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2. POPIS OZNAKA I KRATICA 

1,25(OH)2D 1,25-dihidroksivitamin D3; kalcitriol (engl. 1,25-dihydroxyvitamin D3) 

25(OH)D 25-hidroksivitamin D, kalcidiol, kalcifediol 

BMI indeks tjelesne mase (engl. body mass index) 

BSLMM Bayesovski rijetki linearni mjeboviti model (engl. Bayesian Sparse Linear Mixed 

Model) 

eQTL ekspresijski kvantitativni lokusi (engl. expression quantitative trait loci). 

fT3  Slobodni trijodtironin (engl. free triiodothyronine) 

fT4  Slobodni tiroksin (engl. free thyroxine)  

GWAS  Cjelogenomska studija povezanosti (engl. genome-wide association study) 

HDL lipoprotein visoke gustoće (engl. high density lipoprotein) 

LD neravnote~a povezanosti (engl. linkage disequilibrium)  

LMM Linearni mjeboviti model (engl. linear mixed model) 

MAF frekvencija rje�eg alela (engl. minor allele frequency) 

MetS Metaboliki sindrom 

MCMC Monte Carlo algoritam (engl. Markov Chain Monte Carlo) 

MR Mendelova randomizacija (engl. Mendelian randomization, MR) 

OR relativni rizik (engl. odds ratio) 

PIP aposteriorna inkluzijska vjerojatnost (engl. posterior inclusion probability) 

PRS poligenski rizik (engl. polygenic risk score) 

RCT randomizirano kontrolirano ispitivanje (engl. randomized controlled trial) 

SNP polimorfizam jednog nukleotida (engl. single-nucleotide polymorphism) 

T4 Tiroksin 



3 

 

T3 Trijodtironin 

Tg Tireoglobulin 

TPOAt Protutijela na btitnu peroksidazu (engl. thyroid proxidase antibody) 

TSH Tireotropin (engl. Thyroid-stimulating hormone) 

TT3 Ukupni trijodtironin (engl. total triiodothyronine)  

WHR omjera struka s bokovima (engl. waist-to-hip ratio)  
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3. PREGLED OBJEDINJENIH RADOVA 
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3.1. UVOD 

3.1.1. Tireoglobulin (Tg)     

Hormoni btitne ~lijezde kljuni su za pravilno funkcioniranje, rast i razvoj svih stanica u tijelu. 

Tireoglobulin (Tg) je najzastupljeniji protein kojeg proizvodi btitna ~lijezda. Ovaj veliki (660 kDa) 

glikoprotein slu~i kao skladibte hormona btitne ~lijezde budući da se proteolizom Tg osloba�aju 

hormoni tiroksin (T4) i trijodtironin (T3) koji se potom otpubtaju u krv (1). Tg se sintetizira u 

tireocitima te prolazi posttranslacijske modifikacije u hrapavom endoplazmatskom retikulumu i 

Golgijevom aparatu prije nego bto se oslobodi u lumen folikula radi jodiranja i proizvodnje hormona 

(2, 3). Zreli Tg se zatim vraća u tireocite, gdje se razgra�uje kako bi oslobodio hormone btitne ~lijezde 

u krvotok (1). Intaktni Tg tako�er mo~e ući u krvotok putem transcitoze ili iz obtećenih folikula, pri 

emu koncentracija Tg u plazmi korelira s masom btitne ~lijezde i povećava se kod patologije btitne 

~lijezde (4, 5). Istra~ivanje provedeno na blizancima pokazalo je da promjene u koncentraciji 

serumskog Tg imaju sna~nu genetiku komponentu (6).  

U posljednje vrijeme provode se cjelogenomske studije povezanosti (engl. genome-wide association 

studies, GWAS) kako bi se utvrdili genetski imbenici koji su povezani s odre�enim fenotipom ili 

bolestima. Najveća prednost ovog pristupa le~i u tome bto omogućuje istra~ivanje bez unaprijed 

postavljene hipoteze o povezanosti izme�u specifinog gena i fenotipa, pri emu se istovremeno 

testira ak i do nekoliko milijuna genetskih polimorfizama (7). Cjelogenomske studije povezanosti 

otkrile su mnoge genetske polimorfizme koji le~e u osnovi razliitih bolesti i kvantitativnih 

fenotipova. 

Naba nedavna cjelogenomska studija povezanosti otkrila je 16 polimorfizama jednog nukleotida 

(engl. single-nucleotide polymorphism, SNP) unutar gena ST6GAL1 povezanih s koncentracijom Tg 

u plazmi (8). Gen ST6GAL1 kodira enzim beta-galaktozid alfa-2,6-sialiltransferazu 1 koji dodaje 

sijalinsku kiselinu na antenske galaktoze. Ovo je bila prva cjelogenomska studija povezanosti koja je 

istra~ivala gene povezane s koncentracijom Tg u plazmi. Linearni mjeboviti model (engl. linear mixed 

model, LMM) koribten u naboj studiji smatra se zlatnim standardom za mapiranje povezanosti na 

razini cijelog genoma jer uinkovito kontrolira na strukturu populacije i srodnost me�u pojedincima. 

Me�utim, LMM, kao i druge frekvencionistike metode, testiraju samo jedan polimorfizam 

istovremeno. S druge strane, metode koje povezuju fenotipske varijacije s vibestrukim genetikim 

varijantama istovremeno, mogle bi dodatno povećati moć otkrivanja uzronih varijanti. Vibestruki 

SNP modeli, probirenja standardnog LMM, predlo~eni su iz Bayesovske perspektive, uzimajući u 

obzir alternativne apriorne distribucije na efekte polimorfizama. U prilo~enoj studiji (Rad 1), ukljuili 
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smo novih 1 096 ispitanika s izmjerenom koncentracijom Tg u plazmi kako bismo replicirali naba 

prethodna otkrića i dodatno istra~ili genetiku pozadinu Tg. Proveli smo cjelogenomsku analizu 

povezanosti koristeći frekvencionistike i Bayesovske pristupe, kao i procjenu nasljednosti i 

genomsku predikciju koncentracije Tg koristeći Bayesovske pristupe. Naposljetku, meta-analizom 

smo objedinili rezultate nabe nove cjelogenomske analize s prethodno objavljenim cjelogenomskim 

rezultatima u zdru~enom skupu podataka od 2 190 ispitanika. 

3.1.2. Metaboli�ki sindrom (MetS) 

U klinikoj praksi, neaktivna btitna ~lijezda esto se opa~a zajedno s metabolikim sindromom 

(MetS). MetS je definiran kao skup kardiometabolikih abnormalnosti koje ukljuuju pretilost, 

hipertenziju, hiperglikemiju i dislipidemiju. Zbog svoje visoke prevalencije i slo~enosti, MetS je 

razliito definiran od strane razliitih organizacija. Tri najebće koribtene definicije dolaze od 

Svjetske zdravstvene organizacije (1998.) (9), Amerikog Nacionalnog programa obrazovanja o 

kolesterolu - Panel lijeenja odraslih III (engl. National Cholesterol Education Program Adult 

Treatment Panel III, NCEP-ATP III, 2001.) (10) te Zajednike privremene objave (engl. Joint Interim 

Statement, JIS, 2009.). Definicija JIS rezultat je suradnje best vodećih organizacija u ovom podruju, 

kroz koju je zakljueno da ne postoji jedinstveni kriterij za definiranje metabolikog sindroma, te da 

opseg struka i dalje ostaje glavni alat za njegovo otkrivanje (11). U nabem radu (Rad 2) fokusirali 

smo se na definiciju JIS, koribtenu u najvećoj cjelogenomskoj studiji povezanosti MetS kao binarne 

varijable u UK Biobanci (12). Nedavno je meta-analiza globalnih podataka od 28 milijuna osoba 

procijenila globalnu prevalenciju MetS izme�u 12,5% i 31,4%, ovisno o koribtenim definicijama (13). 

MetS poga�a preko milijardu ljudi birom svijeta i povezan je sa znaajno povećanim rizikom od 

dijabetesa tipa II, kardiovaskularnih bolesti i smrtnosti, bto ga ini jednim od najva~nijih globalnih 

zdravstvenih izazova danas. Nekoliko studija sugeriralo je povezanost izme�u disfunkcije btitne 

~lijezde i MetS ili njegovih komponenti, ali uzronost i smjer tih povezanosti job uvijek nisu dokazani 

(14, 15). Presjene studije pokazale su da je preklapanje izme�u dijagnoze disfunkcije btitne ~lijezde 

i dijagnoze MetS uobiajeno, potvr�ujući njihovu povezanost, ali i postavljajući pitanje smjera 

povezanosti. Pozornost se sada usmjerava na obrnuti uzroni put, odnosno pretpostavku da 

disfunkcija btitne ~lijezde mo~e proizaći iz uinaka MetS, a ne samo da je MetS posljedica disfunkcije 

btitne ~lijezde. Pozitivna povezanost izme�u tireotropina (engl. thyroid-stimulating hormone, TSH) i 

dijagnoze MetS zabilje~ena je u velikom broju studija (15). Ova povezanost se odr~ala ak i kod 

eutiroidnih osoba s koncentracijom TSH unutar referentnog raspona (16, 17). S druge strane, veza 

izme�u slobodnog tiroksina (engl. free thyroxine, fT4) i dijagnoze MetS nije bila tako jednoznana, 

budući da su je neke studije zabilje~avale kao pozitivnu (18), a druge kao negativnu (19, 20). Ova 
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kontradikcija mo~e biti posljedica uobiajenih nedostataka presjenih epidemiolobkih studija, kao bto 

su utjecaj zbunjujućih varijabli i obrnuta uzronost. Prije implementacije ovih rezultata u klinikoj 

praksi, nu~no je provesti dodatna istra~ivanja o uzronim vezama koje stoje iza tih povezanosti. 

Mendelova randomizacija (engl. Mendelian randomization, MR) pru~a jedinstvenu metodu za 

identifikaciju uzrone prirode okolibnih faktora rizika (21). MR analiza temelji se na injenici da se 

genetika varijanta povezana s tretmanom tj. faktorom izlo~enosti mo~e koristiti kao instrumentalna 

varijabla za procjenu uzronog uinka tretmana na ishod od interesa (22). MR studije istra~ile su 

uzronu ulogu funkcije btitne ~lijezde na neke komponente MetS, poput lipida u krvi (23, 24), omjera 

struka s bokovima (engl. waist-to-hip ratio, WHR) ili indeksa tjelesne mase (engl. body mass index, 

BMI) kao pokazatelja pretilosti (23, 25, 26), te krvnog tlaka (23). Me�utim, do objave nabe studije 

(Rad 2), dvosmjerna uzrona povezanost izme�u funkcije btitne ~lijezde i MetS kao binarnog ishoda 

nije testirana koristeći MR pristup. 

3.1.3. Vitamin D 

Meta-analize i mnogobrojne presjene studije pokazale su da nedostatak vitamina D mo~e biti 

imbenik rizika za razvoj hipotireoze, autoimunih poremećaja btitne ~lijezde i raka btitne ~lijezde (27-

29). Velika longitudinalna studija temeljena na elektronikim zdravstvenim zapisima otkrila je da 

suplementacija vitaminom D rezultira smanjenjem koncentracije TSH i ni~om stopom otkrivanja 

hipotireoze (30). Nedavno randomizirano kontrolirano ispitivanje (engl. randomized controlled trial, 

RCT) pokazalo je da suplementacija vitaminom D smanjuje incidenciju hipotireoze kod ~ena, ali ne 

i kod mubkaraca (31). Nadalje, randomizirana kontrolirana ispitivanja koja su ispitivala uinak 

suplementacije vitaminom D na funkciju btitne ~lijezde kod oboljelih od autoimunih bolesti btitne 

~lijezde otkrila su smanjenje protutijela na btitnu ~lijezdu nakon suplementacije vitaminom D (29). 

Me�utim, odnos izme�u vitamina D i funkcije btitne ~lijezde job uvijek nije u potpunosti razjabnjen. 

Vitamin D postoji u vibe oblika, a dva najva~nija za ljude su vitamin D2 (ergokalciferol) i vitamin 

D3 (kolekalciferol). Većina vitamina D se sintetizira u ko~i nakon izlaganja sunevoj svjetlosti 

(vitamin D3), dok se samo 5310% unosi hranom (vitamini D2 i D3) (32). Izlaganje ko~e sunevoj 

svjetlosti uzrokuje transformaciju 7-dehidrokolesterola u vitamin D3. Vitamin D3 se zatim 

transformira u jetri djelovanjem enzima vitamin D 25-hidroksilaze u 25-hidroksivitamin D 

(25(OH)D, tako�er poznat kao kalcidiol ili kalcifediol). Aktivni oblik vitamina D3, 1α,25-

dihidroksivitamin D (1,25(OH)2D, tako�er poznat kao 1α,25-dihidroksivitamin D3 ili kalcitriol), 

proizvodi se iz 25(OH)D u bubrezima djelovanjem enzima 1α-hidroksilaze (33). Status vitamina D 

uglavnom se odre�uje mjerenjem serumske koncentracije 25(OH)D. Kalcitriol ima nekoliko va~nih 

funkcija, poput imunosupresivnih i antikancerogenih uinaka, te je ukljuen u regulaciju 
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koncentracije fosfata i kalcija, mineralizaciju kostiju, neuromuskularne i imunolobke funkcije, 

regulaciju rasta stanica i ekspresiju vibe od 1000 gena (34, 35). Zbog mnogih nedosljednosti me�u 

studijama, job uvijek nije jasno kako vitamin D utjee na hormone btitne ~lijezde, TSH i koncentraciju 

protutijela na btitnu ~lijezdu. Prije implementacije ovih rezultata u klinikoj praksi, nu~no je provesti 

dodatna istra~ivanja o uzronim vezama koje stoje iza tih povezanosti. Do objave nabe studije (Rad 

3) samo su dvije studije istra~ivale povezanost izme�u vitamina D (uglavnom odre�enog 

koncentracijom 25(OH)D u serumu) i funkcije btitne ~lijezde koristeći MR metodologiju. MR 

metodologija koribtena je za istra~ivanje povezanosti koncentracije 25(OH)D u serumu s rizikom od 

raka btitne ~lijezde, hipotireoze i hipertireoze (36), te povezanosti koncentracije 25(OH)D u serumu 

s koncentracijom protutijela na btitnu peroksidazu (engl. Thyroid proxidase antibody, TPOAt) (37). 

Me�utim, do objave nabe studije (Rad 3) nije istra~ena povezanost izme�u koncentracije 25(OH)D u 

serumu i koncentracije/pozitivnosti TPOAt u populacijama europskog podrijetla. Nadalje, do objave 

nabe studije (Rad 3), povezanost izme�u koncentracije 25(OH)D u serumu s koncentracijom 

slobodnog trijodtironina (engl. free triiodothyronine, fT3) i ukupnog trijodtironina (engl. total 

triiodothyronine, TT3) tako�er nije istra~ena koristeći MR metodologiju. 
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3.1.4. Ciljevi istra~ivanja 

Iz literature je poznato da okolibni i genetiki imbenici igraju kljunu ulogu u odre�ivanju 

koncentracija  hormona btitne ~lijezde. Smatra se da genetiku podlogu slo~enih svojstava, kao bto je 

Tg, ini velik broj genetikih polimorfizama. Stoga je glavni cilj prvog istra~ivanja bio dodatno 

istra~iti gotovo nepoznatu genetiku pozadinu Tg. Od posebnog je interesa bilo utvrditi dijelove 

genoma koji su povezani s koncentracijom Tg u plazmi kako bismo dobili sveobuhvatniji uvid u 

gensku regulaciju funkcije btitne ~lijezde. Tako�er, budući da su koncentracije Tg u plazmi 

kompleksan fenotip, tj. fenotip reguliran i genetikim i okolibnih faktorima, cilj ovog istra~ivanja je 

bio i odrediti udio ukupne fenotipske varijance koji se mo~e pripisati aditivnoj genetikoj varijanci. 

Cilj druge studije bio je ispitati uzronu povezanost parametara btitne ~lijezde (TSH i fT4) s MetS i 

njegovim komponentama, koristeći MR metododologiju i sumarne statistike velikih cjelogenomskih 

studija povezanosti. 

Cilj treće studije bio je procijeniti uzroni uinak serumske koncentracije 25(OH)D na sveobuhvatan 

skup parametara funkcije btitne ~lijezde (TSH, fT4, fT3, TT3, sni~en TSH, poviben TSH, autoimuni 

hipotireoidizam, autoimuni hipertireoidizam, koncentraciju TPOAt i pozitivnost TPOAt) koristeći 

MR metodologiju i sumarne statistike velikih cjelogenomskih studija povezanosti.  

Koristeći metode statistike genetike, velike baze podataka te kauzalno modeliranje, objedinjena 

istra~ivanja imaju za cilj produbiti znanstvene spoznaje o genetikoj pozadini parametara btitne 

~lijezde, te utvrditi uzroni utjecaj razliitih okolibnih i serumskih biomarkera na njenu funkciju. 
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3.2. PREGLED METODOLOGIJE OBJEDINJENIH RADOVA 

3.2.1. Cjelogenomska analiza povezanosti 

3.2.1.1. Ispitanici 

Istra~ivanje je provedeno na ispitanicima iz dvije hrvatske kohorte: iz grada Splita (CROATIA_Split) 

i s otoka Korule (CROATIA_Korula), koji su dio projekta „10 001 Dalmatinac 3 Hrvatska 

biobanka= (38). Ispitanici su regrutirani s otoka Korule u tri faze, a podkohorte su nazvane 

CROATIA_Korula 1, CROATIA_Korula 2 i CROATIA_Korula 3, pri emu je svaka podkohorta 

imala 1.000 sudionika. Za svakog ispitanika bila je dostupna opse~na baza fenotipskih podataka koja 

obuhvaća informacije prikupljene putem anketnih upitnika, antropometrijskih i biokemijskih 

mjerenja te fizikalnih i klinikih pregleda sudionika. U istra~ivanje su bili ukljueni punoljetni 

ispitanici koji su dobrovoljno potpisali informirani pristanak nakon bto su im bili predstavljeni ciljevi 

istra~ivanja. Ispitanici koji su prema anamnezama i detaljnim biokemijskim nalazima mogli imati 

bilo koji oblik bolesti btitnjae, bili su iskljueni iz istra~ivanja. Stoga su iskljueni ispitanici koji su 

sami prijavili poremećaj btitnjae, pojedinci koji uzimaju lijekove za btitnjau ili su podvrgnuti 

operaciji btitnjae, kao i pojedinci s razinama Tg, TSH, fT3, fT4, protutijela na tiroglobulin (engl. 

Thyroglobulin antibody, TgAt) ili protutijela na btitnu preroksidazu (TPOAt) izvan referentnih 

vrijednosti za nabu populaciju.  

Primarna analiza (8) ukljuivala je 1.094 sudionika iz kohorti CROATIA_Split i CROATIA_Korula 

1, a u novoj studiji (Rad 1) ukljuili smo dodatnih 1.096 sudionika iz kohorti CROATIA_Korula 2 

i CROATIA_Korula 3. Ukupan broj sudionika u kombiniranom skupu podataka za meta-analizu 

iznosio je 2.190. Za provo�enje ovog istra~ivanja dobiveno je odobrenje Etikog povjerenstva 

medicinskog fakulteta u Splitu Klasa : 003-08/19-03/0003, uredski broj : 2181-198-03-04-19-0022. 

Dobivena je i suglasnost Etikog povjerenstva KBC Split: Klasa :500-03/19-01/26, uredski broj :2 

181 -147-01/06/M.S.-19-2. 

3.2.1.2. Biokemijska mjerenja 

Plazma za analizu dobivena je iz uzorka periferne krvi, a nakon centrifugiranja i odvajanja krvnih 

stanica odmah je pohranjena na -80°C. Razine hormona btitnjae i protutijela u plazmi sudionika 

odre�ene su odre�ene su kemiluminiscentnom metodom imunoeseja LIAISON (DiaSorin, Saluggia, 

Italy). Referentni rasponi za populaciju u ovoj studiji bili su: Tg 0,2350 ng/mL, TSH 0,333,6 mIU/L, 

fT3 3,3936,47 pmol/L, fT4 10,29321,88 pmol/L, TgAt 53100 IU/mL i TPOAt 1-16 IU/mL. Sva 

biokemijska mjerenja provedena u Laboratoriju za biokemiju zavoda za Nuklearnu medicinu 

Klinikog bolnikog centra Split. 
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3.2.1.3. Genotipski podaci 

Uzorci ispitanika iz podkohorte CROATIA_Korula 1, kao i uzorci 531 sudionika iz Splita (Split 1), 

genotipizirani su koribtenjem platforme HumanCNV370-Duo BeadChip (Illumina, San Diego, 

Kalifornija, SAD). Preostalih 481 ispitanika iz Splita (Split 2) genotipizirano je na platformi Illumina 

HumanOmniExpress BeadChip (Illumina, San Diego, Kalifornija, SAD). Ovi genotipski podaci 

koribteni su u primarnoj cjelogenomskoj analizi za Tg (8). 

U novoj studij (Rad 1), podkohorte CROATIA_Korula 2 i CROATIA_Korula 3 genotipizirane su 

zajedno koribtenjem kombinacije Illumina platformi za genotipizaciju CNV370v1, CNV370-Quadv3 

i OmniExpressExome-8v1-2_A. Na sve direktno genotipizirane podatke primjenjena je kontrola 

kvalitete. Iskljueni su polimorfizmi s frekvencijom rje�eg alela (engl. minor allele frequency, MAF) 

manjom od 1%, oni koji nisu zadovoljavali uvjet Hardy-Weinbergove ravnote~e (p < 1 × 10-6) te 

polimorfizmi koji nisu bili uspjebno genotipizirani kod barem 98% sudionika. Tako�er, iz daljnje 

analize su izostavljeni i ispitanici koji nisu bili uspjebno genotipizirani na najmanje 97% 

polimorfizama.  

Za faziranje i imputaciju podataka u referentni panel Haplotype Reference Consortium (HRC) 

koribteni su Wellcome Sanger Institute alati SHAPEIT v2.r873 i Positional Burrows-Wheeler 

Transform (PBWT) (39). Postupci genotipizacije i imputacije provedeni su na Sveuilibtu u 

Edinburghu. Dodatno smo proveli kontrolu kvalitete na imputiranim podacima. Imputirani 

polimorfizmi koji nisu bili u Hardy-Weinbergovoj ravnote~i (p < 1 × 10-6), s frekvencijom rje�eg 

alela (MAF) manjom od 1% ili s informacijskim indeksom < 0,4, iskljueni su. Spolni kromosomi 

nisu analizirani.  

Zbog raunalne zahtjevnosti vibestrukog SNP pristupa, za Bayesovske modele i usporedne LMM 

analize koristili smo iskljuivo polimorfizme s informacijskim indeksom ≥ 0,9. Konaan broj 

polimorfizama testiranih za povezanost s razinama Tg bio je 7.289.083 za oba pristupa, 

frekvencionistiki i Bayesovski, te 6.554.718 preklapajućih polimorfizama za meta-analizu. Kohorte 

CROATIA_Korula 2 i CROATIA_Korula 3 spojene su s ranije genotipiziranom kohortom 

CROATIA_Korula 1, a ovaj spojeni skup podataka koribten je za analize poligenskog rizika. 

Konaan broj polimorfizama koribtenih za procjenu hiperparametara i analize poligenskog rizika bio 

je 7.289.083. 

3.2.1.4. Statisti�ka analiza 

Cjelogenomske analize povezanosti za Tg u kohortama CROATIA_Split i CROATIA_Korula1 

provedene su u naboj ranije provedenoj GWAS studiji (8). U novoj studiji (Rad 1) proveli smo novu 
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cjelogenomsku analizu povezanosti u nezavisnom kombiniranom skupu podataka 

CROATIA_Korula2 i CROATIA_Korula3, koji se sastoji od 1,096 sudionika. Za analizu 

povezanosti koristili smo dva razliita pristupa: frekvencionistiki LMM i Bayesovski BSLMM 

(engl. Bayesian sparse linear mixed model), oba implementirana koristeći softver GEMMA 0.98.5 

(40). Prije provo�enja cjelogenomske analize povezanosti, razine Tg prilago�ene na utjecaj dobi i 

spola koristeći vibestruki linearni regresijski model u kojem je zavisna varijabla razina Tg, a 

nezavisne varijable dob i spol. Reziduali ovog regresijskog modela oslobo�eni su utjecaja dobi i spola 

te smo ih smatrali novim fenotipom koji smo zatim inverz normalno transformirali na standardnu 

normalnu distribuciju kako bismo ispunili pretpostavke linearnog mjebovitog modela. 

3.2.1.4.1. Frekvencionisti�ki pristup 

Za frekvencionistiki pristup analizi koristili smo standardni LMM definiran na sljedeći nain: � = �α + xβ + u + ε � ~ ý�þ�(0, ��−1�) � ~ ý�þ�(0, �−1��) 

gdje je y vektor Tg reziduala prilago�enih za dob i spol za n = 1,096 ispitanika, W je n×c matrica 

kovarijata (fiksnih uinaka) u nabem sluaju; stupac jedinica, α je c-vektor slobodnih koeficijenta; x 

je n-vektor polimorfizama, β je veliina uinka polimorfizma, u je n-vektor sluajnih uinaka; ε je n-

vektor sluajnih grebaka; » je omjer izme�u dvaju komponenti varijance, K je poznata n×n matrica 

srodstva i In je n×n jedinina matrica. MVNn oznaava multivarijatnu normalnu distribuciju. Veliine 

uinka polimorfizama (β) predstavljaju promjenu u prilago�enim Tg razinama za svaki dodatni 

efektni alel u genotipovima ispitanika. 

LMM implementiran u GEMMA s prethodno definiranom jednad~bom testira alternativnu hipotezu 

H1: β ≠ 0 u odnosu na nulhipotezu H0: β = 0 za svaki polimorfizam pojedinano. Ovakva vrsta analize 

ne mo~e ukljuiti informaciju o me�usobnom odnosu izme�u polimorfizama, budući da se svaki 

polimorfizam analizira unutar svog zasebnog linearnog mjebovitog modela. Kako bismo ukljuili 

informaciju o me�usobnom odnosu polimorfizama, prije svega informaciju o stupnju neravnote~e 

povezanosti (engl. linkage disequilibrium, LD) izme�u parova polimorfizama, koristimo probirenja 

LMM koja zajedniki uzimaju u obzir uinke polimorfizama kroz vibe lokusa. Ovakvi modeli mogu 

pru~iti veću moć za otkrivanje uzronih polimorfizama.   
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3.2.1.4.2. Bayesovski pristup 

Bayesovski linearni mjeboviti modeli mogu zajedniki modelirati sve polimorfizme pretpostavljajući 

razliite apriorne distribucije uinaka polimorfizama. Ovakvi modeli zasnovani su na jednostavnom 

linearnom modelu koji povezuje genotipove  � = ��¼ + Xβ + u + ε � ~ ý�þ�(0, �−1��) 

gdje je y vektor fenotipova izmjerenih na n pojedinaca, X je n × p matrica genotipova izmjerenih na 

tih n pojedinaca za p polimorfizama, β je p-vektor uinaka genetikih polimorfizama, In je n-vektor 

jedinica, ¼ je skalar koji predstavlja prosjek fenotipa, a ε je n-vektor sluajnih pogrebaka koje imaju 

varijancu τ-1. Nab cilj bio je procijeniti parametar β, tj. uinke polimorfizama na razine Tg, ali, budući 

da je broj genetikih markera p u naboj studiji (7,289,083) bio znatno veći od broja pojedinaca n 

(1,096), morali smo primijeniti odre�ene pretpostavke na apriornu distribuciju veliine uinaka β. 

Ove razliite pretpostavke o apriornim distribucijama variraju od infinitezimalnog (tj. poligenskog 

modela) koji pretpostavlja da svi polimorfizmi imaju ne-nula uinak, do direktne suprotnosti, rijetkog 

(engl. sparse) modela koji pretpostavlja da relativno mali dio svih polimorfizama utjee na fenotip. 

Uinkovitost modela ovisi o pravoj genetikoj pozadini prouavanog fenotipa. Me�utim, prava 

genetika pozadina kompleksnih fenotipova je uglavnom nepoznata. Najebće koribten poligenski 

model pretpostavlja da svi polimorfizmi utjeu na fenotip (imaju ne-nula uinak) s nornalno 

distribuiranim veliinama uinaka: � ~ þ(0, ��2) 

Općenitija pretpostavka, koja ukljuuje i poligenski i rijetki model kao posebne sluajeve, jest da 

veliine uinaka dolaze iz kombinacije dviju normalnih distribucija: 

� ~ �þ (0, �ÿ2 + �Ā2�� ) + (1 2 �)þ (0, �Ā2��) 

gdje je π proporcija polimorfizama s velikim uincima, te stoga model pretpostavlja da svi 

polimorfizmi imaju barem mali efekt, gdje je 
�Ā2�� varijanca malih uinaka, a 

�ÿ2�� dodatna varijanca 

velikih uinaka. Rezultirajući model naziva se Bayesov rijetki linearni mjeboviti model (BSLMM) 

(40). Budući da BSLMM pretpostavlja kombinaciju poligenskih i rijetkih uinaka za apriornu 

distribuciju uinaka polimorfizama, mo~e se prilagoditi razliitim genetikim pozadinama 

prouavanih fenotipova. 
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Cjelogenomska analiza povezanosti s velikim brojem polimorfizama u BSLMM uzima u obzir 

srodstvo me�u pojedincima i populacijsku stratifikaciju ukljuivanjem genomske matrice srodstva 

kao sluajnog uinka. Tako�er uzima u obzir neravnote~u povezanosti izme�u polimorfizama tako 

bto procjenjuje veliinu uinka pojedinog polimorfizma istodobno kontrolirajući na druge 

polimorfizme ukljuene u model. BSLMM koristi Monte Carlo algoritam (engl. Markov Chain Monte 

Carlo, MCMC) kako bi konstruirao Markovljev lanac za uzorkovanje iz aposteriorne distribucije 

uinaka polimorfizama (40, 41). Za razliku od p-vrijednosti iz LMM, BSLMM za svaki polimorfizam 

daje aposteriornu inkluzijsku vjerojatnost (engl. posterior inclusion probability, PIP), koja 

predstavlja vjerojatnost povezanosti polimorfizma s fenotipom uvjetno na opa~ene podatke,  a rauna 

se kao proporcija iteracija Markovljevog lanca u kojima taj polimorfizam ima veliki uinak. Za 

polimorfizme koji su zaista povezani s fenotipom oekuje se da će imati velike PIP vrijednosti te su 

ovi polimorfizmi najvjerojatniji kandidati za funkcionalne varijante koje utjeu na fenotip. 

Proveli smo BSLMM na istom skupu podataka (1,096 pojedinaca i 7,289,083 polimorfizama) kao i 

u naboj primarnoj frekvencionistikoj LMM analizi povezanosti kako bismo usporedili jednostavne i 

vibestruke pristupe analizi i potencijalno smanjili uestalost la~no pozitivnih i la~no negativnih 

rezultata. BSLMM lanac pokrenuli smo s 1,000,000 koraka uzorkovanja i 100,000 tranzicija lanca 

(engl. burn-in period). Koristili smo procijenjene PIP vrijednosti iz BSLMM za dodatno mapiranje 

genetskih regija koje su znaajno povezane s razinama Tg. Kako bismo ovo mapiranje vizualizirali, 

p-vrijednosti iz LMM prikazali smo usporedno s PIP vrijednostima iz BSLMM analize u Manhattan 

grafikonima koristeći program R paket "CMplot" (42). 

3.2.1.4.3. Procjena nasljednosti 

Koristeći BSLMM, procijenili smo nasljednost razina Tg u plazmi. Nasljednost h2 (engl. narrow-

sense heritability) definira se kao udio udio fenotipske varijance koji se mo~e pripisati aditivnoj 

genetikoj varijanci. Vrijednosti h2 kreću se od nule do jedan. Vrijednost h2 bli~e nuli sugeriraju da 

većina varijabilnosti u fenotipu me�u pojedincima potjee od okolibnih imbenika, uz minimalan 

utjecaj genskih razlika. S druge strane, vrijednost h2 bli~e jedinici ukazuje na to da je gotovo cijela 

varijabilnost u fenotipu rezultat genskih razlika, uz malen doprinos imbenika okoliba. 

3.2.1.4.4. Model poligenskog rizika 

Ukoliko je vrijednost h2  dostatna, predikcija fenotipova iz genotipova za novopromatrane pojedince 

mo~e uvelike pomoći razvoju personalizirane medicine. Me�utim, za to su potrebne statistike 

metode koje mogu tono modelirati poligensku genetiku pozadinu prouavanog fenotipa. To se 

posti~e konstrukcijom modela poligenskog rizika (engl. polygenic risk score, PRS). Najjednostavniji 
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model poligenskog rizika je te~inska suma genotipova poimorfizama koji su statistiki znaajni u 

cjelogenomskoj studiji povezanosti, pri emu su te~ine upravo procijenjene veliine uinka (β) (43). 

U naboj analizi, nismo se ograniavali samo na statistiki znaajne polimorfizme, već smo za 

konstrukciju modela poligenskog rizika iskoristili sve dostupne polimorfzme (7,289,083 

polimorfizama). Slino kao i u cjelogenomskoj analizi povezanosti, razine Tg prilagodili smo na 

utjecaj dobi i spola koristeći vibestruki linearni regresijski model u kojem je zavisna varijabla razina 

Tg, a nezavisne varijable dob i spol. Reziduali ovog regresijskog modela oslobo�eni su utjecaja dobi 

i spola te smo ih smatrali novim fenotipom koji smo zatim inverz normalno transformirali na 

standardnu normalnu distribuciju. Kohorte CROATIA_Korula 2 i CROATIA_Korula 3 spojene su 

s ranije genotipiziranom kohortom CROATIA_Korula 1 te je ovaj kombinrani skup podataka 

koribten za kostrukciju poligenskog rizika. Podaci ispitanika iz kombiniranih kohorti 

CROATIA_Korula 2 i CROATIA_Korula 3 koribteni su kao podaci za treniranje, dok su podaci 

ispitanika iz kohorte CROATIA_Korula 1 koribteni kao podaci za testiranje. Na podacima za 

treniranje prilagodili smo BSLMM model, a njegovu prediktivnu uinkovitost procijenili smo 

izraunavanjem Pearsonovog koeficijenta korelacije izme�u predvi�enih i opa~enih vrijednosti u 

skupu podataka za testiranje. Procjena h2 predstavlja teoretsku gornju granicu za tonost modela 

poligenskog rizika (43). Zbog toga smo oekivali da tonost predikcije najuinkovitijeg modela 

poligenskog rizika za razine Tg u plazmi neće premabiti procijenjenu vrijednost nasljednosti h2. 

3.2.1.4.5. Meta-analiza 

U fazi meta-analize, kombinirali smo sumarnu statistiku nabe prethodno provedene i objavljene 

cjelogenomske studije povezanosti u kohortama CROATIA_Split i CROATIA_Korula1 (8) s nabim 

novodobivenim rezultatima u kohortama CROATIA_Korula2 i CROATIA_Korula3 koristeći 

metodu inverzne varijance s fiksnim uincima. Kako bismo vizualizirali rezultate meta-analize, 

generirali smo Manhattan dijagram te grafikon kvantila dviju numerikih varijabli (Q-Q grafikon)  

koristeći program R i paket "qqman" (44). Grafikon povezanosti za genomsku regiju unutar 500 kb 

od najva~nijeg otkrivenog signala kreirali smo koribtenjem softvera Locus Zoom (45). 

3.2.1.4.6. Kolokalizacijska analiza 

Projekt Genotype-Tissue Expression (GTEx) (46) pru~a znanstvenoj zajednici resurs za prouavanje 

ljudske genske ekspresije i regulacije te njihovog odnosa s genetskim varijacijama. Analizom 

ekspresije RNA unutar pojedinih tkiva i tretiranjem razina ekspresije gena kao kvantitativnih osobina, 

varijacije u ekspresiji gena koje su visoko korelirane s genetskom varijacijom mogu se identificirati 

kao ekspresijski kvantitativni lokusi (engl. expression quantitative trait loci, eQTL). GTEx baza 

podataka sadr~i analize razina mRNA u 49 razliitih tkiva, ukljuujući tkivo btitne ~lijezde dobiveno 
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od 574 donora s dostupnim genotipskim podacima. Podaci koribteni u naboj kolokalizacijskoj analizi 

dobiveni su iz GTEx portala. Kolokalizacijsko testiranje pribli~ava nas utvr�ivanju uzronih odnosa. 

Ako je polimorfizam znaajno povezan i s razinama Tg i s ekspresijom gena, tj. taj polimorfizam je 

eQTL, to mo~e ukazivati na regulatornu ulogu polimorfizma na ekspresiju gena u putu koji utjee na 

razine Tg, bto se mo~e smatrati vertikalnom pleiotropijom. Koribtenjem alata LocusFocus (47) ispitali 

smo jesu li nabi signali iz meta-analize kolokalizirani s eQTL signalima. Za izvo�enje 

kolokalizacijske analize, integrirali smo podatke iz nabe meta-analize sa eQTL podacima iz tkiva 

btitnjae iz GTEx projekta v8. 

3.2.2. Analiza Mendelove randomizacije 

3.2.2.1. Povezanost funkcije btitne ~lijezde s MetS 

Koristeći dvosmjernu MR analizu sa sumarnim statistikama, istra~ili smo kauzalni uinak TSH i fT4 

unutar referentnog raspona na MetS i njegove komponente. U obrnutom smjeru MR analize 

procijenili smo kauzalni uinak MetS i njegovih komponenti na funkciju btitne ~lijezde, odnosno na 

TSH i fT4. Koristili smo najopse~nije GWAS sumarne statistike za TSH, fT4, MetS, glukozu, opseg 

struka, hipertenziju, trigliceride i kolesterolsku frakciju lipoproteina visoke gustoće (HDL kolesterol). 

U svakoj kombinaciji izlo~enosti i ishoda uzorci su prikupljeni iz dviju neovisnih, ali homogenih 

populacija, obje europskog podrijetla. Budući da su svi podaci preuzeti iz javno dostupnih sumarnih 

statistika, nije bilo potrebno etiko odobrenje. Ukupno smo proveli 24 MR analize kako bismo 

istra~ili dvosmjernu povezanost izme�u funkcije btitne ~lijezde i metabolikog sindroma (Rad 2). 

Kratak opis koribtenih sumarnih statistika prikazan je u Tablici 1. 

Tablica 1. Karakteristike koribtenih cjelogenomskih studija povezanosti u prvoj MR studiji 

Fenotip Konzorcij Veli�ina uzorka (n) Populacija Referenca 

Izlo~enost/Ishod 

TSH HUNT & MGI & 

ThyroidOmics 

119 715 Europska Zhou i sur. (48) 

 

fT4 ThyroidOmics 49 269 Europska Teumer i sur. (49) 

Ishod/Izlo~enost 

MetS UK Biobank 291 107 Europska Lind i sur. (12) 

Glukoza MAGIC 200 622 Europska Chen i sur. (50) 

Opseg struka UK Biobank 462 166 Europska MRC-IEU (51-53) 

Hipertenzija UK Biobank 463 010 Europska MRC-IEU (51-53) 

Trigliceridi UK Biobank 441 016 Europska MRC-IEU (51-53) 
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HDL kolesterol UK Biobank 403,943 Europska MRC-IEU (51-53) 

MetS, metaboliki sindrom; fT4, slobodni tiroksin; TSH, tireotropin. 

3.2.2.2. Povezanost funkcije btitne ~lijezde s vitaminom D 

Proveli smo MR analizu koristeći sumarne statistike cjelogenomskih studija kako bismo ispitali 

moguće kauzalne uinke razina vitamina D na funkciju btitne ~lijezde i poremećaje btitne ~lijezde. 

Funkciju btitne ~lijezde istra~ili smo kroz sljedeće fenotipove: TSH unutar referentnog raspona, fT4 

unutar referentnog raspona, fT3 unutar referentnog raspona, TT3 unutar referentnog raspona, sni~en 

TSH, poviben TSH, TPOAt, pozitivnost na TPOAt, autoimuni hipotireoidizam i autoimuni 

hipertireoidizam (Tablica 2). Za svaku kauzalnu povezanost koju smo ispitivali koristili smo podatke 

iz dviju neovisnih, ali homogenih populacija europskog podrijetla. Naba studija (Rad 3) obuhvatila je 

ukupno 20 MR analiza s ciljem rasvjetljavanja odnosa izme�u koncentracije 25(OH)D u serumu i 

funkcije btitne ~lijezde. Etiko odobrenje nije bilo potrebno jer su svi podaci koribteni u ovoj studiji 

preuzeti iz javno dostupnih sumarnih statistika cjelogenomskih studija povezanosti. 

Tablica 2. Karakteristike koribtenih cjelogenomskih studija povezanosti u drugoj MR studiji 

Fenotip Konzorcij Veli�ina uzorka (n) Populacija Referenca 

Faktor izlo~enosti 

Koncentracija 

25(OH)D 

UK Biobank 443 734 Europska Manousaki i sur. (54) 

 

Koncentracija 

25(OH)D 

UK Biobank 417 580 Europska Revez i sur. (55) 

Ishod 

TSH ThyroidOmics  271 040 Europska Sterenborg i sur. (56)  

fT4 ThyroidOmics 119 120 Europska Sterenborg i sur. (56)  

fT3 ThyroidOmics 59 061 Europska Sterenborg i sur. (56) 

TT3 ThyroidOmics 15 829 Europska Sterenborg i sur. (56) 

Sni~en TSH ThyroidOmics 153 241 Europska Sterenborg i sur. (56) 

Poviben TSH ThyroidOmics 141 549 Europska Sterenborg i sur. (56) 

TPOAt koncentracija ThyroidOmics 12 353 Europska Medici i sur. (57) 

TPOAt pozitivnost ThyroidOmics 18 297 Europska Medici i sur. (57) 

Autoimuni 

hipotireoidizam 

FinnGen 287 247 Europska Kurki i sur. (58) 

Autoimuni 

hipertireoidizam 

FinnGen 257 552 Europska Kurki i sur. (58) 
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fT3, slobodni trijodtironin; fT4, slobodni tiroksin; TPOAt, protutijela na btitnu peroksidazu; TSH, tireotropin; TT3, 

ukupni trijodtironin. 

Dvije velike cjelogenomske studije povezanosti za koncentraciju 25(OH)D u serumu objavljene su 

2020. godine, s razmakom od mjesec dana. Oba istra~ivanja koristila su podatke iz UK Biobank, bto 

je rezultiralo s 417,580 ispitanika u analizi Revez i sur. (55) te 443,734 ispitanika u analizi Manousaki 

i sur. (54), budući da je u potonju studiju ukljuena i dodatna kohorta sudionika europskog podrijetla. 

Kako bismo iskljuili pristranost povezanu s izborom cjelogenomske studije povezanosti, proveli smo 

svoje analize koristeći oba skupa podataka. Obje studije koristile su linearni mjeboviti model za 

analizu povezanosti, no kovarijate i koribtene transformacije znaajno su se razlikovale izme�u 

studija. Kako bismo procijenili stupanj podudarnosti izme�u rezultata dvaju cjelogenomskih studija 

povezanosti, izdvojili smo zajednike instrumentalne polimorfizme i izraunali koeficijente 

korelacije za procjene uinaka (β) i p-vrijednosti. Budući da su u sumarnim statistikama iz obje studije 

nedostajali jedinstveni indetifikatori polimorfizama (rsID), imputirali smo ove informacije koristeći 

program SumStatsRehab (59). 

3.2.2.3. Statisti�ka analiza 

Kako bi MR analize pru~ile pouzdane kauzalne procjene, genetski instrumenti moraju zadovoljiti tri 

kljune pretpostavke instrumentalnih varijabli: 1) Relevantnost, bto znai da instrumenti moraju biti 

sna~no povezani s faktorom izlo~enosti; 2) Razmjenjivost, pri kojoj instrumenti nisu povezani ni s 

jednim zbunjujućim imbenikom koji mo~e utjecati i na izlo~enost i na ishod; te 3) Iskljuivost, bto 

znai da instrumenti utjeu na ishod iskljuivo putem faktora izlo~enosti (22). Kako bismo provjerili 

zadovoljava li naba analiza pretpostavku relevantnosti, izraunali smo udio u varijanci faktora 

izlo~enosti koji je objabnjen instrumentima (R²) koristeći formulu: R2 = (2β² × MAF × (1 - MAF)) / 

(2β² × MAF × (1 - MAF) + 2 N × MAF × (1-MAF) × SE²), gdje je MAF  frekvencija alela s uinkom, 

β procjena uinka polimorfizma (instrumenta) u cjelogenomskoj analizi faktora izlo~enosti, SE 

standardna pogrebka, te N veliina uzorka (60). Nadalje, procijenili smo snagu instrumenta koristeći 

F-statistiku, gdje je F = (R2 × (N - 2)) / (1 3 R2), kako bismo testirali znaajnost povezanosti 

instrumenta s faktorom izlo~enosti. Osim toga, za svaki par izlo~enost-ishod koristili smo Q-statistiku 

kako bismo provjerili postoji li heterogenost u procjenama specifinim za svaki polimorfizam. 

Skupovi podataka o izlo~enosti i ishodu harmonizirani su kako bi se osiguralo da je uinak 

identificiranih polimorfizama na ishod i izlo~enost relativan u odnosu na isti alel s uinkom. Za svaki 

par izlo~enost-ishod koristili smo alat MR-PRESSO (engl. Mendelian Randomization Pleiotropy 

RESidual Sum and Outlier) (61) kako bismo korigirali za nekoreliranu horizontalnu pleiotropiju 

iskljuivanjem polimorfizama koji su bili horizontalne pleiotropne ekstremne vrijednosti (engl. 
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outliers) u naboj analizi, uzimajući u obzir da horizontalna pleiotropija mo~e poremetiti rezultate MR 

testova, bto mo~e dovesti do netonih uzronih procjena, gubitka statistike snage i potencijalno la~no 

pozitivnih uzronih povezanosti. Identificirani polimorfizmi su uklonjeni te su uzrone povezanosti 

izme�u izlo~enosti i ishoda ponovno procijenjene. 

Proveli smo MR analizu koristeći metodu inverzne varijance s multiplikativnim sluajnim uincima 

(IVW) kao primarnu metodu (62). Ova metoda objedinjuje uinke izlo~enosti na ishod za vibe 

genetskih polimorfizama. Ukljuuje parametar prekomjerne disperzije u varijancu IVW procjene, bto 

omogućuje povećanje varijance u sluaju heterogenosti. Metoda IVW s multiplikativnim sluajnim 

uincima daje iste procjene uinka kao i metoda IVW s fiksnim uincima, ali tako�er uzima u obzir 

i heterogenost me�u procjenama za razliite polimorfizme (63). Uz primarnu IVW metodu, rezultate 

smo potvrdili i MR analizom koristeći nekoliko alternativnih metoda, od kojih svaka ima razliite 

pretpostavke modela: 1) metoda medijana, 2) modalna metoda i 3) MR-Egger metoda. Metoda 

medijana daje dosljednu procjenu ako barem 50% te~inskih vrijednosti dolazi od valjanih 

instrumenata, bto je ini otpornom na instrumentalne ekstremne vrijednosti (64). Modalna metoda 

pretpostavlja da najuestalija procjena povezanosti nije pod utjecajem pleiotropije, bto znai da 

odgovara pravom uzronom uinku (65). 

Dodatno, koristili smo i metodu CAUSE (engl. Causal Analysis using Summary Effect Estimates) 

(66), koja predstavlja Bayesovski pristup MR analizi. CAUSE uinkovito kontrolira i na nekoreliranu 

horizontalnu pleiotropiju (kada polimorfizam neovisno utjee i na ishod i na izlo~enost) i koreliranu 

horizontalnu pleiotropiju (kada polimorfizam utjee na izlo~enost i ishod putem zajednikog 

nasljednog imbenika). Ova metoda omogućuje svim polimorfizmima da imaju nekorelirane 

pleiotropne uinke te pretpostavlja da odre�eni udio varijanti, oznaen kao q, pokazuje koreliranu 

horizontalnu pleiotropiju, bto je ukljueno u model kroz apriornu distribuciju za q. CAUSE generira 

aposteriorne distribucije procjena prema dva modela: modelu dijeljenja i kauzalnom modelu, te 

procjenjuje pristaju li podaci bolje uz kauzalni model ili uz model dijeljenja. Drugim rijeima, 

procjenjuje je li vjerojatnije da je promatrana povezanost izme�u izlo~enosti i ishoda posljedica 

uzronosti ili posljedica korelirane horizontalne pleiotropije. Za razliku od drugih MR metoda, 

CAUSE istovremeno koristi informaciju o svim polimorfizmima prisutnima u sumarnim statistikama 

(uz filtiranje na neravnote~u povezanosti s r² < 0,01 i p < 1 × 10⁻³), bto povećava snagu MR analize.  

U obrnutom smjeru MR analize za MetS, dodatno smo proveli i multivarijatnu MR analizu, metodu 

koja omogućuje povezivanje polimorfizama s vibe koreliranih faktora izlo~enosti, omogućujući 

procjenu izravnog uinka svakog faktora izlo~enosti na ishod. Naposljetku, izradili smo dijagrame 

rasipanja (engl. scatter plot) kako bismo prikazali uinke polimorfizama na faktor izlo~enosti u 
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odnosu na njihove uinke na ishod za svaki par izlo~enost-ishod, koristeći paket 'TwoSampleMR' u 

programu R (67). Tako�er, za svaki par izlo~enost-ishod proveli smo MR Steigerov test smjera kako 

bismo provjerili je li udio varijance objabnjen polimorfizmima za ishod manji nego udio varijance 

objabnjen polimorfizmima za izlo~enost, kako bismo osigurali pouzdanu analizu smjera (51).  
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3.3. PREGLED REZULTATA OBJEDINJENIH RADOVA 

3.3.1. Cjelogenomska analiza povezanosti za koncentraciju Tg u plazmi 

Nakon primjene kriterija iskljuenja, ukupan broj ispitanika za novu cjelogenomsku analizu 
povezanosti iznosio je 1,098 (kohorte Korula 2 i Korula 3). Dvoje ispitanika nije imalo podatak za 
spol pa su iskljueni iz daljnje analize, bto je dalo finalan broj od 1,096 ispitanika. U fazi meta-analize, 

ukljuili smo i 1,094 ispitanika iz ranije cjelogenomske studije te je ukupan broj ispitanika u 

zdru~enom skupu podataka za meta-analizu bio 2,190. 

Tablica 1. Karakteristike ispitanika ukljuenih u studiju 

 Split Kor�ula 1 Kor�ula 2 Kor�ula 3 

Broj ispitanika 

ukljuenih u analizu 

605 489 593 505 

}ene, n (%) 321 (53%) 297 (61%) 328 (55,3%) 294 (58,2%) 

Dob, medijan (qL, qU) 51 (39,61) 56 (46,67) 54 (40,65) 54 (39, 65) 

Tg (ng/mL), medijan 

(qL, qU) 

9.20 (4.80, 14.50) 10.20 (6.40, 

15.70) 

10.1 (5.6,16.4) 10.6 (7.5, 16.1) 

qL, donji kvartil; qU, gornji kvartil. 

3.3.1.1. Mapiranje geneti�ke pozadine razina Tg u plazmi 

U LMM analizi, ukupno 18 polimorfizama postiglo je znaajnost na razini cijelog genoma. Od 
polimorfizama koji su bili znaajno povezani s razinom Tg, 15 ih je smjebteno unutar gena ST6GAL1 

na kromosomu 3, a 3 unutar gena PDPN na kromosomu 1 (Tablica 2). Od 15 polimorfizama unutar 

gena ST6GAL1 koji su postigli znaajnost na razini cijelog genoma, 11 su replikacije nabih prethodno 
objavljenih rezultata.  

Tablica 2. Popis polimorfizama koji prelaze prag znaajnosti na razini cijelog genoma (5 × 10-8) i 

prag aposteriorne inkluzijske vjerojatnosti (PIP) (0,016) u LMM i BSLMM u zdru~enim kohortama 

CROATIA_Korula2 i CROATIA_Korula3. 
SNP Chr Pozicija Gen Ref. 

alel 

Efektni 

alel 

EAF LMM BSLMM 

       β p  β PIP 

rs10937280 3 186738033 ST6GAL1 G A 0.35 -0.31 9.09 

× 10-

12 

-0.29 0.21 

rs5001409 3 186735690 ST6GAL1 A C 0.35 -0.31 9.44 

× 10-

12 

-0.295 0.07 

rs9863411 3 186737820 ST6GAL1 C T 0.35 -0.31 1.06 

× 10-

11 

-0.283 0.2 

rs7634389 3 186738421 ST6GAL1 T C 0.35 -0.31 1.12 

× 10-

11 

-0.292 0.08 
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rs967367 3 186734466 ST6GAL1 G A 0.35 -0.31 1.15 

× 10-

11 

-0.29 0.12 

rs17776120 3 186732679 ST6GAL1 C A 0.35 -0.31 1.2 × 

10-11 

-0.278 0.18 

rs3821819 3 186732725 ST6GAL1 G A 0.35 -0.31 1.31 

× 10-

11 

-0.292 0.06 

rs4686838 3 186743053 ST6GAL1 A G 0.45 -0.3 2.33 

× 10-

11 

-0.27 0.08 

rs10212190 3 186731157 ST6GAL1 A T 0.34 -0.29 1.73 

× 10-

10 

-0.28 0.003 

rs4012172 3 186741511 ST6GAL1 C T 0.36 -0.29 2.19 

× 10-

10 

-0.27 0.0003 

rs3872724 3 186741221 ST6GAL1 C T 0.37 -0.28 2.37 

× 10-

10 

-0.27 0.001 

rs3872723 3 186741131 ST6GAL1 C T 0.36 -0.28 3.4 × 

10-10 

0 0 

rs28674898 3 186744563 ST6GAL1 G A 0.39 0.28 5.81 

× 10-

10 

-0.28 0.003 

rs4686844 3 186765135 ST6GAL1 G A 0.56 -0.25 1.83 

× 10-8 

-0.15 0.0007 

rs78946539 1 13921500 PDPN A G 0.04 -0.63 2.1 × 

10-8 

-0.51 0.03 

rs143154928 1 13921447 PDPN G A 0.04 -0.63 2.32 

× 10-8 

-0.5 0.03 

rs12566684 1 13922117 PDPN A G 0.04 -0.64 2.46 

× 10-8 

-0.5 0.02 

rs257104 3 186775807 ST6GAL1 G A 0.4 0.24 3.33 

× 10-8 

0.17 0.002 

        …   

rs35862113 14 103857229 MARK3 G T 0.36 0.14 1.7 × 

10-3 

0.13 0.03 

rs10283166 8 129010909 PVT1 C T 0.19 -0.17 2.3 × 

10-3 

-0.15 0.04 

rs9787057 1 190885619 / C T 0.11 0.21 2.4 × 

10-3 

0.18 0.03 

rs61972442 14 23109649 OR6J1 G A 0.62 -0.14 2.5 × 

10-3 

-0.12 0.02 

rs11202702 10 90054268 RNLS G A 0.42 0.13 2.9 × 

10-3 

0.11 0.02 

rs1631354 3 25619920 RARB G C 0.42 0.13 4.1 × 

10-3 

0.12 0.02 

BSLMM, Bayesovski rijetki linearni mjeboviti model; Chr, kromosom; SNP, polimorfizam jednog nukleotida; LMM, 

linearni mjeboviti model; Ref. Alel, referentni alel, EAF, frekvencija efektnog alela (alela s uinkom). 

U BSLMM analizi, otkrili smo 16 polimorfizama koji su imali znaajan rijetki uinak na razinu Tg u 

plazmi, a procijenjeno je da su ovi polimorfizmi imali rijetki uinak u  ≥ 1,6% BSLMM iteracija lanca 

(tj. PIP ≥ 0,016). Nadalje, etiri najistaknutija polimorfizma identificirana su kao varijante s rijetkim 

uinkom na razinu Tg u vibe od 10% iteracija lanca (PIP > 0,1), a svi su bili smjebteni unutar gena 
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ST6GAL1. Analiza je pokazala potpuno preklapanje izme�u znaajnih rezultata LMM analize i 

BSLMM analize za polimorfizme smjebtene unutar gena ST6GAL1 na trećem kromosomu i gena 

PDPN na prvom kromosomu (Tablica 2). BSLMM analiza otkrila je dodatne signale povezanosti na 

osmom kromosomu (rs10283166 - intronska varijanta gena PVT1), etrnaestom kromosomu  
(rs35862113 3 intronska varijanta gena MARK3, rs61972442 - intronska varijanta gena OR6J1), 

trećem kromosomu (rs1631354 - intronska varijanta gena RARB) i desetom kromosomu (rs11202702 

- intronska varijanta gena RNLS). Rezultati LMM analize i BSLMM analize prikazani su usporedno 

na Manhattan dijagramu na Slici 1. 

 

Slika 1. (A) Manhattan dijagram LMM analize. Na x-osi je prikazana kromosomska pozicija polimorfizama, 

dok y-os predstavlja njihove -log(p-vrijednost) dobivene LMM analizom. Budući da najsna~nije asocijacije 

imaju najmanje p-vrijednosti, njihovi negativni logaritmi bit će najveći. Crvena horizontalna linija oznaava 
prag znaajnosti na razini cijelog genoma (p = 5 x 10-8), dok plava horizontalna linija oznaava prag sugestivne 

znaajnosti (p = 5 x 10-6). (B) Manhattan dijagram BSLMM analize. Na x-osi je prikazana kromosomska 

pozicija polimorfizama, a y-os predstavlja njihove aposteriorne inkluzijske vjerojatnosti (PIP) dobivene 

BSLMM analizom. Svaka toka na Manhattan dijagramu oznaava jedan polimorfizam. 
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3.3.1.2. Procjena nasljednosti  

U nabem prethodnom istra~ivanju (8), procijenjeno je da najznaajniji polimorfizam rs4012172 

objabnjava 3,19% varijance u razini Tg. U trenutnoj studiji procijenili smo h2, odnosno nasljednost. 

Procjena h2 iz BSLMM analize s 7.289.083 polimorfizama pokazala je da je 17% varijacije u razini 

Tg u plazmi objabnjeno svim dostupnim genotipovima, dok je 52% te varijacije bilo posljedica 16 

polimorfizama s relativno velikim (rijetkim) fenotipskim uincima. Ovi rezultati opisuju genetiku 

pozadinu razine Tg u plazmi i upućuju na to da ta pozadina nije u potpunosti poligenska, već se vibe 
priklanja pretpostavci rijetkih varijanti s većim uincima.  

3.3.1.3. Model poligenskog rizika za razine Tg 

Kako bismo procijenili tonost modela poligenskog rizika, izraunali smo Pearsonov koeficijent 

korelacije izme�u predvi�enih i opa~enih vrijednosti razine Tg u testnom skupu podataka. Imajući na 
umu da je BSLMM procijenio nasljednost na 17%, ovo smo smatrali teoretskom gornjom granicom 

za tonost prediktivnog modela. Pearsonov koeficijent korelacije iznosio je -0,05 (p = 0,052). 

3.3.1.4. Meta-analiza 

U fazi meta-analize, 83 polimorfizma unutar gena ST6GAL1 na trećem kromosomu postigla su 

znaajnost na razini cijelog genoma (Slika 2). Najznaajniji polimorfizam bio je rs5001409 (p = 1,85 

× 10⁻²⁰). Detaljan prikaz regije za podruje gena ST6GAL1 prikazan je na Slici 3. Rje�i, C alel (MAF 

= 0,38) polimorfizma rs5001409 bio je povezan s ni~om razinom Tg (β = -0,297, SE = 0,03).  

Slika 2. Manhattan dijagram i Q-Q grafikon rezultata meta-analize za razinu Tg. (A) Manhattan dijagram za 

razinu Tg. Na x-osi prikazana je kromosomska pozicija polimorfizama, a y-os predstavlja njihove -log(p-

vrijednost) dobivene meta-analizom. Svaka toka na Manhattan dijagramu oznaava jedan polimorfizam. 

Crvena horizontalna linija oznaava prag znaajnosti na razini cijelog genoma (p = 5 × 10-8), dok plava 

horizontalna linija oznaava prag sugestivne znaajnosti (p = 5 × 10-6). (B) Na Q-Q grafikonu vidimo sna~no 
odstupanje od nul-distribucije (distribucija p-vrijednosti pod nulhipotezom o nepostojanju povezanosti, 

prikazana crvenom linijom). 
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Slika 3. Detaljan prikaz regije na trećem kromosomu i gena ST6GAL1 u kojem se nalazi genetski polimorfizam 

rs5001409 (prikazan ljubiastom bojom) koji je dosegnuo cjelogenomsku razinu znaajnosti u meta-analizi. 

Boje krugova oznaavaju njihove korelacije (LD r²) s vodećim polimorfizmom.  

3.3.1.5. Kolokalizacijska analiza 

Naba analiza podr~ava sna~nu kolokalizaciju GWAS signala s eQTL varijantama gena ST6GAL1 u 

tkivu btitnjae s p-vrijednobću od 1 × 10⁻w. Analiza kolokalizacije prikazana je na Slici 4. Prema GTEx 

portalu, najznaajniji polimorfizam, rs5001409, tako�er je bio sna~no povezan s ekspresijom gena 
ST6GAL1 u tkivu btitnjae (p = 1,7 × 10⁻¹x). Normalizirana veliina uinka (NES) definira se kao 

koeficijent smjera pravca linearnog regresijskog modela i rauna se kao uinak alternativnog alela (C 
alel) u odnosu na referentni alel (A alel) u ljudskom referentnom genomu (tj. eQTL alel uinka je 
alternativni alel). NES za C alel polimorfizma rs5001409 iznosio je -0,33, dok je medijan 

normalizirane ekspresije gena ST6GAL1 iznosio 0,1952 za genotip AA, -0,0174 za genotip AC i -

0,5219 za genotip CC. 
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Slika 4. Analiza kolokalizacije GWAS signala za Tg s eQTL signalima ST6GAL1 gena u tkivu btitne ~lijezde. 

Ispunjeni krugovi predstavljaju GWAS signale za Tg i njihovu 3log(p-vrijednost) (lijeva y-os). Polimorfizam 

rs5001409 definiran je kao vodeći polimorfizam i prikazan je ljubiastom bojom. LD informacije su sline 
LocusZoom-u i izraunate su odnosu na vodeći polimorfizam. Boje krugova oznaavaju njihove korelacije 
(LD r²) s vodećim polimorfizmom. Siva linija predstavlja eQTL signale i prati najni~u p-vrijednost [desna y-

os, prikazujući 3log(p-vrijednost)]. Dijagram je generiran pomoću alata LocusFocus. 
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3.3.2. Mendelova randomizacija povezanosti funkcije btitne ~lijezde s MetS  

3.3.2.1. Uzro�ni u�inak funkcije btitne ~lijezde na MetS i njegove komponente 

3.3.2.1.1. Slobodni tiroksin unutar referentnog raspona kao faktor izlo~enosti 

Identificirali smo ukupno 24 nezavisna polimorfizma koji su slu~ili kao instrumentalne varijable za 

MR analizu s fT4 kao faktorom izlo~enosti, a koji su zajedno objabnjavali 3,63% fenotipske varijance 
(R²) u razinama fT4. Svi odabrani polimorfizmi imali su F-statistiku veću od 10 (medijan 43, raspon 
30-455). Nakon harmonizacije, dva polimorfizma iskljuili smo iz daljnjih analiza zbog palindromske 

prirode i ujednaenih frekvencija referentnog i alternativnog alela. Nadalje, uklonili smo 

polimorfizme s potencijalnim pleiotropnim uinkom identificiranim putem MR-PRESSO pristupa. 

Nakon iskljuivanja pleiotropnih polimorfizama, ostalo je 19, 20, 13, 22, 19 i 16 instrumentalnih 

polimorfizama za MR analizu uzrone povezanosti fT4 s MetS, glukozom, opsegom struka, 

hipertenzijom, trigliceridima i HDL kolesterolom, redom. 

IVW metoda s multiplikativnim sluajnim uincima pokazala je da je fT4 unutar referentnog raspona 

uzrono povezan s MetS (Slika 5). Svako povećanje za jednu standardnu devijaciju (SD) u 

koncentraciji fT4 bilo je povezano s smanjenjem rizika od razvoja MetS za 4% (p = 0,04). Nije bilo 

dokaza o heterogenosti izme�u procjena za pojedine polimorfizme (Q = 13,39, p = 0,77) niti o 

nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test p = 0,82). Smjer uzronih uinaka 
fT4 na MetS bio je ujednaen u glavnim MR analizama i MR analizama osjetljivosti, iako nije bio 

statistiki znaajan u analizama osjetljivosti (Tablica 3). Me�utim, uzrona povezanost dodatno je 
potvr�ena CAUSE analizom koja je, koristeći sve polimorfizme na razini cijelog genoma, otkrila da 

uzroni model bolje odgovara podacima nego model dijeljenja (delta_elpd = -3,20 < 0, p = 0,04). 
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Slika 5. Kauzalni uinak normalne razine fT4 na MetS. Dijagram rasipanja koji prikazuje odnos uinaka 
polimorfizama na fT4 u usporedbi s uincima istih polimorfizama na MetS. MR rezultati dobiveni su 

koribtenjem IVW metode s multiplikativnim sluajnim uincima (svijetloplava), MR-Egger metodom (tamno 

plava), metodom medijana (svijetlozelena) i modalnom metodom (tamnozelena). Nagib svakog pravca 

odgovara procijenjenom kauzalnom uinku fT4 na MetS.  

 

Genetski predvi�en fT4 unutar referentnog raspona tako�er je bio uzrono povezan s opsegom struka 

u glavnoj analizi. Svako povećanje od 1 SD u koncentraciji fT4 unutar referentnog raspona bilo je 

povezano sa smanjenjem opsega struka za 0,03 SD (β = -0,03, p = 0,04) (Tablica 3). Me�utim, ovaj 
rezultat nije potvr�en u analizama osjetljivosti. Smjer uinaka nije bio isti izme�u razliitih metoda. 
Bilo je dokaza o heterogenosti izme�u procjena za pojedine polimorfizme (Q = 25,14, p = 0,01) i 

nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test p = 0,03). Bayesovska CAUSE 

analiza sugerirala je da uzroni model nije bio bolje prilago�en podacima u odnosu na model 

dijeljenja (delta_elpd = 0,74 > 0, p-vrijednost = 0,95). 

Glavna MR analiza tako�er je pokazala znaajan uzroni uinak genetski predvi�enog fT4 unutar 

referentnog raspona na HDL kolesterol (β = 0,02, p-vrijednost = 0,01) (Tablica 3). Nije bilo dokaza 

o heterogenosti izme�u procjena za pojedine polimorfizme (Q = 23,63, p = 0,07) niti o nekoreliranoj 
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horizontalnoj pleiotropiji (MR-PRESSO globalni test, p = 0,08). Smjer uinaka bio je konzistentan 
izme�u razliitih metoda i dodatno potvr�en negativnom vrijednosti CAUSE analize (delta_elpd = -

0,13), ali razlika u prilago�enosti modela nije bila statistiki znaajna (p = 0,44) (Tablica 3). 

Nije bilo znaajnih uzronih uinaka genetski predvi�enog fT4 unutar referentnog raspona na 
glukozu (β = -0,01, p = 0,25), hipertenziju (OR = 0,99, p = 0,90) ili trigliceride (β = -0,02, p = 0,15). 

 

Tablica 3. Statistiki znaajni rezultati MR analize povezanosti funkcije btitne ~lijezde s MetS 

Izlo~enost Ishod MR metoda Broj 

polimorfizama 

OR/β p-

vrijednost 

CAUSE delta 

elpd (p-

vrijednost) 

fT4 MetS IVW MRE 19 0,96 0,037 

 

-3,20 (0,04) 

fT4 Opseg struka IVW MRE 13 -0,03 0,038 0,74 (0,95) 

fT4 HDL kolesterol IVW MRE 16 0,02 0,008 -0,13 (0,44) 

TSH trigliceridi IVW MRE 70 0,01 0,044 -1,10 (0,22) 

HDL 

kolesterol 

TSH IVW MRE 326 -0,03 0,045 0,49 (0,65) 

OR, relativni rizik (engl. odds ratio); fT4, slobodno tiroksin; TSH, tireotropin; MetS, metaboliki sindrom; IVW MRE, 
metoda inverzne varijance s multiplikativnim sluajnim uincima. 

3.3.2.1.2. Tireotropin unutar referentnog raspona kao faktor izlo~enosti 

Identificirali smo ukupno 84 neovisna polimorfizma koji su slu~ili kao instrumentalne varijable za 
MR analizu sa TSH kao faktorom izlo~enosti, a koji su zajedno objabnjavali 7,97% fenotipske 
varijance (R²) u razinama TSH. Svi odabrani polimorfizmi imali su F-statistiku veću od 10 (medijan 
58, raspon 303997). Od ukupno 84 polimorfizma, jedan nije bio prisutan u sumarnim statistikama za 

MetS i hipertenziju, a dva nisu bila prisutna u sumarnim statistikama za trigliceride i HDL kolesterol. 

Nakon harmonizacije, jedan polimorfizam iskljuili smo iz daljnjih analiza zbog palindromske 
prirode i ujednaenih frekvencija referentnog i alternativnog alela, a dodatno smo iskljuili job jedan 
polimorfizam zbog nekompatibilnih alela iz analiza za opseg struka, trigliceride i HDL kolesterol. 

Nadalje, uklonili smo polimorfizme s potencijalnom pleiotropijom identificiranom putem MR-

PRESSO pristupa. Nakon iskljuivanja polimorfizama s pleiotropijom, ostala su 76, 74, 76, 79, 70 i 

71 instrumentalna polimorfizma za MR analizu TSH s MetS, glukozom, opsegom struka, 

hipertenzijom, trigliceridima i HDL kolesterolom, redom. 

IVW metoda s multiplikativnim sluajnim uincima pokazala je da je genetski predvi�en TSH unutar 
referentnog raspona uzrono povezan s trigliceridima (Tablica 3). Svako povećanje od 1 SD u 
koncentraciji TSH bilo je povezano s povećanjem koncetracije triglicerida za 0,01 (β = 0,01, p = 

0,03). Me�utim, ovaj nalaz nije potvr�en u analizama osjetljivosti. Postojali su sna~ni dokazi o 
heterogenosti me�u procjenama za pojedine polimorfizme (Q = 128,17, p = 2,7 × 10⁻u) te o 

nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test p < 5 × 10⁻t). Smjer uinaka bio 
je uglavnom konzistentan me�u razliitim metodama. Bayesovska CAUSE analiza sugerirala je da 
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uzroni model bolje odgovara podacima nego model dijeljenja (delta_elpd = -1,10 < 0), iako razlika 

u prilago�enosti modela nije bila statistiki znaajna (p = 0,22) (Tablica 3). 

Nije bilo znaajnih uzronih uinaka genetski predvi�enog TSH unutar referentnog raspona na MetS 

(OR = 1,01, p = 0,65), glukozu (β = -0,01, p = 0,14), opseg struka (β = -0,01, p = 0,39), hipertenziju 

(OR = 0,99, p = 0,07) i HDL kolesterol (β = -0,002, p = 0,67). 

3.3.2.2. Uzro�ni u�inak MetS i njegovih komponenti na funkciju btitne ~lijezde  

U obrnutom uzronom smjeru, procijenili smo uzroni uinak genetski predvi�enog MetS na 

parametre funkcije btitne ~lijezde, odnosno koncentracije TSH i fT4. 

Identificirali smo ukupno 85 neovisnih polimorfizama koji su slu~ili kao instrumentalne varijable za 

MR analizu sa MetS kao faktorom izlo~enosti, a koji su zajedno objabnjavali 2,02% fenotipske 

varijance u MetS. Svi odabrani polimorfizmi imali su F-statistiku veću od 10 (medijan 43, raspon 293
421). Me�u ukupno 85 polimorfizama, jedan nije bio prisutan u sumarnim statistikama za TSH, a 7 

polimorfizama nije bilo prisutno u sumarnim statistikama za fT4. Nakon harmonizacije, tri 

polimorfizma smo iskljuili iz analiza za TSH i fT4 zbog palindromske prirode i ujednaenih 
frekvencija referentnog i alternativnog alela. Nadalje, uklonili smo polimorfizme s potencijalnom 

pleiotropijom identificiranom putem MR-PRESSO pristupa. Nakon iskljuivanja polimorfizama s 

pleiotropijom, ostalo je 81 i 71 instrumentalna polimorfizama za MR analizu MetS s TSH i fT4. 

Naposljetku, nismo pronabli znaajne uzrone uinke MetS kao binarnog fenotipa na TSH (β = 0,003, 
p = 0,81) ili fT4 (β = -0,02, p = 0,31). 

U zasebnim analizama obrnutog uzronog smjera za svaku komponentu MetS, nije bilo znaajnih 
uzronih uinaka genetski predvi�ene koncentracije glukoze, opsega struka, hipertenzije ili 

triglicerida na TSH ili fT4. Me�utim, u glavnoj analizi zabilje~en je znaajan uzroni uinak genetski 
predvi�enog HDL kolesterola na razine TSH (β = -0,03, p = 0,045, Tablica 3). 

U analizi s HDL kolesterolom kao faktorom izlo~enosti identificirali smo ukupno 362 neovisna 
polimorfizma koji su slu~ili kao instrumentalne varijable, a koji su zajedno objabnjavali 13,58% 
fenotipske varijance u razinama HDL kolesterola. Svi odabrani polimorfizmi imali su F-statistiku 

veću od 10 (medijan 54, raspon 2935569). Me�u ukupno 362 polimorfizma, 31 nije bio prisutan u 

sumarnim statistikama za TSH. Nakon harmonizacije, 5 polimorfizama iskljueno je iz analize za 
TSH zbog palindromske prirode i i ujednaenih frekvencija referentnog i alternativnog alela. Zbog 

velikog broja genetskih instrumenata, nije bilo moguće provesti MR-PRESSO simulacije, pa nismo 

mogli iskljuiti potencijalno pleiotropne polimorfizme. Postojali su sna~ni dokazi o heterogenosti 
me�u procjenama za pojedine polimorfizme (Q = 731,85, p= 2,16 × 10⁻³³) . Smjer uinaka bio je 
konzistentan me�u razliitim metodama. Bayesovska CAUSE analiza sugerirala je da uzroni model 
nije bolje prilago�en podacima u odnosu model dijeljenja (delta_elpd = 0,49 > 0, p = 0,65, Tablica 

3). 
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3.3.3. Mendelova randomizacija povezanosti funkcije btitne ~lijezde s vitaminom D  

Kako bismo iskljuili pristranost povezanu s izborom cjelogenomske studije povezanosti, proveli smo 

MR analize koristeći sumarne statistike obiju cjelogenosmskih studija povezanosti za vitamin D, tj. 

koristeći i Manousaki i sur. (54) i Revez i sur. (55) skupove podataka. U prosjeku, MR analize s 

vitaminom D kao faktorom izlo~enosti iz Manousaki i sur. studije koristile su 19,6 instrumentalnih 

polimorfizama manje (raspon od 27 do 89) u odnosu na analize MR analize s vitaminom D kao 

faktorom izlo~enosti iz Revez i sur. studije (raspon od 38 do 113). Broj zajednikih instrumenata 
prisutnih u oba skupa podataka za faktor izlo~enosti iznosio je 33. Pearsonov koeficijent korelacije 
izme�u procjena uinaka ovih polimorfizama iznosio je 0,44 (p = 0,01), dok je Kendallov koeficijent 

korelacije izme�u p-vrijednosti ovih polimorfizama bio 0,72 (5,58 × 10⁻¹¹). Zbog razlika u 
metodolobkim pristupima i razlika u procjenama uinaka polimorfizama, pretpostavili smo da će MR 
analize s ova dva skupa podataka donijeti razliite rezultate. 

3.3.3.1. Koncentracija 25(OH)D u serumu iz Manousaki i sur. kao faktor izlo~enosti 

Koristeći sumarne statistike Manousaki i sur. (54), identificirali smo ukupno 109 neovisnih 

polimorfizama koji su slu~ili kao instrumentalne varijable za MR analizu s koncentracijom 25(OH)D 

kao faktorom izlo~enosti, a koji su zajedno objabnjavali 2,68% fenotipske varijacije (R²) u serumskoj 

koncentraciji 25(OH)D. Svi odabrani polimorfizmi imali su F-statistiku veću od 10 (medijan 42,25, 
raspon 34,60364,27). Nakon harmonizacije, dva polimorfizma iskljuili smo iz svih daljnjih analiza 

zbog palindromske prirode i ujednaenih frekvencija referentnog i alternativnog alela, a dodatno smo 

iskljuili job jedan polimorfizam iz analiza za TPOAt. Nadalje, uklonili smo polimorfizme s 
potencijalnom pleiotropijom identificiranom putem MR-PRESSO pristupa. Preostali brojevi 

instrumentalnih polimorfizama za MR analizu koncentracije 25(OH)D u serumu s TSH, fT4, fT3, 

TT3, niskim TSH, visokim TSH, autoimunim hipotireoidizmom, autoimunim hipertireoidizmom, 

koncentracijom TPOAt i TPOAt pozitivnobću bili su redom 83, 83, 86, 86, 93, 89, 87, 89, 37 i 27. 

IVW metoda s multiplikativnim sluajnim uincima pokazala je da je genetski predvi�ena 
koncentracija 25(OH)D u serumu uzrono povezana s hipertireozom (Tablica 4). Me�utim, uzrona 
povezanost nije potvr�ena analizama osjetljivosti niti CAUSE analizom, koja je, koristeći sve 
polimorfizme na razini cijelog genoma, otkrila da uzroni model nije bolje prilago�en podacima od 
modela dijeljenja (delta_elpd = 0,54 > 0, p = 0,78).  

3.3.3.2. Koncentracija 25(OH)D u serumu iz Revez i sur. kao faktor izlo~enosti 

Koristeći sumarne statistike Revez i sur. (55), identificirali smo ukupno 115 nezavisnih 

polimorfizama koji su slu~ili kao instrumentalne varijable za MR analizu s koncentracijom 25(OH)D 

kao faktorom izlo~enosti, a koji su zajedno objabnjavali 3,52% fenotipske varijacije (R²) u serumskoj 

koncentraciji 25(OH)D. Svi odabrani polimorfizmi imali su F-statistiku veću od 10 (medijan 43,13, 
raspon 35,03370,86). Nakon procesa harmonizacije, dva polimorfizma iskljuili smo iz svih daljnjih 

analiza zbog palindromske prirode i ujednaenih frekvencija referentnog i alternativnog alela, a 

dodatno smo iskljuili job jedan polimorfizam iz analize za povibeni TSH, te dva polimorfizma iz 

analize za TPOAt. Nadalje, uklonili smo polimorfizme s potencijalnom pleiotropijom identificiranom 
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putem MR-PRESSO pristupa. Preostali brojevi instrumentalnih polimorfizama za MR analizu 

koncentracije 25(OH)D u serumu s TSH, fT4, fT3, TT3, niskim TSH, visokim TSH, autoimunim 

hipotireoidizmom, autoimunim hipertireoidizmom, koncentracijom TPOAt i TPOAt pozitivnobću 
bili su redom 113, 110, 106, 111, 110, 113, 112, 105, 107, 38 i 38. 

IVW metoda s multiplikativnim sluajnim uincima, kao i MR Egger metoda, pokazale su da je 

genetski predvi�ena koncentracija 25(OH)D u serumu uzrono povezana s povibenim TSH (Tablica 
4). Svako povećanje od 1 SD u koncentraciji 25(OH)D u serumu bilo je povezano sa smanjenjem 

rizika od povibenog TSH za 12% (p = 0,0197) (Tablica 4). Steigerov test smjera potvrdio je uzroni 
smjer nabe analize. Nije bilo dokaza o heterogenosti me�u procjenama za pojedine polimorfizme (Q 

= 118,60, p = 0,29) niti o nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test, p = 

0,307). Smjer uzronih uinaka koncentracije 25(OH)D na povibeni TSH bio je konzistentan u 

glavnim MR analizama i MR analizama osjetljivosti, iako nije bio statistiki znaajan u metodi 

medijana i modalnoj metodi. Konano, smjer uzrone povezanosti dodatno je potvr�en CAUSE 
analizom koja je, koristeći sve polimorfizme na razini cijelog genoma, otkrila da uzroni model bolje 
odgovara podacima nego model dijeljenja (delta_elpd = -0,86 < 0), iako razlika u prilago�enosti 
modela nije bila statistiki znaajna (p = 0,31) (Tablica 4). 

 

Tablica 4. Statistiki znaajni rezultati MR analize povezanosti vitamina D i funkcije btitne ~lijezde 
Izlo~enost Ishod MR metoda Broj 

polimorfizama 

OR/β p-

vrijednost 

CAUSE delta 

elpd (p-

vrijednost) 

25(OH)D 

(Manousaki) 

hipertireoza IVW MRE 89 -0,49 0,02 0,54 (0,78) 

25(OH)D 

(Revez) 

Povibeni TSH IVW MRE 112 0,880 

 

0,02 

 

-0,86 (0,31) 

25(OH)D 

(Revez) 

Povibeni TSH MR Egger 112 0,828 

 

0,043 

25(OH)D 

(Revez) 

Autoimuna 

hipotireoza 

MR Egger 105 0,837 

 

0,024 -0,56 (0,36) 

IVW MRE, inverse variance weighted multiplicative random effects method; MR, mendelian randomization; N, 

number; OR, odds ratio; SNP, single-nucleotide polymorphism; TSH, thyroid-stimulating hormone. 

 

Dodatno, MR Egger analiza pokazala je da genetski predvi�ena koncentracija 25(OH)D ima 
sugestivnu uzronu povezanost s autoimunim hipotireoidizmom. Naime, svako povećanje od 1 SD u 
koncentraciji 25(OH)D u serumu bilo je povezano sa smanjenjem rizika od autoimunog 

hipotireoidizma za 16,34% (p = 0,02) (Tablica 4). Steigerov test smjera potvrdio je uzroni smjer 
nabe analize. Me�utim, postojali su dokazi o heterogenosti me�u procjenama za pojedine 
polimorfizme (Q = 169,88, p = 3 × 10⁻u) i nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO 

globalni test, p < 0,0003), ali MR-PRESSO nije uspio identificirati nijednu ekstremnu vrijednost. 

Smjer uzronih uinaka koncentracije 25(OH)D na autoimuni hipotireoidizam bio je konzistentan u 

glavnim MR analizama i MR analizama osjetljivosti, iako nije bio statistiki znaajan u IVW metodi 

s multiplikativnim sluajnim uincima, metodi medijana i modalnoj metodi. Konano, smjer uzrone 
povezanosti dodatno je potvr�en CAUSE analizom koja je otkrila da uzroni model bolje odgovara 
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podacima nego model dijeljenja (delta_elpd = -0,56 < 0), iako razlika u prilago�enosti modela nije 
bila statistiki znaajna (p = 0,36) (Tablica 4). 
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3.4. ZNANSTVENI DOPRINOS OBJEDINJENIH RADOVA 

Rezultati cjelogenomskih studija povezanosti predstavljaju temelj i polazibnu toku za razvoj alata 

personalizirane medicine, koji se zasnivaju na analizi genetikih karakteristika svakog pojedinca. 

Analizom genoma dobivaju se podaci kljuni za prevenciju nastanka bolesti, ranu dijagnostiku, 

odabir optimalnog lijeenja, ali i za praćenje terapijske uinkovitosti. Osnovni cilj personalizirane 

medicine sa~et je u sintagmi <Prava terapija za pravog pacijenta u pravo vrijeme,= ime se naglabava 

potreba za individualiziranim pristupom temeljenim na specifinim genetikim profilima pacijenata. 

Jedan od kljunih elemenata personalizirane medicine je poligenski rizik, koji se rauna pomoću 

sumarnih statistika cjelogenomskih studija povezanosti. Poligenski rizik omogućuje procjenu 

vjerojatnosti razvoja odre�enih bolesti na temelju kombinacije vibe genetikih varijanti. Ova metoda 

omogućuje precizniju procjenu individualnog rizika te pru~a osnovu za razvoj personaliziranih 

strategija prevencije, ranog otkrivanja i lijeenja bolesti. Na taj nain, poligenski rizik postaje 

neizostavan alat u predvi�anju i razumijevanju slo~enih bolesti poput endokrinih poremećaja, 

dijabetesa, autoimunih bolesti te razliitih vrsta karcinoma. Osim u dijagnostici i prevenciji, va~nost 

poligenskih rizika za budućnost medicine ogleda se i u podruju farmakogenomike, koja prouava 

genetike varijante koje utjeu na individualni odgovor na lijekove. Koribtenjem poligenskih rizika u 

farmakogenomici moguće je unaprijed predvidjeti kako će pojedini pacijent reagirati na odre�enu 

terapiju, ime se minimiziraju nuspojave i povećava uinkovitost lijeenja. Ovaj pristup omogućuje 

lijenicima odabir najprikladnijih lijekova i doza za svakog pacijenta, bto rezultira boljim ishodima 

lijeenja i smanjenjem trobkova zdravstvene skrbi. 

Poligenski rizici stoga predstavljaju kljuan alat ne samo za personaliziranu medicinu, već i za razvoj 

precizne i uinkovite farmakoterapije, koja će omogućiti sigurnije i uinkovitije lijeenje. Oekuje se 

da će u budućnosti, uz sve veći broj dostupnih genetikih podataka i napredak tehnologije, uloga 

poligenskih rizika u klinikoj praksi dodatno rasti, pru~ajući nova saznanja i mogućnosti za 

unaprje�enje zdravstvene skrbi i kvalitete ~ivota pacijenata. Stoga rezultati prve studije imaju veliki 

potencijal za direktnu ili indirektnu primjenu u personaliziranom pristupu dijagnostici i prognostici 

poremećaja funkcije btitne ~lijezde. 

 

Metaboliki sindrom esto se opa~a kod pacijenata koji pate od klinike ili subklinike hipotireoze te 

Hashimotovog tireoiditisa, bto ukazuje na slo~enu povezanost izme�u poremećaja funkcije btitne 

~lijezde i metabolikih disfunkcija. Ovi bolesnici nerijetko imaju povećan rizik od pretilosti, 

inzulinske rezistencije, povibenog krvnog tlaka i dislipidemije, bto su sve kljune komponente 

metabolikog sindroma. Stoga ne iznena�uje injenica da rezultati nabe kauzalne analize, temeljene 
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na Mendelovoj randomizaciji, sugeriraju kako viba koncentracija slobodnog tiroksina mo~e djelovati 

kao zabtitni faktor, smanjujući rizik od razvoja metabolikog sindroma. 

 

Mendelova randomizacija predstavlja sna~an alat za prouavanje uzrono-posljedinih veza u 

epidemiolobkim istra~ivanjima i mo~e se smatrati analogonom randomiziranog kontroliranog pokusa. 

Ova metoda koristi nasuminu raspodjelu genetikih varijanti koje su povezane s odre�enim 

izlo~enostima, bto omogućuje donobenje kauzalnih zakljuaka bez potrebe za provo�enjem skupih i 

logistiki zahtjevnih klinikih studija. Koribtenjem Mendelove randomizacije u nabem istra~ivanju, 

dobiveni su pouzdani rezultati koji btede resurse, a istovremeno pru~aju sna~ne dokaze o uzronoj 

vezi izme�u povibenih razina fT4 i smanjenog rizika za metaboliki sindrom. Ovi kauzalni zakljuci 

mogu biti od velike koristi za razvoj terapijskih strategija usmjerenih na prevenciju i lijeenje 

metabolikih poremećaja kod osoba s poremećajem funkcije btitne ~lijezde. 

Nabi rezultati dodatno naglabavaju va~nost usmjeravanja pozornosti na pravilnu dijagnozu i praćenje 

funkcije btitne ~lijezde kod pacijenata s metabolikim poremećajima. Pravovremenim 

identificiranjem pojedinaca s povećanim rizikom od razvoja MetS, moguće je osmisliti ciljane 

strategije za prevenciju i intervenciju, poput promjene ~ivotnih navika, uvo�enja dijetalnih mjera, 

povećanja tjelesne aktivnosti te, po potrebi, farmakolobke terapije. Na taj nain mo~emo smanjiti rizik 

od razvoja dijabetesa tipa II, kardiovaskularnih bolesti i drugih komplikacija povezanih s MetS, te 

poboljbati ukupno zdravlje i kvalitetu ~ivota pacijenata. 

Nadalje, rezultati nabeg istra~ivanja ukazuju na potencijalnu ulogu hormona btitne ~lijezde u 

regulaciji metabolizma, otvarajući nove mogućnosti za razvoj terapijskih postupaka koji bi uzimali u 

obzir individualne hormonalne i genetike profile pacijenata. Implementacija ovih saznanja u 

kliniku praksu mogla bi znaajno unaprijediti personalizirani pristup u lijeenju metabolikih 

poremećaja i pridonijeti razvoju preciznih terapijskih strategija, usmjerenih na smanjenje rizika od 

komplikacija povezanih s poremećajima funkcije btitne ~lijezde. 

 

Nedostatak vitamina D povezan je s razliitim poremećajima btitne ~lijezde, ukljuujući autoimuni 

hipotireoidizam i povibene koncentracije TSH, bto naglabava va~nost ovog vitamina u regulaciji 

imunolobkih i hormonalnih procesa. Nabi rezultati pokazuju da viba koncentracija serumskog 

25(OH)D znaajno smanjuje rizik od povibenog TSH te razvoja autoimunog hipotireoidizma, bto ima 

va~ne klinike implikacije. Konkretno, svako povećanje serumske koncentracije 25(OH)D za jednu 

standardnu devijaciju bilo je uzrono povezano s 12% manjim rizikom od povibenih vrijednosti TSH 

te s 16,34% manjim rizikom od razvoja autoimunog hipotireoidizma. 
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Ovi rezultati istiu va~nost redovitog praćenja i odr~avanja optimalnih koncentracija vitamina D u 

klinikoj praksi kako bi se smanjila vjerojatnost pojave poremećaja funkcije btitne ~lijezde, posebno 

kod osoba s predispozicijom za autoimune bolesti. Uzimajući u obzir da manjak vitamina D mo~e 

djelovati kao imbenik rizika za razvoj ovih poremećaja, pravovremena dijagnoza i intervencija 

usmjerena na korekciju statusa vitamina D mogu znaajno poboljbati sveukupno zdravlje pacijenata. 

Odr~avanje adekvatnih razina vitamina D mo~e djelovati preventivno te poslu~iti kao osnova za 

razvoj ciljane terapije u rizinim skupinama, ime bi se smanjio rizik od komplikacija povezanih s 

poremećajima btitne ~lijezde. Integracija ovih saznanja u kliniku praksu mo~e omogućiti 

personaliziran pristup u skrbi za pacijente, pru~ajući temelje za preventivne strategije koje bi 

ukljuivale suplementaciju vitamina D, prilagodbu prehrane i promjene ~ivotnog stila. Time bi se ne 

samo smanjila pojavnost poremećaja funkcije btitne ~lijezde, već i poboljbala kvaliteta ~ivota 

pacijenata, smanjio teret bolesti te poboljbala uinkovitost zdravstvene skrbi. 
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4. KRATKI SA}ETAK NA HRVATSKOM JEZIKU  

Uvod: Tireoglobulin (Tg) je glikoprotein koji sintetiziraju folikularne stanice btitne ~lijezde i slu~i 
kao kljuni pretea u sintezi hormona btitne ~lijezde. Naba istra~ivaka skupina provela je dosada 

jedinu cjelogenomsku analizu povezanosti za koncentraciju Tg u plazmi. Iskoristivbi napredak u 
raunalnim metodama i modeliranju, primijenili smo Bayesovski pristup kako bismo dodatno istra~ili 
genetiku pozadinu Tg. Brojne presjene studije sugerirale su povezanost izme�u funkcije btitne 
~lijezde i metabolikog sindroma (MetS), kao i razina serumskog 25-hidroksivitamina D [25(OH)D], 

no smjer tih uinaka i toni uzroni mehanizmi ostaju nejasni. Na temelju znanja u podruju 
statistike genetike steenih nabom cjelogenomskom studijom povezanosti, primijenili smo 

Mendelovu randomizaciju (MR) kako bismo dodatno istra~ili uzrone odnose izme�u funkcije btitne 
~lijezde, MetS i serumskih koncentracija 25(OH)D. 

Metode: Proveli smo cjelogenomsku analizu povezanosti za Tg koristeći Bajesovski rijetki linearni 
mjeboviti model (BSLMM) i frekvencionistiki LMM kako bismo analizirali 7 289 083 genetskih 

polimorfizama u 1 096 zdravih ispitanika europskog podrijetla iz Hrvatske biobanke. Proveli smo i 

meta-analizu s dvije neovisne kohorte (ukupno n = 2 109) kako bismo identificirali polimorfizme 

povezane s razinama Tg. U prvoj MR studiji koristili smo sumarne statistike najvećih cjelogenomskih 
studija povezanosti za tireotropin (TSH), slobodni tiroksin (fT4), MetS i njegove komponente. U 

drugoj MR studiji ukljuili smo dodatne pokazatelje funkcije btitne ~lijezde kao bto su slobodni 
trijodtironin (fT3), ukupni trijodtironin (TT3), razine protutijela na btitnu peroksidazu (TPOAt), 

pozitivnost TPOAt, sni~eni TSH, povibeni TSH, autoimuni hipotireoidizam i autoimuni 

hipertireoidizam te razinu serumskog 25(OH)D. Za primarnu analizu koristili smo metodu inverzne 

varijance (IVW), nadopunjenu metodom medijana, modalnom metodom, MR-Egger, MR-PRESSO 

i CAUSE metodama kako bismo osigurali robusnost rezultata. 

Rezultati: Naba meta-analiza otkrila je 83 polimorfizma unutar gena ST6GAL1 (p < 5 × 10⁻x) koji su 
bili znaajno povezani s koncentracijom Tg u plazmi. Nasljednost Tg procijenjena je na 17%, pri 

emu je 52% ove varijacije pripisano malom broju od 16 polimorfizama s velikim uinkom na 
koncentraciju Tg. MR analize pokazale su da je viba razina fT4 uzrono povezana s ni~im rizikom 
razvoja MetS (OR = 0,96, p = 0,037). Osim toga, fT4 je bio pozitivno povezan s koncentracijom HDL 

kolesterola (β = 0,02, p = 0,008), dok je TSH pozitivno povezan s trigliceridima (β = 0,01, p = 0,044). 
Reverzna MR analiza pokazala je da je HDL kolesterol negativno povezan s TSH (β = 20,03, p = 
0,046), bto sugerira dvosmjernu uzronu povezanost izme�u funkcije btitne ~lijezde i MetS. Nadalje, 

nabe MR analize pokazale su uzroni uinak serumske koncentracije 25(OH)D na poviben TSH, pri 
emu je svako povećanje od 1 SD u koncentraciji 25(OH)D bilo povezano s smanjenjem rizika od 

povibenog TSH za 12% (p = 0,02). Tako�er, povećanje od 1 SD u koncentraciji 25(OH)D bilo je 

povezano s smanjenjem rizika od razvoja autoimunog hipotireoidizma za 16,34% (p = 0,02). 

Zaklju�ak: Naba cjelogenomska analiza povezanosti otkrila je va~ne genetske polimorfizme i pru~ila 
vrijedne uvide u genetiku pozadinu koncetracije Tg. Dodatno, pokazali smo uzrone povezanosti 
izme�u varijacija u funkciji btitne ~lijezde i rizika od MetS, kao i utjecaj koncetracije vitamina D na 

pokazatelje funkcije btitne ~lijezde. Integracija ovih saznanja u kliniku praksu mogla bi unaprijediti 
personalizirani pristup u medicini, otvarajući put za ciljane terapijske i preventivne strategije u 

lijeenju poremećaja btitne ~lijezde i srodnih metabolikih stanja. 
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5. KRATKI SA}ETAK NA ENGLESKOM JEZIKU (SUMMARY) 

Introduction: Thyroglobulin (Tg) is an iodoglycoprotein synthesized by thyroid follicular cells and 

serves as a crucial precursor for thyroid hormone production. To date, our research group has 

conducted the only genome-wide association study (GWAS) on plasma Tg levels. Leveraging recent 

advancements in computational methods and modelling, we employed a Bayesian approach to 

probabilistically infer the genetic architecture of Tg. Numerous observational studies have suggested 

a link between thyroid function and metabolic syndrome (MetS), as well as with serum 25-

hydroxyvitamin D [25(OH)D] levels, but the direction of these effects and the precise causal 

mechanisms remain unclear. Building on the expertise in statistical genetics acquired from our 

GWAS study, we subsequently applied Mendelian randomization (MR) to further explore the causal 

relationships between thyroid function, MetS, and serum 25(OH)D concentrations. 

Methods: In our initial study, we performed a GWAS of plasma Tg levels using a Bayesian sparse 

linear mixed model (BSLMM) and a frequentist linear mixed model (LMM) to analyze 7,289,083 

genetic variants in 1,096 healthy European-ancestry participants from the Croatian Biobank. This was 

followed by a meta-analysis with two independent cohorts (total n=2,109) to identify genome-wide 

significant variants associated with Tg levels. In the first MR analysis, we utilized summary statistics 

from the most comprehensive GWAS available for thyroid-stimulating hormone (TSH), free 

thyroxine (fT4), MetS, and its components. In the second MR study, we included additional thyroid 

function indicators such as free triiodothyronine (fT3), total triiodothyronine (TT3), thyroid 

peroxidase antibody levels (TPOAb), TPOAb positivity, low TSH, high TSH, autoimmune 

hypothyroidism and autoimmune hyperthyroidism, as well as 25(OH)D levels. We employed the 

multiplicative random-effects inverse variance weighted (IVW) method for primary analysis, 

supplemented by weighted mode, weighted median, MR-Egger, MR-PRESSO, and CAUSE methods 

to ensure robust results. 

Results: Our meta-analysis of the GWAS data identified 83 genome-wide significant variants within 

the ST6GAL1 gene (p < 5 × 10-8) that were associated with plasma Tg levels. The SNP-heritability of 

Tg was estimated to be 17%, with 52% of this variation attributed to a small number of 16 variants 

with major effects on Tg levels. MR analyses revealed that higher fT4 levels were causally linked to 

a lower risk of developing MetS (OR = 0.96, p = 0.037). Additionally, fT4 was positively associated 

with high-density lipoprotein cholesterol (HDL-C) (β = 0.02, p = 0.008), while TSH was positively 
associated with triglycerides (TG) (β = 0.01, p = 0.044). Reverse MR analysis indicated that HDL-C 

was negatively associated with TSH (β = 20.03, p = 0.046), suggesting a bidirectional relationship 
between thyroid function and lipid profile. Furthermore, our MR analyses demonstrated a causal 

effect of serum 25(OH)D levels on high TSH, with each 1 SD increase in 25(OH)D being associated 

with a 12% decrease in the risk of high TSH (p = 0.02). Moreover, a 1 SD increase in serum 25(OH)D 

was linked to a 16.34% reduction in the risk of developing autoimmune hypothyroidism (p = 0.02). 

Conclusion: Our GWAS on Tg levels identified key genetic variants and provided valuable insights 

into the genetic architecture of Tg. We also demonstrated causal associations between variations in 

thyroid function and the risk of MetS, as well as the impact of vitamin D levels on thyroid function. 

Integrating these insights into clinical practice could enhance personalized medicine approaches, 

paving the way for more targeted therapeutic and preventive strategies in managing thyroid-related 

disorders and associated metabolic conditions. 
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Abstract: Thyroglobulin (Tg) is an iodoglycoprotein produced by thyroid follicular cells, which acts as 1

an essential substrate for thyroid hormone synthesis. So far, only one genome-wide association study 2

(GWAS) of plasma Tg levels was performed by our research group. Utilizing recent advancements in 3

computation and modelling, we apply a Bayesian approach to the probabilistic inference of genetic 4

architecture of Tg. We fitted a Bayesian sparse linear mixed model (BSLMM) and a frequentist 5

LMM of 7,289,083 variants in 1096 healthy European-ancestry participants of the Croatian Biobank. 6

Meta-analysis with two independent cohorts (total n=2109) identified 83 genome-wide significant 7

variants within the ST6GAL1 gene (p < 5 × 10−8). BSLMM revealed additional association signals 8

on chromosomes 1, 8, 10, and 14. For the ST6GAL1 and the newly uncovered genes, we provide 9

physiological and pathophysiological explanations of how their expression could be associated with 10

variations in plasma Tg levels. We found that SNP-heritability of Tg is 17% and that 52% of this 11

variation is due to a small number of 16 variants that have a major effect on Tg levels. Our results 12

suggest that the genetic architecture of plasma Tg is not polygenic, but influenced by a few genes 13

with major effects. 14

Keywords: genome-wide association study, thyroglobulin, thyroid, ST6GAL1, LMM, BSLMM 15

1. Introduction 16

Thyroglobulin (Tg) is the most abundant protein produced by the thyroid gland. This 17

660 kDa iodoglycoprotein serves as a storehouse of thyroid hormones since Tg proteolysis 18

releases thyroxine (T4) and triiodothyronine (T3) [1]. Tg is synthesised in thyrocytes. 19

After the post-translational modifications occurring in the rough endoplasmic reticulum 20

and the Golgi apparatus, Tg is released in the follicular lumen where Tg iodination and 21

hormone production occur [2,3]. Mature Tg is then transferred back to the thyrocytes by 22

endocytosis. In the thyrocytes, Tg proteolysis occurs and thyroid hormones are released 23

into the bloodstream on the basolateral membrane [1]. Some portion of intact Tg (mostly 24

poorly sialylated or iodinated) can be transferred by transcytosis from the follicular lumen 25

to the bloodstream [4]. In addition to transcytosis, Tg can be released into the blood from 26

disrupted follicles. Moreover, plasma Tg levels are increased in thyroid pathology, and 27

plasma Tg levels have been shown to correlate with thyroid mass [5]. A twin study showed 28

that the observed variability in serum Tg levels has a strong genetic component [6]. 29

About 10% of Tg molecular mass is glycosylated [7]. Glycosylation of Tg is crucial for 30

the synthesis of thyroid hormones because it has been shown that unglycosylated Tg has 31

no potential for the synthesis of thyroid hormones [8]. Glycosylation is also important 32

for Tg folding, iodination, trafficking, and immunoreactivity [1]. Sialylation is a late 33
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post-translational modification of Tg that occurs in the Golgi apparatus [1]. ST6GAL1 (´- 34

galactoside ³-2,6-sialyltransferase), also known as sialyltransferase 1, catalyzes the addition 35

of ³-2,6 bound sialic acid to N-glycosylated proteins [9]. It is involved in the sialylation of 36

Tg since ³-2,6 bound sialic acid residues are detected at Tg [10,11]. Both ST6GAL1 mRNA 37

[12–14] and protein [13,14] were detected in the thyroid gland. This membrane-bound 38

enzyme is found mainly in the Golgi apparatus [15]. Sialylation is important for many Tg 39

functions; immunoreactivity, autoregulation, and recycling. Desialylation of Tg increases 40

its immunoreactivity [16,17]. In addition, poorly iodinated or sialylated Tg has a higher 41

potential to trigger Tg-mediated signaling [18]. Sialylation also affects Tg recycling because 42

it is important for binding Tg to its transmembrane receptor [17]. The importance of Tg 43

sialylation for its proper functioning is evident from the case of a patient with congenital 44

goiter with hypothyroidism. This patient had severely hyposialylated Tg and insufficient 45

³-2,6 sialyltransferase activity [10]. 46

Our recent genome-wide association study (GWAS) showed an association of 16 variants 47

within the ST6GAL1 gene with plasma Tg levels in healthy individuals [19]. This was the 48

first GWA study to investigate genes associated with plasma Tg levels. The linear mixed 49

model (LMM) used in our study has become a standard for genome-wide association 50

mapping because it efficiently controls for both population structure and relatedness 51

among individuals. However, LMMs, as well as other frequentist methods, only test one 52

single nucleotide polymorphism (SNP) at a time. On the other hand, methods that relate 53

phenotypic variation to multiple genetic variants simultaneously could further increase 54

the power to detect causal variants. Multiple SNP modeling extensions of the standard 55

LMM have been proposed from a Bayesian perspective by considering alternative prior 56

distributions on the genetic effects. In the current study, we included an additional 1,096 57

individuals and conducted association mapping using both frequentist and Bayesian 58

approaches, as well as SNP heritability estimation and genomic prediction using Bayesian 59

approaches. We aimed to replicate the significant findings to further confirm the association 60

of ST6GAL1 gene with plasma Tg levels in healthy individuals. Additionally, we sought to 61

elucidate the genetic architecture of Tg by using Bayesian multi-SNP approaches. Finally, 62

we meta-analyzed our new GWA results with our previously published GWA results in a 63

combined dataset of 2,190 individuals. 64

2. Results 65

2.1. Genome-wide association analyses 66

In the new LMM association analysis, a total of 18 SNPs reached genome-wide sig- 67

nificance. Of the significantly associated SNPs, 15 were located within the ST6GAL1 gene 68

on chromosome 3, and 3 were located within the PDPN gene on chromosome 1 (Table 1). 69

Out of 15 SNPs within the ST6GAL1 gene that reached genome-wide significance, 11 were 70

replications of our previously published discovery phase genome-wide significant results. 71

The other 5 genome-wide significant variants from the discovery phase were also replicated 72

at the 1 × 10−4 p-value threshold (Supplementary Table S4). 73
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Table 1. SNPs passing genome-wide significance threshold (5 × 10−8) in the single-SNP LMM analysis and their corresponding PIPs from the multi-SNP BSLMM
analysis of cohorts Korcula2 & Korcula3.

SNP Chr Position Gene Ref Allele Effect Allele EAF

Single-SNP LMM
analysis in

cohorts Korcula2
& Korcula3

Multi-SNP
BSLMM analysis

in cohorts
Korcula2 &
Korcula3

´(p − value) ´(PIP)

rs10937280 3 186738033 ST6GAL1 G A 0.35
-0.31

(9.09 × 10−12)
-0.29 (0.21)

rs5001409 3 186735690 ST6GAL1 A C 0.35
-0.31

(9.44 × 10−12)
-0.295 (0.07)

rs9863411 3 186737820 ST6GAL1 C T 0.35
-0.31

(1.06 × 10−11)
-0.283 (0.2)

rs7634389 3 186738421 ST6GAL1 T C 0.35
-0.31

(1.12 × 10−11)
-0.292 (0.08)

rs967367 3 186734466 ST6GAL1 G A 0.35
-0.31

(1.15 × 10−11)
-0.29 (0.12)

rs3821819 3 186732725 ST6GAL1 G A 0.35
-0.31

(1.31 × 10−11)
-0.292 (0.06)

rs4686838 3 186743053 ST6GAL1 A G 0.45 -0.3(2.33 × 10−11) -0.27 (0.08)

rs10212190 3 186731157 ST6GAL1 A T 0.34
-0.29

(1.73 × 10−10)
-0.28 (0.003)

rs4012172 3 186741511 ST6GAL1 C T 0.36
-0.29

(2.19 × 10−10)
-0.27 (0.0003)

rs3872724 3 186741221 ST6GAL1 C T 0.37
-0.28

(2.37 × 10−10)
-0.27 (0.001)

rs3872723 3 186741131 ST6GAL1 C T 0.36 -0.28 (3.4 × 10−10) 0 (0)
rs28674898 3 186744563 ST6GAL1 G A 0.39 0.28 (5.81 × 10−10) -0.28 (0.003)

rs4686844 3 186765135 ST6GAL1 G A 0.56
-0.25

(1.83 × 10−10)
-0.15 (0.0007)

rs78946539 1 13921500 PDPN A G 0.04 -0.63 (2.1 × 10−8) -0.51 (0.03)
rs143154928 1 13921447 PDPN G A 0.04 -0.63 (2.32 × 10−8) -0.5 (0.03)
rs12566684 1 13922117 PDPN A G 0.04 -0.64 (2.46 × 10−8) -0.5 (0.02)

rs257104 3 186775807 ST6GAL1 G A 0.4 0.24 (3.33 × 10−8) 0.17 (0.002)
1 Statistical analyses were performed with GEMMA LMM and BSLMM. P-values < 5 × 10−8 are genome-wide significant. SNPs are sorted by ascending LMM p-value. BSLMM,
Bayesian sparse linear mixed model; Chr, chromosome; EAF, effect allele frequency; LMM, linear mixed model; SNP, single nucleotide polymorphism.
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In the BSLMM association analysis, 16 SNP were identified as having a major sparse 74

effect on plasma Tg levels and these variants were estimated to have a sparse effect in g1.6% 75

of BSLMM chain iterations (i.e., PIPg0.016) (Supplementary Table S3). Moreover, the top 76

4 SNPs were identified as having a sparse effect on Tg levels in more than 10% of chain 77

iterations (PIP>0.1) and all were located within the ST6GAL1 gene. There was a complete 78

overlap in significant results identified in single-SNP LMM association analysis and multi- 79

SNP BSLMM analysis for the variants located within the ST6GAL1 gene on chromosome 80

3 and PDPN gene on chromosome 1 (Table 1). BSLMM approach uncovered additional 81

association signals on chromosome 8 (rs10283166 - PVT1 gene intron variant), chromosome 82

14 (rs35862113 – MARK3 gene intron variant, rs61972442 - OR6J1 gene intron variant), 83

chromosome 3 (rs1631354 - RARB gene intron variant), and chromosome 10 (rs11202702 - 84

RNLS gene intron variant). Results from the single-SNP association analysis (LMM) and 85

the multi-SNP association analysis (BSLMM) are plotted in parallel in Manhattan plots in 86

Figure 1. 87

Figure 1. Manhattan plots of single-SNP and multi-SNP association mapping in cohorts Korcula2
Korcula3.(A) Manhattan plot of single-SNP LMM analysis. The x-axis represents the chromosomal
position of SNPs, and the y-axis represents their -log10(p-values) obtained by the LMM analysis.
Each dot on the Manhattan plot signifies a SNP. Because the strongest associations have the smallest
p-values (e.g. 10-12), their negative logarithms will be the greatest (e.g. 12). The red horizontal
line indicates the genome-wide significance threshold (p = 5 × 10-8), while the blue horizontal line
indicates the suggestive threshold of significance (p = 5 × 10-6).Description of what is contained in the
first panel.(B) Manhattan plot of multi-SNP BSLMM analysis. The x-axis represents the chromosomal
position of SNPs, and the y-axis represents their posterior inclusion probabilities (PIPs) obtained by
the BSLMM analysis.
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2.2. SNP heritability estimation 88

In our previous work [19], the top rs4012172 SNP was estimated to explain 3.19% 89

of the variance in Tg levels. In the current study, we estimated the PVE or the “chip 90

heritability”. PVE estimate from the BSLMM with 7,289,083 SNPs indicated that 17% of the 91

variation in plasma Tg levels was explained by all available genotypes and that 52% (PGE) 92

of this variation was due to 16 SNPs with relatively large phenotypic effects. These results 93

describe the genetic architecture of plasma Tg, and imply that it is not purely polygenic, 94

but rather favors the sparse assumption on the variant effects. Means, medians, and 95% 95

equal tail posterior probability intervals (95% ETPPIs) of hyperparameters estimated from 96

the BSLMM are reported in Supplementary Table S5. 97

2.3. Genetic prediction of thyroglobulin levels (Polygenic score PGS analysis) 98

To measure prediction performance, we calculated the correlation coefficient of pre- 99

dicted and observed values in the test data. Having in mind that the PVE was estimated to 100

be 0.17 by the BSLMM, 0.17 was considered as a theoretical upper bound for the accuracy of 101

the predictive model. The Pearson’s correlation coefficient was equal to -0.05 (95% CI [-0.1, 102

0.0004]) with a p-value of 0.052. This result implies that we have constructed a genomic 103

predictor of plasma Tg levels which, with the inclusion of additional training and test data, 104

is expected to pass the 5% statistical significance threshold. 105

2.4. Meta-analysis 106

To attain the largest available sample size for this study, the discovery and replication 107

datasets were meta-analyzed in order to uncover additional signals hidden in the separated 108

discovery and replication analyses due to a lack of power. There was little evidence for 109

population stratification at the replication-level (¼Korcula2&3 = 1.004) or meta-analysis level 110

(¼ = 1.029). In the meta-analysis phase, 83 SNPs within the ST6GAL1 gene on chromosome 111

3 reached genome-wide significance (Figure 2 and Supplementary Table S6). The most 112

significant SNP was rs5001409 (p = 1.85 × 10−20). The regional association plot of the 113

ST6GAL1 region is shown in Figure 3. Minor, C allele (MAF = 0.38) of the rs5001409 was 114

associated with lower Tg levels ( = -0.297, SE = 0.03). Effect sizes were in the same direction 115

in all datasets. Forest plot of the effect sizes is shown in Supplementary Figure S1. 116

Figure 2. Manhattan plot and quantile-quantile (Q-Q) plot of meta-analysis results for thyroglobulin
(Tg) levels. (A) Manhattan plot of single nucleotide polymorphisms (SNP) for Tg levels. The x-axis
represents the chromosomal position of SNPs, and the y-axis represents their −log10(p − values)

obtained by combined analysis. Each dot on the Manhattan plot signifies a SNP. The red horizontal
line indicates the genome-wide significance threshold (p = 5 × 10−8), while the blue horizontal line
indicates the suggestive threshold of significance (p = 5 × 10−6). (B) In the Q-Q plot, we see a strong
deviation from the null distribution (the distribution of p-values under the null hypothesis of no true
association is indicated by the red line).
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Figure 3. Regional association plot of ST6GAL1 region. The most significant SNP (rs5001409) is shown
in purple. The colors of the circles denote their correlations (LD r2) with the top SNP (lead SNP in
purple, high LD SNPs with r2 g 0.8 in red, orange for 0.8 > r2 g 0.6, green for 0.6 > r2 g 0.4, light
blue for 0.4 > r2 g 0.2 and dark blue for r2

< 0.2). The figure was generated using the LocusZoom
tool [20].

2.5. Colocalization analysis 117

Our analysis supports a strong colocalization of GWAS signals with eQTLs of ST6GAL1 118

gene in thyroid tissue with a SS p-value of 1 × 10−7. The colocalization analysis has been 119

visualized in Figure 4. According to the GTEx portal, the most significantly associated 120

SNP, rs5001409, was also strongly associated with the expression of the ST6GAL1 gene 121

in the thyroid tissue (p = 1.7 × 10−18). The association is visualized in the violin plot 122

(Supplementary Figure S2). Normalized effect size (NES) is defined as the slope of the 123

linear regression and is computed as the effect of the alternative allele (C allele) relative 124

to the reference allele (A allele) in the human reference genome (i.e. the eQTL effect allele 125

is the ALT allele). NES of the C allele at rs5001409 was -0.33, while median normalized 126

expression of the ST6GAL1 gene was 0.1952 for genotype AA, -0.0174 for genotype AC and 127

-0.5219 for genotype CC. 128
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Figure 4. Colocalization analysis of thyroglobulin GWAS signals with eQTL signals of ST6GAL1

gene in thyroid tissue. Filled circles represent thyroglobulin GWAS −log10(p − values) (left y-axis).
The rs5001409 SNP was defined as the lead SNP and is presented in purple. The LD information
is similar to LocusZoom. LD information was computed from the European 1000 Genomes subset
(phase 1, version 3) [21] in reference to the lead SNP. The grey line represents the eQTL signals and
traces the lowest p-value [right y-axis, showing −log10(p − values)]. Gene track information is from
GENCODE v19 (hg19 coordinates). The figure was generated using the LocusFocus tool [22].

3. Discussion 129

This study confirmed the results of our recent discovery GWA study on the association 130

of the ST6GAL1 gene with Tg plasma levels in healthy individuals [19]. In the meta-analysis, 131

we confirmed 16 variants within the ST6GAL1 gene previously associated with plasma Tg 132

levels [19] and detected an additional 67 variants within the ST6GAL1 gene that were asso- 133

ciated with plasma Tg levels. The strongest association with plasma Tg levels was observed 134

for the ST6GAL1 gene rs5001409 SNP (p = 1.85× 10−20). The C allele of this polymorphism 135

was associated with lower plasma Tg levels. The highest expression of the ST6GAL1 gene 136

is found in the liver, lymph node, spleen, thyroid, and prostate tissue [23]. According 137

to the GTEx portal, the strongest eQTL signals for the lower expression of the ST6GAL1 138

gene in thyroid tissue are rs967367, rs3821819, rs10937280, rs17776120 and our top SNP, 139

rs5001409 with expression p-value 1.7 × 10−18. The top 6 eQTL signals were also in the top 140

7 signals associated with lower Tg levels in our meta-analysis. Additionally, these SNPs are 141

in high LD with our top rs5001409 variant. This overlap was further confirmed by our colo- 142

calization analysis. We offer several explanations of how decreased ST6GAL1 expression 143

may be associated with decreased plasma Tg levels. The first possibility is the association 144

of ST6GAL1 and Tg via the Wnt/´-catenin signaling pathway. ST6GAL1 activates the 145

Wnt/´-catenin signaling pathway through the PI3K/Akt/GSK-3´ signaling pathway [24]. 146

Lower ST6GAL1 expression leads to lower activation of the PI3K/Akt/GSK-3´ signaling 147

pathway, resulting in lower activation of the Wnt/´-catenin signaling pathway. Because the 148

Wnt/´-catenin signaling pathway activates the expression of thyroid transcription factor 149

1 (TTF-1)[25] [a transcription factor involved in TG transcription[26]], lower activation of 150

this pathway leads to lower levels of TTF-1 and consequently lower Tg levels. The second 151

possibility of ST6GAL1 and Tg association is via the TSH receptor. Namely, ST6GAL1 152

adds sialic acid to the TSH receptor [27]. Sialylation of the TSH receptor increases the 153

level of intracellular cAMP [28] (increased concentration of intracellular cAMP means that 154

the TSH receptor is activated and activation of this receptor is associated with increased 155

expression of the TG gene). Thus, lower ST6GAL1 gene expression leads to lower TSH 156

receptor sialylation and lower TSH receptor activation. The result is a lower transcription 157

of the TG gene. The third possibility is the association of ST6GAL1 and Tg through Tg. 158
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Tg has autoregulatory potential and can suppress its own expression [29–31]. Sue et al. 159

suggested that Tg that is poorly iodinated or sialylated has a higher potential to trigger 160

Tg-mediated signaling [18], and also has a higher affinity for the asialoglycoprotein (ASGP) 161

receptor (one of the proposed receptors that could be involved in Tg-mediated signaling) 162

[32,33]. Thus, lower ST6GAL1 expression could lead to a decrease in Tg sialylation. This 163

would result in a higher concentration of poorly sialylated Tg which has a higher potential 164

to trigger Tg-mediated signaling. Tg-mediated signaling can suppress TG gene expression. 165

The disadvantage of this explanation is that the role of ASGPR in Tg-mediated signaling has 166

not been thoroughly investigated, and several authors have pointed out that it is necessary 167

to further investigate the signal transduction that occurs after Tg binding to ASGPR [32–34]. 168

In addition, since lower ST6GAL1 expression could result in a higher concentration of 169

poorly sialylated Tg, this could increase the amount of Tg in the blood. Specifically, it is 170

known that preferentially immature Tg (desialylated or poorly sialylated) is transferred to 171

the blood by transcytosis [19,35]. 172

In addition to the standard frequentist approach to GWA mapping, we performed a 173

Bayesian multi-SNP mapping by fitting a BSLMM on 7,289,083 SNPs and 1,096 individuals. 174

The multi-SNP BSLMM approach uncovered additional association signals outside of the 175

ST6GAL1 gene. This study showed that the T allele in rs10283166 SNP located within the 176

intronic region of the noncoding PVT1 gene on chromosome 8 is associated with decreased 177

plasma Tg levels. The PVT1 gene encodes a long noncoding RNA that has an oncogenic 178

role in various types of cancer [36]. Zhou et al. have shown that PVT1 can contribute to 179

tumorigenesis in thyroid cancer [37]. Additionally, Zhou et al. have shown that silencing of 180

PVT1 reduces TSH receptor expression [37]. Because increased TSH receptor activation was 181

associated with increased TG gene expression, an increase in PVT1 levels would be associ- 182

ated with an increase in Tg levels. Given the important role of both Tg and PVT1 in thyroid 183

cancer, the effect of rs10283166 SNP on PVT1 expression should be further investigated. 184

On chromosome 1, G allele, A allele, and G allele within rs78946539, rs143154928, and 185

rs12566684 SNPs, respectively, were associated with lower plasma Tg levels. These SNPs 186

are located within the intronic region of the PDPN gene. According to the GTEx portal, 187

these SNPs affected the expression of the RP11-474O21.5 gene in the adrenal gland, but were 188

not associated with changes in PDPN gene expression. Expression of both RP11-474O21.5 189

(GEPIA database [38]) and PDPN [39] is increased in thyroid carcinoma. Since Tg levels are 190

also increased in thyroid cancer [40], the aforementioned alleles within the RP11-474O21.5 191

and PDPN gene could be protective in thyroid cancer (by decreasing Tg levels). Increased 192

expression of PDPN has been observed in papillary thyroid carcinoma (PTC) [39], and it 193

has been suggested that PDPN may be a pro-metastatic factor in PTC [39,41]. It has been 194

suggested that pro-metastatic activity of PDPN in PTC could be through the activation of 195

the ezrin-radixin-moesin (ERM) proteins [42]. Interestingly, moesin (ERM protein) has been 196

shown to activate the Wnt/-catenin signaling pathway [43] whose increased activation was 197

associated with increased TG transcription (described earlier in the text) [26]. 198

This study showed that the T allele in rs35862113 SNP located on chromosome 14 is as- 199

sociated with increased plasma Tg levels. This SNP is located in the intronic region of 200

the Microtubule Affinity Regulating Kinase 3 (MARK3) gene. According to the GTEx 201

portal, this SNP was associated with reduced MARK3 expression in thyroid tissue. Thus, 202

lower MARK3 expression results in increased plasma Tg levels. The possible association 203

of MARK3 with Tg is through Plakophilin-2 (PKP2) since PKP2 is one of the targets of 204

MARK3. Phosphorylation of PKP2 by MARK3 creates a 14-3-3 binding site [44] and it has 205

been suggested that phosphorylation of PKP2 by MARK3 and subsequent binding by 14-3-3 206

prevents nuclear localization of PKP2 [45]. According to Niell et al., PKP2 antagonizes 207

Wnt/´-catenin signaling [46] [thus, it may consequently lead to lower TG transcription 208

(described earlier) [26]]. Additionally, this study showed that the C allele in rs1631354 SNP, 209

located in the intronic region of retinoic acid receptor beta gene (RARB) on chromosome 3 is 210

associated with increased plasma Tg levels. According to the Human Protein Atlas, RAR´ 211

expression is high in the thyroid [13,14], while RAR´ expression is reduced in thyroid 212
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carcinomas [47,48]. One previous study showed that treatment with RAR´ binding retinoic 213

acid (a metabolite of vitamin A), inhibited TG gene expression [49], while another showed 214

that retinoic acid treatment increased TG gene expression [50]. 215

Finally, allele A in rs11202702 SNP, on chromosome 10, was associated with an increase 216

in Tg plasma levels. According to the GTEx portal, this allele is also associated with an 217

increase in Ankyrin repeat domain-containing protein 22 (ANKRD22) expression in the 218

esophageal mucosa (although a significant association between this SNP and ANKRD22 219

expression was not observed in thyroid tissue). ANKRD22 can activate the Wnt/´-catenin 220

signaling pathway [51] [thus, it can consequently lead to an increase in TG transcription 221

(described earlier in the text) [26]]. This SNP (rs11202702) is located within the intronic 222

region of the renalase gene (RNLS). To date, it has not been shown whether rs11202702 223

SNP affects RNLS gene expression. RNLS can activate AKT [52] which activates the Wnt/´- 224

catenin signaling pathway [53] (therefore, it can consequently lead to an increase in TG 225

transcription [26]). 226

In conclusion, the use of frequentist and Bayesian methods in inferring the genetic back- 227

ground of plasma Tg levels led to the confirmation of our previous results and assessment 228

of new parameters. We performed association mapping with both single-SNP and multi 229

SNP-approaches. The results of the multi-SNP BSLMM approach are consistent with the 230

results of our recent frequentist GWA study that showed an association of the ST6GAL1 231

gene with plasma Tg levels in healthy individuals [19]. In the meta-analysis, we increased 232

the sample size (from 1,094 to 2,190 healthy individuals), and with 16 confirmed variants 233

[19], we found an additional 67 variants within the ST6GAL1 gene associated with plasma 234

Tg levels. We further fine-mapped the genetic architecture of Tg by estimating PVE, PGE, 235

and polygenic score. We found that all available variants explain about 17% of the variance 236

in Tg levels and that 52% of this variation is due to a relatively small number of 16 variants 237

that have a major effect on Tg levels. We constructed a predictive polygenic score of plasma 238

Tg levels. Although polygenic predictions are of little use in the clinical setting, they facili- 239

tate new experimental designs and discoveries. For example, they can be used in a newly 240

genotyped cohort to correlate observed phenotypic traits with the genetic prediction of 241

another trait. This approach yields a powerful design because if there exists an association 242

between the traits, it must be due to genetic factors since there are no shared environmental 243

factors [54]. This approach will be the scope of our future studies investigating the genetic 244

factors underlying thyroid function. Because the most significant association signals in 245

our meta-analysis were associated with both lower plasma Tg levels and lower ST6GAL1 246

gene expression, we offered several explanations of how lower ST6GAL1 gene expression 247

may lead to a decrease in plasma Tg levels. The molecular background of the influence of 248

ST6GAL1 on Tg levels should be examined in vitro and in vivo. Although our data strongly 249

suggest the existence of additional effects beyond the ST6GAL1 gene, further studies are 250

needed to functionally characterize these complex effects. In addition, since Tg levels are 251

altered in various thyroid diseases, the association of the identified genes in patients with 252

different thyroid diseases needs to be examined. Moreover, our recent study observed an 253

increase in ST6GAL1 in various thyroid well-differentiated carcinomas (I.G., unpublished 254

data). Finally, the conclusion of this study is that the genetic architecture of plasma Tg is 255

not purely polygenic, but rather sparse, i.e. influenced by a few genes with major effects. 256

4. Materials and Methods 257

4.1. Study population 258

This study was performed on participants originating from two Croatian cohorts: from 259

the mainland city of Split (CROATIA_Split) and the island Korcula (CROATIA_Korcula), 260

derived from the “10 001 Dalmatians project” [55], which is a part of the Croatian Biobank 261

program. Participants were recruited from the island of Korcula in three rounds and subco- 262

horts were named CROATIA_Korcula 1, CROATIA_Korcula 2, and CROATIA_Korcula 3, 263

each subcohort consisting of 1,000 participants. We excluded participants who could have 264

any type of thyroid disease according to anamnestic data and detailed biochemical findings. 265
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Individuals who self-reported thyroid disorder, individuals taking thyroid medication 266

or who underwent thyroid surgery, as well as individuals with Tg, thyroid-stimulating 267

hormone (TSH), free T3 (fT3), free T4 (fT4), Tg autoantibodies (TgAt), or thyroid peroxidase 268

antibodies (TPOAt) levels outside of the normal reference range for our population were 269

excluded. The published discovery phase [19] included 1,094 participants from CROA- 270

TIA_Split and CROATIA_Korcula 1 cohorts and, in the current study we included an 271

additional 1,096 participants from CROATIA_Korcula 2 CROATIA_Korcula 3 cohorts. The 272

final number of participants in the combined dataset for the meta-analysis was 2,190. Char- 273

acteristics of the cohorts are shown in Table 2. Written informed consent was obtained from 274

participants and the study protocol was approved by the Ethical board of the University of 275

Split, School of Medicine (No: 2181-198-03-04-14-0031 and 2181-198-03-04- 19-0022). 276

Table 2. Characteristics of the study population

Cohort Split Korcula 1 Korcula 2 Korcula 3

N 605 489 593 505
Women 321 (53%) 297 (61%) 328 (55,3%) 294 (58,2%)

Age 51 (39,61) 56 (46,67) 54 (40,65) 54 (39, 65)
Tg 9.20 (4.80, 14.50) 10.20 (6.40, 15.70) 10.1 (5.6,16.4) 10.6 (7.5, 16.1)

1 Values in the table represent median (interquartile range) or n (%). n, number of participants; Tg, thyroglobulin..

4.2. Genotyping and imputation 277

Genotyping platforms and quality control procedures are summarized in Supplemen- 278

tary Table S1. Cohorts CROATIA_Korcula 2 and CROATIA_Korcula 3 were genotyped 279

together using a mix of Illumina genotyping platforms CNV370v1, CNV370-Quadv3, and 280

OmniExpressExome-8v1-2_A. Quality control (QC) steps were applied to all genotyp- 281

ing array data. The minimum call rate was 98% for single nucleotide polymorphisms 282

(SNPs) and 97% for individuals, and autosomal SNPs not in Hardy–Weinberg equilibrium 283

(p − value < 1 × 10−6) were excluded. SHAPEIT v2.r873 and Positional Burrows-Wheeler 284

Transform (PBWT) [56] provided by the Wellcome Sanger Institute were used for phasing 285

and imputing data into the Haplotype Reference Consortium (HRC) reference panel [57]. 286

Additional QC was performed on imputed data. Imputed variants not in Hardy–Weinberg 287

equilibrium (p − value < 1 × 10−6), with minor allele frequency (MAF) < 0.01 or with infor- 288

mation score < 0.4 were excluded. Sex chromosomes were not analyzed. Due to the heavy 289

computational burden of fitting a multi-SNP approach, only variants with information 290

score g 0.9 were used for the Bayesian modeling, and the compared LMM analysis. The 291

final number of SNPs tested for association with Tg levels was 7,289,083 for both frequentist 292

and Bayesian approaches, and 6,554,718 overlapping SNPs for the meta-analysis. Cohorts 293

CROATIA_Korcula 2 and CROATIA_Korcula 3 were merged with earlier genotyped CROA- 294

TIA_Korcula 1 cohort and this merged dataset was used for prediction analyses. The final 295

number of SNPs used in the estimation of hyperparameters and prediction analyses was 296

7,289,083. 297

4.3. Biochemical measurements 298

Levels of thyroid hormones and antibodies in the plasma of participants were de- 299

termined by immunoassay methods with the Liaison XL Biomedica Chemiluminescence 300

Analyzer. Reference ranges for the study population were: Tg 0.2–50 ng/mL, TSH 0.3–3.6 301

mIU/L, fT3 3.39–6.47 pmol/L, fT4 10.29– 21.88 pmol/L, TgAb 5–100 IU/mL, and TPOAb 302

levels 1-16 IU/mL. All biochemical measurements were performed in the Biochemistry 303

Laboratory in the Department of Nuclear Medicine at the University Hospital Split. 304

4.4. Genome-wide association analyses 305

Genome-wide association analyses in cohorts CROATIA_Split and CROATIA_Korcula 306

1 were performed in our previously conducted discovery GWAS [19]. We conducted a new 307
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GWAS in an independent combined dataset CROATIA_Korcula2 and CROATIA_Korcula 3 308

consisting of 1,096 participants. For the association analysis, we considered two different 309

approaches; the frequentist LMM and Bayesian BSLMM, both implemented using the 310

software GEMMA 0.98.5 [58]. The phenotype used in both approaches was the same; Tg 311

levels were firstly regressed on sex and age using R statistical software [59] and regression 312

residuals were further quantile normalized to a standard normal distribution. 313

4.4.1. Linear mixed model (LMM) 314

We fit a standard LMM using GEMMA 0.98.5. in the following form: 315

y = W³ + x´ + u + ϵ (1)

u ∼ MVNn(0, ¼Ä−1K) (2)

ϵ ∼ MVNn(0, Ä−1In) (3)

Where y is a vector of Tg residuals corrected for age and sex for n=1,096 individuals, 316

W is a n × c matrix of covariates (fixed effects) in our case; a column of 1s, ³ is a c-vector 317

of the intercept; x is an n-vector of marker genotypes, ´ is the effect size of the marker, 318

u is an n- vector of random effects; ϵ is an n-vector of errors; Ä−1 is the variance of the 319

residual errors, ¼ is the ratio between the two variance components, K is a known n × n 320

relatedness matrix and In is an n × n identity matrix. MVNn denotes the n-dimensional 321

multivariate normal distribution. Effect sizes represent the change in adjusted Tg levels for 322

each additional effect allele in the genotypes of participants. 323

4.4.2. Bayesian framework 324

LMM implemented in GEMMA with equation 1 tests the alternative hypothesis 325

H1 : ´ ̸= 0 against the null hypothesis H0 : ´ = 0 for each SNP in turn. Extensions of 326

LMM that jointly account for effects of variants across multiple loci could further increase 327

power to detect causal variants. Bayesian LMMs are capable of modeling all markers jointly 328

by assuming different prior distributions on the marker effects and sampling from their 329

posterior distribution. Bayesian models developed for estimation of SNP effect sizes start 330

with a simple linear model that relates genotypes X to phenotypes y: 331

y = 1nµ + X´ + ϵ (4)
332

ϵ ∼ MVNn(0, Ä−1In) (5)

Where y is a vector of phenotypes measured on n individuals, X is a n × p matrix of 333

genotypes measured on that same n individuals at p genetic markers, ´ is a p-vector of 334

genetic marker effects, 1n is an n-vector of 1s, µ is a scalar of the phenotype mean, and ϵ is 335

an n-vector of error terms that have variance Ä−1. Our aim was to estimate the parameter 336

´, that is, the effects of genetic markers, but, since the number of genetic markers p in 337

our study (7,289,083) was considerably larger than the number of individuals n (1,096), 338

we needed to make some modeling assumptions for SNP effect sizes ´. These different 339

assumptions on the priors vary from the infinitesimal (i.e., the polygenic) model which 340

assumes that all SNPs have a non-zero effect, to the direct opposite, the sparse model 341

which assumes that a relatively small proportion of all variants affect the phenotype. The 342

performance of the model depends on the underlying true genetic architecture of the 343

studied trait. However, in general, this true genetic architecture is unknown. The most 344

commonly used polygenic modeling approach assumes that all SNPs affect the phenotype 345

(have a non-zero effect) with effect sizes normally distributed: 346

´ ∼ N(0, Ã2
´) (6)

The Equation 1 with the normality assumption 6 for effect sizes yields a model referred 347

to as the linear mixed model (LMM) for its resulting random effect term of the combined 348
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genetic effects. 349

350

4.4.3. Bayesian sparse linear mixed model (BSLMM) 351

A more general assumption, which includes both polygenic and sparse modeling 352

assumptions as special cases, is that the effect sizes come from a mixture of two normal 353

distributions: 354

´i ∼ πN(0, (Ã2
a + Ã2

b )/pÄ) + (1 − π)N(0, Ã2
b /pÄ) (7)

where π is the proportion of SNPs with large effects, and therefore the model is 355

interpreted as assuming that all variants have at least a small effect, where Ã2
b /pÄ is the 356

variance of small effects, and Ã2
a /pÄ is the additional variance of large effects. The resulting 357

model is the Bayesian sparse linear mixed model (BSLMM) proposed by Zhou et al. [60]. By 358

assuming a combination of polygenic and sparse effects for the prior distribution of effect 359

sizes, BSLMM is capable of adapting to different genetic architectures of the studied traits. 360

Multi-SNP association mapping in BSLMM accounts for relatedness among individuals and 361

population stratification by including a genomic kinship matrix as a random effect term. It 362

also accounts for linkage disequilibrium (LD) between SNPs by estimating SNP effect sizes 363

while controlling for other SNPs included in the model [60]. BSLMM uses a Markov Chain 364

Monte Carlo algorithm to sample from the posterior to obtain the SNP effect sizes . As 365

opposed to p-values from LMM, for each SNP, it outputs a posterior inclusion probability 366

(PIP), which is the probability that the marker is associated with the trait given the data, 367

calculated as a proportion of chain iterations in which that SNP has a large effect. SNPs that 368

are most robustly associated with the phenotype are therefore expected to have large PIPs 369

and these SNPs are the most probable candidates for being the functional variants affecting 370

plasma Tg variation. We ran a BSLMM on the same dataset (1,096 individuals and 7,289,083 371

variants) as in our primary frequentist LMM association analysis in order to compare the 372

single-SNP and multi-SNP approaches and to possibly reduce the incidence of false positive 373

and false negative findings. BSLMM chain was run with default 1,000,000 sampling steps 374

and 100,000 burn-in iterations. We used the estimated PIPs from the BSLMM output for 375

additional fine-mapping of the genomic regions significantly associated with Tg levels in 376

the standard LMM analysis. The p-values from the LMM were plotted in parallel with PIPs 377

from the BSLMM analysis in the Manhattan plots using the R package “CMplot” [61]. 378

4.5. SNP heritability estimation 379

We estimated the proportion of variance in phenotypes explained by all available 380

genotypes (PVE), also referred to as the “chip heritability”, by assuming that the SNP 381

effect sizes follow a mixture of two normal distributions (equation 7), as implemented in 382

GEMMA BSLMM. 383

4.6. Genetic prediction of thyroglobulin levels (Polygenic score PGS analysis) 384

Predicting phenotypes from genotypes for newly observed individuals can greatly aid 385

the development of precision medicine. However, predictions require the development 386

of statistical methods that can accurately model the polygenic architecture of the studied 387

trait. This is achieved by constructing a polygenic score (PGS). The simplest PGS is essen- 388

tially a weighted sum of genotypes across SNPs, where weights are the estimated genetic 389

effect sizes (´) [62]. We decided to utilize the BSLMM model for genomic prediction since 390

this method was designed for use on individual-level data and has been demonstrated 391

to outperform several other genomic prediction methods [60]. Tg levels were firstly re- 392

gressed on sex and age using R software. Derived residuals were quantile normalized to 393

a standard normal distribution in R before the PGS analysis. Because GEMMA requires 394

that the input genotype file for the PGS analysis contains both training and test data, Co- 395

horts CROATIA_Korcula 2 and CROATIA_Korcula 3 were merged with earlier genotyped 396

CROATIA_Korcula 1 cohort and this merged dataset was used for constructing the PGS. 397
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Sample data from the combined cohorts CROATIA_Korcula 2 and CROATIA_Korcula 3 398

was used as training data, and sample data from the CROATIA_Korcula 1 cohort was 399

used as test data. A Bayesian sparse linear mixed model was then fitted on the training 400

data and its prediction performance was evaluated by calculating the Pearson’s correlation 401

coefficient between the predicted and observed values in the test data. The estimate of PVE 402

for the SNPs used in the prediction analysis represents the potential upper bound for the 403

performance of PGS [62]. Because of this, we expected that the prediction accuracy of the 404

most efficient PGS wouldn’t exceed the estimated value of PVE. 405

4.7. Meta-analysis 406

We combined our previously conducted and published GWAS results in CROA- 407

TIA_Split and CROATIA_Korcula1 cohorts with our newly conducted GWAS in CROA- 408

TIA_Korcula 2&3 cohorts using a fixed-effect inverse-variance weighted model. To visualize 409

the meta-analysis results, a Manhattan plot and a quantile-quantile (Q-Q) plot were gener- 410

ated using the R package “qqman” [63]. A regional association plot for the genomic region 411

within 500 Kb of the top hit was generated using Locus Zoom software [20], and a forest 412

plot for the most significant SNP association was generated using the R package MetABEL. 413

4.8. GTEx project 414

The Genotype-Tissue Expression (GTEx) project [23] provides the scientific community 415

with a resource to study human gene expression and regulation and its relationship to 416

genetic variation. By analysing global RNA expression within individual tissues and 417

treating the expression levels of genes as quantitative traits, variations in gene expression 418

that are highly correlated with genetic variation can be identified as expression quantitative 419

trait loci or eQTLs. The GTEx Project database contains analyses of mRNA levels in 49 420

different tissues, including thyroid tissue obtained from 574 donors with available genotype 421

data. The data used for the analyses described in this manuscript were obtained from the 422

GTEx portal. 423

4.9. Colocalization analysis 424

Colocalization testing brings it closer to establishing causal relationships. If a SNP is 425

significantly associated with both Tg levels and gene’s expression (i.e. it is an expression 426

quantitative trait locus, eQTL), then this may suggest a regulatory role of the SNP on gene 427

expression in the pathway to Tg levels, which can also be regarded as vertical pleiotropy. 428

Using the LocusFocus tool [22], we tested whether our meta-analysis signals are colocalized 429

with eQTL signals. The LocusFocus tool implements a frequentist colocalization frame- 430

work - the Simple Sum (SS) developed by Gong et al. [64]. The SS is more powerful for 431

colocalization than existing methods, in particular in regions of high linkage disequilibrium 432

(LD) and allelic heterogeneity. The performance of SS relative to other frequently imple- 433

mented Bayesian colocalization methods designed for summary level data is documented 434

by Gong and collaborators [64]. To perform the colocalization analysis, we integrated our 435

meta-analysis summary statistics data with cis-eQTL data from thyroid tissue from the 436

GTEx project v8. 437
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and Wiechno, Wiesław and Jażdżewski, Krystian. Family of microRNA-146 Regulates RAR in Papillary Thyroid Carcinoma. 665

PLoS One 2016, 11, e0151968–e0151968. 666

49. Namba, H.; Yamashita, S.; Morita, S.; Villadolid, M.C.; Kimura, H.; Yokoyama, N.; Izumi, M.; Ishikawa, N.; Ito, K.; Nagataki, S., 667

Namba, H. and Yamashita, S. and Morita, S. and Villadolid, M. C. and Kimura, H. and Yokoyama, N. and Izumi, M. and Ishikawa, 668

N. and Ito, K. and Nagataki, Shigenobu. Retinole acid inhibits human thyroid peroxidase and thyroglobulin gene expression in 669

cultured human thyrocytes. Journal of Endocrinological Investigation 1993, 16, 87–93. 670

50. Kurebayashi, J.; Tanaka, K.; Otsuki, T.; Moriya, T.; Kunisue, H.; Uno, M.; Sonoo, H., Kurebayashi, Junichi and Tanaka, Katsuhiro 671

and Otsuki, Takemi and Moriya, Takuya and Kunisue, Hironori and Uno, Masako and Sonoo, Hiroshi. All-Trans-Retinoic 672

Acid Modulates Expression Levels of Thyroglobulin and Cytokines in a New Human Poorly Differentiated Papillary Thyroid 673

Carcinoma Cell Line, KTC-11. The Journal of Clinical Endocrinology Metabolism 2000, 85, 2889–2896. 674



Version January 25, 2022 submitted to Int. J. Mol. Sci. 18 of 18

51. Wu, Y.; Liu, H.; Gong, Y.; Zhang, B.; Chen, W., Wu, Yange and Liu, Hongxia and Gong, Yufeng and Zhang, Bo and Chen, Wenxiu. 675

ANKRD22 enhances breast cancer cell malignancy by activating the Wnt/-catenin pathway via modulating NuSAP1 expression. 676

Bosnian journal of basic medical sciences 2021, 21, 294–304. 677

52. Pointer, T.C.; Gorelick, F.S.; Desir, G.V., Pointer, Thomas C. and Gorelick, Fred S. and Desir, Gary V. Renalase: A Multi-Functional 678

Signaling Molecule with Roles in Gastrointestinal Disease. Cells 2021, 10, 2006. 679

53. Thompson, M.; Nejak-Bowen, K.; Monga, S.P.S., Crosstalk of the Wnt Signaling Pathway. In Targeting the Wnt Pathway in Cancer; 680

Goss, K.H.; Kahn, M., Eds.; Springer New York: New York, NY, 2011; pp. 51–80. 681

54. Visscher, P.M.; Wray, N.R.; Zhang, Q.; Sklar, P.; McCarthy, M.I.; Brown, M.A.; Yang, J., Visscher, Peter M. and Wray, Naomi R. and 682

Zhang, Qian and Sklar, Pamela and McCarthy, Mark I. and Brown, Matthew A. and Yang, Jian. 10 Years of GWAS Discovery: 683

Biology, Function, and Translation. Am J Hum Genet 2017, 101, 5–22. 684

55. Rudan, I.; Marusic, A.; Jankovic, S.; Rotim, K.; Boban, M.; Lauc, G.; Grkovic, I.; Dogas, Z.; Zemunik, T.; Vatavuk, Z.; et al., Rudan, 685

I. and Marusic, A. and Jankovic, S. and Rotim, K. and Boban, M. and Lauc, G. and Grkovic, I. and Dogas, Z. and Zemunik, T. and 686

Vatavuk, Z. and Bencic, G. and Rudan, D. and Mulic, R. and Krzelj, V. and Terzic, J. and Stojanovic, D. and Puntaric, D. and Bilic, 687

E. and Ropac, D. and Vorko-Jovic, A. and Znaor, A. and Stevanovic, R. and Biloglav, Z. and Polasek, O. "10001 Dalmatians:" 688

Croatia launches its national biobank. Croat Med J 2009, 50, 4–6. 689

56. Durbin, R., Durbin, R. Efficient haplotype matching and storage using the positional Burrows-Wheeler transform (PBWT). 690

Bioinformatics 2014, 30, 1266–1272. 691

57. McCarthy, S.; Das, S.; Kretzschmar, W.; Delaneau, O.; Wood, A.R.; Teumer, A.; Kang, H.M.; Fuchsberger, C.; Danecek, P.; Sharp, K.; 692

et al., McCarthy, S. and Das, S. and Kretzschmar, W. and Delaneau, O. and Wood, A. R. and Teumer, A. and Kang, H. M. and 693

Fuchsberger, C. and Danecek, P. and Sharp, K. and Luo, Y. and Sidorel, C. and Kwong, A. and Timpson, N. and Koskinen, S. and 694

Vrieze, S. and Scott, L. J. and Zhang, H. and Mahajan, A. and Veldink, J. and Peters, U. and Pato, C. and van Duijn, C. M. and 695

Gillies, C. E. and Gandin, I. and Mezzavilla, M. and Gilly, A. and Cocca, M. and Traglia, M. and Angius, A. and Barrett, J. C. and 696

Boomsma, D. and Branham, K. and Breen, G. and Brummett, C. M. and Busonero, F. and Campbell, H. and Chan, A. and Che, S. 697

and Chew, E. and Collins, F. S. and Corbin, L. J. and Smith, G. D. and Dedoussis, G. and Dorr, M. and Farmaki, A. E. and Ferrucci, 698

L. and Forer, L. and Fraser, R. M. and Gabriel, S. and Levy, S. and Groop, L. and Harrison, T. and Hattersley, A. and Holmen, O. L. 699

and Hveem, K. and Kretzler, M. and Lee, J. C. and McGue, M. and Meitinger, T. and Melzer, D. and Min, J. L. and Mohlke, K. L. 700

and Vincent, J. B. and Nauck, M. and Nickerson, D. and Palotie, A. and Pato, M. and Pirastu, N. and McInnis, M. and Richards, J. 701

B. and Sala, C. and Salomaa, V. and Schlessinger, D. and Schoenherr, S. and Slagboom, P. E. and Small, K. and Spector, T. and 702

Stambolian, D. and Tuke, M. and Tuomilehto, J. and van den Berg, L. H. and Van Rheenen, W. and Volker, U. and Wijmenga, C. 703

and Toniolo, D. and Zeggini, E. and Gasparini, P. and Sampson, M. G. and Wilson, J. F. and Frayling, T. and de Bakker, P. I. W. and 704

Swertz, M. A. and McCarroll, S. and Kooperberg, C. and Dekker, A. and Altshuler, D. and Willer, C. and Iacono, W. and Ripatti, S. 705

and others. A reference panel of 64,976 haplotypes for genotype imputation. Nat Genet 2016, 48, 1279–1283. 706

58. Zhou, X.; Stephens, M., Zhou, X. and Stephens, M. Genome-wide efficient mixed-model analysis for association studies. Nat 707

Genet 2012, 44, 821–4. 708

59. Team, R.C., R Core Team. R: A Language and Environment for Statistical Computing 2016. 709

60. Zhou, X.; Carbonetto, P.; Stephens, M., Zhou, X. and Carbonetto, P. and Stephens, M. Polygenic modeling with bayesian sparse 710

linear mixed models. Plos Genetics 2013, 9, e1003264. 711

61. Yin, L.; Zhang, H.; Tang, Z.; Xu, J.; Yin, D.; Zhang, Z.; Yuan, X.; Zhu, M.; Zhao, S.; Li, X.; et al., Yin, L. and Zhang, H. and Tang, Z. 712

and Xu, J. and Yin, D. and Zhang, Z. and Yuan, X. and Zhu, M. and Zhao, S. and Li, X. and Liu, X. rMVP: A Memory-efficient, 713

Visualization-enhanced, and Parallel-accelerated tool for Genome-Wide Association Study. Genomics Proteomics Bioinformatics 714

2021. 715

62. Ma, Y.; Zhou, X., Ma, Y. and Zhou, X. Genetic prediction of complex traits with polygenic scores: a statistical review. Trends Genet 716

2021, 37, 995–1011. 717

63. Turner, S.D., Turner, Stephen D. qqman: an R package for visualizing GWAS results using Q-Q and manhattan plots. Journal of 718

Open Source Software 2018, 3, 731. 719

64. Gong, J.F.; Wang, F.; Xiao, B.W.; Panjwani, N.; Lin, F.; Keenan, K.; Avolio, J.; Esmaeili, M.; Zhang, L.; He, G.M.; et al., Gong, J. F. 720

and Wang, F. and Xiao, B. W. and Panjwani, N. and Lin, F. and Keenan, K. and Avolio, J. and Esmaeili, M. and Zhang, L. and He, 721

G. M. and Soave, D. and Mastromatteo, S. and Baskurt, Z. and Kim, S. and O’Neal, W. K. and Polineni, D. and Blackman, S. M. 722

and Corvol, H. and Cutting, G. R. and Drumm, M. and Knowles, M. R. and Rommens, J. M. and Sun, L. and Strug, L. J. Genetic 723

association and transcriptome integration identify contributing genes and tissues at cystic fibrosis modifier loci. Plos Genetics 724

2019, 15, e1008007. 725



1 
 

This is a pre-copyedited, author-produced version of an article accepted for publication in The 

Journal of Clinical Endocrinology & Metabolism following peer review. The version of record 

[Nikolina Pleić, Ivana Gunjača, Mirjana Babić Leko, Tatijana Zemunik, Thyroid Function and 

Metabolic Syndrome: A Two-Sample Bidirectional Mendelian Randomization Study, The Journal 

of Clinical Endocrinology & Metabolism, Volume 108, Issue 12, December 2023, Pages 3190–

3200] is available online at: https://doi.org/10.1210/clinem/dgad371. 

 

Thyroid function and metabolic syndrome: a two-sample bidirectional 

Mendelian randomization study 

 

Nikolina Pleić,1 Ivana Gunjača,1 Mirjana Babić Leko,1 Tatijana Zemunik1,* 

1 Department of Medical Biology, University of Split, School of Medicine, Split, 21000 Croatia 

 

 

 

*Correspondence and reprint requests should be addressed to: tzemunik@mefst.hr, 

University of Split, School of Medicine, Šoltanska 2, 21000 Split, Croatia, ORCID: 0000-

0001-8120-2891 

Funding 

This work has been supported by the Croatian Science Foundation under the project 

<Regulation of Thyroid and Parathyroid Function and Blood Calcium Homeostasis= (No. 

2593).  

Disclosure summary 

The authors have no relevant financial or non-financial interests to disclose. 

Keywords: Mendelian Randomization Analysis, Thyroid Gland, Metabolic Syndrome 

mailto:tzemunik@mefst.hr


2 
 

Abstract 

Background: Thyroid function has been associated with metabolic syndrome (MetS) in a 

number of observational studies. In spite of that, the direction of effects and the exact causal 

mechanism of this relationship is still unknown.  

Methods: 

We performed a two-sample bidirectional Mendelian randomization (MR) study using 

summary statistics from the most comprehensive genome-wide association studies (GWAS) of 

thyroid-stimulating hormone (TSH, n=119,715), free thyroxine (fT4, n=49,269), MetS 

(n=291,107), as well as components of MetS: waist circumference (n=462,166), fasting blood 

glucose (n=281,416), hypertension (n=463,010), triglycerides (TG, n=441,016) and high-

density lipoprotein cholesterol (HDL-C, n=403,943). We chose the multiplicative random-

effects inverse variance weighted (IVW) method as the main analysis. Sensitivity analysis 

included weighted median and mode analysis, as well as MR-Egger and Causal Analysis Using 

Summary Effect estimates (CAUSE).  

Results:  

Our results suggest that higher fT4 levels lower the risk of developing MetS (OR=0.96, 

P=0.037). Genetically predicted fT4 was also positively associated with HDL-C (β=0.02, 

P=0.008), while genetically predicted TSH was positively associated with TG (β=0.01, 

P=0.044). These effects were consistent across different MR analyses and confirmed with the 

CAUSE analysis. In the reverse direction MR analysis, genetically predicted HDL-C was 

negatively associated with TSH (β=-0.03, P=0.046) in the main IVW analysis. 

Conclusions:  

Our study suggests that variations in normal-range thyroid function are causally associated with 

the diagnosis of MetS and with lipid profile, while in the reverse direction, HDL-C has a 

plausible causal effect on reference-range TSH levels. 
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1. Introduction 

  In clinical practice, metabolic syndrome (MetS) is often observed alongside thyroid 

dysfunction. MetS is defined as a cluster of cardiometabolic abnormalities including obesity, 

hypertension, hyperglycaemia and dyslipidemia (1). Because of its high prevalence and 

complexity, MetS is differently defined by different organisations. The three most used 

definitions are the ones from the World Health Organization (WHO, 1998) (2), the Adult 

Treatment Panel III of the National Cholesterol Education Program (NCEP-ATP III, 2001) (3), 

and Joint Interim Statement, 2009 (4). In this manuscript, we will focus on the Joint Interim 

definition (4) used in the largest genome-wide association study (GWAS) of MetS as a binary 

trait in the UK Biobank (5).  

Recently, a meta-analysis of global data from 28 million individuals estimated the global 

prevalence of MetS to be between 12.5% and 31.4%, according to the different definitions used 

(6). Because of it affecting over a billion people worldwide, and its association with a 

significantly increased risk of type 2 diabetes mellitus, cardiovascular disease, and mortality 

(7) (8) (9), MetS represents one of the most important global health challenges of today. 

Multiple studies have suggested an association between thyroid dysfunction and MetS or its 

components, but the causality and direction of these associations remain yet to be proven 

(10,11). Cross-sectional studies have shown that the overlap between the thyroid dysfunction 

diagnosis and MetS diagnosis is common, confirming their association, but also evoking the 

question of the association9s direction (11). Increasing attention is now directed to the reversed 

causal path, or the premise that thyroid dysfunction could arise from the effects of MetS, rather 

than MetS only being a consequence of thyroid dysfunction. 

A positive association between thyroid-stimulating hormone (TSH) and the diagnosis of MetS 

was reported in a great number of studies (11). In addition, this association persisted even in 
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euthyroid individuals with TSH levels within the reference range (12,13). On the other hand, 

the relationship between free thyroxine (fT4) and the diagnosis of MetS was not as unified. It 

was reported either as positive (14) or as negative (15,16). This contradiction could be due to 

the common shortcomings of observational research, such as unobserved confounding and 

reverse causation. Before translating these findings into clinical practice, it is crucial to further 

investigate the causal associations underlying these results. 

Mendelian randomization (MR) – the random combination of parents' genes that occurs at 

conception and the formation of offspring gametes, provides a unique method for identifying 

the causal nature of environmental risk factors (17). Using this kind of randomization, MR 

methodology can, to some extent, construct a natural analogue of a randomized controlled trial. 

Mendelian randomization analysis is based on the realization that a genetic variant associated 

with an exposure can be used as an instrumental variable to estimate the exposure's causal 

effect on an outcome of interest (18).  

MR studies have investigated the causal role of thyroid function on some of the components of 

MetS, namely blood lipids (19,20), waist-to-hip ratio (WHR) or body mass index (BMI) as 

markers of obesity (20-22), and blood pressure measurements (20). However, to date, the bi-

directional association between thyroid function and MetS as a binary outcome has not been 

tested using an MR approach. The aim of this study was to examine the genetically predicted 

effects of thyroid function on metabolic syndrome risk and its components, and vice versa, 

using large-scale summary genetic association data.  
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2. Materials and methods 

2.1. Study design  

Using a 2-sample MR analysis with GWAS summary statistics, we investigated the potential 

causal effect of genetically predicted reference-range TSH and reference-range fT4 on 

metabolic syndrome and its components. In the reverse direction MR analysis, we assessed the 

potential causal effect of genetically predicted MetS and its components on thyroid function, 

that is, TSH and fT4. A brief description of our MR analyses is given in Figure 1. The 

components of MetS were extracted as five elements according to the NCEP III (3) criteria. 

We utilized the most comprehensive GWAS summary association data for TSH, fT4, MetS, 

fasting blood glucose (FBG), waist circumference, hypertension, triglycerides (TG) and high-

density lipoprotein cholesterol (HDL-C). In each combination of exposure and outcome, 

samples were obtained from two independent but homogenous populations, both of European 

ancestry. In total,  we performed 24 MR analyses to investigate the bidirectional relationship 

between thyroid function and MetS. This study has been reported according to the STROBE-

MR guidelines (23) in Supplementary file 3 (24). Because all data were taken from publicly 

available summary statistics, ethical approval was not required. 
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Figure 1. Overview of the study design. A) Causal diagram assumed by the MR approach with arrows 

representing correlated and uncorrelated pleiotropy. B) Three model assumptions of traditional MR 

analysis. C) Flowchart of our bidirectional MR study. Abbreviations: CAUSE, Causal Analysis Using 

Summary Effect estimates; GWAS, genome-wide association study; IVW, inverse variance weighted; 

LD, linkage disequilibrium; MR, mendelian randomization. 
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2.2. Data sources and genetic associations for TSH and fT4 

We obtained summary genetic association estimates for normal TSH from a most recent 

GWAS meta-analysis of thyroid function (25), and for normal fT4 from the ThyroidOmics 

Consortium, an international consortium that studies the determinants and effects of thyroid 

diseases and thyroid function (26). A detailed description of the study cohorts and methods 

used can be found in Teumer et al. (26), Zhou et al. (25) and Supplementary file 1 (24).  

In short, Zhou et al. performed a fixed-effect inverse-variance weighted meta-analysis of TSH 

levels based on the Nord-Trøndelag Health Study (HUNT study, N = 55,342) (27), Michigan 

Genomics Initiative (MGI, N =10,085) (28), and the ThyroidOmics consortium (up to N 

=54,288 samples) (26), resulting in a total of 119,715 individuals and 22,4 million genetic 

markers. The study yielded 74 genome-wide significant loci for TSH, of which 28 were 

previously unreported (25). 

The discovery meta-GWAS in Teumer et al. consisted of data from 19 independent cohorts 

with 49,269 participants and over 8 million genetic markers for fT4. Exclusion criteria included 

non-European ancestry, use of thyroid medication and previous thyroid surgery. In each of the 

contributing individual cohorts GWASs, fT4 was analysed as a continuous variable in a linear 

model after inverse normal transformation. The study found a total of 21 known and novel 

associated loci for fT4 (26).  

2.3. Data sources and genetic associations for Metabolic syndrome  

Summary-level data for MetS as a binary phenotype were obtained from Lind et al., the most 

comprehensive GWAS on MetS in the UK Biobank (5), consisting of 291,107 European-

ancestry individuals (59,677 cases and 231,430 controls). A detailed description of the study 

cohort and methods used can be found in (5) and Supplementary materials (24).  
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The NCEP-harmonized criteria for MetS were used to define the five components of the 

syndrome and prevalent MetS as a binary trait. In order for a participant to be classified as 

having MetS, at least three of the following five criteria should be fulfilled: serum glucose ≥6.1 

mmol/L or antidiabetic treatment, blood pressure ≥130/85 mmHg or antihypertensive 

treatment, serum triglycerides ≥1.7 mmol/L, waist circumference >102 cm in men and >88 cm 

in women, HDL-cholesterol <1.0 mmol/L in men and <1.3 mmol/L in women. MetS was 

analysed as a binary trait in logistic regression analysis with 9,463,307 genetic variants, and 

adjusting for age, gender, genetic analysis batch, and 20 principal components for the 

population structure. The analysis yielded 93 independent genome-wide significant loci 

(P<5×10-8) (5). 

2.4. Data sources and genetic associations for the components of MetS 

Summary-level data for FBG were obtained from the most comprehensive GWAS in the Meta-

analyses of Glucose and Insulin-Related Traits Consortium (MAGIC), which is the largest 

publicly available meta-analysis in up to 200,622 European ancestry participants without 

diabetes (29). A detailed description of this single-ancestry meta-analysis for FBG adjusted for 

body mass index (BMI) can be found in Supplementary materials (24).  

Summary-level data for waist circumference were obtained from the Medical Research Council 

Integrative Epidemiology Unit (MRC-IEU) UK Biobank GWAS which included 462,166 

participants of European ancestry. Summary-level data for hypertension, TG and HDL-C were 

also obtained from MRC-IEU UK Biobank GWAS. Hypertension was analysed as a binary 

phenotype with 54,358 cases and 408,652 controls in 9,851,867 SNPs. MRC-IEU GWAS of 

blood lipids included 441,016 participants for TG and 403,943 participants for HDL-C. The 

data was retrieved through the (MRC-IEU) GWAS database pipeline integrated in the 

8TwoSampleMR9 R package (30-32). UK Biobank GWASs of blood lipids are part of a large 

meta-analysis in 1,320,016 participants of European ancestry from the Global Lipids Genetics 
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Consortium Results (GLGC) (33). However, here we did not utilise the GLGC summary 

statistics, as to avoid biases related to sample overlap, given that the HUNT study is present in 

both the TSH meta-analysis and the GLGC blood lipids meta-analysis. 

A detailed description of the listed cohorts and methods used can be found in Supplementary 

materials (24). 

2.5. Two-sample Mendelian randomization analysis 

We estimated the proportions of trait variance explained by identified genetic instruments (R2) 

using the formulae: R2 = (2β2 × MAF × (1 - MAF)) / (2β2 × MAF × (1 - MAF) + 2 N × MAF × 

(1-MAF) × SE2), where MAF = minor allele frequency, β = effect estimate of the SNP in the 

exposure GWAS, SE = standard error, N = sample size) (34,35). Furthermore, we evaluated 

instrument strength using the F statistic, where F = (R2 × (N - 2)) / (1 - R2), to test the 

significance of the instrument9s association with the exposure. 

The exposure and outcome datasets were harmonised to ensure that the effect of the identified 

SNPs on outcome and exposure are relative to the same effect allele. For each exposure-

outcome pair, we used the Mendelian Randomization Pleiotropy RESidual Sum and Outlier 

(MR-PRESSO) (36) approach to correct for uncorrelated horizontal pleiotropy by excluding 

SNPs that were horizontal pleiotropic outliers in our analysis considering that horizontal 

pleiotropy can distort the results of MR tests, which can lead to inaccurate causal estimates, 

loss of statistical power, and potentially false positive causal relationships. The identified SNPs 

were removed and the exposure-outcome causal associations were re-estimated. 

We performed a 2-sample MR using the multiplicative random effects inverse variance 

weighted (IVW) method as the main analysis (37). Multiplicative random effects IVW 

combines the effect of exposure on outcome across multiple genetic variants. It incorporates 

an overdispersion parameter into the variance of the IVW estimate, which allows the variance 
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to increase in the presence of heterogeneity. This method returns the same effect point estimates 

as under the fixed effect IVW model while also accounting for heterogeneity between the SNP 

estimates (38). 

2.6. Sensitivity analyses 

In order to obtain reliable causal estimates from MR, genetic instruments must satisfy 3 

instrumental variable assumptions 1) Relevance: the instruments are strongly associated with 

the exposure; 2) Exchangeability: instruments are not associated with any other confounders 

that may be associated with both exposure and outcome; and 3) Exclusion: instruments only 

influence the outcome by the path of exposure (18). To test if our relevance assumption holds, 

we calculated the R2 and the F-statistic for each exposure. Furthermore, for each exposure-

outcome pair, we calculated Cochran9s Q statistic to test for heterogeneity across SNP-specific 

estimates. 

In addition to the main multiplicative random-effect IVW method, we validated the results by 

performing MR analysis using several other methods with different model assumptions: 1) 

weighted median, 2) weighted mode and 3) MR-Egger. The weighted median will provide a 

consistent estimate if at least 50% of the weight comes from valid instruments and therefore is 

robust against instrumental outliers (39). The weighted mode approach assumes that the most 

frequently occurring association estimate is unaffected by pleiotropy, meaning that it must 

correspond to the true causal effect (40).  

Scatter plots depicting the SNP effects on the exposure against the SNP effects on the outcome 

were created for exposure-outcome pairs using the 8TwoSampleMR9 R package.  

For each of the exposure-outcome pairs, we performed the MR Steiger directionality test, 

which tests if the variance explained by instrumenting SNPs in the outcome is less than in the 
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exposure, to ensure a reliable directional analysis (30). The test was performed using the 

function  8directionality_test9 implemented in the 8TwoSampleMR9 R package. 

Additionally, we used the recently published Causal Analysis using Summary Effect Estimates 

(CAUSE) (41) a novel Bayesian MR method that accounts for both uncorrelated (when a 

variant affects outcome and exposure through separate mechanisms) and correlated (when a 

variant affects outcome and exposure through a shared heritable factor) horizontal pleiotropy. 

CAUSE allows all variants to have uncorrelated pleiotropic effects and assumes that a 

proportion q of variants exhibit correlated pleiotropy, which is encoded in a prior on q. CAUSE 

provides posterior distribution estimates under two models: the sharing model and the causal 

model, and tests whether the posteriors estimated under the causal model fit the data 

significantly better than the posteriors estimated under the sharing model. In other words, it 

tests whether the observed association between the exposure and outcome is more likely to be 

explained by causality than by correlated horizontal pleiotropy. Unlike existing MR methods, 

CAUSE incorporates information from all variants by using full summary association data (LD 

pruned at r2 < 0.01 with P < 1 × 10-3), which improves the power of the MR analysis. A two-

sided P < 0.05 was considered statistically significant for all MR analyses. We did not control 

the family-wise error rate (FWER) in a frequentist manner, given that we have chosen a specific 

subset of MetS components, and additionally explored the inferred causal effects using a 

Bayesian framework. 

Finally, in the reverse direction, we performed multivariable MR, a method that allows for the 

association of SNPs with multiple phenotypes to be included in the analysis, allowing an 

estimation of the direct effect of each phenotype on the outcome. For the multivariable MR 

analyses, we fitted a model with HDL-C and TG to identify which trait appeared to be 

responsible for the effect of lipid-related traits on thyroid function. Exposures for the 

multivariable MR were extracted using the 8mv_extract_exposures9 function in the 
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8TwoSampleMR9 package. This function extracts instruments for each exposure, obtains the 

full list of instruments and extracts those SNPs for every exposure, and finally, keeps only the 

SNPs that are independent and present in all exposures, harmonising them to be on the same 

strand. Multivariable MR was then performed using the 8mv_multiple9 function which fits all 

exposures together. 
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3. Results 

3.1. The causal effect of thyroid function on MetS and its components 

3.1.1. Reference-range fT4 as exposure 

We identified a total of 24 independent SNPs to serve as instrumental variables, which together 

explained 3.63% of phenotypic variance (R2) in fT4 levels (Supplementary file 2 - Table S1 

(24)).  

All the selected SNPs had F-statistics greater than 10 (median 43 and range 30–455). After 

harmonization, two SNPs were excluded for being palindromic with intermediate allele 

frequencies from all analyses (Supplementary file 2 - Table S2 (24)). We further removed SNPs 

with potential pleiotropy identified using the MR-PRESSO approach (Supplementary file 2 - 

Table S5 (24)). After excluding SNPs with pleiotropy, there were 19, 20, 13, 22, 19 and 16 

instrumental variants for the MR analysis of fT4 with MetS, FBG, waist circumference, 

hypertension, TG and HDL-C respectively (Supplementary file 2 - Table S6 (24)).  

The multiplicative random-effects IVW MR analysis showed that genetically predicted 

reference-range fT4 was causally associated with MetS (Figure 2, A and Supplementary file 2-  

Table S6 (24)). Each 1 SD increase in fT4 was associated with a 4% decrease in the risk of 

developing MetS (P=0.04). Steiger directionality test showed that all instrumental SNPs for 

fT4 were stronger predictors of fT4 than MetS, thus confirming the causal direction of our 

analysis (Supplementary file 2- Table S8 (24)). There was no evidence of heterogeneity across 

individual variant estimates (Cochran9s Q=13.39, P=0.77) or uncorrelated horizontal 

pleiotropy (MR-PRESSO Global test P=0.82) (Supplementary file 2- Table S5-6 (24)). The 

direction of the genetically predicted effects of fT4 on MetS was consistent across main and 

sensitivity MR analyses, although it was not statistically significant in the sensitivity analyses 

(Figure 3, A and Supplementary file 2 - Table S6 (24)). However, the causal association was 
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further confirmed by CAUSE analysis which, by using all of the genome-wide SNPs, revealed 

that the causal model was a better fit to data than the sharing model (delta_elpd=-3.20 < 0, 

P=0.04)  (Figure 2 B and C).  

 

Figure 2. The causal effect of normal fT4 on MetS. A) Scatter plot showing the relationship of the SNP 

effects on fT4 against the SNP effects on MetS. MR results were obtained using multiplicative random 

effects inverse variance weighted (light blue), MR Egger (dark blue), weighted median (light green) 

and weighted mode (dark green) method. The slope of each line corresponds to the estimated causal 

effect of fT4 on MetS. B) CAUSE analysis for the genetically predicted effect of fT4 on MetS. Models 

are compared using the delta_elpd statistic. A positive delta_elpd indicates that model1 is a better fit to 

data than model2. A negative delta_elpd in the 3rd row of the upper table suggests that the causal model 

is a better fit to data than the sharing model. Column z represents a z-score that can be compared to a 

normal distribution to test if the difference in model fit is significant. The p column represents the 

corresponding p-value. The bottom table represents the estimated sharing and causal effects. Eta 
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represents the effect of the sharing factor (a shared factor affects both fT4 and MetS). Gamma represents 

the causal factor effect, <-0.06 (-0.1, -0.02)= which is the genetically predicted effect of fT4 on MetS 

after adjusting for both correlated and uncorrelated horizontal pleiotropy. The ELPD contribution plot 

visually represents the contribution of each SNP to the test statistic. The plot shows only genome-wide 

significant SNPs. Warmer tones indicate a contribution to the causal model, while colder tones indicate 

a contribution to the sharing model. 

 

Genetically predicted normal-range fT4 was also causally associated with waist circumference 

in the main analysis. Per 1 SD increase in fT4 level within the reference range was associated 

with a 0.03 SD decrease in waist circumference (β=-0.03, P=0.04) (Supplementary file 2 - 

Table S6 (24)). Steiger directionality test showed that all instrumental SNPs for fT4 were 

stronger predictors of fT4 than waist circumference, thus confirming the causal direction of our 

analysis (Supplementary file 2 - Table S8 (24)). However, this finding was not confirmed in 

the sensitivity analyses. The direction of effects was not the same across different methods 

(Figure 3, C and Figure 4, A). There was evidence of heterogeneity across individual variant 

estimates (Cochran9s Q=25.14, P=0.01) and uncorrelated horizontal pleiotropy (MR-PRESSO 

Global test P=0.03) (Supplementary file 2 - Table S5-6 (24)). Bayesian CAUSE analysis 

suggested that the causal model is not a better fit to data than the sharing model 

(delta_elpd=0.74 > 0, P=0.95) (Supplementary file 1- Figure 1 (24)). 
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Figure 3. Forest plots displaying the identified causal effects of TSH and fT4 on MetS and its 

components using several MR methods. Odds ratios and 95% confidence intervals are reported for the 

causal effect of A) fT4 on MetS and B) TSH on MetS. Beta coefficients and  95% confidence intervals 

are reported for the causal effect of C) fT4 on waist circumference, D) TSH on TG, E) fT4 on HDL-C 

and F) HDL-C on TSH. The squares represent the estimated causal effect and the line represents the 

95% CI. Abbreviations: fT4, free thyroxine; HDL, high-density lipoprotein cholesterol; MR, Mendelian 

randomization; MetS, metabolic syndrome; TG, triglycerides; TSH, thyroid-stimulating hormone; WC, 

waist circumference. 
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The main MR analysis also yielded significant causal effect estimates of genetically predicted 

reference-range fT4 on waist HDL-C (β=0.02, P=0.01) (Supplementary file 2 – Table S6 (24)). 

Steiger directionality test showed that all instrumental SNPs for fT4 were stronger predictors 

of fT4 than HDL-C, thus confirming the causal direction of our analysis (Supplementary file 

2- Table S8 (24)). There was no evidence of heterogeneity across individual variant estimates 

(Cochran9s Q=23.63, P=0.07) or uncorrelated horizontal pleiotropy (MR-PRESSO Global test 

P=0.08) (Supplementary file 2- Table S5-6 (24)). The direction of effects was consistent across 

different methods (Figure 3, E and Figure 4, B) and was further confirmed by the negative 

CAUSE analysis delta_elpd=-0.13, however, the difference in the model fit was not significant 

(P=0.44) (Supplementary file 1- Figure 2 (24)). 

There were no significant causal effects of genetically predicted reference-range fT4 on FBG 

(β=-0.01, P=0.25), hypertension (OR=0.99, P=0.90) or TG (β=-0.02, P=0.15) (Supplementary 

file 2 – Table S6 (24)). 

3.1.2. Reference-range TSH as exposure 

We identified a total of 84 independent SNPs to serve as instrumental variables, which together 

explained 7.97% of phenotypic variance (R2) in TSH levels (Supplementary file 2 – Table S1 

(24)).  

All the selected SNPs had F-statistics greater than 10 (median 58 and range 30 – 997). Among 

the total 84 variants, one SNP was not present in summary association data for MetS and 

hypertension, and two were not present in the TG and HDL-C datasets. After harmonization, 

one SNP was excluded for being palindromic with intermediate allele frequencies from all 

analyses, and additionally, another SNP was excluded for incompatible alleles from the waist 

circumference, TG and HDL-C analyses (Supplementary file 2 – Table S2 (24)). We further 

removed SNPs with potential pleiotropy identified using the MR-PRESSO approach 
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(Supplementary file 2 – Table S5 (24)). After excluding SNPs with pleiotropy, there were 76, 

74, 76, 79, 70 and 71 instrumental variants for the MR analysis of TSH with MetS, FBG, waist 

circumference, hypertension, TG and HDL-C respectively (Supplementary file 2 – Table S7 

(24)). 

The multiplicative random-effects IVW MR analysis showed that genetically predicted 

reference-range TSH was causally associated with TG (Supplementary file 2- Table S7 (24)). 

Each 1 SD increase in TSH was associated with a 0.01 increase in TG (β=0.01, P=0.03). Steiger 

directionality test showed that all instrumental SNPs for TSH were stronger predictors of TSH 

than TG, thus confirming the causal direction of our analysis (Supplementary file 2- Table S8 

(24)). However, this finding was not confirmed in the sensitivity analyses. There was strong 

evidence of heterogeneity across individual variant estimates (Cochran9s Q=128.17, P=2.7×10-

5) and uncorrelated horizontal pleiotropy (MR-PRESSO Global test P<5×10-4) (Supplementary 

file 2 - Table S5, S7 (24)). The direction of effects was mainly consistent across different 

methods (Figure 3, D and Figure 4, C). Bayesian CAUSE analysis suggested that the causal 

model is a better fit to data than the sharing model (delta_elpd=-1.10<0), however, the 

difference in the model fit was not significant (P=0.22) (Supplementary file 1 - Figure 3 (24)).  

There were no significant causal effects of genetically predicted reference-range TSH on MetS 

(OR=1.01, P=0.65), FBG (β=-0.01, P=0.14), waist circumference (β=-0.01, P=0.39), 

hypertension (OR=0.99, P=0.07), and HDL-C (β=-0.002, P=0.67). 
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Figure 4. Scatter plots showing the relationship of A) SNP effects on fT4 against the SNP effects on 

waist circumference, B) SNP effects on fT4 against the SNP effects on HDL-C, C) SNP effects on TSH 

against the SNP effects on TG and D) SNP effects on HDL-C against the SNP effects on TSH. MR 

results were obtained using multiplicative random effects inverse variance weighted (light blue), MR 

Egger (dark blue), weighted median (light green) and weighted mode (dark green) method. The slope 

of each line corresponds to the estimated causal effect. 
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3.2. The causal effect of MetS and its components on thyroid function 

In the reverse causal path, we evaluated the causal effect of genetically predicted MetS on the 

determinants of thyroid function, that is, TSH and fT4 levels. 

We identified a total of 85 independent SNPs to serve as instrumental variables, which together 

explained 2.02% of phenotypic variance in MetS (Supplementary file 2- Table S1 (24)).  

All the selected SNPs had F-statistics greater than 10 (median 43 and range 29–421). Among 

the total 85 variants, one SNP was not present in the summary association data for TSH and 7 

SNPs were not present in the summary association data for fT4. After harmonization, three 

SNPs were excluded for being palindromic with intermediate allele frequencies from TSH and  

fT4 analyses (Supplementary file 2 - Table S2 (24)). We further removed SNPs with potential 

pleiotropy identified using the MR-PRESSO approach from the MetS analysis (Supplementary 

file 2- Table S5 (24)). After excluding SNPs with pleiotropy, there were 81 and 71 instrumental 

variants for the MR analysis of MetS with TSH and fT4 respectively (Supplementary file 2- 

Tables S5-6 (24)). There were no significant causal effects of MetS as a binary phenotype on 

TSH (β=0.003, P=0.81) or fT4 (β=-0.02, P =0.31). 

In the separate reverse direction analysis of each MetS component, there were no significant 

causal effects of genetically predicted FBG, waist circumference, hypertension or TG on either 

TSH or fT4. There was a significant causal effect of genetically predicted HDL-C on TSH 

levels in the main analysis (β=-0.03, P=0.045).  

In the HDL-C as exposure analysis, we identified a total of 362 independent SNPs to serve as 

instrumental variables, which together explained 13.58% of phenotypic variance in HDL-C 

levels (Supplementary file 2- Table S1 (24)).  

All the selected SNPs had F-statistics greater than 10 (median 54 and range 29–5569). Among 

the total 362 variants, 31 SNP was not present in the summary association data for TSH. After 
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harmonization, five SNPs were excluded for being palindromic with intermediate allele 

frequencies from TSH analysis (Supplementary file 2 – Table S2 (24)). Since running MR-

PRESSO simulations was infeasible for such a large number of genetic instruments, we could 

not exclude any of the potentially pleiotropic SNPs. There was strong evidence of 

heterogeneity across individual variant estimates (Cochran9s Q=731.85, P=2.16×10-33) 

(Supplementary file 2- Table S7 (24)). The direction of effects was the same across different 

methods (Figure 3, F and Figure 4, D). Bayesian CAUSE analysis suggested that the causal 

model is not a better fit to data than the sharing model (delta_elpd=0.49 > 0, P=0.65) 

(Supplementary file 1- Figure 4 (24)). Finally, in the reverse direction multivariable MR with 

TG and HDL-C as exposures, there were no significant direct causal effects on either TSH or 

fT4 (Supplementary file 2- Table S6, S7 (24)). 
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4. Discussion 

In this comprehensive two-sample bidirectional MR study, we aimed to explore the causal 

association between normal thyroid function and metabolic syndrome and its components 

using large-scale GWAS summary statistics. We found evidence suggesting that higher 

genetically predicted reference-range fT4 could lower the risk of developing MetS. This effect 

was consistent in direction across different MR analyses and confirmed with a Bayesian MR 

approach. The causal effect of reference-range fT4 on waist circumference, even though 

significant in the main analysis, was not confirmed in our sensitivity analyses and Bayesian 

modelling. Another significant causal effect, of reference-range fT4 on HDL-C, was consistent 

in direction across different MR analyses and confirmed with a Bayesian approach, however, 

the difference in model fits was not significant. The causal effect of TSH on TG was mainly 

consistent across different MR methods, however, there was strong evidence of heterogeneity. 

Finally, the causal effect of HDL-C on reference-range TSH was consistent in direction across 

different MR methods, but there was also a strong evidence of heterogeneity. 

To the best of our knowledge, this is the first MR study investigating the association between 

normal thyroid function and MetS as a diagnosis. Thyroid hormones have long been known to 

influence metabolic processes necessary for normal growth and development, as well as 

influencing metabolic processes in adults (42). The relationships between thyroid function and 

body weight and energy expenditure have been well established (42).  

Our study is the first MR study to investigate the association between normal thyroid function 

and waist circumference (measured in cm). Previous studies have investigated the bidirectional 

association between thyroid function and various obesity markers, such as waist-to-hip ratio 

and body mass index (20-22). Kus et al. in (20) performed a bidirectional MR between thyroid 

function and obesity parameters BMI and WHR and found a negative association effect of fT4 

on WHR after excluding potentially pleiotropic instruments. This finding is consistent with our 
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negative effect of fT4 on waist circumference, however, the finding was not confirmed in our 

sensitivity analyses, meaning that caution should be applied when interpreting the effect of fT4 

on waist circumference as a parameter of obesity. 

Our findings for blood lipids were inconsistent with other MR studies investigating the causal 

effect of normal thyroid function. In a previous study by Wang et al. (19), the authors 

investigated the causal association between normal thyroid function and blood lipids. The 

genetic instruments for the exposures were obtained from the ThyroidOmics consortium (26) 

with 54,288 individuals for TSH and 49,269 individuals for fT4, meaning that our exposure 

datasets fully overlap for fT4 and partially for TSH. They found that neither TSH nor fT4 

showed causal associations with HDL-C and TG. Given that we have performed an MR 

analysis that is largely similar to the one performed by the authors, our significant result for 

the causal association between TSH and TG, and fT4 and HDL-C could be due to the fact that 

we utilised a larger GWAS of blood lipids with 441,016 individuals for TG and 403,943 

individuals for HDL-C, as opposed to 188,577 individuals from the Global Lipids Genetics 

Consortium used in (19), which increased the power of our study. Another MR study, by Kus 

et al. (20), utilized a larger blood lipids dataset from the Milion Veteran Program GWAS meta-

analysis in nearly 300,000 participants (43). The authors found no association between fT4 and 

total cholesterol levels or any of the specific lipid fractions. They did, however, found a positive 

association between TSH and HDL-C after excluding potentially pleiotropic instruments. As 

already pointed out by Wang et al. (19), the use of a multi-ethnic GWAS meta-analysis of 

blood lipids from the Million Veteran Program with 27.6% of individuals of non-European 

ancestry could have had an impact on the results, given that ethnic homogeneity is a key 

requirement of the 2-sample MR design. Furthermore, there exists a possibility of reverse 

causation in the relationship between TSH and HDL-C, which was not investigated by Kus et 

al. (20). Here, we show that the reverse causal path of HDL-C on TSH levels is plausible. The 
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effect of thyroid function on lipid metabolism has been extensively documented. Thyroid 

hormones upregulate cholesterol metabolism through the activation of cholesterol ester transfer 

protein (CETP), hepatic lipase (HL) and lipoprotein lipase (LPL) (44). The positive 

relationship between fT4 and HDL-C has been shown in multiple large population-based 

studies (16,45). A large population-based study in 30,656 individuals found that reference-

range TSH was positively associated with TG (46). Similar results were found in almost all 

human studies investigating the relationship between TSH and TG (11). 

We found no consistent evidence for the causal effect of normal thyroid function on FBG or 

hypertension, in both direct and reverse causal paths. In a previous study by Larsson et al.(47), 

authors investigated the causal association between thyroid function and hypertension. We 

aimed to replicate the authors9 results in a larger sample for TSH (119,715 individuals in our 

study vs. 54,288 individuals in Larsson et al.) and a larger sample for hypertension (463,010 

individuals vs. 367,703 in Larsson et al.). The authors found suggestive evidence of an 

association between hypothyroidism and hypertension and no evidence of an association 

between normal thyroid function and hypertension, which is in agreement with our results. 

MetS serves as a useful framework that highlights the fact that some cardiovascular disease 

risk factors tend to cluster in predisposed patients. Recognizing MetS is clinically important, 

as the identification of one of the risk factors in a patient should prompt the investigation of 

other associated risk factors. By identifying individuals at risk of MetS and the related negative 

outcomes it entails, we can devise strategies for prevention and intervention that aim to improve 

the overall health of patients. However, differences in defining MetS can create uncertainties 

that affect the accuracy of diagnosis in terms of sensitivity and specificity. Both the research 

and clinical community should strive for a unified definition of MetS.  

One limitation of the present study is that, because of the lack of large-scale GWA studies 

performed in ancestries other than European, we were restricted to estimating the causal effects 
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using only GWAS conducted in European-ancestry individuals. Further efforts should focus 

on evaluating the same causal paths in other ethnicities. Another limitation is that, given the 

number of MR analyses performed in this study, estimating gender-specific causal effects of 

thyroid function on MetS was beyond the scope of our study. 

In conclusion, we performed a comprehensive MR bidirectional analysis, using both 

frequentist and Bayesian approaches, which yielded evidence of the causal role of normal 

thyroid function on MetS and its components, as well as the causal role of HDL-C on TSH,  

giving new insights into the relationship between thyroid function and MetS. 
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Abstract

Background

Numerous organs, including the thyroid gland, depend on vitamin D to function normally.

Insufficient levels of serum 25-hydroxyvitamin D [25(OH)D] are seen as a potential factor

contributing to the emergence of several thyroid disorders, however, the causal relationship

remains unclear. Here we use a Mendelian randomization (MR) approach to investigate the

causal effect of serum 25(OH)D concentration on the indicators of thyroid function.

Methods

We conducted a two-sample MR analysis utilizing summary data from the most extensive

genome-wide association studies (GWAS) of serum 25(OH)D concentration (n = 443,734

and 417,580), thyroid-stimulating hormone (TSH, n = 271,040), free thyroxine (fT4, n =

119,120), free triiodothyronine (fT3, n = 59,061), total triiodothyronine (TT3, n = 15,829), as

well as thyroid peroxidase antibody levels and positivity (TPOAb, n = 12,353 and n =

18,297), low TSH (n = 153,241), high TSH (n = 141,549), autoimmune hypothyroidism (n =

287,247) and autoimmune hyperthyroidism (n = 257,552). The primary analysis was con-

ducted using the multiplicative random-effects inverse variance weighted (IVW) method.

The weighted mode, weighted median, MR-Egger, MR-PRESSO, and Causal Analysis

Using Summary Effect estimates (CAUSE) were used in the sensitivity analysis.

Results

The IVW, as well as MR Egger and CAUSE analysis, showed a suggestive causal effect of

25(OH)D concentration on high TSH. Each 1 SD increase in serum 25(OH)D concentration

was associated with a 12% decrease in the risk of high TSH (p = 0.02). Additionally, in the

MR Egger and CAUSE analysis, we found a suggestive causal effect of 25(OH)D concen-

tration on autoimmune hypothyroidism. Specifically, each 1 SD increase in serum 25(OH)D

concentration was associated with a 16.34% decrease in the risk of autoimmune hypothy-

roidism (p = 0.02).
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Conclusions

Our results support a suggestive causal effect which was negative in direction across all

methods used, meaning that higher genetically predicted vitamin D concentration possibly

lowers the odds of having high TSH or autoimmune hypothyroidism. Other thyroid parame-

ters were not causally influenced by vitamin D serum concentration.

1. Introduction

The human body receives vitamin D through synthesis in the skin after exposure to sunlight (a

major source of vitamin D) or by the intake from food (only 5–10% of vitamin D is acquired

in this way) [1]. Vitamin D comes in five different forms (vitamin D1-D5). The two most

important of these fat-soluble secosteroids for humans are vitamin D2 (ergocalciferol) and

vitamin D3 (cholecalciferol). Calcitriol (also known as 1α,25-dihydroxyvitamin D (1,25(OH)

2D), 1α,25-dihydroxyvitamin D3 or 1,25-dihydroxycholecalciferol) is the active form of vita-

min D3 produced in the liver from calcidiol (also known as 25-hydroxyvitamin D [25(OH)D]

or calcifediol) by the action of the enzyme vitamin D 25-hydroxylase [2]. Calcitriol has several

important functions, such as immunosuppressive and anticancer effects [3, 4], and it is

involved in the regulation of phosphate and calcium levels, bone mineralization [5], neuro-

muscular and immune functions, regulation of cell growth, and the expression of more than

1000 genes [6, 7].

The influence of diet on the functioning of the thyroid gland has been extensively docu-

mented in the literature. The well-known causal influence of iodine and selenium deficiency

on thyroid dysfunction has motivated numerous studies on the effect of iodine and selenium

supplementation on thyroid health [8–11], however, access to vitamin D (either from food or

sunlight) is also crucial for the proper functioning of the thyroid gland. Meta-analyses [12, 13]

and observational studies (reviewed in Babić Leko et al. [14]) have shown that vitamin D insuf-

ficiency may be a risk factor for the development of hypothyroidism, autoimmune thyroid dis-

orders and thyroid cancer. A large longitudinal case-control study based on electronic health

records has found that vitamin D supplementation resulted in an overall decrease in TSH lev-

els and lower rates of hypothyroidism detection [15]. A recent randomized controlled trial

(RCT) has found that vitamin D supplementation reduced the incidence of hypothyroidism in

females, but not in males [16]. Moreover, RCTs examining the impact of vitamin D supple-

mentation on thyroid function in those suffering from autoimmune thyroid diseases found a

decrease in anti-thyroid antibodies following vitamin D supplementation (reviewed in [14]).

The relationship between vitamin D and thyroid, however, is still poorly understood in

many respects. Namely, due to the many inconsistencies between the studies (reviewed in

[14]), it is still not clear how vitamin D affects thyroid hormones, thyroid stimulating hormone

(TSH) and anti-thyroid antibody levels. Prior to implementing these findings in a clinical set-

ting, it is essential to conduct additional research into the causal relationships that underpin

these associations. The use of different assays to measure serum 25(OH)D levels and the possi-

ble confounding effects of age, sex, dietary practices, body mass index (BMI), smoking habits,

and the season during which samples were taken are among the variables that could signifi-

cantly contribute to discrepancies between the studies.

An approach that can further exclude the effect of the confounding factors, is Mendelian

randomization (MR), which utilizes genetic variants as instrumental variables in order to esti-

mate the causal effect of exposure on an outcome of interest. It is considered that this kind of
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methodology can mimic a randomized controlled trial [17, 18]. To date, only two studies

using MRmethodology investigated the association between vitamin D (mainly determined

by serum calcidiol 25(OH)D levels) and thyroid function. MR methodology was used to inves-

tigate the association between serum 25(OH)D concentration and the risk of thyroid cancer,

hypothyroidism, and hyperthyroidism [19], and serum 25(OH)D concentration and serum

thyroid peroxidase antibodies (TPOAb) (the study included participants from China) [20].

Additionally, a recent preprint [21] has investigated the association between serum 25(OH)D

concentration and the risk of hypothyroidism, Hashimoto’s thyroiditis and the levels of thy-

roid-stimulating hormone (TSH) and free thyroxine (fT4) using MR. However, to date, the

association between serum 25(OH)D concentration and anti-thyroid antibody levels has not

been investigated in populations of European ancestry. Furthermore, the associations between

serum 25(OH)D concentration and the levels of free triiodothyronine (fT3) and total triiodo-

thyronine (TT3) have not been investigated using MRmethodology. Thus, the aim of this

study was to assess the causal effect of serum 25(OH)D concentration on a comprehensive set

of thyroid function parameters using MRmethodology and the largest genome-wide associa-

tion study (GWAS) summary statistics published to date. We investigated the following indica-

tors of thyroid function; reference-range TSH, fT4, fT3, TT3, low TSH (levels below cohort-

specific reference range), high TSH (levels above cohort-specific reference range), autoim-

mune hypothyroidism, autoimmune hyperthyroidism, TPOAb levels and TPOAb positivity.

2. Materials andmethods

2.1. Study design

We conducted a two-sample MR study using GWAS summary data to examine the possible

causal effects of genetically predicted vitamin D levels on thyroid function and thyroid disor-

ders. We leveraged extensive GWAS summary data for reference-range TSH, fT4, fT3, TT3,

low TSH, high TSH, TPOAb, TPOAb positivity, autoimmune hypothyroidism and autoim-

mune hyperthyroidism (Table 1). Our methodological approach follows the one of our previ-

ous publication [22].

Table 1. Characteristics of cohorts and consortia.

Trait Consortium Sample size (N) Population Reference

Exposure

25(OH)D levels UK Biobank 443,734 European Manousaki et al. [23]

25(OH)D levels UK Biobank 417,580 European Revez et al. [24]

Outcome

TSH ThyroidOmics 271,040 European Sterenborg et al. [25]

fT4 ThyroidOmics 119,120 European Sterenborg et al. [25]

fT3 ThyroidOmics 59,061 European Sterenborg et al. [25]

TT3 ThyroidOmics 15,829 European Sterenborg et al. [25]

Low TSH ThyroidOmics 153,241 European Sterenborg et al. [25]

High TSH ThyroidOmics 141,549 European Sterenborg et al. [25]

TPOAb levels ThyroidOmics 12,353 European Medici et al. [26]

TPOAb positivity ThyroidOmics 18,297 European Medici et al. [26]

Autoimmune hypothyroidism FinnGen 287,247 European Kurki et al. [27]

Autoimmune hyperthyroidism FinnGen 257,552 European Kurki et al. [27]

All summary statistics are according to the HG19/GRCh37 build. All studies included both males and females of European ancestry. 25-hydroxyvitamin D, (25(OH)D);

fT4, free thyroxine; fT3, free triiodothyronine; TPOAb, thyroid peroxidase antibody; TSH, thyroid-stimulating hormone; TT3, total triiodothyronine.

https://doi.org/10.1371/journal.pone.0304253.t001
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For every causal relationship we examined, we used data from two independent but homog-

enous European ancestry populations. Our study encompassed a total of 20 MR analyses, aim-

ing to shed light on the relationship between 25(OH)D concentration and thyroid function.

Our research methods and reporting align with the STROBE-MR guidelines, as detailed in

S3 Appendix. Our study did not need ethical approval given that our investigation used pub-

licly available summary statistics.

2.2. Data Sources for Vitamin D

Two large GWAS on serum 25(OH)D concentration were published in 2020, a month apart

from each other. Both of them utilized the UK Biobank data, leading to 417,580 participants in

the Revez et al. [24] analysis and 443,734 participants in Manonusaki et al. [23], as the latter

one also included an additional cohort of European descent participants. In order to exclude

the bias relating to the choice of the GWAS, we have performed our analyses both with Revez

et al. [24] and Manousaki et al. [23] GWAS. Both studies utilized a linear mixed model for the

association analysis, however, the covariates and the transformations used differed signifi-

cantly between the two studies (detailed in S1 Appendix). To estimate the level of agreement

between the results of the two GWAS, we extracted the mutual instrumental SNPs and calcu-

lated the correlation coefficients for the beta estimates and p-values. Given that the summary

association data for 25(OH)D concentration from both GWAS were missing rsIDs, we have

imputed this information using the SumStatsRehab program [28].

2.3. Data sources for thyroid parameters

We utilized summary association data for reference-range TSH, fT4, fT3, TT3, low TSH and

high TSH from the latest and most comprehensive GWAS meta-analysis on thyroid function

from the ThyroidOmics Consortium [25]. A comprehensive overview of the study cohorts and

methodologies adopted can be found in Sterenborg et al. [25] and S1 Appendix. Summary

association data for TPOAb levels and TPOAb positivity were obtained from an earlier Thyroi-

dOmics consortium GWAS [26].

Autoimmune hypothyroidism and autoimmune hyperthyroidism GWAS summary statis-

tics were obtained from the FinnGen consortium [27]. The phenotypes used in this study were

“hypothyroidism, strict autoimmune” and “autoimmune hyperthyroidism”. FinnGen GWAS

on hypothyroidism included 287,247 Finnish adults, of which 36,321 were cases and 250,926

were controls. FinnGen GWAS on hyperthyroidism included 257,552 Finnish adults, of which

1,621 were cases and 255,931 were controls. Participants classified as having autoimmune

hypothyroidism included those who already received treatment, however, the same informa-

tion was not present for participants in the autoimmune hyperthyroidism group.

2.4. Two-sample mendelian randomization analysis

In order to confirm the significance of the instrument’s association with the exposure, we cal-

culated the share of trait variance explained by the genetic instruments found (R2) and evalu-

ated the strength of these instruments using the F statistic.

The datasets for the exposure and outcome were aligned to ensure that the impact of identi-

fied single nucleotide polymorphisms (SNPs) on both the exposure and outcome was associ-

ated with the same effect allele. We used the Mendelian Randomization Pleiotropy RESidual

Sum and Outlier (MR-PRESSO) technique for each combination of exposure and outcome to

account for uncorrelated horizontal pleiotropy [29]. After removing the SNPs that were shown

to be horizontal pleiotropic outliers, we recalculated the causal relationship between the expo-

sure and the outcome.
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Our primary technique of analysis was a two-sample MR analysis using the multiplicative

random effects inverse variance weighted (IVW) method [30]. This method combines the

influence of exposure on the outcome across various genetic variants and includes an overdis-

persion parameter into the variance of the (IVW) estimate, allowing the variance to expand in

the presence of heterogeneity. While accommodating for heterogeneity among the SNP esti-

mates, the multiplicative random effects IVW technique yields effect point estimates that are

identical to those of the fixed effect IVWmodel [31].

2.5. Sensitivity analysis

For MR to produce valid causal inferences, the genetic instruments must satisfy three critical

assumptions of instrumental variables: 1) Relevance, indicating a robust link between the

instruments and the exposure; 2) Exchangeability, ensuring the instruments do not correlate

with confounders that could affect both the exposure and the outcome; and 3) Exclusion, con-

firming that the instruments affect the outcome exclusively through their effect on the expo-

sure [18]. To verify our adherence to the relevance assumption, we computed the R2 and the

F-statistic for each exposure. Additionally, we used Cochran’s Q statistic for each pair of expo-

sure and outcome to check for heterogeneity in the SNP-specific estimates.

In addition to the primary multiplicative random-effects IVW approach, we validated our

findings through MR analysis employing various alternative methods, each based on distinct

model assumptions: 1) the weighted median 2) the weighted mode, and 3) the MR-Egger

method. The weighted median method yields a reliable estimate when at least 50% of the

weight is derived from valid instruments, making it resilient to outliers among the instruments

[32]. The weighted mode method operates on the assumption that the association estimate

occurring most frequently is not influenced by pleiotropy, implying that it reflects the actual

causal effect [33]. We produced scatter plots to depict the impact of SNPs on the exposure in

comparison to their impact on the outcome for each pair of exposure and outcome, utilizing

the ’TwoSampleMR’ package in R [34]. Moreover, for each pair of exposure and outcome, we

carried out the MR Steiger directionality test, which assesses whether the variance accounted

for by the instrumental SNPs in the outcome is smaller than that in the exposure, to confirm

the reliability of the directional analysis [35]. We carried out this test using the ’directionali-

ty_test’ function within the ’TwoSampleMR’ R package.

In addition to other methods, we utilized the Causal Analysis using Summary Effect Esti-

mates (CAUSE) method [36], a Bayesian MR approach which, in contrast to traditional MR

methods, utilizes the summary association estimates of all genome-wide variants available.

CAUSE effectively addresses both uncorrelated horizontal pleiotropy (where a variant indepen-

dently influences both outcome and exposure) and correlated horizontal pleiotropy (where a

variant affects both the exposure and the outcome through a shared heritable factor). This

approach makes the assumption that a certain percentage, denoted by q, of the variants exhibit

correlated pleiotropy and that all other variants have uncorrelated pleiotropic effects. As a prior

on q, this assumption is included in the model. Estimates of the posterior distribution for the

sharing model and the causal model are generated using CAUSE. It then establishes whether

the observed relationship between exposure and outcome is more likely the consequence of cau-

sality than correlated horizontal pleiotropy by determining whether the data fits the causal

model more closely than the sharing model. Differing from other MR techniques, CAUSE uti-

lizes complete summary association data from all variants, applying linkage disequilibrium

pruning at at r2< 0.01 with P< 1 × 10⁻3, thus enhancing the analytical power of MR analysis.

In all MR analyses, a two-sided p< 0.05 was considered statistically significant. We did not

adjust for the family-wise error rate (FWER) in a traditional frequentist approach, as our
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selection was based on a specific subset of thyroid function parameters, and we further exam-

ined the presumed causal effects through a Bayesian framework.

3. Results

On average, the exposure analyses with the Manousaki et al. GWAS utilized 19.6 fewer instru-

mental SNPs (ranging from 27 to 89) than the exposure analyses with the Revez et al. GWAS

(ranging from 38 to 113). The number of common instruments present in both exposure data-

sets was 33. Pearson’s correlation coefficient between the beta estimates of these SNPs was

equal to 0.44 (p = 0.01) while Kendall’s correlation coefficient between the p-values of these

SNPs was equal to 0.72 (5.58×10−11). Because of the differences in methodological approaches

and differences in obtained variant effects, we assumed that the subsequent MR analyses with

these two exposure datasets would yield different results.

3.1. Serum 25(OH)D concentration fromManousaki et al. GWAS as
exposure

We found a total of 109 independent SNPs for instrumental variables, which collectively

accounted for 2.68% of the phenotypic variation (R2) in 25(OH)D concentration, as detailed

in S1 Table in S2 Appendix. Each chosen SNP had F-statistics above 10, with a median of 42.25

and a range of 34.60–64.27. Following the harmonization process, two SNPs were removed

from all analyses due to being palindromic with intermediate allele frequencies, while an addi-

tional SNP was removed from the TPOAb analyses as noted in S2 Table in S2 Appendix. Addi-

tionally, SNPs suspected of potential pleiotropy were excluded based on the MR-PRESSO

results, as indicated in S5 Table in S2 Appendix. Consequently, the remaining instrumental

variants for the MR analysis of serum 25(OH)D concentration with TSH, fT4, fT3, TT3, low

TSH, high TSH, autoimmune hypothyroidism, autoimmune hyperthyroidism, TPOAb levels

and TPOAb positivity were 83, 83, 86, 86, 93, 89, 87, 89, 37 and 27 respectively, as listed in S6

Table in S2 Appendix.

The multiplicative random-effects IVWMR analysis indicated a causal link between geneti-

cally predicted serum 25(OH)D concentration and hyperthyroidism (S6 Table in S2 Appendix).

Nonetheless, this causal relationship was not confirmed by sensitivity analyses or CAUSE analy-

sis. The latter, by incorporating all genome-wide SNPs, showed that the causal model did not fit

the data better than the sharing model (delta_elpd = 0.54> 0, p = 0.78).

3.2. Serum 25(OH)D concentration from Revez et al. GWAS as exposure

We identified a total of 115 independent SNPs for instrumental variables, which collectively

accounted for 3.52% of the phenotypic variation (R2) in 25(OH)D concentration, as detailed

in S1 Table in S2 Appendix. Each SNP chosen had F-statistics above 10, with a median of 43.13

and a range of 35.03–70.86. Following the harmonization process, two SNPs were removed

from all analyses due to being palindromic with intermediate allele frequencies, while one

additional SNP was removed from the high TSH analysis and two from TPOAb analyses as

noted in S2 Table in S2 Appendix. Additionally, SNPs suspected of potential pleiotropy were

excluded based on the MR-PRESSO method, as indicated in S5 Table in S2 Appendix. Conse-

quently, the remaining instrumental variants for the MR analysis of serum 25(OH)D concen-

tration with TSH, fT4, fT3, TT3, low TSH, high TSH, autoimmune hypothyroidism,

autoimmune hyperthyroidism, TPOAb levels and TPOAb positivity were 113, 110, 106, 111,

110, 113, 112, 105, 107, 38 and 38 respectively, as listed in S7 Table in S2 Appendix.

The multiplicative random-effects IVWMR analysis, as well as MR Egger analysis, showed

that genetically predicted serum 25(OH)D concentration was causally associated with high
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TSH (Table 2 and Fig 1). Each 1 SD increase in serum 25(OH)D concentration was associated

with a 12% decrease in the risk of high TSH (p = 0.0197) (Table 2 and S7 Table in S2 Appen-

dix). The Steiger directionality test validated the causal direction of our analysis (S8 Table in

S2 Appendix). Additionally, there was no indication of heterogeneity among individual variant

estimates (Cochran’s Q = 118.60, p = 0.29) nor evidence of uncorrelated horizontal pleiotropy

(MR-PRESSO Global test p = 0.307) (S5 Table in S2 Appendix). The influence of genetically

predicted 25(OH)D concentration on high TSH levels showed consistency in direction

through both primary and sensitivity MR analyses, despite lacking statistical significance in

the weighted median and mode analyses (S7 Table in S2 Appendix). Finally, the direction of

the causal link was further validated by CAUSE analysis, which utilized all genome-wide SNPs

to demonstrate that the causal model more accurately represented the data compared to the

sharing model (delta_elpd = -0.86< 0). However, the disparity in fit did not achieve statistical

significance (p = 0.31) (Table 2 and S1 Appendix–Fig 1).

Additionally, in the MR Egger analysis, genetically predicted 25(OH)D concentration was

found to have a suggestive causal link with autoimmune hypothyroidism. Specifically, each 1

SD increase in serum 25(OH)D concentration was associated with a 16.34% decrease in the

risk of autoimmune hypothyroidism (p = 0.02) (Table 2 and S7 Table in S2 Appendix).

The Steiger directionality test affirmed the causal direction of our analysis (S8 Table in

S2 Appendix).

However, there were indications of heterogeneity between variant estimates (Cochran’s

Q = 169.88, p = 3×10−5) as well as uncorrelated horizontal pleiotropy (MR-PRESSO Global

test p<0.0003), but MR-PRESSO was not able to identify any outliers (S5 Table in S2 Appen-

dix). The effect of genetically predicted 25(OH)D concentration on autoimmune hypothyroid-

ism showed uniformity in direction throughout both primary and sensitivity MR studies, yet

failed to reach statistical significance in the multiplicative random-effects IVW, weighted

mode, and weighted median analyses (S7 Table in S2 Appendix).

Finally, the direction of the causal link was additionally substantiated by CAUSE analysis.

Utilizing all genome-wide SNPs, it indicated that the causal model aligned more closely with

Table 2. Significant results of the MR analysis.

Exposure Outcome MRmethod N SNPs OR p-value CAUSE delta elpd (p-value)

Vitamin D (Revez) High TSH IVWMRE 112 0,880 0,0197 -0.86 (0.31)

Vitamin D (Revez) High TSH Weighted median 112 0,939 0,504

Vitamin D (Revez) High TSH Weighted mode 112 0,945 0,526

Vitamin D (Revez) High TSH MR Egger 112 0,828 0,043

Vitamin D (Revez) Autoimmune hypothyroidism IVWMRE 105 0,960 0,389 -0.56 (0.36)

Vitamin D (Revez) Autoimmune hypothyroidism Weighted median 105 0,981 0,768

Vitamin D (Revez) Autoimmune hypothyroidism Weighted mode 105 0,926 0,163

Vitamin D (Revez) Autoimmune hypothyroidism MR Egger 105 0,837 0,024

IVWMRE, inverse variance weighted multiplicative random effects method; MR, mendelian randomization; N, number; OR, odds ratio; SNP, single-nucleotide

polymorphism; TSH, thyroid-stimulating hormone.

https://doi.org/10.1371/journal.pone.0304253.t002
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the data than the sharing model (delta_elpd = -0.56<0). Nonetheless, the difference in fit did

not achieve statistical significance (p = 0.36) (Table 2 and–Fig 2 in S1 Appendix).

4. Discussion

Our results support a suggestive causal effect of genetically predicted serum 25(OH)D concen-

tration on high TSH levels and autoimmune hypothyroidism. The results were noted in both

frequentist and Bayesian analyses. Each 1 SD increase in genetically predicted serum 25(OH)D

concentration was associated with as much as a 12% decrease in the risk of high TSH and a

16.34% decrease in the risk of autoimmune hypothyroidism. We found no causal effect of

Fig 1. Scatter plots depicting the relationship of A) SNP effects on serum 25(OH)D levels against the SNP effects on
high TSH; B) SNP effects on serum 25(OH)D levels against the SNP effects on autoimmune hypothyroidism. MR
results were derived from the multiplicative random effects inverse variance weighted (light blue), weighted median
(light green), weighted mode (dark green) and MR-Egger (dark blue) method. Each line’s slope represents the
estimated causal effect. TSH, thyroid-stimulating hormone.

https://doi.org/10.1371/journal.pone.0304253.g001
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genetically predicted serum 25(OH)D concentration on reference-range TSH, fT4, fT3, TT3,

TPOAb levels or positivity, nor autoimmune hyperthyroidism.

Consistent with existing literature, our findings contribute to the expanding research indi-

cating a significant link between serum 25(OH)D concentration and thyroid function. Studies

by Chailurkit et al. [37] and Kim et al. [38] found that higher 25(OH)D concentration was

associated with lower TSH levels, particularly in younger individuals, and that low vitamin D

status was associated with Hashimoto’s thyroiditis. Similarly, Metwalley et al. [39] and Ma

et al. [40] reported that vitamin D deficiency was prevalent in children and adolescents with

autoimmune thyroiditis and that a lower 25(OH)D concentration was associated with an

increased risk of developing autoimmune thyroid diseases. Additionally, our findings align

with those of a large case-control study by Mirhosseini et al. [15], which reported that vitamin

D supplementation led to fewer detected cases of hypothyroidism (including both clinical and

subclinical forms) and an overall decrease in TSH levels. These findings suggest that maintain-

ing adequate 25(OH)D concentration may play a role in reducing the risk of high TSH levels

and autoimmune hypothyroidism. This growing body of observational evidence, paired with

our causal results, could provide informed decisions in a clinical setting where vitamin D sup-

plementation can be used as a cost-effective and safe strategy to improve thyroid function and

prevent the development of thyroid diseases. Future clinical trials should investigate the thera-

peutic potential of vitamin D in thyroid disorders while properly accounting for the influence

of season, sex and genetic background.

Although mechanisms by which 25(OH)D concentration might affect TSH levels are not

fully understood, the study in rat pituitary cells showed that administration of calcitriol affects

thyrotropin-releasing hormone (TRH)-induced TSH release [41]. Additionally, studies in rat

thyroid cells [42] and FRTL-5 cells [43] showed that calcitriol suppresses TSH-stimulated ade-

nylyl cyclase activity and iodide uptake, respectively. In vivo studies showed that vitamin D

affects Dio2 expression. This enzyme, which is necessary for the conversion of T4 into T3,

showed an increase in the expression upon vitamin D3 administration in diabetic rats. This

was followed by an increase in fT3 levels and a decrease in fT4 levels [44]. However, vitamin D

receptor (VDR) knockout mice had only moderately reduced TSH levels, with thyroid physiol-

ogy not being significantly affected [45].

To date, only two studies using MRmethodology investigated the association between

serum 25(OH)D concentration and thyroid function. The study conducted by Chen et al. with

10,636 participants from China observed a negative causal relationship between serum 25

(OH)D concentration and levels of TPOAb [20]. This causal relationship was not bi-direc-

tional since genetically predicted TPOAb levels were not causally affecting serum 25(OH)D

concentration [20]. Another study, by Ye et al. in 326,409 Europeans from the UK Biobank,

analyzed the causal relationship between serum 25(OH)D concentration and 106 diseases/

traits. Among the disorders examined, they found no link between the risk of autoimmune

thyroid diseases (hyperthyroidism and hypothyroidism) or thyroid cancer and the genetically

predicted serum 25(OH)D concentration using MR technology [19]. Another recent study,

published as a preprint [21] has investigated the causal association between serum 25(OH)D

concentration and reference-range TSH, fT4 and the risk of hypothyroidism and Hashimoto’s

thyroiditis. However, the authors used an earlier GWAS on TSH and fT4 [46] which had

54,288 participants in the TSH GWAS and 49,269 in the fT4 GWAS. Here we utilize the latest

published GWAS on these parameters, with 271,040 participants in TSH and 119,120 partici-

pants in the fT4 GWAS, which increases the power of the MR study. In addition, the authors

[21] used GWAS for hypothyroidism and Hashimoto’s thyroiditis performed in the UK Bio-

bank and FinnGen. This can lead to biased causal estimates because of sample overlap. Ideally,

the exposure and outcome datasets in a two-sample MR setting should not be overlapping.
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Here we utilize the FinnGen GWAS for autoimmune hypothyroidism and hyperthyroidism to

avoid sample overlap between the exposure and outcomes.

Certain vitamin D receptor (VDR) gene polymorphisms, namely TaqI (rs731236) and BsmI

(rs1544410) have been found to be associated with the risk of autoimmune thyroid diseases

[47]. Inclusion of these polymorphisms in the MR analysis would directly violate the Exclusion

assumption and would bias the results of MR, as we would have horizontal pleiotropy. In our

analysis, these polymorphisms were not present in the set of instruments, therefore they do

not represent a potential source of bias.

To the best of our knowledge, our study is the first MR study investigating the association

between serum 25(OH)D concentration and fT3, TT3, low TSH and high TSH.

One limitation of our study is that, because of the scarcity of large GWA studies in non-

European ancestries, our estimation of causal effects was limited to using only GWAS per-

formed in individuals of European ancestry. This constraint limited our ability to estimate

causal effects across diverse ethnic backgrounds. Future research should aim to examine these

causal relationships in various ethnic groups. Furthermore, our analysis yielded suggestive

causal results only within the analyses utilizing the Revez et al. genome-wide significant SNPs.

However, our aim was to provide a comprehensive MR analysis taking into account all the

available resources, therefore, we believe that the non-significant findings within the Manou-

saki et al. analyses will provide valuable insights to researchers investigating this topic.

Furthermore, an investigation of the sex-specific causative effects of vitamin D on thyroid

function was outside the scope of our study due to the absence of sex-stratified summary

statistics.

In summary, our thorough MR analysis, employing both frequentist and Bayesian methods,

provided indications of a potentially beneficial causal effect of serum vitamin D on thyroid dis-

orders. Genetically predicted serum vitamin D levels were found to have a suggestive causal

effect on reducing the risk of high TSH and autoimmune hypothyroidism.
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14. Babić LekoM, Jureško I, Rozić I, PleićN, Gunjača I, Zemunik T. Vitamin D and the Thyroid: A Critical
Review of the Current Evidence. International Journal of Molecular Sciences [Internet]. 2023; 24(4).
https://doi.org/10.3390/ijms24043586 PMID: 36835005

PLOS ONE Vitamin D and thyroid function

PLOSONE | https://doi.org/10.1371/journal.pone.0304253 June 20, 2024 11 / 13

https://doi.org/10.1186/1477-7827-9-146
http://www.ncbi.nlm.nih.gov/pubmed/22047005
https://doi.org/10.1016/j.chembiol.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24529992
https://doi.org/10.4103/0253-7613.77335
http://www.ncbi.nlm.nih.gov/pubmed/21572642
https://doi.org/10.1136/ard.2007.069831
https://doi.org/10.1136/ard.2007.069831
http://www.ncbi.nlm.nih.gov/pubmed/17557889
https://doi.org/10.1016/j.mce.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28606868
https://doi.org/10.1371/journal.pone.0058725
http://www.ncbi.nlm.nih.gov/pubmed/23527013
https://doi.org/10.2174/1381612825666190705193227
http://www.ncbi.nlm.nih.gov/pubmed/31298160
https://doi.org/10.1016/S2213-8587%2814%2970225-6
http://www.ncbi.nlm.nih.gov/pubmed/25591468
https://doi.org/10.1155/2017/1297658
http://www.ncbi.nlm.nih.gov/pubmed/28255299
https://doi.org/10.3389/fnut.2022.1002489
http://www.ncbi.nlm.nih.gov/pubmed/36299994
https://doi.org/10.1038/s41574-019-0311-6
https://doi.org/10.1038/s41574-019-0311-6
http://www.ncbi.nlm.nih.gov/pubmed/32001830
https://doi.org/10.1016/j.nut.2018.04.015
https://doi.org/10.1016/j.nut.2018.04.015
http://www.ncbi.nlm.nih.gov/pubmed/30086436
https://doi.org/10.1186/s12902-021-00831-5
https://doi.org/10.1186/s12902-021-00831-5
http://www.ncbi.nlm.nih.gov/pubmed/34425794
https://doi.org/10.3390/ijms24043586
http://www.ncbi.nlm.nih.gov/pubmed/36835005
https://doi.org/10.1371/journal.pone.0304253


15. Mirhosseini N, Brunel L, Muscogiuri G, Kimball S. Physiological serum 25-hydroxyvitamin D concentra-
tions are associated with improved thyroid function—observations from a community-based program.
ENDOCRINE. 2017; 58(3):563–73. https://doi.org/10.1007/s12020-017-1450-y PMID: 29067607

16. Waterhouse M, PhamH, Rahman ST, Baxter C, Duarte Romero B, Armstrong BK, et al. The Effect of
Vitamin D Supplementation on Hypothyroidism in the Randomized Controlled D-Health Trial. Thyroid®.
2023; 33(11):1302–10. https://doi.org/10.1089/thy.2023.0317 PMID: 37698908

17. Davey Smith G, Ebrahim S. ‘Mendelian randomization’: can genetic epidemiology contribute to under-
standing environmental determinants of disease?*. International Journal of Epidemiology. 2003; 32
(1):1–22. https://doi.org/10.1093/ije/dyg070 PMID: 12689998

18. Pingault J-B, O’Reilly PF, Schoeler T, Ploubidis GB, Rijsdijk F, Dudbridge F. Using genetic data to
strengthen causal inference in observational research. Nature Reviews Genetics. 2018; 19(9):566–80.
https://doi.org/10.1038/s41576-018-0020-3 PMID: 29872216

19. Ye Y, Yang H,Wang Y, Zhao H. A comprehensive genetic and epidemiological association analysis of
vitamin D with common diseases/traits in the UK Biobank. Genetic Epidemiology. 2021; 45(1):24–35.
https://doi.org/10.1002/gepi.22357 PMID: 32918767

20. Chen Y, Han B, Zhu C, Li Q, Chen C, Zhai H, et al. Bidirectional Mendelian Randomization Analysis for
Vitamin D and Thyroid Peroxidase Antibody. Int J Endocrinol. 2022; 2022:2260388. https://doi.org/10.
1155/2022/2260388 PMID: 35399300

21. Mahdi A, Sahand Tehrani F, AysanM, Danial H, Amir Hossein G, Amir HesamS, et al. Genetically pre-
dicted 25-Hydroxyvitamin D levels on Hypothyroidism: A two-sample Mendelian Randomization. medR-
xiv: the preprint server for health sciences. 2023:2023.08.30.23294811. https://doi.org/10.1101/2023.
08.30.23294811

22. PleićN, Gunjača I, Babić Leko M, Zemunik T. Thyroid Function and Metabolic Syndrome: A Two-Sam-
ple Bidirectional Mendelian Randomization Study. The Journal of Clinical Endocrinology & Metabolism.
2023; 108(12):3190–200. https://doi.org/10.1210/clinem/dgad371 PMID: 37339283

23. Manousaki D, Mitchell R, Dudding T, Haworth S, Harroud A, Forgetta V, et al. Genome-wide Associa-
tion Study for Vitamin D Levels Reveals 69 Independent Loci. The American Journal of Human Genet-
ics. 2020; 106(3):327–37. https://doi.org/10.1016/j.ajhg.2020.01.017 PMID: 32059762

24. Revez JA, Lin T, Qiao Z, Xue A, Holtz Y, Zhu Z, et al. Genome-wide association study identifies 143 loci
associated with 25 hydroxyvitamin D concentration. Nat Commun. 2020; 11(1):1647. https://doi.org/10.
1038/s41467-020-15421-7 PMID: 32242144

25. Sterenborg RBTM, Steinbrenner I, Li Y, Bujnis MN, Naito T, Marouli E, et al. Multi-trait analysis charac-
terizes the genetics of thyroid function and identifies causal associations with clinical implications. Nat
Commun. 2024; 15(1):888. https://doi.org/10.1038/s41467-024-44701-9 PMID: 38291025

26. Medici M, Porcu E, Pistis G, Teumer A, Brown SJ, Jensen RA, et al. Identification of Novel Genetic Loci
Associated with Thyroid Peroxidase Antibodies and Clinical Thyroid Disease. Plos Genet. 2014; 10(2):
e1004123. https://doi.org/10.1371/journal.pgen.1004123 PMID: 24586183
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