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Abstract

Engl i sh

Tel omeres are structures | ocated at the enc
tprotect and pr eslenr vmea ngneanl oi naen icnetlel gsrtihtéeyh e s e |
repetiti oonf itnhet asnedgeure n.CThesS® BTAG@EG u3 ks ar e
an enzyme known as tel omerodshee asrhde | sttealinl iczoe
whiglhays an i mpegidnaghte mal @t bteeal nocsee roufc t ur e

Tel omere attrition has been proposed as a h

the onset of diseaseandcuadheabsdoldesetngesi ak

syndr ome ( Met S) , cardi ovaagul aancckirs e aBaet h(
modi fiable factors, (e. g., sex, age, and g«
physical activity, smoking habits, or socio
in the context of telomere | ength (TL) modu
Sever al randomi zed controlled trials ( RCT:s
i nterventions on tel omeres. However, scient

regarding obavet h popel avieii gint or obesity ar
Therefore, the primary objective of this t
i ntervention on TL after one and thr-ee year
Pl us ( PREIDUMED$t sdy.ngoi ng -glriofueps,d gmudetrp aR@T | €
included ol der Medi terranean participants v
primary prevention of CVD. Partadipabusm in
Mediterranean diet ( MedEi e@tn)t earrnvde ntth cosne galoluc
energgyuced MedDiet (erMedDiet) with physic.
support. For the present thesis, TL was mea
and after one orupt.hHré&setnteasrtatofstfieablbowmppr o

analyze the intervention effects on TL usin

The refsokbt dirstrepielabe 69t WPRYEDRIMED participa

i nclfurdeemd t he Reus center experiepeedphepasi:t

bl ood monostPBMECHt ecebhe year of i ntervent.
i ntervention group nor the interaction bet
changes in TL aftthemenowedread f erlemmcaegdatmarm,ar

l evel-by dbrfbex®& xy gu @®eblsd apfet er one year eof I nt e



ndwilsit whd yi3nlc7l updeerdt i ci pants from Reus and

rvention group expe,mearsauagdcda i,md bietf if we c
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e years of tiwomeweinn itone coonptare@ld gr oup.
he intervention group hadf 88f tubpwef obidd

than women in the <control group. These re
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populaast iao.nwhol e

These findings suplepod bt ett,het obgeentehfeirt s wiotfh p

pr omohkd hanvsiuoprpaohrdt wei ght | oss encouragement
time. Although only women, but not men, see
Plus interventionpafber showiamgedowo!| I eWwo me
shoul d not di smbsbtitvhe efofteemtt i af t his i nt
homeostasis in men i f analyzem. in | arger sa
Further mor e, short tel omeres have been ass
gual ity determined by sperm parameters. Sci
altepedm qualitya pddragmentfeersst odnd y have shor
| eukocyte TL than men with normal sperm par
i's an i mportant abstehipeaneof| spoduébatiorc!| adr

|l i f est ytloe aftsdseetsoses ati onshi p between TL and s

I n this context, the second ai m-scefcttilinaldo
associations between sperm and | eukocyte T
healthy volunteers of repreoedarcgyilwdey.agkodint it
associations were found between TL measured
and t otiand ecpoeunndtdyrotd yo fmaasapedi mdehxer potenti al

factoflsese resuslptts msaggedteuklibatyt adidatesl! d
to be used as biombaokeomptihéemeapenrvienquahiatl y
anal ysi s.

I n summary, and pnekbieghtdofs thesfiisndinngfe c
and onsgectriocmsal st utdlygliym @ inioene r as e asatdructur
provide val uaabbloautiwifder nragan gpen of epidemiol o
measurement of TiLn cuamd ebdes tvieerdyé nus ebfiyalsogi c al
it can provddéfenenghtdsseates. However, fur

delve into TL homeostasis and regul atory me
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tell ano

tel - meros son estructuras | ocalizadas

nci pal es proteger y preservar | a integr
as regiones consisten en | a repeasci - -n e
ructuras son el ongadas por una enzi ma <co¢
seis prote?2nas que forman compl ejo shel
|l a reygmbhatennmi&antoette oca®rEdlc desyadst e d
mer os se ha propuest o conys eunra dae olca sa dl
|l a aparici-n de enfermedades como | a

acionadas con |l a edad como el s2ndr ome
di ovascul ares (ECV), |l a di abetees loa el (o
gitud telom®rica (LT), se hammdnvseexad,gad
edad y | oscamsglhactgemersd i modi fi cables (p

ividad f2sica, el h8bito tab8quico o el

i os estudios han anali zado el efecto de

meros. Sin embargo, | a evidencia cient?2
l o que respecta a poblaci -n dey edad a
ermedades metab-1licas. Por | o tanto, el

efecto de una intervenci-n sobre el estilo

est
cl 2
par
par
un a
i nt
act
de
di f
ut i

Los

udi o PREvenci -n -Pbos D({ PREIDIMBADED t eEs 8@ e a&n
ni co control ado, al eatorizado, mul tic®:
ticipantes de | a regi-n mediterr8nea de
a |l a prevenci-n primaria de | a ECV. Los
dieta mediterr8nea tradicional y |l os asi
ervenci-n basada en una dieta mediterr 8r
i vidad f2sica y apoyo conducstuwbanhu e sPtarraas |
participantes al inicio del estudio y tr
erentes enfoques estad?2sticos para anal.

l' i zando | os datos de este estudi o.

resul tados del pri mer estudi o pil oto

PREDI MPHDus incluidos del centro de Reus exp



LT medi do en c¢c®l ulas mononucl eares de sangr

embar go, ni el grupo de intervenci - -n, ni I
asociaron con cambios en | a LT deepe®s:asde u
en | os cambios de I|-misddewigl g8 a@HhdaG)matt r( 8D su rd
afo de intervenci - -n. En el segundo estudio
Navarr a, l as mujeres del grupo dtei Mantemnm vieanc
LT medido en c¢c®lulas de | a capa | eucocitar
comparaci-n con | as mujeres del grupo de ¢
i ntervenci-n presentaron un 83% meonsos de

tel-meros que | as mujeres del grupo de conf
se observaron ni en | os hombres ni en el co
Estos resultados respaldan | os beneficios d
de | a actividad f2sica, el apoyo conductual

en adultos mayores a | o | argo oellost ihamphbor. e sA
parecieron beneficiarsePldes |lfarasantemveprgui m
amplio para ralentizar el acortamiento de |
efecto positivo de esta interwvenen:- hosoboeb
si se analiza en uny nhwroan tnémBusT @prebréi oomdgoa sitor. a

Adem8s, |l os tel-meros cortos se han asoci
masculina determinada por | os par 8metros ¢
demostrado que | os hombres con una alteraci
y cormiagn-stico de infertilidad tienen un
|l eucocitos m8s corta que | os hombombr e®sn pe¢
f®rtiles. Sin embargo, existe una I mportant
general cgnguderen factores de estilo de vic
|l a calidad esper m8ti ca.

En este contexto, el segundo objetivo de e:
transversales entre |l a LT de espermatozoi d

esperm8tica en 200 voluntarios samelss en eds
Ferty$%e hall aron asociaciones positivas ent
|l a concentraci- -n vy el recuento total de esrg
ek ndice de masoa roer ppoorsalbl es faceévulesades c

sugieren que |l a LT medida en ambos tipos



id-neos par a ser utilizados cComo bi omar c

compl ementando el an8lisis convencional del

En resumen, y a |l a luz de | os hallazgos inc

cl2nico controlado y aleatorizado y de wun e

son estructur as gue podr 2 an proporcionar
epidemiol -gicos. La medici-n de | a LT pued:
vZ2as biol - -gicas, ya que puede aportar info
embargo, es necesari o seguir investisgando p

mecani smos regul adores.
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Cat al

Eltsel ,amemr sestructures | ocalitzades al fina
principal ®s | a de protegir [ preservar I
mam2fer s, aguestes regions consisteixen en
5TAGGG' . Aguestesaldatrguwetnuu @S ecnizeism aconeg |
comel omersasm,estabilitzades per sbeign perlot epun
qgual exercei x un paper rmdrptoanianddenste nd & tau rrae

det sl ,.meEls destghsdanehde |psr oposat com una de

|l " envelli ment, i |l a seva |l ongitud s'ha asso
infertilitat o mal alties relacionades amb
maliaelst cardi ovasculars (ECV), |l a diabetis o
| a | otneglioommdrica (LT), s'"han investigat tant
sexe, | '"edat i els trets gen tdicet)a, olm ac ff ia\
f2sica, | "h"bit tab”"quic o el ni vell soci oe
Di ver sos estudi s han analitzat | " efecte d
eltsel , mers. No obstant aix, ,pdé®dvsld mictiaad ac ipe
gue fa a | a poblaci - d'"edat avan-ada amb s
Per tant, el primer objectiu d'aquesta tes
sobre | ' estLilde sdper &si dda' ueng uli ateenret® | cheamyls' cedset usdei
Prevenci - amb DR leuwsa (MERHIDUaMBE.D nAquuesdl 2ad <
control at, aleatoritzat, multic ntric i de
regi - mediterr "nia d'edat avan-ada amb sob

prim"rE@V.deEllsa parti ci pant s ndaeldigertuap nieed ictoenr

tradicional, [ el s assignats al grup d'"int
restricci- cal_ ,rica, promoci - de | "activita
es va meworudrmolkd rpasr i ti pancs de | " estudi [
anys de segui ment. Es van wutilitzar difer el
efectes de | a LiTinttielrivtemant Isodrckcadeas d' aques

El's resultats del primer estudPRPDIMED van |
Pl uecl osos en el centre de Reud& Thveasnu reaxdpae r i r

en ¢ | LIlules mononuclears de sang tpaenmti f ric



aix,, ni el grup d'intervenci-, ni |l a inter
canvigni feind&dall usap d'un any. A m®s, no es VvV
el s canvis dels -mideebigsi gu(a®Bds@)apsr @e &' un
any d'intervenci . En el segon estudi, gue
Reus iraNaveaers dones del grup d'intervenci

| BTmesurada en ¢ | Ll ul es des |lanys pd' il etuerowar
comparaci - amb | es dones del grup de contr.
van presentar un 83% menystdé, meebhbbl dbats
del grup control, despr ®&so deed waemg ud meeirt v arA.
homes ni en el conjunt de | a pobl aci

Aquests resultats recolzen els beneficis ¢

®» ®© ¥ O T QP T T T O O

- QO 9 m

o

romoci - de | '"activitat f2sica, el suport
BTen adults dbébedat avan-ada al |l pbarg del t
|l s homes, van-sseemel dra PRdé&rDefMPEA®BINEsip-r ®s d' un
egui ment m®s ampl i petrela, nelresn,t imo |Hemcdieg -
ossible efecte positiu d' aqguedt aneraltser ven
omes Si s'"analitzd@ nadn virmdusomluree ts mmain inorur
rolongat.

m®st,elelnser s curts s' han associat amb wuna
eterminada pels par "metres esperm’tics. L
omes amb una alteraci- en els par’imetres
"infertilLTetnate stpeerematwmrai des i | euc, cits me
mb par " metres esperm’tics normals o homes
bs ncia d'estudis que inclogui'resgobl acei vic
| 6hora doavalllarl &aqguel acat espeemltica.
n aquest cont ext, el segon oOobjectiu d'aq
ssociacions thMTd'nsypersmdtsozmitdes lia | euc, cit
ual i t at esperm"tica de 200 voluntaei s san
'"esaedredrit YJEs van trobar associaclTonen ptocstid i
0Ss ti pus cel Ll ul ars [ | a concentraci - |
ndependent meln't eldl &t nldéeexf edcet iemaalslest ar eds@rpparnsalb | e
e confusi . Aquests meessuurlat ades IsanglgBrenxerm
el LI ul ar s podri en ser consideratsa candi c



bi omardceaddras qual itat esperm’tica, compl el

deslemi nogr ama.

En resum, [ a la Ilum de |l es troballes dboé
control at i al eat or i ttzealt, me rds' usn- ne setsutdriu cttruart
proporcionar I nformaci - val uosa en estudi
| BTpodria ser mol t Yt il per a comprendre di:
i nformaci - sobre diferents malalties. No ot

per a aprofundir enLTidestudieudgumesthoams mesas
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B8OHdGhy#8roxydeoxyguanosi ne
BoxodGxdleoxyguanosi ne

ALT, alternative | engthening of tel omeres
ANCOVA, Analysis of covariance

ANOVA, AnwebdybsanBscef

BL, Bl ocker probes

BMI, Body mass i ndex

bp, Base pair

CASA, Computer Aided Sperm Anal ysi s
CE, Capture extenders

CP, Cyduesomned probes

Ct, Cycle threshol d

CVv, Coefficients of wvariation

CvD, Cardiovascular disease

DNA, Deoxyribonucleic acid

dNTP, Deoxynucleotide triphosphate
er MedDi etedeaedgMedi t erranean Diet
g, gr ams

GWAS, Gevm@dme association study

HDL, -HHewg®i ty | i poprotein
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Il FN, I nterferon

I L, I nterl eukin
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MedDi et |, Mediterranean Diet

Met S, Met abolic Syndr ome
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MedDi et, Mediterranean Diet
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MRNA, messenger RNA
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NHANES, National Health and Nutrition Exami
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PCR, Pol ymerase Chain Reaction
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RCT, Randomized controlled trial

RNA, Ribonucleic acid

ROS, Reactive oxygen species

S, Si ngleenecopy

SAPE, StwxomijawghRiyewoerr yt hr i n

SD, Standard deviations

SNP, Single nucleotide polymorphism

SES, Soci oeconomic status
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T, Tel omer e
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TERT, Tel omerase reverse transcriptase
TI N2, TRF1 interacting nuclear factor 2
TL, Tel omere | ength

TNE), Tumor nealrpsd s factor

TRF1, Tel omere repeat binding factor 1
TRF2, Tel omere repeat binding factor 2
T1D, Type | diabetes
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WHO, Worl d health organizati on

WBM, Wor king Bead Mi x
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Il ntroducti on

1Tel omer es

1.1 History of telomeres

The first descr ipptoivo ml etdh exhdeN@Hisr ect wae at t
of chromosomes Zwas ma@isosophedaibnel BBanrolgaarsd e |
McClintock and Her madn?n TMel laeurt,h or & s poebcstei rvveel
structures exehiawiotoghr @ dsttionedtnduced broken
these ends as being of <critical I mportance
and designated these stru&td(oemnsd)meedodsv ed f
(part). In the 1960s and 1970s, further stu
understanding of the role of telomeres. The
was discovered that human cel-60s chyacvlee sa bfeifnoil
becoming?3stefiessehitnding underscored the rol
During the samaepéiicadj onher dehedmo was pr
observed that with each cell di vision, a fr
(DNA) was |l ost due to the inability of DNA

chr omo®°s® mes

It was in 1978 when EIlizabeth H. Bl ackburn
hexanucl eotide sequence from (Teer alhyposoaal
t her mbphTielna year s tlhieuenan itel d 88| c repeats
sequénctehded edryci ng thet hsdewustaneéi ng of

1. 2.Tel omer i c structure and f un
compl ex

Tel omeres are strgaeaftuckesomocsames whosdepreind
t o protect and preserve genomesgant egndt vy,
propagation of species .-coldn nmga nbnNaAl iraeng i coenlsl sc
tandem repeats of the sequencset rBainahmMAeGGG 3¢
wi t h astsriamngdleed ov emnldangrhiacchhtihre Bwahi Tdenuc! e
telomeric str-uocobpreomateumasi anTwhen-it f ol o
|l oop when the 306 ubi\setrrheamdge di nrveagdiecssn ao fd ot he

sequénce
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n mammalian cell s, this | ooped structure

helterin, t hvaitt hb i midgh t spreoanefcieécsi ttyh eam df r o m

o n

amage rMBespdrese. ddi srmompsexhe sbyubéung of

mpl i catl-edgpnethtei on, and it controls the
tel omer ase. Thus, t his compl ex S essenti
chromosdmmé! ends

Humahnelst erin i s formed by six subunits: telc
TRF2) , protection of telomeres 1 (POT1), T
repressor activatorl?pmbtreiensuUbURARPB) adMRFILITP
directly recognize TTAGGG repeats AdFnd are i
forming the complex that allows cells to di
TIN2 is at the core of the complex, with bi
and TPP1, which bi-sntdrsan o -mivoeldlihrad®’gpé ostien onl e

Each of these subiWnits plays a crucial role

1T TRF1. Regul ation of telomere | ength (TL
ensuring proper telomere maintenance.

T TRF3t abi loifz adHhoeo pT a nido nptredftoenrcetr es from t hi
damage response.

T TI NRc.entral component that stabilizes th
the telomere sequence by tethering POT
el ongation by tel omerase.

T POT1ti nlds t o stthreanslienlgloever hang of tel on
activation of the DNA damage response.

T TPP1ltnheances t he binding of POT1 to t e
recruitment of tTdl omerase to maintain

T RAPLtorwke conwuhbtiTBR2 to modulate TL an

protective functions of the shelterin coc
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Telomerase

TERT

TTAGGGTTAGGGTTAGGGTTAGGG
AATCCCAATCCC AAuccc Dyskerin

Telomere repeats
RNA matching motif TERC 3

Shelterin complex

\)
< "} Telomere

TPP1
p - T-loop

TTAGGG),
AATCCC),

1

Telomere repeats

Figure 1. Tel,amdreel smertaeei o mplled oareriers koman s«
tandem of the sequence 506TTAGGG3d6 in mammalian ¢
complex stabilizes the tel omemregtch.stAdiaptued flarhgdm Vv
DK. Tel omere Biology and HumanD®het6t 360/ €el |l s8020093Jan

This structure constitut és ga)ramadil parte vtehnet se nti
|l oss of geneseeihsb’dal e dceabea rr etcloggni s¢d aas dou
breaks when shelterin compwheohasdalidsadser e mov e
DNA repair rreessuppand®el charfdfsilonsaddi ti on, defec

prothadawe abseseonci ated with the onset of di ff

dyskeramngeins t a, a rare inherited bone marro
abnormally %*holrhte stee | toomeirtehsgihensci al r ol e of
complex in cellular pehsy swel bogps antds deovoélkonp
genomic stability and preventing disease.

1. 3.Tel omerase compl ex

A natural shordacecowhnsgn oONA eplood nyemeersases are ul
t hpeol ymeri zation of the |l agging strand at
shortening acts as a biological c¢clock, trig
tel omeres become <critically short.tfRédis sh

ri bonucl eoprtohtadiomgaomp!| @x | ome t% sTe lncameerda stee
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was discovered in 1985 by Carol Greider an
terminal transferase activity ©oét rmaahymearyane
ther mb®phThias groundbreaking discovery was

Szost ak, with the Nobel Pirk@e9 i horPhygsli oi o
fundament al problem in biology: how chr omo:

di vi sion and how they are protected from de

The human tel omerase has a catalytic core <c
( TERTW it aoaddangoni bonucleic acid (RNA) <co
contains the template fdef the elongation of

The activity profile of tel omerasmroti salhli ghl
cells can prevent sedaepsesndent Haoasstoftepl 0ma
varies thrFdwalrcui2n!l huea(s, TERT activity i
with high proliferative potentiand camdheras
cell s, tdhmaihntraipn itctae i ve rate and TL. St el
stem cell s, exhibit TERT activity which en
potenti al, afdtter i msuwftfhi ci ent to completely
t hr oulgihf e

2 Telomerase activity -
A Embryonic ® @ High O Competent
Germ cell Blastula stem cell : Germ cell Q Low O None

__._.. — Next generation

[ ]
. Cancercell ~ Telomere
(] Cancer stem cell (immortal) stabilised
. ' (immortal)
. L 5 ...-.......u.-.--..‘::.
b Sl B ’*‘ or
Py O . et :-
(] SF e f Activated Cancer cell
oO s Progenitorcell I lymphocyte (mortal) Telomere
£ 0 N H shortening
g : (mortal)
= [ H
> o\ C:
3 /A
&)
L]
[ ]
[ ]
Sperm .
\Ovum :
O4. : .
[Fveen] Sm "0 O
L]
FETUS . AFTER BIRTH Apoptosis  Apoptosis
Age
Figure 2. Tel omeAjGee ma @tnidv ietmp ryromfiicl et em cel | s h
to their ©prolBilfnersaotniavtei cp octeelnltsi,alt.he acti C)Sttyenofcet hi s enzyi
|l evel s of telomerase activity to maintain the pr.
tel omerase in stem cells. -4Br0l1J10adi®8B8B/s20b07 cABBO
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I n contrast, TERTgnricftivantyl ylezmeéais® gener al
most normal somatic cells, leading %o repli
This decline in TERT activity contributes
associated wiWhilceel TRRR@QTri ssaggemger al ly expr e:
human cell types, both TERT and TERC are es
However, the expression of TERC does not
accompani ed® bAccDERT ngl vy, the regulation
determining factor in the acti!¥ity of tel on
I n humans, this complex is accodpp&reiredcd by

( DKCrau)c,l g aontfamnl y A membnec!| @ atfetrmP2 )y, A member
3 ( NOPpolnotpg mt/i n, TCABl1/nWRAR®m3, paAodneeinmb efrani | vy

(GAR1). These proteins are involved in main
producing functional tel omer ase, providing
ensuring the integri?®y and stability of the

1. 4.Tel omere dynamics

Tel omer e echmatpibes Scompl ex processes amfd tel om

mai nt enance, and thetblomegecalhormephingt ioo
within cells. These dynamics profoundly in
and overal/l he@alhtuhmamst cdamed soomere dynamics
devel opmental stage of the individual

In |l eukocytes, often used as a prox®3 for TL

the rate of tel omere | e(sksp)i spearp pyeari nihu reil nyg
early childhood (i .e., the first three year
rate observed during youneOadyityreamadd ewh é mgi
sl ower pace 0%% cTehlel uellaerv attuerdn orvaetre of cel | r
i nfancy may be indicative of an accelerate
systeexnpandi ng the hematopoepddlc. ahdi sp r prgoewii
parti al explanation for the differences in
of infancy camdg acaneidl |dhhoocodd? and agi ng

During | ater adulthood, | eukocytde pTeln dceonntt i n
rattrean dur i n*g Dcehsipliddheootche presence of tel ome

stem cells, it is insufficient to fully off

7
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replication, which wdlepiemaeaty |l ecohkocyhwes §& =&
this gradual shortening magnéwalpacapacilty ad
hematopoietic stem cell s, whi ch replace p
Consequémelt |loyf, hemat opoietic stem cells at k
determining | eukocyte TL and?fts subsequent
I n germ cell s, tel omere dynamics differ fr
depending on sex. Mal e ger m c ¢ lhdessr |lhya vet ahg g
o f spermatogenesi s. This activity is then

process, with a delayed switching off 0bsc¢
prevent tel omere shortening in mal emegér m cC
generation, resulting in |ongé&f.2¥Duiinngatlke
initial stages of oogenesi s, female germ c¢
which then undergo a faster decrease during
observed in oocytes appears to mirrimgr tthkee d
process of aging. Women have a fixed oocyt e
fetal i fe. Il n contrast, mal e germ cell s ¢
resulting in | onge%/ tFeolldnoewiensy tfheant i bocwnt e
mai ntained on hategotecastead tthemdi fferent cl eav

F 3
Germ cells
Stem cells
h Y

= %

&0 X

= \,

(D] N\ e
— \ Somatic cells

o N

— “,

Q \,

ji \,

5 N Cancer cells
5 \\
e \\‘/

Crisis

Cell divisions

Fi gBreTel omer eAfdtyerra nbicrststoomagécmcahds preserve t

tel omer ase. I n contrast, somatic cells wundergo
bypassed at this point due to chieskpypinel bmelt &8s
t hesi stkha saiohumwprance S, Fattet AJ, Thornton SN, Be

FemalBei oFneerdtiicliinteys.. 2021 Jul 20;9(7):842. DOI

and



Il ntroducti on

but it i ntchnee maka dbHeaosmeoscyst due t o an incre
act P¥Fiigwr e 3

Oxi dative stress, i nfl ammati on, and tel omer

Tel omere dynamics are not only dependent or
stage of the dxiddatiidwealst rlensdssbeedad pnod p a smend t
processes thatamocogclketiecanedi shoeteaoaing of t
t he

which are explained bel ow.

re are a numbemoadiff imahkli & | fadbd teomm dt mMma@dM cCc o

Oxidative stress refers to the i mbalance |
species (ROS) and antioxidant mechani sms.
chemi caPB’t speciagse formed endogenously as I
metabolism. These species act as second mes
they can also damage <cellul ar component s,
condii Pmes sources of ROS gecnaeusaed obny cualnt rad v
radiation, environmental poll utdarons,egeaentla fe
beha¢i or

Tel omeres appear to be particularly suscep
guanine, swgpebbnest o eoxxiddilaetoixoyng utaen »8 86k ( 8
Thesep ROSerteamrtghetisley regi ons, inoke¥&idg the
i nducing DNA strand breakafadthers mratsaltBBan
conditions due to %4 ¢tol ladpsea ion, repliidaatiiv
tel omerase activity by directly inhibiting
collectively <contribute to accelerated tel

highlighting the i ndxiidattievea edtartd p3r8ahn @ theelt

Chronic inflammation could exacerbate the
i ncrease in hembéppiocati on st e inslaetui ksofcyy t telse
necessary to overcome the inflammatory ©proa
i nduce accelerated shorteni agelanft etde’ldd rsecraesse
The inflammatory proceissfli apimatser vy heyseki ee
tumor necalophaUf ANRoft eukins (I L), amongnterf

ot her s. These cytokines can induce tel omer
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tel omere ,tempdomgnt ® accel erated cell ul ar s
dysfunction would play an i mportant role in
respwhsierh turn contributes tSpetchd icrmddty,oft e
dysfunction triggers cellular senescence, \

and secretion of® inflammatory factors

1. 5. Factors modul ating tel omere

The factors i1dentified as contribut-ors or
modi fi abl e and modmofdiiafbilaeb.| eA nfaancdt ajrése,e naogoe ,t rs
are the most extensively studied across sci
include environmental and |ifestyle factors
di et , physical activicoypyomsmokirmg tkalbvitds, tar
consi Fegei e ( Ahese factors can act synerggi

dynamics throughout | i fe.

[ Factors modulating telomere length

Non-modifiable factors: Modifiable factors:
-Age -Diet
-Sex -Physical activity
-Genetic traits -Smoking habits

(-\I -Socioeconomic status
- o ' ol
& Y &

6@ 2of N
26 e
FigdreFactors modul atingntéehemereskeoglt heabbp. f ht

modul ators of TL wildl be age, sex, and genetic ¢t
physical activity, smoking habbohsjfamnddsoci besiosnd

1.5. INo-modi fi able factors

1. 5. Agd .and aging

I n 1990, Harl ey and coll aborators observed
human f i br oeebsltaashtisi,swaeetdweal |o f cellul ar senesc
concluded that tel omeres musti ml3 obvlahn der go

findingdshuagtgeTslt can serve as a mitotic <clo

10
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hi s®orSyubsequent evidence has delved into acf
tel omere shortening in humans.

Epi demi ol ogi cal studies have consistently |
age, showing an inverse relationship betwe
review summarizing data from five |Ibagitudi

TL with meelmkeiamgoe | ts dur-upgpéehieofis] | wwi ch r &
seven t® 12n yuepadrast ed and maneael gesmprebmpsi sk

from 743,019 indiecitdwalasd famadml|l omgsgs udi nal

TL, measured in bl osotdudiimdstche nmaj avri itthy cdfr oin
However, autholrisnedbsetrvenda wiohh the correl
being weaker in adults than in children, [

first vy*arAddadft iloinfad studi es also reported

bet ween TL and*!ch’ronol ogical age

Whil e chronol ogi cal age provides an i mport a
state of a subject, it do@awtdiafl fweary sf rrerm | kical
comorbidities and other influencing factor s
or |lifestyle habits. Given the significant
of -agleated heal*th ic¢ormpl iicraptoirotnasn t to identi

under st and t he mechani s ms rel ated t o t he

chronol ogical age.

Agi ngmuilst iaf actori al and irreversible proces
|l oss of physiological integrity and functi
systemi c*?alwwheircait iiomst urn | ead to i mphadé r ment
cardiovascul ar, endocr i me, wedngrcdhahang tciaVy e ,anda
structur al abilities, psychosoci al deficit

cardiovascular disease*?( WR) ,useancfera oo mj
bi omar kers of aging has been proposed as a
of aging, with TL bei ng -doenpee nalfe rff h dima c &t chmes i
recently updat et 2mevared’datldiee d&rgodeez of t el o me
attrition has been consolidated as®lanedof

di seases.

11
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ort TL and its attrition rate, particul
oposed aocf bhiooaMaadgkieadal age in epidemiol ogi
t ween TL and the onset of diseases relat
tabolic syndrome (MetS), among others. I
| ati ons hiapg abnedt weeelnatTeld, di seases i s more ¢
ng TL have been |inked to an increased r.i
at telomere research should be expanded,
i n a deedpienrg uonfd etrhset arne|l ati o*Ashi p bet ween
1.5.3eX.
e role of sex in determining difference
Il demi ol ogi cal studies a@amas$ ysids ver s e3bp ocy
nducted by Gardner and coll aborators (201
mgeé el omer es-atdh ars t mani dirhra ltahggebe dn § f paenceul
ident in studies employindg® SSoiunihlearrn yBl oitt
tional Heal th and Nutritiabhn gk radniaugsett @ d n
ometric mean of | eukowgs$ er holFf tne wvloemre ns tt thd
ve observed a faster decline in 42é%dkocyte

particularl® after the age of 50

contrast, other studies °®i’ar nfoda umhdeptomat t

i fferences disappeared in fully adjusted

d heal tth behaekods d rmagte mmdearedtad i tome f ol N

i fe*CTourse

ver al bi ol ogi cal hypot heses have been pro
plain these results. These hypotheses are
present in premenopausal women tanodn has
| omer es. Firstly, because it acts as an e
chanisms, including thl Thnhsi bwaulod eonfabRG
idative state i n women, with the conseque
condly, the potenti al effect of estrogens
ntioned. Il n 1997, a pattern tolireetnsIt o mand as ¢
cle in nor mal human endometri al sampl es.
oliferative phase presented tel omerase act
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hi gh. Al though 47 % rofl ifaemmpmltd svei m htalsee nvenr e
|l evel s were | ower. A telomertanseens&eguehlh&eti on
was su®fgelstt ewdas subsequent |ltyhTeElRFepvedot eat b

estradiol was pre&end owabraandsépicthekrumetée
Furthermore, estradi ol has been shown to
peripher al bl ood Iymphocyt®sstonadm, haat hbysv
found that the enzymatic convmeaisx mphamdt aomdr
for the activation of &3 |lonmecroanster aosbts,e rnvoe dd ib
of TERT messenger RNA or protein expressio
peripher al bl ood mononuclear cells from no
yeé¥ s
Al t hough this hormonal advantage appears to
i n women compared with men in some studies,
bi ol ogi cal pat hways.

1.5.GGeBetic traits
Genetic factors play a pivot al role in dete
t h variability observed among individual s.

e

i nvestigated to establish theaeprogp otedoti @ln o
variation. Besi des, a number of genetic val
been tankeacreased ri sk oft osheev eornasle td iosfe atseel:

bi ol ogy disorder s.

Il nheritance componendncaeapt ipamr ent al age at
The i nheritance patt eamaloyfz elde uuksoicnygt ed altLa wfar:
studies involving 19,713 participants. The
70%, with s-bfbapgernmothlY ellmtadm nuapdiatgesd smie t
t hheeritability of telomeres in hi#haoOshewas e

studies have repblandduphand BéWweenl éB8Rocyt e
age seemxdj umae® sl n addition, t he -ceespea maetretd h

|l eukocyte TL attritioh® has been esti mated t

Furthermbeeeffect of paternal and maternal
the context of their rel aanalnysshiisp, widathh o & ts

13
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mat er nweliodasgeer ved t o be positively associat e
adjusting for paternal age, mat er nal age W
whereas paternal age remained significantly

as auodef@d study that compared siilye ragl at i

conception and offspring TL concluded that
| eukocyte TL was the fatherodés age, with | on
ol der "% aSewearsal studies haver gagatidneddi ccaotnisnigs
positive correlation bet'WwWdéwheprmeé¢@as nat hamg ea a
not find signfi3f itldreentabasssnaocei actfi omast hol ogy, r
|l onger TL than somatic cells due to the act

As ol der fathers may be able fothiransmultd,]
beneficial f or tphaer ta ficfonskparaittyigoéns othosré éel sapthenda g e

di seases driven by telomere shortening.

Genetic variants and telomere biology disor

Genowiede association studies (GWASs) have i
with TL regulation that could affect the o

nucl eotide pol ymoTIpRICosonss (aSsNsPosc)i aitne dt hwei t h |

TL have been associated with an increased r
whereas TERPscusn associated with shorter | eu
with a higher risk of idiopathicnpslememary
SNPs from diffelM&mRANT@ERCesevealcédda ngi gni fic
of the allele associated with shorter TL wi

75

Tel omere biolobgeptdircgedeps vadr ali 3eases caus

mutations that aff'éecDyskbomeosei maCohgeanta

di sorder | inked to germline mutations in g
|l eading to critically short telomeres. The
MDKO1 on the X c¢chr omosome, |l eading to a re
di scovery marked the first |ink between mut

di solCdergnittt yi s known thattthbmkeaste a28dgehe

components can be involved in this disease.
TL for their age, resulting in a spectrum o
failure, pul monary rfiibrcorseass, ed ipreeldiesi® psesaistei,

14
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ni festasi webét| as thedepemrd ab iy egoetineed haen dd i s

de of +thheritance

1. 5. 2Modi fi abl e factors

i s evi et f it hlalte noact or s ar e not suf fi

derstand telomere dynamics and the vari al

nsider envir oanmte nltiafl e s tnyulter ifta cotnoarls when i

i
I
d

1. 5. DRI 4t

' ight of the implications of nutrition

entific interest i n the potenti al assoc
omere homeostasi s. Traditional loyf, edaceht

i vi dual nutrient or food group and thei.H
rs, a new perspective has emerged, consi
rients and foods that intédmactbesyreer giest

mul ative effects of the entire dietary pa

t
S

n

ubstanti al body of research has been col
rients, foodasn,d diLetianr ydipvaetrtseer nsopul ati o
t emati c review examined t he i mpact of
thesizing results from observational col

(RCTs) in adult pepulkdtionsg. tTikei s eebhadi ewsii

macronutrients, f ooadnTd.r. o U'phse, adiiteétoarsy cmpatctl ail
adherence to healthy dietary patterns, suct
i ncludes t he I ntroducti on of certain mi cr
vegetabl es, coul d proandctpoaotheentliendtyh pafevtee
tel omere’’shortening

Food groups and TL

In children and adolescents, a higsh®r cons
cereals andawdi sewgdrt e addWaesv emreaggaetsi vel y as s
wi t h |l eukocyte TL. Conversely, a positive
consumption of fish, nuts dhdande’tsigunmb s v e s
|l eukocytes or whole blood cell TL.

15
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I n the case of studies conducitehe i MHAMBS t s,

study revealed positive associations betwee

together or separately, with | eukocyte TL,
not associ®4t &Edrwhehmdite, research indicate
meat, but not of unprocessed red %Hfeaatnd i s n

ul pr@acessed food cowbadnpubloen riiss k ssfocds lad retd

i sal i va®3sainmpdl ®kse of added fructose from pro
al so associated with a shorter | eukocyte TL
fruits, vegeflabHeweveamnd thhbpmegonsumption of

including fruits, hasadteteob Ired ,atrewtdsy, tdr smeat

Di etary patterns and TL

The exploration of dietary patterns and t|
i mportance because it of fers valuable gui
enhancing |ifespantandaheahthys€so9$ the Nt
pasti ve association betwewhi dthresiodxeirdsatdiveet
l i festydred flawuloosyt e TL in women but not in
associations remained consistent whheen di et a

other | ifté€style factors

Adherence to the traditional di et , compar e
associated wifthl hewlgoeetmenTL with phieri ad
MeditestygheamdaepoamBr acient 0 pattern was pos
with | eukocyte TL, whereas an iavepbpséeeasspoc
iMeat o pattern and TL i armend)K4PBIA aneen kpiag ht 6 st

adherence to a Mediterranean di etary patt
associated with saliva cel l TL in the 886 g
de Navarra (SUN) project. ConverWedtyer mo a
di et ®ndhodalse of TL measured in sperm cell s,
alseen correlated®Wwith |l onger sperm TL

By contrasetcti@analdosgudy including Chinese
no associations between sever al dietary pa

Approaches t o Stop Hype-DABHsilomt,er v et i Mec

16
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Neurodegenerative Delay Diet, the Mediterra

Hong Kong diet phttern score) and TL

A mathal ysi-seofi onabsstudies was conducted
bet ween MedDi et and TL. I n this i nstance,
bet ween higher adherence to MedDiet and |
si grciafnt oadyushedgmode’®s Aahdr-dmalwognes aof f |
clinical trials found noahéefgyfhedtegofeedioff f dree¢ r
bet ween studies due to the considerable var
of diet foll owed elme-rtgyaedcgagtr,t-3 cmep@mlt smg n t. aet. i
hyperproteic?iet, or MedDiet)

The available evidence suggeatbetNMatdDadher €
a similar dietary pattern based on the cons
and suitable dietary approach to protect a

mai ntain good health st aetruisz.edT hbiys ad iheitgahr yc of

of plant foods (vegetables, fruits, cereals
t hpeincipal source of f autc,t sa amodd eergagtse, ian tl aokwe
consumption of fish and poultry, and restri
The combination and interaction of these f

antioxi damtf | amdnaa rtriy @omp onpparctt s mteh atbo orhi ¢ a |
mechani bems@i magi ntain tel omere homeostasi s,
health outcomes such as obesity,*MetS, CVD,

1. 5.Rhysi cal activity

It is becoming increasingly <clear that reg
|l ifestyle factor in maintaining a healthy I
related diseases, dhdTeRehlercefmnigcihalal ¢hfye atgi

has been observed in both healthy individu:
pain and disability, as well as an i mprover
and ment a’% well being

Evi dence farnoamh ya i me tod sbonduese@andnt heal shy
revealleaw veeaeryt a heeftfye catb oouft exer ci se or physic
TP’ When only R&Aal yweerde, neextear ci se for mor

specifically asessoddicateexce rwiitshe,a waais§ni fi cant

17
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contrast ,-amal ysppidsatoefd smeevtean addi ti onal <co

althy adults, found no gl obal effect of

|l s. Nevertheless, the -subgmnsvivpy atinraaliegnsi insg
i ned as brief, intermittent, -antemsgbdoyou
overy, of fers an advantage in terms of

i stance 0o%? amhridbei cn ocaxseerpavied ead i om one st u
sical acti®Yyithgeagdoapeom Farticipants wi

f chuarvde tloonger sper® TL in a recent stud:
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It i's widely acknowledged that s makei ntgo i s
exposure to a har mful mi xture of chemical s
stress through ROS produandodDNaArnYamagsi ng |

Active smoking has been proposed as one of
|l eukocyte tel avmehmhé edtstntgher gesrid gbhwmtrmarid i on
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1. 5.2oc0di.o0economic status

Socioeconomic status (SES) has emerged as a
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i mpact an individual's access to!%f ebource:c

addition, factors previously mentioned as

with the relationship between SES and TL.

In a study involving 506 healthy parsti ci pa
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2. 1. 0Obesity
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o f adi pose tissue by immune <cell-graddese
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Abstract

Background: Telomeres are essential for the integrity of chromosome ends during cell
division and their involvement in different processes linked to aging has been estab-
lished. These chromosome components are involved in spermatogenesis and seem
to play an important role in fertilization and embryo development. Telomere length
is shortened with each cell division. Recently, short sperm telomere length has been
proposed as a potential biomarker of male infertility.

Objectives: To conduct a systematic review and meta-analysis of studies exploring
the association between spermatozoa and/or leukocyte telomere length with sperm
quality parameters and different infertility conditions.

Material and methods: A systematic review and meta-analysis was conducted with
studies from Medline-PUBMED and Cochrane Library databases until May 2022. Eli-
gible studies included cohort, cross-sectional and case-control studies, and telomere
length in spermatozoa and/or leukocytes cells was defined as the exposure. Semen
quality parameters or infertility conditions (e.g., oligozoospermia, asthenozoospermia,
teratozoospermia, or other spermatogenic impairment combinations) were defined as
the outcomes.

Results: Twenty-three observational studies were included. In the qualitative analysis,
high heterogeneity was observed between studies regarding the associations between
telomere length and semen parameters in different normozoospermic/fertile and
oligozoospermic/infertile populations. In the meta-analysis, spermatozoa and leuko-
cyte telomere length were shorter in infertile individuals than in fertile individuals
(mean difference [95% confidence interval]: -1.43[-1.66 to -1.21], p-value <0.001 and
-1.67 [-2.02 to -1.31], p-value <0.001, respectively). Moreover, in terms of sperm
telomere length, these differences were also significant between individuals with a
normal seminogram and individuals with a low quantity of spermatozoa in the ejaculate
(-0.97[-1.32,-0.61], p-value <0.001).

Conclusion: The current systematic review and meta-analysis suggests the potential

role of spermatozoa or leukocyte telomere length as a reliable biomarker of semen
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1 | INTRODUCTION

Infertility is a disease of the reproductive system leading to the failure
to achieve pregnancy after 12 months or more of regular unpro-
tected sexual intercourse, according to the World Health Organization
(WHO).X Currently, infertility affects 8%—12% of the world’s popu-
lation and over the last years this condition has increased.? Globally,
of couples affected by infertility, male factors are responsible for
40%—50% of cases.? Research on infertility is therefore important and
quality of life and mental health of populations may also benefit.*

Oxidation and inflammation processes have a recognized influ-
ence on sperm quality parameters and consequently on male fertility
because of the susceptibility of spermatozoa to oxidative stress (0S).?
The pathological characteristics of oxidative molecules, such as reac-
tive oxygen species (ROS), can lead to impairments in the male
reproductive system resulting from an imbalance between oxidant
production and antioxidant capacity. A comparative study showed
that seminal ROS concentrations were higher in infertile men than in
healthy sperm donors and in infertile men with all abnormal sperm
parameters than in infertile men with normal sperm parameters.®
Therefore, investigating the biological mechanisms implicated in infer-
tility beyond conventional sperm parameter analysis and identifying
reliable biomarkers of infertility is of clinical relevance.

Telomeres are repetitive DNA sequences and specialized proteins
at the end of the eukaryote chromosome, whose main function is
to maintain genome integrity.” With each cell division under nor-
mal conditions, a small fragment of telomeric DNA is lost, leading to
the activation of a DNA damage response that induces replicative
senescence, anticipating the onset of age-related diseases.? Telomeric
structures are susceptible to oxidation processes because of their high
guanine content, thus leading to accelerated telomere shortening.’
Telomere length (TL) is mainly regulated by a reverse transcriptase
called telomerase, which adds 5-TTAGGG-3’ sequences in tandem©
and whose activity decreases progressively during embryonic differ-
entiation in somatic tissues. However, in male germ cells, this activity
is maintained until spermatogenesis, resulting in longer telomeres in
spermatozoa than other cell types.'©

TL has been consolidated as a hallmark of processes linked to aging
such as oxidation, inflammation, epigenetic regulation, or mitochon-
drial dysfunction, among others.!! Furthermore, in recent decades,
telomere function has been investigated as a potential biomarker
of infertility because of its apparently important role in fertilization
and embryo development.!? A recent systematic review and meta-
analysis of observational studies evaluating sperm TL as a biomarker of
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quality, which may help distinguish between infertility conditions beyond the routine

biomarker, leukocyte, spermatozoa, sperm quality, telomere length

embryonic development revealed that higher sperm TL was associ-
ated with a higher probability of pregnancy but not with fertilization
rate.!® However, the study has design limitations in the evaluation of
the associations between sperm TL and sperm quality.

Recently, observational studies measuring TL as a marker of infer-
tility in men?*15 or evaluating the relationship between TL and
spermatozoa-related parameters®1 have increased. The main aim of
the present study is to conduct a systematic review and meta-analysis
of: (a) cross-sectional studies exploring the association between sper-
matozoa and/or leukocyte TL with sperm quality parameters, and
(b) case-control studies comparing TL in populations with different
semen abnormalities or (in)fertility. Our main hypothesis is that TL is
a biomarker of semen quality and male infertility and can complement
the analysis of other parameters predicting semen quality.

2 | METHODS
2.1 | Protocol and registration

The protocol of the systematic review and meta-analysis was regis-
tered in the international prospective register of systematic reviews
PROSPERO (https://www.crd.york.ac.uk/prospero) with the code
CRD42021227690.

2.2 | Literature search strategy

A literature search of human studies published in English was car-
ried out in both MEDLINE-PubMed and Cochrane Library databases
from the earliest available indexing year until May 2022. In order to
obtain areference list of the articles we performed a systematic search
of two subsets of Medical Subject Heading terms and keywords: the
first subset comprised telomere-related terms (telomere OR telom-
ere shortening OR telomere homeostasis OR telomerase OR telomere
length OR telomerase activity OR telomere maintenance) and the sec-
ond subset comprised keywords related to seminogram alterations or
infertility (spermatozoa OR spermatogenesis OR sperm motility OR
sperm count OR sperm maturation OR sperm capacitation OR semen
OR semen analysis OR infertility, male OR oligospermia OR asper-
mia OR asthenozoospermia OR azoospermia OR teratozoospermia
OR sperm OR semen quality OR oligozoospermia OR oligoastheno-
zoospermia OR oligoasthenoteratozoospermia OR male fertility OR
sperm dysfunction OR spermatogenesis OR protamine deficiency OR
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sperm parameters OR sperm DNA fragmentation OR sperm DNA
damage OR varicocoele OR non-obstructive azoospermia OR erectile
dysfunction OR sperm DNA extraction OR spermatozoa abnormality
OR sperm chromosomal abnormalities). In Supporting Information S1

the complete search strategy is available.

2.3 | Eligibility criteria and study selection

In a preliminary screening, two independent researchers screened
titles and abstracts for eligibility (M. F,, C. V. H.), and the discrep-
ancies were re-evaluated by two other authors (A. S.-H. and S. C.).
Eligible studies included in the systematic review and meta-analysis
were those with a cohort design and cross-sectional and case-
control studies. Articles defining TL in spermatozoa and/or leukocyte
cells as exposure, and semen quality parameters (volume, ejacu-
late pH, total sperm count or concentration, sperm vitality, sperm
motility, sperm morphology) or seminogram alterations (oligospermia,
aspermia, asthenozoospermia, azoospermia, teratozoospermia, oligo-
zoospermia, oligoasthenozoospermia, oligoasthenoteratozoospermia,
varicocoele, non-obstructive azoospermia) as outcomes were included
in this systematic review and meta-analysis when the number of
studies was three or more. Studies including data regarding sperm
DNA fragmentation, sperm DNA damage or protamine deficiency
were included in this systematic review with these endpoints as sec-
ondary outcomes. Study exclusion criteria were as follows: ecological,
retrospective, methodological or case report studies; review or meta-
analysis articles; animal or in vitro studies; studies without describing
TL as exposure and without semen quality parameters or fertility
outcomes as endpoints. Finally, non-original articles (letters, com-
mentaries, viewpoints, summaries, editorials), abstracts, symposium
presentations or invited lectures, guidelines or scientific statements,

and special articles were also excluded.

24 | Data extraction

A standardized model was used to extract the information from each
study: title, type of publication, first author, journal and year of publi-
cation, study design and period, sample size and participant’s disease
status, age, country of origin and city or place of recruitment, endpoint
data, statistical analysis performed, and main conclusions.

The main exposure of this study, TL, can be reported in relative
(telomere [T] to single-copy gene [S] sequence [T/S] ratio) or absolute
(bp) units. TL was mainly reported in relative units, so we contacted the
corresponding authors of studies reporting absolute units to transform
them into relative units to standardize data.

25 | Study quality assessment

The National Heart, Lung, and Blood Quality Assessment Tool for
observational cohort and cross-sectional and case-control studies
was used to evaluate the risk of bias of the articles included in this

ANDROLOGY @ i ENVSRSIE

systematic review and meta-analysis (https://www.nhlbi.nih.gov/
health-topics/study-quality-assessment-tools; accessed on 6 March,
2023). Two independent researchers (M. F,, C. V-H.) assessed the risk
of bias, and the discrepancies were re-evaluated by two other authors
(A.S-H. and S. C.). The studies were categorized as good, fair or poor
depending on the overall quality score. Cross-sectional studies with a
score between 0 and 5 points and case-control studies with a score

between 0 and 4 were considered low-quality and therefore excluded.

2.6 | Statistical and sensitivity analysis

When three or more articles analyzed the same exposure and outcome,
the results were meta-analyzed. Meta-analyses were conducted using
the meta package for R 4.2.2 statistical software and Review Manager
5.4 in accordance with Cochrane guidelines.’® The mean difference
(MD) and 95% confidence interval (Cl) were computed from the mean
and standard deviation (SD) extracted in each study included. If other
data distribution values (e.g., median, standard error of mean, or
interquartile range) were presented in the original studies, they were
recalculated to mean and SD. Values were obtained by two authors
(M. F. and C. V. H.) and checked by another author (A. S-H.). Fixed
effect models were used to obtain summary MD and 95% Cl of the
studies analyzed. The statistical significance level was set at p < 0.05
(two-tailed). Chi-square tests and the 12 index were used to evaluate
heterogeneity between studies, and in this case, the significance level
was set at p < 0.1. 12 values <50% were considered moderate, >50%
to <75% were considered substantial, and >75% were considered of
considerable heterogeneity. To evaluate the robustness of our findings,

sensitivity analyses using random effect models were performed.

3 | RESULTS
3.1 | Article selection

Study selection, identification, screening, inclusion and exclusion pro-
cesses are summarized in Figure 1. Following a primary search, screen-
ing of the titles and abstracts of 681 articles led to 37 studies that
were eligible for inclusion. At this point, two studies not in English or
unavailable for download were excluded. Following full-text screen-
ing, 12 studies were excluded for (a) only including processed sperm
data (density gradient centrifugation and/or swim-up); (b) being in
vitro experiments; (c) including a specific selected population highly
exposed to pollutants; or (d) being reviews or hypothesis analysis arti-
cles. Finally, 23 cross-sectional or case-control studies were included
for analyses.

3.2 | Study characteristics

The characteristics of the cross-sectional and case-control studies
included in the analyses are presented in Tables 1 and 2, respectively.
The studies were conducted mainly in China (n= 3), the UK (n = 1), India
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c
-f:’ Records identified through Records identified through
8 database (MEDLINE) searching other sources
‘= (n=674) (n=7)
c
7}
=2
A 4 \4
Records screened
.f_=° (n=681)
c
o
e
a Records excluded because they are
> beyond the scope of the study
(n=644)
Y
Full-text articles assessed for

> eligibility Full-text articles excluded, with
= (n=37) N
‘B reasons (n=14)
EA Not being in English (n=1)
w Not available for download (n=1)

In-vitro studies (n=6)

”| No cross-sectional or case-control (n=1)
With specific selection of study population
(n=1)
v Semen selection procedures (n=4)
Articles included in qualitative
analysis
-~ (n=23)
7]
°
=
E v
Articles included in quantitative
analysis (case-control studies)
(n=9)

FIGURE 1 Flowchart of the literature search and selection process.

(n=23),Iran (n =5), Israel (n = 1), Italy (n = 5), France (n = 1), and Spain
(n=4) with sample sizes ranging from 20 to 239 participants in the case
of cross-sectional studies, and from 20 to 866 for case-control stud-
ies. Fertile and/or infertile populations were included with ages ranging
from 18 to 52 years.

3.3 | Qualitative analysis
3.3.1 | Results of cross-sectional studies

A total of 17 cross-sectional studies were selected for the qualitative
analysis. Four articles included fertile men only, four included infertile

men, and 9 included both.

Fertile or normozoospermic men

The study of the relationship between sperm TL and sperm parameters
in fertile or normozoospermic populations revealed contradictory
results among the papers. In relation to sperm vitality and motility,
Rocca et al.X? reported positive correlations between sperm TL and
vitality and progressive motility in 100 normozoospermic subjects. No

associations between sperm TL and motility were reported in the other
two studies including semen samples from 65 normozoospermic and
from 60 donor participants.’62° A positive correlation between sperm
TL and sperm concentration was reported by Torra-Massana et al.,2°
but this association was not reported in the other two studies.’¢1?
Regarding other spermatozoa-related parameters, no associations
were observed between sperm TL and volume, count or morphol-
ogy in any of the three aforementioned studies. A study by Balmori
et al.2 only observed a positive correlation between sperm TL and
sperm count, as well as total progressive motility, in a group of 20
normozoospermic participants under 25 years of age.

Concerning secondary outcomes, a negative correlation between
sperm TL and sperm DNA fragmentation, and a positive correlation

with normal sperm protamination were reported.*?

Infertile population

In relation to semen parameters, the study performed by Lafuente
et al.'7 showed a positive correlation between sperm TL measured
before sperm selection and percentage of immotile spermatozoa in 42
infertile participants. The investigators also reported a negative cor-
relation between sperm TL and progressive motility.!” However, Zhao
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(Continued)

TABLE 1

Secondary outcomes

No

Primary outcomes

Cell type
STLand

Age (years)

Population studied

Location

Reference

Semen parameters (total count, concentration,

Fertile: 40.1 (3.1); infertile:

10 fertile and 10 infertile

Iran

Darmishonnejad et al.?”

motility, and abnormal morphology)

LTL
STL

38.1(4.2)
Fertile: 40.5 (3.8); infertile

subjects
19 fertile and 38 infertile

Sperm DNA fragmentation,

Semen parameters (concentration, motility, and

Iran

Darmishonnejad et al.28

protamine deficiency

No

abnormal morphology)

No

32.6 (6.6);[20-50]
Fertile: 32.2 (4.0);

subjects

STL

India 102 fertile participants and 112

Mishra et al.?2

infertile:31.7 (4.4); [18-45]

Fertile: 41.4 (3.6),

infertile

Sperm DNA fragmentation,

Semen parameters (sperm count, concentration,

STL and

Iran 20 fertile and 18 infertile

Tahamtan et al.?

protamine deficiency

motility, and abnormal sperm morphology)

LTL
STL

varicocoele: 28.5 (5.5)

34.8(7.5)

varicocoele patients

No

Semen parameters (total count, concentration,

239 participants

Italy

Gentiluomo et al.??

motility, morphology)

"American,

ANDROLOGY @

Note: The studies are ordered as: fertile population, infertile population, and fertile and infertile population. Age is given as mean (SD), or [range] where such data are available.

Abbreviations: iRPL, idiopathic recurrent pregnancy loss; NR, not reported.
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et al.22 found a significant but positive correlation between sperm TL
and progressive motility in unprocessed semen samples of 150 nor-
mozoospermic infertile patients. Lafuente et al.'” reported a negative
correlation between sperm TL and sperm concentration. Nevertheless,
this association was not significant in the case of sperm concentration
or morphology in the analysis performed by Zhao et al.2% A positive cor-
relation between sperm TL and sperm count was reported in two of the
four studies that have evaluated this endpoint.?223

On the other hand, Thilagavathi et al.24 did not report any signifi-
cant association between leukocyte TL and sperm count or motility in
25 men from couples with a history of idiopathic recurrent pregnancy
loss.

Three studies investigated the associations between sperm TL
and secondary outcomes in infertile populations. While Zhao et al.22
reported a negative correlation between sperm TL and sperm DNA
fragmentation index, no association between these two parameters
was reported by Lafuente et al.!” Besides, no significant correlations
between leukocyte TL and sperm DNA fragmentation index were
observed.?*

Populations including a mix of fertile and infertile or normozoospermic
and oligozoospermic subjects

Nine studies have analyzed the association between sperm TL and
sperm quality parameters in populations including fertile and infertile
or normozoospermic and oligozoospermic subjects. A positive corre-
lation between sperm TL and sperm count was found in 81 subjects
(61 normozoospermic and 20 idiopathic oligozoospermic).’* This was
also true in a similar population including 54 normozoospermic and
19 oligozoospermic adults,®> as well as in the study performed by
Amirzadegan et al.,® in which 10 fertile and 10 oligozoospermic men
were included. On the contrary, in a group of 32 idiopathic infer-
tile men and 25 fertile controls, sperm TL and sperm count were
not correlated.2é No associations were reported between sperm TL
and motility or morphology in the aforementioned studies.!>252¢ Two
studies reported a positive correlation between sperm TL and sperm
concentration,2>27 but Darmishonnejad et al.Z” did not observe cor-
relations between sperm TL and sperm count, motility, or abnormal
morphology in 10 fertile and 10 infertile subjects. In Darmishon-
nejad et al’s study,?® no associations between relative sperm TL
and different semen-related parameters (concentration, motility, and
abnormal morphology) in 38 infertile and 19 fertile participants mixed
together were found. Besides, Gentiluomo et al.’s study,?? performed
in 239 participants, revealed no associations between sperm TL and
semen-related parameters (concentration, total number, motility, and
morphology). Only Tahamtan et al.> reported a positive correlation
between sperm TL and spermatozoa motility in 20 fertile and 18 infer-
tile men with grade Il or Il varicocoele. In relation to leukocyte TL,
positive correlations with concentration and sperm count were also
shown in two studies.?>3° Amirzadegan et al.2* also reported negative
associations between leukocyte TL and abnormal morphology. In con-
trast, leukocyte TL was not significantly related to sperm count! or
motility.2?
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ARV ANDROLOGY @

With respect to secondary outcomes, one study did not observe

a significant relationship between sperm TL and sperm DNA
fragmentation.?? However, in three other articles, negative cor-
relations between sperm TL and DNA fragmentation?>2830 were
observed. In addition, two studies reported negative correlations
between spermatozoa or leukocyte TL and sperm protamination
deficiencies.2%40

3.3.2 | Results of case-control studies

Sixteen studies evaluated the differences in spermatozoa and leuko-

cyte TL between controls and cases.

Differences in sperm TL between normozoospermic (controls) and
oligozoospermic (cases) subjects

Three studies clearly showed that the normozoospermic men had sig-
nificantly longer telomeres than the oligozoospermic patients.141%.25
Similarly, Balmori et al.2! reported significant differences (in the
same direction) in sperm TL between older normozoospermic
and older oligozoospermic participants, between younger nor-
mozoospermic and older normozoospermic participants and
between younger oligozoospermic and older normozoospermic

participants.

Differences in sperm TL between fertile (controls) and infertile (cases)
subjects

Four studies reported significantly longer sperm TL in fertile men than
ininfertile men,26-28:31 even after adjustment for age.3? Besides, Rocca
et al.33 observed longer sperm TL in 30 controls than in 35 men who
underwent their first assisted reproductive procedure. On the con-
trary, Berby et al.>* reported no differences between control men and
infertile men. While significant differences in sperm TL were observed
between 18 infertile men with grade Il or |1l varicocoele and 20 fertile
men,%° no differences were reported by Lara-Cerrillo et al.>> between
12fertile donors and 20 patients before microsurgical varicocelectomy
(MV) and after MV.

Differences in leukocyte TL between fertile and infertile or
normozoospermic and oligozoospermic subjects

Regarding TL in leukocytes, three studies reported lower leuko-
cyte TL in infertile patients than in fertile men.24283¢ Similarly,
longer leukocyte TL in 10 fertile men than in 10 oligozoosper-
mic patients was reported by Amirzadegan et al.2> On the other

137 reported shorter leukocyte TL in 349 non-

hand, Yang et a
obstructive azoospermia patients than in 247 obstructive azoospermia
patients and 270 normospermic men, and results from the Taham-
tan et al.*% study showed significantly lower leukocyte TL in men
with infertility resulting from varicocoele than fertile controls. Only
two studies found no differences in leukocyte TL between normo-
zoospermic and oligozoospermic men’“ or between fertile and infertile

subjects.?”

FERNANDEZ pe 1A PUENTE ET AL.

3.4 | Quantitative analysis

The relatively high number of case-control studies providing suffi-
cient data and the homogeneity between them led us to conduct three
meta-analyses to test the associations between TL in male sexual cells
(spermatozoa) and somatic cells (leukocytes) and different case and
control populations. No quantitative analysis was carried out with the
cross-sectional studies because of the heterogeneity and insufficient
data from these.

3.4.1 | Infertile versus fertile populations

Sperm telomere length

Data from five studies were meta-analyzed to test the associations
between sperm TL and fertility group. In summary, the infertile group
of patients had significantly shorter sperm TL than the fertile group
(MD [95% Cl]: —1.43[-1.66, —1.21], p-value < 0.001). However, there
was evidence of considerable interstudy heterogeneity (2 = 94%, p-
value <0.001) (Figure 2A). The sensitivity analysis was consistent with
the primary analysis (Figure S1A).

Leukocyte telomere length

Analyzing data from four different studies testing the associations
between leukocyte TL and fertility group showed that the infertile
group had significantly shorter leukocyte TL than the fertile group
(MD [95% Cl]: —1.67 [-2.02, —1.31], p-value < 0.001). This com-
parison displayed a considerable interstudy heterogeneity (12 = 86%,
p-value < 0.001) (Figure 2B). The results were consistent with those of

the sensitivity analysis (Figure S1A).

34.2 | Oligozoospermic versus normozoospermic
populations

Sperm telomere length

Data from three studies were meta-analyzed to test associations
between sperm TL and the WHO 2010 reference limits in sperm
concentration or total sperm count; oligozoospermic versus nor-
mozoospermic patients. In summary, the oligozoospermic group of
patients had shorter sperm TL than the normozoospermic group (MD
[95% Cl]: —0.97 [-1.32, —0.61], p-value < 0.001). Interstudy hetero-
geneity was non-significant in this evaluation (12 = 0, p-value = 0.51)
(Figure 3). The sensitivity analysis result was identical to the primary
analysis (Figure S2).

4 | DISCUSSION

This systematic review and meta-analysis of observational studies
provides the most comprehensive and up-to-date analysis of the asso-
ciations between spermatozoa and leukocyte TL and sperm quality
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