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Abstract 

English 

Telomeres are structures located at the end of chromosomes whose principal function is 

to protect and preserve genome integrity. In mammalian cells, these regions consist of the 

repetition in tandem of the sequence 5ô TTAGGG 3ô. These structures are elongated by 

an enzyme known as telomerase and stabilized by six proteins of the shelterin complex, 

which plays an important role in regulating the maintenance of the telomeric structure. 

Telomere attrition has been proposed as a hallmark of aging and has been associated with 

the onset of diseases such as obesity, infertility, and age-related diseases as metabolic 

syndrome (MetS), cardiovascular disease (CVD), diabetes, or cancer. Both non-

modifiable factors, (e.g., sex, age, and genetic traits), and modifiable factors (e.g., diet, 

physical activity, smoking habits, or socioeconomic status (SES)) have been investigated 

in the context of telomere length (TL) modulation.  

Several randomized controlled trials (RCTs) have analyzed the effect of lifestyle 

interventions on telomeres. However, scientific evidence from previous trials is limited 

regarding older populations with overweight or obesity and metabolic diseases. 

Therefore, the primary objective of this thesis was to evaluate the effect of a lifestyle 

intervention on TL after one and three years of the PREvenci·n con Dieta MEDiterr§nea-

Plus (PREDIMED-Plus) study.  This ongoing lifestyle parallel-group, multi-center RCT 

included older Mediterranean participants with overweight or obesity and MetS for 

primary prevention of CVD. Participants in the control group followed an ad-libitum 

Mediterranean diet (MedDiet) and those allocated to the intervention group followed an 

energy-reduced MedDiet (erMedDiet) with physical activity promotion and behavioral 

support. For the present thesis, TL was measured in subsamples of participants at baseline 

and after one or three years of follow-up. Different statistical approaches were used to 

analyze the intervention effects on TL using data from this trial.  

The results of the first pilot study revealed that the 69 PREDIMED-Plus participants 

included from the Reus center experienced a positive change in TL measured in peripheral 

blood mononuclear cells (PBMC) after one year of intervention. However, neither the 

intervention group nor the interaction between time and group were associated with 

changes in TL after one year. In addition, there were no differences in changes in plasma 

levels of 8-hydroxy-deoxyguanosine (8-OHdG) after one year of intervention. In the 



 

 

second study, which included 317 participants from Reus and Navarra, women in the 

intervention group experienced a positive change in TL, measured in buffy coat, after 

three years of intervention compared to women in the control group. Furthermore, women 

in the intervention group had 83% lower odds of telomere shortening after the follow-up 

than women in the control group. These results were not observed in men or the 

population as a whole.  

These findings support the benefits of MedDiet, together with physical activity 

promotion, behavioral support, and weight loss encouragement on TL in older adults over 

time. Although only women, but not men, seemed to take advantage of the PREDIMED-

Plus intervention after a larger follow-up for slowing down telomere shortening, we 

should not dismiss the potential positive effect of this intervention on telomere 

homeostasis in men if analyzed in larger samples with longer follow-up.  

Furthermore, short telomeres have been associated with impaired male reproductive 

quality determined by sperm parameters. Scientific evidence has reported that men with 

altered sperm quality parameters and a diagnosis of infertility have shorter sperm and 

leukocyte TL than men with normal sperm parameters or fertile men. Nevertheless, there 

is an important absence of studies including the general population and considering 

lifestyle factors to assess the relationship between TL and sperm quality.  

In this context, the second aim of this doctoral thesis was to assess the cross-sectional 

associations between sperm and leukocyte TL and sperm quality parameters in 200 

healthy volunteers of reproductive age in the framework of the Led-Fertyl study. Positive 

associations were found between TL measured in both cell types and sperm concentration 

and total count, independent of age, body mass index, and other potential confounding 

factors. These results suggest that sperm and leukocyte TL could be suitable candidates 

to be used as biomarkers of sperm quality to complement the conventional semen 

analysis.  

In summary, and in light of the findings presented in this thesis in the context of one RCT 

and one cross-sectional study, telomeres and their dynamics are structures that could 

provide valuable information about a wide range of epidemiological studies. The 

measurement of TL can be very useful in understanding different biological pathways, as 

it can provide insights into different diseases. However, further research is necessary to 

delve into TL homeostasis and regulatory mechanisms. 



 

 

Resumen 

Castellano 

Los tel·meros son estructuras localizadas al final de los cromosomas cuya funci·n 

principal es proteger y preservar la integridad del genoma. En las c®lulas de mam²feros, 

estas regiones consisten en la repetici·n en t§ndem de la secuencia 5' TTAGGG 3'. Estas 

estructuras son elongadas por una enzima conocida como telomerasa y son estabilizadas 

por seis prote²nas que forman complejo shelterina, el cual desempe¶a un papel importante 

en la regulaci·n y el mantenimiento de la estructura telom®rica. El desgaste de los 

tel·meros se ha propuesto como una de las huellas del envejecimiento y se ha asociado 

con la aparici·n de enfermedades como la obesidad, la infertilidad o enfermedades 

relacionadas con la edad como el s²ndrome metab·lico (SM), las enfermedades 

cardiovasculares (ECV), la diabetes o el c§ncer. En el contexto de la modulaci·n de la 

longitud telom®rica (LT), se han investigado tanto factores no modificables como el sexo, 

la edad y los rasgos gen®ticos, como factores modificables (por ejemplo, la dieta, la 

actividad f²sica, el h§bito tab§quico o el estatus socioecon·mico). 

Varios estudios han analizado el efecto de las intervenciones sobre el estilo de vida en los 

tel·meros. Sin embargo, la evidencia cient²fica de ensayos cl²nicos anteriores es limitada 

en lo que respecta a poblaci·n de edad avanzada con sobrepeso u obesidad y 

enfermedades metab·licas. Por lo tanto, el primer objetivo de esta tesis fue evaluar el 

efecto de una intervenci·n sobre el estilo de vida en la LT tras de uno y tres a¶os del 

estudio PREvenci·n con Dieta MEDiterr§nea-Plus (PREDIMED-Plus).  Este ensayo 

cl²nico controlado, aleatorizado, multic®ntrico y de grupos paralelos incluy· a 

participantes de la regi·n mediterr§nea de edad avanzada con sobrepeso u obesidad y SM 

para la prevenci·n primaria de la ECV. Los participantes del grupo de control siguieron 

una dieta mediterr§nea tradicional y los asignados al grupo de intervenci·n siguieron una 

intervenci·n basada en una dieta mediterr§nea con restricci·n cal·rica, promoci·n de la 

actividad f²sica y apoyo conductual. Para la presente tesis, se midi· la LT en submuestras 

de participantes al inicio del estudio y tras uno o tres a¶os de seguimiento. Se utilizaron 

diferentes enfoques estad²sticos para analizar los efectos de la intervenci·n sobre la LT 

utilizando los datos de este estudio. 

Los resultados del primer estudio piloto revelaron que los 69 participantes de 

PREDIMED-Plus incluidos del centro de Reus experimentaron un cambio positivo en la 



 

 

LT medido en c®lulas mononucleares de sangre perif®rica tras un a¶o de intervenci·n. Sin 

embargo, ni el grupo de intervenci·n, ni la interacci·n entre el tiempo y el grupo, se 

asociaron con cambios en la LT despu®s de un a¶o. Adem§s, no se observaron diferencias 

en los cambios de los niveles plasm§ticos de 8-hidroxi-deoxiguanosina (8-OHdG) tras un 

a¶o de intervenci·n. En el segundo estudio, que incluy· a 317 participantes de Reus y 

Navarra, las mujeres del grupo de intervenci·n experimentaron un cambio positivo en la 

LT medido en c®lulas de la capa leucocitaria despu®s de tres a¶os de intervenci·n, en 

comparaci·n con las mujeres del grupo de control. Adem§s, las mujeres del grupo de 

intervenci·n presentaron un 83% menos de probabilidades de acortamiento de los 

tel·meros que las mujeres del grupo de control tras el seguimiento. Estos resultados no 

se observaron ni en los hombres ni en el conjunto de la poblaci·n. 

Estos resultados respaldan los beneficios de la dieta mediterr§nea, junto con la promoci·n 

de la actividad f²sica, el apoyo conductual y el fomento de la p®rdida de peso, sobre la LT 

en adultos mayores a lo largo del tiempo. Aunque s·lo las mujeres, pero no los hombres, 

parecieron beneficiarse de la intervenci·n PREDIMED-Plus tras un seguimiento m§s 

amplio para ralentizar el acortamiento de los tel·meros, no debemos descartar el posible 

efecto positivo de esta intervenci·n sobre la homeostasis de los tel·meros en los hombres 

si se analiza en un mayor n¼mero de muestras y durante un periodo m§s prolongado.  

Adem§s, los tel·meros cortos se han asociado con una peor calidad reproductiva 

masculina determinada por los par§metros esperm§ticos. La evidencia cient²fica ha 

demostrado que los hombres con una alteraci·n en los par§metros de calidad esperm§tica 

y con un diagn·stico de infertilidad tienen una LT medida en espermatozoides y 

leucocitos m§s corta que los hombres con par§metros esperm§ticos normales u hombres 

f®rtiles. Sin embargo, existe una importante ausencia de estudios que incluyan poblaci·n 

general y que consideren factores de estilo de vida para evaluar la relaci·n entre la LT y 

la calidad esperm§tica. 

En este contexto, el segundo objetivo de esta tesis doctoral fue evaluar las asociaciones 

transversales entre la LT de espermatozoides y leucocitos y los par§metros de calidad 

esperm§tica en 200 voluntarios sanos en edad reproductiva en el marco del estudio Led-

Fertyl. Se hallaron asociaciones positivas entre la LT medida en ambos tipos celulares y 

la concentraci·n y el recuento total de espermatozoides, independientemente de la edad, 

el ²ndice de masa corporal y otros posibles factores de confusi·n. Estos resultados 

sugieren que la LT medida en ambos tipos celulares podr²a considerarse candidatos 



 

 

id·neos para ser utilizados como biomarcadores de la calidad esperm§tica, 

complementando el an§lisis convencional del seminograma.  

En resumen, y a la luz de los hallazgos incluidos en esta tesis en el contexto de un ensayo 

cl²nico controlado y aleatorizado y de un estudio transversal, los tel·meros y su din§mica 

son estructuras que podr²an proporcionar informaci·n valiosa en estudios 

epidemiol·gicos. La medici·n de la LT puede ser muy ¼til para comprender diferentes 

v²as biol·gicas, ya que puede aportar informaci·n sobre diferentes enfermedades. Sin 

embargo, es necesario seguir investigando para profundizar en la homeostasis la LT y sus 

mecanismos reguladores.   

  



 

 

  



 

 

Resum 

Catal¨ 

Els tel¸mers s·n estructures localitzades al final dels cromosomes. La seva funci· 

principal ®s la de protegir i preservar la integritat del genoma. En les c¯lĿlules de 

mam²fers, aquestes regions consisteixen en la repetici· en t¨ndem de la seq¿¯ncia 

5' TTAGGG 3'. Aquestes estructures sË allarguen gr¨cies a un enzim conegut 

com telomerasa, i s·n estabilitzades per sis proteµnes que formen el complex shelterin, el 

qual exerceix un paper important en la regulaci· i el manteniment de lôestructura 

dels tel¸mers. El desgast dels tel¸mers s'ha proposat com una de les empremtes de 

l'envelliment, i la seva longitud s'ha associat amb l'aparici· de malalties com l'obesitat, la 

infertilitat o malalties relacionades amb l'edat com la s²ndrome metab¸lica (SM), les 

malalties cardiovasculars (ECV), la diabetis o el c¨ncer. En el context de la modulaci· de 

la longitud telom¯rica (LT), s'han investigat tant factors no modificables (per exemple, el 

sexe, l'edat i els trets gen¯tics) com a factors modificables (per exemple, la dieta, l'activitat 

f²sica, l'h¨bit tab¨quic o el nivell socioecon¸mic). 

Diversos estudis han analitzat l'efecte de intervencions sobre l'estil de vida en 

els tel¸mers. No obstant aix¸, l'evid¯ncia cient²fica d'assajos cl²nics previs ®s limitada pel 

que fa a la poblaci· d'edat avan­ada amb sobrep¯s o obesitat i malalties metab¸liques. 

Per tant, el primer objectiu d'aquesta tesi va ser el dôavaluar l'efecte d'una intervenci· 

sobre l'estil de vida en la LT despr®s d'un i tres anys de seguiment en el marc de l'estudi 

Prevenci· amb Dieta Mediterr¨nia-Plus (PREDIMED-Plus). Aquest assaig cl²nic 

controlat, aleatoritzat, multic¯ntric i de grups paralĿlels va incloure a participants de la 

regi· mediterr¨nia d'edat avan­ada amb sobrep¯s o obesitat i SM per a la prevenci· 

prim¨ria de la ECV. Els participants del grup de control van seguir una dieta mediterr¨nia 

tradicional, i els assignats al grup d'intervenci· van seguir una dieta mediterr¨nia amb 

restricci· cal¸rica, promoci· de l'activitat f²sica i suport conductual. Per a la present tesi, 

es va mesurar la LT en submostres de participants a l'inici de l'estudi i despr®s d'un o tres 

anys de seguiment. Es van utilitzar diferents enfocaments estad²stics per a analitzar els 

efectes de la intervenci· sobre la LT utilitzant les dades d'aquest estudi. 

Els resultats del primer estudi pilot van revelar que els 69 participants de PREDIMED-

Plus inclosos en el centre de Reus van experimentar un canvi positiu en la LT mesurada 

en c¯lĿlules mononuclears de sang perif¯rica despr®s d'un any d'intervenci·. No obstant 



 

 

aix¸, ni el grup d'intervenci·, ni la interacci· entre el temps i el grup, es van associar amb 

canvis significatius en la LT al cap d'un any. A m®s, no es varen observar difer¯ncies en 

els canvis dels nivells plasm¨tics de 8-hidroxi-deoxiguanosina (8-OHdG) despr®s d'un 

any d'intervenci·. En el segon estudi, que va incloure a 317 participants dels centres de 

Reus i Navarra, les dones del grup d'intervenci· van experimentar un canvi positiu en 

la LT mesurada en c¯lĿlules de la capa leucocit¨ria despr®s de tres anys d'intervenci·, en 

comparaci· amb les dones del grup de control. A m®s, les dones del grup d'intervenci· 

van presentar un 83% menys de probabilitats d'escur­ament dels tel¸mers  que les dones 

del grup control, despr®s del seguiment. Aquests resultats no es van observar ni en els 

homes ni en el conjunt de la poblaci·. 

Aquests resultats recolzen els beneficis de la dieta mediterr¨nia, juntament amb la 

promoci· de l'activitat f²sica, el suport conductual i el foment de la p¯rdua de pes, sobre 

la LT en adults dôedat avan­ada al llarg del temps. Encara que nom®s les dones, per¸ no 

els homes, van semblar beneficiar-se de la intervenci· PREDIMED-Plus despr®s d'un 

seguiment m®s ampli per a alentir l'escur­ament dels tel¸mers, no hem de descartar el 

possible efecte positiu d'aquesta intervenci· sobre l'home¸stasi dels tel¸mers en els 

homes si s'analitza en un nombre superior dôindividus que tinguin un seguiment m®s 

prolongat. 

A m®s, els tel¸mers curts s'han associat amb una pitjor qualitat reproductiva masculina 

determinada pels par¨metres esperm¨tics. L'evid¯ncia cient²fica ha demostrat que els 

homes amb una alteraci· en els par¨metres de qualitat esperm¨tica i amb un diagn¸stic 

d'infertilitat tenen una LT en espermatozoides i leuc¸cits menor en comparaci· als homes 

amb par¨metres esperm¨tics normals o homes f¯rtils. Malgrat tot, existeix una important 

abs¯ncia d'estudis que incloguin poblaci· general i que considerin factors d'estil de vida 

a lôhora dóavaluar la relaci· entre la LT i la qualitat esperm¨tica. 

En aquest context, el segon objectiu d'aquesta tesi doctoral va ser el dôavaluar les 

associacions transversals entre la LT d'espermatozoides i leuc¸cits amb els par¨metres de 

qualitat esperm¨tica de 200 voluntaris sans en edat reproductiva dins del el marc de 

l'estudi Led-Fertyl. Es van trobar associacions positives entre les mesures de LT en tots 

dos tipus celĿlulars i la concentraci· i el recompte total d'espermatozoides, 

independentment de lôefecte de l'edat, l'²ndex de massa corporal i altres possibles factors 

de confusi·. Aquests resultats suggereixen que la mesura de la LT en tots dos tipus 

celĿlulars podrien ser considerats candidats idonis per a ser utilitzats com a 



 

 

biomarcadors de la qualitat esperm¨tica, complementant l'an¨lisi convencional 

del seminograma. 

En resum, i a la llum de les troballes dôaquesta tesi en el context d'un assaig cl²nic 

controlat i aleatoritzat i d'un estudi transversal, els tel¸mers s·n estructures que podrien 

proporcionar informaci· valuosa en estudis epidemiol¸gics. El mesurament de 

la LT podria ser molt ¼til per a comprendre diferents vies biol¸giques, ja que pot aportar 

informaci· sobre diferents malalties. No obstant aix¸, ®s necessari continuar investigant 

per a aprofundir en lôestudi de l'home¸stasi de LT i els seus mecanismes reguladors. 
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1. Telomeres 

1.1. History of telomeres 

The first description of telomeres was provided in the 1930s, when a structure at the ends 

of chromosomes was identified in Zea mays and Drosophila melanogaster by Barbara 

McClintock and Hermann Muller, respectively1,2. The authors observed that these 

structures exhibited distinct behavior compared to induced broken ends. Muller defined 

these ends as being of critical importance for the prevention of chromosome end fusion 

and designated these structures, derived from the Greek, as ótelosô (end) and ómerosô 

(part). In the 1960s and 1970s, further studies contributed to a more precise definition and 

understanding of the role of telomeres. The Hayflick limit theory was proposed when it 

was discovered that human cells have a finite replicative potential of 40-60 cycles before 

becoming senescent3,4. This finding underscored the role of telomeres in cellular aging. 

During the same period, the ñend-replication problemò was proposed when it was 

observed that with each cell division, a fragment of chromosomal deoxyribonucleic acid 

(DNA) was lost due to the inability of DNA polymerases to reach the ending region of 

chromosomes5,6.  

It was in 1978 when Elizabeth H. Blackburn and Joseph G. Gall characterized a repeating 

hexanucleotide sequence from the ribosomal DNA of the protozoan Tetrahymena 

thermophila7. Ten years later, in 1988, the human telomeric repeats were finally 

sequenced8, thereby advancing the understanding of these structures. 

1.2. Telomeric structure and function and the shelterin 

complex 

Telomeres are structures located at the ends of chromosomes whose principal function is 

to protect and preserve genome integrity, thereby ensuring the health span and 

propagation of species. In mammalian cells, these non-coding DNA regions consist of 

tandem repeats of the sequence 5ô TTAGGG 3ô, organized in a double-stranded manner 

with a single-stranded overhang at the 3ô end, which is rich in guanine nucleotides9. The 

telomeric structure assumes a T-loop conformation when it folds back on itself and a D-

loop when the 3ô overhang invades a double-stranded region of the telomeric DNA 

sequence10.  
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In mammalian cells, this looped structure is stabilized by a complex of proteins called 

shelterin, that binds telomeres with high specificity and protects them from the DNA 

damage response. Besides, this complex determines the structure of the telomere by being 

implicated in the T-loop generation, and it controls the synthesis of telomeric DNA by 

telomerase. Thus, this complex is essential for the protection and replication of 

chromosome ends10,11.  

Human shelterin is formed by six subunits: telomere repeat binding factors 1 and 2 (TRF1, 

TRF2), protection of telomeres 1 (POT1), TRF1 interacting nuclear factor 2 (TIN2), 

repressor activator protein 1 (RAP1) and TPP112. Three subunits, TRF1, TRF2, and POT1 

directly recognize TTAGGG repeats and are interconnected by TIN2, TPP1, and RAP1, 

forming the complex that allows cells to distinguish telomeres from sites of DNA damage. 

TIN2 is at the core of the complex, with binding sites to three subunits: TRF1 and TRF2, 

and TPP1, which binds to POT1, the single-strand overhang-binding protein10,11.  

Each of these subunits plays a crucial role10ï12: 

¶ TRF1. Regulation of telomere length (TL) by binding to telomeric DNA and 

ensuring proper telomere maintenance. 

¶ TRF2. Stabilization of the T-loop and protection of telomeres from the DNA 

damage response. 

¶ TIN2. A central component that stabilizes the association of TRF1 and TRF2 with 

the telomere sequence by tethering POT1 to them and regulates telomere 

elongation by telomerase. 

¶ POT1. It binds to the single-stranded overhang of telomeres and prevents 

activation of the DNA damage response. 

¶ TPP1. It enhances the binding of POT1 to telomeres and facilitates the 

recruitment of telomerase to maintain TL. 

¶ RAP1. It works in conjunction with TRF2 to modulate TL and contributes to the 

protective functions of the shelterin complex. 
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This structure constitutes a cap at the end of chromosomes (Figure 1) and prevents the 

loss of genes located near these ends12. Telomeres can be recognized as double-strand 

breaks when shelterin components are removed or dysfunctional, which then activates the 

DNA repair response and results in end-to-end fusions13. In addition, defects in shelterin 

proteins have been associated with the onset of different genetic disorders such as 

dyskeratosis congenita, a rare inherited bone marrow failure syndrome characterized by 

abnormally short telomeres14. These connections highlight the crucial role of the shelterin 

complex in cellular physiology and development, as well as its role in maintaining 

genomic stability and preventing disease. 

1.3. Telomerase complex 

A natural shortening of telomeres occurs when DNA polymerases are unable to complete 

the polymerization of the lagging strand at the end of chromosomes. This progressive 

shortening acts as a biological clock, triggering cellular senescence and/or apoptosis when 

telomeres become critically short. This shortening is compensated by the action of the 

ribonucleoprotein complex that elongates telomeres, named telomerase15. Telomerase 

Figure 1. Telomere, shelterin, and telomerase complexes in human cells. Telomeres consist of the repetition in 

tandem of the sequence 5ôTTAGGG3ô in mammalian cells. These repeats are elongated by telomerase. The shelterin 

complex stabilizes the telomeric structure and regulates telomere length. Adapted from: Turner KJ, Vasu V, Griffin 

DK. Telomere Biology and Human Phenotype. Cells. 2019 Jan 19;8(1):73. DOI: 10.3390/cells8010073.  
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was discovered in 1985 by Carol Greider and Elizabeth Blackburn, who identified the 

terminal transferase activity of an enzyme, later known as telomerase, in Tetrahymena 

thermophila16. This groundbreaking discovery was recognized, along with Jack W. 

Szostak, with the Nobel Prize in Physiology or Medicine in 2009 for solving a 

fundamental problem in biology: how chromosomes can be fully replicated during cell 

division and how they are protected from degradation. 

The human telomerase has a catalytic core comprising a telomerase reverse transcriptase 

(TERT) subunit and a non-coding ribonucleic acid (RNA) component (TERC/TR), which 

contains the template for the elongation of telomeric DNA15.  

The activity profile of telomerase is highly dependent on the cell type, therefore, not all 

cells can prevent senescence due to replication-dependent loss of telomeric repeats and it 

varies throughout life (Figure 2). In humans, TERT activity is notably present in cells 

with high proliferative potential, such as germ cells, embryonic stem cells, and cancer 

cells, to maintain their high replicative rate and TL. Stem cells, including hematopoietic 

stem cells, exhibit TERT activity which enables them to maintain their proliferative 

potential after birth, but it is insufficient to completely prevent telomere attrition 

throughout life17.  

Figure 2. Telomerase activity profile. A) Germ and embryonic stem cells have high levels of telomerase activity due 

to their proliferative potential. B) In somatic cells, the activity of this enzyme decreases after birth. C) Stem cells have 

levels of telomerase activity to maintain the proliferative potential. Adapted from: Hiyama E, Hiyama K. Telomere and 

telomerase in stem cells. Br J Cancer. 2007 Apr 10;96(7):1020-4. DOI: 10.1038/sj.bjc.6603671.  

A 

B 

C 
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In contrast, TERT activity decreases significantly and is generally repressed after birth in 

most normal somatic cells, leading to replicative senescence due to telomere shortening17. 

This decline in TERT activity contributes to the finite lifespan of somatic cells and is 

associated with cellular aging. While TERC is generally expressed in the majority of 

human cell types, both TERT and TERC are essential for telomerase enzymatic activity. 

However, the expression of TERC does not ensure telomerase functionality unless 

accompanied by TERT18. Accordingly, the regulation of TERT expression is a 

determining factor in the activity of telomerase across different cell types19.  

In humans, this complex is accompanied by accessory proteins including dyskerin 

(DKC1), nuclear protein family A member 2 (NHP2), nuclear protein family A member 

3 (NOP10), pontin/reptin, TCAB1/WRAP53, and nuclear protein family A member 1 

(GAR1). These proteins are involved in maintaining the correct telomerase conformation, 

producing functional telomerase, providing energy for recruitment and assembly, and 

ensuring the integrity and stability of the enzyme20. 

1.4. Telomere dynamics 

Telomere dynamics encompass the complex processes of telomere length regulation and 

maintenance, and the biological implications of telomere shortening or lengthening 

within cells. These dynamics profoundly influence cellular aging, disease progression, 

and overall health outcomes. In humans, telomere dynamics vary depending on the 

developmental stage of the individual. 

In leukocytes, often used as a proxy for TL in other tissues due to their high correlation21, 

the rate of telomere loss is approximately 250 base pairs (bp) per year during infancy and 

early childhood (i.e., the first three years of life). This rate is higher than the shortening 

rate observed during young adulthood when it decreases to 30-50 bp/year22, reflecting a 

slower pace of cellular turnover23. The elevated rate of cell replication observed during 

infancy may be indicative of an accelerated development and growth of the immune 

system, expanding the hematopoietic and progenitor stem cell pool. This provides a 

partial explanation for the differences in the shortening rates observed at different stages 

of infancy and childhood compared to adulthood and aging22.  

During later adulthood, leukocyte TL continues to decline, but at a slower age-dependent 

rate than during childhood24. Despite the presence of telomerase activity in hematopoietic 

stem cells, it is insufficient to fully offset telomere shortening caused by ongoing cellular 
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replication, which ultimately contributes to age-dependent leukocyte TL attrition25. Thus, 

this gradual shortening may be partially attributed to the self-renewal capacity of these 

hematopoietic stem cells, which replace progenitor pools lost due to senescence. 

Consequently, the TL of hematopoietic stem cells at birth could play a critical role in 

determining leukocyte TL and its subsequent attrition over the lifespan26.   

In germ cells, telomere dynamics differ from those observed in somatic cells and vary 

depending on sex. Male germ cells have high telomerase activity during the early stages 

of spermatogenesis. This activity is then gradually and slowly turned off during this 

process, with a delayed switching off observed in mature spermatozoa. This would 

prevent telomere shortening in male germ cells and maintain telomeres for the next 

generation, resulting in longer TL in male germ cells than in somatic cells27,28. During the 

initial stages of oogenesis, female germ cells also exhibit a peak in telomerase levels, 

which then undergo a faster decrease during oogenesis. The reduction in telomere length 

observed in oocytes appears to mirror the dynamics observed in somatic cells during the 

process of aging. Women have a fixed oocyte reserve, which is established during early 

fetal life. In contrast, male germ cells can constantly replicate during postnatal life, 

resulting in longer telomeres than oocytes27. Following fertilization, TL is either 

maintained or decreased from the zygote to the different cleavage stages of the embryo, 

Figure 3. Telomere dynamics. After birth, germ and somatic cells preserve their telomere length by expressing 

telomerase. In contrast, somatic cells undergo telomere shortening with cell divisions. If senescence or apoptosis are 

bypassed at this point due to checkpoint failure, this could promote oncogenesis by telomerase activation. Source: 

thesisô author based on Toupance S, Fattet AJ, Thornton SN, Benetos A, Gu®ant JL, Koscinski I. Ovarian Telomerase 

and Female Fertility. Biomedicines. 2021 Jul 20;9(7):842. DOI: 10.3390/biomedicines9070842. 



Introduction 

9 

 

but it increases when the morula becomes a blastocyst due to an increase in the telomerase 

activity29 (Figure 3). 

Oxidative stress, inflammation, and telomere dynamics 

Telomere dynamics are not only dependent on telomerase activity or the developmental 

stage of the individual. Indeed, oxidative stress and inflammation have been proposed as 

processes that could contribute to an accelerated shortening of telomeres. Furthermore, 

there are a number of modifiable and non-modifiable factors that could also influence TL, 

which are explained below.  

Oxidative stress refers to the imbalance between the production of reactive oxygen 

species (ROS) and antioxidant mechanisms. ROS are highly unstable and reactive 

chemical species30 that are formed endogenously as natural products of oxygen 

metabolism. These species act as second messengers in different signaling pathways, yet 

they can also damage cellular components, including telomeres, under imbalanced 

conditions31. The sources of ROS generation can also be exogenous, caused by ultraviolet 

radiation, environmental pollution, or lifestyle factors such as smoking, diet, or sedentary 

behavior32.  

Telomeres appear to be particularly susceptible to ROS, primarily due to their rich 

guanine sequence, which is prone to oxidation to 8-oxo-2ô-deoxyguanosine (8-oxodG)33. 

These ROS preferentially target these regions, increasing the amount of 8-oxodG33 and 

inducing DNA strand breaks. This results in telomere loss at a faster rate than normal 

conditions due to a collapse in replication34. In addition, oxidative damage affects 

telomerase activity by directly inhibiting its enzymatic function. These mechanisms 

collectively contribute to accelerated telomere shortening and cellular senescence, 

highlighting the intricate relationship between oxidative stress and telomere dynamics35. 

Chronic inflammation could exacerbate the shortening of telomeres by triggering an 

increase in hematopoietic stem cell replication to satisfy the demand for leukocytes 

necessary to overcome the inflammatory process. This increase in replication could 

induce accelerated shortening of telomeres and susceptibility to age-related diseases 25.  

The inflammatory process implies the secretion of pro-inflammatory cytokines, including 

tumor necrosis factor-alpha (TNF-Ŭ), interleukins (IL), or interferon (IFN) factors, among 

others. These cytokines can induce telomere shortening and dysfunction by regulating 
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telomere components, leading to accelerated cellular senescence. Additionally, telomere 

dysfunction would play an important role in initiating and perpetuating the inflammatory 

response, which in turn contributes to the onset of several diseases. Specifically, telomere 

dysfunction triggers cellular senescence, which subsequently stimulates the production 

and secretion of inflammatory factors36. 

1.5. Factors modulating telomere length 

The factors identified as contributors or modulators of TL can be classified as non-

modifiable and modifiable. Among the non-modifiable factors, age, sex, and genetic traits 

are the most extensively studied across scientific research. Modifiable factors can broadly 

include environmental and lifestyle factors. In the present thesis, the relationship between 

diet, physical activity, smoking habits, and socioeconomic traits with telomeres will be 

considered (Figure 4). These factors can act synergistically in changing telomere 

dynamics throughout life.  

1.5.1. Non-modifiable factors 

1.5.1.1. Age and aging 

In 1990, Harley and collaborators observed a decrease in the length of telomeric DNA in 

human fibroblasts, a well-established in vitro model of cellular senescence. The authors 

concluded that telomeres must also undergo this shortening with age in vivo37. This 

finding suggested that TL can serve as a mitotic clock reflecting the replicative cell 

Figure 4. Factors modulating telomere length (TL). In the present thesis, the non-modifiable factors considered as 

modulators of TL will be age, sex, and genetic traits. Among the wide range of modifiable factors modulating TL, diet, 

physical activity, smoking habits, and socioeconomic status will be also considered. Source: thesisô author. 
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history38. Subsequent evidence has delved into age as a significant contributing factor for 

telomere shortening in humans.  

Epidemiological studies have consistently reported a progressive reduction of TL with 

age, showing an inverse relationship between chronological age and TL. A systematic 

review summarizing data from five longitudinal studies reported a reduction in leukocyte 

TL with mean age in well-being adults during the follow-up periods, which ranged from 

seven to 12 years39. An updated and more comprehensive meta-analysis comprising data 

from 743,019 individuals from cross-sectional and longitudinal studies concluded that 

TL, measured in blood in the majority of the studies, declines with chronological age. 

However, authors observed a non-linear trend, with the correlation between age and TL 

being weaker in adults than in children, likely due to higher replication rates during the 

first years of life40. Additional studies also reported a negative correlation or association 

between TL and chronological age41,42. 

While chronological age provides an important insight into the biological and functional 

state of a subject, it can differ from biological age and does not always reflect it due to 

comorbidities and other influencing factors, including those attributed to environmental 

or lifestyle habits. Given the significant variability among individuals in the appearance 

of age-related health complications43, it is important to identify biomarkers to better 

understand the mechanisms related to the biological implications of aging beyond 

chronological age.  

Aging is a multifactorial and irreversible process characterized by the deterioration and 

loss of physiological integrity and functionality. This results in molecular, cellular, and 

systemic alterations44, which in turn lead to impairments across various systems (i.e., the 

cardiovascular, endocrine, reproductive, and nervous), as well as mechanical and 

structural abilities, psychosocial deficits, and an increased risk of diseases such as 

cardiovascular disease (CVD), cancer, or dementia45. The use of a composite of 

biomarkers of aging has been proposed as a means of accurately reflecting the complexity 

of aging, with TL being one of them considering its age-dependent decline46. In the 

recently updated review from L·pez-Ot²n and colleagues47, the role of telomeres and their 

attrition has been consolidated as one of the main hallmarks of aging and age-related 

diseases.  
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Short TL and its attrition rate, particularly from leukocytes, have been constantly 

proposed as biomarkers of biological age in epidemiological studies due to the association 

between TL and the onset of diseases related to the aging process, including CVD or 

metabolic syndrome (MetS), among others. However, some authors argue that the 

relationship between TL, age, and related diseases is more complex, as both short and 

long TL have been linked to an increased risk of different diseases. They therefore suggest 

that telomere research should be expanded, measuring TL in newborns and children to 

gain a deeper understanding of the relationship between TL and aging48. 

1.5.1.2. Sex 

The role of sex in determining differences in TL has been investigated in several 

epidemiological studies across diverse populations. A meta-analysis of 36 cohorts 

conducted by Gardner and collaborators (2014) highlighted that women generally exhibit 

longer telomeres than men in age-adjusted analysis, with this difference being particularly 

evident in studies employing Southern Blot for TL determination49. Similarly, in the 

National Health and Nutrition Examination Survey (NHANES), a higher age-adjusted 

geometric mean of leukocyte TL in women than in men was reported50. Further studies 

have observed a faster decline in leukocyte TL with age in men compared to women42,51ï

53, particularly after the age of 5054. 

In contrast, other studies did not report these sex differences in TL55ï57, or found that the 

differences disappeared in fully adjusted models that accounted for age, demographic, 

and health behaviors58, or sex did not moderate the TL-age correlation found across the 

life course40. 

Several biological hypotheses have been proposed to gain a deeper understanding and to 

explain these results. These hypotheses are based on the action of estrogen. This hormone 

is present in premenopausal women and has been shown to have a beneficial effect on 

telomeres. Firstly, because it acts as an antioxidant, reducing oxidative stress by several 

mechanisms, including the inhibition of ROS formation59. This would enable a better 

oxidative state in women, with the consequent positive impact on TL.  

Secondly, the potential effect of estrogens on telomerase expression and activity must be 

mentioned. In 1997, a pattern of telomerase activity was observed during the menstrual 

cycle in normal human endometrial samples. 95% of the samples collected during the 

proliferative phase presented telomerase activity, with levels ranging from moderate to 
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high. Although 47% of samples in the non-proliferative phase were telomerase positive, 

levels were lower. A telomerase regulation by sex hormones during the menstrual cycle 

was suggested60. It was subsequently observed that activation of the TERT promoter by 

estradiol was present in breast cancer cells61 and ovarian epithelium cells62.  

Furthermore, estradiol has been shown to stimulate telomerase activity in normal 

peripheral blood lymphocytes from healthy volunteers. In this in-vitro study, authors also 

found that the enzymatic conversion of androgens to estrogens was the main explanation 

for the activation of telomerase observed by androgens63. In contrast, no direct regulation 

of TERT messenger RNA or protein expression by estradiol was observed in cultured 

peripheral blood mononuclear cells from normal volunteers aged between 27 and 62 

years64.  

Although this hormonal advantage appears to contribute to the longer telomeres observed 

in women compared with men in some studies, further research is needed to elucidate the 

biological pathways. 

1.5.1.3. Genetic traits 

Genetic factors play a pivotal role in determining TL and can help to partially understand 

the variability observed among individuals. In this context, the heritability of TL has been 

investigated to establish the proportion of additive genetic variance relative to total 

variation. Besides, a number of genetic variants implicated in telomere regulation have 

been linked to an increased risk of several diseases, as well as to the onset of telomere 

biology disorders. 

Inheritance component and parental age at conception 

The inheritance pattern of leukocyte TL was meta-analyzed using data from six cohort 

studies involving 19,713 participants. The authors found a high estimated heritability of 

70%, with stronger mother-offspring correlation observed65. In an updated meta-analysis, 

the heritability of telomeres in humans was estimated to be approximately 60%66. Other 

studies have reported that between 48%67 and up to 64% of leukocyte TL is inherited in 

age and sex-adjusted models68. In addition, the estimated heritability of age-dependent 

leukocyte TL attrition has been estimated to be 28%69.  

Furthermore, the effect of paternal and maternal age at conception has been explored in 

the context of their relationship with offspring TL. In a meta-analysis, both paternal and 
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maternal age were observed to be positively associated with offspring TL. However, after 

adjusting for paternal age, maternal age was no longer associated with offspring TL, 

whereas paternal age remained significantly associated with TL after adding maternal age 

as a confounder65. A study that compared the relationship between parentsô age at 

conception and offspring TL concluded that the major factor influencing offspring 

leukocyte TL was the fatherôs age, with longer leukocyte TL observed in the offspring of 

older fathers70. Several studies have yielded consistent results in this regard, indicating a 

positive correlation between paternal age and offspring TL71,72, whereas other authors did 

not find significant associations73. In the absence of pathology, male germ cells have 

longer TL than somatic cells due to the action of telomerase in elongating TL in the testes. 

As older fathers may be able to transmit longer TL to their offspring 74, this could be 

beneficial for the offspringôs lifespan, particularly in relation to the onset of age-related 

diseases driven by telomere shortening.  

Genetic variants and telomere biology disorders 

Genome-wide association studies (GWASs) have identified genetic variants associated 

with TL regulation that could affect the onset of several diseases. For example, single 

nucleotide polymorphisms (SNPs) in the TERC locus associated with longer leukocyte 

TL have been associated with an increased risk of colorectal cancer or multiple sclerosis, 

whereas SNPs in TERT locus associated with shorter leukocyte TL have been associated 

with a higher risk of idiopathic pulmonary fibrosis. A genetic risk score based on seven 

SNPs from different genes (including TERT and TERC) revealed a significant association 

of the allele associated with shorter TL with an increased risk of coronary artery disease 

75.  

Telomere biology disorders are a heterogeneous group of diseases caused by genetic 

mutations that affect telomere maintenance76. Dyskeratosis Congenita is a rare inherited 

disorder linked to germline mutations in genes responsible for telomere maintenance, 

leading to critically short telomeres. The first mutation was identified in the dyskerin gene 

(DKC1) on the X chromosome, leading to a reduction in telomerase activity. This 

discovery marked the first link between mutations in telomere biology genes and human 

disorders. Currently, it is known that at least 18 genes related to telomerase and shelterin 

components can be involved in this disease. Individuals with this disorder have very short 

TL for their age, resulting in a spectrum of clinical manifestations, including bone marrow 

failure, pulmonary fibrosis, liver disease, and an increased predisposition to cancer. These 
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manifestations, as well as the severity of the disease, depend on the affected gene and 

mode of inheritance14. 

1.5.2. Modifiable factors 

It is evident that non-modifiable factors are not sufficient to explain and deeply 

understand telomere dynamics and the variability among individuals. It is important to 

consider environmental, nutritional, and lifestyle factors when investigating TL.  

1.5.2.1. Diet 

In light of the implications of nutrition on health, there has been a notable increase in 

scientific interest in the potential associations or effects of diet and its components on 

telomere homeostasis. Traditionally, diet has been understood in the context of each 

individual nutrient or food group and their isolated effect on health. However, in recent 

years, a new perspective has emerged, considering diet as a combination and variety of 

nutrients and foods that interact synergistically with each other and that better reflect the 

cumulative effects of the entire dietary pattern on health.  

A substantial body of research has been conducted to examine the relationship between 

nutrients, foods, dietary patterns, and TL in diverse populations. A comprehensive 

systematic review examined the impact of global nutrition on telomere health, 

synthesizing results from observational cohort studies and randomized controlled trials 

(RCTs) in adult populations. This review delved into the relationship between micro- and 

macronutrients, food groups, dietary patterns and TL. The authors concluded that high 

adherence to healthy dietary patterns, such as the Mediterranean Diet (MedDiet), which 

includes the introduction of certain micronutrients and food groups as fruits and 

vegetables, could protect the length of telomeres and potentially prevent accelerated 

telomere shortening77. 

Food groups and TL 

In children and adolescents, a higher consumption of dairy products, simple sugars78, 

cereals and white bread79, and sugar-sweetened beverages80 was negatively associated 

with leukocyte TL. Conversely, a positive association was observed between the 

consumption of fish, nuts and seeds, olives, fruits and vegetables 78, and legumes79 with 

leukocytes or whole blood cell TL.  



Introduction 

16 

 

In the case of studies conducted in adults, data from 5,448 participants in the NHANES 

study revealed positive associations between fruit and vegetable consumption, evaluated 

together or separately, with leukocyte TL, whereas legume and potato consumption were 

not associated with TL81. Furthermore, research indicates that the intake of processed 

meat, but not of unprocessed red meat, is negatively associated with leukocyte TL82, and 

ultra-processed food consumption is associated with a double risk of short TL, measured 

in saliva samples83. The intake of added fructose from processed foods and beverages was 

also associated with a shorter leukocyte TL, a trend not observed for natural fructose from 

fruits, vegetables, and honey84. However, the consumption of several food groups, 

including fruits, vegetables, nuts, or meat, has not been correlated with sperm TL85. 

Dietary patterns and TL 

The exploration of dietary patterns and their relationship with TL has increased in 

importance because it offers valuable guidance for nutritional strategies aimed at 

enhancing lifespan and health. Cross-sectional analyses of the NHANES data revealed a 

positive association between the oxidative balance score -which considers diet and 

lifestyle factors- and leukocyte TL in women but not in men. The authors found that these 

associations remained consistent when dietary factors were evaluated separately from the 

other lifestyle factors86.  

Adherence to the traditional diet, comparable to the MedDiet, has been positively 

associated with leukocyte TL87. In agreement with this, adherence to an a priori 

Mediterranean-style diet and an a posteriori ñPrudentò pattern was positively associated 

with leukocyte TL, whereas an inverse association was identified between the a posteriori 

ñMeatò pattern and TL among 422,797 participants in the UK Biobank88. The highest 

adherence to a Mediterranean dietary pattern was also observed to be positively 

associated with saliva cell TL in the 886 participants from the Seguimiento Universidad 

de Navarra (SUN) project. Conversely, no association was found between the Western 

diet and TL89. In the case of TL measured in sperm cells, a healthy diet consumption has 

also been correlated with longer sperm TL90.  

By contrast, a cross-sectional study including Chinese adults aged 65 or above reported 

no associations between several dietary patterns (i.e., Diet Quality Index, the Dietary 

Approaches to Stop Hypertension, the Mediterranean-DASH Intervention for 
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Neurodegenerative Delay Diet, the Mediterranean diet score, the Okinawan score, or the 

Hong Kong diet pattern score) and TL91.  

A meta-analysis of cross-sectional studies was conducted to investigate the associations 

between MedDiet and TL. In this instance, the authors found positive associations 

between higher adherence to MedDiet and longer TL. However, these results were 

significant only in age-adjusted models and in women92. A further meta-analysis of five 

clinical trials found no effect of different diets on TL, with a high degree of heterogeneity 

between studies due to the considerable variability in the time of intervention and the type 

of diet followed by the participants (i.e. energy-reduced diet, omega-3 supplementation, 

hyperproteic diet, or MedDiet)93.  

The available evidence suggests that adherence to healthy diets such as the MedDiet, or 

a similar dietary pattern based on the consumption of similar foods, could be an effective 

and suitable dietary approach to protect against accelerated telomere shortening and to 

maintain good health status. This dietary pattern is characterized by a high consumption 

of plant foods (vegetables, fruits, cereals, potatoes, and nuts), a high intake of olive oil as 

the principal source of fat, a moderate intake of dairy products and eggs, a low to moderate 

consumption of fish and poultry, and restricted amounts of red meat and processed meat. 

The combination and interaction of these food groups provide an important source of 

antioxidant and anti-inflammatory components that may impact metabolic and molecular 

mechanisms, helping to maintain telomere homeostasis, with the consequent benefit for 

health outcomes such as obesity, MetS, CVD, type 2 diabetes (T2D), or cancer94. 

1.5.2.2. Physical activity 

It is becoming increasingly clear that regular physical activity has emerged as a key 

lifestyle factor in maintaining a healthy lifestyle, delaying the onset of chronic and age-

related diseases, and enhancing healthy aging95. The beneficial effect of physical activity 

has been observed in both healthy individuals and patients, with a notable reduction in 

pain and disability, as well as an improvement in overall function, physiological health, 

and mental wellbeing96.  

Evidence from a meta-analysis of studies and trials conducted in healthy individuals 

revealed very low certainty about the effect of exercise or physical activity on leukocyte 

TL97. When only RCTs were meta-analyzed, exercise for more than six months, 

specifically aerobic exercise, was associated with a significant improvement in TL98.  



Introduction 

18 

 

In contrast, an updated meta-analysis of seven additional controlled trials, involving only 

healthy adults, found no global effect of exercise on TL measured in blood and saliva 

cells. Nevertheless, the subgroup analysis indicated that high-intensity interval training, 

defined as brief, intermittent, and vigorous exercise followed by periods of low-intensity 

recovery, offers an advantage in terms of greater TL. This trend was not observed for 

resistance or aerobic exercise99. While no correlation was reported in one study between 

physical activity and sperm TL85, the group of participants with higher exercise frequency 

was found to have longer sperm TL in a recent study90. 

A recent meta-analysis of trials reporting the effect of lifestyle interventions on leukocyte 

TL included 12 studies with an intervention based on physical activity and diet. Results 

from the analysis revealed that participants allocated to the control group of the trials 

experienced a non-significant decrease in TL through the follow-up, while TL from 

individuals in the lifestyle intervention groups based on diet and physical activity 

significantly increased at the end of the follow-up. Differences between groups in TL 

changes revealed that TL decreased less in participants from the intervention groups 

compared to controls100. 

An improvement in the oxidative and inflammatory status of the individual as a result of 

physical activity and exercise may contribute to the beneficial relationship or effect on 

TL reported in some studies, which may lead to telomere maintenance101. While scientific 

research in this area has yielded contradictory results, a better understanding of the 

relationship between physical activity and TL could provide valuable insights into how 

to promote healthy life and aging and mitigate accelerated telomere attrition. Nowadays, 

evidence in relation to physical activity and TL suggests that it is crucial to integrate 

regular physical activity into our daily routines on a global scale to ensure cellular health 

and longevity.  

1.5.2.3. Smoking habits 

Tobacco is the second most commonly used psychoactive substance worldwide. In 2020, 

22.3% of the global population used tobacco, according to the WHO102. The major 

consequences of smoking are damage to the skin, mouth, respiratory system, heart, bones, 

and reproductive system. It also increases the risk of CVD, cancer, and overall 

mortality103.  
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It is widely acknowledged that smoking is an unhealthy habit and a risk factor due to 

exposure to a harmful mixture of chemicals that impact health by inducing oxidative 

stress through ROS production and causing lipids, proteins, and DNA damage104.  

Active smoking has been proposed as one of the significant contributors to accelerated 

leukocyte telomere attrition, with its effect increasing the yearly attrition rate by more 

than threefold105. In this context, a meta-analysis of 30 cross-sectional, cohort and case-

control studies demonstrated the detrimental effect of cigarette smoking on TL in humans, 

measured primarily in leukocytes and blood samples. Current smokers exhibited shorter 

TL compared to non-smokers and former smokers. Besides, an inverse but weak 

association was found between the number of packs of cigarettes smoked per year and 

TL106. Consistent results have reported a negative association between smoking status 

and blood TL107, and between the number of cigarettes consumed with leukocyte TL108.  

However, contradictory results have also been reported. For example, no associations 

were observed between smoking status and sperm TL85,90, and in participants from the 

NHANES study, no differences in leukocyte TL were found between current, former, and 

never smokers108. 

1.5.2.4. Socioeconomic status 

Socioeconomic status (SES) has emerged as a factor influencing various health outcomes, 

including the dynamics of TL. SES encompasses a range of elements, including income, 

educational attainment, occupation, and social standing. Collectively, these elements 

impact an individual's access to resources, stress levels, and overall lifestyle109. In 

addition, factors previously mentioned as diet and lifestyle habits significantly interact 

with the relationship between SES and TL. 

In a study involving 506 healthy participants aged 63 years, longer leukocyte TL was 

associated with higher educational attainment, but not with occupation or income110. 

These results were replicated in another study involving 4,441 women, in which 

lymphocyte TL was positively related to educational level, while not to social class111. 

Similarly, among the 2,599 participants in the Health, Aging and Body Composition 

study, leukocyte TL was positively associated with education, while income was not112.  

Zhou and collaborators (2020) did not identify a relationship between leukocyte TL and 

income. However, men with greater education had longer telomeres compared to men 
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with lower educational attainment, a result not observed in women113. In an observational 

longitudinal study, faster age-related telomere attrition was observed in individuals with 

lower income, while no association was found between TL and level of education55. 

2. Crosstalk between different pathologies and telomere 

length  

There is a growing body of evidence that links TL with a range of human diseases, 

including obesity, infertility, and age-related diseases such as MetS or CVD, certain 

cancers, and diabetes. By examining the role of TL in the onset of these diseases, as well 

as the impact of these diseases in TL homeostasis, we can gain deeper insights into the 

underlying mechanisms and pathways. This knowledge could provide valuable 

information regarding the progression and prognosis of these conditions. 

2.1. Obesity 

Over the past decades, dietary recommendations have evolved globally in response to the 

increased range of food options and eating habits that are now available. An unhealthy or 

imbalanced diet, with lower consumption of foods such as fruits, vegetables, or legumes 

and increased consumption of ultra-processed foods, can lead to a population consuming 

more added sugars, trans fats, or salt and less fiber, vitamins, antioxidants, and minerals. 

This, combined with reduced physical activity, increased phone or computer time, and 

additional unhealthy factors, may have a dramatic impact on health because it can 

contribute to overweight and obesity114.  

Obesity is defined as a state of abnormal or excessive adiposity that represents a health 

risk due to its association with an increased risk of chronic diseases such as CVD, 

diabetes, or cancer. Obesity results from excessive caloric intake in relation to caloric 

expenditure over time, which leads to an energy imbalance115.  Global rates of obesity in 

2022 increased up to 8% in children and adolescents and 16% in adults, with higher 

prevalence in economically developed countries116. BMI is the most commonly used 

measurement of overweight or obesity in epidemiology due to its simplicity of 

assessment, making it an ideal metric for epidemiological studies. A person has 

overweight if the BMI is between 25 and 29.9 kg/mĮ and has obesity if the BMI is equal 

to or greater than 30 kg/mĮ 117. 
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One meta-analysis of 87 cross-sectional studies reported negative associations between 

BMI and TL, measured in leukocytes in the vast majority of the articles. The analysis 

included data from 146,114 individuals aged from 18 to over 75 years. In the age- and 

sex-adjusted model, each unit increase in BMI corresponded to an absolute TL decrease 

of 3.99 base pairs118. Pediatric obesity has also been associated with blood, saliva, or 

leukocyte TL, as shorter TL was observed in children with overweight or obesity 

compared to normal-weight participants119. Shorter sperm TL has been observed in 

participants with obesity compared to normal-weight individuals, with sperm TL 

negatively correlated with BMI120.  

Other indices of obesity and body composition (e.g., hip and waist circumference, waist-

to-height ratio, or body fat, among others) have been negatively correlated121 or inversely 

associated122 with TL from whole blood or buffy coat samples. In a recent study, the 

weight-adjusted-waist index was associated with TL but followed an inverted U-shaped 

curve123, while in the NHANES population, a higher visceral adiposity index was 

negatively associated with leukocyte TL when the index value was less than 2.84124. 

Moreover, in a prospective cohort study of women from China, participants who gained 

weight by more than 15% had shorter TL compared to participants who lost weight, 

maintained their weight, or gained less weight122.  

The relationship between obesity and TL has also been investigated in relation to adipose 

tissue. It has been reported that TL from subcutaneous and visceral adipose tissue was 

shorter in samples from individuals with overweight or obesity compared to samples from 

individuals without obesity125,126. Besides, evidence from surgical interventions in 

patients with severe obesity has shown that after morbid obesity surgery, changes in body 

weight towards weight loss127 or greater loss of BMI (Ó 10 kg/m2)128 were positively 

associated with significant increases in white blood cell TL. 

Conversely, shorter telomeres could serve as a risk factor for elevated adipose tissue 

accumulation. In children, shorter leukocyte TL at ages 4 and 5 was associated with 

obesity at age 9129. Likewise, in older adults, leukocyte TL was negatively associated with 

subcutaneous and total body fat at baseline, but not with obesity status, BMI, or visceral 

fat130. 

Obesity is linked to chronic inflammation, caused by the secretion of proinflammatory 

cytokines and acute-phase proteins, such as C-reactive protein, as well as the infiltration 
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of adipose tissue by immune cells. These mechanisms contribute to the low-grade 

inflammation that occurs in adipose tissue and peripherally. In addition, oxidative stress 

can also contribute to the induction of inflammation and be involved in the development 

of obesity131. Conversely, obesity could be considered a contributor to oxidative stress132. 

It has been observed that individuals with obesity have higher levels of oxidative or 

inflammatory markers133, and even higher ROS levels in sperm cells120, compared to 

normal-weight individuals. This could result in a disruption to telomere homeostasis. 

Nevertheless, whether telomere attrition could increase obesity risk or is the result of the 

obesity status needs further study. 

Although obesity affects all ages, it shares pathophysiological mechanisms at multiple 

levels with aging, including genomic instability, altered mitochondrial function, 

weakened immune systems, systemic inflammation, and shortened telomeres. Obesity 

also accelerates cellular aging, intensifying the burden of diseases and promoting the early 

onset of conditions typically associated with aging134,135.  

2.2. Age-related diseases 

2.2.1. Metabolic syndrome (MetS) 

MetS comprises several metabolic conditions such as central or abdominal obesity, high 

blood pressure, elevated fasting glucose, high triglyceride levels, and low HDL 

cholesterol levels. Each of the conditions in this cluster is considered a risk factor for 

CVD, but when an individual has three or more, the probability of developing CVD or 

diabetes increases136. Indeed, it has been reported that having MetS increases up to three 

times the risk of CVD and all-cause mortality137. The risk of developing other health 

issues as cognitive decline, T2D, or frailty also increases in the presence of MetS31. The 

prevalence of MetS is dependent on the criteria applied for its diagnosis, but globally, it 

is estimated to be up to 31%, with higher rates in developed countries with higher levels 

of income138.  

In the context of the relationship between MetS and TL, shorter whole blood TL has been 

observed in men and women with MetS compared to non-MetS participants139,140, and in 

individuals aged between 61 and 70 years with uncontrolled MetS compared to age-

matched healthy controls141. Results from a meta-analysis reported that leukocyte TL was 

shorter in individuals with hypertension than in normotensive controls142. In fact, a higher 

number of MetS components139,143, including higher waist circumference, fasting glucose 
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or triglycerides, and lower HDL cholesterol144, were associated with shorter leukocyte 

TL. An association has been observed between TL reduction and higher odds of having 

MetS144 and, conversely, the presence of MetS has been associated with higher odds of 

having shorter TL140. In a longitudinal approach, MetS components such as higher waist-

hip ratio, blood pressure, and serum triglyceride levels were related to an increased rate 

of telomere attrition, whereas higher HDL cholesterol levels were related to lower 

attrition in adults105. However, other studies did not find any association between 

leukocyte TL and MetS score in adults145 or reported longer leukocyte TL associated with 

a higher number of MetS components146. 

The presence of MetS implies a metabolic overload manifested in each component of the 

syndrome. This could result in complications due to alterations in the antioxidant 

mechanisms, mitochondrial dysfunction, or organelle stress, with the subsequent 

production of ROS and cytokines31,147. This increases the pro-oxidant and inflammatory 

state in the body, which could impact telomere homeostasis and cause accelerated 

attrition. However, the interaction between metabolic disturbance and TL could be 

bidirectional since accelerated telomere shortening could contribute to cellular 

senescence and further impair the metabolic condition of patients with MetS.  

2.2.2. Cardiovascular disease (CVD) 

CVD is a group of diseases of the heart and blood vessels that, only in 2019, resulted in 

17.9 million deaths, representing the leading cause of death worldwide with 32% of all 

deaths148. It is crucial to maintain optimal cardiovascular health to ensure adequate 

oxygenation of the blood supply to the body, but this process is naturally compromised 

with age149. These conditions include heart failure and myocardial infarction, stroke, 

coronary artery disease, arrhythmia, or peripheral artery disease, among others148. 

It has been reported that individuals with CVD have shorter TL than healthy subjects. 

This has been observed in stroke patients when TL was analyzed in quartiles in one 

study150, and in men, but not in women, included in another study151. Furthermore, it has 

been observed that patients with coronary artery disease had baseline TL comparable to 

control subjects who were six years older152. In fact, a meta-analysis evaluating the 

relationship between TL and coronary artery disease in 5,150 patients and 9,341 controls 

reported shorter leukocyte TL in CVD patients than in controls. The subgroup analysis 

revealed that these results were more evident in men and individuals aged under 65 
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years153. Furthermore, leukocyte TL in healthy offspring of parents with a family history 

of coronary disease or myocardial infarction was shorter than offspring TL from parents 

with no history of CVD154.  

Several studies have identified short TL as a risk factor for the development of different 

CVDs. A meta-analysis of 25,340 participants reported that participants with shortened 

TL were at higher risk of stroke155. In subsequent studies, shorter TL was associated with 

higher odds of stroke150,151, severe stroke phenotype150, and a higher risk of coronary 

artery disease152. In contrast, the results of a prospective study conducted on 14,916 

healthy men followed over six years showed no association between leukocyte TL and 

the risk of ischemic stroke156. A recent Mendelian Randomization study, with data from 

472,174 adults from the UK Biobank, found that individuals with genetically longer TL 

traits had lower odds of coronary atherosclerosis, myocardial infarction, ischemic heart 

disease, and stroke. Conversely, longer TL was not associated with heart failure, atrial 

fibrillation, or cardiac death157. 

One of the primary causes of the development and progression of CVDs is insulin 

resistance, inflammation, and the imbalance between oxidant formation and antioxidant 

defenses. These processes are particularly prevalent in individuals of advanced age. A 

meta-analysis of 14 case-control and prospective studies including data from 810 patients 

with CVDs (e.g., coronary artery disease, stroke, peripheral artery disease, and 

atherosclerosis) and 1,106 controls revealed that urine and plasma levels of 8-Hydroxy-

2-deoxyguanosine (8-OHdG), a commonly used marker of oxidative DNA damage, were 

significantly higher in CVD patients than in controls158. 

Inflammatory processes have been shown to play a significant role in the development of 

CVD because inflammation contributes to the formation of atherosclerosis, which is one 

of the primary manifestations of several CVDs, such as stroke or coronary artery 

disease159. Indeed, different pro-inflammatory cytokines, including IL-6, IL-18, and TNF-

Ŭ, have been linked to an elevated risk of non-fatal myocardial infarction and coronary 

artery disease mortality160.  

In the context of this oxidative and inflammatory status, leukocyte telomere shortening 

may occur due to cell replication needed to overcome inflammation. This could lead to 

cell senescence and dysfunction, which, in turn, may contribute to the onset of CVDs. 

Similarly, shortened TL in hematopoietic stem cells could restrict the number and 
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functionality of endothelial progenitor cells required for vascular repair mechanisms, 

leading to endothelial dysfunction and facilitating atherosclerosis. Several cardiovascular 

and telomere shortening risk factors attributed to lifestyle or other diseases can accelerate 

and aggravate this situation by reducing TL161,162. 

2.2.3. Diabetes 

Diabetes is characterized by chronic hyperglycemia due to heterogeneous metabolic 

disorders. Type I diabetes (T1D) is an autoimmune disease that results in impaired 

production of insulin due to the destruction of ɓ-cells in 

 the pancreas. T2D, which is the most common form of diabetes in adults, involves insulin 

resistance or dysfunction in insulin production163. Complications of diabetes include 

CVDs such as coronary heart disease or stroke, chronic kidney disease, retinopathy, and 

neuropathy, among others164. Currently, 537 million individuals aged 20 to 79 years have 

diabetes, and it is estimated that this number will increase to 783 million by 2045165. 

A meta-analysis of case-control and cohort studies reported that shorter leukocyte TL was 

associated with higher odds of T2D166, a result that was consistent with another meta-

analysis of three prospective cohort studies167. Additionally, individuals with this disease 

had shorter TL than controls, with the difference being more evident for T2D 

individuals168. 

The relationship between TL and diabetes can be understood in the context of 

hyperglycemia, oxidative status, inflammation, and cellular senescence. Oxidative stress 

is a common feature in diabetes, where elevated glucose levels lead to increased 

production of ROS. As previously mentioned, this oxidative damage not only shortens 

telomeres but also, in individuals with diabetes, impairs ɓ-cells, reducing insulin 

secretion. Additionally, chronic inflammation, prevalent in diabetic patients, accelerates 

telomere shortening through the secretion of cytokines that enhance oxidative stress and 

directly damage telomeric DNA. Moreover, telomere shortening due to hyperglycemia 

and oxidative stress could lead to ɓ-cell senescence, compromising tissue regeneration 

and repair while reducing insulin secretion and glucose tolerance. This situation may 

exacerbate diabetes development and progression169,170. 
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2.2.4. Cancer 

Cancer is a large and heterogeneous group of diseases that can originate in almost any 

organ or tissue of the body when abnormal cells proliferate in an uncontrolled manner. 

Cancer is the second leading cause of death globally, resulting in 9.6 million deaths in 

2018. In men, the most prevalent types of cancer are lung, prostate, colorectal, stomach, 

and liver cancer. Among women, the most common cancer types are breast, colorectal, 

lung, cervical, and thyroid cancer171. The incidence of cancer rises with age; older 

individuals are particularly vulnerable due to the cumulative effects of aging on cellular 

processes and the progressive telomere shortening associated with aging172.  

The relationship between TL and cancer is a complex trait since scientific evidence has 

associated both short and long telomeres with various cancer risks. A meta-analysis of 62 

studies, including 23,379 cases and 68,792 controls, found no overall association between 

short blood cell TL and the risk of cancer. However, in cancer-specific analyses, short TL 

was associated with an increased risk of gastrointestinal, head and neck cancers, whereas 

short TL was associated with a lower risk of lung cancer in prospective studies173. In 

contrast, a more recent meta-analysis of 73 retrospective and prospective articles reported 

that longer leukocyte TL was associated with an increased risk of melanoma, prostate, 

and hematological cancers, and with a decreased risk of gastric and esophageal cancers. 

In this study, no association between TL and the risk of breast cancer was found174. 

Critically short telomeres can result in chromosomal instability, which in turn can lead to 

extensive genetic rearrangements and mutations. When senescence or apoptosis is 

bypassed at this point due to checkpoint failure, it could promote oncogenesis by enabling 

the characteristic accumulation of genetic lesions and alterations. Environmental factors 

and unhealthy habits can exacerbate cancer progression through oxidative stress, genomic 

alterations, and accelerated telomere shortening 175.  

Telomerase reactivation, which occurs in 85-90% of cancers, can be triggered by this 

genomic instability caused by critically short telomeres, perpetuating cells with high 

chromosomal instability and contributing to cancer growth176. It has been observed that 

alterations in the TERT gene and its regulation induce telomerase activation, enabling 

unlimited proliferation capacity and allowing cells to escape from senescence through 

telomere lengthening19. Additionally, some cancers that do not upregulate telomerase 

undergo the alternative lengthening of telomeres (ALT) pathway, a mechanism that could 



Introduction 

27 

 

also facilitate telomere maintenance in cancer cells177. Furthermore, longer TL could lead 

to larger replicative capacity before senescence, the accumulation of cells with mutations, 

and the onset of malignant transformation172. Consequently, both excessively short and 

long telomeres can be associated with and could contribute to cancer development175. 

2.3. Infertility 

The following systematic review and meta-analysis conducted in the context of this thesis 

has explored the association between TL and sperm quality or infertility conditions. 

Chapter 1 

Is telomere length a biomarker of sperm quality? A systematic review and meta-

analysis of observational studies. 

Mar²a Fern§ndez de la Puente*, Albert Salas-Huetos*, Cristina Valle-Hita, Nancy 

Babio, Michelle M Murphy, Silvia Canudas, Jordi Salas-Salvad·. 

Publication details 

- Publication status: published 

- Doctoral studentôs position: * first co-author 

- Journal: Andrology 

- Category: Andrology 

- Range position: 2/8 

- Impact factor: 3.2, quartile 1 

- Doi: 10.1111/andr.13482 

Overview of this publication 

What is already known? 

- Telomere function has been investigated in the context of infertility due to the 

apparently important role of these structures in fertilization. 

- Sperm TL has been associated with several reproductive outcomes in different 

studies. 

- Evidence from the associations between somatic and germ cells TL and sperm 

quality parameters has increased in the last years.  
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What does this study add? 

- A systematic review and meta-analysis of cross-sectional and case-control studies 

evaluating the correlations and/or associations between sperm and leukocyte TL 

with sperm quality parameters. 

- Individuals with oligozoospermia (impaired sperm count or concentration) and 

infertility had shorter leukocyte and sperm TL than normozoospermic or fertile 

men. 

- It is important to evaluate the relationship between TL and sperm quality 

parameters according to a seminogram abnormality or a fertility diagnosis, 

separately. 

What is the main conclusion? 

- Sperm and leukocyte TL has the potential to be used as a biomarker of sperm 

quality and male infertility.  
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