflammatory properties. Prospective cohort studies found that higher plasma concentration of 

n-3 PUFAs was associated with lower levels of proinflammatory markers and reduced attrition of 

telomere length [53, 141]. Therefore, this anti-inflammatory potential could be a possible mechanism 

by which n-3 PUFAs exert their effect on telomere maintenance.  

5.1.6    Effects of Monounsaturated Fatty Acids on Sarcopenia 

Despite the limited number of observational studies included in our systematic review and meta-

analysis, the results suggest that MUFA intake is inversely associated with the risk of sarcopenia. In 
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addition, the corresponding result subsisted in several subgroup analyses that were performed based 

on population characteristics, MUFA assessment tools, and sarcopenia diagnosis. Among the 10 

studies that were meta-analysed, six studies reported a significantly lower MUFA intake in sarcopenic 

subjects compared to non-sarcopenic ones [183, 185-188, 190]. On the other hand, the remaining four 

studies did not report any significant difference in MUFA intake between sarcopenic and control 

participants [181, 182, 184, 192]. Furthermore, two more studies that were included in the review but 

not in the meta-analysis did not find a significant association between MUFA intake and the risk of 

sarcopenia [189, 191]. Montiel-rojas 2020 reported that substituting SFAs by MUFAs does not affect 

sex-specific sarcopenia risk score in 986 older European adults [189]. Similarly, ter Borg 2018 found 

no significant associations between blood MUFA status and sarcopenia in 227 community-dwelling 

older adults [191]. Therefore, although MUFA intake showed a negative association with sarcopenia 

in our meta-analysis, the available data is still insufficient to confirm this association, and further 

investigations are required. 

Our finding that a higher intake of MUFA has may have positive effects on sarcopenia is 

consistent with previous reports indicating that MUFA may inhibit muscle atrophy by enhancing 

mitochondrial oxidative ability, protein synthesis, insulin sensitivity, and reducing inflammation 

[239]. For example, MUFAs have been reported to prevent SFA-induced insulin resistance and exert 

anti-inflammatory effects in skeletal muscle cells [240-242]. MUFA protects against SFA-induced 

inflammation and insulin resistance by promoting TG accumulation and mitochondrial beta-oxidation 

through peroxisome proliferator-activated receptor-alpha (PPAR-α) and protein kinase A-dependent 

mechanisms [241]. Likewise, OL inhibits SFA-mediated activation of the mammalian target of 

rapamycin complex 1/p70S6K, leading to a reduction in intracellular inflammatory signalling and 

cytotoxicity [243]. Additionally, in aging individuals, there is an elevation of pro-inflammatory 

cytokines, such as tumor necrosis factor-alpha, interleukin 6 and C-reactive protein (CRP), that 

contribute to low muscle mass and strength [244]. MUFA, such as OL is shown to reduce serum CRP 

and increase anti-inflammatory gene expression [245, 246]. These anti-inflammatory actions of 
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MUFA in skeletal muscle cells may contribute to their ability to preserve muscle mass and function 

[239]. MUFA also prevent muscle atrophy and increase muscle differentiation by enhancing 

mitochondrial function and reducing mitochondrial ROS [247, 248]. It is demonstrated that an OL-

enriched diet may increase muscle protein synthesis, associated with increased expression of genes 

implicated in stimulating mitochondrial β-oxidation including PPAR-α and PPAR-beta (PPAR-β), as 

well as carnitine palmitoyl transferase 1 beta [249, 250]. Therefore, MUFA intake, particularly OL, 

may have the potential as an effective nutrition-based preventive or therapeutic strategy against 

sarcopenia. 

Of the 10 studies included in our meta-analysis, three studies involved subjects with 

sarcopenic obesity [181, 182, 184]. Sarcopenic obesity is characterized by the coexistence of 

sarcopenia and obesity, and it is associated with an increased risk of cardiovascular disease and 

mortality in the aging population [251, 252]. Beside the effects of MUFAs on muscle health, previous 

studies indicate that MUFAs may accelerate overall lipid oxidation in peroxisome and mitochondria 

by stimulating peroxisomal and mitochondrial beta-oxidation [241, 253]. Long-chain MUFAs can 

also improve obesity-related metabolic dysfunction by upregulation of PPAR-gamma (PPAR-γ) and 

downregulation of inflammatory markers in the adipose tissue [254]. Indeed, the anti-inflammatory 

effect of MUFA-rich Mediterranean diet is described to decrease the risk of obesity-related metabolic 

syndrome [63]. Nevertheless, our analysis of three studies involving 1087 participants did not show 

a significant association between MUFA intake and sarcopenic obesity. 

Although the number of studies with sex descriptions is limited, some sex-related genetic 

differences are described to be associated with the effect of diet on sarcopenia in experimental models 

[255]. The majority of the studies included in our review were designed for both men and women and 

sex-specific analyses were not performed. The pooled analysis of these studies showed that MUFA 

levels are significantly lower in sarcopenic subjects compared to the non-sarcopenic ones. On the 

other hand, the study by Jyväkorpi et al. examined community-living oldest old men, and Aubertin-
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Leheudre et al. studied a group of sarcopenic and non-sarcopenic obese post-menopausal women 

[182, 256]. Jyväkorpi et al. reported that higher MUFA intake and MUFA/SFA ratio are both 

associated with lower sarcopenia risk [256]. In contrast, the results of the Aubertin-Leheudre et al. 

study did not show any significant difference in MUFA intake among the two groups [182]. In this 

study, however, the non-sarcopenic women had a greater BMI, abdominal fat mass, and visceral fat 

mass than the sarcopenic women [182]. The BMI and body fat are reported to be associated with 

sarcopenia [257, 258], which indicates that they should be considered as confounding factors. In 

addition, Aubertin-Leheudre et al. included 22 women, suggesting that a large sample-sized study 

may be more reliable to address the correlation [182].  

The articles included in our study were published between 2006 and 2021, involving a period 

with considerable changes in the diagnostic criteria of sarcopenia. Sarcopenia was first described in 

1989 as an age-related reduction in muscle mass [144, 145]. In 2000, sarcopenia was defined as two 

SD below the mean value of appendicular skeletal muscle mass divided by height squared of sex-

specific young adult reference value [259]. Other definitions of sarcopenia later emerged that required 

measurement of a combination of three parameters, which are muscle mass, muscle strength, and 

physical performance. In 2010, the EWGSOP proposed an operational definition of sarcopenia that 

added muscle function to previous definitions based on low muscle mass [149]. According to the 

EWGSOP, the diagnosis of sarcopenia requires the detection of low muscle mass with low muscle 

function (muscle strength or physical performance). The EWGSOP was then updated in 2019 as 

EWGSOP2 [150]. The EWGSOP2 used poor muscle strength as the primary parameter of sarcopenia 

instead of low muscle mass. According to the EWGSOP2, sarcopenia is probable when low muscle 

strength is detected, sarcopenia diagnosis is confirmed when low muscle quantity and quality are 

identified, and sarcopenia is severe when low muscle strength, low muscle quantity/quality and poor 

physical performance are detected altogether. Although the EWGSOP did not advise specific cut-off 

points, the EWGSOP2 provided clear cut-off points of the parameters used for sarcopenia diagnosis 

[149, 150]. Furthermore, in 2014, the AWGS was proposed, which has a similar definition as the 
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EWGSOP and was later revised in 2019 [260]. The AWGS established an EWGSOP-based consensus 

that denoted cut-off points for diagnostic variables of sarcopenia in Asian populations. When we 

performed a subgroup analysis by the diagnostic criteria of sarcopenia, the corresponding result 

existed in EWGSOP2 and AWGS but was lost in the other diagnostic criteria. In addition, we 

observed a significant decrease in heterogeneity in this subgroup analysis. 

5.2   Limitations and Strengths  

Limitations 

This thesis project has certain limitations. First, the number of LLIs cohort in Study II was relatively 

small. The detailed information on the dietary quantity of fatty acid intake and physical activities, 

which might confound data on blood fatty acid levels, were not evaluated. It is also possible that other 

additional factors, unrelated to fatty acid profile but associated with aging, could affect the examined 

fatty acids. Therefore, studying new factors that may act as confounders will require further 

investigations in the future. Furthermore, we used the percentage of product-to-precursor approach 

to estimate desaturase activity and not their exact concentration. However, previous research has 

stated that estimates of desaturase activity based on percentage levels of fatty acids are comparable 

to estimates made using product-to-precursor concentrations [76].  

Additionally, due to limited data, a small number of studies were included in the meta-analysis 

on the association between n-3 PUFA supplementation and telomere length. For this reason, we could 

not perform a subgroup analysis and, therefore, the effects of dosage, duration, age, and gender on 

findings remained unclear. Then, the clinical trials assessed different samples sizes, dosages, and 

clinical conditions, which may have been responsible for the observed heterogeneity.  

Finally, when evaluating the effect of MUFA intake on the risk sarcopenia, there was a 

moderate level of heterogeneity in the meta-analysis, which could be due to the heterogeneity in the 

methods and diagnostic criteria used to define sarcopenia among the included articles. Second, 
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previous evidence suggests that there is sex-specific differences in pathophysiological mechanisms 

and risk factors for sarcopenia [261, 262]. However, many of the included studies did not consider 

sex differences, and therefore, a subgroup analysis by sex could not be performed in these studies. 

Another limitation of our study is that due to scarcity of data, we were unable to perform a subgroup 

analysis based on co-diseases present in the population, which could certainly affect sarcopenia. 

Finally, there is a limitation of relevant literature, in which 12 studies were identified and only 10 of 

them could be meta-analysed.  

Strengths 

This thesis project has several strengths too. First, we studied a small but well-characterised group of 

healthy LLIs, which may provide a better understanding of the factors implicated in the aging process 

in the presence of well-preserved physiological functions. Moreover, they represent a population very 

difficult to recruit both to the time and to the budget expenditure related to the home visit.  

Additionally, to our knowledge, we performed the first meta-analysis of observational studies 

on the relationship between dietary or circulatory MUFA levels and sarcopenia based on a 

comprehensive literature search. Furthermore, almost all of the included studies were published in 

recent years, suggesting a potential novel topic in our systematic review and meta-analysis. 
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Conclusions and Future Perspectives 

Our data collected from circulating fatty acids suggests peculiar changes in fatty acid status with 

advancing age. We observed a reduction in blood levels of total PUFA and trans fatty acids with age, 

whereas total SFA remained unchanged throughout life. On the other hand, the fatty acid profile of 

Sicilian LLIs was characterized by distinctively higher circulatory levels of MUFA compared to 

adults and older adults. This suggests that the circulatory MUFA content may represent a potential 

marker of longevity in this population. Additionally, our results provide further evidence that SNPs 

in FADS1/2 and ELOVL2 affect PUFA status and desaturase indices among LLIs. However, since the 

allele and genotypic frequency were similar between the age groups, the examined SNPs might have 

minimal impact on longevity in this population from southern Italy.  

Additionally, although the findings should be interpreted cautiously, our meta-analysis on the 

association between n-3 PUFA supplementation and telomere length provides preliminary evidence 

that treatments with n-3 fatty acids may potentially have some clinical efficacy on telomere 

maintenance. Finally, our systematic review and meta-analysis on the effects of MUFA intake on 

sarcopenia provide preliminary evidence that dietary MUFA level is different among people with and 

without sarcopenia. However, current evidence is still insufficient to demonstrate the definite 

relationship between MUFA intake and sarcopenia. More well-designed prospective cohort studies 

along with clinical trials are still needed. 
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