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RESUM

La cardiopatia isquémica, en concret l'infart de miocardi, i els accidents
cerebrovasculars sén dues de les principals causes de mortalitat en tot el mon, amb un total
de 15,2 milions de morts I'any 2016. A nivell espanyol, aquestes dues malalties continuen
sent una de les principals causes de morbimortalitat, no obstant, en el moment d’iniciar la
present tesi doctoral, no hi havia cap treball actualitzat publicat enfocat en I'analisi de la
mortalitat i morbiditat cardiovascular en totes les comunitats autonomes d’Espanya i la seva
evolucié en els darrers anys. Les malalties cardiovascular es caracteritzen per tenir una
etiologia multifactorial, resultant de la confluéncia de factors de risc ambientals i genétics.
D’acord amb aquestes dades, s’estima que I'heretabilitat de les malalties cardiovasculars
arriba a ser del 40-55%, el que suggereix que es probable que els factors hereditaris
contribueixin de manera important a la susceptibilitat futura de patir un esdeveniment
cardiovascular.

En els Gltims anys, diversos estudis s’han enfocat cap a I'enteniment del paper dels
determinants genétics nuclears i, en menor mesura, mitocondrials, en les malalties
cardiovasculars per a prevenir esdeveniments clinics. Malgrat que la majoria dels estudis
han intentat predir el risc cardiovascular mitjancant I'Us de puntuacions de risc genétic
basades en variants nuclears, fins ara cap estudi ha dut a terme una puntuacié de risc
utilitzant el genoma mitocondrial. La mitocondria té un paper rellevant en les malalties
cardiovasculars no només per I'aportacié energética que fa a través de la fosforilacid
oxidativa en la produccié d’ATP, sin6 que a més, constitueix la principal font de generacié
d’espécies reactives de I'oxigen. Aquest organul conté el seu propi material genétic, que
degut a I'adaptacié a les condicions climatiques i ambientals sofertes al llarg de les diferents
migracions de I'espécie humana des d’Africa, ha adquirit una série de mutacions estables
que permeten caracteritzar les poblacions humanes segons el seu origen geografic. Els
diferents conjunts de polimorfismes caracteristics de cada poblaci6 han donat lloc als
haplogrups mitocondrials. Degut al seu origen adaptatiu, els diferents haplogrups poden
condicionar les caracteristiques metaboliques individuals, fent variar el funcionament de la
cadena respiratoria generant deferéncies entre individus. Aquestes diferencies s’han
relacionat amb la predisposicié de desenvolupar diferents malalties, entre les que es troba
I'infart de miocardi i I'accident cerebrovascular. No obstant, en el genoma mitocondrial
també existeixen variants, que no son especifiques de cap haplogrup en concret, perd que
sén comunes en la poblacié a causa de I'elevada taxa de mutacié del genoma mitocondrial.
Aquestes variants no es relacionen directament amb l'infart de miocardi o I'accident
cerebrovascular, perd també poden ocasionar una série de defectes funcionals a la
mitocondria o actuar sinérgicament amb altres variants patologiques, i d’aquesta manera
influir en la susceptibilitat a les malalties cardiovasculars.

Els objectius plantejats en aquesta tesi son els seglients: 1) analitzar el comportament
de la mortalitat i morbiditat hospitalaria de les malalties cardiovasculars de major rellevancia



a 'estat Espanyol; 2) determinar I'existéncia d’una possible associacié entre la variaci6 de la
regié control del genoma mitocondrial i la susceptibilitat a desenvolupar un infart de miocardi
0 un accident cerebrovascular; i 3) valorar si la incorporacid de les variants mitocondrials a
una puntuacié de risc genetic, emprant marcadors nuclears, millora la capacitat de
discriminaci6 i prediccié del risc cardiovascular.

La metodologia aixi com la presentacio dels resultats i la discussio s’han organitzat en
4 capitols dirigits a respondre els diversos objectius. En el capitol 1 s’ha realitzat un estudi
epidemiologic descriptiu que respon a la necessitat d’actualitzar, a nivell nacional, les dades
de mortalitat i morbiditat dels principals subtipus de malaltia cardiovascular, per edat i sexe,
en totes les comunitats autonomes d’Espanya al llarg dels dltims 15 anys. Els resultats
obtinguts mostren que les malalties cardiovasculars continuen sent una de les principals
causes de morbimortalitat a Espanya; no obstant, també s’observa una disminucié de les
taxes de mortalitat estandarditzades per edat que s’explica tant per les millores de
I’assisténcia sanitaria i el desenvolupament de farmacs i técniques de tractament, com per a
els canvis poblacionals d’estil de vida saludables, i d’envelliment de la poblacié. Aquests
resultats ens demostren que s’ha de potenciar la recerca de la malaltia cardiovascular a
diferents nivells si el seu objectiu és el de prevenir les taxes de mortalitat i morbiditat
cardiovascular, i en aquest sentit, el paper de la genética, inclosa la mitocondrial, és molt
important.

Tenint aixd en ment, s’ha plantejat analitzar ’ADN mitocondrial en individus residents a
Castella i Lled provinents d’un estudi transversal, observacional i descriptiu. Per aquest
motiu, en el capitol 2 d’aquesta tesi s’ha investigat I'associacié entre els haplogrups
mitocondrials i dues malalties cardiovasculars, l'infart de miocardi i I'accident
cerebrovascular, aixi com els factors de risc cardiovasculars classics. En la primera analisi es
va dissenyar un estudi cas-control emprant 211 individus amb antecedents d’infart de
miocardi, 154 individus amb antecedents d’accident cerebrovascular i els seus
corresponents controls aparellats per edat, sexe i origen geografic. En la segona, només es
van utilitzar els individus del grup control per poder analitzar I'associacié amb els factors de
risc classics. Les dades obtingudes van mostrar evidéncies suggestives de que "haplogrup H
pot actuar com un factor de risc genétic per a I'infart de miocardi. A més, en relacié als
factors de risc classics, els resultats també suggerien una funcié beneficiosa de I’'haplogrup J
contra la hipertensi6. Per tant, aquests resultats podrien proporcionar alguna orientacié
alhora de predir el risc genétic d’aquestes malalties en diferents poblacions humanes.

En el capitol 3, per a la mateixa poblacio de Castella i Lled, es va analitzar el paper de
les mutacions fixades i en heteroplasmia de la regié control de 'ADN mitocondrial que
podrien actuar com a factors de risc independents als haplogrups. En aquest cas, també es
van observar diferéncies significatives entre casos i controls, mostrant que les variants
m.16.145G>A i m.16.311T>C podien comportar-se com possibles factors de risc en el
desenvolupament de I'accident cerebrovascular, mentre que les variants m.72T>C, m.73A>G
i m.16.356T>C podien actuar com a possibles factors genétics de proteccié front a I'infart de
miocardi. Respecte a 'analisi de les heteroplasmies, es va detectar un elevat percentatge
d’heteroplasmia puntual en els controls del grup infart de miocardi. Aquests resultats
demostren quin el possible paper de les variants de la regié control de I’ADN mitocondrial
sobre la patogénesis de l'infart de miocardi i I'accident cerebrovascular, aixi com la
importancia d’incloure aquesta regio reguladora en els estudis d’associacié genética.



Tenint en compte els resultats obtinguts, i atesa la manca d’estudis que utilitzen les
variants mitocondrials en les puntuacions de risc cardiovasculars, es va portar a terme una
darrera analisi (capitol 4) per tal d’avaluar la magnitud de la informacié genética nuclear i
mitocondrial en la millora de la capacitat de discriminacié de les malalties cardiovasculars
per sobre d’una puntuacié Gnicament basada en informacio clinica. La puntuacié de risc es
va crear segons el model additiu que suma els allels de susceptibilitat de 11 SNPs nuclears
(rs10455872, rs10507391, rs17222842, rs9315051, rs12526453, rs1333049,
rs17465637, rsb01120, rs6725887, rs9818870 i rs9982601), i les 5 posicions
mitocondrials descrites anteriorment (m.16145G>A; m.16311T>C; m.16356T>C; m.72T>C i
m.73A>G), que es van genotipar en 301 casos i 221 controls. El resultat de I'area sota la
corba (AUC) per a la puntuacié desenvolupada només amb variables cliniques (model 1) va
ser de 0,697. La puntuacié obtinguda de la combinacié dels marcadors nuclears i les
variables cliniques (model 2), va augmentar significativament I’AUC a 0,722. L'addicié de les
variants mitocondrials al model 2 va augmentar significativament I'AUC a 0,774. Aquests
resultats mostren que I'Gs de la informacidé genética mitocondrial millora la capacitat de
discriminacio6 de les malalties cardiovasculars més enlla de la del conjunt dels factors de risc
classic i els SNPs nuclears en aquesta poblacio.

En resum, els resultats presentats en aquesta tesi posen de manifest la influéncia de
les variants mitocondrials en les malalties cardiovasculars. Aquest, és el primer treball en
avaluar I'is d’una puntuaci6 de risc que incorpora el genoma mitocondrial i que aconsegueix
millorar significativament la capacitat de discriminaci6 dels esdeveniments cardiovasculars.






ABSTRACT

Coronary heart disease, specifically myocardial infarction and stroke are two of the
main causes of mortality worldwide, with a total of 15.2 million deaths in 2016. In Spain,
these two diseases continue to be one of the main causes of mortality and morbidity.
However, at the beginning of this doctoral thesis, there was no update and published work
focusing on the analysis of cardiovascular mortality and morbidity in all the autonomous
communities of Spain and their evolution in recent years. Cardiovascular epidemiology is
characterized by having a multifactorial aetiology, resulting from the confluence of
environmental and genetic risk factors. According to these data, it is estimated that the
heritability of cardiovascular diseases reaches 40-55%, suggesting that it is probable that
hereditary factors strongly contribute to the future susceptibility of a premature
cardiovascular event.

In recent years, several studies have focused on understanding the role of nuclear and,
to a lesser extent, mitochondrial genomes, in cardiovascular diseases to prevent clinical
events. Although most studies have tried to predict cardiovascular risk using a genetic risk
scores based on nuclear variants, so far no risk score was developed using the mitochondrial
genome. Mitochondria play an important role in cardiovascular diseases not only for its
energy contribution through oxidative phosphorylation in the ATP production but also as the
main source of generation of reactive oxygen species. This organelle contains its own genetic
material, which, due to the adaptation to climatic and environmental conditions suffered
throughout the different migrations of the human species from Africa, has acquired a series
of stable mutations that allow characterizing human populations according to their
geographic origin. The different sets of characteristic polymorphisms of each population have
resulted in mitochondrial haplogroups. Due to their adaptive origin, haplogroups have
different individual metabolic characteristics, varying the function of the respiratory chain and
generating differences between individuals. These differences have been related to the
predisposition to develop different diseases, among which is myocardial infarction and
stroke. However, in the mitochondrial genome there are also variants, that do not designate
any specific haplogroup, but that are continually introduced to the population due to the high
mutation rate of the mitochondrial genome. These variants are not directly related to
myocardial infarction or stroke, but they can also cause a series of functional defects in
mitochondria or can act synergistically with other pathological variants, and thus influence
susceptibility to cardiovascular disease.

The main goals of this thesis are summarized in the following three points: 1) to
analyse the state of mortality and hospital morbidity from the most relevant cardiovascular
diseases in Spain; 2) to determine the possible association of control region variants of the
mitochondrial genome with the susceptibility to develop a myocardial infarction and stroke;
and 3) to assess whether the incorporation of mitochondrial variants in a genetic risk score,
based in nuclear SNPs, improves the ability to discriminate and predict cardiovascular risk.



The methods as well as the presentation of the results and the discussion were
organized in 4 chapters aimed to answer the defined objectives. In chapter 1, a descriptive
epidemiological study that responds to the need to update the mortality and morbidity data of
the main subtypes of cardiovascular disease, by age and sex, in all the Spanish autonomous
communities over the last 15 years has been carried out. The results obtained show that
cardiovascular diseases continue to be one of the main causes of mortality and morbidity in
Spain. However, there is also a decrease in standardized mortality rates by age, which is
explained by improvements in healthcare and the development of drugs and treatment
techniques, as well as the population changes in healthy lifestyle, and the aging population.
These results demonstrate that research of cardiovascular disease at different levels should
be promoted if its objective is to prevent cardiovascular mortality and hospital morbidity
rates, and in this sense, the role of genetics, including mitochondrial genetics, is very
important.

Bearing this in mind, mitochondrial DNA has been considered for analysis in individuals
residing in the Spanish autonomous community of Castile and Leon who come from cross-
sectional, observational and descriptive study. For this reason, in chapter 2 of this thesis the
link between mitochondrial haplogroups and two cardiovascular diseases, myocardial
infarction and stroke, and the classic cardiovascular risk factors, was investigated. In a first
analysis, a case-control study was designed using 211 individuals with a history of myocardial
infarction, 154 individuals with a history of stroke, and their corresponding controls, matched
for age, sex and geographical origin. In the second one, only control individuals group were
used to analyse the association with classic risk factors. The data obtained showed
suggestive evidence that haplogroup H can act as a genetic risk factor for myocardial
infarction. Additionally, in relation to classic risk factors, the results also suggested a
beneficial role of haplogroup J against hypertension. Therefore, these results could provide
some guidance when predicting the genetic risk of these diseases on different human
populations.

In chapter 3, for the same Castile and Leon population, the role of fixed and
heteroplasmy mutations of the mitochondrial DNA control region, which act as independent
risk factors from haplogroups, was analysed. In this case, significant differences were also
observed, reporting that the variants m.16.145G> A and m.16.311T> C could act as possible
risk factors in the development of stroke, while variants m.72T>C, m.73A> G and
m.16.356T> C could act as possible beneficial genetic factors for myocardial infarction.
Regarding the analysis of heteroplasmy, the results detected a high percentage of point
heteroplasmy, among which was variant m.73A>G, in the controls individuals of the
myocardial infarction group. These results demonstrate the possible role of variants of the
mitochondrial DNA control region on the pathogenesis of myocardial infarction and stroke, as
well as the importance of including this regulatory region in genetic association studies.

Taking into account the results obtained, and given the lack of studies using
mitochondrial variants in cardiovascular risk scores, a final analysis (chapter 4) was carried
out in order to evaluate the magnitude of the nuclear and mitochondrial genetic information
in improving the ability to discriminate cardiovascular diseases beyond a score based solely
on clinical information. The risk score was created based on the additive model that adds the
susceptibility alleles from the 11 nuclear SNPs (rs10455872, rs10507391, rs17222842,



rs9315051, rs12526453, rs1333049, rs17465637, rs501120, rs6725887, rs9818870
and rs9982601), and the 5 mitochondrial positions described above (M.16145G> A;
mM.16311T> C; m.16356T> C; m .72T> C and m.73A> G), that were genotyped in 301 cases
and 221 controls. The result of the area under the curve (AUC) for the score developed only
with clinical variables (model 1) was 0.697. When the nuclear score was combined with the
clinical variables (model 2), the new score significantly increased the AUC to 0.722. The
addition of mitochondrial variants to model 2 significantly increased the AUC to 0.774. These
results show that, in this population, the use of mitochondrial genetic information improves
the ability to discriminate cardiovascular diseases beyond the set of classic risk factors and
nuclear SNPs.

In summary, the results presented in this thesis show the influence of mitochondrial
variants on cardiovascular diseases. This is the first work to evaluate the use of a risk score
that incorporates the mitochondrial genome and that significantly improves the ability to
discriminate cardiovascular events.
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1.1. LA MITOCONDRIA
1.1.1. Origen, estructura i funci6 de la mitocondria

Las mitocondries, del grec mito (fil) i chondros (granul), sén organuls citoplasmatics
gue juguen un paper energétic essencial en el metabolisme cellular. El possible origen de les
mitocondries s’explica per primera vegada a través de la teoria de I'Endosimbiosi o
Endosimbiosi seriada, popularitzada per Lynn Margulis I'any 1967, tot i que el moment
exacte en que va succeir encara es troba sota debat (Pittis and Gabaldon 2016). Aquesta
teoria planteja essencialment que alguns dels organuls de les céllules eucariotes, en
particular les mitocondries i els plastidis, varen ser, en el seu moment procariotes de vida
lliure (ci—protobacteris i cianobacteris, respectivament). Aquests probablement després
d’haver estat englobats o fagocitats, no varen ser digerits i pel contrari, es varen acoblar
establint una relacié dependent amb la céllula “predadora” (Figura 1A). Una va guanyar la
capacitat d’utilitzar I'oxigen per a produir energia, mentre que l'altre va guanyar proteccio
contra els depredadors. Alguns autors situen el pas d’endosimbiont a organul en el moment
en que el proteobacteri va adquirir la capacitat d’intercanviar ADP i ATP amb el citosol de la
céllula hoste, integrant-se d’aquesta manera en el metabolisme cellular.

La mida de les mitocondries oscilla entre els 0,5 i 1 ym de diametre i fins a 10 ym de
longitud. Com heréncia del procés simbiotic, les mitocondries consten de dues membranes:
una externa; llisa i permeable a ions, metabdlits i molts polipéptids, i una membrana interna,
més selectiva degut el seu elevat contingut de fosfolipid cardiolipina (Paradies et al. 2018).
Aquesta membrana es replega cap a linterior formant les denominades crestes
mitocondrials, el que permet definir dos compartiments dins la mitocondria: la matriu i
I'espai intermembrana (Figura 1B). Es a la matriu mitocondrial on es localitza el genoma
mitocondrial (ADNmt), i en menor quantitat, ions inorganics i diversos substrats. Entre
ambdues membranes (externa i interna) queda delimitat I'espai intermembrana, que es
diferéncia per tenir una elevada concentracié de protons a consequéncia del bombeig dels
mateixos portat a terme pels enzims del sistema de la fosforilacié6 oxidativa (OXPHOS;
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Oxydative Phosphorylation System), localitzat a la membrana interna mitocondrial [per a
revisié veure Lenaz i Genova (2007)].
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Figura 1. Mitocondria. A. Origen endosimbidtic. B. Estructura i morfologia (modificat de OpenStax, Biology. OpenStax CNX. 7 nov.
2018 http://cnx.org/contents/185cbf87-c72e-48f5-b51e-f14f21b5eabd@11.6).

A Tlinterior de les mitocondries tenen lloc processos tant imprescindibles com
I’hnomeostasi del calci (Giorgi et al. 2018), la produccié d’energia i la regulacid de les
especies reactives de I'oxigen (ROS; Reactive Oxygen Species) a través de la fosforilacio
oxidativa. L’activitat mitocondrial del sistema OXPHOS té una gran importancia biomédica,
tant per la generacié de ROS, com per a la regulacié6 de la mort cellular programada o
apoptosi mitjancant I'activacié de cascades proteiques (Ghezzi and Zeviani 2018).

A la mitocondria també es desenvolupen importants rutes metaboliques com el cicle
de la urea, el cicle dels acids carboxilics, la B oxidacio dels acids grassos i la biosintesi de les
pirimidines (McBride et al. 2006). A més, s6n organuls que presenten una gran capacitat
adaptativa als microtubuls. Aquests sén capacos de desplacar-se a través del citoplasma i
adquirir la morfologia i localitzacié cellular més eficient per respondre a les demandes
energétiques del teixit on es localitzen (Tilokani et al. 2018).

A les neurones, que tenen grans extensions citoplasmatiques, el trafic mitocondrial
augmenta les possibilitats d’interaccio entre les mitocondries i altres organuls cellulars com
el reticle endoplasmatic i el citoesquelet mitjancant moviments de fusié i fissi6. En canvi, en
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els cardiomiocits adults, les mitocondries conformen una xarxa fixa que rodeja els
miofilaments contractils que controla les bases dels mecanismes de contraccié de les fibres
del muscul cardiac (Dorn 2018). La interaccié entre les mitocondries i la resta de
components del citosol poden modular la respiraci6 mitocondrial (Ghosh et al. 2017),
demostrant quina és la importancia del funcionament dels sistemes complexos respecte la
transferéncia d’energia, la compartimentacié metabolica i I'acoblament entre enzims i
organuls, alhora que realitzar funcions especifiques segons els requisits particulars cellulars.
En aquest sentit, el cor, el cervell i el mulscul esquelétic son teixits “essencials” que
requereixen d’'un subministrament continu d’energia, nutrients i rentat dels productes
metabolics generats (Szeto 2018).

1.1.2. Bioenergética mitocondrial

La fosforilaci6é oxidativa és un sistema de respiraci6 cellular acoblada a la obtencié d’energia
en forma d’adenosin trifosfat (ATP) (Figura 2).
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Figura 2. Representacio del sistema de fosforilacio oxidativa. A la imatge s’observen els complexos de la cadena de transport
d’electrons I, Il, IlI, IV i V. Les fletxes blaves senyalen el flux de protons, les fletxes negres marquen el pas dels electrons a través
dels complexes. ACADH: Acil-CoA deshidrogenasa, Cyt c; citocrom c, ETFQOR: flavoproteina de transferéncia d’electrons
oxidoreductasa, FMN: flavina mononucledtid, G3PDH: gliceraldehid-3-fosfat deshidrogenasa, GPX: glutatié peroxidasa, SOD:
superoxid dismutasa, UQ: ubiquinona, UQ-: semiubiquinona, UQHz2: ubiquinol (modificat de Wang and Hekimi 2016).

Aquest sistema és probablement un dels components cellulars més coneguts des d’un
punt de vista bioquimic, genétic, molecular i estructural, i la seva importancia rau en el fet
que és la principal font d'energia en les céllules eucariotes. Es calcula que el 90% de
I'energia en forma d’ATP és produida mitjancant aquest procés. A més, juga un paper clau en
el control de l'estat redox de la céllula i destacades vies metaboliques i de senyalitzacio
(Enriquez 2016).
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La OXPHOS consisteix en una cadena organitzada de complexos mutiproteics
incrustats a la membrana interna mitocondrial (Figura 2). EI conjunt de complexes I, II, Il i IV
es coneix amb nom de cadena de transport d’electrons (ETC; Electron Transport Chain),
mentre que un cinqué complex (complex V o ATP-sintasa), encarregat de catalitzar la sintesi
d’ATP, no es propiament un component de la cadena. La ETC consta, a més, de varis
complexes “auxiliars” que actuen com a molécules transportadores d’electrons; el coenzim
Q, localitzat en el nucli lipidic de la membrana interna mitocondrial i el citocrom C, que
resideix a I’espai intermembrana (Cogliati et al. 2018).

Durant la fosforilacié oxidativa s’oxida la nicotinamina adenina dinucleotid i la flavina
adenina dinucleotid en les seves formes reduides, NADH i FADH2, respectivament. Aquest
dos coenzims, generats durant la glicolisi i I'oxidacié dels acids grassos (NADH) i el cicle dels
acids citrics (FADH2), s6n el fuel necessari per a convertir I'oxigen molecular en aigua gracies
al seu elevat potencial de transferéncia, és a dir, que s6n capacos d’alliberar una gran
quantitat d’energia un cop finalitza la seva oxidaci6. L’energia derivada del pas de protons a
través dels complexes a I'espai intermembrana genera un gradient electroquimic (Ap) que
indueix a que els protons retornin a la matriu mitocondrial a través del complex V o ATP
sintasa, la qual associa el bombeig de protons a la sintesi d’ATP a partir de I'ADP i fosfats
inorganics (Walker 2013). El dispositiu es coneix amb el nom d’acoblament quimiosmotic
(Mitchell 1961). D’aquesta manera el consum d’oxigen de la ETC esta acoblat a la
fosforilacié de I’ADP per I’ATP aprofitant el gradient electroquimic.

La funcié mitocondrial és responsable de la major part del consum d’oxigen dins la
cellula. Els intermediaris en els processos de reduccié de I'oxigen s’anomenen radicals
lliures, els quals son molécules que contenen un electré no aparellat (radical) i s6n capaces
d’existir amb independéncia (lliures). Els radicals lliures que deriven del metabolisme de
I’'oxigen soén coneguts amb el nom de ROS (Prescott and Bottle 2017).

Tot i Ieficiéncia del sistema OXPHOS per a produir ATP, la mitocondria és la principal
font cellular generadora de ROS (Diebold and Chandel 2016). En efecte, s’estima que un
95% del ROS generat en condicions cellulars normals deriva de la fuga d’electrons dels
complexes que conformen la ETC (Turrens 2003). Els ROS produits pels processos cellulars
sén l'anid superoxid (02), el peroxid d’hidrogen (H202) i el radical hidroxil (OH-). Quant els
electrons passen a través dels complexos, un petit percentatge (1-2%) es filtren a I'oxigen
molecular, resultant en la formacié del radical O, que és el precursor de la majoria
d’aquestes espécies.

Sota condicions fisiologiques, el complex | i el complex Il de la ETC sén les principals
fonts d-0O2 (Chen and Zweier 2014). En el complex |, els dos segments mes representatius
involucrats en la produccié de I'anid, son: el cofactor FMN i el segment localitzat en el lloc
d’unié de la semiubiquinona (UQ-) (Treberg et al. 2011), tot i que altres estudis han
demostrar que els centres de Fe-S també podrien jugar un paper secundari en la generacio
de ROS (Huang et al. 2016a). En el complex Ill de la ETC, tot el cicle Q esta involucrat en la
produccié de 02 (Dudylina et al. 2018). Tanmateix, diversos estudis també evidencien el
lligam entre la sobreproduccio de -O2 i el complex |l de la ETC (Quinlan et al. 2012), i amb el
complex IV només sota condicions d’hipoxia (Prabu et al. 2006).
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En definitiva, la generacié de ROS en la mitocondria depén de diversos factors com la
disponibilitat de NADH i FADH> o la concentracié d’oxigen (Kalogeris et al. 2014). Altres
factors que intervenen en control de la produccié de ROS soén la disfuncié endotelial, les
proteines desacoblants i les citocines (Cardenas 2018; Chen et al. 2018). La activacié de les
proteines desacoblants, que actuen com a transportadors de la membrana interna
mitocondrial permeten que alguns protons puguin retornar a la matriu a través d’una via
independent al canal protonic de I'ATP sintasa, causant un lleu desacoblament dels
components de la cadena, i que en definitiva es generi menys ATP (Busiello et al. 2015). Per
a que la céllula mantingui els nivells d’ATP necessita seguir bombejant protons per mantenir
el gradient electroquimic, de manera que I'excés d’energia generat per les reaccions que
succeeixen a I'ETC s’acaba alliberant en forma de calor. Aixi doncs, el desacoblament de
I’'ETC implica una reduccié de I'eficiéncia del sistema OXPHOS, el que es reflexa en una
menor generacié de ROS i una menor sintesi d’ATP (Figura 3).
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Figura 3. Eficiéncia d’acoblament OXPHOS. A I'esquerra un sistema OXPHOS acoblat i a la dreta un sistema OXPHOS desacoblat
(modificat de Gémez-Duran et al. 2011).

El desacoblament d’OXPHOS no només esta involucrat en el control del ROS, sind que també
ho esta en la termogénesis (Kadenbach 2003). L'eficiencia amb la que el gradient
electroquimic genera ATP es coneix amb el nom d’eficiéncia d’acoblament. D’aquesta
manera, es parla d’'un sistema molt acoblat o molt eficient energéticament quan les
mitocondries acoblant eficientment el flux d’electrons al bombeig de protons i el retorn
d’aquests a la matriu per la sintesi d’ATP, generant molta energia, perd poc calor, i per tant,
més ROS. En canvi, els sistemes mitocondrials menys eficients son aquells amb més
pérdues en forma de calor, menys sintesi d’ATP i menys produccié de ROS (Krzywanski et al.
2011) (Figura 3). Aquest mecanisme, com es comentara més endavant, ha estat fonamental
en el procés d’adaptacié al clima per part de la nostra espécie.
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1.1.3. Sistema genétic mitocondrial

1.1.3.1. Estructura i organitzacié de ’ADN mitocondrial

Es el passat de la mitocondria com organisme autdnom el que permet explicar algunes
de les caracteristiques més representatives d’aquest organul, com el fet de que posseeixi el
seu propi genoma. L’ADN mitocondrial (ADNmt) es localitza a la matriu mitocondrial
juntament amb tota la maquinaria necessaria per replicar, transcriure i traduir la informacié
genética en una estructura denominada nucleoide (Lee and Han 2017). No obstant, les
mitocondries no son del tot autonomes i depenen del genoma nuclear per portar a terme
I’expressio del seu sistema genétic (Sepuri et al. 2017).

L’ADNmt huma és una molécula circular en forma de doble cadena de 16.569 pb cada
una, perd amb un pes molecular diferent: la cadena pesada (H; Heavy Strand) rica en
guanina; i la cadena lleugera (L; Light Strand) rica en citosina. La sequéncia de 'TADNmt es
coneix en la seva totalitat (Anderson et al. 1981) i actualment la revisié de la seqiiéncia
original (rCRS; revised Cambridge Reference Sequence,) realitzada per Andrews et al. (1999)
és la més utilitzada com a sequiéncia de referéncia (NC_012920.1).

La caracteristica estructural més destacada del genoma mitocondrial és la disposicio
dels seus gens, situats un a continuacié del altre, ja que no té introns i només un 7%
correspon a regions no codificants (Figura 4). L'ADNmt es composa d’una regié no codificant
que inclou un bucle de desplacament (D-loop; Displacement Loop) i una regidé codificant.
Aquesta Ultima conté informaci6 per a 37 gens que codifiquen per 2 subunitats (12S i 16S)
de I’ARN ribosomal (ARNr), 22 ARN de transferéncia (ARNt) i 13 polipéptids que formen part
dels complexes |, lll, IV iV de la ETC. Vint-i-vuit dels gens mitocondrials (2 ARNr, 14 ARNt i 12
polipéptids) es localitzen a la cadena H o pesada, mentre que els 9 gens restants (8 ARNt i 1
polipéptid) ho fan a la cadena complementaria (L o lleugera).

De fet, el proteoma mitocondrial consta de 1.500 polipéptids, dels qual només els 13
mencionats sén codificats directament per ’ADNmt. En concret, 7 subunitats del complex |
(ND1, ND2, ND3, ND4, ND4L, ND5 i ND6), 1 subunitat del complex Ill (CYB), 3 subunitats del
complex IV (CO1, CO2 i CO3) i 2 subunitats del complex V (ATP6 i ATP8). El genoma nuclear
codifica per tota la resta de proteines mitocondrials implicades en la replicacio i transcripcio
incloent: les 4 subunitats del complex Il, les subunitats de la DNA polimerasa y (POL-y), la
RNA polimerasa mitocondrial (POLRMT), el factor de transcripcié mitocondrial A (TFAM) i B2
(TFB2M), els factors d’elongacié (TEFM) i terminaci6 (MTERF1), aixi com els enzims
metabolics mitocondrials (D'Souza and Minczuk 2018). Aquests elements es reconeixen
gracies a una sequéncia lider localitzada a I’extrem N-terminal que funcionen com a senyals
de direccionament i finalment son transportats a les mitocondries (Wiedemann and Pfanner
2017).



introduccic |

HSP2

9 | poop

LT S

Cadena pesada

16, 569bp
ND2

Figura 4. Genoma mitocondrial huma. Es mostra la localitzacié dels segients gens: subunitats del complex | en color blau:
ND1, ND2, ND3, ND4, ND4L, ND5 i ND6. El citocrom b (Cyt b) del complex Il en color taronja. Les subunitats del complex IV en
color marrd: COXI, COXII i COXIII. Les subunitats de I'’ATP-sintasa o complex V: ATP6 i ATP8 en color verd. Els gens per els ARNt es
designen amb codi d’una lletra i estan representats amb un cercle vermell. Els ARNr 16S i 12S estan representats en color lila.
Les fletxes indiquen els promotors de transcripcié de la cadena pesada (HSP) i la lleugera (LSP) de 'ADNmt i els origens de
replicacié Ow i OL per a la cadena pesada i lleugera, respectivament (modificat de Mohamed Yussof 2015).

L’ADNmt també conté una regié no codificant anomenada regié control (RC) que
compren 1.122 pb (posicions 16.024-576) i se situa entre el gen que codifica per ’ARNtPro
I’ARNtPhe, La RC s’anomena aixi perqué inclou I'origen de replicacié de la cadena pesada (Ox),
les seqliéncies conservades relacionades amb I'origen de la replicacio de la cadena pesada
(CSB I, CSB Il i CSB Ill), els promotors de la transcripcié de les cadenes pesada i lleugera
(HSP i LPS, respectivament), els elements reguladors de I'expressié genica, com els llocs
d’uni6 de TFAM i la seqléncia associada a la terminacié (TAS; Termination Associated
Sequence). A més, aquesta regié destaca per concentrar les regions més polimorfiques de
I’ADNmt, les regions hipervariables: HVRI (posicions 16.024-16.365), HVRII (posicions 73-
340) i HVRIII (posicions 438-576) (Anderson et al. 1981) (Figura 5).
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Figura 5. Regi6 control de 'ADNmt. A. Regi6 control 576-1: inclou les regjons hipervariable 2 (HVS2) i 3 (HVS3), els promotors de
transcripcié de la cadena pesada (HSP) i la lleugera (LSP), tres seqliéncies conservades (CSB1, CSB2, CSB3), I'origen de
replicacio per a la cadena pesada (Ow) i els elements de control: mt3H i mt4H. B. Regié control 16.024-16.569: inclou la regid
hipervariable 1 (HVS1), la sequéncia associada a la terminacié (TAS) i els elements de control: mt3L i mt5H (font:
https://www.mitomap.org/foswiki/bin/view/MITOMAP/GenomeLoci).

En la RC de moltes molécules d’ADNmt també podem identificar una regi6é de triple
cadena d’aproximadament 650 pb anomenada ADN 7S segons les seves propietats de
sedimentacié. La formacié d’aquesta nova cadena durant la replicacio de '’ADNmt provoca
un desplacament (o D-loop) de la cadena H o pesada quan s’hibrida amb la cadena L o
lleugera (Nicholls and Minczuk 2014) (Figura 6).

5'..._ ———ra e arne s e e O-loop ;_|31_*r

E:f 3 g n u sy v_, E n 1716569

16.365

Figura 6. D-loop. Estructura detallada de la regié control i D-loop de '’ADNmt. S’indiquen les posicions dels extrems principals 5’
de I'ADN 7S (verd) (modificat de Nicholls and Minczuk 2014).

El D-loop s’estén des de I'Ox (en I'extrem 5’ del 'ADN 7S) fins la seqliéncia associada
a la terminaci6 (TAS) (en I'extrem 3’ de '’ADN 78S), i entre les multiples funcions que es creu
que té, s’inclouen la d’actuar com un lloc de reclutament de les proteines involucrades en
I'organitzacié de ’ADNmt en nucleoides, la de mantenir la concentracié de grups dNTP al
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llarg del cicle cellular i la de funcionar com un component clau de la replicacié de '’ADNmt
(Nicholls and Minczuk 2014).

En definitiva, I'organitzacid6 de I’ADNmt li atorga unes caracteristiques genétiques
propies que el diferencien de les de ’'ADN nuclear (ADNn). Aixi doncs, les particularitats que
presenta l'estructura genética i I'organitzaci6 de I’ADNmt tindran consequéncies molt
importants en el seu processament (Yasukawa and Kang 2018), fent de la RC una zona
d’especial rellevancia per al manteniment, replicacio i transcripcié de I’ADNmt.

1.1.3.2. Manteniment de I’ADN mitocondrial: replicacio6 i transcripcioé

La replicacié coordinada i I'expressié del genoma mitocondrial és un procés clau per
el manteniment de la homeostasis cellular. La replicacié del genoma mitocondrial és un
fenomen que ocorre de manera independent a la divisié cellular, ja que tant sols esta
determinat per el requeriment energétic de la céllula.

Actualment, existeixen dos models de replicacié de 'ADNmt (Figura 7). EI model de
desplacament de cadena, basat en una replicacié asimétrica i asincronica (Clayton 1982), en
el qual la replicacié s’inicia en I'On per a la cadena pesada o H. Segons aquest model, la
replicacié comenca amb la sintesi d'un petit ARN iniciador (ARN 7S) a partir del promotor de
la cadena lleugera o LPS, que es perllonga per l'accié6 de I'ADN POL-y especifica de la
mitocondria. La transicié de sintesi de I’ARN a sintesi d'ADN es produeix al voltant de la regié
CSB Il (Crews et al. 1979; Kang et al. 1997; Pham et al. 2006). L’elongaci6é de I’ADN, que
gueda unit a I'ADN motlle, acaba desplacant la cadena pesada o H per formar una triple hélix
(D-loop) (Figura 6). Sovint, una gran part de la sintesi de '’ADNmt acaba prematurament un
cop ha avancgat unes 650 bases des del seu origen fins la regié TAS, donant lloc a I’ADN 7S.
Actualment, es desconeixen les causes que provogquen aquesta terminacié prematura
(Pereira et al. 2008), pero a la regié TAS s’han identificat diversos punts d’unié a proteines,
com la proteina de terminacioé de la transcripcid6 MTERF (Hyvarinen et al. 2007) o el paper de
I'helicasa TWINKLE en aquesta regié (Jemt et al. 2015), que es creu que podrien estar-hi
involucrades. Per tant, es possible que la replicacié6 de '’'ADNmt es reguli a nivell de la
preterminacié en lloc de la iniciacié. Si pel contrari, la sintesi de la cadena pesada o H
continua, es considera que la sintesi de ’ADNmt entra en un cicle complet de replicacié. En
aquest cas, quan el bucle de desplagament arriba a 'origen de replicacié de la cadena
lleugera (Ov), localitzat entre els ARNtSs i ARNtAsn, comenca la replicacio de la cadena lleugera
o L en el sentit contrari. D’aquesta manera, ambdds cadenes es sintetitzen de manera
continua.

Més recentment, Holt et al. (2000) varen proposar un model alternatiu basat en
I'acoblament bidireccional de cadenes (model de cadenes acoblades) que finalment va
donar lloc a I'anomenat model RITOLS (RNA incorporation throughout the lagging strand)
(Yasukawa et al. 2006). En aquest model, la replicaci6 de '’ADNmt succeiria de manera
simétrica i simultania en ambdods cadenes, produint uns intermediaris de replicacid, hibrids
d’ARN-ADN, en un procés similar a la replicacido de ’ADNn. A més, va permetre assignar
multiples origens de replicacié de la cadena pesada en una regi6é a prop de I'Ox (Bowmaker
et al. 2003) (Figura 7A). Actualment no existeixen evidencies experimentals suficient que
permetin descartar ningun dels dos models, existint una gran controvérsia (Cluett et al.
2018).
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(A) Desplagament de cadena RITOLS Cadenes acoblades

(B)

Figura 7. Representacio dels models de replicacid i transcripcié de 'ADNmt. A. Models actuals de replicacié. Les linies continues
i discontinues representen I’ADN i I'’ARN, respectivament. B. Model de transcripcio (modificat de Saccone and Gadaleta 2017).
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Independentment del mecanisme, la maquinaria implicada en la replicacié de
’ADNmt inclou: la POLRMT que forma el cebador necessari per iniciar la sintesi de la cadena
H; les dues subunitats que formen part de I'ADN polimerasa mitocondrial (Pol-yA i Pol-yB),
responsable de la sintesi d'ADN en processos de replicacid i reparacid; una helicasa
(TWINKLE), encarregada de la ruptura d'enllacos d'hidrogen de les dues cadenes del ADNmt,
permetent l'accié6 de Poly; i la proteina d'uni6 a 'ADN de cadena senzilla mtSSBP,
encarregada de cobrir i estabilitzar la cadena desplacada (cadena pesada o H), incrementant
la fidelitat i progressié de la Pol-y i bloquejant I'accié de la POLRMT (Falkenberg 2018).

La transcripcio de '’ADNmt s’origina a partir de tres promotors - LSP, per la cadena
lleugera o L, i I'HSP1 i HSP2, per la cadena pesada o H - que condueixen I'expressio dels
transcrits (D'Souza and Minczuk 2018). D’una banda, la cadena pesada transcriu dues
unitats de transcripcio; la primera d'elles, que es transcriu més freqlientment, comenca en el
lloc d'iniciacié HSP1 i acaba en l'extrem 3' del gen de ARNr 16S, per I'acci6é del factor de
terminacié (MTERF) (Shokolenko and Alexeyev 2017), i per tant, és responsable de la sintesi
dels ARNr 12S i 16S, del ARNtPhe i del ARNtVal, El segon procés de transcripcid, molt menys
freqiient, comencga en el punt d'iniciaci6 HSP2, prop de l'extrem 5' del gen ARNr 12S i
produeix un ARN policistronic que correspon a gairebé la totalitat de la cadena pesada. Els
ARNm de 12 péptids i 12 ARNt s'originen per processament d'aquest ARN policistronic.
D’altra banda, la cadena lleugera o L, es transcriu a partir d’una Gnica unitat de transcripcio
que s’inicia en LSP, donat lloc a 8 ARNt i a I'inic ARNm (ND6) codificat per aquesta cadena
(Figura 7B).

En mamifers, I'inici de la transcripcié requereix I'associacié de la POLRMT i els factors
de transcripcié6 mitocondrial A (TFAM) i B2 (TFB2M). TFAM és una proteina d’unié a I'’ADN
que, a més de l'activacié de la transcripcio, també empaqueta 'ADNmt en el nucleoide
(Kukat et al. 2015). L'evidéncia mostra que TFAM recluta la POLRMT en el lloc del promotor,
mentre que TFB2M modifica I'estructura de POLMRT per induir I'obertura del promotor i
permet la fusid6 de tots els components implicats per iniciar la transcripcié (Posse and
Gustafsson 2017). Durant I'elongacié, la POLRMT requereix de la intervencié del factor
d’elongacié de la transcripcié (TEFM) (Minczuk et al. 2011), en canvi, per la terminacio
requereix la presencia d'MTERF1 (Shokolenko and Alexeyev 2017). Curiosament, la
transcripci6é de la cadena lleugera o L s’atura prematurament al voltant del bloc CSB Il de la
RC, com a resultat de la formacié d’un quadruplex G hibrid entre el nou '’ARN i la cadena
pesada o H (Agaronyan et al. 2015). Aquest esdeveniment es produeix a prop de I'Ox de la
cadena pesada i genera el cebador per iniciar la replicacié d’acord al model asimétric. En
base a aquests fets, Agaronyan et al (2015) varen proposar que la transcripcio i la replicacié
s6n mutuament excloents, ja que el factor TFEM serveix com un interruptor molecular en la
regié CSB Il, que modula la formacio del cebador per la replicacié i augmenta la progressio
de I'elongacié. Aquest mecanisme pot ser essencial per regular el nombre de copies de
I’ADNmt i pot tenir implicacions en les funcions i patologies mitocondrials.

Aixi doncs, el manteniment i I'expressié de 'ADNmt es pot regular en almenys 4
nivells diferents: (a) en el moment d’iniciar la transcripcidé a partir del LSP, perqué la
transcripcié és un requisit per la formacié del cebador de la replicacié; (b) durant la
terminacié o processament del transcrit LSP en la regié6 CSB Il, que controla I'inici de la
replicacié de 'ADNmt; (c) en el moment de la terminacié prematura de la replicacio, a la
regid TAS, donant lloc a la formacio de I'ADN 7S; i (d) controlant el grau de compactacio de
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I’ADNmt es pot arribar a regular la fraccié de molécules que es troben disponibles per iniciar
la replicacio (Gustafsson et al. 2016).

1.1.3.3. Caracteristiques de I’ADN mitocondrial

Entre les caracteristiques de ’ADNmt en destaca la seva heréncia exclusiva materna,
caracteristica que confereix la possibilitat d’estudiar llinatges al llarg del temps a partir dels
ancestres materns de les poblacions (Breton and Stewart 2015). No obstant, recentment
aquesta teoria s’ha posat en dubte al documentarse 17 casos inédits d’heréncia
mitocondrial paterna (Luo et al. 2018). Tanmateix, ’TADNmt es present amb un gran nombre
de copies en les céllules humanes (rang: 1.000 i 10.000 copies per cellula, amb 2-10
molécules d’ADN per mitocondria) (Zhang et al. 2013), confirmant que existeix una variacio
en el nombre de copies depenent el teixit on es localitzen les mitocondries (Tilokani et al.
2018). El genoma mitocondrial també es caracteritza per tenir una taxa de mutacié més alta
(aproximadament 100 vegades) que la del genoma nuclear. S’ha acceptat préviament que
I'’entorn altament oxidatiu (Richter et al. 1988) i la baixa eficacia dels mecanismes de
reparacid en la mitocondria (Bogenhagen 1999) s6n responsables d’aquesta taxa, no
obstant, recentment diversos estudis han questionat aguests mecanismes i suggereixen que
la mutacié és una propietat endogena de la replicacié de ’ADNmt (Melvin and Ballard 2017).
Aquest fet propicia I'existéncia d’'una poblacié heterogénia dins de la mateixa céllula, e
inclds dins de la mateixa mitocondria, fenomen que es coneix amb el nom d’heteroplasmia
(Stewart and Chinnery 2015). Amb la millora dels métodes de sequienciacio, es va detectar
que I'heteroplasmia és més freqiient del que es pensava (Floros et al. 2018), i no és
necessariament un estat relacionat amb patologies (Ramos et al. 2013). A més, a través
d’aquesta caracteristica especial de ’ADNmt, s’ha pogut trencar el “dogma” de I'abséncia de
recombinacid en aquest ADN, ja que els nous resultats reforcen l'evidéncia de que la
recombinacié del genoma mitocondrial ha estat present al llarg de tota la historia evolutiva
de la nostra espécie (Perera et al. 2018).

1.1.4. Variants genétiques de I’ADN mitocondrial

Durant els Gltims anys s'ha postulat que I'elevada taxa de mutacio de 'ADNmt es deu a
la combinacié entre la susceptibilitat als mutagens i la baixa eficacia dels mecanismes de
reparacié en les mitocondries. Es pot afirmar que la produccié de ROS en concentracions
fisiologiques esta vinculat amb la modulaci6 de vies de senyalitzacid i de I'expressio génica,
permeten I'activacié de factors de creixement i promovent la proliferacio, diferenciacio i la
migracidé cellular (Garlid et al. 2013). No obstant, I'alliberament incontrolat de ROS pot
conduir a l'oxidaci6 de components cellulars com proteines, lipids i ADN (Edeas 2011),
creant un entorn altament mutagen en la matriu mitocondrial. Per tant, el desequilibri
oxidatiu podria donar lloc a una disfuncié mitocondrial i com a conseqliéncia, causar danys
cellulars importants i malalties associades (Wallace and Chalkia 2013) (Figura 8).
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Figura 8. Exemple d’etiologia mitocondrial de les malalties complexes (modificat de Wallace and Chalkia 2013).

Tot i aixi, encara que tant les ROS com les propies variants de ’ADNmt juguin un paper
important en I'envelliment i en el desenvolupament de determinades malalties, la hipotesi
sobre el dany directe a ’ADNmt per part de les ROS es cada vegada més criticada (Bratic et
al. 2015; Greaves et al. 2014; Ju et al. 2014; Pinto and Moraes 2015; Valente et al. 2016;
Wanagat et al. 2015). De manera que l'evidéncia actual suggereix que els errors de
replicacié i reparacié podrien ser la causa principal de I'elevada taxa de mutacié de 'TADNmt
(Melvin and Ballard 2017).

Moltes de les variacions de I'ADNmt en forma de delecions, insercions o
substitucions, s’han associat préviament amb diferents malalties relacionades amb I'estrés
oxidatiu, entre les quals en destaquen les malalties cardiovasculars (MCV) (Panth et al.
2016; Sam et al. 2005; Taverne et al. 2013). El compendi de variacions de 'TADNmt huma es
pot trobar a MITOMAP (http://www.mitomap.org/MITOMAP). Existeixen tres classes de
variacions en I'ADNmt que poden tenir rellevancia clinica: les variants definitories
d’haplogrup, les variants polimorfiques que no defineixen cap haplogup, i les mutacions
somatiques que s’acumulen en els teixits a través de I'edat (Lott et al. 2013).

1.1.4.1. Variants definitories d’haplogrup

L'elevada taxa de mutaci6 de I'ADNmt, aixi com I'elevada influencia de la deriva
geneética en el mateix, provoca que algunes de les variants mitocondrials perdurin estables i
s’heretin de generaci6 en generacio. Aquest fet ha permés reconstruir la historia evolutiva de
les poblacions humanes i els seus moviments migratoris (Kivisild 2015), els quals s6n una
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de les causes de la variabilitat mitocondrial a partir de la seleccié natural de mutacions que
confereixen una avantatge evolutiva en l'adaptacid6 a noves condicions geografiques i
ambientals.

Aquestes variants es varen acumular al llarg dels llinatges e irradiar durant I’'expansio
humana fora d’Africa. Per tant, cada continent i regi6 geografica estan associats a una
matriu distintiva de tipus de seqiiéncies d’ADNmt, el que permet subdividir les poblacions en
una série d’agrupacions amb caracteristiques genétiques comuns. Els diferents conjunts de
polimorfismes caracteristics de cada poblacié han donat lloc als anomenats haplogrups
mitocondrials. Aquest fet implica que els polimorfismes que defineixen cada haplogrup
mitocondrial es van produir exclusivament en les linies antecessores de totes les variants
que l'integren.

A la figura 9 es mostra la distribucié dels diferents haplogrups mitocondrials segons
la nomenclatura que s’utilitza actualment al Phylotee (http://www.phylotree.org) (van Oven
and Kayser 2009), la qual s’ha determinat a través de rigorosos analisi de tot el genoma
mitocondrial en multitud de poblacions d’arreu del mon. Segons la teoria de les migracions,
I'arbre de ’ADNmt huma s’inicia a I’Africa ~200.000 anys abans del present (AP) (Hublin et
al. 2017), moment en el que es va originar la divergéncia del macrohaplogrop L*, format per
els llinatges especifics de I'Africa subsahariana: LO-L6. De I’haplogrup present en el nord-est
d’Africa L3*, en varen sorgir dos llinatges nous, 'M i I'N (62.000 - 95.000 anys AP) (Fu et al.
2013), que varen ser els (nics en evolucionar fora d’Africa originant la present variacié de
I’ADNmt a Europa, Asia, América i Oceania.

D’una banda, el macrohaplogrup M es va estendre per el sud-est asiatic i Oceania
formant els haplogrups M*(incl. Q), M7, M8 (incl. C i Z), M9 (incl. E), G i D. D’altra banda, el
macrohaplogrup N es va expandir cap al proxim orient i Europa originant els haplogrups N*
(incl. 01 S), N1 (incl. 1), N2 (incl. W), N9 (incl. Y), A, X i el submacrohaplogrup R (format per R*
[incl. P], RO [incl. HV: Vi H], JT [incl. J i T], RO [incl. F], B i U [incl. K] (van Oben and Kayser,
2009).

Els haplogrups U, HV, JT, N1, N2 i X son avui en dia els més comuns a Europa, al sud-
oest d’Asia i al nord d’Africa (Soares et al. 2010); els haplogrups R5-R8, M2-M6 i M4’67 es
troben restringits al sud d’Asia (Chaubey et al. 2007), mentre que els haplgorups A-G, Z i M7-
M9 en s6n més comuns a I'est (Stoneking and Delfin 2010). A Oceania els I'haplogrups B i E
son freqlents a Polinésia, I'arxipélag Malai, Taiwan i Madagascar, mentre que al continent
australia en destaquen els haplogrups M14, M15, M27-M29, Q, O, P i S (Nagle et al. 2017).
Finalment, alguns subgrups d’A, B, C, D i X varen migrar cap al continent america per a
fundar les poblacions natives americanes (Kivisild 2015).
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Figura 9. Relacions filogenétiques dels principals haplogrups. La distribucié de cada haplogrup coincideix aproximadament amb
les poblacions de determinades arees geografiques (Kivisild 2015).
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Filogénia Europea

Les analisis existents indiquen que la majoria dels llinatges de ’ADNmt a Europa es
van originar després de I'Gltima glaciacié (Posth et al. 2016), fent de I'HV, I'U i el JT els
clisters dels haplogrups mitocondrials més frequiients a Europa en I'actualitat (Rishishwar
and Jordan 2017).

El claster majoritari és I'HV, el qual conté els haplogrups HV* (incl. V) i H. D’entre ells,
I’haplogrup H compren aproximadament el 45% de la variacio total de ’ADNmt en la major
part d’Europa, amb menors frequéncies al sud i a I'est, d’aproximadament el 20% en la zona
de Turquia i el Caucas, el 17% a Iran i <10% en els paisos del golf pérsic (Roostalu et al.
2007). Fins ara, s’han descrit més de 90 subhaplogrups d’'H; sent els més comuns I’'H1, I'H3
i 'H5, els quals també mostren una distribucié regional caracteristica. En aquest sentit, 'H1
és el subgrup més comuU a Europa, i representa aproximadament la meitat dels llinatges d’H
a I’Europa Occidental (Roostalu et al. 2007). Les freqiéncies més elevades d’'H1 es troben
entre els bascos (27,4%) i altres poblacions del nord de la Peninsula Ibérica (Behar et al.
2012). Més enlla d’aquesta regi6, també s’han observat frequéncies superiors al 10%
d’aquest subgrup a Franca, Cerdanya, les llles Britaniques i els Alps, i del 5% en gairebé la
resta del continent (Achilli et al. 2004). En aquesta mateixa linia, H3 representa la segona
fracci6 més gran de I'haplogrup H i presenta una distribucié molt similar a H1, pero és
generalment de dues a tres vegades menys frequent.

Els altres clisters majoritaris sén I’'U i el JT, que en conjunt representarien un ~40%
de la poblacié europea. L’haplogrup U comprén aproximadament la meitat d’aquest
percentatge i es distribueix des de I'india fins a Portugal, i des del nord del continent europeu
fins al nord d’Africa (Achilli et al. 2005). L’haplogrup U també se subdivideix en diferents
subhaplogrups; U1, U5, U6 i un quart subgrup, que alhora es divideix en U2, U3, U4’9, U7 i
U8 (incl. K), els quals també mostren patrons amb freqliéncies especifiques de regi6 en les
poblacions actuals. Els subhaplogrups U1 i U3 es restringeixen a les regions del proxim orient
i el Caucas (Derenko et al. 2013), mentre que U4 i U5 ho fan a Europa, presentant
freqliéncies que oscillen entre 2-6% i 5-15%, respectivament, en la majoria de les regions.
U4 és més freqlient en els paisos baltics, mentre que U5 ho és al nord d’Europa (U5a) i al
nord d’Espanya (U5b) (Malyarchuk et al. 2010). El subhaplogrup U6 també es troba limitat a
les regions properes a la Mediterrania, i presenta un pic de freqiiéncia al nord d’Africa
(Secher et al. 2014), mentre que U8 és el més frequent al nord-oest d’Europa (9-14%),
mediterrani oriental (20%) i al proxim orient (12%) (Gonzalez et al. 2006). Els subhaplogrups
U2 i U7 son els menys comuns (0,5%-2%), tot i que es distribueixen de manera molt
homogeénia en la major part d’Asia central, proxim orient, Europa, i nord d’Africa (Malyarchuk
et al. 2008; Sahakyan et al. 2017).

Finalment, el clister JT compren els haplogrups J i T (Ruiz-Pesini et al. 2004).
L’haplogrup J es distribueix de manera uniforme per tot Europa i representa aproximadament
el ~10% de la poblacio, tot i que les freqlieéncies més elevades s’han observat a Arabia Saudi
(21%) (Abu-Amero et al. 2008). Aquest es ramifica en dos subcluster principals: el J1 i el J2,
ambdds definits per canvis en el citocrom b (Carelli et al. 2006). L’haplogrup T, que conforma
el ~7% de la poblacié6 europea, també es composa de dos branques principals, el
subhaplogrup T1 i el T2 (SanGiovanni et al. 2009). Ambdues branques presenten
distribucions molt diferents, diametralment oposades en la majoria de regions europees.
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Diferéncies bioenergétiques entre haplogrups mitocondrials

La filogenia mitocondrial tendeix a mostrar una major proporcié de mutacions no
sindbnimes en les branques més recents, és a dir, que el ratio dN/dS (mutacions no-
sindnimes respecte sindbnimes) és menor en les sequiéncies africanes que en les europees
(Kivisild et al. 2006). Una de les hipotesis que s’ha proposat per explicar aquest fenomen se
centra en el clima com a pressio selectiva (Ruiz-Pesini et al. 2004), el qual va ser una de les
barreres ambientals més importants a superar durant la migraci6 des de I'Africa
subsahariana fins a Eurasia. D’acord amb aquesta idea, I'aparicié de canvis en la seqléncia
de ’ADNmt van provocar una reduccié de I'eficiéncia d’acoblament del sistema OXPHOS que
tindria com a conseqiiéncia un increment en la produccié de calor en detriment de la
generacié d’ATP. Aquest fet suposaria un avantatge adaptatiu per a les poblacions humanes
en un ambient fred, aixi com el requeriment d’'una dieta més alta en calories (Wallace
2013a). No obstant, també suggereix que els haplogrups mitocondrial podrien jugar un
paper molt important incrementant o disminuint la probabilitat de desenvolupar certes
malalties (veure apartat: 1.2.2.2. Factors de risc no modificables per la Cl i I'ACV, haplogrups
i malaltia cardiovascular). En aquest sentit, els resultats obtinguts en els Ultims anys
suggereixen que els haplogrups mitocondrials afecten de manera diferent el muntatge i
I'estabilitat de la ETC (Chen et al. 2012; Kalogeris et al. 2014; Kenney et al. 2014a; Kenney
et al. 2014b; Malik et al. 2014; Marcuello et al. 2009; Martinez-Redondo et al. 2010), i que
els teixits particularment dependents del metabolisme oxidatiu, és a dir, el miscul cardiac o
el sistema nervidés central, s6n especialment vulnerables a les alteracions de la funcié
mitocondrial (Gémez-Duran et al. 2010).

Un exemple d’aquesta teoria el trobem en els individus portadors de I’haplogrup J. Els
SNPs caracteristics d’aquest haplogrup provoquen un desacoblament de la ETC, de manera
qgue es genera menys quantitat d’ATP a canvi de produir més energia en forma de calor (Ruiz-
Pesini et al. 2004). Alhora, aix6 comporta una menor produccié de ROS que els hi atorga un
efecte protector cap a malalties associades amb un elevat estrés oxidatiu. En diferents
estudis realitzats en poblacié europea s’ha constatat que els portadors de I'haplgorup J
presenten una major longevitat en comparacio a la resta de la poblacié (De Benedictis et al.
1999; Niemi et al. 2003; Ross et al. 2001). Mitjancant I's de cibrids transmitocondrials
(céllules que posseeixen el mateix genoma nuclear i que només es diferencien en el genoma
mitocondrial), Gomez-Duran et al. (2010) varen trobar diferéncies en els nivells d’ADNmt i
ARNmt, la sintesi de proteines mitocondrials, I'activitat i quantitat de citocrom oxidasa, el
consum d’oxigen i el potencial de membrana interna entre cibrids portadors dels haplgrups H
i U en comparacié als J, la qual cosa els associava amb la predisposicié a patir malalties
d'origen multifactorial (Gémez-Duran et al. 2010). Per tant, la causa d’aquestes diferencies
entre els haplgorups H i J recau probablement en les seves diferencies de comportament a
nivell energétic, ja que els portadors de I’'haplogrup H s6n més eficient energéticament que
els portadors de I’'haplogrup J (Krzywanski et al. 2016). No obstant, la major generacié d'ATP
implica 'existéncia d’uns nivells més elevats de ROS, que en principi podrien ser perjudicial
per a la supervivéncia cellular.

Més enlla de les diferéncies energeétiques i la produccié de ROS, ser portadors d’un
determinat haplogrup també pot tenir altres consequéncies que impliquen I'alteracié de
I'expressio d’algunes de les principals rutes cellulars com les de I'apoptosi, la immunitat o la
inflamacié (Kenney et al. 2014a; Malik et al. 2014). En els estudis de Kenney et al. (2014a),
els cibrids J varen mostrar un increment dels nivells d’expressidé relacionats amb la
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proliferacié cellular i la inflamaci6, disminuint els nivells d’expressié dels gens relacionats
amb la ruta de I'apoptosi, al comparar-los amb els nivells dels cibrids H. Aquestes diferéncies
també es varen poder observar al comparar els nivells d’expressio dels cibrids portadors d’un
haplgorup europeu (H) en front a cibrids portadors d’un haplogrup africa (L), posant de
manifest la influéncia del genoma mitocondrial i les seves variants polimorfiques sobre
I’expressio de gens nuclears (Kenney et al. 2014b).

1.1.4.2. Variants polimorfiques no definitories d’haplogrup

Les variants mitocondrials que no designen cap haplogrup en especific,
s’introdueixen continuament a la poblacié a causa de I'elevada taxa de mutacié de ’ADNmt.
Sovint sén variants que mostren una heterogenicitat clinica considerable, ja que poden
funcionar com allels de risc per a malalties complexes comuns o bé poden arribar a
desenvolupar trastorns monogenétics.

Per una banda, existeixen polimorfismes de 'TADNmt que poder arribar a modular la
susceptibilitat de les malalties multifactorials o complexes. La forma més comuna d’aquest
tipus de variants és el canvi de base o SNP, ja que aquestes son relativament freqlients en la
poblacié general i tenen una baixa penetrancia (Wang et al. 2012). Aquestes variants es
caracteritzen perqué poden tenir un petit efecte additiu o multiplicatiu sobre el risc
d’aquestes malalties, causant una série de defectes funcionals en la mitocondria o actuant
sinérgicament amb altres variants patologiques, perd per si mateixes no causen la malaltia.
Els canvis en la regulacié metabolica constitueixen la base de les malalties comuns (Wallace
2013b), entre les que podriem destacar |'obesitat, la diabetis o les MCV (veure apartat:
1.2.2.2. Factors de risc no modificables per la Cl i 'ACV, SNPs i malaltia cardiovascular), que
en conjunt, representen la major causa de mortalitat i morbiditat en els paisos
industrialitzats. Aquest fet ens indica que les mateixes variants podrien contribuir al risc de
desenvolupar diferents malalties mentre aguestes comparteixin mecanismes mitocondrials
comuns (Stewart and Chinnery 2015).

D’altra banda, hi ha mutacions rares i altament penetrants de ’'ADNmt que sé6n la
causa principal dels trastorns mitocondrials hereditaris multisistémics. Un dels primers
exemples d’associacié descoberts per Wallace et al. (1988a) va ser el canvi m.11.778G>A i
la neuropatia oOptica hereditaria de Leber (LHON). Altres exemples d’aquest tipus de
mutacions, son la m.8.344A>G associada al fenotip d’epilépsia mioclonia i malaltia de la
fibra vermella esquincada (MERRF) (Shoffner et al. 1990; Wallace et al. 1988b) o la
m.3.243A>G associada al fenotip d’encefalopatia mitocondrial, acidosis lactica i episodis
semblants a un accident cerebrovascular (MELAS) (Goto et al. 1990). Actualment, el nombre
de mutacions patogéniques de '’ADNmt documentades sobrepassen el centenar (MITOMAP
2019), afectant practicament a tots els teixits del cos, perd fonamentalment aquells amb
una major dependéncia energética (Park and Larsson 2011). Una de les caracteristiques
principals d’aquests tipus de mutacions és que no totes actuen amb la mateixa gravetat, ni
donen lloc a un procés similar. Degut a la segregacié meidtica aleatoria mitocondrial, es
poden generar céllules emparentades que presentin percentatges significativament
diferents d’ADNmt mutat i tinguin diferents graus d’afectacio, contribuint encara més a la
variabilitat de les caracteristiques cliniques i la gravetat de la malaltia (Ruiz-Pesini et al.
2007; Wallace 2013b).
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1.1.4.3. Mutacions somatiques

L’ADNmt, amb I’edat, també acumula mutacions en els teixits. Tot i que sovint
aguestes mutacions s’associen a I'envelliment, les mutacions somatiques sorgeixen al
produir-se un dany a I’ADN que no es repara, ja es degui a errors durant la replicacié de
I’ADN o bé com a conseqliéncia de factors enddgens o exogens, com ara les ROS, el fum del
tabac o la llum ultraviolada (ltsara et al. 2014).

S’ha demostrat que les mutacions clinicament rellevants de I'ADNmt poden
romandre en els teixits durant llargs periodes (Goldsmith 2013; Li et al. 2015), i per tant, es
possible que moltes de les mutacions somatiques detectades en adults es remuntin al
moment del desenvolupament embrionari o I'inici de la vida postnatal (Ramos et al. 2016). A
més, 'evidéncia suggereix que la seva acumulacié pot modular I'’envelliment i la longevitat,
erosionant progressivament la funcié mitocondrial i donant lloc a malalties degeneratives, un
cop superat cert llindar (Ross et al. 2013).
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1.2. MALALTIA CARDIOVASCULAR

Les malalties cardiovasculars (MCV) sén un grup de desordres del cor i dels vasos
sanguinis entre els quals, segons I'Organitzacié Mundial de la Salut (OMS), s'inclou:

* |a cardiopatia coronaria: malaltia dels vasos sanguinis que irriguen al cor. Entre les
quals en destaquen I'angina de pit, I'infart de miocardi (IM) i la mort sobtada

cardiaca.
= |es malalties cerebrovasculars: malalties dels vasos sanguinis que irriguen el cervell,
com l'accident cerebrovascular (ACV) i la isquémia cerebral transitoria,

independentment de I'origen aterotrombotic o hemorragic de les mateixes.

= |es arteriopaties perifériques: malalties dels vasos sanguinis que irriguen els
membres superiors i inferiors.

= |a cardiopatia reumatica: lesions del muscul cardiac i de les valvules cardiaques
degudes a la febre reumatica, una malaltia causada per bacteris estreptococs.

= |es cardiopaties congénites: malformacions del cor presents des del naixement; i,

= |es trombosis venoses profundes i embolies pulmonars: coaguls de sang (trombes)
en les venes de les cames, que poden desprendre's (Embols) i allotjar-se en els vasos
del cori els pulmons.

Altres MCV inclouen tumors del cor; tumors vasculars del cervell; trastorns del mdscul
cardiac (cardiomiopatia); malalties de les valvules cardiaques i trastorns del revestiment del
cor.

Amb freqliéncia, diferents revistes i publicacions especialitzades utilitzen de forma
intercanviable termes com “arteriopatia coronaria”, “cardiopatia coronaria” i “cardiopatia
isquémica”. No obstant, cal matisar que es parla de:

a) arteriopatia coronaria o coronariopatia (CAD; coronary artery disease), per referir-
nos a qualsevol malaltia de les arteries coronaries, amb 0 sense repercussio
cardiaca;
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b) cardiopatia coronaria (CHD, coronary heart disease), per referirnos a la
cardiopatia isquémica secundaria a I'arteriopatia coronaria, i

c) cardiopatia isquémica (IHD, ischemic heart disease), per referir-nos a qualsevol
cardiopatia secundaria a isquémia cardiaca, sigui aguesta o no d'origen coronari.

En la major part dels casos la cardiopatia isquémica obeeix a una arteriopatia
coronaria, pero correspon en realitat a un concepte més ampli, que engloba també els casos,
infreqlients pero reals, de cardiopatia isquémica secundaria a estenosis valvular aortica o a
anémia.

Tenint present aquests termes, les dades de mortalitat i morbiditat ens indiguen que
les principals formes de MCV sén la cardiopatia isquémica (Cl) d’origen coronari i l'accident
cerebrovascular (ACV). Aquestes dues malalties acostumen a ser fendmens aguts que es
deuen sobretot a obstruccions que impedeixen que la sang flueixi cap al cor o el cervell. La
causa més freqlent d'aquesta obstruccio és I'aterosclerosi, condicié en que s’engruixeix la
paret de l'artéria, com a resultat d’'una acumulacié focal de lipids intra i extracellulars, la
formaci6 de céllules espumoses i la reacci6 de les céllules inflamatories (limfocits). Aquests
processos provoquen l'estrenyiment (estenosis) de les parets dels vasos sanguinis que
irriguen el cor o el cervell. Quan la estenosis és molt greu, pot causar un desequilibri entre
les necessitats d’oxigen i la seva aportacié al miocardi o al cervell. La falta d’oxigenaci6é en
aquests organs doéna lloc a I'IM i als ACV isquémics, encara que els AVC en menor mesura
(aproximadament el 21%) també poden deure's a hemorragies dels vasos cerebrals o
coaguls de sang.

1.2.1. Epidemiologia de la malaltia cardiovascular

Les ultimes dades publicades per les Nacions Unides indiquen que la poblacié mundial
ha crescut drasticament en els (ltims segles, arribant a mitjans de I'any 2016 a sobrepassar
els 7.300 milions de persones. L’'augment de la poblacié ha vingut acompanyada, en la gran
majoria de paisos, d’'un augment en la qualitat de vida, i per tant, d’'un augment en
I’esperanca de vida. Com a conseqliéncia, les causes de mort en tot el mén estan canviant.

L’any 2016 van morir al voltant de 55 milions de persones a nivell global. Un 70%
d’aquestes morts s’atribueixen a les malalties croniques de llarg termini com poden ser les
MCV, el cancer, les malalties respiratories o la diabetis. Aquestes malalties no només
dominen les xifres de mortalitat a nivell mundial siné que també ho fan en el paisos amb els
ingressos més elevats, on les morts a causa de les malalties infeccioses o desnutrici6 solen
ser molt baixes en termes relatius.

La MCV va ser la principal causa de mortalitat a nivell mundial I'any 2016, responsable
de 17,6 milions de morts (32,26% del total de morts) (Figura 10).
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Figura 10. Nombre anual de morts a nivell mundial, 2016. Les dades es refereixen a la causa especifica de mort, que es
distingeix tant dels factors de risc ambientals com dels genétics (font: https://ourworldindata.org/causes-of-death).

S’estima que al voltant del 63% (11 milions) de les morts per MCV I'any 2016 es van
produir en persones de 70 anys o més. Les persones de 50 a 69 anys d’edat representen
aproximadament un 30% (5,1 milions) de les morts, mentre que les de 15 a 49 anys d’edat
representen el 7-8% (1,3 milions) restant. Per tant, les taxes de mortalitat soén
significativament més altes en el grup de major edat.

A la figura 11 podem observar les taxes de mortalitat, a nivell mundial, per MCV
estandarditzades en funcié de I'’edat. L'estandarditzacié de I'edat ajusta les taxes brutes de
mortalitat per eliminar la influéncia de les diferents estructures d'edat de la poblaci6 i, per
tant, permet realitzar comparacions més significatives entre paisos i al llarg del temps. En
general, les taxes d’Europa oriental, Asia i Africa tendeixen a ser significativament més
elevades que les d’América del Nord i Europa occidental i septentrional (Suécia, Noruega,
Finlandia, Estonia, Letonia, Lituania, Islandia, Regne Unit, Irlanda i Dinamarca), mostrant una
forta divisié entre Est i Oest. Les taxes de mortalitat estandarditzades per edat més baixes
(<100 per 100.000 habitants) s’observen a Japd. L'extrem més elevat de I'escala es troba a
Afganistan que tindria una taxa de 830 morts per cada 100.000 habitants.
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Figura 11. Taxa de mortalitat cardiovascular estandarditzada per edat a nivell mundial, 2016. Les taxes es mesuren tenint en
compte el nombre de morts per cada 100.000 individus en ambdos sexes (font: https://ourworldindata.org/causes-of-death).

1.2.1.1. Mortalitat cardiovascular a Europa

Les Ultimes dades publicades per la Xarxa Europea del Cor (EHN; European Health
Network) (Wilkins et al. 2017) assenyalen que les MCV so6n la principal causa de mortalitat
d'Europa en el seu conjunt, responsables de més de 3,9 milions de morts a l'any, o el
44,45% de totes les morts. En els homes, les MCV representen 1,8 milions de morts (40,28%
de totes les morts), mentre que en les dones sén responsable de 2,1 milions de morts
(48,91% de totes les morts) (Taula 1).

Taula 1: Nombre total de defuncions per causa i sexe

Sexe Regio Totes les causes (?ard’f) P ?t’a Accident Altres MCV
isquémica cerebrovascular
Homes Europa 4.475.990 862.219 405.415 535.495
Dones Europa 4.370.306 877.216 583.158 677.162

Font: OMS (http://apps.who.int/healthinfo/statistics/mortality/whodpms/)

Notes: Altres MCV es defineix com totes les malalties circulatories diferents de la cardiopatia isquémica i I'accident
cerebrovascular.

La Cl és la principal causa de mortalitat a Europa, responsable de 862.000 morts a
I'any (19,26% de totes les morts) entre els homes i 877.000 morts (20,07%) entre les dones
cada any. L’ACV és la segona causa de mort més freqiient a Europa, amb 405.000 morts
(9,06%) en els homes i 583.000 (13,34%) en les dones cada any (Taula 2).
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Taxa de mortalitat

En tots els paisos europeus sobre els quals I'OMS disposa de dades, les taxes de
mortalitat per Cl i ACV estandarditzades per edat son més altes en els homes que en les
dones, i han disminuit amb els anys en ambdés sexes (Wilkins et al. 2017).

Des del periode comprés entre 1990 i 2016, s'observen grans disparitats
geografiques, amb taxes de mortalitat relativament elevades de Cl i ACV a Europa oriental i
central, i taxes més baixes a Europa septentrional, occidental i meridional. Les taxes de
mortalitat per Cl i ACV estandarditzades per edat han disminuit en la majoria dels paisos
d'Europa del Nord i occidental (Figura 12).
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Figura 12. Taxa de mortalitat cardiovascular estandarditzada per edat a Europa I'any 1990 i 2016. Les taxes es mesuren tenint
en compte el nombre de morts per cada 100.000 individus en ambdos sexes (font: https://ourworldindata.org/causes-of-
death).

1.2.1.2. Morbiditat cardiovascular a Europa
Incidéncia

L’estudi de la carrega global de la malaltia, conegut com GBD de les seves sigles en
anglés (Global Burden Disease), calculen que al 2015 van haver-hi al voltant d'11,3 milions
de nous casos de MCV a Europa: 5,4 milions d'homes i 5,8 milions de dones (Taula 2).

Taula 2: Incidéncia de la MCV, la Cl i 'ACV a Europa, per sexe, en el 2015

Sexe Regio MCV Cardiopatia isquémica Accident
cerebrovascular

Homes Europa 5.441.564 2.968.582 675.872

Dones Europa 5.842.358 2.784.341 879.493

Font: Base de dades GBD (2015) http://www.healthdata.org/ghd/data

Notes: Les dades de Cl es basen en dades de vigilancia, dades d'enquestes, consultes ambulatories i hospitalaries per a
l'angina de pit i el primer infart agut de miocardi. Les dades sobre ACV es basen en les dades de I'enquesta i les dades
hospitalaries del pacient hospitalitzat per al primer ACV agut.
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Poc més de la meitat de tots els nous casos es van deure a la Cl (51%), amb un
nombre lleugerament major entre els homes (2,97 milions) que entre les dones (2,78
milions). Per contra, la incidéncia de I'ACV, que va representar gairebé 1,6 milions (14%) de
tots els nous casos de MCV a Europa, va ser lleugerament major en les dones (880.000) que
en els homes (680.000) (Taula 2).

Entre 1990 i 2015, la majoria dels paisos europeus van reportar un augment en el
nombre de nous casos de MCV (Wilkins et al. 2017). La incidéncia es va incrementar en un
19%, passant a tenir 9.4 milions de nous casos I'any 1990 a 11,3 milions I'any 2015.

Prevalenca

La prevalenca d'una malaltia es refereix al nombre de persones d'una poblacié que
actualment viuen amb la malaltia, o en el cas d'afeccions cardiovasculars, al nombre de
persones vives en l'actualitat que han sofert un esdeveniment cardiovascular. L'any 2015,
més de 85 milions de persones a Europa vivien amb MCV; el 48% dels casos (41,2 milions)
havien afectat a homes i el 52% (44,1 milions) en dones (Taula 3). Les afeccions
cardiovasculars amb una major prevalenga van ser la malaltia vascular periférica i la Cl. La
malaltia vascular periférica va representar 15,3 milions de casos (37% de totes les MCV)
entre els homes i 21 milions de casos (48% de totes les MCV) entre les dones, mentre que la
Cl va ser responsable de gairebé 17 milions de casos (41% de totes les MCV) en els homes i
una mica més de 13 milions de casos (30% de totes les MCV) en les dones (Taula 3).

Taula 3: Prevalenca de las ECV a Europa, per sexe, en el 2015

Sexe Regi6 MOV C;ard:\opg tia Accident Malalth qucular
isquémica cerebrovascular periférica
Homes Europa 41.240.109 16.980.048 3.465.250 15.301.400
Dones Europa 44.089.112 13.306.789 4.399.956 21.034.502

Font: Base de dades GBD (2015) http://www.healthdata.org/ghd/data

Notes: Les dades de Cl es basen en dades de vigilancia, dades d'enquestes, consultes ambulatories i hospitalaries per a
I'angina de pit i el primer infart agut de miocardi. Les dades sobre ACV es basen en les dades de l'enquesta i les dades
hospitalaries del pacient hospitalitzat per al primer ACV agut. Les dades de la malaltia vascular periférica es basen en dades de
I'enquesta de visites ambulatories/de pacients hospitalitzats.

En els dltims 25 anys, hi ha hagut un augment en el nombre absolut de casos de MCV
a Europa. Entre els homes, el nombre de casos va augmentar un 34% entre 1990 i 2015, i
en les dones un 29%. En canvi, I'analisi de la taxa de prevalenca de la MCV estandarditzada
per edat per cada 100.000 habitants, revela una lleugera disminucié en el conjunt d'Europa.
Entre 1990 i 2015, la taxa va disminuir un 9% i un 5% en homes i dones, respectivament.
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1.2.2. Factors de risc de la malaltia cardiovascular

El terme «factor de risc» es defineix com a un element mesurable que té relacid causal
amb un augment de freqiiéncia d'una malaltia i constitueix un factor predictiu independent i
significatiu del risc de sofrir la malaltia d'interés (O'Donnel and Elosua 2008).

En aquest sentit, les MCV es caracteritzen per tenir una etiologia multifactorial. La falta
de comprensié de les respostes genétiques individuals a aquestes malalties, corrobora el fet
gue el desenvolupament de les MCV esta influenciat per la combinacié de factors genétics i
ambientals en diferent percentatge (aprox. el 75% de les MCV pot atribuir-se a factors de risc
convencionals), en funcié dels diferents estudis (Krzywanski et al. 2011). La preséncia
simultania de varis factors té un efecte no només additiu, sind multiplicatiu del risc de cada
factor per separat. Per aix0, l'abordatge més correcte de la prevencié cardiovascular
requereix una valoracié global de tots els factors de risc (Yusuf et al. 2004).

Actualment han estat identificats més de 300 factors de risc relacionats amb la MCV
(Lacey et al. 2017). Els principals factors de risc establerts es caracteritzen per complir tres
criteris: tenir una alta prevalenca en moltes poblacions; un impacte independent significatiu
en el risc de malaltia; i que el seu tractament i control resultin en una reduccié del risc.

Els factors de risc per a la MCV generalment es divideixen en extrinsecs o
modificables, ja sigui per canvis en l'estil de vida, Us de tractaments farmacologics o
mitjancant el control d’altres factors de risc als que si hi tenim té accés (per exemple; la
prevencid de la hipertensio, la hipercolesterolémia o la diabetis), i en intrinsecs o no
modificables, és a dir, aquells que no poden ser controlats o modificats (per exemple; I'edat,
el génere o la predisposicio genética) i (McPhee et al. 2011).

Els factors de risc de la Cl més estudiats i reconeguts soén l'edat, el sexe, la
predisposicié geneética, la hipertensié arterial, la dislipémia, la diabetis, el tabaquisme i
I'obesitat. L'’ACV comparteix bastants factors de risc anteriorment exposats, en major o
menor grau d’associacié amb la Cl (Yusuf et al. 2004), amb la diferencia de que, en el cas de
I’ACV, la hipertensié és el factor més important. De fet, diversos estudis suggereixen que la
reactivitat de les arteries intracranials i extracranials a determinats factors de risc podria ser
diferent (Bang et al. 2005; D'Armiento et al. 2001; Guo et al. 2003; Wei et al. 2007).

1.2.2.1. Factors de risc modificables per la Cl i 'ACV
Hipertensio arterial (HTA)

La hipertensié és quantitativament el factors de risc més important relacionat amb la
MCV prematura; per sobre del tabac, la dislipémia i la diabetis (Sugiyama et al. 2015).
L'increment dels nivells de pressio arterial de forma continua i sostinguda pot causar
afebliment i estenosis en els vasos sanguinis, el que fara que sigui més probable que
s’obstrueixin a causa d’un coagul o fragments d’una placa d’ateroma. En diversos estudis
s’ha observat que la variacidé a llarg termini de la pressio arterial és un factor predictiu
d’esdeveniments cardiovasculars (CV) d’alt risc (Stevens et al. 2016), sent responsable de
gairebé el 51% de les morts per ACV i del 45% de les morts per Cl (Tibazarwa and
Damasceno 2014). No obstant, I'HTA pot reduir-se eficacment en resposta als canvis en
I'estil de vida com la pérdua de pes, I'augment de I'activitat fisica i la reducci6 de la ingesta
de sal i alcohol, aixi com per la utilitzacié de farmacs antihipertensius (Wilkins et al. 2017).
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Es considera que la mortalitat per ACV i Cl s’incrementa de forma progressiva i lineal
a partir de xifres de pressio arterial sistolica (PAS) >115 i pressio arterial diastolica (PAD)
>75 mmHg (Yano et al. 2018), pero tenint en compte que la pressié arterial pot variar segons
el grau d’activitat fisica, I'edat o altres factors que inclouen la condicié dels ronyons i els
nivells hormonals, al llarg dels anys aquests limits s'han anat corregint (Maiques Galan et al.
2016). Actualment, la guia de la Societat Espanyola d’Hipertensié considera que una
persona sofreix HTA quan la PAS és > 140 mmHg o la PAD és > 90 mmHg (Gijon-Conde et al.
2018).

La prevalenca de I'HTA tendeix a ser més elevada en els paisos de I'Europa central i
oriental i més baixa en els paisos del nord i del sud d’Europa, sent més comuna en homes
que en dones (Wilkins et al. 2017). A Espanya, és aproximadament del 43% (IC95%; 41,2-
44,0) (Menéndez et al. 2016).

Dislipémia

La dislipémia es refereix als nivells anormals de lipids en sang, inclos el colesterol de
lipoproteines d’alta densitat (cHDL), el colesterol de lipoproteines de baixa densitat (cLDL) i
els triglicérids, entre altres. Diversos estudis han establert el paper decisiu de la dislipémia,
especialment de la hipercolesterolémia, en el desenvolupament de les MCV a través del seu
efecte en la promoci6é de la formacié de plaques arterials, que alhora augmenten el risc
d’aterosclerosi (Zarate et al. 2016). No obstant, els nivells de colesterol poden reduir-se
eficagment amb l'augment de l'activitat fisica, canvis en la dieta com la reduccié de la
ingesta de greixos saturats, i amb farmacs hipolipemiants com les estatines i els inhibidors
PCSK9 (Wilkins et al. 2017).

= Colesterol total i colesterol LDL (cLDL):

Des de la década dels cinquanta (Dawber et al. 1951) es coneix quina és la
importancia dels nivells de colesterol plasmatic elevats en el risc de patir una Cl en edats
mitjanes i avancades (Lewington et al. 2007). Els estudis més recents indiquen que la
reduccié de cLDL és eficagc per prevenir els esdeveniments coronaris i 'ACV de tipus
isquémic. A més, es va demostrar que proporcionava beneficis addicionals quan
s’aconseguia reduir els nivells per sota de 70 mg/dl (Cannon et al. 2015). No obstant, el
paper del cLDL no esta tan clarament establert per I’ACV de tipus hemorragic (Baigent et al.
2010).

A Espanya, la guia ESC/EAS 2016 sobre el tractament de les dislipémies aconsella
tenir concentracions de colesterol total per sota de 200 mg/dl i de cLDL per sota de 130
mg/dl (Catapano et al. 2016). La prevalenca estima que gairebé un 58% de la poblacio
presenta valors de colesterol total > 200 mg/dl i que un 18% supera els 240 mg/dl (Cordero
and Facila 2015).

= Colesterol HDL (cHDL):

Els nivells de cHDL es correlacionen independentment e inversament amb la
presencia de la MCV atés el paper que desenvolupen en el transport invers de colesterol i el
control de la inflamaci6é (Farrer 2018). No obstant, els resultats més recents dels estudis
genétics i la investigacio clinica no permeten establir un llindar de control predeterminat de
cHDL (Kosmas et al. 2018), ja que la seva funcionalitat dependra tant de factors genétics,
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ambientals -com de I'estil de vida-, i pot ser modificada per I’entorn oxidatiu de la resposta
en fase aguda (Navab et al. 2011). Per tant, la guia sobre el tractament de les dislipémies no
proposa cap objectiu terapéutic especific per el cHDL, tot i que si recomana presentar
concentracions >40 mg/dl en homes i >48 mg/dl en dones (Catapano et al. 2016).

= Triglicérids

Els nivells elevats de triglicérids sén un factor independent i significatiu de risc CV, tot
i que semblen tenir una relacié menys consistent que la hipercolesterolémia (Catapano et al.
2016). Degut a que els triglicerids poden ser degradats per la majoria de céllules a
diferencia del colesterol, és més probable que el contingut de colesterol de les lipoproteines
riques en triglicérids (colesterol romanent) sigui la causa de I'aterosclerosi i la MCV (Varbo et
al. 2013). Per tant, les concentracions de triglicerids baixes o0 moderades (150-199 mg/dl)
presenten una major associacid amb el risc CV que les concentracions elevades (=200
mg/dl) (Nordestgaard and Varbo 2014). En aquest sentit, la guia de prevencié tampoc no
proposa cap objectiu terapéutic especific per les concentracions de triglicérids plasmatics,
tot i que recomanen assolir concentracions <150mg/dl perqué indiguen menor risc; o en el
cas de presentar valors més elevats, que es busqui la presencia d’altres factors de risc
(Catapano et al. 2016).

Diabetis mellitus (DM)

La DM es diagnostica per la preséncia d'alts nivells de sucre en la sang en deju, que
pot provocar dany als vasos sanguinis, augmentant directament el risc de MCV (Juarez-Rojas
et al. 2018) i I'exacerbacié dels efectes d'altres factors de risc, com els de I'augment de la
pressio arterial, 'augment dels nivells de colesterol, el tabaquisme i I'obesitat (IHME 2016).
En els subjectes amb DM, el risc a desenvolupar una MCV augmenta entre 2 a 4 vegades en
comparacié amb una poblaci6é d’edat i sexe similar, sent la combinacié de diabetis i ACV la
major causa de morbimortalitat a nivell mundial (Tun et al. 2017). A més, també s’ha
observat que els nivells d’hemoglobina glucosilada (HbA1c) >8% en pacients diabétics i >6%
sense diabetis, també incrementen el risc CV (Cavero-Redondo et al. 2017).

Tot i que la gestid de la hiperglucémia mitjancant mesures dietétiques i canvis d’estil
de vida disminueix la probabilitat d’'un esdeveniment macrovascular, sovint se sol necessitar
d’un tractament farmacologic per assolir els objectius terapéutics (Brenner et al. 2001;
Filippatos et al. 2017). Els criteris diagnostics de DM s’estableixen per la presencia dels
signes classics de la hiperglucémia (polidria, polidipsia o pérdua de pes inexplicada) i una
glucémia en deji 2126 mg/dl o bé una glucémia =200 mg/dl passades 2 hores després de
la sobrecarrega oral amb 75 g de glucosa. També per presentar un nivells d’'HbAlc >7%
(Rydén et al. 2014).

En els Gltims 30 anys, la prevalenca de DM ha augmentat en un 28% en tota Europa.
Tant en homes com en dones, la diabetis va ser notablement més comuna en els paisos de
I’'Europa central i oriental en comparacio a la resta. A Espanya, la prevalenca d’adults amb
DM de tipus 2 és del 11% (Wilkins et al. 2017).
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Tabaquisme

Existeix una clara evidéncia de I'efecte advers del tabac sobre la salut cardiovascular,
sent responsable d‘aproximadament el 50% de les morts per MCV evitables en fumadors
(Alberg et al. 2014). Es important senyalar que hi ha una relacié lineal entre el risc de
malaltia coronaria i I'ACV i el nombre de cigarrets consumits (Hackshaw et al. 2018). No
obstant, el tabaquisme passiu també representa un factor de risc per les MCV, de manera
que les politiques "sense fum", dissenyades per protegir a les poblacions dels efectes del
tabaquisme passiu estan ara molt esteses a Europa (Piepoli et al 2016). Entre els seus
nombrosos efectes, fumar pot augmenta la pressié arterial i la tendéncia de la sang a
coagular-se, promou I'aterosclerosi a través de la inflamacié de les artéries, redueix els
nivells plasmatics de cHDL i disminueix la tolerancia a l'exercici (Messner and Bernhard
2014).

L'abandé del tabac redueix considerablement el risc (~30%) de sofrir diferents
malalties vasculars (Critchley and Capewell 2012), ja que la disminucié del risc és
proporcional a la durada del cessament de I'habit de fumar (Wannamethee et al. 2000). Les
Gltimes dades publicades per la OMS (IHME 2016) mostren que en els Gltims 35 anys, la
prevalenca del tabaquisme ha disminuit en gairebé tots els paisos europeus i en ambdos
sexes, tot i que I’habit continua sent major entre els homes. A Espanya, la prevalenca a
disminuit un 37% en els homes i un 10,6% en les dones (Wilkins et al. 2017).

Obesitat i sobrepés

El patrd d’obesitat central, caracteritzat per els diposits de greix abdominal, s’associa
més estretament amb la progressié accelerada de I'aterosclerosi, taxes més elevades de
remodelacié ventricular i un major risc d'IM i ACV (Kachur et al. 2017). No obstant, no
existeix actualment una posicié clara sobre si el sobrepés (IMC 25-30 kg/m2) i la obesitat
(IMC >30 kg/m2) han de ser considerats com un factors de risc independent, atés que els
seus principals efectes sobre la salut cardiovascular estan intervinguts pel risc de la
sindrome metabolica (hipertensio, hipercolesterolémia, diabetis..), per la qual cosa l'abséncia
d'aquests factors de risc en els individus obesos podria no estar associada amb un major risc
de mortalitat.

Malgrat tot, s’ha despertat un gran interés en les determinacions antropométriques
de risc, detectant que I'augment de I'IMC i el perimetre abdominal es relacionen amb un risc
significativament major de mortalitat i morbiditat cardiovascular (Adegbija et al. 2015; Khan
et al. 2018). El llindars establers a partir del quals es recomanen la reduccié de pes
consideren un perimetre abdominal > 94-102 cm en homes i > 80-88 cm en dones (Piepoli
et al. 2016).

L'obesitat ha experimentant un increment en les Ultimes décades. A Espanya, la
prevalenca de sobrepés estimada és del 39,3% (IC95%; 35,7-42,9%); la d’obesitat del 21,6%
(IC95%; 19,0-24,2%), i augmenta amb I'edat (Aranceta-Bartrina et al. 2016). No obstant,
cada vegada és més freqlient en I'adolescéncia (Gungor 2014). Entre les possibles causes
s’inclouen les relatives tant a I'alimentacié com al déficit de I'activitat fisica (Garcia et al.
2018).
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1.2.2.2. Factors de risc no modificables per la Cl i 'TACV
Edat i sexe

El risc cardiovascular s’incrementa amb I'edat (sobre tot a partir dels 50 anys)
(Gransbo et al. 2016) i és superior en els homes (Bots et al. 2017). Encara que les xifres
variin considerablement inclis dins d’'una mateixa regid, la incidéncia de Cl augmenta
després dels 45 anys en els homes i dels 55 anys en les dones, i en el cas de I’ACV aquesta
incidéncia es duplica aproximadament cada 10 anys a partir dels 55 anys en ambdos sexes
(Mitrousi et al. 2013). L’edat té una notable influéncia sobre la resta de factors de risc; en
gent jove, el génere i el tabaquisme s6n els factors de risc principals, mentre que en la
poblacié d’edat més avancada la hipertensio, la hipercolesterolémia i la diabetis tenen major
importancia (Lind et al. 2018).

Les dones habitualment desenvolupen una Cl uns 10 anys més tard que els homes,
perd a partir dels 65 anys el seu pronostic és significativament pitjor, ja que elles presenten
major freqiiéncia de mort cardiovascular (Wilson 2013). Per tant, sovint el desenvolupament
de la Cl en les dones s’associa amb la menopausa i amb el nombre e intensitat dels factors
de risc. L’ACV també constitueix la primera causa de mort en la dona, encara que la taxa
estandarditzada per edat és superior en els homes (George et al. 2015). De la mateixa
manera, s’ha vist que les seqlieles restants després d’'un ACV s6n majors i més
discapacitants en les dones, sobretot com més edat tinguin (Kelly-Hayes et al. 2003).

Origen étnic

Maltiples estudis de cohorts transversals i prospectius han reconegut que les
diferéncies en l'origen étnic afecten a la prevalenca i salut cardiovascular (Kaul et al. 2011;
Meeks et al. 2016; Owolabi et al. 2017; Shaikh et al. 2018). Per exemple, es sabut que els
nord-americans d'origen africa tendeixen a presentar xifres més elevades de pressié arterial,
i que les seves taxes de mortalitat per ACV s6n més altes (Owolabi et al. 2017; Sharrief et al.
2016). En canvi, a Europa la prevalenca de diabetis és major entre els grups étnics
minoritaris, com els grups d’origen africa, turc, marroqui, i en particular, del sud d’Asia (Kaul
et al. 2011) en comparacié amb la resta de poblacions europees natives del pais d’adopcio
(Meeks et al. 2016). Una de les explicacions que s'han suggerit és que aquests fenomens
poden estar relacionats amb els diferents estils de vida, com el consum de determinats
d’aliments o els nivells educatius (Perini et al. 2018), aixi com per I'actuacié dels factors de
risc ambientals i genétics (Shaikh et al. 2018; Snijder et al. 2017).

Factors genétics

Recentment els progressos en la comprensio de la genética molecular subjacent a la
patogénia de I'aterosclerosis, la pressié arterial, el metabolisme dels lipids plasmatics i la
diabetis, entre altres, ha reafirmat el caracter poligénic i multifactorial d'aquestes patologies,
i a integrat a l'instrumental diagnostic una série de determinacions de mutacions o
polimorfismes genétics. D’acord amb aquestes dades, s’estima que I’heretabilitat de les MCV
arriba a ser del 40-55% (Elosua et al. 2009), el que suggereix que es probable que els
factors de risc hereditaris contribueixin de manera important a la susceptibilitat futura de
patir un esdeveniment cardiovascular.
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En les principals linies de recerca de I'area de la genética cardiovascular destaquen
els estudis d'associacid entre variants de ’ADN nuclear i mitocondrial i diversos tipus de
malaltia cardiovascular o fenotips caracteristics de cada patologia. El proposit de la genética
en la identificacié de la poblacié en risc, no és només prevenir la discapacitat en pacients
amb malaltia cardiovascular sind també modificar els factors de risc per prevenir els
esdeveniments cardiovasculars, i aix0 és aplicable tant als pacients amb malaltia
cardiovascular establerta com aquells en prevencio primaria.

Es creu que una proporcié substancial de la etiologia de la Cl d’origen coronari i ’ACV
és atribuible a la variacié genética comuna (freqUéncia allélica >5%) (Yang et al. 2010; Zeyl
2007; Zuk et al. 2014). Els estudis d’associacié del genoma complet (GWAS; Genome-Wide
Association Studies) han estimat que el risc genétic representa probablement entre un 40-
55% de la susceptibilitat a partir una Cl (Elosua et al. 2009; Zdravkovic et al. 2002), i entre
un 16-40% per a un ACV, depenent del subtipus (Bevan et al. 2012).

La identificaci6 de variants que estiguin solidament associades amb un major
percentatge de risc de desenvolupar una Cl o un ACV sén de gran interés, perd quins gens i
quins SNPs s’haurien d’incloure en el perfil de risc genétic? Abans de I'any 2007, els estudis
de camp van utilitzar el coneixement de la fisiopatologia de les MCV per identificar gens
“candidats” potencials. La combinacié de petits estudis recollits en un metaanalisi (Casas et
al. 2006) va conduir a la identificacié d’'un nombre de gens candidats relacionats amb les
arees del metabolisme lipidic (p. ex. APOE, APOC3 i LPL).

A partir de I'any 2007, moment en que les millores tecnologiques varen permetre que
els GWAS abordessin aquesta qliestid, els GWAS varen identificar molts SNPs nuclears, i
mitocondrials en menor quantitat, desconeguts fins aleshores amb associacions
estadisticament significatives. Va destacar una publicacié simultania de tres estudis GWAS
que van identificar la primera variant genética nuclear associada al risc de Cl (~30%) en el
cromosoma 9p.21 (Helgadottir et al. 2007; McPherson et al. 2007; WTCCC 2007). Aquesta
associacio va ser confirmada per multiples estudis en multiples grups étnics (Humphries et
al. 2010; Samani et al. 2007). A més, posteriorment varis grups van replicar aquesta
troballa fins estendre I'associacid a altres fenotips vasculars, incloent |'aterosclerosi
coronaria (Ye et al. 2008), I'arteriopatia periférica (Helgadottir et al. 2008) i I'ACV (Smith et
al. 2009).

= Variants nuclears:

A partir d’aquest moment, un total de 11 variants nuclears per a la Cl d’origen
coronari van ser identificades per diversos grups, incloent el Welcome Trust Cas-Control
Consortium, el Cardiogenics Consortium, i el Myocardial Infarction Genetics Consortium
(Erdmann et al. 2009; Gudbjartsson et al. 2009a; Kathiresan et al. 2009; Samani et al.
2007; Tregouet et al. 2009). Amb la finalitat d'explorar el potencial dels estudis de
sequenciacio i genotipat a gran escala per a la identificacié de variants relacionades amb el
desenvolupament de la CI i I'IM, es varen crear grans consorcis, com el CARDIoOGRAM
(Coronary Artery Disease Genome Wide Replication and Meta-analysis) i el consorci genétic
C4D (Coronary Artery Disease), que I'any 2011 varen poder confirmar gairebé totes les
variants préviament descrites en els anteriors estudis i varen descobrir 17 noves posicions
mitjancant I'is de metanalisi (Schunkert et al. 2011; C4D 2011). CARDIoGRAM i C4D varen
acordar integrar els seus recursos (CARDIOGRAMplusC4D), aconseguint descobrir 15 noves
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variants I'any 2013 (Deloukas et al. 2013) i 8 més I'any 2015 (Nikpay et al. 2015), després
d’examinar més de 60.000 casos i més de 120.000 controls.

Recentment, CARDIOGRAMplusC4D ha ampliat la seva mida mostral i descobert 34
noves variants de risc per a la Cl (Howson et al. 2017; Nelson et al. 2017; Webb et al. 2017).
En general, la combinacié de les dades publicades ha donat lloc al descobriment de més de
200 variants genétiques nuclears que s'associen significativament (p < 5.0 x 108) amb la CI
d’origen coronari (Do et al. 2015; Howson et al. 2017; Khera and Kathiresan 2017; Nelson
et al. 2017) i 60 que s'associen amb I'IM (MacArthur et al. 2017).

En relaci6 a I'ACV, també s'han identificat diverses variants genétiques, sobretot
aguelles mutacions en gens relacionats amb la coagulacié. MetaStroke és una de les
collaboracions genétiques més grans centrada en I'estudi de I’ACV de tipus isquémic, que
inclou 15 cohorts europees, nord-americanes i australianes de casos i controls. Després de
la deteccié de mutacions potencialment patogenes, MetaStroke va confirmar una associacio
entre I'ACV de tipus isquémic i els SNPs del gen ABO (rs505922), els quals s’associaven amb
els nivells de les proteines de coagulacié von Willebrand Factor i el factor 8 (Williams et al.
2013).

Fins ara, els GWAS de grups europeus han identificat poques variants que s’associen
robustament amb I’ACV (Bellenguez et al. 2012; Chauhan et al. 2016; Gudbjartsson et al.
2007; Gudbjartsson et al. 2009b; Holliday et al. 2012; Kilarski et al. 2014; Malik et al. 2016;
Pulit 2016; Traylor et al. 2014; Traylor et al. 2017; Woo et al. 2014). En la majoria dels
casos, les associacions amb aquesta malaltia es van atribuir a diferents subtipus d’ACVs
isquemics; com I’ACV per aterosclerosis de I'arteria gran (LAS; Large-artery Atherosclerotic
Stroke) (Bellenguez et al. 2012; Holliday et al. 2012; Pulit 2016; Traylor et al. 2014), I'ACV
cardioembolic (CES; Cardio-Embolic Disease) (Gudbjartsson et al. 2007; Gudbjartsson et al.
2009b) i I'ACV causat en els vasos sanguinis petits (SVS; Small-Vessel Stroke) (Chauhan et
al. 2016; Traylor et al. 2017), o als ACVs de tipus hemorragic (Woo et al. 2014). No obstant,
alguns SNPs es van associar amb dos o més subtipus d’ACV (Kilarski et al. 2014; Malik et al.
2016; Pulit 2016; Williams et al. 2013) o amb qualsevol ACV (isquémic o hemorragic)
(Chauhan et al. 2016). L'ultim estudi multiétnic publicat, que inclou més de 500.000
individus (67.162 casos i 454.450 controls), ha identificat 22 noves variants de risc; 9
relacionades amb qualsevol dels dos tipus d’ACV, 8 per a qualsevol subtipus d’ACV, 3 per
LAS i 2 per CES (Malik et al. 2018). En total hi ha 86 variants genétiques nuclears que
s’associen significativament (p < 5.0 x 108) amb I’ACV (MacArthur et al. 2017).

Tots els resultats dels estudis GWAS relacionats amb la Cl, 'ACV i els seus factors de
risc, s’han inclds en un cataleg (GWAS catalog) per a facilitar-ne I'accés als investigadors i
clinics (MacArthur et al. 2017). Actualment, hi ha més de 700 SNPs (gener 2019) associats a
MCV (p £ 5.0 x 108) publicats en el cataleg GWAS (Figura 13). No obstant, el nombre d’SNP
identificats quan s’introdueix el terme “cardiovascular disease” ascendeix per sobre dels
70.000 si s’amplia el nivell de significacio estadistica.
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Figura 13. Diagrama dels SNP nuclears associats a MCV distribuits per cromosoma. El diagrama mostra totes les associacions
publicades (712) a gener de 2019, amb un valor p < 5.0 x 10%. Es pot consultar a https:
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activant només les malalties cardiovasculars es pot visualitzar els SNPs i la seva informacio.

Els mecanismes fisiopatologics exactes que hi ha darrera de la gran majoria de
polimorfismes genétics comuns obtinguts del cribratge dels GWAS sén encara desconeguts.
En molts casos, la cerca de variants funcionals s’ha vist dificultada perqué la majoria dels
SNPs que s’han associat amb la MCV es localitzen en regions no codificants i es desconeixen
els seus gens diana (MacArthur et al. 2017). En aquest sentit, s’ha observat que més del
90% de les interaccions genétiques dels SNP on s’ha detectat associacid no s’involucren
amb el gen més proper i gairebé el 40% dels SNPs poden interactuar amb almenys dos gens,
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complicant la interpretacié dels seus mecanisme d’accié (Montefiore et al. 2018). No
obstant, la majoria de les variants intergéniques son properes a les regions promotores dels
gens, el que indica que poden regular la seva expressio. Entre els gens més representatius
amb els que s’ha pogut clarificar la importancia funcional dels SNPs hi trobem: gens
involucrats amb el metabolisme lipidic (MIA3, LPA, APOE, APOB, LPL, CETP, SORT1), la
coagulacio (PAI-1, GP llIb/llla, F2, F5) i diferents aspectes de la funcié endotelial com els que
comprometen I'estabilitat de la placa d’ateroma (ALOX5AP, PHACTR1, CDKN2A/2B, CXCL12,
WDR12, NOS3, MTHFR, PPAR, ADAMTS) (Ghosh et al. 2015).

= Variants mitocondrials:

Haplogrups i malaltia cardiovascular

Es considera que les mutacions de 'TADNmt que defineixen els diferents haplogrups
no sén patologiques en si mateix, sind que confereixen unes caracteristiques metaboliques a
cadascun d’ells que els permet modular de manera diferent les funcions biologiques més
importants (Krzywanski et al. 2016).

La rellevancia clinica dels haplogrups mitocondrials ha estat demostrada
repetidament a través d’estudis de casos i controls en una amplia varietat de malalties
degeneratives com les MCV, tant en poblacions europees (Castro et al. 2006; Chinnery et al.
2010; Fernandez-Caggiano et al. 2013; Fernandez-Caggiano et al. 2012; Finnila et al. 2001;
Hagen et al. 2013; Hudson et al. 2014; Kofler et al. 2009; Martikainen and Majamaa 2010;
Palacin et al. 2011; Rosa et al. 2008; Serrano et al. 2018) com en asiatiques (Cai et al.
2015; Nishigaki et al. 2007a; 2007b; Sawabe et al. 2011; Yang et al. 2014), i sobre alguns
factors de risc cardiovascular classics com la hipertensio, I'obesitat o la diabetis en ambdues
poblacions (Ebner et al. 2015; Gonzalez et al. 2012; Nardelli et al. 2013; Poulton et al. 2002;
Rea et al. 2013; Zhu et al. 2009). En la mateixa linia d’evidéncia, la produccié de ROS
sembla jugar un paper important en la patogénesis de I'aterosclerosis y les MCV (Chang et al.
2010; Peluso et al. 2012).

En poblacié europea I'naplogrup H s’ha associat amb l'infart de miocardi precog
(Palacin et al. 2011) i també actua com a factor de risc en el desenvolupament de la Cl
(Fernandez-Caggiano et al. 2012), la cardiomiopatia dilatada (Fernandez-Caggiano et al.
2013), la cardiomiopatia hipertrofica (Hagen et al. 2013) i el desenvolupament de I'estenosis
aortica greu (Serrano et al. 2018). Aixi mateix, una de les mutacions definitoria de
I'haplogrup H (mt. 7028 C>T) ha estat relacionada amb I'accident cerebrovascular (ACV)
(Rosa et al. 2008). Per el contrari, els portadors de I’haplogrup J presenten un menor risc de
sofrir una Cl o una cardiomiopatia (Fernandez-Caggiano et al. 2012; Hagen et al. 2013).
Recentment, Hudson et al. (2014) va reportar que I’haplogrup U podria augmentar el risc de
desenvolupar un ACV, associacid que també van determinar Finnila et al. (2001) i
Martikainen and Majamaa et al. (2010). Per la seva part, I'haplogrup T també s’ha associat
amb la cardiomiopatia hipertrofica (Castro et al. 2006) i I'arteriopatia coronaria (Kofler et al.
2009). No obstant, de la mateixa manera que en altres patologies, hi ha estudis en que no
s’observen diferencies significatives en la distribucié dels haplogrups i el risc a desenvolupar
una MCV o determinats factors de risc com la diabetis (Mitchell et al. 2017; Chinnery et al.
2010; 2007; Mohlke et al. 2005).
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SNPs i malaltia cardiovascular

Els estudis més recents que han observat una vinculacié entre certes MCV i
mutacions especifigues de I'ADNmt (amb efectes negatius o beneficiosos) inclouen
substitucions (Abu-Amero et al. 2010; Gawet et al. 2008; Hudson et al. 2014; Liou et al.
2004; Mueller et al. 2011; Sazonova et al. 2015; Wang et al. 2015), delecions (Levitsky et al.
2003), duplicacions (Cardena et al. 2013) i la deteccié d’heteroplasmies puntuals i de
longitud (Golubenko et al. 2016; Mitrofanov et al. 2016; Sazonova et al. 2016; Sobenin et al.
2013), tant en la regi6 codificant com en la RC de 'ADNmt. En particular, les mutacions de
I’ADNmt localitzades a la RC semblen tenir particular rellevancia, ja que, com s’ha explicat
anteriorment, poden influir en la regulacié de I'expressio génica de ’TADNmt.

Dos d’aquests estudis han associat la variant mitocondrial m.16.189T>C amb
I'arteriopatia coronaria en poblacions del centre d’Europa (Mueller et al. 2011) i d’Arabia
Saudita (Abu-Amero et al. 2010). De fet, per aquesta mateixa mutacié també s’ha observat
associacio amb I'IM (Abu-Amero et al. 2010) i I’ACV (Liou et al. 2004) en poblacié d’Arabia
Saudita i de Taiwan, respectivament. Curiosament, I’ACV de tipus hemorragic també sembla
estar fortament associat amb la variant m.16.319G>A (Gawet et al. 2008). D’altra banda,
Cardena et al. (2013) varen descriure una duplicacié de 15 pb entre els nucleodtids 16.018 i
16.032 que podria alterar I'estabilitat o estructura secundaria de '’ARNtPro en pacient amb
cardiomiopatia. A més, la m.16.566G>A i I'heteroplasmia m.16.093T/C també s’han
associat amb aquesta malaltia (Sazonova et al. 2016).

En general, aquestes disparitats en els resultats dels estudis d’associacié podrien
produir-se perqué les mutacions de ’ADNmt en la RC no estan directament lligades a cap
forma de patologia, perd podrien ser capaces d’influir en la funcié mitocondrial provocant
canvis en el nombre de copies de ’'ADNmt i induint profunds efectes, tant en I'expressio de
les transcripcions de gens amb codificacié mitocondrial com en les activitats enzimatiques
de la ETC (complexes I, lll i IV) (Huang et al. 2016a; Ide et al. 2001; Tsutsui et al. 2008). Per
tant, la capacitat d’'una mutacié per influir en el desenvolupament de las MCVs esta
directament relacionada amb la seva freqiéncia i la gravetat del seu impacte en la funcio
mitocondrial.
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1.3. RISC CARDIOVASCULAR

El risc cardiovascular (RCV) estableix la probabilitat de patir un esdeveniment
cardiovascular en un termini determinat, generalment 5 o 10 anys. No obstant, també es pot
referir al risc coronari o risc cerebrovascular quan es vol calcular la probabilitat de
desenvolupar només una d’aquestes malalties. El calcul del RCV és interessant des d'un
punt de vista clinic perqué permet als metges establir les prioritats de prevencio
cardiovascular i valorar d'una manera més eficient la introduccié del tractament
hipolipemiant o antihipertensiu en els pacients que no han patit un esdeveniment
cardiovascular (Pieppoli et al. 2016). Al llarg del temps, els métodes utilitzats per a calcular
el RCV, la prevenci6 de las MCVs i el control dels seus principals factors de risc han quedat
plasmats en guies de practica clinica i de prevencié de la MCV, les quals no han tingut en
compte incloure l'evidéncia genética en el calcul del risc cardiovascular. Les directrius i
recomanacions d’aquestes guies varien en funcié de I'ambit geografic al que fan referéncia.
A Espanya, les prioritats de prevencié utilitzades son les adaptades de les recomanacions de
les Societats Europees de Cardiologia i d’Aterosclerosis (ESC/EAS; European Society of
Cardiology / European Atherosclerosis Society) (Piepoli et al. 2016), les quals classifiquen el
risc en 4 categories: risc molt alt (= 10%), risc alt (=5-10%), risc moderat (=1-<5%) i baix risc
(<1%). No obstant, els punts de tall d’aquestes categories poden variar (= 15%, 10-14,9%, 5-
9.9% i < 5%) depenent la funcié de risc que es vulgui utilitzar en el calcul (Marrugat et al.
2003a; Marrugat et al. 2003b).

Aquestes guies estableixen que els pacients amb un RCV alt o molt alt requereixen un
seguiment més estret i una intervencié més intensa, precisant, en la majoria de les ocasions,
un tractament farmacologic per alguns dels factors de risc si no s'aconsegueix una reduccio
estable del risc amb mesures d'actuacié sobre I'estil de vida. La preséncia d'un o diversos
factors de risc indica un RCV moderat, sempre que el risc coronari no superi el limit del 5% o
10% (depenent I'equacio) de risc als 10 anys. Aquestes persones requereixen una vigilancia
especial per comprovar l'evolucié del seu RCV i un tractament basat en mesures dietétiques.
Quan existeixi una elevacié important d'un factor de risc, encara que el seu risc coronari no
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sigui alt, si que ha de considerar-se el tractament amb farmacs. Finalment, quan no existeix
cap factor de risc, es cataloga a la persona amb un RCV baix. En aquests cassos son
necessaries les mesures de prevencio i promocié de la salut recomanades per a la seva edat
i sexe.

Encara que existeixen diversos models per estimar el RCV, en general, podem
classificar-los en meétodes qualitatius i quantitatius. El primer meétode consisteix en
quantificar diversos factors de risc, que poden ser positius 0 negatius, de forma individual i
fer-ne una suma. S6n models més facils d’utilitzar, no obstant, s’ha comprovat que els
factors es potencien entre si donant lloc a un RCV superior a la suma de tots ells, per el que
és més correcte la utilitzacioé dels métodes quantitatius (Mancia et al. 2006; Woodward et al.
2006), dels quals s’obté un valor numeéric, que correspon a la probabilitat de presentar una
MCV en un periode de temps determinat. Aquests models es presenten a continuacio.

1.3.1. Prediccid del risc utilitzant factors de risc classics (FRC)

A causa dels canvis observats en les causes de mortalitat de la poblacié general, a
partir dels anys trenta del segle XX comencen a publicar-se els primers estudis
d'epidemiologia cardiovascular. L'any 1932, Wilhelm Raab (Raab 1932) va descriure la
relacié existent entre la dieta i la Cl, i un any més tard, Angel Keys (Keys 1953) va descriure
l'associacid entre les concentracions de colesterol i la mortalitat per Cl en diverses
poblacions. Per esclarir les possibles causes de les MCV, a mitjans segle XX es van engegar
diversos estudis epidemiologics que van desenvolupar el que es coneix com a «puntuacions
de risc», les quals tenien en compte el coneixement combinat de com els FRC afecten al risc
CV (Chapman et al. 1957; Dawber et al. 1951; Doyle et al. 1957; Keys et al. 1963; PPRG
1978).

La primera puntuacié de risc que utilitzava FRC associats a la cardiopatia coronaria
es va desenvolupar a partir del Framingham Heart Study, el qual va donar lloc al que es
coneix amb el nom de puntuacié de Framingham (Wilson et al. 1998). Aquest és un estudi
prospectiu de base poblacional que va comencar a Framingham (Boston, EEUU) I'any 1948 a
partir d’'una cohort original amb la que, durant els Ultims 70 anys, els investigadors han
recollit dades sobre les MCV i els seus principals factors de risc. Van ser els investigadors de
I'estudi de Framingham els que van encunyar el terme «factor de risc». Els factors de risc
inclosos en aquesta puntuaci6 eren l'edat, el colesterol total, el cHDL, la PAS, la diabetis i el
tabaquisme (amb equacions separades per a homes i dones). El descobriment d'aquests
«factors» associats amb l'aparicié de la malaltia va suposar un canvi en la practica clinica,
que va permetre la identificacio dels individus amb major risc i la implementacié de mesures
preventives que evitarien el desenvolupament d'episodis CV i en reduirien significativament
els seus costos directes i indirectes.

Actualment s'utilitzen dues estratégies de prevencio. Des de les politiques de salut
plblica s'implementen models de prevencié poblacional, i des de la practica clinica, mesures
de prevencio dirigides a la poblacié d'alt risc (Piepoli et al. 2016). En la practica clinica diaria,
per identificar als individus d'alt risc, es realitza un cribratge del risc cardiovascular en totes
les persones que contacten amb el sistema sanitari per identificar als qui tenen risc elevat i
establir en aquest subgrup mesures preventives individualitzades més intensives. Per a
realitzar aquest cribratge, s’utilitzen les funcions classiques de risc cardiovascular, que no
sén més que equacions matematiques, basades en el grau d'exposicié als FRC, que utilitzen
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la magnitud de l'associacid entre aquests factors i el risc de sofrir la MCV. El risc és
multifactorial i additiu, de manera que, a mesura que anem acumulant factors de risc, la
susceptibilitat a la malaltia també augmenta exponencialment. No obstant, una de les
limitacions d’aquestes funcions de risc és la seva baixa sensibilitat o capacitat de
discriminacié, que podria obviar el 60% dels esdeveniments CV que es presenten en
individus categoritzats amb risc baix i moderat (Elosua and Sayols-Baixeras 2017).

Es va observar que les equacions de Framingham sobreestimaven el risc al aplicar-se
en altres poblacions europees on hi havia una menor incidéncia de cardiopatia coronaria
(Eichler et al. 2007). En resposta, es varen adaptar les equacions tenint en compte les
diferéncies en la prevalenca dels factors de risc i les taxes d'incidéncia dels esdeveniments
coronaris, per a desenvolupar puntuacions de risc especifiques de cada regié (D'Agostino et
al. 2001), inclos la poblacié espanyola (Marrugat et al. 2003b; Marrugat et al. 2007). En
parallel, s’han desenvolupat altres funciones de risc CV per a la poblacié general, -les més
conegudes i utilitzades s’han resumit a la taula 4 (Assmann et al. 2002; Graham et al. 2007;
Hippisley-Cox et al. 2010; Hippisley-Cox et al. 2007; Murabito et al. 1997; Ridker et al. 2007;
Ridker et al. 2008)-, i algunes especifiques per als individus amb HTA (ESH/ESC 2003;
Whitworth 2003) i diabetis (Stevens et al. 2001).

Taula 4: Funcions de risc cardiovascular més utilitzades en diferents paisos

Funcié Poblacio Esdeveniments predits
Framingham Homes i dones de 35-74 anys, Diferents periodes de prediccid
Framingham, Estats Units (1-4, 10, 30 anys, tota la vida)
Coronari Cl, I.M iangina (2, 4, 10 anys i al llarg de
la vida)
Cerebrovascular ACV (a 10 anys)
Arteriopatia . . e
periférica Arteriopatia periférica (a 4 anys)
Insuficiéncia cardiaca Insuficiéncia cardiaca
Fibrillacié auricular Fibrillacié auricular
Cardiovascular (10, 30 anys i al llarg de tota la vida)
Dones >45 anys i homes >50 Esdeveniments CV: IM, ACV isquémic i
Reynolds . . L .
anys, Estats Units revascularitzacio coronaria a 10 anys.
PROCAM Homes de 35-64 anys, Europa  Esdeveniments coronaris aguts a 10 anys
SCORE ESSSZ  dones de 40-65 anys, Esdeveniments CV mortals; no DM
QRIK Homes i dones de 25-84 anys, . ] .
Cardiovascular 10 anys o més Regne Unit EEURNEITIEES GE I, ©. 1 A0

Espaia

Validat per a homes i dones

Framingham adaptat REGICOR de 35-74 anys

Esdeveniments coronaris a 10 anys

Adaptat per a homes i dones

de 35-64 anys Esdeveniments CV mortals; no DM

SCORE adaptat

Adaptat per home i dones de

Framingham adaptat DORICA Esdeveniments coronaris a 10 anys

25-64 anys

FRESCO validat per homes i dones de Esdeveniments CV: Cl i ACV a 10 anys
35-79 anys
Validat per a homes i dones . A

ERICE de 30->80 anys Esdeveniments CV: Cl i ACV a 10 anys

Font: Taula actualitzada de I'estudi d’Elosua and Morales Salinas (2011)
Notes: ACV: accident cerebrovascular; Cl: cardiopatia Isquémica; CV: cardiovascular; DM: diabetis mellitus; IM: infart de miocardi
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A Espanya existeixen cinc funcions adaptades de les equacions de Framingham
disponibles: REGICOR (Marrugat et al. 2003a; Marrugat et al. 2003b), SCORE (Systematic
COronary Risk Evaluation) (Sans et al. 2007), DORICA (Dislipémia, Obesitat i Risc
Cardiovascular (Aranceta et al. 2004), FRESCO (Marrugat et al. 2014) i ERICE (Gabriel et al.
2015). No obstant, es recomana la utilitzacié de la funcié REGICOR per al calcul del risc per
els seglients motius: 1) és la Unica que disposa d'un estudi de validacié a partir de dades
provinents de diferents centres de salut d'Espanya (Marrugat et al. 2007); 2) pot aplicar-se a
un rang major d'edat, sobretot considerant que la major part dels esdeveniments i mortalitat
cardiovascular es produeixen després dels 60 anys en homes i 65 en dones (Baena Diez et
al. 2002); i 3) pot utilitzar-se en un major nombre de pacients, inclosos els pacients
diabétics.

No obstant, encara que les funcions de risc cardiovascular constitueixen la base per
establir prioritats en prevencioé primaria, no s’ha d’oblidar que les taules de risc actualment
disponibles s6n un métode bastant imprecis de predir el risc individual, per la qual cosa
només haurien d'utilitzar-se com a aproximacio al risc de MCV. En aquest sentit, s’estan fent
esforcos importants per a identificar biomarcadors que millorin la reclassificacié dels
individus sobre tot de risc moderat (Elosua and Sayols-Baixeras, 2017).

1.3.2. Us de la genética en la discriminacié i prediccié del risc

Com s’ha comentat anteriorment, els estudis de sequienciacié i genotipat a gran
escala (GWAS) en mudltiples cohorts han identificat centenars de variants genétiques
nuclears (MacArthur et al. 2017), i en menor quantitat, de mitocondrials (Abu-Amero et al.
2010; Gawet et al. 2008; Hudson et al. 2014; Mueller et al. 2011; Sazonova et al. 2015),
significativament associades a les MCVs i a factors de risc de les MCVs com I'HTA (ICBP-
GWAS 2011). Tanmateix, la identificaci6 de variants genétiques associades
independentment als FRC, sén particularment rellevants en I'avaluacié del RCV (Lluis-Ganella
et al. 2010), ja que podrien ser utilitzades com a nous biomarcadors candidats en el
desenvolupament d’aquestes malalties. Malgrat aixo, les variants genétiques individuals
tenen una magnitud d’associacié molt petita (OR = 1,1 a 1,4) que limita la millora de la
discriminacio i la seva capacitat predictiva (Elosua and Sayols-Baixeras, 2017), encara que
aquesta magnitud augmenta quan es consideren varies variants.

Aquest fet ha donat lloc al desenvolupament de les anomenades «puntuacions de
risc genétic» (GRS; Genetic Risk Score), en les quals els SNPs es combinen per a
proporcionar una millora en 'estimacio del risc genétic. Un GRS pot estimar el risc global que
té una persona per a desenvolupar una malaltia basant-se en variants genétiques que han
estat estadisticament associades amb el risc per a aquesta malaltia (Inouye et al. 2018).
Atés que el perfil genétic d'un individu s'estableix al néixer, el risc de malaltia podria
determinar-se tedricament abans de (la majoria) les exposicions ambientals (Knowles and
Ashley 2018). Per aquest motiu, s'ha posat molta esperanca en el desenvolupament
d'agquests models com un avancament de la medicina de precisi6. A més, s’ha demostrat que
la combinacié de la capacitat de discriminacié i prediccié del risc genétic (GRS) i el no
geneétic (FRC) per a calcular el RCV en 10 anys, és més potent que qualsevol dels dos per
separat (Goldstein et al. 2014).
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1.3.2.1. Creaci6 d’una puntuacié de risc genétic o GRS

Un GRS pot basar-se (inicament en les dades genétiques disponibles o pot incorporar
informacié ambiental, fenotipica i/o demografica. Els resultats publicats dels GRS tendeixen
a variar d'un estudi a un altre i depenen de la mostra de poblacidé que s’avalua i del resultat
real d'interés (és a dir, la progressié de la malaltia en la seva etapa inicial o tardana, els
subtipus de malaltia o el risc general de malaltia). Aquests son factors importants a tenir en
compte quan es construeixen i avaluen els GRS per al seu (s en una mostra en particular
(Cooke Bailey and Igo 2016).

Fonamentalment, la creacié d’'un GRS implica resumir la informacié a través de
multiples SNPs. Per tant, primer és necessari seleccionar les variants genétiques que
s’inclouran en la puntuacié de risc, les quals provenen d’estudis d’associacié de gens
candidats o de GWAS. En general, els GRS creats fins ara per a la discriminacié i prediccio
del risc cardiovascular utilitzen Gnicament variants nuclears (Elosua and Sayols-Baixeras,
2017). El nombre d’estudis que han realitzat un GRS per estimar el RCV amb dades del
genoma mitocondrial és nul. Per tant, I'estandard en el camp ha estat utilitzar SNPs nuclears
identificats en grans metanalisis que van aconseguir significacidé a nivell de tot el genoma
(p>5 x 108) i que sovint s6n variants comunes (frequéncia allélica >5%), degut a que els
metanalisis tendeixen a no tenir suficient poder per a detectar els efectes de les variants
més rares (MacArthur et al. 2017). L’'inconvenient d’incloure Gnicament els SNPs nuclears
més significatius i replicats és que poden haver molts altres SNPs, tant nuclears com
mitocondrials, amb efectes reals que no aconsegueixin aquests estrictes nivells de
significacio a nivell de tot el genoma (Smith et al. 2015).

El métode més comu per a construir un GRS es basa en sumar el nombre d’allels
que confereixen risc en un individu. Per a un GRS format per variants nuclears s’assigha una
puntuacié de -1, 0 o 1, on a l'estat heterozigot (és a dir, Aa) se li assigna un valor de O, a
I'estat homozigot sense risc un valor de -1, i a I'estat homozigot de risc el valor d’1. Un GRS
pot ser no ponderat, on simplement se suma el nombre d'allels de risc d’un individu i on
s’assumeix que I'efecte de risc associat per a cada SNP és igual (i additiu), o per altre banda,
es pot construir un GRS més precis, si cada SNP es pondera utilitzant la mida del seu efecte
(Paynter et al. 2009), donant més pes a les variants amb els efectes més forts.

La capacitat de discriminacié d’'un GRS s’avalua mesurant 'area sota la corba (AUC;
Area Under the Curve) d’una caracteristica operativa del receptor (ROC; Receiver Operating
Characteristic). L’analisi en base a les corbes ROC és un meétode per determinar la
sensibilitat d'una prova diagnostica dicotomica, en aquest cas, amb I'objectiu de classificar a
la poblacié segons presentin un esdeveniment d’interés o no. Aixi doncs, I'area sota la corba
ROC, anomenades AUC, és una funcié per a identificar correctament la preséncia
(sensibilitat) o abséncia (especificitat) del resultat d’interés (Cooke Bailey and Igo 2016).
Aquesta area pot interpretar-se com la probabilitat que davant un parell d'individus, un de
malalt i I'altre sa, la prova els classifiqui correctament. D’'una banda, la sensibilitat quantifica
la proporci6 d’individus que presenten el resultat d’interés i que sén classificats per la proba
com a portadors de la malaltia, i per altra banda, I'especificitat quantifica la proporcio
d’individus que no presenten el resultat d’interés i son classificats per la proba com a tal. En
general, les AUC varien entre 0,5, el que indica que el model predictiu no és millor que
I'atzar, i 1, el que indica un model perfecte (Janssens et al. 2007). Un AUC = 0.70 indica que,
si seleccionés a l'atzar a un persona amb la malaltia i una altra sense, el risc estimat seria
superior en la persona afectada en comparacioé al control, en un 70% els casos. De manera
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que com més elevat sigui 'AUC, més precisa sera la discriminacio del risc i, per tant, major
sera la utilitat clinica de la combinaci6é de factors inclosos en el model (Cooke Bailey and Igo
2016).

1.3.2.2. Millora en I'estimaci6 del risc cardiovascular

Sovint el valor predictiu de les puntuacions genétiques per si mateixes no és molt
elevat, aconseguint resultats similars als obtinguts per els FRC. Per aquest motiu, sén varis
els estudis que han avaluat el valor afegit d’incloure la informacié genética en les funcions
de risc classiques (Taula 5), és a dir, combinar un GRS amb una puntuacié de risc com la de
Framingham o REGICOR per a donar una estimaci6 general del risc CV (Anderson et al. 2010;
Brautbar et al. 2009; Davies et al. 2010; de Vries et al. 2015; Ganna et al. 2013; Goldstein
et al. 2014; Gransbo et al. 2013; Hughes et al. 2012; Iribarren et al. 2016; Isaacs et al.
2013; Kathiresan et al. 2008; Krarup et al. 2015; Lv et al. 2012; Lluis-Ganella et al. 2012;
Morrison et al. 2007; Patel et al. 2012; Paynter et al. 2009; Paynter et al. 2010; Qi et al.
2011a; Qi et al. 2011b; Ripatti et al. 2010; Shiffman et al. 2011; Tada et al. 2016; Talmud et
al. 2008; Thanassoulis et al. 2012; Tikkanen et al. 2013; Vaarhorst et al. 2012).

Taula 5: Caracteristiques i resultats dels estudis que han analitzat el valor afegit de la
informaci6 genética en 'estimaci6 del RCV.

Altres va.

. . Resultats
Estudi Succés Variants Predictives
genétiques R Historia Discriminacid Reclassificacio- NRI
familiar (AAUC) NRI clinic
Cas-control
1 SNP
0,003
Davies et al. (2010) Cl (9p21) Si No 0.008° - -
12 SNP ’
Anderson et al. (2010) Cl 5 SNP Si Si 0,008 16,0%2 28,3%2
Qi et al. (2011) IM 3 SNP Si No 0,0102 - -
Qi et al.(2011) Cl 5 SNP Si Si - - -
Lv et al. (2012) Cl 8 SNP Si No 0,022a - -
Patel et al (2012) IM 11 SNP Si No 0,0122 - -
Cas-cohort
11 SNP +
. 0,009 7,5%2 6,3%
Hughes et al. (2012) Cl 21285:\]05. Si No 0,0112 6.5% 5.1%
Vaarhorst et al. (2012) Cl 29 SNP Si No - 2,8%a -
Cohort
. . 0,002
Morrison et al. (2007) Cl 10 SNP Si No 0,011 - -
Kathiresan et al. (2008) MCV 9 SNP Si No 0,003 - -
1 SNP
H H o/ a =
Talmud et al. (2008) Cl (9p21) Si Si 0,02 13,8%
1 SNP .
Brautbar et al. (2009) Cl (9p21) Si No 0,004a 0,8% 6,2%2
1 SNP . . Framingham: 2,7%
Paynter et al. (2009) MCV (©9p21) Si Si 0,002 Reynolds: -0.2%

La taula continua a la pagina 45.
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Taula 5: Continuacio.

Altres va.
. . Resultats
Estudi Succés Va(/a?nts predictives
genétiques FR Historia Discriminacid Reclassificacio-  NRI
familiar (AAUC) NRI clinic
Cohort
101 SNP ) ) 0,000 0,5%
Paynter et al. (2010) MCV 12 SNP Si Si 0,001 0.5% -
Ripatti et al. (2010) Cl 13 SNP Si Si 0,001 2,2% 9,7%2
1 SNP H: 0,005 H: 2,1%
. (9p21) . D: 0,002 D:-1,8%
Shiffman et al. (2011) IM 1 SNP Si H: 0,015 H: 2.7%
(KIFB) D:-0,001 D: 0, 7%
Thanassoulis et al. . . o a
(2012) Cl 13 SNP Si Si 0,002 19,0% -
Luis-Granella et al. , : 9 e
(2012) Cl 8 SNP Si Si No 6,4% 17,4%
1 SNP ) o a
Gransbo et al. (2013) MCV (9p21) Si No 0,001 1,2% -
Isaacs et al. (2013) Cl GRS® Si No 0,000 - -
395 SNP . 0,002 4,22
Gamma et al. (2013) Cl 46 SNP Si No 0,004 4.9 -
Tikkanen et al. (2013) Cl 28 SNP Si Si 0,0032 5,0%2 27,02
Goldstein et al. (2014) Cl 50 SNP - No 0,010 - -
Krarup et al. (2015) Cl 45 SNP Si No 0,0102 -2% -
De Vries et al (2015) Cl 152 SNP Si Si 0,003 2,2% -
27 SNP . . 15%2 (NRI continu)
a
Tada et al. (2016) Cl 50 SNP Si Si Modest: 17%32 (NRI continu)
8 SNP 0,0082 5% a 9%a
. 12 SNP ) ) 0,007a 5%a 9%a
Iribarren et al. (2016) Cl 36 SNP Si Si 0,008 50 @ 704 2
51 SNP 0,0092 4%2 %2

Font: Elosua and Sayols-Baixeras (2017)
Notes: AAUC: canvi en I'area sota la corba, Cl: cardiopatia isquémica, FR; factor de risc; GRS: carrega geneética de risc, IM: infart
de miocardi, MCV: malaltia cardiovascular, NRI: index de reclassificacié, SNP: polimorfisme de base Unica

aValor p < 0,05
b Relacionat amb lipids

La majoria d'aquests estudis no han trobat una millora en la capacitat de
discriminacio; encara que si observen una millora en la reclassificacid dels individus en
categories de risc, especialment en aquells amb risc moderat (Elosua and Sayols-Baixeras,
2017).

En aquest sentit, el xip d’ADN de risc cardiovascular, Cardio inCode® (Ferrer inCode,
Barcelona, Espanya), va ser el primer test dissenyat per a predir el RCV que integra la
informacié genética amb la informaci6 clinica, tenint en compte els habits de vida del
pacient. El xip incorpora la informacié de 11 variants nuclears associades amb la MCV, en
concret I'lM, que sén independents dels factors de risc classics en les funcions de prediccié
del risc. La taula 6 mostra quines son aquestes variants, on es localitzen, quin sén els gens
més propers i com hi poden interactuar. El paper dels gens diana d’aquests SNPs es
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relacionen amb el metabolisme lipidic com MIA3 i LPA, els quals s’associen amb la regulacié
de la concentracié plasmatica del cLDL i la seva alteracid propicia les lesions
aterosclerotiques i la trombogénesis (Burgess et al. 2018; Zaimkohan et al. 2016), o bé
poden modular diferents caracteristiques de la funcié endotelial com és el cas de la resta de
gens de la taula (Beaney et al. 2017; Liu et al. 2015; Paquette et al. 2018; Sjaarda et al.
2018; Zabalza et al. 2015; Zhong et al. 2017). Tot i que tot ells contribueixen al risc
d’aterosclerosis i s’han associat amb la cardiopatia cornaria, I'IM o I'ACV, en determinats
casos com en KCNE2, SLC5A3 i MRPS6 encara no s’ha trobat una via plausible que permeti
explicar quina és la seva associacid amb la malaltia i, per tant, en aquest cas la ubicacié
genomica no suggereix cap mecanisme obvi a través del qual aquest SNP (rs9982601) pugui
estar actuant (Beaney et al. 2017).

En un primer estudi liderat pel Grup d’Investigacié Cardiovascular de I'IlMIM (Institut
Municipal d’'Investigacions Médiques) i Gendiag.exe, es varen seleccionar 9 de les variants
genétiques associades amb episodis cardiovasculars i no relacionades amb els FRC.
L’associacié entre el nombre d’allels de risc en aquestes variants i el risc d’episodis CV, va
resultar ser lineal i directe, de manera que es va corroborar el fet de que amb un major
nombre d’allels de risc, més probabilitat es tenia de desenvolupar un episodi cardiovascular
(Lluis-Ganella et al. 2010). Atés que les variants de risc eren independents dels FRC, la
informacio facilitada va millorar I’'estimacié del RCV en relaci6 als algoritmes de risc utilitzats
actualment (basats Gnicament en els FRC).

Altrament, aquests resultats també es varen confirmar en un segon estudi de
validacié clinica en dues grans cohorts (Framingham i REGICOR) que ha inclos 6.400
individus (Lluis-Ganella et al. 2012). En aquests dos estudis, el valor afegit d’incorporar la
puntuacié genética en las funcions classiques de risc va millorar la reclassificacié dels
individus en les diferents categories de risc, el que va permetre la identificacié d’individus
amb un risc elevat i la implementacié de mesures preventives per evitar el desenvolupament
d’un episodi CV.
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2.1. JUSTIFICACIO DEL TREBALL

Fins al moment, I'estudi poblacional en relacido amb les MCV s'ha enfocat a través de:
a) estudis epidemiologics descriptius, que contemplen l'analisi de variables ambientals,
factors de risc classic i conductes relatives a la dieta, estil de vida, etc., els quals es realitzen
periodicament en el nostre pais, i b) de I'analisi de variants genétiques obtingudes a partir
d’estudis d’associacié o GWAS.

La CI (sobretot I'IM) i 'ACV isquémic son les dues malalties ateroesclerotiques que
produeixen un major nombre de morts d’origen cardiovascular. Malgrat que ambdues
entitats comparteixen nombrosos factors de risc, el paper d’aquests i la seva importancia en
la morbimortalitat és variable. Aixi, per poder oferir solucions més efectives a nivell
diagnostic, es necessari el coneixement dels processos biologics associats a aquestes
malalties amb la finalitat d’entendre la interaccié entre els factors individuals genétics, junt
amb altres factors com els fisiologics (I'edat del pacient, embaras, etc) o patologics (altres
malalties que pugui tenir I'individu), els factors ambientals i els estils de vida dels pacients.
Poder conéixer préviament el risc de patir un esdeveniment cardiovascular podria ajudar a
modificar els habits de vida, i aixi actuar sobre la prevencid i disminuir les possibilitats de
sofrir-lo.

En aquest sentit, la complexitat genética i fisiopatologica de les MCV pot ser
reinterpretada en el context dels principis bioenergétics i de la genética mitocondrial. En els
dltims anys s’ha incrementat el nombre d’evidéncies que associen la MCV amb nombrosos
processos mitocondrials com la produccié d’energia, el metabolisme oxidatiu, I’hnomeostasi
del Ca2* o la produccié de ROS, assumint que la disfuncié mitocondrial es troba en el nexe
d’aquestes malalties. Malgrat els esforcos per conéixer els processos mitocondrials, que
poden arribar a induir un IM o un ACV, 'ADNmt segueix sent un objectiu a explorar pel
descobriment de noves mutacions que puguin influir en el risc cardiovascular. Tenint en
compte aquests antecedents, resulta fonamental aprofundir en I'analisi de ’'ADNmt i la seva
possible implicacié en les MCV.
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A nivell genétic, s’ha demostrat que els diferents polimorfismes que caracteritzen
cadascun dels haplogrups mitocondrials presenta uns mecanismes i funcions metaboliques
diferents a causa del seu origen adaptatiu a les condicions ambientals. Aquest fet es
tradueix en diferencies de morbiditat i longevitat entre individus que tenen polimorfismes
diferents. En aquest camp, diversos estudis realitzats, sobretot en poblacié europea i d’Asia
oriental, han associat el fet de ser portadors de determinats haplogrups amb el risc de sofrir
un esdeveniment cardiovascular. No obstant, les diferencies genétiques existents entre
poblacions, fins i tot dins el mateix continent europeu, fan necessaria I'analisi d’aquests
polimorfismes en diferents regions geografiques per tal de poder assolir resultats més
concloents.

Tanmateix, les variants de I’ADNmt no definitories d’haplogrup també es troben
implicades en la pertorbacio de la funcid mitocondrial. Tot i I'abundancia de treballs que fan
referéncia al paper que juga I'’ADN mitocondrial en relaci6é a les MCV, és poca la bibliografia
que hi ha publicada sobre les variants d’aquest genoma, respecte de les MCV, en
comparacio a I'abundancia de treballs realitzats amb SNPs nuclears. A més, aquests estudis
encara es redueixen més quan ens referim a l'analisi de mutacions concretes localitzades a
la regié control de I’ADN mitocondrial, tot i essent una zona de vital importancia, alhora que
influeix en la regulacié de I'expressioé genética. També, cal remarcar que a la practica, una
gran part d’aquestes analisis s’han realitzat en poblacié no caucasoide. A més, diversos
estudis suggereixen que la reactivitat de les arteries intracranials i extracranials a
determinats factors de risc podria ser diferent. Per tant, degut a les diferencies en la
prevalenca dels principals factors etiologics, la associacié d’aquestes variants de I’TADNmt
amb la Cl i 'ACV també podria ser diferent. Per aquest motiu, és d’especial interés ampliar el
coneixement actual sobre la implicacid de les variants mitocondrials en els processos
cardiovasculars en poblacié europea.

Sovint en la practica clinica s’avalua a les persones per determinar el seu risc
cardiovascular a partir dels 40 anys a través de revisions médiques. Tot i aixi, es coneix que
aquesta determinacié és imprecisa i també que el desenvolupament, per exemple d’una Cl,
comenca molt abans de que se’n desenvolupin els simptomes. Per tant, si es vol aconseguir
una verdadera prevencio, es necessari poder identificar els individus amb major risc molt
abans. Un dels (ltims estudis publicats ha desenvolupat i provat un sistema de puntuacié de
risc genetic que permet identificar a les persones amb risc de desenvolupar una cardiopatia
coronaria prematura a partir del seu perfil genétic (Inouye et al. 2018). Varen analitzar les
dades de casi mig milid de persones del projecte d’investigacidé Biobank del Regne Unit i la
técnica va tenir en compte 1,7 milions de variants genétiques nuclears, demostrant que la
capacitat predictiva de la puntuacié de risc genétic va ser independent dels factors de risc
convencionals, el que implica que la informacidé genética complementa la informacié que
puguin proporcionar aquests factors convencionals (en lloc de reemplacar-la).

Tot i que les guies de prevencié cardiovascular a Espanya de moment no recomanin
I’is de marcadors genétics en el calcul del risc a I'espera de que es confirmin els resultats en
nous estudis/poblacions, existeix una linia de recerca que estudia la validesa d'usar aquesta
informaci6é en la prediccid del risc genétic i la utilitat de les proves genétiques com una
determinaci6 sistematica en la practica clinica (Singleton et al. 2012). No obstant, a nivell
diagnostic, no existeix, actualment, cap estudi que inclogui la informacié de les variants
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mitocondrials en una puntuacidé de risc genetic per estimar la discriminaci6 i prediccié del
risc cardiovascular.

2.2. OBIJECTIUS

El proposit general d’aquest estudi és investigar la variabilitat genética de la regio
control mitocondrial en dos MCV (I'IlM i I’ACV), considerant per a cadascuna la mateixa
poblacio i els mateixos factors de risc, i aixi, poder generar una puntuacié de risc que compta
amb la sinérgia de la informacié obtinguda dels genomes mitocondrials i nuclears, i la
informacié clinica i d’estil de vida. Per fer-ho, es plantegen els seglients objectius:

1. Analitzar el comportament de la mortalitat i morbiditat hospitalaria de les malalties
cardiovasculars de major rellevancia en les diferents comunitats autonomes
d’Espanya.

2. Determinar I'existéncia d’una possible associaci6é entre la variacié de la regi6é control
del genoma mitocondrial i la susceptibilitat a desenvolupar un IM o un ACV.

3. Valorar si la incorporacié de les variants mitocondrials afegides en una puntuacié de
risc genétic, emprant marcadors nuclears, millora la capacitat de discriminacio i
predicci6 del risc cardiovascular.
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The cardiovascular mortality and morbidity data presented in this chapter have been
generated to complement and update the data analysed in the article: Umbria M, Aluja MP,
Rafel J, Santos C. 2014. Enfermedad cardiovascular en Espafia: estudio epidemiolégico
descriptivo 1999-2010. Antropo. 32: 1-13 (Annex Il). The new analyses include the data
obtained through the National Institute of Statistics (INE for its acronym in Spanish) until
2015.

3.1.1. MATERIAL AND METHODS

Study design

An observational and retrospective study was carried out in the scope of Spanish
population between the years 2000 and 2015. The data used in the present study was
obtained from the National Institute of Statistics (INE for its acronym in Spanish) (INE 2000-
2015) for the same period. The data selection was carried out using the Tenth Revision of
the International Statistical Classification of Diseases and Related Health Problems (ICD-10)
for deaths according to cause of death, and the International Classification of Diseases,
Ninth Revision, Clinical Modification (ICD-9-CM) for the hospital morbidity data, related to
circulatory system diseases (code 100-199 of the ICD-10 and code 2891-2893,390-459
[except 435, 446 and 4590] of the ICD-9-CM).

Definition of variables

The analysis considered the most relevant circulatory system diseases that coincided
in the INE’s two search systems (deaths and hospitalizations for the Spanish population).
These were: hypertensive diseases (ICD-10: 110-115; ICD-9-CM: 401-405), acute myocardial
infarction (AMI) (ICD-10: 121; ICD-9-CM: 410), other ischemic heart diseases (ICD-10: 120,
[22-125; ICD-9-CM: 4110, 4118, 412, 414), heart failure (ICD-10: I150; ICD-9-CM: 428),
cerebrovascular diseases (ICD-10: 160-169; ICD-9-CM: 430-434, 436-438) and
atherosclerosis (ICD-10: 170; ICD-9-CM: 440).

The data corresponding to the number of deaths according to sex, age group and
autonomous communities was obtained for that period. The hospital morbidity data for the
Spanish population was obtained from the reduced international list Eurostat / OECD / WHO
(2008) for the period 2005-2015 so that the variables sex, age and main diagnosis were as
close as possible to those of deaths according to cause of death. However, unlike mortality
data, morbidity data is not available by autonomous communities separated by sex when
different age groups are analysed.
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Data analysis

The rates of cardiovascular mortality and morbidity per 100,000 inhabitants have
been calculated taking into account the different variables. Therefore, the projections of the
annual Spanish population and each autonomous communities, separated by sex and five
age groups (<20, [20-34], [35-49], [50-75] and = 75) have been used. In the morbidity data,
gender separation has not been performed in individuals aged > 50 when the autonomous
communities were included in the classification, since the data was not available.

To compare trends between different periods and autonomous communities, the
standardized rates by age have been used through direct method (revised European
standard population 2013, proposed by the Statistical Institute of the European Union
[Eurostat 2013]). The evolution of the standardized mortality rate by age has been analysed
from 2000 to 2015, while for morbidity data it has been carried out between 2005 and
2010. The territorial representation of this data was done from the average of the years
analysed for each disease and sex (in the case of mortality).

The average, median, standard deviation (SD), range, and interquartile range (Q25-
Q75) of the number of deaths and hospitalizations studied was calculated. Student's T-tests
and the analysis of variance (ANOVA) were used to determine if there were significant
differences in the average of the parameters evaluated between the different groups or
categories. All the statistical analyses were carried out with the IBM SPSS version 22 program
(SPSS Inc.). A level of significance of p<0.05 was considered in all analyses

3.1.2. RESULTS

Extent of cardiovascular diseases in Spain: mortality and hospital morbidity

The specific rates of mortality and hospital morbidity of six cardiovascular diseases
(CVD) studied for the periods 2000 to 2015 and 2005 to 2015 respectively, separated by
sex, age and autonomous community are available in Table 1.1.1. of Annex 1. Table 7 shows
the number of deaths caused by CVD in Spain between 2000 and 2015 by sex

Table 7: Number of deaths for CVD, by sex, from 2000 to 2015.

Sex 2015 2014 2013 2012 2011 2010 2009 2008
Men 55.790 52.907 52.917 54.587 53.256 53.853 54.318 55.078
Woman 67.457 63.546 63.774 66.690 64.276 64.507 65.048 66.813
Total 123.247 116.453 116.691 121.277 117.532 118360 119.366 121.891
Sex 2007 2006 2005 2004 2003 2002 2001 2000
Men 56.384 54.808 57.054 55.638 58.031 56.302 55.673 56.303
Woman 66.866 65.085 68.879 67.209 70.745 68.404 67.627 68.307
Total 123.250 119.893 125.933 122.847 128.776 124.706 123.300 124.610

According to the data published by the INE, during the period from 2000 to 2015 there
were about 381,790 deaths per year in Spain. Among them, CVD were the leading cause of

60



Material, Resultats i Discussio _
Capitol 1

death (32% of total deaths) with an average (SD) of 121,758 (3,504) deaths and a median
(Q25-Q75) of 122,369 (118,611-124,282) deaths. Table 8 shows the same analysis
calculated according to the sex of the deceased individuals.

Table 8: Descriptive statistics of mortality for CVD, by sex, period 2000-2015.

Total Men Women
N 1.948.132 882.899 1.065.233

Mean [deaths] 121.758 55.181 66.577

Median [deaths] 122.369 55.358 66.839

SD [deaths] 3.504 1.492 2.043
Range [deaths] 116.453-128.776 52.907-58.031 63.546-70.745

Quartile 25 118.611 53.969 64.642

50 122.369 55.358 66.839

75 124.282 56.302 68.137

Notes: SD: Standard deviation

Unlike women, where CVD continued to be the main cause of death in 2015 (32.3%
of total deaths in women), in men it became the second (26.3% of total deaths in men) after
tumour mortality (ICD-10: CO0-C97 code) after 1999 (31.9% of total deaths in men).

The CVD that caused a greater number of deaths between 2000 and 2015 was
ischemic heart disease (IHD), which includes AMI and the group called "other ischemic heart
diseases." IHD caused an average of 36,163 deaths per year (30% of the total cardiovascular
mortality), of which 20,581 occurred in men (57% of the total IHD; 37% of cardiovascular
mortality in men) and 15,582 in women (43% of the total IHD; 23% of cardiovascular
mortality in women). Of all ischemic heart disease, AMI is the most frequent and with 56%
(58% in men and 54% in women). In second place is cerebrovascular disease, with an
average of 32,145 deaths per year (26% of total cardiovascular mortality), of which 13,422
were men (42% of total cerebrovascular disease; 24% of cardiovascular mortality in men)
and 18,723 were women (58% of total cerebrovascular disease; 28% of cardiovascular
mortality in women). Of all cerebrovascular diseases, 21% are haemorrhagic, 15% occlusive
and 64% is classified as other cerebrovascular disease and poorly defined. In third place,
heart failure causes 15% of total cardiovascular mortality (11% in men and 18% in women),
and the so-called hypertensive disease (essential hypertension, hypertensive heart disease
and hypertensive kidney disease) causes 6% of total cardiovascular mortality (5% in men and
8% in women).

In relation to morbidity, according to INE data between 2005 and 2015 shows an
average of 4,719,227 hospitalizations per year were registered, of which 12.6% were due to
a CVD (Table 9).
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Table 9: Number of hospital admissions for CHD, by sex, from 2005 to 2015

Sex 2015 2014 2013 2012 2011 2010 2009 2008
Men 343.744 339.103 337.470 330.943 328.461 335.138 331.430 334.310
Woman | 269.404 268.472 264.957 263.619 262.385 264.242 263.267  265.407
Total 613.148 ©607.575 602.427 594.562 590.846 599.830 594.697 599.716
Sex 2007 2006 2005
Men 331.685 317.791 325.258
Woman 261.992 255.136 255.788
Total 593.677 582.928 581.045

IHD produced an average (SD) of 596,363 (9,609) hospitalizations and a median
(Q25-Q75) of 594,687 (590,846-602,427). Table 10 shows the same analysis calculated
according to sex.

Table 10: Descriptive statistics of hospital admissions for CVD, by sex, period 2005-2015

Total Men Women
N 6.560.001 3.665.333 2.894.669
Mean [admissions.] 596.363 333.212 263.151
Median [admissions] 594.697 331.685 263.619
SD [admissions] 9.609 5.427 4.444
Range [admissions] 581.045-613.148 325.258-343744 255.136-269.404
Quartile 25 590.846 328.461 261.992
50 594.697 331.685 263.619
75 602.427 337.470 265.407

Notes: SD: Standard deviation

In men, CVD was the first cause of hospital admissions in 2015 (15.3% of the total
number of registered hospitalizations for men), and also in women (10.7% of total registered
hospitalizations for women), second only after complications in pregnancy, birth and
puerperium (19.2% of total registered hospitalizations in women).

Among the CVDs analysed that caused a greater number of hospitalizations between
2005 and 2015 were: heart failure, with an average of 106,610 hospitalizations per year
(18% of the CVD hospitalizations), of which 49,085 affected men (46% of the total heart
failure; 15% of CVD hospitalizations in men) and 57,525 in women (54% of the total cases of
heart failure; 21% of the CVD hospitalizations in women), IHD with an average of 106,046
hospitalizations per year (18% of CVD hospitalizations), of which 76,760 were registered in
men (72% of the total IHD; 23% of CVD hospitalizations in men) and 29,286 in women (28%
of the total cases of IHD; 11% of CVD hospitalizations in women), and the cerebrovascular
disease, with an average of 101,098 hospitalizations (17% of CVD hospitalizations), of which
54,189 were in men (53.6% of the total cerebrovascular disease; 16% of CVD
hospitalizations in men) and 46,909 in women (46.4% of the total cerebrovascular disease;
18% of CVD hospitalizations in women).
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Distribution by age and sex

The average mortality rate per 100,000 inhabitants for CVD in the period 2000-2015
by age and sex is presented in Figure 14a. Among specific age groups, the mortality rate for

CVD experiences exponential growth, significant from age 50 for both sexes and in all

diseases analysed (table 1.1.1. of Annex 1). In the age groups <20, [20-34] and [35-49], the

mortality rate remains low and stable in women and men, while higher values are observed
after age 75 (Figure 14a)
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Figure 14. a) Mortality and b) hospital morbidity rate of cardiovascular disease, by age groups and sex (years 2000 - 2015).

Although in Spain cardiovascular mortality for this period is higher in women (55%)
than in men (45%), the gross mortality rate for CVD does not show significant differences
between men and women. In contrast, the standardized rate by age is significantly greater in
men than in women (t-test: t = 1.095; p = 0.002).

When the different disease subgroups are considered separately, significant
differences have also been observed by sex. The mortality rate for hypertensive diseases (t-
test: t = 4,992; p <0.001) and heart failure (t-test: t = 3,621; p <0.001) was higher in women
across all age groups; however, the rate of AMI (t-test: t =-7.052; p <0.001) and the group of
other ischemic heart diseases (t-test: t = -5,817; p <0.001) was higher in men. Regarding the
mortality rates from cerebrovascular diseases (t-test: t 0.156; p 0.87) and
atherosclerosis (t-test: t = 0.795; p = 0.42) no significant differences were observed between
men and women. However, in both diseases rates increase progressively with age, and are
higher in men across all age groups up to age 75, where the female rate is higher.

The average rate of hospital morbidity per 100,000 inhabitants [Euroestat / OCDE /
WHO (2008)] for CVD in the period 2005-2010 by age and sex is presented in Figure 14b.
Hospital morbidity for CVD also experiences exponential growth with age, achieving the
highest values in the most advanced ages (=50 years). This increase is observed in all
disease subgroups, with an increase in morbidity for IHD before age 50 (Table 1.1.1. of Annex
1).
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The gross morbidity rate for CVD in this period only shows significant differences
between men and women aged over 50, when it becomes higher in men. The analysis carried
out for each of the studied diseases only shows significant differences by sex in the morbidity
from AMI (t-test: t = -3,026; p = 0.004), other ischemic heart diseases (t-test: t =-3,127; p =
0.003), and atherosclerosis (t-test: t = -3,277; p = 0.002), where the values are significantly
higher in men.

Temporary trend

When analysing the evolution of CVD mortality rate standardized by age in individuals
aged > 50 from 2000 to 2015, exists a significant decrease in rates in both sexes (Figure
15). In men, values go from around 410 deaths per 100,000 inhabitants in the year 2000, to

280 in 2015 (32% decrease). In women, the rates go from 345 deaths per 100,000
inhabitants in 2000 to 237 deaths in 2015 (31% decrease).
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Figure 15. CVD mortality rate standardized by age, by sex, in individuals aged > 50.
The evolution of mortality rates in the different disease subgroups standardized by age
in individuals aged > 50, by sex, in this same period are shown in figures 16 and 17. Except

for the group of other ischemic heart diseases, the rest of diseases analysed presented
significant differences between the years studied (ANOVA: p <0.001).
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Figure 16. Mortality rate standardized by age of the different disease subgroups in men aged > 50.
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Figure 17. Mortality rate standardized by age of the different disease subgroups in women aged > 50.

Table 11 shows the standardized mortality rate by age of 2000 and 2015, by sex,
along with the corresponding percentage change for this period.
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Table 11: Comparison of mortality rate standardized by age of the cardiovascular diseases
analysed between 2000 and 2015.

Disease Men Women Difference
2000 2015 2000 2015

Hypertensive diseases 11,8 20,9 17,3 28,9 +77% i +67%
AMI 101,4 44,9 50,0 23,0 -56% i -54%
Other ischemic diseases 52,8 49,3 32,0 27,9 7% i-13%
Heart failure 47,8 33,4 64,5 40,3 -30% i -38%
Cerebrovascular diseases 112,7 61,9 106,6 59,2 -45% i -44%
Atherosclerosis 11,6 2,6 12,9 2,6 -78% i -80%

Hypertensive diseases are the only ones where mortality values have significant
increased over time (Regression: B=0.63 in men and B=0.76 in women; p <0.001). With
regard to IHD, a decrease was observed, more accused for AMI (Regression: 3=-4.0 in men
and pB=-2.07 in women; p <0.001). The same descending pattern occurs for heart failure
(Regression: B=-1.17 in men and B=-1.86 in women; p <0.001), cerebrovascular diseases
(Regression: B=-3.64 in men and B=-3.47 in women; p <0.001) and atherosclerosis
(Regression: B=-0.70 in men and B=-0.73 in women; p <0.001).

The decrease in total cardiovascular mortality is mainly due to an average annual
decrease of 5% in AMI mortality. There has also been a 3.7% decrease in cerebrovascular
mortality in the same study period. Therefore, the risk of dying from a CVD is declining in
Spain.

The evolution of hospital morbidity rate standardized by age in individuals aged > 50
analysed from 2005 onwards remains constant, with a slight non-significant decrease
(p=0.320) observed for both sexes (Figure 18). In men, it went from 1,743.6 hospitalizations
per 100,000 inhabitants in 2005 to 1,535.8 in 2015 (12% decrease). In women, the rates
went from 1,071.8 hospitalizations per 100,000 inhabitants in 2005 to 930 hospitalizations
in 2015 (13% decrease).
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Figure 18. Hospital morbidity rate standardized by age, by sex, in individuals aged > 50.
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Men and women temporary trend for the rest of diseases analysed, by sex, during the same
period is presented in figures 19 and 20.
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Figure 19. Hospital morbidity rate standardized by age of the different disease subgroups in men aged > 50.
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Figure 20. Hospital morbidity rate standardized by age of the different disease subgroups in women aged = 50.

The hospital morbidity rate standarized by age for heart failure shows a significat

increased in both sexes (Regression: f=4.35 in men and f=1.98 in women; p <0.001). In
contrast, the hospital morbidity rate for IHD decreases significantly (Regression: AIM p=-4.55
in men and B=-2.10 in women, Other ischemic B=-14.16 in men and B=-5.67 in women;
p<0.001), highlighting the decrease in the group of other ischemic heart diseases between
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2006 and 2007. Hospital morbidity rate for cerebrovascular diseases also recorded a
significant decrease (Regression: 3=-5.18 in men and =-2.88 in women; p <0.001). The rest
of the diseases analysed remained stable during the period analysed (Table 12).

Table 12: Comparison of hospital morbidity rate standardized by age of the cardiovascular
diseases analysed between 2005 and 2015.

Men Women

Disease 5005 5015 5005 5015 Differences
Hypertensive diseases 60,3 63,1 64,5 62,6 +5% i-3%
AMI 212,8 164,8 79,1 56,9 -23% i -28%
Other ischemic diseases 291,2 143,7 98,4 36,5 -51% i -63%
Heart failure 253,4 301,1 217,2 241 +19% i +11%
Cerebrovascular diseases 303,3 261,3 193,3 169,9 -14% i -12%
Atherosclerosis 69,3 74,6 16,8 19,8 +8% i +18%

Geographical differences: comparison between autonomous communities

Considering only the group of individuals aged > 50, the CVD averages of mortality and
morbidity rates standardized by age in both sexes for the period 2000-2015, show significant
differences between autonomous communities (Figure 21a and b).
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Figure 21. Mortality rates (a) and hospital morbidity (b) standardized by age of cardiovascular disease (CVD), in individuals aged
> 50, for both sexes, and autonomous communities

The autonomous community with the highest CVD mortality rate was Andalusia, with an
average of 374 deaths per 100,000 inhabitats, followed by Ceuta and Melilla with 369.1
deaths. The mortality rates in the rest of the autonomous communities ranged between
333.4 and 242.6 deaths per 100,000 inhabitants, Madrid was the community with the
lowest average of deaths. In all regions, CVD mortality was higher in men. Regarding the
hospital morbidity rate, the autonomous community with the highest number of
hospitalizations was Balearic Islands with an average of 1,502.7 hospitalizations per
100,000 inhabitants. In the rest of autonomous communities, the morbidity rate varied
between 1.468,8 and 1.076,3 hospitalizations per 100,000 inhabitants. Castile-La Mancha
was the community with the lowest CVD morbidity.

68



Material, Resultats i Discussio

Capitol 1

Tables 13 and 14 shows the autonomous communities distribution depending on
whether it is above or below the Spanish average mortality rate (258 per 100,000 inhabitats)
and hospital morbidity rate (1,200 per 100,000 inhabitats) standardized by age in individuals

aged = 50 for CVD in 2015.

Table 13: Mortality rates of CVD standardized by age in individuals aged
autonomous communities in 2015.

Above the Spanish average

Below the Spanish average

Andalusia
Asturias

Ceuta and Melilla
Extremadura
Aragon

Valencia

Murcia

Balearic Islands
La Rioja

1 Spanish average = 258 per 100,000 inhabitants

317,4
300,0
282,5
278,3
278,1
273,5
266,8
265,9
260,0

Galicia

Castile-La Mancha
Castile and Leon
Cantabria

Canary Islands
Catalonia

Basque Country
Navarre

Madrid

256,5
248,8
245,3
240,9
239,6
237,6
224,0
219,6
204,5

> 50 per

Table 14: Hospital morbidity rates of CVD standardized by age in individuals aged > 50 per

autonomous communities in 2015.

Above the Spanish average

Below the Spanish average

Balearic Islands
Catalonia
Murcia

Asturias

La Rioja
Valencia

Madrid

Basque Country
Extremadura

1 Spanish average = 1,200 per 100,000 inhabitants

1,370.1
1,364.7
1,351.8
1,334.3
1,326.8
1,248.8
1,222.4
1,219.3
1,214.0

Aragon

Navarre
Cantabria
Andalusia

Canary Islands
Galicia

Castile and Leon
Castile-La Mancha
Ceuta and Melilla

1,189.1
1,180.1
1,152.6
1,125.6
1,118.8
1,074.2
1,073.5
1,037.8
969.0

Figure 22 shows the mortality and hospital morbidity rates standardized by age for the
rest disease subgroups analysed, in individuals aged = 50, for both sexes, and autonomous

community.
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Figure 22. Mortality (I) and hospital morbidity (Il) rates standardized by age in individuals aged > 50 years, for both sexes, and
autonomous communities: a) hypertensive disease; b) ischemic heart disease; c) heart failure; d) cerebrovascular disease and

e) atherosclerosis.
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Figure 23 shows the Spanish territorial differences of cardiovascular mortality
according to sex. The data for the different disease subgroups is not uniform and coincide
with the previous results that took into account age and sex.
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Figure 23. Mortality rate for men (l) and women (ll) aged > 50, by autonomous community: a) hypertensive disease; b) ischemic
heart disease; c) heart failure; d) cerebrovascular disease and e) atherosclerosis.
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For the men and women in the group aged > 50 and for all the autonomous communities we
observed differences for all the disease subgroups analysed (Figure 23).

3.1.3. DISCUSSION

INE data on the number of CVD deaths and hospitalizations show that in recent years,
mortality has been reduced and growth of cardiovascular morbidity has been stalled (rates
standardized by age). These advances are due to the improvement in prevention, diagnosis,
and treatment of CVDs (Mensah et al. 2017). However, these diseases continue to be the
leading cause of death and hospitalizations in Spain due mainly to the increase in the elderly
population and to a greater prevalence of cardiovascular risk factors (Cinza Sanjurjo et al.
2017; Ruiz-Garcia et al. 2018).

Within the group of circulatory diseases, IHD and cerebrovascular diseases are the
first and second cause of mortality. In third place comes heart failure. However, often the
demographic impact of mortality due to heart failure can be underestimated because it
usually manifests after other conditions such as a IHD or hypertension have damaged or
weakened the heart, and therefore those are recorded as the main cause of death (Savarese
and Lund 2017). On the contrary, heart failure was the disease with the highest number of
registered hospitalizations. The improvement of treatments and lifestyle have led to an
increase in survival rates in Spain, which supports the significant reduction in CHD mortality
rates observed in our results, and hence, has led to the increase in problems related to heart
failure in the most advanced ages (Segovia 2013).

The differences between the age and sex variables regarding the number of deaths
and hospitalizations due to CVD reported correspond to those obtained in previous studies
(Mosca et al. 2011). Cardiovascular risk is higher in men (Bots et al. 2017) and it increases
with age (especially after age 50) (Gransbo et al. 2016), when the number of women in the
population is higher. This explains why the absolute number of deaths from CVD is higher in
women, and why the CVD mortality and morbidity rates standardized by age are significantly
higher in men. The analysis carried out to evaluate these differences in the various
subgroups of cardiovascular diseases was also significant. Mortality rates from hypertensive
diseases and heart failure were higher in women, while IHD was higher in men. However,
differences were not observed for cerebrovascular diseases and atherosclerosis. Similar
reasons to the previous ones explain why the absolute number of deaths due to
cerebrovascular disease is greater in women than in men (Wilson 2013). Women have a
lower coronary risk than men and, therefore, are more likely to reach advanced ages where
mortality from stroke is more frequent (George et al. 2015). Results showed that mortality
rates for both diseases were higher in men across all age groups, while in women they were
only higher from age 75. At the geographical level, the same differences for mortality rates
between men and women were also observed in most of the autonomous communities.

Regarding the temporary trend of these diseases, Spain has not been alien to global
changes in risk patterns. Although mortality rates for the diseases studied have decreased
annually during the period analysed, rates for hypertensive diseases increased slightly,
especially since 2009 in both sex. This increase in standardized mortality rates by age is
consistent with the data analysed in various European countries (Tao et al. 2015) and the
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United States (Kung and Xu 2015), and may be a consequence of an increase in the
prevalence of diabetes and obesity, which could increase blood pressure levels (Mensah et
al. 2017). On the other hand, morbidity rates from these diseases remained unchanged
between 2005 and 2015, with the exception of IHD and cerebrovascular disease rates that
correspond to a decrease in age-adjusted prevalence of these diseases in both sexes in
Spain (Wilkins et al. 2017). These results meet the predictions of other studies that had
observed a decrease in the hospital morbidity rates from AMI since 2003 and
cerebrovascular diseases since 2006 (Krumholz et al. 2014; Lopez-Messa et al. 2018). By
contrast, between 2005 and 2015 an increase in hospital morbidity rate of heart failure is
also observed, mainly attributed to the aging of the population. That is, the reduction of IHD
mortality could prolong the survival, and therefore, increase the affectations that as the heart
failure, increases exponentially with the more advanced ages (Savarese et al. 2017).

At a geographical level, it should be noted that there is an interregional variability of
both mortality and morbidity data among the different autonomous communities for all the
diseases analysed. The geographic distribution of CVD mortality seems to follow a decreasing
gradient from south to north (Boix Martinez et al. 2003), except for Galicia and Asturias.
These autonomous communities had mortality rates standarized by age much higher at the
beginning of the period than at the end, and this is reflected in the average. The reasons that
explain this geographic pattern are not exactly known. Situations like the one in the Canary
Islands also stand out, showing one of the highest mortality rates for IHD. However, its rate
for cerebrovascular diseases is relatively low. Other authors point out that among the most
influential factors are the changes in the living conditions and sociocultural habits, such as
diet and socioeconomic inequalities (Graciani et al. 2013). Specifically, the latest data from
the Estudio de nutricion y riesgo cardiovascular en Espana (ENRICA) study stresses an
inverse educational gradient in some of the main risk factors (Pérez-Hernandez et al. 2017).
Regarding the geographical distribution of hospital morbidity rates, the differences between
autonomous communities in population size and age structure, and the variation in the
efficacy of CVD detection and diagnosis, could explain some of the differences observed
nationally (Wilkins et al. 2017).

The results obtained in this study are according to previously reported trends in men
and women when compared to other European countries (Naghavi et al. 2017). However,
between the regions of Western and Eastern Europe, and even within Spain, these results
may vary due to different mortality trends between countries, age groups and sex (Hartley et
al. 2016). Statistical databases from population census, deaths according to cause of death
and hospital surveys by age group, sex and year, provide valuable information for
epidemiology and public health. Nonetheless, the need to take evidence-based decisions has
prompted this information to be expanded with evidence from genetic research to prevent
and treat CVDs more accurately (Leopold and Loscalzo 2018).

Although the data obtained allow a correct estimate of mortality statistics and the
hospital load of CVDs, some limitations must be considered. Firstly, lack of availability of
some data, mainly in the results from hospital morbidity surveys by autonomous
communities, which limited the evaluation of morbidity rates according to diagnosis, age
groups, sex and autonomous community. Secondly, the use of different versions of the ICD-
10 and ICD-9-CM codes for mortality and morbidity data, which results in the diagnosis data
not being always strictly comparable. Thirdly, the interpretation of results of each
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autonomous community with available data must be considered, as it may vary in terms of
coverage and quality of the data collected.

Finally, although CVD mortality rates have shown to have decreased considerably in
recent years for both sexes, the data obtained shows that the absolute value of deaths from
these diseases, especially CHD and cerebrovascular diseases, has continued to increase in
Spain between 2000 to 2015. Also, significant differences in terms of age, sex and region
still exist regarding mortality and hospital morbidity rates.
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This chapter represents material ans methods, results and discussion presented in the
publication (Annex II):

Umbria M, Ramos A, Caner J, Vega T, Lozano JE, Santos C, Aluja MP. 2019. Involvement of
mitochondrial haplogroups in myocardial infarction and stroke: a case-control study in
Castile and Leon (Spain) population. Mitochondrion. 44:1-6.

3.2.1. MATERIAL AND METHODS
Sample collection and DNA extraction

A case-control study was carried out using samples taken from the Cardiovascular
Disease Risk Study of Castile and Leon (Vega Alonso et al. 2007) in a cross-sectional,
observational and descriptive study performed in Castile and Leon (centre-north region of
Spain). A random sample from general population underwent a health examination in relation
with cardiovascular risk factors in 2004. These individuals were followed up with the same
methodology in 2009 and 2014. Sampling was performed following Helsinki protocol after
informed consent. Blood samples were placed in the National DNA Bank (University of
Salamanca: www.bancoadn.org) where DNA extraction was carried out using an automated
process on a robot Autopure LS (Gentra Systems, Minneapolis, MN).

For each individual, information about age (categories <44, [45-49], [50-54], [55-59],
[60-64], 265 years), gender, geographic origin (North, Central and South regions of Castile
and Leon), history of hypertension (=140/90 mmHg), history of diabetes, history of
hypercholesterolemia (>200 mg/dl), cigarette consumption (smokers, former smokers and
non-smokers), presence of overweight or obesity (body mass index >25 kg/m2), presence of
high abdominal perimeter in risk range (risk: 280 cm for women and =94 cm for men) and
presence of high levels of triglycerides (=170 mg/dl) was obtained from the databases of
original study (Vega Alonso et al. 2007).

Cases included in the present study had a clinical history of CVD: 211 individuals
presented a history of Ml and 154 individuals of stroke. Two hundred eleven and 154
controls without history of Ml and stroke respectively were selected and matched with cases
taking into account age, gender and geographic origin.

MtDNA amplification and sequencing

MtDNA haplogroup was defined according to the control region sequence and coding
region polymorphisms. For each sample, the control region of the mtDNA was amplified
between positions 15907 and 580 using primers L15907: 5’-ATACACCAGTCTTGTAAACC-3’
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(Santos et al. 2005) and H580: 5-TTGAGGAGGTAAGCTACATA-3’ (Heyer et al. 2001).
Polymerase chain reaction (PCR) was performed according to conditions described by Santos
et al., 2005.

Control region PCR products were purified using ExoSAP-IT (Affymetrix, Santa Clara,
California) and sequenced using two  forward (L15907; L16485: 5'-
GAACTGTATCCGACATCTGG-3’) (Santos et al. 2005) and two reverse primers (H1_8: 5'-
GGTTAATAGGGTGATAGACC-3’; H2_288: 5-GGGGTTTGGTGGAAATTTTT-3') (Santos et al. 2005).
Sequence reactions were carried out using Big Dye® Terminator v.3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, USA) according to the manufacturer’s specifications.
Purification of DNA sequencing reactions were performed with BigDye XTerminator®
Purification Kit (Applied Biosystems, Foster City, USA) and sequences were run in an ABI
3730xI sequencer (Servei de Genomica, Universitat Autonoma de Barcelona).

Coding region phylogenetic mtDNA informative polymorphisms 7028, 11719, 12308,
12705, 13708 and 14766 were further analysed as previously detailed by Santos et al.
(2004).

Data Analysis

Sequences were aligned in relation to the revised Cambridge Reference Sequence
(rCRS) (Andrews et al. 1999) using the SeqScape 2.5 software (Applied Byosistems, Foster
City, USA). Haplogroup assignment was performed according to the nomenclature
summarized by van Oven and Kayser - Phylotree build 17 (van Oven and Kayser 2009) using
Haplogrep software (Kloss-Brandstatter et al. 2011).

The mtDNA sequences obtained were grouped in four phylogenetically related clusters
according to their evolutionary proximity: ROa’b, non-R, JT and UK. Based on the results
obtained, groups were split to look for the effect of particular haplogroups.

McNemar’s test or marginal homogeneity test was used to compare the frequency of
CV risk factors (cigarette consumption, hypertension, diabetes, hypercholesterolemia,
overweight or obesity, abdominal perimeter and triglycerides) between MI and stroke cases
and controls.

Frequencies of all mtDNA haplogroup clusters in Ml and stroke cases and controls
were compared using McNemar’s test. To adjust the association analysis for the potential
confounding effect of CV risk factors, a conditional logistic regression was applied. Each
haplogroup was compared to the remaining haplogroups pooled in to a single group. Odds
Ratios (OR) and their 95% Confidence Intervals (Cl) were calculated adjusting for the effect of
risk factors.

In order to analyze if convectional CV risk factors (hypertension, diabetes,
hypercholesterolemia, overweight or obesity, abdominal perimeter and levels of triglycerides)
were associated with mtDNA haplogroups, a logistic regression was applied. In these
analyses, only data from the 365 individuals that belong to the control group (that is,
individuals without history of Ml or stroke) were considered.

Statistical analyses were performed using IBM SPSS ver. 22.0 (SPSS Inc.). All
differences were considered significant at p<0.05.
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3.2.2. RESULTS
Association between mtDNA haplogroups and Ml

A summary of the sociodemographic, biochemical and clinical characteristics of Ml
cases and controls subjects is shown in Table 15. Hypertension and hypercholesterolemia
were significantly higher in Ml cases than in controls [(hypertension: 90.5% vs. 69.2%,
respectively; p<0.001, McNemar’'s test) and (hypercholesterolemia: 71.5% vs. 47.4%,
respectively; p<0.001, McNemar’'s test)] (Table 15). The frequency of individuals with
diabetes, overweight or obesity, abdominal perimeter in risk range, and high triglycerides,
was similar in Ml cases and controls.

Detailed mtDNA results of M| cases and controls are reported in Table I1.1.1. of Annex
1 and the frequencies of mtDNA clusters are showed in Table 16. Significant differences
were found in the distribution of mtDNA macrohaplogroups between MI cases and controls
(Table 14). Cluster ROa’b was more frequent in Ml cases (60.7%), differing significantly from
controls (50.7%) (p=0.050, McNemar's test). After correction for the effect of CV risk factors
with significant differences between MI cases and controls (hypertension and
hypercholesterolemia), association remained significant for ROa’b (conditional logistic
regression: p=0.050; OR= 1.550, 95% CI [1.001-2.399]). For looking the particular
haplogroup responsible of the association, a subdivision of the ROa’b cluster was performed
(Table 15). In this case, haplogroup H was significantly overrepresented in Ml cases (50.7%)
when compared to controls (36.5%) (p=0.002, McNemar’s test). When corrected for the
effect of CV risk factors for MI, significant association were still observed in haplogroup H
(conditional logistic regression: p=0.002; OR= 2.379, 95% CI [1.440-3.990]), emerging as a
possible genetic risk factor for Ml (Table 17).
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Table 15: Sociodemographic, biochemical and clinical characteristics of myocardial infarction (MI) and stroke cases and controls.

Patients with

Controls Patients with MI Controls S
troke
n=211(%) n=211(%) P-valuel! n=154 (%) n=154(%) P-value?
Age (years)
<44 4(1.9) 6 (2.8) 0 (0) 1(0.6)
45-49 11 (5.2) 8 (3.8) 3(1.9) 3(1.9)
50-54 5(2.4) 7 (3.3) Matched 2(1.3) 4 (2.6) Matched
55-59 13 (6.2) 12 (5.7) 10 (6.5) 6 (3.9)
60-64 20 (9.5) 24 (11.4) 10 (6.5) 14 (9.1)
>65 158 (74.9) 154 (73.0) 129 (83.8) 126 (81.8)
128 (60.7)/ 128 (60.7)/ 91 (59.1)/ 91 (59.1)/
Male/Female 83 (39.3) 83 (39.3) Matched 340, 63 (40.9) MELGTEE
Geographic origin
North 54 (25.6) 54 (25.6) 40 (26.0) 40 (26.0)
Central 88 (41.7) 88 (41.7) Matched 75 (48.7) 75 (48.7) Matched
South 69 (32.7) 69 (32.7) 39 (25.3) 39 (25.3)
Cigarette consumption
Non-smoking 121 (57.3) 105 (49.8) 95 (61.7) 86 (55.8)
Former smoker 57 (27) 82 (38.9) 0.566 41 (26.6) 52 (33.8) 0.448
Smoker 33 (15.6) 24 (11.4) 18 (11.7) 16 (10.4)
Hypertension (=140/90 mmHg) 146 (69.2) 191 (90.5) <0.001 120(77.9) 134 (87) 0.055
Diabetes 40 (19) 54 (25.6) 0.099 22 (14.3) 32(20.8) 0.144
Hypercholesterolemia (>200mg/dl) 100 (47.4) 151 (71.6) <0.001 64 (41.6) 92 (59.7) 0.002
Overweight or obesity (225kg/m2) 162 (76.8) 158 (74.9) 0.734 118 (76.6) 103 (66.9) 0.092
High abdominal perimeter (>80 or >94 cm) | 163 (77.3) 159 (75.4) 0.731 120 (77.9) 108 (70.1) 0.169
Triglycerides (=170mg/dl) 28 (13.3) 27 (12.8) 1.000 14 (9.1) 15 (9.7) 1.000

Notes: MI: Myocardial Infarction
1 P-value of McNemar or marginal homogeneity test used to compare controls and M.
2 P-value of McNemar or marginal homogeneity test used to compare controls and stroke.

P-value of paired McNemar test for dichotomous variables samples and Marginal Homogeneity test when a category of the samples is more than two.
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Table 16: Major mtDNA macrohaplogroups frequencies (%) in myocardial infarction cases
and in control group.

MYOCARDIAL INFARCTION
Haplogroup Number of individuals (%) McNemar’s test Conditional Logistic Regression?
clusters Controls Cases P-value P-value OR[95% ClI]
ROa’b 107 (50.7) 128 (60.7) 0.050 0.050 1.550 [1.001-2.399]
Non-R! 19 (9.0) 11(5.2) 0.201 0.235 0.597 [0.255-1.399]
JT 41(19.4) 33 (15.6) 0.322 0.748 0.902 [0.481-1.690]
UK 44 (20.9) 39 (18.5) 0.575 0.600 0.628[0.322-1.119]
Total 211 211

1 Non-R including (L*, M* and N*)
2 Conditional logistic regression model was performed considering significant covariates for myocardial infarction (hypertension,
hypercholesterolemia and pooled haplogroups).

Table 17: Subdivision of mtDNA haplogroup ROa’b frequencies (%) in myocardial infarction
cases and in control group.

MYOCARDIAL INFARCTION
Number of individuals (%) McNemar’stest  Conditional Logistic Regression3
Haplogroup

Controls Cases P-value P-value OR [95% CI]
H 77 (36.5) 107 (50.7) 0.002 0.001 2.379[1.440-3.990]
HVO 26 (12.3) 20 (9.5) 0.440 0.136 0.586 [0.290-1.182]
ROa’bt 4 (1.9) 1(0.5) 0.375 0.325 0.328 [0.036-3.016]

Total? 211 211

Notes: Data for stroke cases and controls not shown

1 Haplogroup ROa’b except HV

2 Total number of controls and cases (ROa’b, Non-R, JT and UK)

3 Conditional logistic regression model was performed considering significant covariates for myocardial infarction (hypertension,
hypercholesterolemia and pooled haplogroups).

Association between mtDNA haplogroups and stroke

Sociodemographic, biochemical and clinical characteristics of stroke cases and
controls are reported in Table 15. The percentage of individuals with hypercholesterolemia
were found to be significantly more frequent in stroke cases than controls
(hypercholesterolemia: 59.7% vs. 41.6%, respectively; p=0.002, McNemar’'s test). The
cigarette consumption profile, the frequency of individuals with hypertension, diabetes,
overweight or obesity, abdominal perimeter in risk range, and high triglycerides were similar
in stroke cases and controls.

MtDNA characterization of stroke cases and controls is available in Table I1.1.2. of
Annex 1 and the mtDNA cluster frequencies are showed in Table 18. No significant
differences between cases and controls were observed for any of the four groups (Table 18).
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Table 18: Major mtDNA macrohaplogroups frequencies (%) in stoke cases and in control
group.

STROKE

Haplogroup Number of individuals (%) McNemar’s test Conditional Logistic Regression?

clusters Controls Cases P-value P-value OR [95% ClI]
ROa’b 81(52.6) 86 (55.8) 0.635 0.630 1.126 [0.695-1.825]
Non-R* 16 (10.4) 8(5.2) 0.134 0.170 0.520[0.205-1.321]
JT 27 (17.5) 27 (17.5) 1.000 0.718 1.129 [0.5685-2.179]
UK 30 (19.5) 33(21.4) 0.766 0.984 1.006 [0.545-1.857]

Total? 154 154

1Non-R including (L*, M* and N*)
2 Conditional logistic regression model was performed considering significant covariates for stroke (hypercholesterolemia and
pooled haplogroups).

Association between mtDNA haplogroups and CV risk factors

Classical risk factors for CVD stratified by mtDNA haplogroups are listed in Table 19. A
high percentage of individuals without history of Ml or stroke (those that define control group
in previous analysis) present high hypertension (72.9%), overweight or obesity (76.7%) and
abdominal perimeter in risk range (77.5%), but lower diabetes (17%), hypercholesterolemia
(41%) and levels of triglycerides (11.5%) (Table 19).

The JT cluster was significantly more frequent in non-hypertensive individuals (11%)
than hypertensive individuals (7.7%) (logistic regression: p=0.016; OR: 0.460, 95% CI [0.244-
0.868]) (Table 19). When haplogroups J and T were considered separately, haplogroup J
presents a high frequency in non-hypertensive individuals (14.1%) compared to hypertensive
individuals (6.4%), appearing as a protective factor for developing hypertension (logistic
regression: p=0.019; OR= 0.348, 95% CI [0.144-0.840]). No significant association between
mtDNA haplogroups and the remaining CV risk factors (diabetes, hypercholesterolemia, BMI,
abdominal perimeter and levels of triglycerides) was obtained.
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Table 19: MtDNA haplogroups frequencies (%) stratified by classical risk factors for CVD in

control group.

Hypertension? Diabetes? Hypercholesterolemia®
Haplogroup (%) / + (%) (%) / + (%) - %6)/ + (%)
ROa’b 49 (13.4) / 139 (38.1) 157 (43) / 31 (8.5) 93 (25.5) / 95 (26)
Non-R* 10 (2.7)/ 25 (6.8) 29 (7.9)/ 6 (1.6) 24 (6.6) / 11 (3)
JT 28 (7.7) / 40 (11)2 53 (14.5) / 15 (4.1) 42 (11.5)/ 26 (7.1)
UK 12 (3.3)/ 62 (17) 64 (17.5)/ 10 (2.7) 42 (11.5)/ 32 (8.8)
Total 99 (27.1) / 266 (72.9) 303 (83)/ 62 (17) 201 (59)/ 164 (41)
Overweight or Obesityd Abdominal Perimetere Triglycerides’
Haplogroup (%) / + (%) (%) / + (%) (%) / + (%)
ROa’b 54 (14.8)/ 134 (36.7)  35(9.6)/ 153 (41.9) 165 (45.2)/ 23 (6.3)
Non-R1 6(1.6)/ 29 (7.9) 13 (3.6) / 22 (6) 32(8.8)/3(0.8)
JT 12 (3.3) / 56 (15.3) 18 (4.9) / 50 (13.7) 64 (17.5)/4 (1.1)
UK 13(3.6)/ 61 (16.7) 16 (4.4) / 58 (15.9) 62 (17)/ 12 (3.3)
Total 85(23.3)/ 280 (76.7) 82 (22.5)/ 283 (77.5) 323 (88.5) / 42 (11.5)

Notes: Logistic regression model was performed considering significant covariates for a) Hypertension: age, origin, diabetes,
hypercholesterolemia, overweight or obesity, high abdominal perimeter and high levels of triglycerides; b) Diabetes: origin,
hypertension and hypercholesterolemia; c) Hypercholesterolemia: sex, hypertension and diabetes; d) Overweight or Obesity: age,
origin, cigarette consumption, hypertension and high abdominal perimeter; e) High abdominal perimeter: age, sex, origin,
hypertension and overweight or obesity, and f) Triglycerides: hypertension.

(-) Number of individuals from a given haplogroups without hypertension, diabetes, hypercholesterolemia, overweight or obesity,
high abdominal perimeter and high levels of triglycerides.
(+) Number of individuals from a given haplogroups with hypertension, diabetes, hypercholesterolemia, overweight or obesity,
high abdominal perimeter and high levels of triglycerides.

1 Non-R including (L*, M* and N*)

2 Significant association was found between hypertension and the JT cluster (Logistic regression: p=0.016; OR: 0.460, 95% Cl
[0.244-0.868]). When subdivided haplogroup J and T, significant association was remained between hypertension and
haplogroup J (Logistic regression: p=0.019; OR: 0.348, 95% CI [0.144-0.840]).

3.2.3. DISCUSSION

In the present study, we designed a case-control study to explore the relationship
between mtDNA haplogroups and two of the most common CVDs -MI and stroke- risk in
Castile and Leon (Spain) population. This work analysed the mtDNA variation in two CVDs, in
the same population and considering the same CV risk factors.

Association between mtDNA haplogroups and Ml and stroke

The haplogroup distribution in MI and stroke cases was compared to controls and
significant differences were found for MI, reporting haplogroup H as a potential genetic risk
factor. MtDNA variations affect differently the assembly and stability of the ETC and,
therefore, may cause different energetic efficiency between haplogroups. In agreement with
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our findings, there are several evidences that consider mtDNA haplogroups as a genetic
factor that predispose to, or protect against certain CVDs (Wallace and Chalkia 2013).

The results obtained concerning haplogroup H were consistent with other CVDs-
associated studies performed for other Spanish or European populations (Fernandez-
Caggiano. 2012, 2013; Hagen et al. 2013; Hudson et al. 2014; Palacin et al. 2011; Serrano
et al. 2018). Haplogroup H encompasses over 40% of the total mtDNA variation in most of
Europe (Wallace 2013a) and it is defined by the variants m.14766T>C (MT-CYB), m.7028T>C
(MT-COIl) and m.2706G>A (MT-RNR2). Based on the structural analysis, the non-synonymous
variant 14766 results in the amino acid substitution Thr7lle. This change is involved on
electron flow and proton pumping, and could leads to an increase on the efficiency of the
complex Il Q cycle (Beckstead et al. 2009). Accordingly, several studies reported important
differences in mitochondrial functions between haplogroup H and the rest of European and
African haplogroups (Gomez-Duran et al. 2010; Kenney et al. 2014a, 2014b; Malik et al.
2014). Using cybrid models (cytoplasmic hybrid), it was showed that H cybrids appeared to
produce higher levels of ROS compared to J, L and UK cybrids, resulting from the higher
oxygen consumption (VO2max) of H cybrids (Gomez-Duran et al. 2010; Kenney et al. 201443,
2014b; Malik et al. 2014). Therefore, individuals belonging to haplogroup H may undergo
more oxidative damage in their mitochondria (Marcuello et al. 2009; Martinez-Redondo et al.
2010).

Although cluster ROa’b does not present significant differences between stroke cases
and controls, there was a tendency for the increase in the percentage of H in stroke cases
(51.3%) when compared to controls (42.9%), indicating that haplogroup H could also act as a
risk factor for stroke. In fact, in recent studies, mtDNA haplogroup H1, U and K were
associated with onset of stroke in European population (Chinnery et al. 2010; Finnila et al.
2001; Martikainen and Majamaa 2010; Rosa et al. 2008).

MtDNA haplogroups and cardiovascular risk factors

Our findings showed a beneficial role of haplogroup J against hypertension. In
accordance, previous studies have identified that haplogroups T and J are associated with
blood pressure in European populations (Nardelli et al. 2013; Rea et al. 2013) and the
haplogroups M and D in Asian populations (Zhu et el., 2009). Hypertension is an important
contributor to atherosclerotic-related diseases (stroke and MI) and its pathogenesis is
associated to endothelial dysfunction and increased oxidative stress (lvanovic and Tadic
2015). The relationship between enhanced ROS and hypertension is well established in many
studies involving diet or endocrine-induced and surgically-induced hypertensive animals (see
e.g. Lee and Griendling, 2008). In fact, if mitochondrial dysfunctions caused an inefficient
metabolism in skeletal and vascular smooth muscles, these would lead to the elevation of
systolic blood pressure and, therefore, would be involved in the development of hypertension
(Bernal-Mizrachi et al. 2005). In this sense and in accordance with others (Rea et al. 2013),
carriers of mtDNA haplogroup J may have a lower pressure profile which would benefit
against hypertension.

Haplogroup J is relatively evenly distributed across all Europe, presenting the highest
frequencies in the Northern regions (Ruiz-Pesini et al. 2004). This haplogroup is defined by 9
variants, 3 of them are non-synonymous (m. 15452C>A, m. 13708G>A and m. 10398A>QG),
leading to amino acid changes in MT-CYB: Leu236lle; MT-ND5: Ala458Thr and MT-ND3:
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Thrl14Ala genes, respectively (Pierron et al. 2011). These genes are located in subunits of
the complex | and Il of the electron transport chain, which are the most important source of
the intracellular ROS production (Chen and Zweier 2014; Ott et al. 2007). Consequently, a
changes in these genes may mediate lower RNA expression of these complexes, promoting
heat production, which is important to adaptation to colder climates by decoupling OXPHOS
and lowering ATP and ROS formation (Ruiz-Pesini et al. 2004; Wallace 2013a). The
inefficiency of the OXPHOS mitochondrial energy production found in haplogroup J, could
confer an important role in protection against oxidative damage, and therefore, against
hypertension (Rea et al. 2013).

Although none of the mtDNA haplogroups significantly increased the risk of stroke, a
comparison of the data obtained between the MI and stroke groups showed evidence
suggestive that haplogroup H acts as a genetic factor of susceptibility for both diseases.
Otherwise, our data also suggest a beneficial role of mtDNA haplogroup J against
hypertension. These results support the idea that differences in energy efficiency between
haplogroups can help to explain the different susceptibilities of some individuals and/or
populations toward multifactorial disorders as M| and stroke. In these sense, mtDNA
haplogroup variation can provide some guidance for the prediction of genetic risk of these
diseases in different human populations.
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This chapter represents material and methods, results and discussion presented in the under
review publication (Annex II):

Umbria M, Ramos A, Aluja MP, Santos C. The role of control region mitochondrial DNA
mutations in cardiovascular disease: stroke and myocardial infarction. Scientific Reports.
Under Review (January 2019). Available in: https://doi.org/10.1101/382374

3.3.1. MATERIAL AND METHODS

Subjects

In this study, data from the same 154 individuals with stroke history, 211 individuals
with MI history and their corresponding control individuals -matched for age, gender and
geographic origin-, described in the previous chapter, were used.

MtDNA sequence analysis and heteroplasmy authentication

The mtDNA sequences used in the present study were reported in the previous chapter
(Table II.1.1.) although they were previously strictly used to classify samples into mtDNA
haplogroups. In the present study, sequences were reassessed and analysed at the
nucleotide level to identify not only fixed mutations but also mutations in heteroplasmy. The
alignment in relation to the to the revised Cambridge Reference Sequence (rCRS) (Andrews et
al. 1999) and the heteroplasmy detection were performed using the SeqScape 2.5 software
(Applied Byosistems, Foster City, USA) considering a value of 5% in the Mixed Base
Identification option. Only sequences with satisfactory peak intensity and without
background/noise were considered. In this context, some samples were amplified and
sequenced several times (using the same methodology described in previous chapter to
obtain accurate sequences to heteroplasmy detection. Moreover, additional analyses were
performed in order to authenticate heteroplasmies.

The authentication of mtDNA heteroplasmy was performed following a similar strategy
to that used by (Santos et al. (2005); 2008).

i PCR amplification and sequencing of the control region of the mtDNA.

ii. To authenticate the results for samples presenting heteroplasmy in step 1, a second
PCR amplification and sequencing were performed.
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In addition, to exclude a possible contamination of the samples, an analysis of Short
Tandem Repeat (STR) DNA profiling was carried out employing AmpFISTR® Identifiler® PCR
Amplification Kit (Applied Biosystems, Foster City, USA) following the manufacturer’s protocol.

Thus, point heteroplasmic positions were accepted if they appeared in all the validation
steps and no evidence of sample contamination was detected.

Levels of heteroplasmy were determined using the height of peaks in the
electropherograms (Santos et al. 2005). To calculate the average heteroplasmic levels, the
results obtained for at least two sequence reads of each heteroplasmic position were used.

Data Analysis

Statistical analyses. To compare differences in the CR profile between cases and controls in
both stroke and MI, all fixed and heteroplasmic mtDNA mutations were compiled into a
matrix considering the cases and controls analysed for each disease.

All fixed mtDNA mutations detected in cases and controls (present in a minimum of 10
individuals) were tested together by using a conditional logistic regression analysis (forward
stepwise model), adjusting the association analysis for the potential confounding effect of CV
risk factors detected in the previous chapter. Hypercholesterolemia was considered a CV risk
factor with a potential confounding effect for stroke, while both hypertension and
hypercholesterolemia were considered for Ml samples. Therefore, Odds Ratios (ORs) and
their 95% Confidence Intervals (Cls) were calculated adjusting for the effect of these risk
factors in each disease. To compare the presence or absence of point and length
heteroplasmy, a logistic regression analysis was used to correct for the effect of CV risk
factors above mentioned.

Finally, the mtDNA mutations were analysed to evaluated if they were in positions
defined by haplogroups (examined in the previous chapter), or acts as an independent
genetic factor.

Statistical analyses were performed using IBM SPSS ver. 22.0 (SPSS Inc.). All
differences were considered significant at p<0.05.

Hits in the phylogeny, population database and Conservation Index (Cl). The stability of fixed
mtDNA mutations and point heteroplasmic position were analysed as previously detailed by
Ramos et al. (2013). The number of hits in the phylogeny for each position was compiled
from the updated mtDNA phylogeny - mit. Tree build 17 (van Oven and Kayser 2009)- and
from Soares et al. (2009). From these data, it has been possible to calculate the probability
of mutation as the ratio between the observed and the total number of hits. An mtDNA
position was considered a hotspot if the mutation probability was ten time higher that the
expected mean value. In order to calculate the frequency of each variant for a particular
nucleotide position, a database of 3880 mtDNA complete sequences was used. Sequences
were aligned using Clustal W and formatted for further frequency analyses using the SPSS
software. The nucleotide conservation index (NCI) was estimated only across reference
sequences of different primate species (for the list of species and accession numbers see
(Table TIT.1.1. of Annex 1). Sequences were analysed using the same method previously
mentioned (Ramos et al. 2013).
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Structure prediction. Secondary structures were performed to understand the structural
impact of different variants found. The secondary structures for each position was generated
from sequences (A-M) identifies by Pereira et al. (2008). All sequences were submitted to the
RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) using
default parameters for DNA secondary structures calculations. The minimum free energy
prediction and base pair probabilities were used to estimate the implication in the molecule.

3.3.2. RESULTS

Analysis of fixed and heteroplasmic mtDNA mutations with stroke

A detailed matrix of all mtDNA positions analysed in stroke cases and controls are
reported in Table III.1.2. of Annex 1 and the frequencies of fixed mutations found are
showed in Table 20.

Table 20: Complete results of stroke fixed mtDNA mutation analysed

1Conditional regression model was performed considering significant covariates for stroke (hypercholesterolemia and mtDNA
mutations)

Position 16145G>A Position 16311T>C
Controls: n=154) / Cases: n=154 (%) 3(1.9)/8(5.2) 15 (9.7) / 28 (18.2)
Logistic Regression?
p-value 0.038 0.018
OR 95% CI 4.407 1.086-17.883 2.417 1.165-5.016
Stability analysis
CRS G T
Distribution in population database G:97.2; A:2.8; GAP:0.02 T:76'9‘G(/’:F2,%.%;2Y:0'02;
No. Hits phylogeny (PhyloTree.org) 37 137
No. Hits Soares et al. 2009 22 120
Probability of mutation 0,00205935 0,01123280
Nucleotide Conservation Index (%) A:56.3; GC28038 T:14.6; T:58.3; C:?é?xg:;ZG.fQ; A:2.1;

The percentages of m.16145G>A and m.16311T>C were overrepresented in stroke
cases (5.2% and 18.2%, respectively) than controls (1.9% and 9.7%, respectively). After
correction for the effect of CV risk factors with significant differences between stroke cases
and controls (hypercholesterolemia (chapter 2)), significant association were still observed in
m.16145G>A (conditional logistic regression: p=0.038; OR= 4.407, 95% CI [1.086-17.883])
and m.16311T>C (conditional logistic regression: p=0.018; OR= 2.417, 95% CIl [1.165-
5.016]), emerging as a possible genetic risks factors for stroke (Table 20).

Stability analyses were performed to predict the impact of these mutations. Several
measures as the number of hits in the mtDNA phylogeny, the probability of mutation, the
frequency in the population database and the conservation index (Cl) at nucleotide level,
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were calculated, and results are showed in Table 20. The results obtained revealed
m.16145G>A and m.16311T>C as non-stable position since they present a minimum of 37
hits in the phylogeny, a high probability of mutation, a high frequency of the variant in the
population database (here denoted by minor allele frequency [MAF] >5%) detected on
m.16311T>C or low-frequency (MAF 1-5%) in m.16145G>A and a maximum nucleotide Cl of
58% (Table 20). To infer about the impact of m.16145G>A and m.16311T>C on the stability
of secondary structures of the mtDNA, a prediction of different structures with the wild type
(rCRS) and mutant variant was performed. It seems that m.16311T>C implies a
conformational rearrangement, resulting in structure of figure 24 as the new predicted
minimum free energy solution (-0.40 kcal/mol), causing a stability reduction of the region. No
structural or thermodynamic differences were found for the m.16145G>A.

Wildiype Mutation

] -' ] -
Information about 16311 T=C mutation

» Wild type sequence: CATAGTACATAAAGCCATTITACCGTACATAG
- Mutation sequence: CATAGCACATAAAGCCATTTACCGTACATAG

* Wild type free energy: -2.30keal/mol
- Mutation free energy: -0.40 kcal/mol

- Wild type Dot-Bracked representation: ... ( (0. (00 (..o 0332000000
- Mutation Dot-Bracked representation: ......... COl G e vamseves

Figure 24. Wild type vs. mutant structure and energy information. For m.16311T>C, relevant secondary structure and energy
information is listed along with a graphical drawing for both the mutant and the wild type.
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The distribution of the heteroplasmic positions between stroke cases and controls are
reported in Table 21. Eighty-eight stroke cases (57.1%) and eighty-six controls (55.8%)
presented point and/or length heteroplasmy, and no significant differences were obtained
between groups (PH: p=1.000 and LH: p=1.000, McNemar’s test). The most prevalent
variant detected was a length heteroplasmy located in the poly-C tract of the HVRII (between
positions 303-315 of the mtDNA), which was present in a 52% of stroke cases and in 46.7%
of controls. Point heteroplasmies were found in six stroke cases and six controls, involving
nine different positions of the mtDNA: 146, 150, 152, 185, 204, 16092, 16093, 16129 and
16399.

Table 21: Classification of the analysed stroke individuals depending on the type(s) of
heteroplasmy they presented

Controls Patients with stroke
n=154 (%) n=154 (%) p-value? OR [95% Cl]

Homoplasmy 66 (42.86) 68 (44.16) 0.896 0.971[0.621-1.517]
Heteroplasmy 88 (57.14) 86 (55.84) 0.896 1.030 [0.659-1.610]
1PH 1(0.65) 1 (0.65) 0.590 2.167 [0.130-36.121]
1LH 71 (46.10) 70 (45.45) 0.941 0.983 [0.627-1.542]

>1PH 0 (0.0) 0(0.0)
>1LH 15 (9.74) 15 (9.74) 0.832 1.087 [0.502-2.356]
PH+LH 5(3.25) 5 (3.25) 0.907 0.926 [0.257-3.337]
Total PH 6 (3.90) 6 (3.90) 0.914 1.067 [0.329-3.462]
Total LH 86 (55.84) 85 (55.19) 0.960 1.012 [0.645-1.588]

1 P-value of McNemar test used to compare controls and stroke.

The analysis of stability performed to predict the impact of these heteroplasmic
positions is presented in Table 22. In general, these mutations have a minimum of 16 hits in
the phylogeny, were located in hotspots positions, have a high frequency of the minor variant
in the population database (min. height peaks 16.67%), and a low conservation index,
indicated these heteroplasmies have typical characteristics of non-stable positions (Table
22).
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Table 22: Complete results of stroke and myocardial infarction heteroplasmy position analysed (position, sample name, heteroplasmy type,
heteroplasmy origin, distribution in population database, number of hits in mtDNA phylogeny (PhyloTree.org) and by Soares et al. 2009, probability of
mutation and nucleotide Conservation Index)

Position ~ Sample name Het CRS Emmﬂ_mnhwﬂmﬁs Distribution in population database ZWI‘%W%MMMMM% 2om.~ﬂ“.mm,m%%m8 vﬂcnm”u._wﬁ of Nucleotide Conservation Index (%)

146 Cal0_Stroke T/c T 83.33T 16.67C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313 C:41.7; T:31.3; A:27.1

150 Call1l_Stroke T/c C 68T 32C C:88.2; T:11.7; G:0.1; GAP:0.1 74 63 0,00589722 C:43.8; G:27.1; A:18.8; T:10.4

152 CaB9_Stroke C/t T 52.94C 47.06T T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7

185 Call5_Stroke G/a G 66.67G 33.33A G:94.6; A: 3.9; T: 1.1; C:0.3; GAP: 0.1; R:0.02 24 24 0,00224656 C:52.1; A:29.2; T:12.5; G:6.3

204 Ca79_Stroke T/c T 54.55T 45.45C T:93.4, C:6.5, A:0.1, GAP:0.1; Y: 0,02 44 43 0,00402509 G:52.1; T:22.9; C:16.7; A:8.3
16129 Cal3_Stroke G/a A 73.33G 26.67A G:84.6; A: 14.9; C: 0.4; R:0.02; GAP: 0.02 93 86 0,00805017 A:87.5; G:8.3; T:2.1; GAP:2.1

146 Co07_Stroke T/c T 69.23T 30.77C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313 C:41.7; T:31.3; A:27.1

146 Co68_Stroke C/t T 80C 20T T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313 C:41.7; T:31.3; A:27.1

146 Co35_Stroke T/c T 66.67T 33.33C T:81.4; C:18.4; A:0.1; GAP:0.2 121 109 0,01020313 C:41.7; T:31.3; A:27.2

152 Co16_Stroke C/t T 58.82T 41.18C T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7
16092 Co40_Stroke C/t T 82.35C 17.65C T:98.7, C:1.2; Y:0,1; GAP:0.02 16 17 0,00159131 A:41.7; T:33.3; C:20.8; GAP:4.2
16399 Co62_Stroke G/a A 83.33G 16.67A A:97.4; G: 2.5; T: 0.02; C:0.02; GAP: 0.02; R:0.02 21 26 0,00243377 T:39.6; A:31.3; C:16.7; G;6.3; GAP:6.3

146 Cal20_Ml T/c T 63.64T 36.36C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313 C:41.7; T:31.3; A:27.1

152 Cal00_M C/t T 52.94C 47.06T T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7

73 Co6_MI G/a A 76G 24A G:80.8; A:19.1; GAP:0.1; C:0.02 12 11 0,00102967 A:41.7; C:35.4; G:22.9

146 Co56_MI T/c T 66.67T 33.33C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313 C:41.7; T:31.3; A:27.1

150 Col7_MI T/c C 86.20T 13.80C C:88.2; T:11.7; G:0.1; GAP:0.1 74 63 0,00589722 C:43.8; G:27.1; A:18.8; T:10.4

150 Co123_Ml T/c C 82.76T 17.24C C:88.2; T:11.7; G:0.1; GAP:0.1 74 63 0,00589722 C:43.8; G:27.1; A:18.8; T:10.4

152 Co27_MI T/c T 58.82T 41.18C T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7

152 Co184_Ml T/c T 52.38T 47.62C T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7

204 Co156_Ml T/c T 83.33T 16.67C T:93.4, C:6.5, A:0.1, GAP:0.1; Y: 0,02 44 43 0,00402509 G:52.1; T:22.9; C:16.7; A:8.3
16092 Co62_MI C/t T 82.35C 17.65C T:98.7, C:1.2; Y:0,1; GAP:0.02 16 17 0,00159131 A:41.7; T:33.3; C:20.8; GAP:4.2
16093 Co106_MI C/t T 72.22C 27.78T T:93.5, C:6.4; Y:0,1; GAP:0.02 55) 79 0,00739493 T:64.6; A:20.8; G:6.3; GAP:4.2; C:4.2
16129 Co129_Mi G/a A 81.81G 18.19A G:84.6; A: 14.9; C: 0.4; R:0.02; GAP: 0.02 93 86 0,00805017 A:87.5; G:8.3; T:2.1; GAP:2.1
16399 Co94_MI G/a A 83.33G 16.67A A:97.4; G: 2.5; T: 0.02; C:0.02; GAP: 0.02; R:0.02 21 26 0,00243377 T:39.6; A:31.3; C:16.7; G;6.3; GAP:6.3
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Analysis of fixed and heteroplasmic mtDNA mutations with Ml

MtDNA positions studied for Ml cases and controls are available in Table II1.1.3. of
Annex 1 and the frequencies of fixed mutations found are reported in Table 23. The
m.72T>C, m.73A>G and m.16356T>C were more frequent in Ml controls (12.3%, 49.3% and
3.3%, respectively) than cases (7.6%, 38.9% and 1.4%, respectively). When corrected for the
effect of CV risk factors with significant differences between MI cases and control
(hypertension and hypercholesterolemia (chapter 2)), significant association was observed in
these tree mutations (m.72T>C: conditional logistic regression: p=0.001; OR= 0.041, 95% ClI
[0.006-0.290], m.73A>G: conditional logistic regression: p=0.009; OR= 0.009, 95% CI
[0.307-0.843] and m.16356T>C: conditional logistic regression: p=0.016; OR= 0.091, 95%
Cl [0.013-0.639]), emerging as a possible protective genetic factors for Ml (Table 23).

Table 23: Complete results of myocardial infarction fixed mtDNA mutation analysed.

Position 72T>C Position 73A>G Position 16356T>C
Controls: n=211/ 26 (12.3)/ 104 (49.3) / 7(3.32)/
Cases: n=211 (%) 16 (7.6) 82 (38.9) 3(1.42)
Logistic Regression?!
p-value 0.001 0.009 0.016
OR 95% CI 0.041 0.006-0.290 0.509 0.307-0.843 0.091 0.013-0.639
Stability analysis
CRS T A T
Distribution in population database T:97.4; C:2.4; G:80.8; A:19.1; T:97.5; C:2.5;
pop G:0.1; GAP:0.1 GAP:0.1; C:0.02 GAP:0.02
No. Hits phylogeny (PhyloTree.org) 9 12 15
No. Hits Soares et al. 2009 6 11 19
Probability of mutation 0,00056164 0,00102967 0,00177853
, . T:77.1; GAP:8.3; T:79.2; C..12.5;
0, ’ ’ . . . . . ’ y
Nucleotide Conservation Index (%) AB.3: C:4.2: G:4.2 A:41.7; C:35.4; G:22.9 A'G.3: GAP:2.1

1Conditional regression model was performed considering significant covariates for Ml (hypertension, hypercholesterolemia and
mtDNA mutations)

In order to predict the impact of these mutations, several measures were calculated to
analyse the stability of each position, and results are showed in Table 23. The results
obtained revealed that m.72T>C, m.73A>G and m.16356T>C as a non-stable positions since
they present a minimum of 9 hits in the phylogeny, a high probability of mutation, a high
frequency of the variant in the population database (MAF >5%) for m.73A>G and low-
frequency (MAF 1-5%) for m.72T>C and m.16356T>C, and a maximum nucleotide Cl of 79%
(Table 23). Using the proposed previously method to predict the impact of these three
mutations on the stability of secondary structure of the mtDNA, it seems that m.72T>C,
m.73A>G and m.16356T>C led to a folded structure with the same minimum free energy as
the wild-type structure (rCRS), which means that these mutations do not condition the
stability of the region.

Classification of the heteroplasmic positions between Ml cases and control is available
in Table 24. One hundred twenty-five Ml cases (59.2%) and one hundred and twenty controls
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(56.8%) presented point and/or length heteroplasmy, being the length heteroplasmy located
in the poly-C tract of the HVRIlI the most prevalent variant both Ml cases (54.03%) and
controls (48.34%). In this analysis, the frequency of point heteroplasmy was overrepresented
in Ml controls (n=11; 5.21%), differing significantly from cases (n=2; 0.94%) (p=0.022,
McNemar’s test). This association remained significant (logistic regression: p=0.046; OR=
0.209, 95% CI [0.045-0.972]) even correcting for the effect of Ml risk factors (hypertension
and hypercholesterolemia (chapter 2)). These heteroplasmic positions involving nine different
positions of the mtDNA: 73, 146, 150, 152, 204, 16092, 16093, 16129 and 16399.

Table 24: Classification of the analysed myocardial infarction individuals depending on the
type(s) of heteroplasmy they presented.

Controls Patients with Mi
n=211 (%) n=211 (%) p-value! OR [95% ClI]
Homoplasmy 91 (43.13) 86 (40.76) 0.851 1.042 [0677-1.606]
Heteroplasmy | 120 (56.87) 125 (59.24) 0.851 0.959 [0.623-1.478]
1PH 1(0.47) 2(0,95) 0.428 2.693[0.232-31.217]
1LH 104 (49.29) 104 (49.29) 0.558 0.878 [0.569-1.356]
>1PH 0 (0.0) 0 (0.0)
>1LH 15 (7.11) 19 (9.00) 0.659 1.193 [0.545-2.614]
PH+LH 10 (4.74) 0 (0.0) 0.980
Total PH 11 (5.21) 2 (0.95) 0.022 0,046 [0.045-0.972]
Total LH 119 (56.40) 123 (58.29) 0.735 0,928 [0.604-1.427]

1 P-value of McNemar test used to compare controls and myocardial infarction stroke.

The stability analysis to identify the impact of these point heteroplasmy is presented in
Table 22. All of them were considered non-stable positions. As previously stated, these
positions presented a minimum of 16 hits in the phylogeny, were located in hotspots
positions, have a high frequency of the minor variant in the population database (min. height
peaks 13.80%) and low CI at nucleotide level (max. 64.4%). No different trends were
observed between stability of these positions in Ml cases and controls (Table 22).

Distribution of mtDNA mutations between haplogroups

Haplogroup assignment of all individuals analysed in this article were performed in the
previos chapter. In Figure 25 are shown the distribution of m.16145G>A and m.16311T7>C
for stroke and m.72T>C, m.73A>G and m.16356T>C for MI between the mtDNA
haplogroups. Unlike the rest of mutations, it appears that m.72T>C and m.16356T>C have a
high association with the haplogroups HVO and U, respectively (Figure 25). These
associations ceases to exist when compared the number of individuals identify in this article
that belonging the haplogrup HVO and have m.72T>C with the total of HVO cases and
controls samples detected in the previos chapter, shown that there are individuals belonging
this haplogroup that do not have the m.72T>C. In the same line, note that the total number
of individuals identify in this study that have m.16356T>C belongs to haplogroup U. Even
though m.16356T>C define different subgroups of U (U2e3, U3alc, U4 and U5b1), this result
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was obtained because in this analysis the haplogroup U included the rest of subhaplogrups of
U detected. Otherwise, the frequencies obtained would be more divided. Hence, the analysis
of the distribution of these mutations clearly demonstrated that they weren’t associated with

any particular mtDNA haplogroup. Therefore, these mutations could act as independent risk
factors for haplogroups.
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Figure 25. Distribution of fixed mutations between the mtDNA haplogruops

3.3.3. DISCUSSION

In western countries, where the burden of CVD is growing due to effect of CV risk
factors, several studies have already shown the strongly relation of the genetic factors.
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However, little is know about the role of mtDNA CR mutations in development of stroke and
MI (Cardena et al. 2013; Gawet et al. 2008; Hudson et al. 2014; Mitrofanov et al. 2016;
Mueller et al. 2011; Sazonova et al. 2016; Sobenin et al. 2013).

An association of several mtDNA alterations (fixed and in heteroplasmy) in the two
diseases have been detected in the present study. As regards fixed mtDNA mutations, the set
of mutations in stroke and MI cases was compared to controls and significant differences
were found in the two diseases, reporting the m.16145G>A and m.16311T>C as a potential
genetic risk factors for stroke, and m.72T>C, m.73A>G and m.16356T>C as a possible
beneficial genetic factors for M. It has been previously described that the CR mutations can
be associated across multiple disease, and that the same variant could had opposite effect
(increase or decrease the risk) for two different disease (Hudson et al. 2014). This finding
would support our original hypothesis about the consequences that can affect the mtDNA
mutations in the CR depending on the disease.

The CR variants do not act directly on the electron transport chain affecting
mitochondria bioenergetics or ROS generation; they may have an important effect on the
genotype by altering mtDNA gene expression (Huang et al. 2016a; Tsutsui et al. 2008). The
CR contains the main regulatory sequences for replication initiation and transcription
(Bonawitz et al. 2006). Unfortunately, the potential role of the remaining areas of the CR is
still unknown even considering the exceptional economy of organization of the mtDNA.

Transitions 16145G>A and 16311T>C seem to have a pathogenic role in stroke. The
analysis of distribution of these mutations clearly showed that they are located in many
different haplogroups and consequently these mutations act as haplogroup-independent risk
factors. The m.16145G>A is located between MT-TAS sequence (nt. 16157-16172) and MT-
TAS2 sequence (nt. 16081-16138). According to the classic strand-asynchronous
mechanism, recent studies demonstrated that the 5’end of the D-loop is capable of forming
secondary structures (Pereira et al. 2008), which act as a recognition site to molecules
involved in the premature arrest of H strand elongation (Nicholls and Minczuk 2014). The
biological importance of this region was confirmed by Brandon et al. (2006), who also
observed multiple tumor specific mutations in the pre-TAS region. These observations
suggest that mutations arising near to this conserved motive might be responsible of the
alterations in mtDNA replication and transcription. In the same line, m.16311T>C has been
found to be significantly associated with certain types of cancer (Akouchekian et al. 2009;
Chen et al. 2002; Silkjaer et al. 2013). This mutation was previously described by Chen et al.
(2002) in patients with prostate cancer and also has been reported in colorectal cancer
(Akouchekian et al. 2009) and more recently in acute myeloid leukemia (Silkjaer et al. 2013).
This mutation is located between the control elements Mt5 sequence (nt. 16194-16208) and
the Mt3l sequence (nt. 16499-16506). In this case, our results showed that m.16311T>C
may implies a reduction in the stability of secondary structure of this region, which would
affect in the binding grade to mtDNA transcription factors, ultimately affecting on the
intensity of transcription regulation (Murakami et al. 2002). In both cases, these findings
strongly suggest that mtDNA CR dysfunction may cause a decrease on the mtDNA copy
number, which could affect the efficiency of ETC, lowering the ATP:ADP ratio and increasing
ROS production (Huang et al. 2016a; Tsutsui et al. 2008), contributing in stroke
development.

Concerning M, our results showed that m.72T>C, m.73A>G and m.16356T>C act as a
beneficial factor for MI. Although a high percentage of individuals with these mutations
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belonged to the haplogroups HVO, H or U, which have been shown to may have higher
oxidative damage (Fernandez-Caggiano et al. 2012; Hagen et al. 2013; Hudson et al. 2014;
Umbria et al. 2019), the distribution of positions 72, 73 and 16356 in our samples was
independent of these haplogroups. Since the role of the mitochondrial genome in CVD
susceptibility remains uncertain, it is difficult to explain how these mutations can decrease or
counteract the progression of Ml. Although m.72T>C, m.73A>G and m.16356T>C have been
previously related to certain types of cancer (Kirches et al. 2001), many studies consider that
they are recurrent variants common in humans (Samuels et al. 2013).

Even though the most deleterious mutations are removed by natural selection, a wide
range of milder bioenergetic alterations are introduced in certain populations (Fan et al.
2008). Some of these variants as m.72T>C, m.73A>G and m.16356T>C could be
advantageous and seen as way to facilitate survival in specific environments. In contrary,
other mutations as m.16145G>A and m.16311T>C escape of intraovarian selection and
could cause significant mitochondrial defects. Much of the progress in linkage disequilibrium
mapping of complex diseases has been made using the major assumptions of the CDCV
hypothesis, that is, that common alleles cause common diseases. After found positive
associations with common alleles (e.g., those found by Umbria et al. (2019), it was necessary
replicated the results and then look for rarer variants, with potentially greater penetrance.
However, all the mutations analysed in the present study had a minor allele variant >5%
(common variant) or between 1-5% (low-frequency). Although the common variants often are
associated with OR of only between 1.2 and 1.5 (Bodmer and Bonilla 2008), our results
showed high effect size for pathogenic variants, with OR values of 2.4-4.4, and similarly, high
protective effect size of variants found at higher frequency in controls (ORs <0.5) relative to
cases.

Our findings also showed a significant increase of point heteroplasmy in Ml controls in
comparison to cases. This result is contrary to expectations, because the presence of
heteroplasmy has been commonly associated with aging and degenerative disease, due to a
decline in mitochondrial function in both these processes (Ye et al. 2014). Our registered
heteroplasmic positions (16399, 16129, 16093, 16092, 73, 146, 150, 152, and 204) were
located in hotspots positions of the hypervariable segments. Recent evidences demonstrate
that an important fraction of mutations detected in heteroplasmy are germinal or originated
in very early stages of the development (Ramos et al. 2016). Moreover, it is probable that
germinal heteroplasmy has a beneficial or risk effect, and our results revealed that the higher
number of point heteroplasmy were overrepresented in Ml controls individuals. This fact, is
not surprise because some heteroplasmic positions detected, as m.73G>A, has been linked
in this study as a possible beneficial genetic factors for Ml and also it has been suggested
that other heteroplasmic positions, such as 146T>C, 150C>T or 152T>C may increase
longevity (Rose et al. 2007).

Many studies have shown that heteroplasmic variants without apparent functional
consequences are observed in apparently healthy individuals (He et al. 2010; Irwin et al.
2009; Ramos et al. 2013; Santos et al. 2005). In the present study, the frequency of Mi
controls with point heteroplasmy in the CR (5.2%; 95% CI [0.045-0.972]) are slightly higher
than those reported by Santos el at. (2005) (3.81%; 95% Cl [0.166-0.737]), but less than
described by Ramos et al. (2013) (7.9%; 95% CI [0.041- 0.149]), demonstrating that
heteroplasmy occur with appreciable frequency in the general population (Irwin et al. 2009).
This idea is even more reinforced in front of the present data, since the high representation
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of point heteroplasmies detected were located in non-stable positions and by the fact that no
significant differences were found between the frequencies of point heteroplasmy in stroke
cases and controls in the present study.

Our finding indicates the possible role of mtDNA CR mutations in the pathogenesis of
stroke and MI. Our results may provide better understanding of the cellular mechanism by
which mtDNA variants contribute to CVD, and endorse the importance of including this
regulatory region of the mtDNA in genetic association studies.
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This chapter represents material and methods, results and discussion presented in
the under review publication (Annex Il):

Umbria M, Ortega I, Santos C, Castillo S, Salas E, Aluja MP. New mitochondrial genetic risk
score improve discrimination capacity of cardiovascular events. Atherosclerosis. Under
Review (January 2019).

3.4.1. MATERIAL AND METHODS

Subjects

The cases and controls analysed in this study were selected from the Cardiovascular
Disease Risk Study of Castile and Leon (Vega Alonso et al. 2007), a population-based study
performed in Castile and Leon (centre-north region of Spain), where a random sample from
general population underwent a health examination in relation with cardiovascular risk
factors in 2014.

A total of 301 cases with clinical history of CVD and 221 controls were included in this
study. For each individual, a DNA sample was available in the Spanish Banco Nacional de
ADN (http://www.bancoadn.org) and we also obtained information about age (categories
<44, [45-49], [50-54], [55-59], [60-64], 265 years), gender, geographic origin (North, Central
and South regions of Castile and Leon), history of hypertension, history of diabetes, history of
hypercholesterolemia, cigarette consumption (smokers, former smokers and non-smokers),
presence of overweight or obesity (body mass index =25 kg/m2), presence of high abdominal
perimeter in risk range (risk: 280 cm for women and =94 cm for men) and presence of high
levels of triglycerides (=170 mg/dl).

It was considered that a subject suffers from hypertension if the diagnosis of
hypertension was already in his/her clinical history, if the subject was taking antihypertensive
drugs, or if at the moment of the medical examination to enter the population-based study of
cardiovascular risk in Castile and Leon (Vega Alonso et al. 2007) systolic blood pressure was
>140 mmHg or the diastolic blood pressure was 290 mmHg. It was considered that a subject
suffers from hypercholesterolemia if the diagnosis of hypercholesterolemia was already in
his/her clinical history, if the subject was taking cholesterol-lowering drugs, or if at the
moment of the medical examination to enter the population-based study of cardiovascular
risk in Castile and Leon (Vega Alonso et al. 2007) total cholesterol was >250 mg/dl. It was
considered that a subject suffers from diabetes mellitus if the diagnosis of diabetes mellitus
was already in his/her clinical history, if the subject was taking glycemia-lowering drugs, or if
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at the moment of the medical examination to enter the population-based study of
cardiovascular risk in Castile and Leon (Vega Alonso et al. 2007) glycemia was >125 mg/dl.

As cardiovascular events we have considered fatal and non-fatal myocardial infarction
as well as ischemic stroke.

Selection of genetic variants, genotyping and multilocus risk score generation

Mitochondrial variants to assess the association between mitochondrial genetic risk
score (GRS) and the presence of CVDs were selected from data previously analysed (chapter
3 of the thesis). The variants selected were m.16145G>A and m.16311T>C that could act as
a potential genetic risk factors for stroke and m.72T>C, m.73A>G and m.16356T>C that
could act as a possible beneficial genetic factors for M.

The selected variants to generate the nuclear GRS were previously described by Luis-
Granella et al. (2012). In brief, the 11 selected genetic variants were associated with CVDs
(p £ 1 x 10-6) but no with classical cardiovascular risk factors (CVRFs) (age, gender, origin,
cigarette consumption, hypertension, diabetes, hypercholesterolemia, overweight or obesity,
abdominal perimeter and triglycerides), and they are not related to each other by linkage
disequilibrium (r2 > 0.3). The list included: rs10455872 in LPA; rs10507391, rs17222842
and rs9315051 in ALOX5AP; rs12526453 in PHACTR1; rs1333049 near CDKN2A/2B;
rs17465637 in MIA3; rs501120 in CXCL12; rs6725887 in WDR12; rs9818870 in MRAS and
rs9982601 near SLC5A3, MRPS6, KCNE2.

To determine the magnitude of the association between an individual GRS using
mitochondrial variants and the presence of CVD, the results of mtDNA variation, previously
reported in the chapter 3, for 280 cases and 221 controls were used and the control region
of mtDNA of 21 additional cases were analysed following the same methodology described in
chapter 2.

Nuclear variants were genotyped using the Cardio inCode chip (Ferrer inCode,
Barcelona, Spain), which is based on TagMan genotyping assays and the EP1 Fluidigm
platform (an efficient endpoint PCR system for high-sample-throughput SNP genotyping).

Estimation of individual risk scores

In order to assess if nuclear and mitochondrial genetic information improve the
discrimination capability of a CV event, we first developed an individual risk score based on
clinical variables, considering those variables significantly different (p<0.05) between cases
and controls (see Table 23). Then, we added the nuclear GRS described in Lluis-Ganella et al.
(2012) as a new variable to the clinical risk score, generating a new risk score with clinical
and nuclear genetic information to explore the utility of this GRS in the study population. After
this step, the mitochondrial variables were added to the risk score based on clinical and
nuclear genetic information, developing a new risk score with clinical and genetic information
(nuclear and mitochondrial variables).

Each new risk score was compared against the previous one, to assess if the addition
of new information was relevant, in terms of discrimination capability. All risk scores were
implemented using multivariate conditional logistic regression models.
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Statistical analysis

Baseline demographic and clinical variables of different groups of individuals were
compared through the chi-square test for categorical variables. All differences were
considered significant at p<0.05.

A quality control was performed for all selected nuclear genetic variants, checking the
balance of Hardy-Weinberg in controls, and determining if they were found to be in linkage
disequilibrium. The nuclear SNPs analysed in cases and controls were compared using a
Fisher’s test. To adjust the association analysis for the potential confounding effect of CV risk
factors, a logistic regression was applied. Odds Ratios (OR) and their 95% Confidence
Intervals (Cl) were calculated adjusting for the effect of risk factors.

Multivariate conditional logistic regression models were used to develop the different
risk scores. Discrimination capacity of risk scores was evaluated using the area under the
receiver operating characteristic (ROC) curve (AUC). Comparison of AUCs was performed with
the Delong’s test for paired data (DelLong et al. 1988).

Statistical analyses were performed using R statistical software, version 3.1.3 (R
Development Core Team, 2015).

3.4.2. RESULTS
Sample characteristics

Table 25 shows a summary of the sociodemographic, biochemical and clinical
characteristics of selected cases and controls. Hypertension and hypercholesterolemia were
significantly higher in cases than in controls [(hypertension: 87% vs. 71.9%, respectively;
p<0.001, x2 test) and (hypercholesterolemia: 66.1% vs. 45.2%, respectively; p<0.001, x2
test)] (Table 25). The cigarette consumption profile, the frequency of individuals with
diabetes, overweight or obesity, abdominal perimeter in risk range, and high triglycerides,
was similar in cases and controls.

The frequency for each mitochondrial and nuclear variant that were included in our
analyses for cases and controls are showed in Table 26. For mitochondrial risk variants,
higher frequencies were observed in cases. By contrast, beneficial mtDNA variants were more
frequents in controls. The distribution of the risk allele for each of the nuclear variants
analysed is similar between cases and controls (Table 26).
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Table 25: Sociodemographic, biochemical and clinical characteristics of cases and controls.

Controls Cases CVD
n=221 (%) n=301 (%) P-valuet
Age (years)
<44 4 (1.8) 6(2)
45-49 14 (6.3) 13 (4.3)
50-54 5 (2.3) 12 (4) 0.618
55-59 19 (8.6) 18 (6)
60-64 24 (10.9) 34 (11.3)
>65 155 (70.1) 218 (72.4)
Male/Female 129 (58.4)/ 92 (41.6) 189 (62.8)/ 112 (37.2)  0.307
Geographic origin
North 64 (29) 79 (26.2)
Central 92 (41.6) 124 (41.2) 0.687
South 65 (29.4) 98 (32.6)
Cigarette consumption
Non-smoking 126 (57) 151 (50.2)
Former smoker 64 (29) 111 (36.9) 0.164
Smoker 31 (14) 39 (13)
Hypertension 159 (71.9) 262 (87) <0.001
Diabetes 41 (18.6) 68 (22.6) 0.262
Hypercholesterolemia 100 (45.2) 199 (66.1) <0.001
Overweight or obesity (>25kg/m2) 170 (76.9) 221 (73.4) 0.362
High abdominal perimeter (>80 or >94 cm) 173 (78.3) 218 (72.4) 0.127
Triglycerides (=170mg/dl) 31(14) 37 (12.3) 0.561

1P-value of a chi-squared test for qualitative data

Table 26: Distribution of mitochondrial and nuclear SNP frequencies among cases and

controls.

Frequencies No. (%,
SNP ID Controls (n=(7221) Cas(es)(n=301)
Mitochondrial DNA
m.16145G>A 8 (3.6) 13 (4.3)
m.16311T>C 29 (13.1) 46 (15.3)
m.727>C 28 (12.7) 18 (6)
m.73A>G 98 (44.3) 127 (42.2)
m.16356T>C 8 (3.6) 4(1.3)
Nuclear DNA (risk allele)

rs10455872 (G) 26 (11.8) 56 (18.6)
rs10507391 (T) 191 (86.4) 250 (83.1)
rs17222842 (A) 30 (13.6) 40 (13.3)
rs9315051 (G) 40 (18.1) 62 (20.6)
rs12526453 (C) 188 (85.1) 264 (87.7)
rs1333049 (C) 168 (76) 241 (80.1)
rs17465637 (C) 199 (90) 280 (93)
rs501120 (T) 216 (97.7) 296 (98.3)
rs6725887 (T) 57 (25.8) 91 (30.2)
rs9818870 (T) 36 (16.3) 49 (16.3)
rs9982601 (T) 57 (25.8) 72 (23.9)
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The results of the test for association between the nuclear genetic variants included in
the GRS and incidence of CVD events showed that only the rs10455872 variant in LPA was
more frequent in cases (10.7%), differing significantly from controls (5%) (p=0.038, Fisher’s
test). After correction for the effect of CV risk factors with significant differences between
cases and controls (hypertension and hypercholesterolemia), significant association with CVD
events were still observed in rs10455872 (conditional logistic regression: p=0.025; OR=
1.813, 95% CI [1.077-3.052]).

Utility of nuclear and mitochondrial GRS in discrimination capacity of CVD

The risk score 1 included hypertension and hypercholesterolemia as clinical relevant
predictors (Table 27). The AUC for this score was 0.697 (95%Cl: 0.655-0.739). When we
include the nuclear GRS described in Lluis-Ganella et al. (2012) as a new predictor jointly
with the clinical variables the new score 2 increases its AUC to 0.722 (95%Cl: 0.677-0.768),
showing a statistically significant improvement in the discrimination capacity, AUCs 0.722 vs
0.697 (p=0.0323) (Table 27).

Table 27: Adjusted models for calculation of different risk scores and comparison of AUCs

Score 1 Score 2 Score 3
Variable p-value Variable p-value Variable p-value
Hypertension 0.0001 | Hypertension 0.0001 Hypertension <0.0001
Hypercholesterolemia 0.0032 | Hypercholesterolemia 0.0018 Hypercholesterolemia  0.0022
Nuclear DNA - GRS 0.0271 Nuclear DNA - GRS 0.0705
m.16145G>A 0.1042
m.16311T>C 0.4592
m.72T>C 0.0060
m.73A>G 0.3420
m.16356T>C 0.0271
AUC1 0.697 AUC2 0.722 AUC3 0.774
p-value
AUC1 vs AUC2 0.0323
AUC2 vs AUC3 0.0007

The AUC obtained for a GRS constructed in this population with mitochondrial variants
reported in chapter 3 of the thesis was 0.630 (95%Cl: 0.582-0.678). We created a third
score (score 3) that included the new mitochondrial GRS jointly with clinical variables
(hypertension and hypercholesterolemia) and the nuclear GRS (Table 27). In this case, the
AUC increases to 0.774 (95%Cl: 0.733-0.817), showing a statistically significant
improvement in the discrimination capacity of the risk score without the mtDNA information
(0.774 vs 0.722, p=0.0007). These results indicate that the addition of mitochondrial
variants significantly improves the discrimination capacity of CVD beyond CVRFs and beyond
the joint CVRFs and the nuclear GRS for this population.
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3.4.3. DISCUSSION

In this work, we assess the capability of genetic information for improving the
discrimination capacity of CVD over a score based only on clinical information.

Genetic variants selected in this study to analysed the association between nuclear
GRS and the incidence of CVD, have been shown previously to be associated with this
disease in multiple large independent samples and populations (Lluis-Granella et al. 2012)
and are not related to cardiovascular classic risk factors. Of a total of eleven nuclear SNP,
only one was significantly associated with CVD incidence. Is no surprise that most of these
variants were not associated with this disease in our study, mainly due to their sample size
and because the risk effects of each variant, in themselves, are very weak to identify
individuals with a high propensity to develop heart disease (Franchini et al. 2008). However,
the relevant of these variants for CVD risk has been validated in different meta-analyses
(Schunkert et al. 2011) and constitute a useful framework for substantially improve
knowledge of disease architecture and to investigate gene-environment interactions.

On what concerns, first, our results show that the nuclear GRS described in Lluis-
Ganella et al. (2012) and used to analyse the improvement in discrimination of coronary
heart disease, have also shown its utility in CVD (specifically for Ml and stroke) in the
population analysed in the present study. Moreover, when mtDNA variables are also
considered in the combined score (based on clinical variables and nDNA), we obtain a
significant improvement in the discrimination capacity over the clinical variables and over the
clinical variables together with the nuclear GRS. In this regard, as previously indicated, recent
evidence associated the cardiovascular disease (CVD) with specific mitochondrial DNA
(mtDNA) defects, mainly driven by the central role of mitochondria in cellular metabolism
(Ashar et al. 2017; Ide et al. 2001; Panth et al. 2016; Taverne et al. 2013). The ability of
mtDNA mutation to influence in the development of CVDs is directly related to its prevalence
and the severity of its impact on mitochondrial function.

In this study, we have used a case-control design, but considering that the nuclear
genetic variants have shown not only discriminative capacity but also predictive capacity, it is
also credible that the mitochondrial variants will also have predictive capability. The genetic
variants included are invariable over time. These variants indicate a predisposition that will
be recognhised phenotypically sooner or later or never in a CV event according to
environmental and lifestyle variables. For this reason, the AUC of mitochondrial GRS is
relatively low as it is that of the nuclear GRS alone. In the study, we have introduced clinical
variables such as hypertension and hyperlipidaemia as manifestation of environmental and
lifestyle variables, which are associated with a greater risk of suffering an event, in order to
demonstrate that clinical variables when added to the genetic variants, would improve the
discrimination capability.

To date, there are many studies using multiple variants previously associated with
different CVDs hoping to improve the discrimination capacity and the predictive risk
(Christiansen et al. 2017; Goldstein et al. 2014; Pereira et al. 2017). To our knowledge, the
present study is the first to demonstrate that the employment of a GRS based on
mitochondrial variants significantly improve discrimination capacity of CVD beyond the
information provided by classic CVRFs and nuclear GRS.
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At this time, all studies in which we can reference our results have always used nuclear
variants for analysis. Mega et al. (2015) investigated an association of a GRS based on 27
genetic variants with incident or recurrent CHD. This GRS divided the population into low,
intermediate and high-risk groups, permitting that people with the highest burden of genetic
risk derived the large clinical benefit from statin therapy. From here, several studies also
showed an improved in discrimination and reclassification of risk beyond established clinical
criteria (Abraham et al. 2016; Beaney et al. 2017; Muse et al. 2018; Natarajan et al. 2017,
Tada et al. 2016). In a recent study conducted by Khera et al. (2016), using a GRS to
quantified generic risk for CAD in three prospective cohorts, the authors determined that
relative risk of cardiac events among patients at high GRS was 91% higher than in patients at
low GRS. Furthermore, they showed that a favourable lifestyle (no current smoking, no
obesity, regular physical activity, and a healthy diet) was associated with a nearly 50% lower
risk of CAD than was an unfavourable lifestyle among patients at high GRS, indicating that
genetic and classic CVRFs are mostly independently associated with susceptibility to CVDs.
The results of Inouye et al. (2018), which took into account 1.7 million nuclear genetic
variants, also demonstrated that the predictive capacity of the genetic risk score is
independent of conventional risk factors. In this sense, similar results have been obtained
with the nuclear genetic variants we have used in our study (Iribarren et al. 2016). Such
results would be in line with our finding that use a nuclear GRS improved discrimination
capacity of CVD, and for the time being, these findings could be extrapolated to the results
obtained with mitochondrial GRS analysis. Therefore, our finding would promote new studies
to include mitochondrial variants together with nuclear variants into a GRS.

The possible clinical utility of our results relies on their reproduction in a cohort setting.
Kullo et al. (2016) found that disclosure of 10-year genetic risk estimates for coronary artery
disease (CAD) resulted in LDL-C levels that were ~10 mg/dl lower among participants with
high genetic risk compared to participants undergoing risk assessment restricted to
conventional risk factors. However, other studies concluded that providing a GRS to the
participants not function as a motivator to improve adherence to risk-reducing strategies
(Hollands et al. 2016; Knowles et al. 2017). Even so, this finding could improve cost
effectiveness of genetic testing for CVD because this mitochondrial GRS involves only the
genotyping of five SNPs.

Despite our promising results, some limitations of our study should be acknowledge. In
this work, the relevant clinical variables were hypertension and hypercholesterolemia. One
could think on the REGICOR score (which is the Framingham score calibrated to the Spanish
population) as a best option to consider for this purpose (Marrugat et al. 2007), but in our
population, we do not have the clinical variables included in REGICOR but collected 10 years
before the CVD as this is a case-control study and cases have been already treated and some
variables included in the Framingham score (like total cholesterol) are highly influenced by
the effect of treatment (D’Agostino et al. 2001; Marrugat et al. 2003).

This study indicates that the use of genetic information improve the discrimination
capacity of CV events. The combination of nuclear and mitochondrial GRS increases the AUC
results, enlarging the discrimination power of analysis (0.774 vs 0.722, p=0.0007). However,
the clinical implication of the addition of genetic factors for discrimination and
reclassification of risk remain unknown. In near future, this will be of clinical utility, but
further studies are needed to validate the results and confirm the cost benefit to their
implementing and the acceptability of such genetic test to the society.
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4.1. Situaci6 de la mortalitat i morbiditat cardiovascular a Espanya.

La realitzacié d’'un estudi epidemiologic descriptiu com el plantejat en el capitol 1
[Malaltia cardiovascular a Espana - Estudi epidemiologic descriptiu 2000-2015] respon a la
necessitat d’actualitzar a I'estat espanyol les dades d’un dels problemes de salut més greus
a nivell mundial, les MCV. La realitzaci6 d’aquests tipus d’estudis és una practica que es
porta a terme periddicament en el nostre pais. No obstant, en el moment d’iniciar la present
tesi doctoral, no hi havia cap treball actualitzat publicat enfocat en I'analisi, per edat i sexe,
de la mortalitat i morbiditat cardiovascular en totes les comunitats autonomes d’Espanya.
Per a poder contextualitzar I'impacte poblacional de les malalties cardiovasculars més
rellevants, es va decidir fer un estudi epidemiologic amb I'objectiu d’estimar la tendéncia
temporal i geografica d’aquestes malalties durant un periode de 15 anys, des de I'any 2000
fins 'any 2015.

L'estudi de les tendéncies de mortalitat i morbiditat hospitalaria juga un paper molt
important en la epidemiologia i la salut publica (Mensha et al 2017). Les malalties
cardiovasculars continuen sent una de les principals causes de morbimortalitat a Espanya i a
la resta de paisos industrialitzats (Naghavi et al. 2017). No obstant, cal destacar que al llarg
del temps s’observa una disminuci6 de les taxes de mortalitat estandarditzades per edat per
la MCV total (al voltant del 30% en homes i dones), a diferéncia d’altres malalties com les
respiratories que no disminueixen. Aquesta reduccié de la mortalitat no només s’explica
millores de I'assisténcia sanitaria amb circuits assistencial, com el codi infart, i el
desenvolupament de farmacs i técniques de tractament, sind també per canvis poblacionals
d’estil de vida saludables, i d’envelliment de la poblacié (Cinza Sanjurjo et al. 2017; Ruiz-
Garcia et al. 2018).

Aixi doncs, conéixer I'evolucio i les tendéncies temporals d’aquestes malalties en la
poblacié d’Espanya, pot ajudar des d’'un punt de vista de la gesti6 sanitaria publica a
elaborar una estratégia per la planificacio dels serveis de salut, de les necessitats d’atencid
medica, i finalment, per interpretar I'efectivitat de les campanyes sobre la salut
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cardiovascular, mentre que des d’un punt de vista més cientific, poden ajudar a plantejar
hipotesis per a multiples treballs d’investigacié basica, clinica i epidemiologica enfocats en la
prevencio d’aquestes malalties (Vasan and Benjamin 2016).

Actualment, hi ha un interés creixent en recolzar els resultats de les investigacions per
a que serveixin de guia en la presa de decisions basada en I'evidéncia, i aplicar aquesta
informacio6 tant en la prevencié com en el tractament de les MCV (Dainis and Ashley 2018).
Cal potenciar la recerca a diferents nivells, des de la recerca basica dels mecanismes
moleculars i els factors genétics fins a la recerca clinica i epidemiologica amb I'analisi dels
procediments diagnostics i terapéutics o dels factors ambientals com sén els estils de vida.
De manera que si 'objectiu de la recerca és avancar en la comprensié i la capacitat de
maneig d’aquestes MCV i assolir la disminuci6é de les seves taxes de morbiditat i mortalitat,
cal abordar la recerca en tots aquests nivells. En aquest sentit, la medicina de precisié és
una estratégia de diagnostic que integra la variabilitat individual de causa genética,
fisiologica o patologica, el medi ambient i I'estil de vida de cada persona per a centrar-se en
la prevencié i el tractament de les malalties cardiovasculars (Leopold and Loscalzo 2018).
Aquest enfoc aprofita les ciéncies emergents (genética i gendomica), la tecnologia digital i les
ciéncies de la comunicacio, i els determinants socials de la salut (Vasan and Benjamin
2016). Per tant, la perspectiva de la medicina de precisié i la de la salut pablica han de ser
dos estratégies sanitaries complementaries en I'abordatge de les malalties cardiovasculars.

4.2. Relaci6 entre la variacié de la regio control del genoma mitocondrial i la susceptibilitat
a desenvolupar un IM o un ACV.

L'IM i 'ACV constitueixen dues de les principals causes de mort a I'estat espanyol i de
manera similar que en altres patologies d’origen multifactorial, el seu inici, progressio i
severitat es poden veure modificades per multiples factors extrinsecs e intrinsecs com sén
els factors ambientals, hormonals i en cada pacient es poden veuen implicats multiples
gens. D’aquesta manera, la influéncia del component genétic en les MCV no és encara del
tot clara, perd la seva investigacié ha permés aportar noves dades a la fisiopatologia de la
malaltia, procurar nous elements de diagnostic i prevencié aixi com identificar noves dianes
terapéutiques més enlla de les probes actuals dels factors de risc classics (Dainis and Ashley
2018).

Tot i que existeixi un nombre molt elevat de polimorfismes nuclears considerats factors
de risc genétic per a la MCV, aquests poden ajudar a explicar només una part de la
variabilitat de les manifestacions cliniques de I'IM i I’ACV. Les mutacions del genoma
mitocondrial, que sovint se’ls hi ha atorgat un paper secundari, han passat a ser I'objectiu de
nombrosos estudis degut al paper de la mitocondria en la produccid d’energia, metabolisme,
homeostasi del calci i I'estrés oxidatiu. En aquest sentit, els capitols 2 [Involvement of
mitochondrial haplogroups in myocardial infarction and stroke: a case-control study in
Castile and Leon (Spain) population] i 3 [The role of control region mitochondrial DNA
mutations in cardiovascular disease: stroke and myocardial infarction] d'aquesta tesi,
aborden els resultats del disseny d'un estudi cas-control realitzat amb la intenci6 de
determinar la influéncia de determinats polimorfismes mitocondrials que podrien accelerar o
ralentir el desenvolupament de dues de les MCV més freqlents, I'I[M i ’ACV. En un primer
enfocament, s’estudia I'associacié amb dels haplogrups mitocondrials i en una segona fase,
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s’investiga el paper dels SNPs mitocondrials de la regié control que actuen com a factors de
risc independents als haplogrups.

Haplogrups mitocondrials i malaltia cardiovascular. En general, les variants definitories
d’haplogrup no sén patologiques de per se, no obstant, si que poden modular el
metabolisme mitocondrial (Krzywanski et al. 2016). Degut a que el cor i el cervell tenen la
taxa més elevada de consum d’oxigen en el cos, petites diferéncies en I'eficiéncia del
transport d’energia en aquests teixits podrien conduir a importats efectes fisiologics (Pittman
2016). En aquest sentit, el deteriorament de la funcid® mitocondrial resultant d’una variacié
de I’ADN mitocondrial i/o0 nuclear es probable que contribueixi a un desequilibri de la
homeostasi de la energia cellular, augmenti la vulnerabilitat a I'estrés oxidatiu i el
deteriorament de la produccid d’ATP que s’ha relacionat amb desenvolupament dels
esdeveniments cardiovasculars (Bray and Ballinger 2017). De fet, en el treball realitzat en el
capitol 2 s’han trobat associacions significatives entre I’haplogrup mitocondrial H i el
desenvolupament de I'IM. Tot i no haver estat possible demostrar estadisticament aquesta
associacié entre els casos d’ACV i els controls, existeix una tendéncia a I'augment del
percentatge d’H en els casos d’ACV (51,3%) en comparacié amb els controls (42,9%), el que
indicaria que I'haplogrup H també podria actuar com un factor de risc per a I’ACV.

Sén varis els estudis que han demostrat I'associacié entre I’haplogrup H i el
desenvolupament de certs esdeveniments cardiovasculars. Rosa et al. (2008) van reportar
una freqiéncia més elevada de la variant m.7028C>T, definitoria de I’haplogrup H, en els
pacients portuguesos amb risc d’ACV en comparacié als controls. L’haplogrup H s’ha
relacionat també amb I'[M preco¢ en poblacié asturiana (Palacin et al. 2011) i esdevé un
factor de risc genétic per el desenvolupament de la Cl (Fernandez-Caggiano et al. 2012), la
miocardiopatia dilatada (Fernandez-Caggiano et al. 2013) i podria participar en el
desenvolupament de I'estenosis aortica greu (Serrano et al. 2018) en poblacié espanyola.
Hagen et al. (2013) també van reportar una associacid entre I'haplogrup H i la
miocardiopatia hipertrofica en poblacié danesa, mentre que aquesta malaltia també s’ha
relacionat amb I’haplogrup T en poblacié asturiana (Castro et al. 2006). L’haplogrup T també
s’ha associat amb el risc d’arteriopatia coronaria en poblacié d’Austria (Kofler et al. 2009), i
I'haplogrup U amb el risc d’augmentar la probabilitat de desenvolupar un ACV de tipus
isquémic (Finnila et al. 2001; Hudson et al. 2014; Martikainen and Majamaa 2010).

Les diferéncies observades entre aquests estudis es poden produir a causa de les
caracteristiqgues especifiques de les poblacions analitzades. Per exemple trobem treballs
com el de Kofler et al. (2009) que van trobar una major freqiéncia de I'haplogrup T en
pacients austriacs amb arteriopatia coronaria, mentre que per aquesta mateixa malaltia
Fernandez-Caggiano et al. (2012) va detectar associacions significatives per I’haplogrup J en
poblacié espanyola. En el nostre estudi, en canvi, no es van trobar diferéncies en les
freqiiéncies dels haplogrups T i J entre casos i controls. Existeixen, per tant, una série de
factors associats a la poblacio d’estudi, com I'especificitat geografica dels subhaplogrups i
altres factors com I'estil de vida, I'efecte de I'estratificacid en la poblacid i la mida de la
mostra que poden influir en els resultats dels estudis d’associacié i que probablement poden
explicar les discrepancies entre els diferents estudis (Hellwege et al. 2017). No obstant, els
resultats obtinguts en relacié a I'haplogrup H van ser consistents amb els d’altres estudis
d’associacié (Fernandez-Caggiano 2012; 2013; Hagen et al. 2013; Hudson et al, 2014;
Palacin et al. 2011) realitzats en altres poblacions espanyoles i europees, on I’haplogrup H
abarca més del 40% de la variacio total de ’ADNmt. Demostrant, per tant, que existeix una
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associacio solida entre I'haplogrup H i la susceptibilitat a desenvolupar un esdeveniment
cardiovascular. Tanmateix, aquests tipus d’estudis també s’han realitzat en altres poblacions
no europees, on la frequéncia de I'haplogrup H és baixa. En aquest sentit, sén varis els
estudis que han trobat associacié entre algun dels haplogrups especifics d’Asia i les MCV.
Nishigaki et al. (2007b) van reportar que I'haplogrup A podria actuar com un factor de risc
per I’ACV aterotrombotic, a més, aquest mateix haplogrup juntament amb I’haplogrup M7a,
també confereixen un risc significatiu d’aterosclerosis coronaria (Sawabe et al. 2011). En la
mateixa linia, I'haplogrup D4b també pot actuar com un factor protector contra I'ACV de tipus
isquémic (Yang et al. 2014). Per tant, aquests resultats posen de manifest la importancia
que te la composicié genética d’'una poblacié alhora de determinar les possibles causes
relacionades amb el desenvolupament d’una malaltia.

En relaci6 als haplogrups mitocondrials i els FRC, I'analisi realitzada en el capitol 2 va
considerar com la hipertensio, la diabetis, la hipercolesterolémia, el sobrepés u obesitat, el
perimetre abdominal i els nivells de triglicérids, de manera similar al que s’ha observat en
altres estudis (Ruiz-Garcia et al. 2018), s’associen independentment al risc de desenvolupar
una cardiopatia isquémica o un accident cerebrovascular. No obstant, quan es va analitzar la
freqliéncia d’aquests factors estratificats per haplogrups, només I'haplogrup J presentava
una elevada freqiéncia en els individus no hipertensius, indicant que posseir aquest
haplogrup disminueix el risc d’hipertensi6.

Aquests resultats estan en concordanca amb els presentats en altres estudis realitzats
préviament en poblacié europea (Nardelli et al. 2013; Rea et al. 2013). Tanmateix, s’han
trobat d’altres associacions entre factors de risc classics com I'obesitat i I'haplogrup T (Ebner
et al. 2015) i el cluster JT amb una deficiéncia en el control glucémic relacionat amb diabetis
mellitus de tipus 2 (Diaz-Morales et al. 2018). Per tant, aixd0 demostra que la influéncia del
genotip mitocondrial no es relaciona amb la malaltia cardiovascular directament.

SNPs mitocondrials i malaltia cardiovascular. Una de les troballes més significatives
d’aquesta tesi és la descripcid, en el capitol tres, de cinc variants genétiques mitocondrials
qgue estan situades a les regié control de 'ADNmt. Dues d’aquestes variants determinen un
potencial factor de risc genetic per a I'ACV (m.16145G>A i m.16311T>C); mentre que les
altres tres (m.72T>C, m.73A>G i m.16356T>C) actuen com a factors de proteccié en relacid
a I'IM. Aquests SNPs mitocondrials no formen part de la colleccid de polimorfismes que
defineixen un haplogrup mitocondrial concret, i per tant, actuen com a factors de risc
independents del haplogrup.

El paper de la RC de 'ADNmt és molt important per la regulacié de l'expressio génica
d’aquest ADN. Es tracta d’una regié no codificant, de manera que un canvi en la seva
seqliéncia no afectara directament I'estabilitat de la cadena d’electrons, sindé que pot alterar
els processos de replicacié i transcripcid6 mitocondrial, modulant el nombre de copies
d’ADNmt, disminuint el ratio ATP:ADP e incrementant la produccié de ROS (Huang et al.
20164a; Tsutsui et al. 2008). En aquets sentit, la transicié 16145G>A i la 16311T>C, que es
situen en la regid TAS (sequliéncia de terminacid) i la regi6 entre els elements de control mt5 i
mt3l, respectivament, sén posicions d’una gran importancia biologica (Nicholls and Minczuk
2014, Pereira et al. 2008). A més, el fet d’haver observat que la posicidé m.16311T>C implica
una reducci6 de I'estabilitat de I'estructura secundaria de la regi6é control, suggereix que en
el nostre estudi aquestes posicions també puguin ser responsables d’alterar la intensitat
dels processos de replicacio i transcripcié del genoma mitocondrial per acabar participant en
el desenvolupament de I’ACV. No obstant, encara no estar del tot clar com els SNP d’aquesta
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regié reguladora de la transcripcido augmenten el risc de MCV, tot i que aquestes variants
també s’han detectat en diferents tipus de cancers (Akouchekian et al. 2009; Chen et al.
2002; Silkjaer et al. 2013).

En aquets mateix capitol s’observa que les variants 72T>C, 73A>G i 16356T>C actuen
com a factors beneficiosos per a I'lM. Malgrat que aquestes variants també hagin estat
relacionades en diferents estudis amb el cancer de prostata (Kalsbeek et al. 2017), renal
(Bai et al. 2014) i d’ovari (Liu et al. 2016b), la seva amplia distribucié en I'arbre filogenétic
després d’haver estat sota pressid selectiva milers d’anys, no suggereix directament la
possibilitat de que tinguin un efecte patogénic. En tot cas, aquests resultats corroboren que
les mutacions de la RC mitocondrial puguin mostrar diferents efectes, de risc o0 beneficiosos,
en diferents malalties (Hudson et al. 2014).

Es evident que la etiologia de la MCV és complexa, i la mitocondria desenvolupa un
paper fonamental en aquest procés. Les variants mitocondrials poden actuar sinérgicament
amb altres factors genétics i components ambientals, contribuint al desenvolupament de la
malaltia. En efecte, i atés I'especificitat poblacional de '’'ADNmt, les associacions observades
en el capitol 3 haurien der ser replicades en una cohort del mateix entorn. No obstant, s’ha
pogut observar que 3 de les posicions analitzades (m.16145G>A, m.16311T>C i
m.16356T>C) presenten una  distribuci6  generalitzada a  nivell mundial
(http://www.phylotree.org/). Es a dir, a excepci6 de les m.72T>C i m.73A>G que es poden
observar en varis haplogrups europeus com I'HV i H, la resta es troben en diferents branques
de la filegénia representatives dels haplogrups L1, L2, L3* i M1 caracteristics d’Africa; M5,
M6, M31 i altres subgrups M caracteristics del sud d’Asia; A, C, D, G, N9 i F caracteristics de
I'est d’Asia, inclis M29, Q, P i S caracteristics del continent australia. Per aquest motiu, seria
interessant poder comprovar si els nostres resultats son extrapolables a la resta de
poblacions, ja que en un contex genétic diferent, aquestes posicions podrien no presentar els
mateixos efectes. Alhora, també s’ha de considerar en un futur realitzar analisis de la
sequencia completa del genoma mitocondrial, que podran identificar tots aquells
polimorfismes responsables del grau de desenvolupament de la MCV per a senyalar-los com
a factors de risc o de proteccié. De tota manera, amb els resultats obtinguts en aquest dos
estudis es contribueix a la idea que el perfil genétic d’'un individu és important per a
I’avaluacié del risc real en el desenvolupament d’una MCV.

4.3. Potencial de les variants mitocondrials en la millora de la capacitat de discriminacio del
risc cardiovascular. Nou score genétic mitocondrial.

L’Gltim dels objectius generals d’aquesta tesi doctoral és el que es recull en el capitol
4 [New mitochondrial genetic risk score improve discrimination capacity of cardiovascular
events] en el que es presenten i discuteixen els resultats obtinguts de la creacié d’'una nova
puntuacié de risc genetic associada al risc cardiovascular que inclou 5 variants
mitocondrials. Aquest estudi te com a objectiu determinar la magnitud de I'associacié entre
una puntuacié de risc individual basada en les posicions m.16145G>A; m.16311T>C;
mM.16356T>C; m.72T>C i m.73A>G i la presencia de la MCV. Es tracte d’un treball innovador,
ja que és el primer en avaluar I'is d’'una puntuacié de risc que incorpora el genoma
mitocondrial i que aconsegueix millorar significativament la capacitat de discriminacié dels
esdeveniments CV.
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Avaluar el risc cardiovascular s’ha convertit en el métode més acceptat per a la presa
de decisions en la prevencid primaria per als pacients sense malaltia cardiovascular.
Actualment, la solucié implementada en el sistema sanitari per a calcular el risc
cardiovascular consisteix en la seva estimacié a partir de funcions de risc classiques les
quals utilitzen taules de risc cardiovascular per a prioritzar el nombre d’intervencions i per
identificar els pacients amb un major risc (Piepoli et al. 2016). Durant anys, els factors de
risc classic han permés als clinics classificar el risc global individual en la practica clinica
diaria d’'una manera relativament acceptable; no obstant, no es pot perdre de vista que
continua existint una gran proporcid d’individus que han patit un esdeveniment
cardiovascular perd que només tenen un o pocs d’aquests factors de risc. En aquest sentit,
fer una prediccidé del risc es dificulta encara més en individus joves, quan el moment
d’aparici6 de I'esdeveniment cardiovascular coincideix amb tenir un nombre reduit d’aquests
factors. Actualment, a Espanya, els metges d’atencidé primaria acostumen a utilitzar diferents
meétodes de calcul, ja que encara existeix la discussié sobre quina és I'equacid més
adequada per emprar en la poblaci6 general del nostre entorn, entre les quals s’hi troben les
de Framingham originals (Wilson et al. 1998), les de Framingham calibrades per a la
poblacié espanyola (REGICOR) (Marrugat et al. 2007) i les SCORE (Sans et al. 2007).

La millora del calcul del risc té un valor clinic molt elevat, tant per a la predicci6 del
risc de la MCV com alhora d’establir prioritats en prevencié primaria. Tanmateix, és dificil
d’obtenir ja que les funcions basades en els factors de risc classics es caracteritzen per tenir
una baixa sensibilitat. Les equacions de risc disponibles per si soles sén un métode bastant
imprecis per predir el risc individual, ja que diferents estudis prospectius (Marrugat et al.
2003a; Ramos et al. 2003; Sans et al. 2007) varen mostrar que sovint sobreestimen el risc
d’ACV i Cl en poblacions amb baixes taxes de morbimortalitat cardiovascular com és
I’espanyola. La millora en la prediccié del risc va fer créixer l'interés en analitzar diferents
biomarcadors amb la finalitat de progressar en la reclassificacié e identificar els individus
que tindran un esdeveniment. Mentre que la mesura al llarg del temps de biomarcadors com
el colesterol total pot millorar aquesta prediccio, s’ha observat que I'exposicié de per vida als
factors de risc cardiovasculars es captura millor tenint en compte la susceptibilitat genética
(Voight et al. 2012). Per aquest motiu, actualment la cerca s’ha centrat en el
desenvolupament de les puntuacions de risc genétic (Dainis and Ashley 2018).

La millora de I'area sota la corba ROC respecta a I'area vinculada a la dels factors de
risc tradicionals indica I'habilitat del nou biomarcador d’addicionar informacié a la dels
factors classics. La major part dels estudis que han avaluat el valor afegit d’incloure la
informacié genética nuclear en les funcions de risc classiques (Anderson et al. 2010;
Brautbar et al. 2009; Davies et al. 2010; de Vries et al. 2015; Ganna et al. 2013; Goldstein
et al. 2014; Gransbo et al. 2013; Hughes et al. 2012; Iribarren et al. 2016; Isaacs et al.
2013; Kathiresan et al. 2008; Krarup et al. 2015; Lv et al. 2012; Lluis-Ganella et al. 2012;
Morrison et al. 2007; Patel et al. 2012; Paynter et al. 2009; Paynter et al. 2010; Qi et al.
2011a; Qi et al. 2011b; Ripatti et al. 2010; Shiffman et al. 2011; Tada et al. 2016; Talmud et
al. 2008; Thanassoulis et al. 2012; Tikkanen et al. 2013; Vaarhorst et al. 2012) van mostrar
una major capacitat per identificar els individus amb un major risc, aixi com millores en la
reclassificacié dels individus en categories de ric, especialment en aquells amb risc moderat.
No obstant, la majoria d’aquest no han trobat una millora en la capacitat de discriminacié
dels esdeveniments cardiovasculars (Elosua and Sayols-Baixeras 2017). Els resultats
obtinguts en el nostre estudi van demostrar que la utilitzacié d’una puntuacié de risc genétic
basada en SNPs mitocondrials va millorar la capacitat de discriminacié de les MCV
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(AUC>0.75) d’'una manera similar a la dels SNPs nuclears préviament provada en el test
Cardio inCode® (Gendiag.exe). A més, aquesta capacitat de discriminacié es va veure
augmentada quan en el calcul de la puntuacié de risc es varen combinar les variables
cliniques, els SNPs nuclears i els SNPs mitocondrials (AUC = 0.774 [95%CI: 0.733-0.817]),
demostrant que I'addicié de la informacid genética, en concret de les variants mitocondrials,
millora la capacitat de discriminacié de les malalties cardiovasculars.

Fins on sabem, aquest és el primer estudi en utilitzar SNPs mitocondrials en una
puntuacid de risc cardiovascular. En virtut del paper funcional de les mitocondries en el
metabolisme oxidatiu i en la produccié de les espécies reactives de I'oxigen, s’ha de tenir en
compte que les mutacions de I’ADN mitocondrial s6n potencials factors de risc candidats per
a l'estudi de la MCV, ja que poden donar lloc a defectes replicatius i transcripcionals, i
conseqlientment disfuncié de la cadena respiratoria mitocondrial. Altrament, hem de tenir en
compte que la metodologia estandard utilitzada fins ara en el camp ha estat crear
puntuacions de risc utilitzant dnicament SNP nuclears provinents d’estudis d’associacié del
genoma complet (GWAS) replicables i amb un nivell de significacié robusta (p>5 x 108) en
cohorts extremadament grans (Liu et al. 2016a; Preuss et al. 2010). No obstant,
I'inconvenient d’utilitzar Gnicament els SNPs nuclears més significatius podria devaluar
altres variants amb efectes reals que no aconsegueixin els estrictes nivells de significacio a
nivell de tot el genoma (Smith et al. 2015). Per tant, tal i com s’explica a la discussio del
capitol quatre, aquests SNPs mitocondrials associats a MCV sén possibles candidats per a
millorar la capacitat predictiva de les funcions de risc actuals. A més, tenient en compte
I’especificitat poblacional de '’ADNmt, la nostre troballa podria fomentar, en un futur, als
nous estudis a incloure aquestes variants en la creacié de puntuacions de risc genétic
conjuntament amb les variants nuclears tant en poblacions europees com en d’altres
poblacions africanes i asiatiques.

En aquest sentit, la nostre investigacié ha donat lloc a la patent europea Method for
evaluating risk of cardiovascular disease, amb numero de referéncia: EP18382393 (Annex
[l). Aquesta incorpora part dels resultats continguts en els capitols tres i quatre de la present
tesi doctoral, aixi com metodologia inédita creada especialment per a la seva aplicacié en
futures comercialitzacions.

De tota manera, un aspecte critic a considerar en la utilitat d’aquesta o qualsevol
altre puntuacié genética en el panorama actual, és el seu impacte en la practica clinica. El
cribratge i I'assessorament genétic sén eficacos en algunes condicions, recomanant-se el
seu Us en la guia de prevencié cardiovascular espanyola per a la hipertensié (Whelton et al.
2018) i la hipercolesterolémia familiar (Nayor and Vasan 2016). Pero, un cop demostrat que
les prediccions de les puntuacions de risc genétic superen a la dels factors de risc
convencionals, perqué aquestes no s’incorporen a la practica clinica diaria? La mateixa guia
de prevencié cardiovascular comenta que degut a la falta d’acord sobre quins gens (i SNPs)
s’han d’incloure en la puntuacio de risc, els dubtes sobre com s’han de calcular els index de
risc genetic i la incertesa sobre la millora que suposen les prediccions de risc
cardiovasculars, encara no se'n recomana el seu (s a Espanya (Piepoli et al. 2016).
Altrament, també s’hauria de tenir en compte que la puntuacio de risc tradicional, basada en
dades recopilades préviament, és efectivament gratuita per el sistema nacional de salut
espanyol.

Tot i que fer una puntuacié de risc avui en dia tingui un cost addicional moderat, es
raonable exigir que es demostri un benefici en els resultats abans d’argumentar a favor
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d’incrementar la despesa sanitaria. No obstant, si entre els avantatges s’inclou que les
variants genétiques només s’han de determinar una vegada a la vida a partir d’'un métode no
invasiu, i que en el nostre cas, podrien millorar la rentabilitat de les proves genétiques degut
a que només involucra el genotipat de cinc SNPs, és raonable pensar que en un futur la
identificacié6 de pacients amb risc elevat mitjancant tests genétics i la implementacié de
mesures preventives per evitar els episodis cardiovasculars reduiran els costos directes i
indirectes d’aquests en el sistema sanitari (Leopold and Loscalzo 2018). A més, la facilitat
amb la qual les dades genétiques sén computables, permet una implementacioé directa i una
millora de les puntuacions de risc genétic quan es disposi de més dades (Ng et al. 2009). Per
tant, existeixen raons de pes per considerar la incorporacié de les puntuacions de risc
genétic en la practica clinica (Knowles and Ashley 2018).

Malgrat aquests resultats, algunes limitacions del nostre estudi s’han de tenir en
compte. Primer, no ha estat possible fer una prediccié del risc cardiovascular a 10 anys
utilitzant una equacié com la de REGICOR, degut a que la poblacié analitzada parteix d’un
estudi cas-control amb pacients que ja han patit un esdeveniment, i on la majoria dels
individus estaven sent tractats amb farmacs antihipertensius i hipolipemiants. Segon, tot i
que en el capitol 4 també es va voler analitzar la capacitat de discriminacié d’una puntuacio
de risc basada Unicament en la combinacié de les variables cliniques i el genoma
mitocondrial (és a dir, sense SNPs nuclears) obtenint un AUC=0,764 [95% CI: 0.722-0.806],
aquest resultat finalment no es va considerar degut a que la comparativa de referéncia entre
el model creat i validat préviament per Gendiag.exe S.L. (Lluis-Ganella et al. 2012) i la
utilitzada en aquest model no va ser I'equacié de REGICOR, al no ser aplicable a la nostre
mostra.
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Epidemiologia descriptiva de la malaltia cardiovascular (periode 2000-2015)

1. La cardiopatia isquémica, les malalties cerebrovasculars i la insuficiéncia
cardiaca segueixen sent la principal causa de mort i altes hospitalaries a
Espanya. No obstant, ens els darrers 15 anys s'ha aconseguint disminuir (al
voltant del 30%) de les taxes de mortalitat estandarditzades per edat i el
manteniment de la morbiditat cardiovascular en ambdés sexes.

2. Les millores en I'assisténcia sanitaria i els canvis poblacionals en I'estil de vida
saludables i d’envelliment de la poblacié es reflecteixen en les analisis de les
tendéncies de mortalitat i morbiditat cardiovascular. S’observa que les dones
tenen menor risc coronari que els homes i, per tant, major probabilitat d'arribar a
edats avancades en les quals la mortalitat per ictus, insuficiéncia cardiaca i
malalties hipertensives és més frequient.

3. La distribucié geografica de la mortalitat per MCV sembla seguir un gradient
decreixent del sud cap al nord. Tot i que encara no es coneixen amb exactitud
quines son les raons que expliquen aquest patrd, hi ha evidéncies que ho
correlacionen amb canvis de les condicions de vida i habits socioculturals de
I'area geografica de residéncia.

4. Aquestes diferencies també s’han detectat per a les taxes de morbiditat
hospitalaria, on sembla ser que la grandaria de la poblacié, I'estructura d'edat de
cada comunitat autonoma o la variacié en l'eficacia de deteccid i diagnostic de
les MCV, podrien explicar algunes de les diferéncies observades.

Variacié del genoma mitocondrial i malaltia cardiovascular

5. L’associacio entre els haplogrups mitocondrials i les malalties cardiovasculars
revela que I'haplogrup mitocondrial H podria actuar com un potencial factor de
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risc genetic en el desenvolupament de l'infart de miocardi. Tot i que ningun dels
haplogrups va augmentar significativament el risc de desenvolupar un accident
cerebrovascular, una comparacié de les dades obtingudes entre els grups amb
infart de miocardi i accident cerebrovascular permet suggerir que I'haplogrup H
podria actua com un factor de susceptibilitat genética per ambdos malalties.

L'associacid6 entre els haplogrups mitocondrials i els factors de risc
cardiovasculars suggereix un paper beneficios de I'haplogrup J contra la
hipertensio.

Les variants m.16.145G>A i m.16.311T>C podrien actuar com possibles factors
de risc genétic de 'accident cerebrovascular.

Les variants m.72T>C, m.73A>G i m.16.356T>C podrien actuar com a possibles
factors genétics beneficiosos per a I'infart de miocardi.

Puntuacié de risc genétic utilitzant variants mitocondrials
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9.

10.

11.

La utilitzacié d’'una puntuacié de risc genétic basada en SNPs mitocondrials va
millorar significativament la capacitat de discriminacié dels esdeveniments
cardiovasculars més enlla de la informacié proporcionada per els factors de risc
classics i els SNPs nuclears.

La puntuacio6 de risc genétic basada en SNP nuclears descrita per Lluis-Granella
et al. (2012) i utilitzada Unicament per analitzar la millora en la capacitat de
discriminaci6 de la cardiopatia coronaria, també ha demostrat la seva utilitat en
la malaltia cardiovascular (especificament per I'infart de miocardi i I'accident
cerebrovascular) en la poblacié d’estudi.

Aquest és el primer treball on s’incorpora la informacié de I’ADN mitocondrial en
una puntuacié de risc genétic per analitzar els esdeveniments cardiovasculars.
Tenint en compte la poca informacio prévia disponible, es dificil estimar quina
sera la implicacié clinica de I'addici6 d’aquests factors genétics en la
discriminacio i reclassificacié del risc cardiovascular.
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Annex 1

Els annexos d’aquesta tesi estan organitzats segons el capitol on es citen, i es
presenten de la seglient manera:

Capitol 1: Malaltia cardiovascular a Espanya - Estudi epidemiologic descriptiu 2000-2015

Taula 1.1.1. Taxes de mortalitat de les malalties de I'aparell circulatori (dades globals,
malalties hipertensives, IM, altres isquémiques del cor, insuficiéncia cardiaca, malalties
cerebrovasculars i aterosclerosi) per el periode 2000-2015, segons grups d’edat, sexe i
comunitat autonoma.

Taula 1.1.2. Taxes de morbiditat hospitalaria de les malalties de I"aparell circulatori (dades
globals, malalties hipertensives, IM, altres isquémiques del cor, insuficiéncia cardiaca,
malalties cerebrovasculars i aterosclerosi) per el periode 2005-2015, segons grups d’edat,
sexe i comunitat autonoma.

Aquesta informacid es troba disponible en el pen-drive adjunt dins de la carpeta anomenada
“Annex 1_Capitol 1” i dins dels arxius Excel anomenats Taula I.1.1. i Taula 1.1.2.

Capitol 2: Implicacié dels haplogrups mitocondrials en l'infart de miocardi i I'accident
cerebrovascular; estudi cas-control en la poblacié de Castella i Lle6 (Espanya)

Taula I1.1.1. Compilacié de les mutacions de la regié control de I’ADN mitocondrial entre les
posicions 15.907-16.569 i 1-580 en 211 individus amb infart de miocardi i els seus
respectius 211 controls. Les heteroplasmies puntuals i de longitud es mostren en negreta.
També es reporten els polimorfismes informatius de la regié codificant analitzats [(+) enzim
de restriccié que confirma I’haplogrup; (-) enzim de restriccidé que no confirma I'haplogrup].

Taula I1.1.2. Compilacié de les mutacions de la regié control de I’ADN mitocondrial entre les
posicions 15.907-16.569 i 1-580 en 154 individus amb accident cerebrovascular i els seus
respectius 154 controls. Les heteroplasmies puntuals i de longitud es mostren en negreta.
També es reporten els polimorfismes informatius de la regié codificant analitzats [(+) enzim
de restriccié que confirma I’haplogrup; (-) enzim de restriccié que no confirma I’haplogrup].

Aquesta informaci6 es troba disponible en el pen-drive adjunt dins de la carpeta anomenada
“Annex 1_Capitol 2” i dins els arxius Excel anomenats Taula I1.1.1. i Taula I1.1.2.
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Capitol 3: El paper de les mutacions de la regié control de I’ADN mitocondrial en les malalties
cardiovasculars: infart de miocardi i accident cerebrovascular

Taula IIL.1.1. Llistat dels nimeros d’accés i les espécies de primats utilitzades per a calcular
els index de conservacié a nivell nucleotidic en la regié control.

Taula IIL.1.2. Matriu de mutacions de la regié control de I’ADN mitocondrial per a 154
individus amb accident cerebrovascular i els seus respectius 154 controls.

Taula III.1.3. Matriu de mutacions de la regié control de I’ADN mitocondrial per a 211
individus amb infart de miocardi i els seus respectius 211 controls.

Aquesta informacié es troba disponible en el pen-drive adjunt dins de la carpeta anomenada
“Annex 1_Capitol 3” i dins els arxius Excel anomenats Taula II1.1.1., Taula II1.1.2. i Taula
111.1.3.
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Part dels resultats presentats en aquesta Tesi, han quedat recollits en les seglents
publicacions cientifiques:

Umbria M, Aluja MP, Rafel J, Santos C. 2014. Enfermedad cardiovascular en Espana: estudio
epidemiolégico descriptivo 1999-2010. Antropo. 32: 1-13

Umbria M, Ramos A, Caner J, Vega T, Lozano JE, Santos C, Aluja MP. 2019. Involvement of
mitochondrial haplogroups in myocardial infarction and stroke: a case-control study in
Castile and Leon (Spain) population. Mitochondrion. 44:1-6.

Umbria M, Ramos A, Aluja MP, Santos C. The role of control region mitochondrial DNA
mutations in cardiovascular disease: stroke and myocardial infarction. Scientific Reports.
Under Review (January 2019). Available in: https://doi.org/10.1101/382374

Umbria M, Ortega I, Santos C, Castillo S, Salas E, Aluja MP. New mitochondrial genetic risk
score improve discrimination capacity of cardiovascular events. Atherosclerosis. Under
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Resumen

Objetivo

Las enfermedades cardiovasculares (ECV) son la principal causa de muerte y altas
hospitalarias en nuestro pais. El objetivo de este estudio es describir la mortalidad y la
morbilidad hospitalaria para las enfermedades del sistema circulatorio de mayor
relevancia, en las diferentes comunidades autonomas de Espafia en el periodo de 1999 a
2010.

Métodos

Los datos utilizados fueron obtenidos a través del Instituto Nacional de Estadistica.
Se calcularon las tasas brutas y especificas de mortalidad y morbilidad por
100.000 habitantes, para cada una de las comunidades autdnomas, por sexo, por grupos
de edad y por afo.

Resultados

Las enfermedades cardiovasculares presentan un crecimiento exponencial
significativo a partir de los 50 afios. Los datos de mortalidad muestran diferencias
significativas entre sexos, a excepcion de la aterosclerosis (t-test: t=-1,316; p=0,395).
Salvo para “otras enfermedades isquémicas”, la mortalidad en el resto de enfermedades
tiende a disminuir a lo largo del periodo estudiado. Los datos de morbilidad hospitalaria
solo muestran diferencias significativas entre sexo para cardiopatia isquémica (CI) y
aterosclerosis. Ademads, su evoluciéon temporal no sigue el mismo patron que la
mortalidad para insuficiencia cardiaca y aterosclerosis. Importantes diferencias
regionales existen para las tasas de mortalidad y morbilidad.

Umbria, M., Rafel, J., Aluja, M.P., Santos, C., 2014. Enfermedad cardiovascular en Espafia: Estudio epidemioldgico
descriptivo 1999-2010. Antropo, 32, 1-13. www.didac.ehu.es/antropo
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Discusion

Los datos estadisticos demuestran que estas enfermedades, en concreto la CI,
son la causa principal de muertes y altas hospitalarias en el pais durante el periodo de
1999 a 2010. La tendencia de las tasas de mortalidad a disminuir es mayor que las de
morbilidad.

Abstract

Objective

Cardiovascular diseases (CVD) are the leading cause of death and hospital
admissions in our country. The aim of this study was to describe mortality and
hospital morbidity for diseases of the circulatory system of greater relevance in the
different regions of Spain in the period 1999 to 2010.

Methods

Data used were obtained from Spanish National Institute for Statistics. Crude
and specific rates of mortality and morbidity per 100.000 inhabitants, for each
autonomous communities, by sex, age groups and year were calculate.

Results

Cardiovascular diseases have a significant exponential growth after 50 years.
Mortality data showed significant gender differences, less for atherosclerosis (t-test: t=-
1.316, p=0.395). Except for “other ischemic diseases”, mortality in other diseases tends
to decreases over the study period. The only hospital morbidity data show significant
gender difference for ischemic heart disease (IHD) and atherosclerosis. Moreover, its
temporal evolution does not follow the same pattern as mortality for heart failure and
atherosclerosis. Significant regional differences exist for mortality and morbidity.

Discussion

The statistical data show that CVD, in particular IHD, are the leading cause of
deaths and hospital admissions in the country during the period 1999-2010. The trend
of decreasing mortality rates is greater than morbidity.

Introduccion

Las enfermedades cardiovasculares (ECV) hacen referencia a cualquier enfermedad que
afecta al sistema cardiovascular, es decir, que afecta al corazén o a los vasos sanguineos. Segun la
Organizacion Mundial de la Salud [O.M.S (2011)], los grandes grupos de ECV son la cardiopatia
coronaria, la enfermedad cerebrovascular, la arteriopatia periférica, la cardiopatia reumatica, la
cardiopatia congénita y la trombosis venosa profunda y embolia pulmonar.

El nivel de conocimiento adquirido sobre los procesos que intervienen en la progresion y
desarrollo de las ECV ha avanzado significativamente, sin embargo, los ultimos datos
epidemioldgicos conocidos no presentan modificaciones de las tasas de mortalidad y morbilidad
hospitalarias. La falta de comprension de las respuestas genéticas individuales a estas
enfermedades, corrobora el hecho de que el desarrollo de las ECV estd influenciado por la
combinacion de factores genéticos y ambientales en distinto porcentaje, en funciéon de los
diferentes estudios (Krzywanski et al., 2011). La presencia simultdnea de varios de ellos tiene un
efecto no solo aditivo, sino multiplicativo del riesgo de cada factor por separado. En la actualidad,
han sido identificados mas de 300 factores de riesgo relacionados con ECV.

En Espafa, se han realizado numerosos estudios epidemiologicos sobre los factores de
riesgo cardiovascular. Los analisis mas recientes abarcan, por un lado, importantes estudios
transversales realizados en distintas regiones peninsulares [ver por ej. Soriguer et al. (2012)], asi
como metaanalisis que tienen como objetivo principal establecer una distribucion geografica mas
amplia de dichos factores (Gabriel et al., 2008; Grau et al., 2011) y, estudios longitudinales
(Gutiérrez et al., 2011; Estruch et al., 2013), que permiten una monitorizaciéon de las tendencias
temporales, complementando estos datos para una posterior deteccion de situaciones de riesgo en
la poblacion. Por otro lado, la realizacion de estudios epidemioldgicos descriptivos que
representan la distribucion de variables, se llevan a cabo cada cierto tiempo en nuestro pais
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(Marrugat et al., 2002; Bertomeu et al., 2008), dando lugar a eventuales hipotesis de trabajo. Los
ultimos estudios de estas caracteristicas son los publicados por Dégano (2013), donde nos muestra
las ultimas estimaciones del nimero de casos del sindrome coronario agudo y su tendencia entre
2005 y 2049, y por Brotons (2013) y Brea (2013), los cuales revisan la epidemiologia de la
cardiopatia isquémica y la enfermedad vascular cerebral (EVC) en Espaiia, respectivamente.

Tomando como base el uso de las tasas especificas de mortalidad y morbilidad hospitalaria,
el objetivo de este estudio es describir la mortalidad y morbilidad hospitalaria para las
enfermedades del sistema circulatorio de mayor relevancia, en las diferentes comunidades
autonomas de Espafia en el periodo de 1999 a 2010. Se hard una evaluacion de los datos para
distintas edades y sexo, y se valorara su evolucion y tendencia.

Métodos

Fuente de datos

Los datos utilizados en el presente estudio fueron obtenidos del Instituto Nacional de
Estadistica [INE (2012)] para los afios 1999 a 2010. La seleccion de los mismos se llevo a cabo
utilizando la novena y décima revision de la Clasificacion Internacional de Enfermedades (CIE 9°
y CIE 10°) para altas hospitalarias y defunciones, respectivamente, que estuvieran relacionadas
con las enfermedades del sistema circulatorio de mayor relevancia (cddigo 100-199 de la CIE
10°). En el analisis se consideraron: las Enfermedades hipertensivas (I110-115), el Infarto agudo de
miocardio (I21), otras enfermedades isquémicas del corazon (120, 122-125), la Insuficiencia
cardiaca (I50), las Enfermedades cerebrovasculares (160-169) y la Aterosclerosis (I170). Se han
obtenido los datos correspondientes al numero de muertes separados por sexo, grupos de edad y
comunidades auténomas para el periodo mencionado. Ademds, se compilaron los datos de
morbilidad hospitalaria a través de la lista reducida internacional Eurostat/OCDE/OMS (2008)
para el periodo de 2005 a 2010. A diferencia de los datos de mortalidad, en los datos de
morbilidad no se dispone de la informacion separada por sexo para las comunidades autébnomas.

La comparacion de poblaciones mediante la diferencia de tasas ajustadas por edad solo se
permite entre diferentes periodos, cuando la tendencia es similar en cada grupo de edad (Choi et
al., 1999). La ECV en Espafia no cumple este requisito. De este modo, se han calculado las tasas
especificas teniendo en cuenta las distintas variables consideradas. Para ello se han empleado las
proyecciones de la poblacion anual de Espafia y de cada una de sus comunidades auténomas,
separadas por sexo y grupos de edad.

Analisis de datos

Se han calculado las tasas brutas y especificas por 100.000 habitantes de todas las rubricas
seleccionadas, para cada una de las comunidades autonomas, por sexos y por 5 grupos de edad (<
20, [20-34], [35-49], [50-75] y > 75). En los datos de morbilidad no se ha realizado la separacion
por sexo cuando en la clasificacion se incluian las comunidades auténomas, ya que los datos no
estaban disponibles. También se analiz6 la evolucion de la tasa de mortalidad de 1999 a 2010 en
dos periodos, de 1999 a 2004 y de 2005 a 2010. La evolucion de la tasa de morbilidad se ha
realizado para el periodo de 2005 a 2010. Finalmente, se obtuvo la media de los afios para cada
enfermedad y sexo. Los analisis estadisticos se realizaron con el programa SPSS 17.0 (SPSS Inc.).

Resultados

Magnitud de las enfermedades cardiovasculares en Espafia. Mortalidad y Morbilidad
hospitalaria

Las tasas especificas de mortalidad y morbilidad hospitalaria de las 6 ECV estudiadas para
los periodos 1999 a 2010 y 2005 a 2010, respectivamente, separados por sexo, edad 'y
comunidades auténomas, se encuentran disponibles como material suplementario (Tablas
Suplementarias S1-S14).

Durante el periodo de 1999 a 2010, se produjeron 376.915 defunciones. Las ECV fueron la
principal causa de mortalidad con un total de 124.591 fallecidos para este mismo periodo. A
diferencia de las mujeres, donde la ECV sigue siendo la primera causa proporcional de muerte, en
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los varones ha pasado a ser la segunda (después de la mortalidad por cancer) a parir de 1999
[Euroestat/OCDE/OMS (2008)]. La tasa de mortalidad en 1999 y 2010 en ambos sexos, junto al
correspondiente calculo del cambio porcentual para este periodo, muestra una disminucion de
256,36 casos por cada 100.000 habitantes (tabla 1). Entre este conjunto de enfermedades, las mas
representativas son la cardiopatia isquémica (CI), que incluye el IAM y las patologias
denominadas como “otras enfermedades isquémicas del corazén”, con una diferencia de 73,81
casos por cada 100.000 habitantes y la enfermedad cerebrovascular con una disminucion de 64,24
casos (tabla 1).

En relaciéon a la morbilidad, entre los afios 2005 y 2010 se produjeron 4.750.663 altas
hospitalarias, de la cuales 591.907 (12,46%) representan altas para las ECV. En varones, las altas
hospitalarias por ECV fueron la primera causa de hospitalizacion (15,02%), mientras que en las
mujeres (10,25%) también lo fueron, solo por detras de las complicaciones en el embarazo, parto
y puerperio. La Insuficiencia cardiaca se muestra como la enfermedad con el cambio porcentual
mas elevado de tasa de morbilidad con un incremento de 232,41 altas por cada 100.000
habitantes, seguida de la Enfermedad cerebrovascular con 221,17 altas y la CI con 221,10 (tabla

1.

Distribucion por sexo y edad

La distribucion de la mortalidad media para los datos generales de ECV en el periodo de
1999 a 2010 por edad y sexo se observa en la figura la. Se aprecia que la media de las tasas
especificas de mortalidad para este periodo no muestra diferencias significativas entre varones y
mujeres. Al contrario, si se han observado diferencias entre sexos para todas las ECV cuando son
consideradas separadamente, a excepcion de la aterosclerosis (t-test: t=-1,316; p=0,395) (Tablas
Suplementarias S1-S14). Las tasas especificas de mortalidad fueron superiores en mujeres para la
enfermedad hipertensiva (t-test: t=2,371; p<0.001), insuficiencia cardiaca (t-test: t=1,058;
p<0,001) y enfermedades cerebrovasculares (t-test: t=-2,396; p=0,042); en cambio, las tasas para
el IAM (t-test: t=-9,783; p<0,001) y otras enfermedades isquémicas del corazon (t-test: t=-7,559;
p<0,001) eran mas elevadas en varones.

Entre grupos especificos de edad, la mortalidad por ECV sufre un crecimiento exponencial,
significativo a partir de los 50 afios de edad para ambos sexos y en todas las enfermedades
analizadas (Tablas Suplementarias S1-S14). Los grupos de edad de < 20, [20-34] y [35-49], se
mantienen bajos y estables en mujeres y varones, mientras que los mayores valores, sin lugar a
dudas, se alcanzan a partir de los 70-75 afios (fig. 1a).

La distribucion de los datos generales de ECV para la morbilidad hospitalaria media
[Euroestat/OCDE/OMS (2008)] en el periodo de 2005 a 2010 por edad y sexo, se encuentra
representado en la figura 1b. Observamos que la media de las tasas especificas de morbilidad para
este periodo tampoco muestra diferencias significativas entre varones y mujeres. El analisis
llevado a cabo en cada una de las enfermedades estudiadas s6lo muestra diferencias significativas
entre sexo para el IAM (t-test: t=-2,293; p<0.001), otras enfermedades isquémicas del corazén (t-
test: t=-2,807; p<0.001), y aterosclerosis (t-test: t=-2,643; p<0.001), en que los valores son
significativamente mas altos en varones.

La morbilidad hospitalaria por ECV también experimenta un crecimiento exponencial con
la edad (fig. 1b), alcanzando los mayores valores en las edades mas avanzadas. El incremento de
las tasas de morbilidad para la CI y la enfermedad cerebrovascular se observa antes de los 50 afios
(Tablas Suplementarias S1-S14).



Tasa de mortalidad Tasa de morbilidad hospitalaria
1999 2010 Cambio porcentual 2005 2010 Cambio porcentual
Ambos ! " Ambos ! " Ambos ! " Ambos ! " Ambos ! " Ambos ! "
Enfermedades del 350 o5 30341 35168 25736 237,52 27665 25636 236,52 27565 135007 153617 116986 130331 147817 113327 130231 147717 113227
sistema circulatorio
NMMMMMWM 1231 791 1653 20,56 13,73 27,19 19,56 12,73 26,19 5960 51,17 67,77 6422 5557 72,62 6322 5457 71,62
1AM 6325 77,66 4944 40,10 4732 3307 39,10 4632 32,07 133,80 18824 81,08 117,77 16899 6798 116,77 167,99 66,98
Otras enfermedades
isquémicas del 3720 38,70 3580 3571 40,53 31,02 3471 39,53 3002 171,50 24832 97,110 10533 161,79 5043 104,33 160,79 4943
corazon
Insuficiencia cardiaca 51,59 35,15 67,36 722 5,03 935 6,22 4,03 835 206,62 19020 222,52 23341 217,52 24887 23241 21652 247,87
Enfermedades 9685 81,97 111,13 6524 5534 7487 6424 5434 7387 22466 24589 204,11 222,17 241,55 203,33 221,17 240,55 202,33
cerebrovasculares >
Aterosclerosis 11,55 832 1464 4,11 3,14 505 3,11 2,14 4,05 36,50 56,05 17,57 38,82 59,44 18,77 3782 5844 17,77

Tabla 1. Tasas de mortalidad y morbilidad hospitalaria (por 100.000 habitantes) para las enfermedades del sistema circulatorio.

Table 1. Rates of mortality and hospital morbidity (per 100,000 population) for diseases of the circulatory system.
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Figura 1. a) Tasas de mortalidad y b) tasas de morbilidad hospitalaria de la enfermedad cardiovascular (ECV), por
grupos de edad y sexo (periodo 1999 — 2010). ¢) Tasas de mortalidad y d) tasas de morbilidad hospitalaria de la
enfermedad cardiovascular (ECV), por sexos, en individuos > 50 afos.

Figure 1. a) Mortality and b) hospital morbidity rates of the cardiovascular disease (CVD) by age group and sex
(period 1999 — 2010). ¢) Mortality and b) hospital morbidity rates of the cardiovascular disease (CVD) by sex in
individuals > 50 years.

Tendencia temporal

Al analizar la evolucion de la mortalidad en individuos > 50 afios desde 1999 hasta el 2010
en los datos nacionales, se observa en general, un descenso de las tasas de mortalidad para la ECV
en ambos sexos (fig. 1c). En varones, pasamos de obtener valores alrededor de 969,43 muertos
por 100.000 habitantes en 1999 a 718,55 en 2010. En mujeres, las tasas pasaron de 1000,45 en
1999 a 746,32 muertes por 100.000 habitantes en el 2010.

La evolucion de las tasas de mortalidad de las enfermedades analizadas des de 1999 a 2010
para individuos > 50 afios, se muestran en la figura 2a-b. A excepcidon de la categoria “otras
isquémicas del corazon”, el resto de enfermedades analizadas presentaron  diferencias
significativas entre los afios estudiados (ANOVA: p<0.001). Podemos observar que las
enfermedades hipertensivas son las tnicas en donde los valores de mortalidad no han descendido
(Regresion: F=86,399 en varones y F=101,668 en mujeres; p<0.001), aunque las tasas son muy
superiores en mujeres durante el periodo estudiado. En el conjunto de enfermedades clasificadas
como CI observamos un ligero descenso, mas acusado para el IAM (Regresion: F=145,438 en
varones y F=85,387 en mujeres; p<0.001). El mismo patron descendiente ocurre para la
insuficiencia cardiaca (Regresion: F=31,608 en varones y F=67,108 en mujeres; p<0.001), las
enfermedades cerebrovasculares (Regresion: F=93,603 en varones y F=71,392 en mujeres;
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p<0.001) y la aterosclerosis (Regresion: F=121,466 en varones y F=126,830 en mujeres;
p<0.001), donde las tasas de las mujeres vuelven a superar a las de los varones.

La evolucion de la tasa de morbilidad hospitalaria en la ECV general para individuos > 50
aflos analizada a partir del aflo 2005 permanece constante hasta el 2010 (fig. 1d). La tendencia
temporal de las tasas de morbilidad hospitalaria para el resto de enfermedades analizadas en el
mismo periodo de tiempo se encuentra representada en la figura 2c-d. El patron evolutivo de las
altas hospitalarias, no siempre sigue el mismo comportamiento de la mortalidad para una misma
enfermedad. El procedimiento inverso es vigente para la insuficiencia cardiaca y la aterosclerosis.
En cambio, las series temporales de morbilidad para las enfermedades hipertensivas, las
pertenecientes a CI y las enfermedades cerebrovasculares, siguen el mismo comportamiento que
los valores de mortalidad, destacando un descenso de otras enfermedades isquémicas del corazon
entre los afios 2006 y 2007.
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Figura 2. Tasas de mortalidad y morbilidad hospitalaria para distintas enfermedades cardiovasculares (ECV) por
sexo, en individuos > 50 afios. a) Tasas de mortalidad en varones; b) Tasas de mortalidad en mujeres; c) Tasas de
morbilidad en varones; d) Tasas de morbilidad en mujeres.
Figure 2. Mortality and hospital morbidity rates for various cardiovascular diseases (CVD) by sex, in individuals >
50 years. a) Mortality rate in men; b) Mortality rate in women; ¢) Morbidity rate in men; d) Morbidity rate in women.

Diferencias interregionales

Considerando tnicamente el grupo de edad de > 50 afios, la media de la tasa de mortalidad
de la ECV general para el periodo de 1999 a 2010, muestra diferencias significativas entre
comunidades autonomas (fig. 3). Ademas, estas diferencias también estdn presentes en las 6
subdivisiones analizadas (fig. 4). La regioén con las tasas de mortalidad mas elevadas en general
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para estas patologias es Andalucia. Cabe destacar el caso de las islas Canarias por tener unas de
las mayores tasas de mortalidad de CI y enfermedades hipertensivas, mientras que para las
enfermedades cerebrovasculares se encuentra entre las mas bajas. El caso inverso sucede en la
comunidad de Cantabria. Respecto a la insuficiencia cardiaca, los valores son similares en todas
las comunidades.

En relacion a la morbilidad hospitalaria, los datos obtenidos de las tasas de morbilidad en la
ECV general y el resto de enfermedades analizadas en individuos > 50 afios para el mismo
periodo (fig. 3 y 4, respectivamente), también expresan diferencias interregionales. Galicia es una
de las comunidades con menores tasas de morbilidad en general (fig. 4).

Los datos de las diferencias interregionales de mortalidad cardiovascular por sexos tampoco
son uniformes. Para el grupo de edad de > 50 aflos, observamos que tantos los varones como las
mujeres muestran diferencias significativas en todas las enfermedades estudiadas (fig. 5).
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Figura 3. Tasas de mortalidad (I) y morbilidad hospitalaria (II) de la enfermedad cardiovascular (ECV), en
individuos > 50 afios, para ambos sexos en las diferentes comunidades autonomas.
Figure 3. Mortality rates (I) and hospital morbidity rates (II) for cardiovascular disease (CVD), in individuals > 50
years for both sexes in different autonomous communities.

Discusion

La interpretacion de las enfermedades complejas, como las ECV, comprende de un analisis
ambiental y un analisis genético, para su completo entendimiento. El desarrollo de estas
enfermedades se ve incrementado por la edad, el sexo, la historia familiar (Sesso et al., 2001) y
posiblemente el origen étnico (Forouhi et al., 2006). En los ultimos afios, se ha prosperado en el
diagnostico, tratamiento y control de los factores de riesgo involucrados. A pesar de todo, las
ECV siguen siendo la principal causa de muerte y altas hospitalarias en nuestro pais.

Para las ECV en general, el riesgo cardiovascular es superior en los varones y este
incrementa con la edad. Los varones ostentan las tasas de morbilidad mas elevadas y también
muestran un mayor numero absoluto de altas hospitalarias. Esto sucede porque en las mujeres la
deteccion de las ECV suele ser mas tardia (Mosca et al., 2004). En las edades mas avanzadas, el
nimero de mujeres en la poblacion es superior al de los varones. Por este motivo, aunque el total
absoluto de muertes por EVC sea mas elevado en las mujeres, las tasas especificas de mortalidad
son superiores en varones.

El andlisis realizado para evaluar las diferencias entre sexos de las ECV en general, no
mostraba diferencias significativas entre varones y mujeres, tanto para los valores de morbilidad
hospitalaria como para los de mortalidad. Estas diferencias se hacian patentes cuando efectuamos
un andlisis por separado de las diferentes ECV. En referencia a las tasas de morbilidad, las
enfermedades clasificadas como CI y la aterosclerosis fueron las unicas en presentar diferencias
significativas, en cambio, para la tasa de mortalidad, la aterosclerosis fue la unica que no presentd
tales diferencias. Aunque las enfermedades cerebrovasculares sean la causa principal,
ocasionando el mayor numero de muertes cardiovasculares en mujeres, también lo seria en los
hombres si no considerasemos el IAM y otras enfermedades isquémicas del corazéon en un mismo
subconjunto (CI). Este hecho, indicaria un adelanto de la edad promedio de muerte para las
enfermedades cerebrovasculares (Medrano et al., 2005), reforzando los resultados obtenidos en el
analisis de diferenciacion por edad para esta misma enfermedad, en los cuales podiamos observar
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un anticipo significativo (Tablas Suplementarias S1-S14) de la edad promedio de deteccion.
Ademas, demostraria que en Espafia los valores de mortalidad para ECV alin no se han
estabilizado como en la mayoria de paises industrializados (Fuster 1999).
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Figura 4. Tasas de mortalidad (I) y morbilidad hospitalaria (IT) en individuos > 50 para ambos sexos en las diferentes
comunidades auténomas. a) Enfermedad hipertensiva; b) IAM; c¢) Otras enfermedades isquémicas del corazon; d)
Insuficiencia cardiaca; e) Enfermedades cerebrovasculares; f) Aterosclerosis.

Figura 4. Mortality rates (I) and hospital morbidity rates (II) in individuals > 50 years for both sexes in different
autonomous communities. a) Hypertension; b) AMI; ¢) Other ischemic heart disease; d) Heart failure; e) Stroke; f)
Atherosclerosis.

Espafia no ha sido ajena a los cambios globales en los patrones de riesgo. A pesar de todo,
observamos que en la ECV en general, la tendencia a disminuir de la tasa de mortalidad es mayor
que la tendencia en morbilidad (fig. 1c-d). Este descenso ha ocasionado que la ECV haya pasado



a ser la segunda causa de muerte en los varones a partir de 1999, por detrds del grupo de
tumores. Salvo por otras enfermedades isquémicas del corazon, el resto de ECV muestran
diferencias significativas en sus tasas de mortalidad entre 1999 y 2010, con mayores y menores
tasas, respectivamente. La excepcion se encuentra en las enfermedades hipertensivas, donde su
mortalidad y morbilidad se han visto aumentadas. En determinados casos se ha infravalorado el
verdadero impacto demografico de esta enfermedad, pues se le atribuye el desarrollo del 51% de
las enfermedades cerebrovasculares, el 45% de las CI y otras enfermedades como la insuficiencia

hepatica [WHO (2009)].

231 - 260
o6

c)

d)

= <146
C146-175
176 - 205
203 - 235
B 236 - 265

> 265

e)

/[ <12
£312-15
16 - 19
m20-23
.24 -27
-, -7

Figura 5. Tasas de mortalidad por varones (I) y mujeres (II) en individuos > 50 en las diferentes comunidades
autéonomas. a) Enfermedad hipertensiva; b) IAM; ¢) Otras enfermedades isquémicas del corazoén; d) Insuficiencia

Figure 5. Mortality rates por males (I) and women (II) in individuals > 50 years in different autonomous
communities. a) Hypertension; b) AMI; ¢) Other ischemic heart disease; d) Heart failure; e) Stroke; f)
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Para el IAM vy las enfermedades cerebrovasculares se observa una disminucion de las tasas
especificas de mortalidad. Sin embargo, aunque en la insuficiencia cardiaca y la aterosclerosis
también hayan experimentado un descenso, en estas enfermedades las tasas de morbilidad siguen
en aumento. El envejecimiento de la poblacion, la aparicion de nuevos instrumentos para el
diagndstico y la mejora en los indices de supervivencia, permiten un mayor numero de
hospitalizaciones e incremento de la carga sociosanitaria. Datos como los obtenidos en diversos
registros y estudios clinicos nacionales como el PRIAMHO (Cabadés et al.,, 1999), el ARIAM
(Lopez et al., 2001) o el PREVESE 1II (Velasco et al., 2002), también se han de tomar en cuenta.

La distribucion de la mortalidad y la morbilidad obtenida de las ECV en las diferentes
comunidades auténomas de Espafia, muestra diferencias significativas. Estos datos, consistentes
con otros estudios realizados [ver por ej. Boix et al. (1998)], se han mantenido casi inalterados
durante el periodo analizado, en general con tasas de mortalidad mas bajas en el norte que en el
sur y al contrario respecto a la morbilidad. Los factores influyentes residen fundamentalmente en
los cambios de las condiciones de vida y habitos socioculturales ligados al area geografica de
residencia, como la dieta o las desigualdades socioeconomicas’. Existen evidencias de una
relaciéon inversa entre las clases sociales y la mortalidad por estas enfermedades (Borrell et al.,
2008) que ha ido aumentando en los ultimos 30 afios. En concreto, los tltimos datos del estudio
ENRICA (Banegas et al., 2011), inciden en un gradiente educativo inverso en algunos de los
principales factores de riesgo.

Espaiia presenta unas de las tasas de mortalidad para ECV mas bajas al compararse con
otros paises europeos ¢ incluso con el resto del mundo [INE (2013)], pero los datos estadisticos
obtenidos demuestran que estas enfermedades, en concreto la CI, son la causa principal de
muertes y altas hospitalarias en el pais durante el periodo de 1999 a 2010. Si bien hemos
observado una clara disminucion de las tasas de mortalidad, el nimero absoluto de defunciones
sigue aumentando. Al mismo tiempo, importantes diferencias tanto de género como regionales
existen para las tasas de mortalidad y morbilidad.
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risk factors.

There are strong evidences that common mitochondrial DNA (mtDNA) haplogroups may influence the patho-
genesis of cardiovascular diseases (CVDs). In this matched case-control study, we investigate the association
between mtDNA haplogroups and two CVDs, myocardial infarction (MI) and stroke, and classical cardiovascular

Data obtained show that haplogroup H constitute a susceptibility risk factor for MI (p = 0.001; OR = 2.379,
95% CI [1.440-3.990]). Otherwise, our data also suggest a beneficial role of haplogroup J against hypertension

(p = 0.019; OR = 0.348, 95% CI [0.144-0.840]). These results may provide some guidance for predicting the
genetic risk of these diseases in different human populations through the differences in energy efficiency be-

tween haplogroups.

1. Introduction

Mitochondria play a central role in energy production of eukaryotic
cells and have essential metabolic functions such as the regulation of
redox state (Handy and Loscalzo, 2012). These organelles possess their
own genome — mitochondrial DNA (mtDNA) — encoding several sub-
units of the electronic transport chain (ETC) and the components of
their translation machinery (Loschen et al., 1974). The mutation rate of
mitochondrial genome, higher than nuclear DNA, lead to the accumu-
lation of a high number of nucleotide changes across evolution. MtDNA
polymorphisms, particularly those arising early in human evolutionary
history, determine classes of continent-specific haplogroups. After early
humans migrated to colder climates, their chances of survival increased
when mutations in their mtDNA resulted in greater body heat produc-
tion (Ruiz-Pesini et al., 2004). These mutations could have decreased
the coupling efficiency of oxidative phosphorylation (OXPHOS), redu-
cing reactive oxygen species (ROS) production, thus requiring more
calories to generate the same amount of adenosine triphosphate (ATP)
(Wallace, 2013a).

Results obtained during the last years suggest that mtDNA hap-
logroups affect differently the assembly and stability of the ETC (Chen

et al., 2012; Kalogeris et al., 2014; Kenney et al., 2014a,b; Malik et al.,
2014; Marcuello et al., 2009; Martinez-Redondo et al., 2010). Tissues
particularly dependent of oxidative metabolism, i.e. cardiac muscle or
central nervous system, are especially vulnerable to alterations in the
mitochondrial function (Gomez-Duran et al., 2010). For that reason,
although mtDNA variation might have permitted our ancestors to adapt
to colder climates, these findings also suggest that mtDNA haplogroups
may play an important role in the predisposition to, or to protection
against certain diseases (Wallace and Chalkia, 2013). In fact, recent
evidences reported the association of mtDNA haplogroups with cardi-
ovascular diseases (CVDs) in European (Castro et al., 2006; Chinnery
et al., 2010; Fernandez-Caggiano et al., 2012, 2013; Finnil4 et al., 2001;
Hagen et al., 2013; Hudson et al., 2014; Kofler et al., 2009; Martikainen
and Majamaa, 2010; Palacin et al., 2011; Rosa et al., 2008) and Asian
populations (Cai et al., 2015; Nishigaki et al., 2007; Yang et al., 2014),
and some classic cardiovascular (CV) risk factors (Gonzalez et al., 2012;
Ebner et al., 2015; Nardelli et al., 2013; Poulton et al., 2002; Rea et al.,
2013; Zhu et al., 2009) in both population. In the same line of evidence,
the production of ROS appears to play an important role in the pa-
thogenesis of atherosclerosis and CVDs (Chang et al., 2010; Peluso
et al., 2012).

Abbreviations: ATP, adenosine triphosphate; CI, Confidence Intervals; CV, cardiovascular; CVDs, cardiovascular diseases; ETC, electronic transport chain; MI, myocardial infarction;
mtDNA, mitochondrial DNA; OR, Odds Ratios; OXPHOS, oxidative phosphorylation; rCRS, revised Cambridge Reference Sequence; ROS, reactive oxygen species
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Myocardial infarction (MI) and stroke are the most frequent CVDs
being the two leading causes of death in Western countries. These
diseases, share a common pathophysiology involving atherosclerosis
and thrombosis (or clotting) (World Health Organization, 2015). De-
velopment of MI and stroke are influenced by the same genetic and
modifiable, environmental factors such as hypertension, diabetes and
hypercholesterolemia. In addition, MI and stroke are also associated
with age, gender, family history and ethnicity (Krzywanski et al., 2011).
However, several studies suggest that reactivity of intra- and extra-
cranial arteries to such factors could be different (Bang et al., 2005;
D'Armiento et al., 2001; Guo et al., 2003; Wei et al., 2007). Thus, be-
cause of the differences in the prevalence of the main etiological fac-
tors, the association of the mtDNA haplogroups with MI and stroke
could be different.

MtDNA variations affect differently the coupling efficiency of the
OXPHOS, leading to changes in bioenergetics response that could be in
CVDs. Moreover, the effect of mtDNA variation can be different de-
pending on the pathophysiology of each disease. To evaluate these
hypotheses, we analyzed the mtDNA haplogroups in two CVDs, MI and
stroke, in the same population and considering the same risk factors.
The main goals of this study were: i) to investigate the possible asso-
ciation between mtDNA haplogroups and MI and stroke, ii) to in-
vestigate the possible association between mtDNA haplogroups and
classical CV risk factors.

2. Material and methods
2.1. Sample collection and DNA extraction

A case-control study was carried out using samples taken from the
Cardiovascular Disease Risk Study of Castile and Leon (Vega Alonso
et al., 2007) in a cross-sectional, observational and descriptive study
performed in Castile and Leon (centre-north region of Spain). A random
sample from general population underwent a health examination in
relation with cardiovascular risk factors in 2004. These individuals
were followed up with the same methodology in 2009 and 2014.
Sampling was performed following Helsinki protocol after informed
consent. Blood samples were placed in the National DNA Bank (Uni-
versity of Salamanca: www.bancoadn.org) where DNA extraction was
carried out using an automated process on a robot Autopure LS (Gentra
Systems, Minneapolis, MN).

For each individual, information about age (categories <= 44,
[45-49], [50-54], [55-59], [60-64], = 65 years), gender, geographic
origin (North, Central and South regions of Castile and Leon), history of
hypertension (= 140/90 mmHg), history of diabetes, history of hy-
percholesterolemia (> 200 mg/dl), cigarette consumption (smokers,
former smokers and non-smokers), presence of overweight or obesity
(body mass index = 25 kg/m?2), presence of high abdominal perimeter
in risk range (risk: =80 cm for women and =94 cm for men) and
presence of high levels of triglycerides (=170 mg/dl) was obtained
from the databases of original study (Vega Alonso et al., 2007).

Cases included in the present study had a clinical history of CVD:
211 individuals presented a history of MI and 154 individuals of stroke.
Two hundred eleven and 154 controls without history of MI and stroke
respectively were selected and matched with cases taking into account
age, gender and geographic origin.

2.2. MtDNA amplification and sequencing

MtDNA haplogroup was defined according to the control region
sequence and coding region polymorphisms.

For each sample, the control region of the mtDNA was amplified
between positions 15,907 and 580 using primers 1L15907: 5-ATACAC
CAGTCTTGTAAACC-3’ (Santos et al., 2005) and H580: 5-TTGAGGAG
GTAAGCTACATA-3’ (Heyer et al., 2001). Polymerase chain reaction
(PCR) was performed according to conditions described by Santos et al.,
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2005.

Control region PCR products were purified using ExoSAP-IT
(Affymetrix, Santa Clara, California) and sequenced using two forward
(L15907; L16485: 5-GAACTGTATCCGACATCTGG-3’) (Santos et al.,
2005) and two reverse primers (H1_8: 5-GGTTAATAGGGTGATAG
ACC-3%; H2.288: 5-GGGGTTTGGTGGAAATTTTT-3’) (Santos et al.,
2005). Sequence reactions were carried out using Big Dye® Terminator
v.3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, USA) ac-
cording to the manufacturer's specifications. Purification of DNA se-
quencing reactions were performed with BigDye XTerminator® Pur-
ification Kit (Applied Biosystems, Foster City, USA) and sequences were
run in an ABI 3730xl sequencer (Servei de Genomica, Universitat Au-
tonoma de Barcelona).

Coding region phylogenetic mtDNA informative polymorphisms
7028, 11,719, 12,308, 12,705, 13,708 and 14,766 were further ana-
lyzed as previously detailed by Santos et al., 2004.

2.3. Data analysis

Sequences were aligned in relation to the revised Cambridge
Reference Sequence (rCRS) (Andrews et al., 1999) using the SeqScape
2.5 software (Applied Byosistems, Foster City, USA). Haplogroup as-
signment was performed according to the nomenclature summarized by
van Oven and Kayser - Phylotree build 17 (Van Oven and Kayser, 2009)
using Haplogrep software (Kloss-Brandstatter et al., 2001).

The mtDNA sequences obtained were grouped in four phylogeneti-
cally related clusters according to their evolutionary proximity: ROa'b,
non-R, JT and UK. Based on the results obtained, groups were split to
look for the effect of particular haplogroups.

McNemar's test or marginal homogeneity test was used to compare
the frequency of CV risk factors (cigarette consumption, hypertension,
diabetes, hypercholesterolemia, overweight or obesity, abdominal
perimeter and triglycerides) between MI and stroke cases and controls.

Frequencies of all mtDNA haplogroup clusters in MI and stroke cases
and controls were compared using McNemar's test. To adjust the as-
sociation analysis for the potential confounding effect of CV risk factors,
a conditional logistic regression was applied. Each haplogroup was
compared to the remaining haplogroups pooled in to a single group.
Odds Ratios (OR) and their 95% Confidence Intervals (CI) were calcu-
lated adjusting for the effect of risk factors.

In order to analyze if convectional CV risk factors (hypertension,
diabetes, hypercholesterolemia, overweight or obesity, abdominal
perimeter and levels of triglycerides) were associated with mtDNA
haplogroups, a logistic regression was applied. In these analyses, only
data from the 365 individuals that belong to the control group (that is,
individuals without history of MI or stroke) were considered.

Statistical analyses were performed using IBM SPSS ver. 22.0 (SPSS
Inc.). All differences were considered significant at p < 0.05.

3. Results
3.1. Association between mtDNA haplogroups and MI

A summary of the sociodemographic, biochemical and clinical
characteristics of MI cases and controls subjects is shown in Table 1.
Hypertension and hypercholesterolemia were significantly higher in MI
cases than in controls [(hypertension: 90.5% vs. 69.2%, respectively;
p < 0.001, McNemar's test) and (hypercholesterolemia: 71.5% vs.
47.4%, respectively; p < 0.001, McNemar's test)] (Table 1). The fre-
quency of individuals with diabetes, overweight or obesity, abdominal
perimeter in risk range, and high triglycerides, was similar in MI cases
and controls.

Detailed mtDNA results of MI cases and controls are reported in
Supplementary Table S1 and the frequencies of mtDNA clusters are
showed in Table 2. Significant differences were found in the distribu-
tion of mtDNA macrohaplogroups between MI cases and controls
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Table 1

Sociodemographic, biochemical and clinical characteristics of myocardial infarction (MI) and stroke cases and controls.
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Controls Patients with MI P-value® Controls Patients with stroke P-value”
n = 211(%) n = 211(%) n = 154(%) n = 154(%)

Age (years)

<44 4(1.9) 6 (2.8) 0(0) 1(0.6)

45-49 11 (5.2) 8 (3.8) 319 3.9

50-54 5(2.4) 7 (3.3) Matched 2(1.3) 4 (2.6) Matched

55-59 13 (6.2) 12 (5.7) 10 (6.5) 6 (3.9)

60-64 20 (9.5) 24 (11.4) 10 (6.5) 14 (9.1)

=65 158 (74.9) 154 (73.0) 129 (83.8) 126 (81.8)
Male/female 128 (60.7)/83 (39.3) 128 (60.7)/83 (39.3) Matched 91 (59.1)/63 (40.9) 91 (59.1)/63 (40.9) Matched
Geographic origin

North 54 (25.6) 54 (25.6) 40 (26.0) 40 (26.0)

Central 88 (41.7) 88 (41.7) Matched 75 (48.7) 75 (48.7) Matched

South 69 (32.7) 69 (32.7) 39 (25.3) 39 (25.3)
Cigarette consumption

Non-smoking 121 (57.3) 105 (49.8) 95 (61.7) 86 (55.8)

Former smoker 57 (27) 82 (38.9) 0.566 41 (26.6) 52 (33.8) 0.448

Smoker 33 (15.6) 24 (11.4) 18 (11.7) 16 (10.4)
Hypertension (= 140/90 mmHg) 146 (69.2) 191 (90.5) < 0.001 120 (77.9) 134 (87) 0.055
Diabetes 40 (19) 54 (25.6) 0.099 22 (14.3) 32 (20.8) 0.144
Hypercholesterolemia (> 200 mg/dl) 100 (47.4) 151 (71.6) < 0.001 64 (41.6) 92 (59.7) 0.002
Overweight or obesity (= 25 kg/m2) 162 (76.8) 158 (74.9) 0.734 118 (76.6) 103 (66.9) 0.092
High abdominal perimeter (> 80 or > 94 cm) 163 (77.3) 159 (75.4) 0.731 120 (77.9) 108 (70.1) 0.169
Triglycerides (= 170 mg/dl) 28 (13.3) 27 (12.8) 1.000 14 (9.1) 15 (9.7) 1.000

MI = Myocardial infarction.

P-value of a paired McNemar test for dichotomous variables samples and Marginal Homogeneity test when a category of the samples is more than two.

@ P-value of McNemar or marginal homogeneity test used to compare controls and MI.

b p.value of McNemar or marginal homogeneity test used to compare controls and stroke.

(Table 2). Cluster ROa'b was more frequent in MI cases (60.7%), dif-
fering significantly from controls (50.7%) (p = 0.050, McNemar's test).
After correction for the effect of CV risk factors with significant dif-
ferences between MI cases and controls (hypertension and hypercho-
lesterolemia), association remained significant for ROa'b (conditional
logistic regression: p = 0.050; OR = 1.550, 95% CI [1.001-2.399]).
For looking the particular haplogroup responsible of the association, a
subdivision of the ROa'b cluster was performed (Table 3). In this case,
haplogroup H was significantly overrepresented in stroke cases (50.7%)
when compared to controls (36.5%) (p = 0.002, McNemar's test).
When corrected for the effect of CV risk factors for MI, significant as-
sociation were still observed in haplogroup H (conditional logistic re-
gression: p = 0.002; OR = 2.379, 95% CI [1.440-3.990]), emerging as
a possible genetic risk factor for MI (Table 3).

Table 2

3.2. Association between mtDNA haplogroups and stroke

Sociodemographic, biochemical and clinical characteristics of
stroke cases and controls are reported in Table 1. The percentage of
individuals with hypercholesterolemia were found to be significantly
more frequent in stroke cases than controls (hypercholesterolemia:
59.7% vs. 41.6%, respectively; p = 0.002, McNemar's test). The ci-
garette consumption profile, the frequency of individuals with hy-
pertension, diabetes, overweight or obesity, abdominal perimeter in
risk range, and high triglycerides were similar in stroke cases and
controls.

MtDNA characterization of stroke cases and controls is available in
Supplementary Table S1 and the mtDNA cluster frequencies are showed
in Table 2. No significant differences between cases and controls were
observed for any of the four groups (Table 2).

Major mtDNA macrohaplogroups frequencies (%) in myocardial infarction (MI) and stroke cases and in control group.

Haplogroup Myocardial infarction (MI) Stroke
clusters
Number of individuals McNemar's test Conditional logistic regression”  Number of individuals McNemar's test Conditional logistic regression”
(%) (%)
Controls Cases P-value P-value  OR [95% CI] Controls Cases P-value P-value OR [95% CI]
ROa'b 107 (50.7) 128 (60.7) 0.050 0.050 1.550 [1.001-2.399] 81 (52.6) 86 (55.8)  0.635 0.630 1.126
[0.695-1.825]
Non-R* 19 (9.0) 11 (5.2) 0.201 0.235 0.597 [0.255-1.399] 16 (10.4) 8 (5.2) 0.134 0.170 0,520
[0.205-1.321]
JT 41 (19.4) 33 (15.6) 0.322 0.748 0.902 [0.481-1.690] 27 (17.5) 27 (17.5) 1.000 0.718 1.129
[0.585-2.179]
UK 44 (20.9) 39 (185)  0.575 0.600 0.628 [0.322-1.119] 30 (19.5) 33(21.4) 0.766 0.984 1.006
[0.545-1.857]
Total 211 211 154 154

@ Non-R including (L*, M* and N*).

b Conditional logistic regression model was performed considering significant covariates for myocardial infarction (hypertension, hypercholesterolemia and pooled haplogroups) and

stroke (hypercholesterolemia and pooled haplogroups).
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Table 3
Subdivision of mtDNA haplogroup R0Oa'b frequencies (%) in myocardial infarction (MI)
cases and in control group.

Haplogroup Myocardial infarction (MI)

Number of individuals McNemar's test Conditional logistic

(%) regression®
Controls Cases P-value P-value OR [95% CI]
H 77 (36.5) 107 0.002 0.001 2.379
(50.7) [1.440-3.990]
HVO0 26 (12.3) 20 0.440 0.136 0.586
(9.5) [0.290-1.182]
ROa'b® 4 (1.9) 1(0.5) 0.375 0.325 0.328

[0.036-3.016]
Total” 211 211

Data for stroke cases and controls not shown.

@ Haplogroup ROa'b except HV.

" Total number of controls and cases (ROa'b, Non-R, JT and UK).

¢ Conditional logistic regression model was performed considering significant covari-
ates for myocardial infarction (hypertension, hypercholesterolemia and pooled hap-
logroups).

3.3. Association between mtDNA haplogroups and CV risk factors

Classical risk factors for CVD stratified by mtDNA haplogroups are
listed in Table 4. A high percentage of individuals without history of MI
or stroke (those that define control group in previous analysis) present
high hypertension (72.9%), overweight or obesity (76.7%) and ab-
dominal perimeter in risk range (77.5%), but lower diabetes (17%),
hypercholesterolemia (41%) and levels of triglycerides (11.5%)
(Table 4).

The JT cluster was significantly more frequent in non-hypertensive
individuals (11%) than hypertensive individuals (7.7%) (logistic re-
gression: p = 0.016; OR: 0.460, 95% CI [0.244-0.868]) (Table 4).
When haplogroups J and T were considered separately, haplogroup J
presents a high frequency in non-hypertensive individuals (14.1%)
compared to hypertensive individuals (6.4%), appearing as a protective
factor for developing hypertension (logistic regression: p = 0.019;
OR = 0.348, 95% CI [0.144-0.840]). No significant association be-
tween mtDNA haplogroups and the remaining CV risk factors (diabetes,
hypercholesterolemia, BMI, abdominal perimeter and levels of trigly-
cerides) was obtained.

Table 4
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4. Discussion

In the present study, we designed a case-control study to explore the
relationship between mtDNA haplogroups and two of the most common
CVDs -MI and stroke- risk in Castile and Leon (Spain) population. This
work analyzed the mtDNA variation in two CVDs, in the same popu-
lation and considering the same CV risk factors.

4.1. Association between mtDNA haplogroups and MI and stroke

The haplogroup distribution in MI and stroke cases was compared to
controls and significant differences were found for MI, reporting hap-
logroup H as a potential genetic risk factor. MtDNA variations affect
differently the assembly and stability of the ETC and, therefore, may
cause different energetic efficiency between haplogroups. In agreement
with our findings, there are several evidences that consider mtDNA
haplogroups as a genetic factor that predispose to, or protect against
certain CVDs (Wallace and Chalkia, 2013).

The results obtained concerning haplogroup H were consistent with
other CVDs-associated studies performed for other Spanish or European
populations (Fernandez-Caggiano et al., 2012, 2013; Hagen et al., 2013;
Hudson et al., 2014; Palacin et al., 2011). Haplogroup H encompasses
over 40% of the total mtDNA variation in most of Europe (Wallace,
2013a) and it is defined by the variants m.14766T > C (MT-CYB),
m.7028T > C (MT-COI) and m.2706G > A (MT-RNR2). Based on the
structural analysis, the non-synonymous variant 14,766 results in the
amino acid substitution Thr7Ile. This change is involved on electron
flow and proton pumping, and could leads to an increase on the effi-
ciency of the complex III Q cycle (Beckstead et al., 2009). Accordingly,
several studies reported important differences in mitochondrial func-
tions between haplogroup H and the rest of European and African
haplogroups (Gomez-Duran et al., 2010; Kenney et al., 2014a,b; Malik
et al., 2014). Using cybrid models (cytoplasmic hybrid), it was showed
that H cybrids appeared to produce higher levels of ROS compared to J,
L and UK cybrids, resulting from the higher oxygen consumption
(VO2max) of H cybrids (Gomez-Duran et al., 2010; Kenney et al.,
2014a,b; Malik et al., 2014). Therefore, individuals belonging to hap-
logroup H may undergo more oxidative damage in their mitochondria
(Marcuello et al., 2009; Martinez-Redondo et al., 2010).

Although cluster ROa'b does not present significant differences be-
tween stroke cases and controls, there was a tendency for the increase
in the percentage of H in stroke cases (51.3%) when compared to
controls (42.9%), indicating that haplogroup H could also act as a risk
factor for stroke. In fact, in recent studies, mtDNA haplogroup H1, U

MtDNA haplogroups frequencies (%) stratified by classical risk factors for CVD in control group.

Haplogroup clusters Hypertension® Diabetes” Hypercholesterolemia® Overweight or obesity? Abdominal perimeter® Triglycerides’
—(%)/+ (%) —(%)/ + (%) —(%)/ +(%) —(%)/+ (%) —(%)/+ (%) —(%)/+ (%)

ROa'b 49 (13.4)/139 (38.1) 157 (43)/31 (8.5) 93 (25.5)/95 (26) 54 (14.8)/134 (36.7) 35 (9.6)/153 (41.9) 165 (45.2)/23 (6.3)

Non-R' 10 (2.7)/25 (6.8) 29 (7.9)/6 (1.6) 24 (6.6)/11 (3) 6 (1.6)/29 (7.9) 13 (3.6)/22 (6) 32 (8.8)/3 (0.8)

JT 28 (7.7)/40 (11)* 53 (14.5)/15 (4.1) 42 (11.5)/26 (7.1) 12 (3.3)/56 (15.3) 18 (4.9)/50 (13.7) 64 (17.5)/4 (1.1)

UK 12 (3.3)/62 (17) 64 (17.5)/10 (2.7) 42 (11.5)/32 (8.8) 13 (3.6)/61 (16.7) 16 (4.4)/58 (15.9) 62 (17)/12 (3.3)

Total 99 (27.1)/266 (72.9) 303 (83)/62 (17) 201 (59)/164 (41) 85 (23.3)/280 (76.7) 82 (22.5)/283 (77.5) 323 (88.5)/42 (11.5)

(—) Number of individuals from a given haplogroups without hypertension, diabetes, hypercholesterolemia, overweight or obesity, high abdominal perimeter and high levels of
triglycerides.
(+) Number of individuals from a given haplogroups with hypertension, diabetes, hypercholesterolemia, overweight or obesity, high abdominal perimeter and high levels of trigly-
cerides.
Logistic regression model was performed considering significant covariates for a) Hypertension: age, origin, diabetes, hypercholesterolemia, overweight or obesity, high abdominal
perimeter and high levels of triglycerides; b) Diabetes: origin, hypertension and hypercholesterolemia; ¢) Hypercholesterolemia: sex, hypertension and diabetes; d) Overweight or Obesity:
age, origin, cigarette consumption, hypertension and high abdominal perimeter; e) High abdominal perimeter: age, sex, origin, hypertension and overweight or obesity, and f)
Triglycerides: hypertension.

! Non-R including (L*, M* and N*).

2 Significant association was found between hypertension and the JT cluster (Logistic regression: p = 0.016; OR: 0.460, 95% CI [0.244-0.868]). When subdivided haplogroup J and T,
significant association was remained between hypertension and haplogroup J (Logistic regression: p = 0.019; OR: 0.348, 95% CI [0.144-0.840]).
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and K were associated with onset of stroke in European population
(Chinnery et al., 2010; Finnild et al., 2001; Martikainen and Majamaa,
2010; Rosa et al., 2008).

4.2. MtDNA haplogroups and cardiovascular risk factors

Our findings showed a beneficial role of haplogroup J against hy-
pertension. In accordance, previous studies have identified that hap-
logroups T and J are associated with blood pressure in European po-
pulations (Nardelli et al., 2013; Rea et al., 2013) and the haplogroups M
and D in Asian populations (Zhu et al., 2009). Hypertension is an im-
portant contributor to atherosclerotic-related diseases (stroke and MI)
and its pathogenesis is associated to endothelial dysfunction and in-
creased oxidative stress (Ivanovic and Tadic, 2015). The relationship
between enhanced ROS and hypertension is well established in many
studies involving diet or endocrine-induced and surgically-induced
hypertensive animals (see e.g. Lee and Griendling, 2008). In fact, if
mitochondrial dysfunctions caused an inefficient metabolism in skeletal
and vascular smooth muscles, these would lead to the elevation of
systolic blood pressure and, therefore, would be involved in the de-
velopment of hypertension (Bernal-Mizrachi et al., 2005). In this sense
and in accordance with others (Rea et al., 2013), carriers of mtDNA
haplogroup J may have a lower pressure profile which would benefit
against hypertension.

Haplogroup J is relatively evenly distributed across all Europe,
presenting the highest frequencies in the Northern regions (Ruiz-Pesini
et al., 2004). This haplogroup is defined by 9 variants, 3 of them are
non-synonymous (m. 15452C > A, m. 13708G > A and m.
10398A > G), leading to amino acid changes in MT-CYB: Leu236lle;
MT-ND5: Ala458Thr and MT-ND3: Thr114Ala genes, respectively
(Pierron et al., 2011). These genes are located in subunits of the
Complex I and III of the ETC, which are the most important source of
the intracellular ROS production (Chen and Zweier, 2014; Ott et al.,
2007). Consequently, a changes in these genes may mediate lower RNA
expression of these complexes, promoting heat production, which is
important to adaptation to colder climates by decoupling OXPHOS and
lowering ATP and ROS formation (Ruiz-Pesini et al., 2004; Wallace,
2013b). The inefficiency of the OXPHOS mitochondrial energy pro-
duction found in haplogroup J, could confer an important role in pro-
tection against oxidative damage, and therefore, against hypertension
(Rea et al., 2013).

5. Conclusions

In conclusion, although none of the mtDNA haplogroups sig-
nificantly increased the risk of stroke, a comparison of the data ob-
tained between the MI and stroke groups showed evidence suggestive
that haplogroup H acts as a genetic factor of susceptibility for both
diseases. Otherwise, our data also suggest a beneficial role of mtDNA
haplogroup J against hypertension. These results support the idea that
differences in energy efficiency between haplogroups can help to ex-
plain the different susceptibilities of some individuals and/or popula-
tions toward multifactorial disorders as MI and stroke. In these sense,
mtDNA haplogroup variation can provide some guidance for the pre-
diction of genetic risk of these diseases in different human populations.
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Abstract

Recent studies associated certain type of cardiovascular disease (CVD) with
specific mitochondrial DNA (mtDNA) defects, mainly driven by the central role of
mitochondria in cellular metabolism. Considering the importance of the control region
(CR) on the regulation of the mtDNA gene expression, the aim of the present study was
to investigate the role of the mtDNA CR mutations in two CVDs: stroke and myocardial
infarction (MI). Both, fixed and heteroplasmy mutations of the mtDNA CR in two
population samples of demographically-matched case and controls, were analysed using
154 stroke cases, 211 MI cases and their corresponding control individuals. Significant
differences were found, reporting the m.16145G>A and m.16311T>C as a potential
genetic risk factors for stroke (conditional logistic regression: p=0.038 and p=0.018,
respectively), whereas the m.72T>C, m.73A>G and m.16356T>C could act as possible
beneficial genetic factors for MI (conditional logistic regression: p=0.001, p=0.009 and
p=0.016, respectively). Furthermore, our findings also showed a high percentage of point
heteroplasmy in MI controls (logistic regression: p=0.046; OR= 0.209, 95% CI [0.045-
0.972]). These results demonstrate the possible role of mtDNA mutations in the CR on
the pathogenesis of stroke and MI, and show the importance of including this regulatory

region in genetic association studies.

Introduction

Cardiovascular disease (CVD) is one of the most widespread and common causes
of death in the world. The onset and severity of these diseases are influenced by both
genetic and environmental factors. Recent evidences associate mitochondrial dysfunction

with several cardiovascular manifestations, mainly driven by the central role of



mitochondria in cellular metabolism, particularly in energetically demanding tissues such
as the brain and heart!~.

Human mitochondrial DNA (mtDNA) is 16.6-kb double-stranded circular DNA
molecule that encodes for 13 electron transport chain (ETC) proteins, 2 ribosomal RNAs
(rRNAs) and 22 transports RNAs (tRNAs). The control region (CR) encompasses the
light and heavy strand promoters, the heavy strand origin of replication (On), three
conserved sequence blocks and the termination associated sequences (TAS)>. MtDNA is
more susceptible than nuclear DNA to oxidative damage, probably due to the lack histone
complex and an inefficient DNA repair mechanisms, which may serve as a protective
barrier against external and internal noxious agents as reactive oxygen species (ROS)*.
However, the hypothesis of direct damage by ROS is increasingly criticized and it is
suggested that errors in mtDNA replication and repair may be the main cause of its high
mutation rate (~10-fold greater than in nDNA)>.

Recent evidence have linked certain CVDs with specific mtDNA mutation

!, deletions'?, duplications'> and point or length

including base substitution®!
heteroplasmy'#!” both in coding ¢*1%121415 and noncoding region®*!1:131617 of mtDNA.
In particular, mtDNA mutations located in CR have a potential importance since they
may influence on the regulation of the mtDNA gene expression. In fact, several studies
detected association of a great range of mtDNA variants (with negative or beneficial
effect, both fixed or in heteroplasmy) and different diseases®”.

In general, these disparities could occur because mtDNA mutations in the CR may
not be directly tied to any form of pathology, but could capable of influencing
mitochondrial function through changes in the number of copies, inducing profound
effects on the expression of mitochondrial-encoded gene transcripts and related

enzymatic activities (complexes I, I1I, and IV)!®1°,



The ability of mtDNA mutation to influence in the development of CVDs is directly
related to its prevalence and the severity of its impact on mitochondrial function. In
addition, several studies have demonstrated that due to the differences in the prevalence
of the main etiological factors between intra- and extracranial arteries, the effect of the
mtDNA mutations with stroke and MI could be different?*?*. The main aim of the present
study was to investigate the role of CR mtDNA mutations (fixed or in heteroplasmy) in

two CVDs; stroke and MI.

Results
Analysis of fixed and heteroplasmic mtDNA mutations with stroke

A detailed matrix of all mtDNA positions analyzed in stroke cases and controls
are reported in Supplementary Table S1 and the frequencies of fixed mutations found are
showed in Table 1. The percentages of m.16145G>A and m.16311T>C were
overrepresented in stroke cases (5.2% and 18.2%, respectively) than controls (1.9% and
9.7%, respectively). After correction for the effect of CV risk factors with significant
differences between stroke cases and controls (hypercholesterolemia®¥), significant
association were still observed in m.16145G>A (conditional logistic regression: p=0.038;
OR=4.407, 95% CI [1.086-17.883]) and m.16311T>C (conditional logistic regression:
p=0.018; OR=2.417,95% CI[1.165-5.016]), emerging as a possible genetic risks factors
for stroke (Table 1).

Stability analyses were performed to predict the impact of these mutations.
Several measures as the number of hits in the mtDNA phylogeny, the probability of
mutation, the frequency in the population database and the conservation index (CI) at
nucleotide level, were calculated, and results are showed in Table 1. The results obtained

revealed m.16145G>A and m.16311T>C as non-stable position since they present a



minimum of 37 hits in the phylogeny, a high probability of mutation, a high frequency of
the variant in the population database (here denoted by minor allele frequency [MAF]
>5%) detected on m.16311T>C or low-frequency (MAF 1-5%) in m.16145G>A and a
maximum nucleotide CI of 58% (Table 1). To infer about the impact of m.16145G>A
and m.16311T>C on the stability of secondary structures of the mtDNA, a prediction of
different structures with the wild type (rCRS) and mutant variant was performed. It seems
that m.16311T>C implies a conformational rearrangement, resulting in structure of
Figure 1 as the new predicted minimum free energy solution (-0.40 kcal/mol), causing a
stability reduction of the region. No structural or thermodynamic differences were found
for the m.16145G>A.

The distribution of the heteroplasmic positions between stroke cases and controls
are reported in Table 2. Eighty-eight stroke cases (57.1%) and eighty-six controls (55.8%)
presented point and/or length heteroplasmy, and no significant differences were obtained
between groups. The most prevalent variant detected was a length heteroplasmy located
in the poly-C tract of the HVRII (between positions 303—315 of the mtDNA), which was
present in a 52% of stroke cases and in 46.7% of controls. Point heteroplasmies were
found in six stroke cases and six controls, involving nine different positions of the
mtDNA: 146, 150, 152, 185, 204, 16092, 16093, 16129 and 16399.

The analysis of stability performed to predict the impact of these heteroplasmic
positions is presented in Table 3. In general, these mutations have a minimum of 16 hits
in the phylogeny, were located in hotspots positions, have a high frequency of the minor
variant in the population database (min. height peaks 16.67%), and a low conservation
index, indicated these heteroplasmies have typical characteristics of non-stable positions

(Table 3).



Analysis of fixed and heteroplasmic mtDNA mutations with Ml

MtDNA positions studied for MI cases and controls are available in the matrix of
Supplementary Table S1 and the frequencies of fixed mutations found are reported in
Table 4. The m.72T>C, m.73A>G and m.16356T>C were more frequent in MI controls
(12.3%, 49.3% and 3.3%, respectively) than cases (7.6%, 38.9% and 1.4%, respectively).
When corrected for the effect of CV risk factors with significant differences between MI
cases and control (hypertension and hypercholesterolemia®*), significant association was
observed in these tree mutations (m.72T>C: conditional logistic regression: p=0.001;
OR=0.041, 95% CI [0.006-0.290], m.73A>G: conditional logistic regression: p=0.009;
OR= 0.009, 95% CI [0.307-0.843] and m.16356T>C: conditional logistic regression:
p=0.016; OR= 0.091, 95% CI [0.013-0.639]), emerging as a possible protective genetic
factors for MI (Table 3).

In order to predict the impact of these mutations, several measures were calculated
to analyze the stability of each position, and results are showed in Table 4. The results
obtained revealed that m.72T>C, m.73A>G and m.16356T>C as a non-stable positions
since they present a minimum of 9 hits in the phylogeny, a high probability of mutation,
a high frequency of the variant in the population database (MAF >5%) for m.73A>G and
low-frequency (MAF 1-5%) for m.72T>C and m.16356T>C, and a maximum nucleotide
CI of 79% (Table 4). Using the proposed previously method to predict the impact of these
three mutations on the stability of secondary structure of the mtDNA, it seems that
m.72T>C, m.73A>G and m.16356T>C led to a folded structure with the same minimum
free energy as the wild-type structure (rCRS), which means that these mutations do not
condition the stability of the region.

Classification of the heteroplasmic positions between MI cases and control is

available in Table 2. One hundred twenty-five MI cases (59.2%) and one hundred and



twenty controls (56.8%) presented point and/or length heteroplasmy, being the length
heteroplasmy located in the poly-C tract of the HVRII the most prevalent variant both MI
cases (54.03%) and controls (48.34%). In this analysis, the point heteroplasmy was
significantly more frequent in MI controls (n=11; 5.21%) than cases (n=2; 0.94%)
(logistic regression: p=0.046; OR=0.209, 95% CI [0.045-0.972]) even correcting for the
effect of Ml risk factors (hypertension and hypercholesterolemia?*). These heteroplasmic
positions involving nine different positions of the mtDNA: 73, 146, 150, 152, 204, 16092,
16093, 16129 and 16399.

The stability analysis to identify the impact of these point heteroplasmy is presented
in Table 3. All of them were considered non-stable positions. As previously stated, these
positions presented a minimum of 16 hits in the phylogeny, were located in hotspots
positions, have a high frequency of the minor variant in the population database (min.
height peaks 13.80%) and low CI at nucleotide level (max. 64.4%). No different trends

were observed between stability of these positions in MI cases and controls (Table 3).

Distribution of mtDNA mutations between haplogroups

Haplogroup assignment of all individuals analysed in this article was previously
performed by Umbria et al.>. In Figure 2 are shown the distribution of m.16145G>A and
m.16311T>C for stroke and m.72T>C, m.73A>G and m.16356T>C for MI between the
mtDNA haplogroups. Unlike the rest of mutations, it appears that m.72T>C and
m.16356T>C have a high association with the haplogroups HV0 and U, respectively (Fig.
2). These associations ceases to exist when compared the number of individuals identify
in this article that belonging the haplogrup HVO0 and have m.72T>C with the total of HVO0
cases and controls samples detected by Umbria et al.?*, shown that there are individuals

belonging this haplogroup that do not have the m.72T>C. In the same line, note that the



total number of individuals identify in this study that have m.16356T>C belongs to
haplogroup U. Even though m.16356T>C define different subgroups of U (U2e3, U3alc,
U4 and U5b1), this result was obtained because in this analysis the haplogroup U included
the rest of subhaplogrups of U detected. Otherwise, the frequencies obtained would be
more divided. Hence, the analysis of the distribution of these mutations clearly
demonstrated that they weren’t associated with any particular mtDNA haplogroup.

Therefore, these mutations could act as independent risk factors for haplogroups.

Discussion

In western countries, where the burden of CVD is growing due to effect of CV
risk factors, several studies have already shown the strongly relation of the genetic
factors. However, little is known about the role of mtDNA CR mutations in
development of stroke and MI7-%1L131415.17,

An association of several mtDNA alterations (fixed and in heteroplasmy) in the
two diseases have been detected in the present study. As regards fixed mtDNA
mutations, the set of mutations in stroke and MI cases was compared to controls and
significant differences were found in the two diseases, reporting the m.16145G>A and
m.16311T>C as a potential genetic risk factors for stroke, and m.72T>C, m.73A>G and
m.16356T>C as a possible beneficial genetic factors for MI. It has been previously
described that the CR mutations can be associated across multiple disease, and that the
same variant could had opposite effect (increase or decrease the risk) for two different
disease’. This finding would support our original hypothesis about the consequences that
can affect the mtDNA mutations in the CR depending on the disease.

The CR variants do not act directly on the ETC affecting mitochondria

bioenergetics or ROS generation; they may have an important effect on the genotype by



altering mtDNA gene expression'®!?. The CR contains the main regulatory sequences for
replication initiation and transcription®. Unfortunately, the potential role of the remaining
areas of the CR is still unknown even considering the exceptional economy of
organization of the mtDNA.

Transitions 16145G>A and 16311T>C seem to have a pathogenic role in stroke.
The analysis of distribution of these mutations clearly showed that they are located in
many different haplogroups and consequently these mutations act as haplogroup-
independent risk factors. The m.16145G>A is located between MT-TAS sequence (nt.
16157-16172) and MT-TAS2 sequence (nt. 16081-16138). According to the classic
strand-asynchronous mechanism, recent studies demonstrated that the 5’end of the D-
loop is capable of forming secondary structures?®, which act as a recognition site to
molecules involved in the premature arrest of H strand elongation?’. The biological

importance of this region was confirmed by Brandon et al.?®

who also observed multiple
tumor specific mutations in the pre-TAS region. These observations suggest that
mutations arising near to this conserved motive might be responsible of the alterations in
mtDNA replication and transcription. In the same line, m.16311T>C has been found to
be significantly associated with certain types of cancer?*-!. This mutation was previously
described by Chen et al.*” in patients with prostate cancer and also has been reported in
colorectal cancer’® and more recently in acute myeloid leukemia®!. This mutation is
located between the control elements Mt5 sequence (nt. 16194-16208) and the Mt31
sequence (nt. 16499-16506). In this case, our results showed that m.16311T>C may
implies a reduction in the stability of secondary structure of this region, which would
affect in the binding grade to mtDNA transcription factors, ultimately affecting on the

intensity of transcription regulation®. In both cases, these findings strongly suggest that

mtDNA CR dysfunction may cause a decrease on the mtDNA copy number, which could



affect the efficiency of ETC, lowering the ATP:ADP ratio and increasing ROS

production'®!

, contributing in stroke development.

Concerning M1, our results showed that m.72T>C, m.73A>G and m.16356T>C act
as a beneficial factor for MI. Although a high percentage of individuals with these
mutations belonged to the haplogroups HVO0, H or U, which have been shown to may
have higher oxidative damage®?**>, the distribution of positions 72, 73 and 16356 in
our samples was independent of these haplogroups. Since the role of the mitochondrial
genome in CVD susceptibility remains uncertain, it is difficult to explain how these
mutations can decrease or counteract the progression of MI. Although m.72T>C,

m.73A>G and m.16356T>C have been previously related to certain types of cancer®,

many studies consider that they are recurrent variants common in humans,

Even though the most deleterious mutations are removed by natural selection, a
wide range of milder bioenergetic alterations are introduced in certain populations®’.
Some of these variants as m.72T>C, m.73A>G and m.16356T>C could be advantageous
and seen as way to facilitate survival in specific environments. In contrary, other
mutations as m.16145G>A and m.16311T>C escape of intraovarian selection and could
cause significant mitochondrial defects and stroke develop. Much of the progress in
linkage disequilibrium mapping of complex diseases has been made using the major
assumptions of the CDCV hypothesis, that is, that common alleles cause common
diseases. After found positive associations with common alleles (e.g., those found by
Umbria et al.?¥), it was necessary replicated the results and then look for rarer variants,
with potentially greater penetrance. However, all the mutations analysed in the present
study had a minor allele variant >5% (common variant) or between 1-5% (low-

frequency). Although the common variants often are associated with OR of only between

1.2 and 1.5°%, our results showed high effect size for pathogenic variants, with OR values



of 2.4-4.4, and similarly, high protective effect size of variants found at higher frequency
in controls (ORs <(0.5) relative to cases.

Our findings also showed a significant increase of point heteroplasmy in MI
controls in comparison to cases. This result is contrary to expectations, because the
presence of heteroplasmy has been commonly associated with aging and degenerative
disease, due to a decline in mitochondrial function in both these processes®. Our
registered heteroplasmic positions (16399, 16129, 16093, 16092, 73, 146, 150, 152, and
204) were located in hotspots positions of the hypervariable segments. Recent evidences
demonstrate that an important fraction of mutations detected in heteroplasmy are

t40. Moreover, it is probable

germinal or originated in very early stages of the developmen
that germinal heteroplasmy has a beneficial or risk effect, and our results revealed that
the higher number of point heteroplasmy were overrepresented in MI controls individuals.
This fact, is not surprise because some heteroplasmic positions detected, as m.73G>A,
has been linked in this study as a possible beneficial genetic factors for MI and also it has
been suggested that other heteroplasmic positions, such as 146T>C, 150C>T or 152T>C
may increase longevity*!.

Many studies have shown that heteroplasmic variants without apparent functional
consequences are observed in apparently healthy individuals*****43_In the present study,
the frequency of MI controls with point heteroplasmy in the CR (5.2%; 95% CI [0.045-
0.972]) are slightly higher than those reported by Santos el at.**(3.81%; 95% CI [0.166—
0.737]), but less than described by Ramos et al.* (7.9%; 95% CI [0.041— 0.149]),
demonstrating that heteroplasmy occur with appreciable frequency in the general

population*?. This idea is even more reinforced in front of the present data, since the high

representation of point heteroplasmies detected were located in non-stable positions and



by the fact that no significant differences were found between the frequencies of point

heteroplasmy in stroke cases and controls in the present study.

Conclusions

In conclusion, our finding indicates the possible role of mtDNA CR mutations in
the pathogenesis of stroke and MI. Our results may provide better understanding of the
cellular mechanism by which mtDNA variants contribute to CVD, and endorse the
importance of including this regulatory region of the mtDNA in genetic association

studies.

Material and methods
Subjects

In this study, data from 730 subjects (154 individuals with stroke history, 211
individuals with MI history and their corresponding control individuals -matched for age,
gender and geographic origin-, were used. Samples come from the Cardiovascular
Disease Risk Study of Castile and Leon*®, whose design and analysis have already been
described by Umbria et al.?*. For each individual, we also obtained information about
history of hypertension (>140/90 mmHg), history of diabetes, history of
hypercholesterolemia (>200 mg/dl), cigarette consumption (smokers, former smokers
and non-smokers), presence of overweight or obesity (body mass index >25 kg/m?2),
presence of high abdominal perimeter in risk range (risk: >80 cm for women and >94 cm

for men) and presence of high levels of triglycerides (=170 mg/dl).

MtDNA sequence analysis and heteroplasmy authentication



The mtDNA sequences used in the present study were previously obtained by
Umbria et al.?* although, they were strictly used to classify samples into mtDNA
haplogroups. In the present study, sequences were reassessed and analysed at the
nucleotide level to identify not only fixed mutations but also mutations in heteroplasmy.
The alignment in relation to the to the revised Cambridge Reference Sequence (rCRS)*
and the heteroplasmy detection were performed using the SeqScape 2.5 software (Applied
Byosistems, Foster City, USA) considering a value of 5% in the Mixed Base
Identification option. Only sequences with satisfactory peak intensity and without
background/noise were considered. In this context, some samples were amplified and
sequenced several times (using the same methodology described in Umbria et al.?*) to
obtain accurate sequences to heteroplasmy detection. Moreover, additional analyses were

performed in order to authenticate heteroplasmies.

The authentication of mtDNA heteroplasmy was performed following a similar
strategy to that used by Santos et al.**43,

1. PCR amplification and sequencing of the control region of the mtDNA.

2. To authenticate the results for samples presenting heteroplasmy in step 1, a second
PCR amplification and sequencing were performed.

3. In addition, to exclude a possible contamination of the samples, an analysis of
Short Tandem Repeat (STR) DNA profiling was carried out employing
AmpFISTR® Identifiler® PCR Amplification Kit (Applied Biosystems, Foster
City, USA) following the manufacturer’s protocol.

Thus, point heteroplasmic positions were accepted if they appeared in all the

validation steps and no evidence of sample contamination was detected.



Levels of heteroplasmy were determined using the height of peaks in the
electropherograms**. To calculate the average heteroplasmic levels, the results obtained

for at least two sequence reads of each heteroplasmic position were used.

Data Analysis

Statistical analyses. To compare differences in the CR profile between cases and
controls in both stroke and MI, all fixed and heteroplasmic mtDNA mutations were
compiled into a matrix considering the cases and controls analysed for each disease.

All fixed mtDNA mutations detected in cases and controls (present in a minimum
of 10 individuals) were tested together by using a conditional logistic regression analysis
(forward stepwise model), adjusting the association analysis for the potential confounding
effect of CV risk factors detected previously in Umbria et al-**. Hypercholesterolemia
was considered a CV risk factor with a potential confounding effect for stroke, while both
hypertension and hypercholesterolemia were considered for MI samples. Therefore, Odds
Ratios (ORs) and their 95% Confidence Intervals (Cls) were calculated adjusting for the
effect of these risk factors in each disease. To compare the presence or absence of point
and length heteroplasmy, a logistic regression analysis was used to correct for the effect
of CV risk factors above mentioned**.

Finally, the mtDNA mutations were analysed to evaluated if they were in positions
defined by haplogroups (previously examined in Umbria et al.>*), or acts as an
independent genetic factor.

Statistical analyses were performed using IBM SPSS ver. 22.0 (SPSS Inc.). All
differences were considered significant at p<0.05.

Hits in the phylogeny, population database and Conservation Index (Cl). The

stability of fixed mtDNA mutations and point heteroplasmic position were analysed as



previously detailed by Ramos et al.*>. The number of hits in the phylogeny for each
position was compiled from the updated mtDNA phylogeny — mit. Tree build 17* — and
from Soares et al.>. From these data, it has been possible to calculate the probability of
mutation as the ratio between the observed and the total number of hits. An mtDNA
position was considered a hotspot if the mutation probability was ten time higher that the
expected mean value. In order to calculate the frequency of each variant for a particular
nucleotide position, a database of 3880 mtDNA complete sequences was used. Sequences
were aligned using Clustal W and formatted for further frequency analyses using the
SPSS software. The nucleotide conservation index (NCI) was estimated only across
reference sequences of different primate species (for the list of species and accession
numbers see Supplemental Table S2). Sequences were analyzed using the same method
previously mentioned®.

Structure prediction. Secondary structures were performed to understand the
structural impact of different variants found. The secondary structures for each position
was generated from sequences (A-M) identifies by Pereira et al.?6. All sequences were

submitted to the RNAfold web  server  (http://rna.tbi.univie.ac.at/cgi-

bin/RNAWebSuite/RNAfold.cgi) using default parameters for DNA secondary structures

calculations. The minimum free energy prediction and base pair probabilities were used

to estimate the implication in the molecule.

Data availability
The data that supports the findings of this study are within the paper and its

Supplementary Material File.
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Tables

Position 16145G>A

Position 16311 T>C

Controls: n=154 (%) / Cases: n=154 (%)

3(1.9)/8(5.2)

15 (9.7) /28 (18.2)

Logistic Regression®

p-value 0.038 0.018

OR [95% CI] 4.407 [1.086-17.883] 2.417[1.165-5.016]
Stability analysis

CRS G T

Distribution in population database G:97.2; A:2.8; GAP:0.02 | T:76.9; C:23.0; Y:0.02; GAP:0.02

No. Hits phylogeny (PhyloTree.org) 37 137

No. Hits Soares et al.? 22 120

Probability of mutation 0,00205935 0,01123280

Nucleotide Conservation Index (%)

A:56.3; G:20.8; T:14.6;

C:8.3

T:58.3; C:33.3; G:4.2; A:2.1;

GAP:2.1

Table 1. Complete results of stroke fixed mtDNA mutation analysed. * Conditional regression
model was performed considering significant covariates for stroke (hypercholesterolemia and

mtDNA mutations).
Controls Wi?]ti;?;?(e Controls \I:’?ttrl]er'\\/lti
n=154 (%) n=154 (%)  p-value® OR [95% CI] n=211 (%) n=211(%) p-value? OR [95% CI]
Homoplasmy 66 (42.86) 68 (44.16) 0.896 0.971 [0.621-1.517] 91 (43.13) 86 (40.76) 0.851 1.042 [0677-1.606].
Heteroplasmy 88 (57.14) 86 (55.84) 0.896 1.030 [0.659-1.610] 120 (56.87)  125(59.24) 0.851 0.959 [0.623-1.478]
1PH 1 (0.65) 1 (0.65) 0.590 2.167 [0.130-36.121] 1(0.47) 2(0,95) 0.428 2.693 [0.232-31.217]
ILH 71 (46.10) 70 (45.45) 0.941 0.983 [0.627-1.542] 104 (49.29) 104 (49.29) 0.558 0.878 [0.569-1.356]
>1PH 0 (0.0) 0(0.0) - 0 (0.0) 0 (0.0)
>ILH 15 (9.74) 15 (9.74) 0.832 1.087 [0.502-2.356] 15 (7.11) 19 (9.00) 0.659 1.193 [0.545-2.614]
PH+LH 5(3.25) 5(3.25) 0.907 0.926 [0.257-3.337] 10 (4.74) 0 (0.0) 0.980
Total PH 6 (3.90) 6 (3.90) 0914 1.067 [0.329-3.462] 11(5.21) 2(0.95) 0.022 0,046 [0.045-0.972]
Total LH 86 (55.84) 85 (55.19) 0.960 1.012 [0.645-1.588] 119 (56.40) 123 (58.29) 0.735 0,928 [0.604-1.427]

Table 2. Classification of the analyzed stroke and myocardial infarction (MI) individuals

depending on the type(s) of heteroplasmy they presented. * Logistic regression model was
performed considering significant covariates for stroke (hypercholesterolemia and mtDNA

heteroplasmy) and MI (hypertension, hypercholesterolemia and mtDNA heteroplasmy).



Position mwmumhm Het CRS Zﬂwﬂ@ﬂﬂovﬂwﬂhos Distribution in population database Zmuva _M._w_ﬂvm_.wmmwa\ momzqﬂmﬂ_hﬁw_.mm P.chwﬁwzmw\,_ of Nucleotide Conservation Index (%)
146 Cal0_Stroke  T/c T 83.33T 16.67C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313  C:41.7; T:31.3; A:27.1
150  Calll_Stroke 7y C 68T 32C C:88.2; T:11.7; G:0.1; GAP:0.1 74 63 0,00589722  (C:43.8; G:27.1; A:18.8; T:10.4
152 Ca69_Stroke ¢y T 52.94C 47.06T T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7
185  Call5_Stroke Gy G 66.67G 33.33A G:94.6; A: 3.9; T: 1.1; C:0.3; GAP: 0.1; R:0.02 24 24 0,00224656  C:52.1; A29.2; T:12.5; G:6.3
204  Ca79_Stroke ¢ T 54.55T 45.45C T:93.4, C:6.5, A:0.1, GAP:0.1; Y: 0,02 44 43 0,00402509  G:52.1; T:22.9; C:16.7; A:8.3
16129  Cal3_Stroke Gy A 73.33G 26.67A G:84.6; A: 14.9; C: 0.4; R:0.02; GAP: 0.02 93 86 0,00805017  A:87.5; G:8.3; T:2.1; GAP:2.1
146  Co07_Stroke Ty T 69.23T 30.77C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313  C:41.7; T:31.3; A27.1
146  Co68_Stroke  cy T 80C 20T T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313  C:41.7; T:31.3; A27.1
146  Co35_Stroke Ty T 66.67T 33.33C T:81.4; C:18.4; A:0.1; GAP:0.2 121 109 0,01020313  C:41.7; T:31.3; A27.2
152 Col6_Stroke ¢yt T 58.82T 41.18C T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7
16092 ~ Co40_Stroke  cy T 82.35C 17.65C T:98.7, C:1.2; Y:0,1; GAP:0.02 16 17 0,00159131  A:41.7; T:33.3; C:20.8; GAP:4.2
16399 ~ Co62_Stroke Gy A 83.33G 16.67A A:97.4; G: 2.5; T: 0.02; C:0.02; GAP: 0.02; R:0.02 21 26 0,00243377  T:39.6; A:31.3; C:16.7; G;6.3; GAP:6.3
146 Cal20 MI Tl T 63.64T 36.36C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313  C:41.7; T:31.3; A27.1
152 Cal00_M Clt T 52.94C 47.06T T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7
73 Co6_MI Gla A 76G 24A G:80.8; A:19.1; GAP:0.1; C:0.02 12 11 0,00102967  A:41.7; C:35.4; G:22.9
146 Co56_MI Tle T 66.67T 33.33C T:81.4; C:18.4; A:0.1; GAP:0.1 121 109 0,01020313 C:41.7; T:31.3; A27.1
150 Col7_MI Tle C 86.20T 13.80C C:88.2; T:11.7; G:0.1; GAP:0.1 74 63 0,00589722  C:43.8; G:27.1; A:18.8; T:10.4
150 Col23_MI Tle C 82.76T 17.24C C:88.2; T:11.7; G:0.1; GAP:0.1 74 63 0,00589722  C:43.8; G:27.1; A:18.8; T:10.4
152 Co27_MI Tle T 58.82T 41.18C T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7
152 Col84 ML 7y T 52.38T 47.62C T:70.4; C:29.5; GAP:0.1; G:0.02 196 157 0,01469625 C:47.9; T:35.4; A:16.7
204 Col56_MI Tle T 83.33T 16.67C T:93.4,C:6.5, A:0.1, GAP:0.1; Y: 0,02 44 43 0,00402509  G:52.1; T:22.9; C:16.7; A:8.3
16092 Co62_MI Clt T 82.35C 17.65C T:98.7, C:1.2; Y:0,1; GAP:0.02 16 17 0,00159131 A:41.7; T:33.3; C:20.8; GAP:4.2
16093 Col06_MI Clt T 72.22C 27.78T T:93.5, C:6.4; Y:0,1; GAP:0.02 55 79 0,00739493  T:64.6; A:20.8; G:6.3; GAP:4.2; C:4.2
16120  Col29 ML Gy A 81.81G 18.19A G:84.6; A: 14.9; C: 0.4; R:0.02; GAP: 0.02 93 86 0,00805017  A:87.5; G:8.3; T:2.1; GAP:2.1
16399 Co94_MI Gla A 83.33G 16.67A A:97.4; G: 2.5; T: 0.02; C:0.02; GAP: 0.02; R:0.02 21 26 0,00243377  T:39.6; A:31.3; C:16.7; G;6.3; GAP:6.3

Conservation Index)

Table 3. Complete results of stroke and myocardial infarction heteroplasmy position analyzed (position, sample name, heteroplasmy type, heteroplasmy
origin, distribution in population database, number of hits in mtDNA phylogeny [PhyloTree.org] and by Soares et al., probability of mutation and nucleotide



Position 72T>C

Position 73A>G

Position 16356 T>C

Controls: n=211 (%) / Cases: n=211 (%)

26 (12.3)/ 16 (7.6)

104 (49.3) / 82 (38.9)

7(3.32)/3 (1.42)

Logistic Regression®

p-value 0.001 0.009 0.016
OR [95% CI] 0.041 [0.006-0.290] | 0.509 [0.307-0.843] | 0.091 [0.013-0.639]
Stability analysis
CRS T A T
Distribution in lation database T:97.4;C:2.4; G:0.1; G:80.8; A:19.1; T:97.5; C:2.5;
stribution i popuiatio GAP:0.1 GAP:0.1; C:0.02 GAP:0.02
No. Hits phylogeny (PhyloTree.org) 9 12 15
No. Hits Soares et al.? 6 11 19
Probability of mutation 0,00056164 0,00102967 0,00177853
. . T:77.1; GAP:8.3; A:41.7; C:35.4; T:79.2; C:.12.5;
0 9 b 9 b b 9
Nucleotide Conservation Index (%) A:6.3; C:4.2; G:4.2 G:22.9 A:6.3; GAP:2.1

Table 4. Complete results of myocardial infarction fixed mtDNA mutation analysed. * Conditional
regression model was performed considering significant covariates for MI (hypertension,
hypercholesterolemia and mtDNA mutations).



Wildtype Mutation

h p |
Information about 16311T>C mutation

- Wild type sequence: CATAGTACATAAAGCCATTTACCGTACATAG
- Mutation sequence: CATAGCACATAAAGCCATTTACCGTACATAG

- Wild type free energy: -2.30kcal/mol
- Mutation free energy: -0.40 keal/mol

- Wild type Dot-Bracked representation: . ... ((((.((((....))))..))))....
+ Mutation Dot-Bracked representation: ......... G Y i R —
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ABSTRACT

Background and aims: Genetic risk scores (GRSs) summarize cardiovascular risk-
associated variation by aggregating information from multiple risk SNPs. Although
most reports have attempted to evaluate the use of a GRS based on nuclear SNPs, no
studies to date have carried out a GRS for cardiovascular disease (CVDs) using
mitochondrial genome (mtDNA). In this study, we assess the capability of nuclear and
mitochondrial genetic information for improving the discrimination capacity of CVD
over a score based only on clinical information.

Methods: A total of 301 cases with clinical history of CVD and 221 controls were
included in the analysis. GRS was constructed according to the additive model summing
the susceptibility alleles of 11 nuclear SNPs and 5 mitochondrial SNPs previously
associated with CVDs and we studied the association of a GRS with the presence of the
disease using a multivariate conditional logistic regression model and receiver operating
characteristic curve analyses.

Results: The area under the curve (AUC) for the score developed only with clinical
variables (model 1) was 0.697 (95%CI: 0.655-0.739). When nuclear GRS were
combined with the clinical variables (model 2) the new score significantly increased its
AUC to 0.722 (95%CI: 0.677-0.768). Addition of the mtDNA variants to model 2
further increased significantly the AUC to 0.774 (95%CI: 0.733-0.817).

Conclusions: These results show that the use of mitochondrial genetic information
improves the discrimination capacity of CVD beyond the information provided by

clinical information and nuclear GRS in this population.

KEYWORKS
Cardiovascular disease, genetic risk score, mitochondrial variants, single nucleotide

polymorphisms, discrimination capacity



1. Introduction

Ischeamic heart disease and stroke are the world’s leading causes of death,
accounting for a combined 17.6 million death in 2016 [1]. Cardiovascular epidemiology
is characterized by a multifactorial etiology, resulting from a confluence of
environmental and genetic factors [2]. In accordance, it is estimated that the heretability
of CVD reaches 40-55% [3], suggesting that inherited factors are likely to be making a
strong contribution to an individual’s future risk of premature CVD. Therefore, recent
studies have been focused in understanding the role of genetic determinants in CVDs in
order to prevent clinical events.

Over the past 10 years, large-scale sequencing and genotyping studies have
identified more than 700 nuclear single nucleotide polymorphisms (SNPs) published in
the GWAS Catalog [4] and specific mitochondrial SNPs [5-9] significantly associated
with the CVDs. An important amount of such variants has also been associated with
classical cardiovascular risk factors (CVRFs) such as hypertension [10], or low-density
lipoprotein cholesterol (LDL-C) [11]. However, the identification of genetic variants
independently associated with classic CVRFs, are particularly relevant in assessing
cardiovascular risk, since they could be used as new biomarkers candidates for CVDs
[12]. Overall, the effect of these genetic variants on disease risk tends to be small, but
usually additive [13]. To take advantage of the combined knowledge of how these
genetic variants affect CVD progress, multilocus genetic risk score (GRS) have been
developed as a potentially informative biomarker for improving the risk prediction
and/or promoting significant risk re-classification [14,15].

Most reports have attempted to evaluate the use of a nuclear GRS through several
established CVD risk algorithm, such as the Framingham risk score [16] or its different
region-specific scores as REGICOR [17] for Spain population. For this purpose,
cardiovascular risk DNA-chip, Cardio inCode® (Ferrer inCode, Barcelona, Spain), was
the first test designed to predict cardiovascular risk using a genetic score that
incorporates information from 11 nuclear variants associated with CVD [18,19] but not
related to classic CVD risk factors. Nevertheless, to date, there are no studies that have
carried out a GRS for CVDs using mitochondrial genome (mtDNA). Numerous reports

have demonstrated the association between mitochondrial dysfunction with several

cardiovascular manifestations [20,21]. Previous results obtained suggest that mtDNA



variants could affect mitochondrial function through changes in the number of copies,
inducing profound effects on the expression of mitochondrial-encoded gene transcripts
and the coupling efficiency of the OXPHOS (complexes I, III, and IV) [22-24]. These
facts leading to changes in bioenergetics or reactive oxygen species (ROS) generation
that could be related to the development of CVDs [25-28].

After investigated the possible association between mtDNA control region
mutations in two CVDs, MI and stroke, in a case-control study of a Spanish population
[9], we identifying a set of five genetic variants (m.16145G>A; m.16311T>C;
m.16356T>C; m.72T>C and m.73A>Q), with negative or beneficial effect, that could
increase or reduce the susceptibility to developing a CVD. These findings, together with
the already proven improvement of risk estimation obtained with the use of nuclear
GRS by Cardio inCode®, suggests that inclusion of these mitochondrial biomarkers in
the calculation of cardiovascular risk could enhance the discrimination capability of
CVDs. The main goal of this study is to determine the magnitude of the association
between an individual GRS based on the set of mitochondrial genetic variants, and the
presence of CVD. First, we assessed the utility of nuclear GRS to improve the
discrimination capacity beyond classic CVRFs in the same Spain cohort used previously
by Umbria et al. [9,29]. Secondly, we tested whether the addition of mitochondrial
variants in a score that combined clinical variables and nuclear GRS already established

and tested in other populations [18-19], improved the discrimination capacity.

2. Material and methods
2.1. Subjects

The cases and controls analysed in this study were selected from the
Cardiovascular Disease Risk Study of Castile and Leon [30], a population-based study
performed in Castile and Leon (centre-north region of Spain), where a random sample
from general population underwent a health examination in relation with cardiovascular
risk factors in 2014.

A total of 301 cases with clinical history of CVD and 221 controls were included
in this study. For each individual, a DNA sample was available in the Banco Nacional
de ADN and we also obtained information about age (categories <44, [45-49], [50-54],
[55-59], [60-64], >65 years), gender, geographic origin (North, Central and South



regions of Castile and Leon), history of hypertension, history of diabetes, history of
hypercholesterolemia, cigarette consumption (smokers, former smokers and non-
smokers), presence of overweight or obesity (body mass index >25 kg/m2), presence of
high abdominal perimeter in risk range (risk: >80 cm for women and >94 cm for men)
and presence of high levels of triglycerides (>170 mg/dl) [31].

It was considered that a subject suffers from hypertension if the diagnosis of
hypertension was already in his/her clinical history, if the subject was taking
antihypertensive drugs, or if at the moment of the medical examination to enter the
population-based study of cardiovascular risk in Castile and Leon [30] systolic blood
pressure was >140 mmHg or the diastolic blood pressure was >90 mmHg. It was
considered that a subject suffers from hypercholesterolemia if the diagnosis of
hypercholesterolemia was already in his/her clinical history, if the subject was taking
cholesterol-lowering drugs, or if at the moment of the medical examination to enter the
population-based study of cardiovascular risk in Castile and Leon [30] total cholesterol
was >250 mg/dl. It was considered that a subject suffers from diabetes mellitus if the
diagnosis of diabetes mellitus was already in his/her clinical history, if the subject was
taking glycemia-lowering drugs, or if at the moment of the medical examination to enter
the population-based study of cardiovascular risk in Castile and Leon [30] glycemia was
>125 mg/dl.

As cardiovascular events we have considered fatal and non-fatal myocardial

infarction as well as ischemic stroke.

2.2. Selection of genetic variants, genotyping and multilocus risk score generation

Mitochondrial variants to assess the association between mitochondrial GRS and
the presence of CVDs were selected from data previously analysed by our group [9].
The variants selected were m.16145G>A and m.16311T>C that could act as a potential
genetic risk factors for stroke and m.72T>C, m.73A>G and m.16356T>C that could act
as a possible beneficial genetic factors for MI.

The selected variants to generate the nuclear GRS were previously described by
Luis-Granella et al. [19]. In brief, the 11 selected genetic variants were associated with
CVDs (p<1x10®) but no with CVRFs (age, gender, origin, cigarette consumption,

hypertension, diabetes, hypercholesterolemia, overweight or obesity, abdominal



perimeter and triglycerides), and they are not related to each other by linkage
disequilibrium (r2>0.3). The list included: rs10455872 in LPA; rs10507391, rs17222842
and rs9315051 in ALOX5AP; rs12526453 in PHACTR1; rs1333049 near CDKN2A/2B;
rs17465637 in MIA3; rs501120 in CXCL12; rs6725887 in WDR12; rs9818870 in MRAS
and rs9982601 near SLC5A3, MRPS6, KCNE2.

To determine the magnitude of the association between an individual GRS using
mitochondrial variants and the presence of CVD, the results of mtDNA variation,
previously published by our group, for 280 cases and 221 controls’ were used and the
control region of mtDNA of 21 additional cases were analysed following the same
methodology described in Umbria et al. [29].

Nuclear variants were genotyped using the Cardio inCode chip (Ferrer inCode,
Barcelona, Spain), which is based on TagMan genotyping assays and the EP1 Fluidigm
platform (an efficient endpoint PCR system for high-sample-throughput SNP

genotyping).

2.3. Estimation of individual risk scores

In order to assess if nuclear and mitochondrial genetic information improve the
discrimination capability of a CV event, we first developed an individual risk score
based on clinical variables, considering those variables significantly different (p<0.05)
between cases and controls (see Table 1). Then, we added the nuclear GRS described in
Lluis-Ganella et al. [19] as a new variable to the clinical risk score, generating a new
risk score with clinical and nuclear genetic information to explore the utility of this
GRS in the study population. After this step, the mitochondrial variables were added to
the risk score based on clinical and nuclear genetic information, developing a new risk
score with clinical and genetic information (nuclear and mitochondrial variables).

Each new risk score was compared against the previous one, to assess if the
addition of new information was relevant, in terms of discrimination capability. All risk

scores were implemented using multivariate conditional logistic regression models.

2.4. Statistical analysis



Baseline demographic and clinical variables of different groups of individuals
were compared through the chi-square test for categorical variables. All differences
were considered significant at p<0.05.

Multivariate conditional logistic regression models were used to develop the
different risk scores. Discrimination capacity of risk scores was evaluated using the area
under the receiver operating characteristic (ROC) curve (AUC). Comparison of AUCs
was performed with the DeLong’s test for paired data [32].

Statistical analyses were performed using R statistical software, version 3.1.3 (R

Development Core Team, 2015).

3. Results
3.1. Sample characteristics

Table 1 shows a summary of the sociodemographic, biochemical and clinical
characteristics of selected cases and controls. Hypertension and hypercholesterolemia
were significantly higher in cases than in controls [(hypertension: 87% vs. 71.9%,
respectively; p<0.001, y*> test) and (hypercholesterolemia: 66.1% Vvs. 45.2%,
respectively; p<0.001, ¥* test)] (Table 1). The cigarette consumption profile, the
frequency of individuals with diabetes, overweight or obesity, abdominal perimeter in
risk range, and high triglycerides, was similar in cases and controls.

The frequency for each mitochondrial and nuclear variant that were included in
our analyses for cases and controls are showed in Table 2. For mitochondrial risk
variants, higher frequencies were observed in cases. By contrast, beneficial mtDNA

variants were more frequents in controls. The distribution of the risk allele for each of

the nuclear variants analysed is similar between cases and controls (Table 2).

3.2. Utility of nuclear GRS in discrimination capacity of CVD

The risk score developed only with clinical variables included hypertension and
hypercholesterolemia as the clinical relevant predictors (Table 3). The AUC for this
score was 0.697 (95%CI: 0.655-0.739). When we include the nuclear GRS described in
Lluis-Ganella et al. [19] as a new predictor jointly with the clinical variables the new

score increases its AUC to 0.722 (95%CI: 0.677-0.768), showing a statistically



significant improvement in the discrimination capacity, AUCs 0.722 vs 0.697

(p=0.0323) (Table 3).

3.3. Improvement in discrimination capacity by adding mitochondrial GRS

The AUC obtained for a GRS constructed in this population with mitochondrial
variants reported in Umbria et al. [9] was 0.630 (95%CI: 0.582-0.678). We created a
third score that included the new mitochondrial GRS jointly with clinical variables
(hypertension and hypercholesterolemia) and the nuclear GRS (Table 3). In this case,
the AUC increases to 0.774 (95%CI: 0.733-0.817), showing a statistically significant
improvement in the discrimination capacity of the risk score without the mtDNA
information (0.774 vs 0.722, p=0.0007) (Table 3). These results indicate that the
addition of mitochondrial variants significantly improves the discrimination capacity of
CVD beyond CVRFs and beyond the joint CVRFs and the nuclear GRS for this

population.

4. Discussion

In this work, we assess the capability of genetic information for improving the
discrimination capacity of CVD over a score based only on clinical information.

First, our results show that the nuclear GRS described in Lluis-Ganella et al. [19]
and used to analyse the improvement in discrimination of coronary heart disease, have
also shown its utility in CVD (specifically for MI and stroke) in the population analysed
in the present study. Moreover, when mtDNA variables are also considered in the
combined score (based on clinical variables and nDNA), we obtain a significant
improvement in the discrimination capacity over the clinical variables and over the
clinical variables together with the nuclear GRS. In this regard, as previously indicated,
recent evidence associated the cardiovascular disease (CVD) with specific
mitochondrial DNA (mtDNA) defects, mainly driven by the central role of
mitochondria in cellular metabolism [20-24]. The ability of mtDNA mutation to
influence in the development of CVDs is directly related to its prevalence and the
severity of its impact on mitochondrial function.

In this study, we have used a case-control design, but considering that the nuclear

genetic variants have shown not only discriminative capacity but also predictive



capacity, it is also credible that the mitochondrial variants will also have predictive
capability. The genetic variants included are invariable over time. These variants
indicate a predisposition that will be recognised phenotypically sooner or later or never
in a CV event according to environmental and lifestyle variables. For this reason, the
AUC of mitochondrial GRS is relatively low as it is that of the nuclear GRS alone. In
the study, we have introduced clinical variables such as hypertension and
hyperlipidaemia as manifestation of environmental and lifestyle variables, which are
associated with a greater risk of suffering an event, in order to demonstrate that clinical
variables when added to the genetic variants, would improve the discrimination
capability.

To date, there are many studies using multiple variants previously associated with
different CVDs hoping to improve the discrimination capacity and the predictive risk
[33-35]. To our knowledge, the present study is the first to demonstrate that the
employment of a GRS based on mitochondrial variants significantly improve
discrimination capacity of CVD beyond the information provided by classic CVRFs and
nuclear GRS.

At this time, all studies in which we can reference our results have always used
nuclear variants for analysis. Mega et al. [36], investigated an association of a GRS
based on 27 genetic variants with incident or recurrent CHD. This GRS divided the
population into low, intermediate and high-risk groups, permitting that people with the
highest burden of genetic risk derived the large clinical benefit from statin therapy.
From here, several studies also showed an improved in discrimination and
reclassification of risk beyond established clinical criteria [37-41]. In a recent study
conducted by Khera et al. [42], using a GRS to quantified generic risk for CAD in three
prospective cohorts, the authors determined that relative risk of cardiac events among
patients at high GRS was 91% higher than in patients at low GRS. Furthermore, they
showed that a favourable lifestyle (no current smoking, no obesity, regular physical
activity, and a healthy diet) was associated with a nearly 50% lower risk of CAD than
was an unfavourable lifestyle among patients at high GRS, indicating that genetic and
classic CVRFs are mostly independently associated with susceptibility to CVDs. The
results of Inouye et al. [43], which took into account 1.7 million nuclear genetic

variants, also demonstrated that the predictive capacity of the genetic risk score is



independent of conventional risk factors. In this sense, similar results have been
obtained with the nuclear genetic variants we have used in our study [44]. Such results
would be in line with our finding that use a nuclear GRS improved discrimination
capacity of CVD, and for the time being, these findings could be extrapolated to the
results obtained with mitochondrial GRS analysis. Therefore, our finding would
promote new studies to include mitochondrial variants together with nuclear variants
into a GRS.

The possible clinical utility of our results relies on their reproduction in a cohort
setting. Kullo et al. [45] found that disclosure of 10-year genetic risk estimates for
coronary artery disease (CAD) resulted in LDL-C levels that were ~10 mg/dl lower
among participants with high genetic risk compared to participants undergoing risk
assessment restricted to conventional risk factors. However, other studies concluded
that providing a GRS to the participants not function as a motivator to improve
adherence to risk-reducing strategies [46,47]. Even so, this finding could improve cost
effectiveness of genetic testing for CVD because this mitochondrial GRS involves only
the genotyping of five SNPs.

Despite our promising results, some limitations of our study should be
acknowledge. In this work, the relevant clinical variables were hypertension and
hypercholesterolemia. One could think on the REGICOR score (which is the
Framingham score calibrated to the Spanish population) as a best option to consider for
this purpose [48], but in our population, we do not have the clinical variables included
in REGICOR but collected 10 years before the CVD as this is a case-control study and
cases have been already treated and some variables included in the Framingham score

(like total cholesterol) are highly influenced by the effect of treatment [49,50].

4.1. Conclusions

In conclusion, this study has shown that the use of genetic information improve
the discrimination capacity of CV events. The combination of nuclear and
mitochondrial GRS increases the AUC results, enlarging the discrimination power of
analysis. However, the clinical implication of the addition of genetic factors for
discrimination and reclassification of risk remain unknown, especially when it comes to

mitochondrial genetic variants. In near future, this will be of clinical utility, but further



studies are needed to validate the results and confirm the cost benefit to their

implementing and the acceptability of such genetic test to the society.
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Table 2. Distribution of mitochondrial and nuclear SNP frequencies among cases and controls.

Frequencies No. (%)

SNPID Controls Cases
(n=221) (n=301)
Mitochondrial DNA
m.16145G>A 8 (3.6) 13 (4.3)
m.16311T>C 29 (13.1) 46 (15.3)
m.72T>C 28 (12.7) 18 (6)
m.73A>G 98 (44.3) 127 (42.2)
m.16356T>C 8 (3.6) 4 (1.3)
Nuclear DNA (risk allele)
rs10455872 (G) 26 (11.8) 56 (18.6)
rs10507391 (T) 191 (86.4) 250 (83.1)
rs17222842 (A) 30 (13.6) 40 (13.3)
rs9315051 (G) 40 (18.1) 62 (20.6)
rs12526453 (C) 188 (85.1) 264 (87.7)
11333049 (C) 168 (76) 241 (80.1)
rs17465637 (C) 199 (90) 280 (93)
rs501120 (T) 216 (97.7) 296 (98.3)
1s6725887 (T) 57 (25.8) 91 (30.2)
rs9818870 (T) 36 (16.3) 49 (16.3)
rs9982601 (T) 57 (25.8) 72 (23.9)
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