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NEPINAHWH

Etoaywyn: H éAewpn Brtapivng D kaBwg Kal oL TapAUETPOL TNG OOTIKNAG UTIEpNXOTOOypadiag
(QUS), amoteAoUv TOUG TILO ONUAVTIKOUG KALVLIKOUG TTOpAyovTeG KvdUVou euBpauototnTag TWV
ootwv. Npoodata otoleia UTIOSELKVUOUV OTL 0 ETLIMTOAACHUOG TNG EAAeLPNG BLtapivng D pmnopel
va €lval Kowog og XwpeCg mou Bewpolvtav we xapnAou kwvduvou (m.x. Meooyelakeg xwpeg). H
VEVETIKN OUUPOAN otnv ooteomopwon eival KaAd Tpoodloplopévn. Mpoodateg UEAETEG
ocdpwong tou yovidiwpatog (GWAS) avayvwploav VEOUG YEVETIKOUG TOTIOUG Ttou oXeTilovtal Ue

TOUC $aLVOTUTIOUC TNC OKEAETIKNG UYELQG.

Zkomoi: Ol otoxoL NG mapovoag Stbaktoptkng StatpPng eivat a) va aflodoynoetl tnv EAAeLPn
Brtapivng D otov eAANVIKO TTANBUOUO, B) va afloAoynoeL TIG TIUEG TwV MapapETpwy QUS, y) va
npoodlopioel TV enibpaon Twv mapayoviwyv Tou Tpomou {wng ota enineda tng Birapivng D
Kall TIG TLwéG QUS, 8) va tautomolioel SLatpodikd HOVTEAQ o0TOV EAANVIKO TANBUOUO Kol TIwG
oautad oxetilovtal pe ta enineda Prrapivng D kat tig mapapérpoug QUS kot TtEAOC €) n
afloAoynon tng enidpacnc piog oeLPAC YEVETIKWY SELKTWV OTOUG TTAPATIAVW POLVOTUTIOUG.
Mé£0obouL: H Slatplfr) €ylve ota mAaiola TNG OUYXPOVIKAG UEAETNG Tapatrpnong OSTEOS. H
oTpatoAdynon tou mAnBucpoU S1e€nxbn amo tov lovvio tou 2010 £€wg Tov loUALo tou 2012. 3TN
HeAETN mRpav péEpog 970 eviAikeg amo Sladopeg MePLOXEC TNG EANASAC Kal CUMMARpwWaoAV TO
KATAAANAO epwtnuatoAoylo. Metpnbnke n 25(0OH)D otov opd pe pétpnon ev{UUIKOU
avooomnpoaobloplopol (ELISA). O mapapetpot QUS, n e€acbévnon unepnxwv supeiag {wvng
(BUA), n toxutnta tou rnxou (SOS) kat o beiktng akappiag (SI) afoloynbnkav pe cuokeun
“Achilles”. Eva éykupo EpwtnuatoAoylo uyvotntag KatavaAwong Tpodipwv (FFQ)
xpnotpornowtnke yia tnv aflohoynon twv dlatpodikwyv cuvnBewwv tou MAnBuopov. MNa tnv
ekxUAlon DNA, yxpnowomowibnkav n ouvokeuri DNA iPrepTM Kkal TO KIT aipatog
iPrepTMPureLinkTMgDNA kat n yovotumion mpaypatonoldnke pe tnv aAvcldwtn avtibpoaon
TIOAUMEPADNG TIpaypatikol xpovou (RT-PCR). MNa otatlotiki avaluaon xpnotponotonke to IBM
SPSS Statistics 21.0. Xpnowomnowibnke avdAuon tng Stakluavong ylo TNV eKTiunon twv
mapayoviwv mou kabBopilouv tnv 25(0OH)D opou. H avaAuon kUpwwV cuvictTwowv (PCA)
S1E€NXON yLo Tov mpooSLlopLlopo TwV SLOTPODIKWVY LOVTEAWV.

AnoteAéopata: O Méoog 0pog Twv emumédwv tng 25(0H)D opou tou cuvoAkol TAnBucouoU

Atav 20,00+ 8,00 ng/mL. H PCA avaluon avédele £€L Statpodika povtéda va e€nyouv to 52,2
1



% TNG LETOPANTOTNTAC TWV SLATPOPIKWY CUVNOELWV TWV CUMUETEXOVTWV. Ta dtopa pe 25(0H)D
> 20 ng/mL elxav vpnAotepeg TéEG SOS oe oxéon e autoug mou eixav 25(0OH)D < 20 ng/mL.
TautomowBnkav oL tapdyovies mou kaboplav ta enineda tng 25(0OH)D kat Bpédnkav va sivat
o Asgiktng Malag wpatog (AMZ), n ynpaveon (>65 €twv), n €kBeon otov AALO To KaAokaipt, n
OpYQVWHEVN GUCIKN SpaoTnpLlOTNTA KOL N CURHOPdWON HE TO «YAUKO» SLaTpodLlkd HOVTEAO.
ErunpdoBeta 1o «uylewvo» Slatpodikd povtédo mpootdteve ta enimeda 25(0OH)D katd toug
XEWEPLIVOUG unveg. OL mapayovteg ou kaBopilouv Tig mapapétpous QUS Bpednkav va gival n
nAia, o AMZ, oL WpeC KABLOTIKWV SpaoTnNPLOTATWY, N OpYAVWHEVN GUOLKN SpaoTtnpLoTnTA Kol
N OUPMOPOWON UE TO «UYLEWVO» SLATpodIlkO HOVTEAD. ATIO TN CUMMETOXN TN HeAétng OSTEOS
otnv cuunpaén GEFOS-GENOMOS amokaAudOnkav, oTiG cUVOUAOTIKES TUXALEG EMLOPATELG, KO
TN METO-OVAAUCN TWV MANBUOULAKWY HEAETWY, EVVEA HOVO-VOUKAEOTISIKOL TIOAUpOpdLopOL
(SNPs) va emepvdve To KATWHAL OTATIOTIKAC onpavtkotntac (P < 5 x 10®) oe cuoxétion pe
Toug Oelkte¢ mMOOOTIKAG umepnxotopoypadiag¢ otnv mnrtépva. MapdAAnda  pe  TOUG
TIOAUPOPGLOMOUG oTa yovidla Tou €xouv NN CUCYXETLOTEL Ue TV ooteonopwon, ESR1 (6g25.1:
rs4869739, rs3020331, rs2982552), SPTBN1 (2p16.2: rs11898505), RSPO3 (6q22.33:
rs7741021), WNT16 (7931.31: rs2908007), DKK1 (10g21.1: rs7902708) kot GPATCH1 (19913.11:
rs10416265), Bp£Onke kal Evag kawvoUupyLog MoOAUpopdLoPOG (rs597319) oto yovidio TMEM135,
mou mpoodata ocuveEBnke Pe TNV ooteoPAacToyEveon Kal TNV pakpoBlotnta, va oxetiletal
ONMAVTIKE e TIC Tiéc BUA Kat SOS. (P < 8.23 x 10™). Stnv pehétn Hag ot OpolUYWTEC Yo To A
oAAnAopopdo yia tov moAupopdLlopd rs11520772 €xouv upnAdtepeg TpéEG SOS, os oxéon Ue
TOuG opoluywteg oto eAdcwv aAAnAoupopdo (T), Aappdvovtag urm’' oYy MOPAYyovVIEC TOU
TPOmou {wNC Kal BLOXNUKES TTAPAUETPOUC. OL OpolUYWTEC yLla To ouxvo aAAnAdpopdo (A) yia
ToV MOAUHOPdLOPO rs597319 £xouv uPnAOTEPEC TIUEC SI OUYKPLVOUEVOL UE TOUG OMOIUYWTEC
yla to omnavio aAAnAopopdo (G).

ZulAtnon: H pelétn autn avadépel otL n éAewdn tng Brrapivng D eivat Wdlaitepa Stadedopévn
otou¢ uyleig EAAnveg, avdpeg Kal yuvaikes. AvaAvovtal €miong ta Slatpodikd HOVIEAA TOU
€AAnVIKoU vyloug MAnBuaopou, kaBwg kal tnv enidpacn Toug otnv cuykévpwaon 25(0H)D opou .
H cuoxétion Twv Slatpodlkwy HOVIEAWV E TIC Tapapétpouc QUS dev €xel epeuvnOel mote
nipwv. EpeuvnBnke emiong n enidpaon evog véou moAupopdlopol Kovtd oto yovidio TAX1BP1.
TéAog ekTunBnke n enidpacn mou €xeL o moAupopdlopog rs597319 o onolog Bploketal o Eva
VEO YEVETIKO TOTO Kovtd oto yovidlo TMEM135 otoug CUHMETEXOVTEG TG HeAEtng OSTEOS.

ATatoUVvTaL TIEPLOCOTEPEG HEAETEC yla TN SlEpelivnon TOU UNXOVIOMOU SpAcnc autwv Twv
2



TIOAUMOPOLOUWY OTIG TIOPAMETPOUC TNG OKEAETIKAG uyelag. H peAETn katadelkvUeLl tnv
TIOAUTIAPAYOVTIKY altlotnTa twv emmedwv tg 25(0H)D kat twv mapapétpwv QUS kat
emonuaivel OTL amalteltol TEPATEPW E€PEUVA YlA TOV TIPOCOLOPLOUO TIEPLOCOTEPWV

TIAPAYOVIWY TIoU OXETI{ovTal E TNV KATAoTAon TG Bltapivng D Kal tnv vyeia Twv 00TwV.

Né€ewg  KAeWbLd:  Buapivn D,  ooteonmdpwon,  MAPAUETPOL  OCTIKAG  TTOGOTIKAG
unepnxotopoypadiag, Slatpodpikd TPOTUTA, TPOMOG IWNG,  TOAUHOPPLOUOC  €VOG

VOUKAgOoTLOlov



ABSTRACT

Introduction: Vitamin D deficiency and quantitative ultrasound (QUS) parameters are among
the most important clinical risk factors of bone fragility. Recent data indicate that prevalence of
vitamin D deficiency may be common in countries previously considered as low risk (e.g.,
Mediterranean countries). Few data are available for Greek population. The genetic
contribution to osteoporosis is well determined. Genome Wide association Study (GWAS)
identified new locus were associated with bone health phenotypes.

Aims and Objectives: The objectives of the current PhD thesis were a) to evaluate the
prevalance of vitamin D deficiency in greek population, b) To evaluate quantitative ultrasound
(QUS) parameters’ values, c) to identify the effect of lifestyle factors on vitamin D status and
QUS values, d) to identify dietary patterns of greek population and how they are associated
with vitamin D status and quantitative ultrasound parameters and finally e) to evaluate the
effect of the eight polymorphisms, were identified from a recent GWAS, associated with QUS
indices, on the above phenotypes. The polymorphisms are the rs11520772 of the TAX1BP1
gene, the rs2908007 of the WNT16 gene, the rs2982552 of ESR1 gene, rs3000634 of USPL1
gene, the rs3020331 of ESR1 gene, the rs597319 of TMEM135 gene, rs7741021 of RSPO3 gene
and the rs9292469 of NPR3 gene.

Methods: OSTEOS is an observational cross-sectional study. The subject’s recruitment
conducted from June 2010 to July 2012. 970 adults were recruited throughout Greece and they
completed the appropriate questionnaire. Serum 25(0OH)D measured by enzyme immunoassay;
QUS parameters, broadband ultrasound attenuation (BUA), speed of sound (SOS) and stiffness
index (SI), were assessed with an Achilles device. A validated Food Frequency Questionnaire
(FFQ) was used for assessment of population’s dietary habits. For the DNA extraction the DNA
iPrepTM device and the iPrepTMPurelLinkTMgDNA Blood Kit was used, while the genotyping
was performed by Real Time-Polymarase Chain Reaction (RT-PCR). For statistical analysis, IBM
SPSS Statistics 21.0, was used. Univariate Analysis of Variance was used for the assessment of
serum 25(0OH)D determinants. Principal Component Analysis (PCA) was carried out for dietary
patterns determination.

Results: Mean serum 25(OH)D of the total population was 20,00 = 8,00 ng/mL while six dietary

patterns explained 52.2% of variability of the population nutritional habits. Individuals with

4



25(0H)D = 20 ng/mL had higher SOS than those with 25(0OH)D < 20 ng/mL. The determinants of
serum 25(0OH)D were Body Mass Index (BMI), elderly (>65 years), summer sun exposure,
organized physical activity and adherence to ‘sweet’ pattern. Additionaly, a ‘healthy’ pattern
protected Vitamin D levels in winter months. The Determinants of QUS parameters were age,
BMI, hours of sedentary activities, organized physical activity participation and adherence to
‘healthy’ pattern. Our participation from the GEFOS/GENOMOS consortium revealed that, in
combined random effects, meta-analysis of the discovery and replication cohorts, nine single
nucleotide polymorphisms (SNPs) had genome-wide significant (P < 5 x 10®) associations with
heel bone properties. Alongside SNPs within or near previously identified osteoporosis
susceptibility genes including ESR1 (6g25.1: rs4869739, rs3020331, rs2982552), SPTBN1
(2p16.2: rs11898505), RSPO3 (6qg22.33: rs7741021), WNT16 (7g31.31: rs2908007), DKK1
(10921.1: rs7902708) and GPATCH1 (19q13.11: rs10416265), we identified a new locus on
chromosome 11q14.2 (rs597319 close to TMEM135, a gene recently linked to
osteoblastogenesis and longevity) significantly associated with both BUA and SOS (P < 8.23 x
10’14). In our cohort ‘AA’ genotype of rs11520772 polymorphism on TAX1BP1 gene have higher
SOS values comparing with (T) homozygotes for the minor allele, taking into account lifestyle
and biochemical parameters. AA homozygotes of rs597319 close to TMEM135 gene have
higher Sl values comparing with (G) homozygotes.

Conclusion: This study reports that vitamin D deficiency is highly prevalent among OSTEOS
participants. The dietary patterns revealed by PCA were related for the first time with QUS
parameters. The effect of a novel polymorphism close to the TAX1BP1 gene on the above
phenotypes also investigated. The effect of the rs597319 polymorphism on a new locus on the
TMEM135 gene is also identified for the participants of the current study. More studies are
needed for the investigation of the mechanism of action of this novel genetic variant on bone
health parameters. The study demonstrates the multifactorial causation of 25(OH)D levels and
QUS parameters and points out that further research is required to determine more genetic,

environment and biochemical factors related to vitamin D status and bone health.

Key words: vitamin D, osteoporosis, bone quantitative ultrasound parameters, dietary

patterns, lifestyle, single-nucleotide polymorphism
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1. INTRODUCTION

1.1 Osteoporosis Definition and epidemiology

Osteoporosis is a systemic skeletal multifactorial disease characterized by reduced bone mass
and microarchitectural deterioration of the structure of bone tissue leading to enhanced bone
fragility and increased susceptibility to fractures [1]. Despite the fact that low bone mass
retains a significant role in the diagnosis of osteoporosis, clinical significance in the diagnosis of
the disease, but also in the determination of its severity has now been definitively transferred
to the clinical consequence, which is the easy fracture that has already happened, or there is an
increased risk of happening [2]. It could be more simply defined as a systemic disease
characterized by an increased risk of easy fracture, thus limiting the necessity of low bone mass
and considering this parameter as a strong causative factor in fracture induction but with other
endogenous (e.g. deterioration of bone structure, sarcopenia etc.) or exogenous factors (e.g.
increased fall frequency, severe co-morbidities etc.) that will eventually increase the fracture

risk significantly [2].

Osteoporosis has been recognized as an established and well-defined disease that affects more
than 75 million people in the United States, Europe and Japan. The Osteoporotic fractures
reach annually at 8.9 million worldwide, of which more than 4.5 million occur in the Americas
and Europe. The lifetime risk for a wrist, hip or vertebral fracture has been estimated to be in
the order of 30% to 40% in developed countries , very close to that for coronary heart disease.
Osteoporosis is not only a major cause of fractures, it also ranks high among diseases that cause
people to become bedridden with serious complications. These complications may be life-
threatening in elderly people. In the Americas and Europe osteoporotic fractures account for
2.8 million disability-adjusted life years (DALYs) annually, somewhat more than accounted for
by hypertension and rheumatoid arthritis, but less than diabetes mellitus or chronic obstructive
pulmonary diseases. Collectively, osteoporotic fractures account for approximately 1% of the
DALYs attributable to noncommunicable diseases [3].

The incidence of hip fractures in Greece doubled during 30 years (1977-2007), among people
aged =50 years, although a mild decrease was observed in almost all age groups after 2002. The
most affected group is 80 and over. The incidence of hip fractures increased approximately 100
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% throughout the study; it progressively increased from 1977 to 2002 and exhibited a mild
significant decrease thereafter. The relative risk of hip fractures among subjects aged 60-69 in
2007 has declined compared with 1977 (0.85, 95 % confidence intervals (Cl) 0.79-0.92,
p < 0.0005). Among people aged 70-79, an increased relative fracture risk (1.53, 95 % ClI 1.45-
1.61, p<0.0005) was estimated in 2007 compared with 1977. People >80 years old were
responsible for half of the hip fractures in 2007 but only for the 22.5 % of fractures in 1977. The
relative fracture risk in people aged >80 was 2.81 times higher (95 % Cl 2.64-2.98, p < 0.0005) in
2007 than in 1977. [4]. At another Greek study which took place in seventeen primary health
care institutions and four prefectures of Thessaly, investigators collected a population of
740,115 residents that represents approximately 8% of the total population of Greece. The
total and the estimated prevalence of osteoporosis per 10000 residences were 500.7 (95%Cl
403.3 - 598.00). The most prominent difference is the higher prevalence of the diseases of
musculoskeletal system in women. This prevalence is being more than 10-fold higher for
osteoporosis than other diseases of musculoskeletal system [5]. The prevalence of osteoporosis

in the EU is estimated at 27.6 million in 2010 (Figure 1) [6].

22.00 million women and 5.6 million men in
Europe have osteoporosis
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Figurel. The prevalence distribution of osteoporosis in Europe (EU) and the 5 countries with the

highest populations in 2010 [6]

1.2 Diagnosis of Osteoporosis

The diagnostic criterion of osteoporosis as defined by the World Health Organization is that the
bone density is less than 2.5 standard deviations (SD) than the mean T-score of young women,
measured by the dual X-ray absorptiometry (DXA) method. [7] (table 1). These criteria refer to
postmenopausal Caucasian women. For premenopausal women, the diagnosis is based on the

Z-score and the evaluation for secondary osteoporosis is required. In elderly men (> 65 years),
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the diagnostic criteria are the same as for postmenopausal women. For younger men, at least
one risk factor is required [2,7,8,9]. According to National Bone Health Alliance Working Group,
position statement for the clinical diagnosis of osteoporosis postmenopausal women and also
men over the age of 50 years should be diagnosed as having osteoporosis if it is demonstrated
that the individual is at an elevated risk for future fractures. The use of BMD testing and the
finding of a T-score of <-2.5 at the spine or hip also constitute the one way to make the
diagnosis. The term osteoporosis is also used for individuals who have experienced a low-
trauma hip fracture and for those who have osteopenia by BMD who sustain a low-trauma
vertebral, proximal humerus, pelvis, or, in some cases, distal forearm fracture. Finally,
according to National Bone Health Alliance Working Group, diagnosis for osteoporosis can be
used for individuals who have an elevated fracture risk based on the World Health Organization
Fracture Risk Algorithm, FRAX™ [10]. FRAX™ have been developed for the prediction of hip
fracture and other osteoporotic fractures, based on clinical risk factors alone, or the
combination of clinical risk factors plus BMD, available at www.shef.ac.uk/FRAX. The FRAX

algorithms are suitable for men and women.

Table 1: World Health Organization Criteria for Classification of Osteopenia and Osteoporosis.

Diagnostic Category BMD T-score

Normal T-score > -1SD

Osteopenia -1SD > T-score > -2.55SD

Osteoporosis T-score < -2.55D

Established osteoporosis T-score < -2.5 SD + 1 at least fragility
fracture

The DXA technique allows accurate bone mineral density (BMD) measurement but does not
provide information on structural and qualitative bone characteristics that have an important
role in determining the fracture risk.

Although BMD is the main predictive risk factor for an osteoporotic fracture, measurement of
guantitative ultrasound (QUS) has been found to be associated with bone fragility and
increased fracture risk [11]. The QUS measuring at the heel is an alternative, ionizing radiation—
free and relatively inexpensive, portable screening technique that is able to identify women at
high risk of bone fragility and fracture [12] and may be used by general practitioners in primary
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care. The ultrasound attenuation (BUA) is due to its absorption and dispersion into the bones
and soft tissues. It is affected by both bone density and structural parameters. Wave velocity
(S0S) is affected by bone density and tissue elasticity. Therefore, the method evaluates bone
density (BMD) and bone structure. These measurements are correlated with bone density (as
measured by the DXA method) and can be used to categorize individuals in osteoporotic and
healthy, while it seems that the QUS technique can predict fracture risk, especially in older
women. The lower the QUS parameters values, the higher the fracture risk [13, 14]. The
method is chosen because it gives information on density as well as on the quality and
architecture of the bone tissue. In addition, the method is economical and fast, while the

measuring device is portable and the subject is not exposed to ionizing radiation [15].

1.3 Clinical manifestations of osteoporosis

Osteoporosis is asymptomatic and is called a silent disease. It is clinically manifested with
osteoporotic fractures [2]. Clinically, the osteoporotic fractures (fragility fractures) are those
caused by low-intensity trauma e.g. fall from a standing position or those caused automatically
[16]. Fractures in the spine, hip and forearm are considered to be classically osteoporotic, but
all kinds of fractures can occur in people with bone quality disorders [17]. Vertebral fractures
cause severe back pain and progressive loss of stature, accompanied by kyphosis. Kyphosis, in
addition to malformation, can cause cardiac and respiratory failure. Distal radius fractures
cause disability and malformation. Hip fractures are considered the most serious osteoporotic
fractures. They are associated with increased morbidity and mortality ranging from 20-30%
during the first year after the fracture [16]. Quality of life is significantly affected, with only 50%
of patients able to regain their ability to walk and self-service. When a fracture occurs, the
probability of a new fracture is extremely high and approaches 86% [2]. However, two-thirds of
the individuals who have suffered a fracture have no osteoporosis as defined by BMD. This
means there are other factors other than BMD that increase the fracture risk [17].

Osteoporosis may be idiopathic or secondary. Idiopathic osteoporosis occurs in two clinical
types, type | and type Il. These two clinical types have pathogenic and clinical differences [2].
Type | osteoporosis occurs in relatively young women in the first 15 years after menopause.
Type |l osteoporosis occurs in the elderly (after the age of 70) in both sexes, with female

predominance 3 to 1 relative to men. Secondary osteoporosis is caused when one of the risk
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factors is predominant and almost exclusively responsible for causing osteoporosis. It can be
caused by drugs, by diseases, by systemic immobilization and by related diseases [2]. Idiopathic
osteoporosis can be treated with various pharmacological and non-interventions but can not be
cured. On the contrary, removing the cause of secondary osteoporosis can result in significant
improvement or even cure [2].

Idiopathic osteoporosis is a chronic disease with significant effects on the health, functionality
and quality of life of patients [18]. The World Health Organization recognizes osteoporosis as a
major public health problem [16]. Its growing incidence due to increased life expectancy leads

to increased social and financial costs for patients, their families and health systems [19].

1.4 Bone Mass

The bone mass presents a rapid linear growth during early childhood and adolescence and until
the 15th to 20th year so and completes bone integration [20]. In this phase there is a
superiority of osteoblast activity over osteoclasts and bone production precedes bone
resorption [21]. Development is completed in girls from 16th to 18th year and in boys between
18th and 20th year of age [22]. The bone mass continues to grow by depositing new layers of
bone tissue. In this phase, osteoblastic activity excels in osteoclasting [23]. The increase in bone
mass ceases when the peak bone density is reached [2, 22].

Peak bone mass is the maximum bone density achieved during lifespan. The duration of peak
bone mass achievement depends on genetic, racial and hormonal factors. In Greece, the peak
bone mass was found to be achieved in men in the 30th and in women on their 25th birthday
[2].

After reaching its maximum value, the bone mass remains constant for years and then begins
to decrease [24]. Men have a reduction in bone density of 4% every decade since the third
decade of their life. There is no reduction in bone mineral density until women menopause.
With menopause, women lose bone at a relatively fast rate from 0.5-1.5% / year [2, 25]. This
rapid loss continues for 5-10 years after menopause and gradually restrains itself [17]. After the
age of 65, the rate of bone loss is not very different between the two genders [25]. As a result,
the bone mass at any given time of adulthood depends on the achieved peak bone mass and

the rate of loss. Figure 2 shows the course of bone mass during their lifespan.
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Figure 2. Bone density during life 1) Peak bone density, 2) Postmenopausal bone loss, 3) Bone

loss in the elderly.

1.5 Pathophysiology of osteoporosis

The main pathogenetic mechanisms are the following:

A. Failure to achieve normal peak bone mass. During development, there is a positive balance
in bone remodeling resulting in increased bone mass. The interaction of hormonal,
environmental and genetic factors has a key role in this procedure. The conditions that affect
bone production or enhance bone resorption, hormonal disorders and exposure to risk factors,
during this period, may lead to low peak bone density and increased fractures risk in older ages
[26].

B. Uncoupling phenomenon. The balance between osteoclastic and osteoblastic activity is of
great importance for bone health as its disorder leads to a reduction in bone mass, alteration of
the bone structure architecture and increased bone fragility [26]. In the osteoblast - osteoclast
uncoupling phenomenon, both increased bone resorption and reduced bone production lead to
loss of bone mass.

J Increased bone resorption. Factors which trigger the osteoclastic activity, such as
corticosteroids, estrogen deficiency (e.g. after menopause), hyperparathyroidism and
hyperthyroidism, lead to increased bone resorption thus resulting in a negative balance of bone
remodelling and loss of bone mass [2, 23].

) Reduced bone formation. Bone formation is reduced by various factors, such as age,
resulting in less bone formation in each bone reconstruction cycle and bone mass reduction [2,

26].
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C. Increased bone turnover rate. Regardless of the balance of osteoclastic - osteoblastic activity,
its increased rate leads to new bone mineralization disorders and to collagen production and
maturation disorders. The result is reduced stiffness and poor quality-bone production which

also leads to increased fragility and increased risk of fractures regardless of bone mass [26].

1.6 Risk Factors of osteoporosis

The etiology of osteoporosis, as well as most chronic diseases, is multifactorial. Many risk
factors have been identified that interact with each other and are involved in the
etiopathogenicity of the disease, increasing the risk of osteoporosis and osteoporotic fractures.
The main risk factors for osteoporosis are categorized into genetic, clinical and environmental

[27].

1.1.6.1 Genetic Factors

The genetic contribution to osteoporosis has been known for several years. Gender and race
are key genetic risk factors. Studies of twin siblings and families have shown high inheritance.
Genetic factors determine the 50-85% of the peak bone density variation [28]. The bone loss
that happens with age is also inherited. 40% of the bone loss variation in the wrist and in the
spine is genetically determined, although the genetic contribution is lower than in the peak
bone density. The age of menopause in women, which is one of the most important factors of
bone loss due to estrogen deficiency, is genetically determined [29]. Heredity also affects hip
geometry by 70-85%, bone turnover markers by 40-70%, and bone microarchitecture by 50-
60% [28]. Heritability affects 54% and 68% the fracture of the wrist and the hip, respectively, in
menopausal women; this effect decreases rapidly with age and reaches 3% in hip fractures in

women 79 years of age [30, 31].

Regulation of bone mass and bone remodelling: The regulation of bone resorption, bone
formation, and bone mass, depends on several factors that act in a paracrine or autocrine
manner to regulate bone cell activity, under the control of circulating calcium-regulating
hormones. The predisposition for osteoporosis is due to inherited polymorphisms in genes

encoding many of these regulators.
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Bone absorption is initially regulated by the signalling pathway of the receptor activator of
nuclear factor kB, RANK), which plays a major role in the differentiation and function of
osteoclasts. The RANK receptor (known as TNFRSF11A) is found in osteoclast cells and is
activated by the RANK ligand (RANKL, also known as TNFSF11), which causes osteoclast
activation by positive regulation of the nuclear factor kB and other intracellular signals. This
process is inhibited by osteoprotegerin (OPG also known as TNFRSF11B), which acts as a decoy
receptor for RANKL [32,33]

Bone formation is also regulated by the Wnt signaling pathway. The members of the family of
Wnt proteins bound to and activate the lipoprotein receptor-related protein 5 (LRP5), to
regulate bone formation, bone resorption and bone mass. There are at least 19 members in the
Whnt family but it has not yet been determined which are the most important in regulating bone
metabolism. The soluble frizzled related proteins (sFRP), Dickkopfl (Dkk1l) and sclerostin
(SOST), are the LRP5 signal inhibitors. It is possible that the regulation of bone formation
depends on the balance between levels of Wnt activate molecules and levels of inhibitors such
as sFRP and the sclerostin. Sclerostin is of particular interest because it is produced by
osteocytes in response to mechanical loading and is likely to play a key role in mechanical
transduction. According to recent research, some neural pathways are also playing a role in the
regulation of bone metabolism. These include the sympathetic nervous system through the
production of catecholamines, nitric acid and endocavidoids system. [32,33]

The mature bone is formed by calcification of the articular cartilage of the bone. Parathyroid
hormone related peptide (PTHrP), bound in receptor 1 of parahthyroid hormone which is
encoded by the parathormone -like hormone (PTHLH). The PTHrP is important for the
development of cartilage plate and the transcriptional factor SOX6 is responsible for its
establishment, as a result these proteins play an essential role in chondrocyte differentiation
and endochondral ossification. The SOX9 transcription factor regulates the expression of Type |l
Collagen Al (COL2A1), which encodes the major cartilage protein. After its formation, the
cartilage is ossified by metal deposition. This raises the possibility that variation in this gene
might affect bone density by playing a role in skeletal development. Osteoblast-specific
transcription factor (osterix) may suppress RUNX and is necessary for the complete
differentiation of osteoblasts. The catenin-binding sialoproteine (IBSP) encodes the sialoprotein
2 (BNSP2) and the phosphoprotein 1 (SPP1), which encodes the osteopontin (OPN), bind

strongly to calcium and hydroxyapatite and may play a role in the attachment of osteoclasts to
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the surface of the bone. According to the above, it can be concluded that genetic variability is
due to a wide range of candidate genes expected to affect bone metabolism, including genes

not expressed in bone tissue. [32,33].

Polymorphism or Mutation: Genetic variants in the human genome are divided into 2 main
categories depending on their frequency in the population and the functional effects they have
on the target gene.

A) Polymorphism. The term is used to express common genetic variants that occur frequently
in the population (1%). The most common type of polymorphism is the single nucleotide
polymorphism (SNP) in which a nucleotide in DNA is substituted for another but deletions and
duplications also occur. Another type of polymorphism is the copy number variants (CNVs),
where deletions or multiplications occur.

B) Mutation. The term is used to describe a rare genetic variant (frequency much less than 1%)
that has a major effect on gene function.

Polymorphisms have been found to have modest effects on gene function either by altering the
protein structure of the gene product or by altering gene expression. Although the resulting
changes in expression or function of an individual gene are small, it is thought that common
diseases like osteoporosis are attributable to a substantial extent to the combined effects of
many hundreds to thousands of these polymorphisms.

Most mutations directly affect the protein coding sequence of the target gene, causing
profound changes in protein structure and function, but some act by regulating gene-
expression. Mutations typically cause monogenic “Mendelian” disorders that segregate in
pedigrees according to a predictable pattern, such as osteogenesis imperfecta.

The BMD and other osteoporosis-related phenotypes regulation is primarily determined by the
effects of polymorphisms in multiple genes, each with relatively small effects, rather than the
effects of mutations in a few genes. This is also confirmed by recent genome-wide association
studies (GWAS), where small effects from dozens of common variants near or in genes were

observed [34, 35-39].
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Single Gene Disorders of Relevance to Osteoporosis

Several rare diseases have been identified where profound effects on bone mass, bone fragility,
and bone turnover occur as the result of mutations in single genes. Severe osteoporosis, bone
fragility, or excessively high bone mass, are called single gene disorders and they are related to
osteoporosis. These diseases have provided important insights into the molecular pathways

that regulate bone mass, bone cell function, and bone quality.

Osteogenesis imperfecta: The disease is most often caused by mutations in the COL1A1 and
COL1A2 genes, but recent work has shown that mutations in the CRTAP, LEPRE, and PPIB genes,
which form a protein complex necessary for prolyl-3-hydroxylation of collagen, can cause

recessive forms of the disease.

Mendelian osteoporosis syndromes: The osteoporosis-pseudoglioma syndrome is a rare
recessive disorder characterized by low bone mass and increased bone fragility that has been
found to be caused by inactivating mutations in the LRP5 gene. Severe osteoporosis in males
can also form part of the phenotypein patients within activating mutations in the CYP17 gene
encoding aromatase and the ESR1 gene encoding the estrogen receptor a, conditions that both

illustrate the importance of estrogen in the regulation of bone mass in men.

High bone mass syndromes: The autosomal dominant high bone mass syndromes is associated
with activating mutations in the LRP5 gene. The recessive syndromes of sclerosteosis and Van
Buchem disease are caused by inactivating mutations in the sclerostin (SOST) gene. Some
instances of unusually high BMD in the normal population may be due to heterozygosity for

SOST mutations.

Osteopetrosis: When the disease is caused by defects in osteoclast function it is called
osteoclast-rich osteopetrosis. When it is caused by defects in osteoclast differentiation it is
called osteoclast-poor osteopetrosis. In the first case, many different gene mutations have
been identified, all of which impair the ability of osteoclasts to resorb bone. The second case is
caused usually by inactivating mutations in the TNFRSF11A gene that encodes RANK or the
TNFSF11 gene that encodes RANKL [32].
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Camurati-Engelmann disease: It is caused by mutations that cluster in the latency associated
peptide region of TGF1, which prevent or inhibit binding of latency-associated peptide to the
mature TGF1 molecule and increase levels of bioactive TGF1, which presumably is the cause of
the increased bone turnover that is characteristic of the disease.

In all of the examples listed above, the consequences of the gene mutation on bone cell
function or bone matrix are so profound as to overwhelm the effects of the many other genes
that contribute to regulation of bone fragility and bone mass. Although the above disorders are
caused by rare mutations with large effects, common polymorphic variations in some of these
genes have also been described that regulate BMD in the normal population, albeit with much

smaller effects [32].

Methods for Identifying Osteoporosis Susceptibility Genes

In recent years a number of genes and polymorphisms associated with bone density, bone size,
the risk of fractures and other skeletal parameters [33, 40, 41] have been identified.

The investigation of genetic risk factors aims at identifying genetic markers (polymorphisms)
associated with several skeletal phenotypes (peak bone density, bone mass, osteoporosis and
fractures, bone metabolism markers, bone loss). The purpose of these studies is to identify risk
or protective alleles among individuals of a particular population which may be useful in the
clinical practice to detect individuals with an increased genetic risk of developing the disease
[42].

Several approaches have been used for the polymorphisms identification in genes responsible
for common form of osteoporosis: The linkage analysis, the candidate genes association
studies, the genome-wide association studies (GWAS) and the meta-analysis of GWAS.

The linkage analysis has identified genetic locus for bone mineral density, but these have not
been confirmed in other studies or in meta-analysis. This led scientists to identify genetic locus
of osteoporosis by the candidate gene approach. According to this procedure, the genotyping
was performed in candidate genes, which have a role in bone biology and the relative effect of
a specific allele or haplotype in quantitative trait or disease of interest was studied.

However, studies investigating genetic polymorphisms in relation to bone phenotypes have not
yet revealed genetic markers of high significance in large populations that can be used as

prognostic tools in clinical practice. The heterogeneity and the small sample size in combination
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with the limited number of identified polymorphisms leads to a limitation of the strength of the
findings. For this reason, the use of stronger study techniques such as the Genome Wide
Association studies (GWA) [35]. The GWA studies allow thousands of polymorphic sites to be
investigated over a short period of time. The aim of GWAS is the quantification of the genetic
variability of a population and the association between genetic markers and specific
phenotypes [36]. A significant number of GWA studies regarding bone phenotypes, have been
already published [37-39, 43]. The data of GWAS in osteoporosis have highlighted genetic
markers with significant influence on bone phenotypes and new genetic loci that affect the
skeleton [37-39, 43-47]. The discovery of novel «candidate genes» contributes to the
investigation of molecular and cellular mechanisms which are intended to clarify the
pathogenesis of the disease and the development of new effective pharmacological
treatments. However, these studies also show conflicting results, which makes it imperative to
confirm their results on specific populations, by conducting replication studies and meta-
analysis of GWAS [48].

The genes that have been investigated by recent GWAS associated with bone mineral density
(BMD) at the lumpar spine and/or femoral neck as well as with fracture incidence, are
presented in Table 2 [37, 49]. Despite these advances, common and rare variants explain only

5.8% of the total variance in BMD [49].
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Table 2: Genes associated with BMD and fracture from GWAS.

Genetic loci Gene Polymorphism Risk allele/ B/ associated Fractur.eodss Biochemical pathway Reference
(SNP) frequency phenotype ratio
1924.3 DNM3 rs479336 G/ 0.3727 -0,04/ FN Unspecified 49
1p31.3 GPR177 (WLS) rs1430742 C/ 0.1951 00,110005//ESN WNT-B-catenin 37,50, 51
1
1p31.3 GPR177 (WLS) rs2566755 C/ 0.1978 %1%3// T_I: WNT-B-catenin 37,50, 51
0,082/ FN . 37,49, 52,
1p36 ZBTB40/ WNT4 rs6426749 T/ 0.1804 0,107/ LS 1,09 WNT-B-catenin 50
0,079/ FN . 37,49, 52,
1p36 ZBTB40 rs7524102 G/ 0.2253 0,094/ LS 1,07 WNT-B-catenin 50
2913 ANAPC1 rs17040773 C/0.1543 0,03/ FN Unspecified 49
2q14.2 INSIG2 rs1878526 A/ 0.2605 0,04/ LS Unspecified 49
2pl6 SPTBN1 rs11898505 A/ 0.1987 0,067/ LS 1.06 Encodes bone protein 37,49
2p21 PKDCC rs7584262 T/0.1841 0,03/ FN Unspecified 49
20924 GALNT3 rs6710518 T/ 0.3599 -0,064/ FN Unspecified 53
3q13.2 KIAA2018 rs1026364 T/0.391 0,03/ FN Unspecified 49
3p22 CTNNB1 rs87938 A/ 0.4652 -0,07/ FN 1,06 WNT-B-catenin 37,49
3925.31 LEKR1 rs344081 C/ 0.1905 0,06/ LS Unspecified 49
-0,05/ FN -
4p16.3 IDUA rs3755955 A/ 0.1502 10,05/ LS Unspecified 49
endochondral ossification
4q21.1 MEPE (BNSP2) rs1471403 1/0.3425 0,068/ LS (IBSP expression on 49, 50
osteoblasts)
MEPE (BNSP2)/ e s
4922.1 SPP1 (OPN) rs6532023 T/0.3411 1,06 endochondral ossification 49, 50
5q14 MEF2C rs1366594 A/ 0.3745 -0,085/ FN WNT (SOST regulation) 37,49, 50
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Inhibition of osteoblast

5931 ALDH7A1 rs13182402 G/ 0.1094 2,25 differentiation, reduce bone 43
formation
6p21.1 SUPT3H /RUNX2 rs11755164 T/0.3329 0,03/ LS endochondral ossification 49
6922 RSPO3 rs13204965 C/0.1108 -0,067/ FN WNT-B-catenin 50
-0,066/ FN Expression of estrogen
625 ESR1 rs2504063 G/ 0.4199 0,078/ LS receptor 37,49, 52
0,073/FN -
6925 Céorf97 rs2941740 G/ 0.57 0,070/ LS Unspecified 37
-0,03/ FN I
6p22.3 SOX4 rs9466056 A/ 0.4006 10,03 /LS endochondral ossification 49
7p14.1 STARD3NL rs1524058 T/0.418 -0,07/ LS 1,05 Unspecified 37,49
rs4729260 G/0.2495 -0,085/ FN -
7921.3 FLI42280 0,081/ LS Unspecified 37,49
-0,083/ FN -
7921.3 FLI42280 rs7781370 C/0.1978 0,074/ LS Unspecified
7921.3 SLC25A13 rs4727338 G/0.32 1.08
7931.31 WNT16 rs3801387 G/ 0.2514 __%’33// T;I 1,06 WNT-B-catenin 49,51
7931.31 C70rf58 rs13245690 G/ 0.2546 0,03/ LS Unspecified 49
7q936.1 ABCF2 rs7812088 A/0.0609 0,04/ FN Unspecified 49
XKR9/ e
8q13.3 LACTB2 rs7017914 G/ 0.3013 0,02/ FN Unspecified 49
8q24.12 TNFRSF11B (OPG) 52062377 1/0.3091 0,094/ S RANK-RANKL-OPG 49
-0.09/ LS
8q24.12 TNFRSF11B (OPG) rs4355801 A/0.53 (effect) RANK-RANKL-OPG 38
8g24.12 TNFRSF11B (OPG) rs11995824 C/ 0.3503 -0,06/ FN RANK-RANKL-OPG 37
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-0,093/ S

9q34.11 FUBP3 rs7851693 G/ 0.37 0,05/ FN 1,05 Unspecified 49
10p11.23 MPP7 rs3905706 T/0.3887 0,05/ S Unspecified 40
10g21.1 MBL2/ DKK1 rs1373004 T/0.251 _?60§5//FSN 1,1 WNT-B-catenin (inhibitor) 49
10922.3 KCNMA1 rs7071206 C/ 0.2669 -0,05/ S Unspecified 49
10924.2 CPN1 rs7084921 T/0.3974 0,03/ FN Unspecified 49
11p11.2 LRP4/ ARHGAP rs7932354 C/ 0.451 0.073/ FN WNT-B-catenin 37,49
WNT-B-catenin interaction
11913.4 LRP5 rs599083 G/ 0.3429 -0,067/ S with DKk1 38, 49
11913.4 LRP5 rs3736228 T/0.14 0,13/S 1,09 WNT-B-catenin 37
11pl4.1 LIN7C rs10835187 T/ 0.3951 -0,02/ S 1,05 Unspecified 37,49
11p14.1 DCDES r$16921914 A/0.2308 0,077/ S Unspecified 20
11p15 SOX6 rs7117858 G/ 0.261 0,088/ FN endochondral ossification 20, 29, 32
KLHDC5/PTHLH
12p11.2 (kwdkomolel tnv rs7953528 A/ 0.1456 0,04/ FN endochondral ossification 49
PTHRP)
12q13 SP7 (osterix) rs2016266 G/ 0.3626 0,012/ S endochondral ossification | 5, o ¢,
osteoblastes differentiation
12p13.12 DHH rs12281008 A/ 0.0751 0,05/S Unspecified 49
12p13.33 ERC1/ WNT5B rs2887571 G/ 0.2129 _?6O§£/F§ WNT-B-catenin 49
12g23.3 Cl2orf23 rs1053051 T/ 0.4066 -0,03/ FN Unspecified 49
13914 TNFSF11 (RUNKL) rs9533090 T/0.3178 -0,120/ S RANK-RANKL-OPG 37,49, 52
14932.12 RPS6KAS rs1286083 C/0.2418 _(_)(')OOSZ{/FSI\I 1.05 Unspecified 49
16q12.1 CYLD rs1564981 G/ 0.3338 -0,03/ S Unspecified 49
16g12.1 SALL1/ CYLD rs1566045 C/ 0.1415 -0,06/ FN Unspecified 49
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-0,03/ FN

16p13.3 AXIN1 rs9921222 T/0.418 0,04/s WNT-B-catenin 49
-0,04/ FN e
16p13.3 C160rf38/ CLCN7 rs13336428 G/ 0.4176 0,04/ Unspecified 49
16p13.11 NTAN1 rs4985155 G/ 0.4116 -?(’)053{/2'\' Unspecified 49
r$16945612 €/0.1168 0,04 /H osteoblastes differentiation
16923 ADAMTS18 rs11859065 A/ 0.1163 0,04/ H bone remodellin ! 47
rs11864477 C/0.1021 0,04/ H 8
16q24 FOXL1 rs10048146 G/0.1914 -0,193/S osteoblastes differentiation | 5, /g
g ' ’ WNT-B-catenin ’
17912 CRHR1 rs9303521 G/ 0.4849 -0,068/ S NFkB activation 37
FN
17p13.3 SMG6 rs4790881 C/ 0.315 0605‘{/ S Unspecified 49
Transcriptional regulation,
17921 HDACS5 rs228769 G/ 0.4185 0,081/ FN role in cell cycle and muscle 37
differentiation
17921 SOST rs4792909 T/0.4881 1.07 WNT 52
17924.3 SOX9 rs7217932 A/ 0.456 0,03/ FN endochondral ossification 49
C18o0rf19/ -
18p11.21 FAM210A rs4796995 G/ 0.4551 0,02/ FN 1.08 Unspecified 49
18g21 TT;S;T(:;A rs884205 A/ 0.1882 -0,078/S RANK-RANKL-OPG 37,49, 52
19913.11 GPATCH1 rs10416218 C/ 0.4331 -0,03/ S Unspecified 49
20p12 JAG1 rs2273061 G/ 0.4831 0,072/ S 1.42 WNT-B-catenin 53
Xp22.31 FAM9B/ KAL1 rs5934507 G/ 0.2712 -0,09/ S Unspecified 49

* FN: femoral neck, S: lumbar spine, H: hip
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Low values of QUS parameters have been associated with high fracture risk. Although the BMD
has been documented by various studies that are under strong genetic control, studies that
evaluate genetic determinants of QUS parameter are limited.

Recent GWA, de novo replication and meta-analysis study in the GEFOS — GENOMOS
consortium highlighted 9 polymorphisms associated with heel QUS phenotypes. The genome-
wide association (GWA) studies assess the genetic determinants of heel broadband ultrasound
attenuation (BUA; n=514260), velocity of sound (VOS; n=515514) in 13 discovery cohorts.
Independent replication involved seven cohorts with GWA data (in silico n=511452) and new
genotyping in 15 cohorts (de novo n=524902). In combined random effects, meta-analysis of
the discovery and replication cohorts, nine single nucleotide polymorphisms (SNPs) had
genome-wide significant (p < 5 x10®) associations with heel bone properties. Alongside SNPs
within or near previously identified osteoporosis susceptibility genes including ESR1 (6g25.1:
rs4869739, rs3020331, rs2982552), SPTBN1 (2p16.2: rs11898505), RSPO3 (6¢22.33:
rs7741021), WNT16 (7931.31: rs2908007), DKK1 (10g21.1: rs7902708) and GPATCH1
(19913.11: rs10416265), the study identifies a new locus on chromosome 11g14.2 (rs597319
close to TMEM135, a gene recently linked to osteoblastogenesis and longevity) significantly
associated with both BUA and VOS (p < 8.23 x10™) [54]. GEFOS — GENOMOS identified
polymorphisms near or on five genes, associated with BUA and SOS in discovery phase of the
GWAS (p < 5 x10°) but didn’t meet statistical significance in the replication study. Genes
associated with BUA are NPR3 (5p13.3: rs9292469) and TAX1BP1 (7p15.2: rs11520772) and
genes associated with SOS are UPK3B (7g11.23: rs38664), USPL1(13g12.3: rs3000634) and
FOXL1 (16924.1: rs7188801) [54].

Since many of the genetic loci have been investigated from GWAS, encode proteins involved in
biochemical pathways with known function as the WNT, the regulatory system RANK- RANKL-
OPG and endochondral ossification system, it is too early to understand the function of the new
proteins derived from GWAS and how they are involved in the pathophysiology of the disease.
Figures 3, 4 and 5 demonstrate the main genes identified by GWAS that are implicated in these
paths [modified by Richards J. et al, 33].
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Figure 3: Simplified depiction of members of the canonical WNT signalling pathway identified
through genome-wide association studies for bone mineral density.
Bold font and bold outline: proteins identified through genome-wide association studies
(GWASs). Red: inhibitory proteins of the WNT pathway. Green: activators of the WNT pathway.
* Gene related to human monogenic skeletal disease. ¥ genes with evidence arising from mouse
knockouts. The main role of the WNT signalling pathway is to control the stability and
subsequent abundance of B-catenin, the role of which is to activate gene transcription in the
nucleus. a) In the absence of WNT factors, B8-catenin is phosphorylated by glycogen synthase
kinase 38 (GSK38), preventing the translocation of 6-catenin to the nucleus. Sclerostin (SOST),
dickkopf 1 (DKK1) and secreted Frizzled-related protein (SFRP4) act by inhibiting the interaction
between Frizzled family members, low-density lipoprotein receptor-related protein 5 (LRP5) and
WNT. b) WNT proteins bind to the G-protein-coupled receptor Frizzled and LRP5 to form a
complex that ultimately leads to the recruitment of AXIN1 to the LRP5 co-receptor. R-spondin 3
(RSPO3) acts to disrupt DKK1 association to LRP6. This inhibits the degradation of the AXIN1-6-
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catenin complex and promotes the translocation of B8-catenin to the nucleus. Jagged 1 (JAG1)
has been reported to be a target of B8-catenin transcriptional control and is also an important

component of the NOTCH signalling pathway [modified, Richards J. et al, 33].

B

macrophage
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Figure 4: Simplified depictions of members of the RANK—RANKL-OPG signalling pathway
identified through genome-wide association studies for bone mineral density.

Bold font and bold outline: proteins identified through genome-wide association studies
(GWASs). * Gene related to human monogenic skeletal disease. ¥ Genes with evidence arising
from mouse knockouts. RANK is encoded by tumour necrosis factor receptor superfamily,
member 11a (TNFRSF11A), its ligand RANKL is encoded by TNFSF11, and the decoy receptor
OPG is encoded by TNFRSF11B. To generate activated osteoclasts, RANKL is secreted by
osteoblasts and osteocytes in bone, and these bind to its natural receptor, RANK, on the surface
of pre-fusion osteoclasts. To fine-balance this activation system, osteoblasts and osteocytes also
secrete OPG, which is a natural decoy receptor for RANKL and prevents binding of RANKL to
RANK [modified, Richards J. et al, 33].
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Figure 5: Simplified depiction of members of the endochondral ossification pathway
identified through genome-wide association studies for bone mineral density.

Bold font and bold outline: proteins identified through genome-wide association studies
(GWASs). * Gene related to human monogenic skeletal disease. ¥ Genes with evidence arising
from mouse knockouts. Bone is generated in the developing skeleton by first forming cartilage,
which is then ossified, starting at the primary centre of ossification and moving outwards to the
peripheral bone. Arrows indicate genes that are involved in the promotion of a process. Genes
involved in the formation of cartilage are indicated in the left panel. Parathyroid-hormone-
related protein (PTHrP), which is encoded by the gene PTHLH, binds to the PTHRP receptor to
promote development of the cartilage growth plate. The transcription factor SOX6 is involved in
the establishment of cartilage growth plate, allowing for the development of endochondral
bone. The transcription factor SOX9 regulates collagen, type Il, alpha 1 (COL2A1) expression, the
product of which is a structural protein that is the main component of cartilage. Genes involved
in ossification are depicted in the right-hand panel. RUNX2 is a transcription factor that is a
regulator of ossification of cartilaginous skeleton, SP7 is a transcription factor that permits

differentiation of osteoblasts, and BNSP2 is a major noncollagenous structural protein.
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Osteopontin (OPN) is a secreted protein that permits the attachment of osteoclasts to

mineralized bone [modified,Richards J. et al, 33].

Genetic Score: The goal of genetic identification of individuals is to find those who, due to their
genotypes, are at high risk of osteoporosis. Consequently, the effect of each allele on bone
density should be counted and summed up. For this purpose, genetic scores are evaluated.

The Prospective Epidemiological Risk Factor (PERF) study, carried out in postmenopausal
women 55 to 86 years of age, evaluated the cumulative effect of 63 polymorphisms, resulting
from the meta-analysis of the GEFOS, on the bone mineral density and the osteoporosis
development [49]. The risk alleles in the score were weighted by their individual effect on bone
mineral density, and grouped into 5 categories. The difference between the average bone
mineral density of the femoral neck among individuals of the category with the highest risk
scores (9% of the population, n = 244) and the category with moderate risk score (34% of the
population, n = 978) was 0.33 standard deviations.

From this genetic score, it was also possible to predict the risk of osteoporosis (T-score <-2,5),
using the moderate risk score category as a reference (OR=1). Women with the highest score
were 1.56 times (95% Cl (1.12-2.18) more likely to develop osteoporosis (figure 6), while
women in the lower risk category are 62% less likely to develop osteoporosis (OR=0.38 (95% Cl

(0.23-0.63)). [49]
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Figure 6. Combined effect of osteoporosis risk- alleles based on BMD in the Prospective

Epidemiological Risk Factor (PERF) study (n=2,836 women). The genetic score of each

individual for was based on the 63 SNPs displaying genome-wide significant association with
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BMD (55 main and 8 secondary signals). Both genetic scores are weighted for relative effect
sizes estimated without the PERF study. Weighted allele counts summed for each individual
were divided by the mean effect size making them equivalent to the percent of alleles carried by
each individual and binned into 5 categories. Histograms describe counts of individuals in each
genetic score category (left axis scale). Diamonds (right axis scale) represent risk estimates in
the form of odds ratio for osteoporosis (defined as NHANES T-score<-2.5) using the middle
category as reference (OR=1). Vertical lines represent 95% confidence limits [modified,Estrada K.

et al, 49].

The observation of genetic loci associated with osteoporosis, serves the investigation of new
proteins and biochemical pathways, crucial for the disease pathophysiology. As a result, new
treatment goals could be set and people that are at increased risk of fracture due to their
genotype could be identified.

Studies that investigate the effect of genetic markers on bone phenotypes in the Greek
population are few and involve a small number of genes and polymorphisms, specific age

groups and include a small number of volunteers. [55-61].

1.1.6.2 Clinical Factors:

These include: low peak bone density achievement, age, premature menopause (<40 years),
primary or secondary amenorrhoea, primary or secondary hypogonadism in men, low body
weight, loss >10% of body weight in age <25 years, vitamin D deficiency, diseases and
medications associated with secondary osteoporosis [27, 62].

Also, evaluation of bone metabolism (bone turnover) is extremely crucial as, as mentioned
above, the disorders between bone resorption (osteoclestic activity) and bone production
(osteoblastic activity) are a major pathogenetic factor of osteoporosis. The rate of bone
remodelling evaluated with the use of specific markers (bone turnover markers). These
indicators refer either to products of osteoblast enzyme activity or bone resorption products
(osteoclastic activity) [63]. They are useful in clinical practice for 1) detecting people with an
increased rate of bone loss and increased fracture risk [64], 2) the prediction of the therapy
benefit [65], 3) the evaluation of the effectiveness of the treatment [66] and 4) improving the

compliance with the treatment [67]. The utility of markers of bone turnover requires its
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investigation into studies to evaluate the impact of clinical risk factors on bone density and the

risk of osteoporosis.

1.1.6.3 Environmental Factors:

These include: smoking, low physical activity, long-term immobilization, high intake of alcohol
and caffeine, low calcium intake, low intake of vitamin k, high phosphorus and sodium intake,
low vitamin D intake [27, 62].

Nutrition (nutrient intake and dietary habits) undoubtedly plays an important role in bone
health during lifespan and especially during the achievement of peak bone density but also for
its maintenance during adulthood. Nutrients may have a beneficial or aggressive action on the
skeleton [68]. They affect bones in various ways including possible changes in bone structure, at
the rate of bone metabolism, endocrine and/or paracrine system and homeostasis of calcium
and other minerals or trace elements [69].

As mentioned above, a special position hold calcium, magnesium, phosphorus, sodium,
vitamins D, K and A, as well as trace elements such as iron, zinc and copper [70]. The intake of
macronutrients, especially proteins and lipids (mainly of polyunsaturated w-3 and w-6)
associated significantly with bone mineral density [71, 72]. In addition, ingredients such as
alcohol, caffeine and phytoestrogens are factors that have been associated with bone health
[73-75].

However, humans consume complex combination of nutrients that have a cumulative and
interactive effect in their meals and related to several phenotypes or health outcomes. The
need of a more holistic approach of nutrition led to the investigation of statistical methods
from which overall dietary patterns can be derived, in which multiple related dietary
characteristics are considered as a single exposure for a specific population. There are two main
categories of dietary pattern approaches, (i) the data driven or posteriori dietary pattern
approach, that includes PCA and (ii) the a priori dietary pattern approach, which uses dietary
indexes created using existing nutritional knowledge [76, 77]. Apart from the individual
nutrients, food groups and dietary patterns seem to impact on bone health, although studies
are very limited. For example, the increased consumption of fruit and vegetables is associated

with bone mineral density, bone size and bone turnover [78-80]. Also nutritional schemes, such
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as the Mediterranean Diet and DASH diet have been studied with regard to potential benefits
to skeletal health [81, 82].

The above nutritional factors have not been investigated in a large sample of Greek population
in relation to bone mass and markers of bone turnover. For example, nutrient intake and its
correlation with bone health has been investigated in several studies in small populations and
in limited age range [83-88]. The study of individual risk factors without exploring and
understanding the interactions between them has little practical and clinical significance.
However, understanding the interactions between them may be the key to more effective and
more personalized disease prevention and cure [89]. However, the number of studies
investigating how risk factors interact are very limited.

Dietary factors play, as mentioned, an important role as risk factors for osteoporosis. The
nutritional intake of individual nutrients, such as calcium, affects skeletal health at various
stages of life [48]. However, interactions of nutrients in foods significantly alter the action of
individual components. Also, significant bone action may have food components that are not
individually associated with bone health. Therefore, the study of nutrition science has shifted
from the exploration of individual nutrients to the investigation of eating habits and patterns,
studying the human diet from a holistic view. This approach prevails internationally in chronic
disease studies, and recent data are available for osteoporosis [55, 56].

Risk factors vary with age. Studies have demonstrated that polymorphisms affecting peak bone
mineral density may be different from those affecting it at the post-menopausal period. [90,
91]. The markers of bone turnover vary according to the normal change in bone density with
age [22]. Vitamin D levels change with age due to decreased sun exposure and reduced skin
composition [92]. Dietary factors also change significantly. Eating patterns of teenagers may
differ significantly from those of adults, while the diet of the elderly varies significantly due to
diseases that require special dietary regimens, difficulties in eating, digestion and absorption of
food, weaknesses in meal preparation etc [93].

The investigation of risk factors in specific populations is important for the design and
implementation of health policies related to the prevention and treatment of osteoporosis. The
stratification of a large and well- characterized population is crucial for the extraction of results

widely accepted.
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1.7 Vitamin D

Between the most important risk factors of bone fragility, vitamin D deficiency is a subject of
extensive research. Vitamin D is unique among hormones because it can be made in the skin
from exposure to sunlight. Vitamin D comes in two forms. Vitamin D, is manufactured through
the ultraviolet irradiation of ergosterol from yeast, and vitamin D3 through the ultraviolet
irradiation of 7-dehydrocholesterol from lanolin. Vitamin D, is found naturally in sun-exposed
mushrooms. Both are used in over-the-counter vitamin D supplements, but the form available
by prescription in the United States is vitamin D,. Vitamin Ds is synthesized in the skin and is
present in oil-rich fish such as salmon, mackerel, and herring; commercially available vitamin D3
is synthesized from the cholesterol precursor 7-dehydrocholesterol naturally present in the skin
or obtained from lanolin. Both vitamin D, and vitamin Ds are used for food fortification and in

vitamin D supplements. [94]

1.7.1 Metabolism of Vitamin D

Vitamin D (D represents D,, or D3, or both) that is ingested is incorporated into chylomicrons,
which are absorbed into the lymphatic system and enter the venous blood. Vitamin D is formed
in the skin from 7-dehydrocholesterol (7-DHC) via the intermediate previtamin D3 and with the
help of sunlight (UVB: 290-315 nm). Previtamin D3 is converted by body heat to vitamin Ds
(cholecalciferol). Excessive sunlight exposure degrades previtamin D3 and vitamin D3 into
inactive photoproducts, thus preventing excessive production of the sunshine vitamin in the
skin. Vitamin D that comes from the skin or diet is biologically inert and requires its first
hydroxylation in the liver. The liver converts vitamin D3 via the enzyme 25-hydroxylase (25-
OHase: CYP27A1, CYP2R1) into 25-hydroxyvitamin D (25(OH)D), also known as calcidiol. The
mitochondrial CYP27A1 and microsomal CYP2R1 are the two major enzymes involved in the
hydroxylation at C-25, although there are several CYP enzymes that show 25-hydroxylase (25-
OHase) activity but with higher Km and lower Vmax. Serum 25(0OH)D (1 ng/mL = 2,5 nmol/L) is
used for the medical laboratory evaluation of the vitamin D status. 25(0OH)D is then converted
in the kidneys via the enzyme 25-hydroxyvitamin D-1-a-hydroxylase also known as cytochrome
p450 27B1 (1-OHase: CYP27B1) into the metabolically active vitamin D hormone
[1a,25(0OH)2D]. This enzyme is also called renal 1-a-hydroxylase — since it occurs in the kidneys

(endocrine effect). The renal synthesis of 1,25(0OH),D is regulated by several factors including
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serum phosphorus, calcium, fibroblast growth factor 23 (FGF-23), parathyroid hormone (PTH)

and itself.

1,25(0H),D interacts with its vitamin D nuclear receptor, which is present in the small intestine,
kidneys, and other tissues. 1,25(0OH),D stimulates intestinal calcium absorption. Without
vitamin D, only 10 to 15% of dietary calcium and about 60% of phosphorus are absorbed.
Vitamin D sufficiency enhances calcium and phosphorus absorption by 30-40% and 80%,
respectively. 1,25(0H),D interacts with its vitamin D receptor in the osteoblast to stimulate the
expression of receptor activator of nuclear factor kB ligand; this, in turn, interacts with receptor
activator of nuclear factor kB to induce immature monocytes to become mature osteoclasts,
which dissolve the matrix and mobilize calcium and other minerals from the skeleton. In the
kidney, 1,25(0H),D stimulates calcium reabsorption from the glomerular filtrate.

The vitamin D receptor is present in most body tissues and cells. These include endothelial cells,
isle cells of pancreas, hematopoietic cells and t-lymphocytes. As a result 1,25(0OH),D has a wide
range of biological actions, including inhibiting cellular proliferation and inducing terminal
differentiation, inhibiting angiogenesis, stimulating insulin production, inhibiting renin
production, and stimulating macrophage cathelicidin production

There are several tissues and cells that possess 1-a-hydroxylase (1-OHase) activity. Besides the
kidneys, a multitude of tissues have a local 1-OHase including bone, placenta, prostate,
keratinocytes, macrophages, T-lymphocytes, dendritic cells, several cancer cells, and the
parathyroid gland. Depending on the availability of 25(OH)D and the amounts required, these
cells can produce the biologically active vitamin D hormone with the help of their local 1-OHase
(autocrine and paracrine effect). 1a,25(0OH),D is like the sex hormones (e.g. estradiol) and
corticosteroids (e.g. cortisone), which are all steroid hormones. Via a feedback mechanism, the
1a,25(0OH),D level regulates the synthesis of 1a,25(0OH)2D and reduces the synthesis and
secretion of parathyroid hormone in the parathyroid

glands. 1a,25(0H),D induces its own destruction by activating the 25-hydroxyvitamin D-24-
hydroxylase (24-OHase: CYP24A1), which leads to the multistep catabolism of both 25(OH)D
and 1a,25(0H),D into biologically inactive, water-soluble metabolites including calcitroic acid.
The local production of 1,25(0OH),D may be responsible for regulating up to 200 genes that may

facilitate many of the pleiotropic health benefits that have been reported for vitamin D.
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[94, 95]. In figure 7 the synthesis and metabolism of vitamin D concerning its skeletal actions is

presented.
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Figure 7. The synthesis and metabolism of vitamin D for the regulation of calcium, phosphorus

and bone metabolism [91].
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1.7.2 Vitamin D deficiency

There have been several recent consensus statements or guidelines that have included
definitions of Vitamin D deficiency. It is generally agreed that the serum concentration of
25(OH)D is the best marker of an individual’s Vitamin D status because it is the major circulating
form and reflects the combination of dietary intake and cutaneous skin synthesis. However,
different thresholds for the level of 25(0OH)D that is considered to reflect efficiency are used.
For example, the Institute of Medicine’s report on the dietary reference intake for Vitamin D
published in 2010 [96] defined a level of 50 nmol/l (<20 ng/mL) as meeting the needs of 97.5%
of the population, whereas the Endocrine Society Clinical Practice Guideline published in 2011
defined Vitamin D deficiency as a level <50 nmol/l, with levels of between 52.5 nmol/l (21
ng/mL) and 72.5 nmol/l (29ng/mL) regarded as Vitamin D insufficiency, and levels of greater
than 72.5 nmol/l being regarded as optimal [97] . In the current study, we decided to use the
following definitions: severe deficiency: <25 nmol/L (<10 ng/mL), deficiency: 25-50 nmol/L (10-
19.9 ng/mL), insufficiency: 50 -75 nmol/L (20-29.9 ng/mL), sufficiency: 275 nmol/L (=30 ng/mL)
and toxicity: 2 375nmol/L (2150ng/mL), as it shown in Table 3.

The recommended dietary intake for vitamin D that is required to maintain the concentration
of 25 (OH) D serum levels at least 20 ng/mL (50nmol/L) in 97.5% of the population, with little or

no sun exposure is presented in Table 4 [96].

Table 3. Vitamin D status according serum 25(0OH)D.

Serum 25(OH)D

severe deficiency 25 nmol/L
<10 ng/mL
deficiency 25-50 nmol/L

10-19.9 ng/mL

insufficiency 50 -75 nmol/L
20-29.9 ng/mL

sufficiency >75 nmol/L
>30 ng/mL

toxicity >150ng/mL
> 375nmol/L

37



Table 4. Vitamin D intakes recommended by the IOM and the Endocrine Practice Guidelines Committee

Life stage IOM recommendations Committee recommendations
group for patients at risk for
vitamin D deficiency

Al EAR RDA UL Daily requirement UL
Infants
0-6 months 400 1U (10 pg) 1,000 I1U (25 pg) 400-1,000 IU 2,000 1U
6 - 12 months 400 IU (10 pg) 1,500 IU (25 pg) 400-1,000 IU 2,000 IU
Children
1-3yr 400 1U (10 pg) 600 IU (15 pg) 2,500 1U (63 pg) 600-1,000 IU 4,000 IU
4-8 yr 400 IU (10 pg) 600 1U (15 pg) 3,000 IU (63 pg) 600—1,000 IU 4,000 IU
Males
9-13yr 400 1U (10 pg) 600 IU (15 pg) 4,000 IU (100 pg) 600-1,000 IU 4,000 IU
14-18 yr 400 IU (10 pg) 600 IU (15 pg) 4,000 U (100 pg) 600-1,000 IU 4,000 U
19-30 yr 400 IU (10 pg) 600 IU (15 pg) 4,000 IU (100 pg) 1,500-2,000 U
31-50 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 1U (100 pg) 1,500-2,000 IU
51-70 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 1U (100 pg) 1,500-2,000 IU
>70 yr 400 IU (10 pg) 600 IU (15 pg) 4,000 IU (100 pg) 1,500-2,000 IU
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Females

9-13 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 1U (100 pg) 600—1,000 IU 4,000 IU
14-18 yr 400 IU (10 pg) 600 IU (15 pg) 4,000 IU (100 ug) 600—1,000 IU 4,000 1U
19-30 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 1U (100 pg) 1,500-2,000 IU 10,000 1U
31-50 yr 400 IU (10 pg) 600 IU (15 pg) 4,000 IU (100 ug) 1,500~-2,000 IU 10,000 1U
51-70 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 1U (100 pg) 1,500-2,000 IU 10,000 U
>70 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 I1U (100 ug) 1,500-2,000 IU 10,000 1U
Pregnancy

14-18 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 1U (100 pg) 600—1,000 IU 4,000 IU
19-30 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 IU (100 ug) 1,500~2,000 IU 10,000 IU
31-50 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 1U (100 pg) 1,500-2,000 IU 10,000 1U
Lactation”

14-18 yr 400 IU (10 pg) 600 1U (15 pg) 4,000 IU (100 ug) 600~1,000 IU 4,000 IU
19-30 yr 400 IU (10 pg) 600 IU (15 pg) 4,000 1U (100 pg) 1,500-2,000 IU 10,000 1U
31-50 yr 400 1U (10 pg) 600 1U (15 pg) 4,000 IU (100 pg) 1,500~-2,000 IU 10,000 1U

Al, Adequate intake; EAR, estimated average requirement; UL, tolerable upper intake level.

a Mother’s requirement, 4,000—6,000 IU/d (mother’s intake for infant’s requirement if infant is not receiving 400 1U/d).
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1.7.3 Risk Factors of Vitamin D deficiency

Decreased synthesis in the skin

Sunscreen wearing: Wearing a sunscreen with a sun protection factor of 30 reduces
vitaminD synthesis in the skin by more than 95%.

Skin pigmentation: UVB radiation absorbed from melanin. People with a naturally dark skin
tone have natural sun protection and require at least three to five times longer exposure to
make the same amount of vitamin D as a person with white skin.

Age: The synthesis of 7-dehydrocholesterol in the skin decreased.

Season, latitude: The number of UVB photons reaching the Earth depends on the angle of
the sun. The more lateral the angle, the less radiation reaches the Earth. At around 35
degrees north latitude and above (Greece 350 -400), little or no vitamin D can be produced
from sun exposure from November to February. Vitamin D level reaches its nadir in late
winter and it takes about six weeks to raise the serum levels.

Patients with implants or skin burns: A reduction of 7-dehydrocholesterol is observed in

these patients.

Decreased bioavailability

Malabsorption: Malabsorption maybe caused by, cystic fibrosis, celiac disease, Whipple's
disease, Crohn's, gastric bypass, cholesterol absorption drugs, etc.
Obesity: Obesity is associated with vitamin D deficiency. There is an inverse association of

serum 25(0OH)D and body mass index (BMI) greater than 30 kg/m?.

Increased catabolism

Due to medication: It activates the destruction of 25(0H)D and 1,25(0H),D to inactive

products.

Lactation

Breast milk is poor in vitamin D: breast milk contains 20 1U / L)
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Decreased synthesis of 25 (OH) D or increased loss in urine

*  Hepatic failure: In moderate failure, the absorption decreases but in 90% failure 25(0OH)D is
not produced.

*  Nephrotic syndrome: A loss of 25(0OH)D binded with vitamin D binding protein occurs.

Decreased synthesis of 1,25(0OH),D

e Chronic renal failure

Hereditary disorders - rickets

* Rickets due to faulse-deficiency of vitamin D. Mutation in the 1,25 hydroxyvitamin-D-1a
hydroxylase gene (CYP27B1).

*  Vitamin D resistant rickets. Mutation to vitamin D receptor gene (VDR).

* Autosomal dominant hypophosphataimic rickets. A mutation in the gene that prevents or
reduces FGF23 cleavage.

*  X-linked hypophosphatemic rickets — mutation of the PHEX gene, leading to elevated
levels of fibroblast growth factor 23 and other phosphatonins.

Acquired disorders

e Osteomalacia due to tumor.

*  Primary hyperparathyroidism

*  Granulomatous disorders, sarcoidosis, tuberculosis, some types of lymphoma

*  Hyperthyroidism

1.7.4 Heritability of vitamin D deficiency

The heritability of vitamin D as estimated by twin studies reaches the 50-80% [13,14]. As
identified by 3 recent GWAS meta-analysis, 6 genetic loci (GS: rs3755967, NADSYN1/ DHCR7:
rs12785878, CYP2R1: rs10741657, CYP24Al: rs17216707, AMDHD1: rs10745742, SEC23A:
rs8018720), associated with 25(0H) D levels and explain the 7.5% of heritability. The difference
between twin (50-80%) and GWAS studies may be due to influence by environmental

conditions [31-33]
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1.7.5 Consequences of Vitamin D deficiency

The consequences of Vitamin D deficiency in adults are osteomalacia, acceleration of bone loss,
muscle weakness, instability, and therefore increased risk of falling [98]. In children, lack of
Vitamin D causes rickets and growth retardation. Vitamin D receptors are found in enterocytes,
osteoblasts, the cells of the distal convoluted renal tubules, in the cells of the parathyroid
gland, colon, pituitary, ovaries, cells of the immune system etc. Therefore, Vitamin D deficiency
is associated, by many observational studies, with major diseases, such as osteoporosis,
diabetes, some forms of cancer, autoimmune diseases, infectious diseases and hypertension

etc but causalities have not been proven [98].

1.7.6 Prevalence of vitamin D insufficiency and deficiency

The prevalence of vitamin D insufficiency and deficiency is significant. It is estimated that about
1 billion people worldwide suffer of vitamin D insufficiency or deficiency. The elderly, children
and women during pregnancy are at increased risk for development of vitamin D deficiency.
The incidence of vitamin D deficiency increases depending on the distance of the country of
residence from the equator. In the past, it was believed that in countries with increased
sunshine, vitamin D deficiency is rare due to skin production by the photolytic conversion of 7-
dihydroxycholesterol to vitamin D3 by the effect of ultraviolet radiation [98]. However, recent
studies indicate that in the Mediterranean countries and younger age groups there is an
increased incidence of deficiency. Studies in the Greek population showed increased vitamin D
deficiency rates in the elderly (20% from a sample of 231 people aged > 60 years) [99],
postpartum women (20% from a sample of 123 women) [100], children (14% from a sample of
124 children) and adolescents (47% from a sample of 45 teenagers) [35], mainly from urban
areas of Greece. However, no data are available for general overlapping.

Understanding of skeletal and extraskeletal actions of vitamin D and the significant
consequences of deficiency, make this an extremely important factor in the investigation of risk
factors for osteoporosis and other chronic diseases (e.g. cancer, diabetes). The prevalence of
vitamin D defficiency in a wide range of ages of the Greek population is considered important.
Although the development of effective therapeutic methods contributes to the problem,
prevention is recognized globally as the most effective measure to reduce the disease.

Prevention is based on identifying and addressing risk factors associated with the disease [16].
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1.8. AIMS AND OBIJECTIVES

Objectives of the study:

1. To determine the prevalence of vitamin D deficiency in the Greek population.

2. To determine the characteristics of the bone structure as derived from QUS measurement.

3. To identify dietary patterns in the population and their effect on bone phenotypes.

4. To determine the effect on the characteristics of the bone structure, polymorphisms that are
derived from GWAS, in larger populations.

5. Evaluation and interpretation of the effect of the potential interaction of the aforementioned
factors on serum vitamin D levels.

6. The evaluation and interpretation of the effect of the possible interaction of the
aforementioned factors on the characteristics of the bone structure.

The aims of each report supporting the PhD thesis were:

Paper 1. To investigate Vitamin D status in adult women and men from northern and southern
regions of Greece including several islands, in relation to QUS parameters.

Paper 2. To identify the dietary patterns that indicate the nutritional habits of healthy Greek
adults and secondly to evaluate the effect of these patterns on serum 25(OH)D levels and QUS
phenotypes.

Paper 3. To identify the effect of the rs11520772 polymorphism on serum 25(OH)D levels and
on the QUS phenotypes, derived from a large-scale GWA, replication and metanalysis study

(paper 4).
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2. SUBJECTS AND METHODS

2.1 Population of the study

OSTEOS is an observational cross-sectional study, conducted from June 2010 to July 2012. A
population of 970 community-dwelling Greek adults (133 males, 830 females) and without
blood related affinity, so that the population is homogeneously racial. Also, since bone health
parameters and the risk factors affecting them vary with age, the participation of individuals of
a vast age group in the study was considered necessary for the complete association between
bone health parameters and risk factors. Thus, the total sample consists of adults over 18 years
old. Observation studies require a large number of people to achieve high statistical power.

The population was recruited at the health promotion events carried out by the Skeletal Health
Association 'Butterfly' in rural and urban areas throughout Greece (Central Greece,
Peloponnese, Thessaly, Aegean Islands and Macedonia), with a view to representing regions at
national level, both urban and rural. The Skeletal Health Association '‘Butterfly' organizes public
awareness events concerning osteoporosis in the prefecture of Attica and in various
prefectures of the country. These events take place in cooperation with the respective
Municipalities and Communities, their duration is 2 days and the participation is free. The
events are announced and advertised by the Association and the responsible local authorities.
The volunteers are informed for the purposes of the study by the competent local authorities
and they declare their voluntary participation. The regions where the recruitment had taken

place are shown in figure 8.
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Figure 8: Geographical depiction of the study. Mean 25(0H)D levels (ng/mL) by region.

2.2 Exclusion criteria

Subjects with a known history of bone metabolic diseases (such as Paget's disease,
osteomalacia, osteogenesis imperfecta, renal osteodystrophy, etc.) are excluded from the
study. Subjects with endocrinopathies (primary hyperparathyroidism, hypoparathyroidism,
thyrotoxicosis, pituitary and adrenal diseases, such as Cushing's disease, Addison's disease),
malignancies, connective tissue diseases, malabsorption syndrome, inflammatory bowel
diseases (ulcerative colitis, Crohn's disease), liver cirrhosis, hepatic failure and renal failure, are
excluded from the study. Early menopause (40 years) and 1-year amenorrhea are exclusion
criteria. Also excluded from the study are people taking medication that affects bone

metabolism, such as hormone replacement therapy, anabolic steroids or progesterone,
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bisphosphonates, calcitonin, teriparatide, vitamin D, tibolone, glucocorticoids, anti-epileptics,
tricyclic antidepressants, anticoagulants. Finally, volunteers should not abuse alcohol or have
mental or psychiatric disorders.

Since the study aims at evaluating risk factors for idiopathic osteoporosis, the above criteria are

used to exclude individuals with other bone diseases or agents causing secondary osteoporosis

[2].

2.3. Demographic data collection

For the collection of demographic data, a questionnaire was designed which provides
information concerning the date of birth, origin, educational level, marital status, employment
status, place of residence and contact details (home address, phone number).

For the collection of medical history information, a questionnaire included questions about:
ailments and disease history (with emphasis on those included in the exclusion criteria),
menarche and menopause age, possible history of amenorrhea, surgical interventions with
emphasis on interventions leading to menopause (hysterectomy), smoking habits, number of
pregnancies, breastfeeding months, fracture history of the distal skeleton, inheritance for
osteoporosis, fractures and other bone diseases, medication and history of medication (with
emphasis on those included in the exclusion criteria) and possible history of long-term
immobilization. Among the fractures of the peripheral skeleton, low-trauma fractures
mentioned separately. The data collected aims to evaluate the presence of exclusion criteria
and to record clinical (fractures, menstruation, menopause), environmental (smoking) and
genetic (heredity) risk factors.

Dietary information collected via a 24-hour-recall questionnaire and a validated, semi-
guantitative, seventy-six-item food frequency questionnaire (FFQ) [101]. These are the most
valid methods of assessing dietary intake and dietary habits for population groups [102]. The
24-hour recall method records information about any food or drink consumed in the previous
24 hours. The record is detailed and includes the type of food or drink, quantity, cooking style
and trade name if it is a packaged product. FFQs include a large number of foods. The serving of
the proportions is done either with 3-portion pictures or with the use of estimating tools, such
as 1 cup of tea (250ml). Frequency of consumption is categorized at never, rarely, 1-3 times a

month, 1-2 times a week, 3-4 times a week, 5-6 times a week, daily / times a day. Record the
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consumption frequency of breakfast, lunch, dinner, traditional food, fresh or non-food (1-2 /
week or 3-4 / week or 5-6 / week or daily) and snacks (0-6/ day). Then the frequency of
consumption was quantified on the basis of servings per week according to the dietary
guidelines for adults in Greece [103]. Mixed foods were taken into account and assigned into
the respective food groups.

The assessment of physical activity was obtained from The International Physical Activity
Questionnaire (IPAQ, short version) that was completed under the surveillance of the
investigator [29]. These methods evaluate activities during work as well as non-work activities
(sports, recreation) in terms of their type, frequency and duration. The hours spent on
sedentary activities (television (TV), personal computer (PC)) and in moderate or vigorous
organized physical activity, are also evaluated.

To evaluate the hours of sun exposure, the subjects were asked how many hours per week on
average they were exposed to the sun from 9:00-18:00, in the summer and in the winter.

At around 35 degrees north latitude and above (Greece 35°-40°), little or no vitamin D can be
produced from sun exposure from November to February. Vitamin D level reaches its nadir in
late winter and it takes about six weeks to raise the serum levels. Therefore, we defined two
seasons to classify the subjects according to the blood collection day, winter-spring (December
until May) and summer-autumn (June until November) [104, 105].

Data collection from questionnaires: The day of examination, during the interview, the
investigator filled questionnaires of demographic data, medical history, the 24-hour recall, the
FFQ and the assessment of physical activity questionnaire for the adult population. Thereafter
the inconsistency with exclusion criteria was confirmed and the data of the subject was

encoded. Furthermore, the volunteers signed the voluntary participation contract.

2.4. Measurement of anthropometric parameters

The selected anthropometric parameters are Height, Weight and Body Mass Index (BMI). The
height is chosen as a characteristic phenotype of the skeleton size. Weight and BMI are
selected as factors affecting bone mineral density at all life stages.

Body weight was measured with a calibrated scale to the nearest 0.1 Kg wearing light clothing
and no shoes. The volunteer is placed on the scale upright, motionless in the center of the scale

platform. He is asked to look straight without resting somewhere. The height was measured by
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a mounted stadiometer to the nearest 0.5 cm. Measured from the top of the cranial vault up to
the level of the feet. The volunteer is placed in stadiometer erect without shoes and socks, with
heels connected, knees straight, shoulders relaxed and the palms resting on thighs. The heels,
the buttocks, the thoracic bursa of the spine and the posterior surface of the skull touch the
vertical axis of the instrument. The volunteer is asked to place his head in Frankfort horizontal
plane (in a position in which the straight line between the lower point of the occipital rib and
the cartilage projection in front of the outer opening of the ear flap is horizontal). In this
position, the subject inhales deeply to stretch the vertebral column and the measurement is
taken [93]. Weight and height were measured twice by the same investigator and
measurements were averaged for each participant and the body mass index (BMI) was
calculated with the following equation: BMI = weight (kg) / height® (m?). BMI was classified
according to the World Health Organization [106] into four categories: Underweight (<18.5
kg/m?), Normal weight (18.5-24.9 kg/m?), Overweight (25-29.9 kg/m?) and Obesity (=30 kg/m?).
Heel bone properties (bone structure and density) were measured using the Achilles
guantitative ultrasound (QUS) device at the back of the heel, a water-bath ultrasound system
into which the subject places his heel. QUS is a non-ionizing technique that uses ultrasound to
determine bone density. Achilles generates a band of frequencies from 200 to 600 kHz. It
measures the broadband ultrasound attenuation (BUA), expressed in dB/MHz and measures
the ultrasound attenuation with the incident frequency of wave sound. The speed of sound
(S0OS) is expressed in m/s and means the necessary time for ultrasound waves to go through a
determined distance inside the calcaneus bone. The third variable, stiffness index (Sl), is a
combination of normalized SOS and BUA and is considered to improve the variability of SOS and
BUA. Sl is automatically calculated by Achilles from the BUA and the SOS, using the equation SI=
(0.67*BUA) + (0.28*S0S)-420 [107]. For normative data we used reference data for the QUS
measurements of the calcaneus specific for Greek population [108]. The subject is informed

about the effects of bone density and other bone parameters.

2.5. Blood sampling

Following a 12 hour fast, all subjects had a sample of venous blood withdrawn, without ligation,
for serum isolation between 08:00-09:00 am. A total of 15mL of venous blood in 2 vials

received from each subject. The first sample contains 5mL in a vial with EDTA (Ethylene diamine
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tetra-acetic acid) and the second contains 10mL in a vial without anticoagulant. The first sample
was used for DNA extraction and stored in 4°C until the DNA extraction procedure and the
second sample was used for serum isolation. The serum is isolated by centrifuging the sample
at 3000 rpm for 10 minutes and the serum is pipetted and stored in vials at -80 ° C.

A concentrated leukocyte preparation (buffy coat) is used for the DNA extraction, which is
isolated by the following procedure: the blood sample in the vials with the anticoagulant is
centrifuged at 3000 rpm for 10 minutes. After centrifugation the erythrocytes are precipitated
at the bottom of the vial while the plasma is transferred to the top. Between erythrocytes and
plasma there is a thin layer containing the concentrated white and the platelets. This layer is
the buffy coat. Using a sterile pipette, the plasma up to 1-2 mm over the layer of buffy coat is
removed and then the buffy coat along with the rest of the plasma and a small amount of
erythrocytes (1-2 mm) is obtained. It is stored in a vial at -80 ° C until it is used for DNA

extraction.

2.5.1. Measurement of biochemical parameters
Following a 12 hour fast, all subjects had a sample of venous blood withdrawn, for serum
isolation between 08:00-09:00 am, that was stored at -80°C, for further measurement of the

following indexes level:

25(0OH)D

e Intact parathormone, 1-84, iPTH

e Total calcium

e Phosphorus

e Creatinine

Intact parathyroid hormone (iPTH) measurements were performed on a Roche/Modular
Analytics analyzer, which employs electrochemilluminescense immunoassay technology
(ECLIA). The intra- and inter-assay coefficients of variation (CVs) of the iPTH assay were less
than 7% and the analytical sensitivity was 1.2 pg/mL.

Serum 25(0OH)D levels were determined by enzyme immunoassay [Immunodiagnostic Systems,
25(0OH)D; Boldon, UK], The sensitivity of this assay is 5 nmol/L and intra- and interassay
coefficients of variation of 5.3 % and 4.6 %, respectively. Standardization of the different

Vitamin D assays is the key to achieving comparable results across different methods and
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manufacturers. Furthermore, assay standardization is of critical importance for the
establishment of common clinical cut-offs and their use in routine practice. Applying a common
cut-off value on results generated with poorly standardized assays will inevitably lead to
inconsistent patient classification and inappropriate therapeutic decisions. In 2010 the Vitamin
D Standardization Program (VDSP) was established to improve the standardization of 25(OH)D
assays. The aim of VDSP is that 25(0OH)D measurements are accurate and comparable over
time, location, and laboratory procedure to the values obtained using reference measurement
procedures (RMPs) developed at the NIST [14] and Ghent University [15]. According to VDSP a
routine method is considered as standardized if the CV is < 10% and the bias < 5% [26]. The
method we have used fulfills the criteria to be considered standardized according to CDC
website [109]. The biochemical parameters 25(0OH)Ds;, parathormone, total -calcium,
phosphorus refer to the calcium homeostasis system and their disorder is an important risk
factor for the occurrence of bone disorders. Finally, the function of the kidneys (creatinine) is

checked for exclusion.

2.5.2 Isolation and quantitative determination of genomic DNA

For the DNA extraction DNA iPrepTM device and the iPrepTMPureLinkTMgDNA Blood Kit were
used. (concentrated leukocyte preparation). DNA was stored in -20 °C, until it was used for
genotyping. This kit allows for the rapid and automated isolation of genomic DNA from fresh or
frozen blood samples or from a concentrated leukocyte preparation. The above device extracts
200uL DNA solution in 30 minutes from 13 samples of 300uL buffy coat, using the technology
based on magnetic microspheres. The cells are lysed using the Lysis Buffer and the proteins are
digested with Proteinase K. The resulting product is mixed with the magnetic microspheres
(Dynabeads), which bind to DNA and then the microsphere bound DNA is isolated from the
solution using magnetic separation. The microspheres are thoroughly washed with the washing
buffer to remove the impurities. Genomic DNA is then eluted into the eluate solution, to a final

volume of 200 pL and stored at -20 ° C for later genotyping.

Quantitative determination of DNA concentration: Quantification of the DNA concentration is
done by a fluorimetric method. A fluorescent dye capable of binding to DNA molecules is added

to the samples. The samples are then photometric on a fluorescence photometer and based on
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the absorption of the fluorescent substance their concentration is determined. The
concentration is determined using a standard reference curve, which is generated after

photometry of samples of known DNA concentration.

2.5.3. Replication study of significant associated polymorphism

Although the GWA technique is the method of screening for the extensive investigation of
genetic risk factors in osteoporosis, for the acceptance of the results of this approach, it is
necessary to confirm them in samples of similar populations. Part of the study population
participated in GEFOS/GENOMOS consortium [54], for de novo replication of GWAS meta-
analysis. Therefore 307 samples had genotyped at Kbioscience laboratory. The iPlex Gold test,
which belongs to the Multiple Polymerase Chain Reaction (PCR) methods, is applied. With
multiplex PCR methods it is possible to detect multiple polymorphisms in a single reaction. In
the context of GEFOS/ GENOMOS consortium had de novo genotyped 8 polymorphisms
(rs11520772, rs2908007, rs2982552, rs3000634, rs3020331, rs597319, rs7741021, rs9292469)
where meet the GWAS statistically significance level with the QUS parameters, BUA, SOS and SI.
At 307 subjects of OSTEOS study, rs11520772 meets statistical significant for association with
SOS parameter and selected for further genotyping of 245 subjects, in current study.

The genotyping for the rest 245 subjects was done using the machine StepOnePlus™ of the
company Applied Biosystems StepOne™ with the analysis TagMan® SNP Genotyping. This is a
complete collection of mapped primers and probes leading to the determination of
mononucleotide polymorphisms in human DNA samples. A special TagMan® reagent is used to
amplify and detect specific SNPs in purified genomic DNA samples. Reagent activity is optimized
by adding a special master mix. The following protocol is used for genotyping using
StepOnePlus ™:

1. Dilution of the pure genomic DNA is performed so that the nucleic acid content ranges from
1-20 mg to 4.5 pl to be added. The amount of 9ug was determined from where the final
concentration of the nucleic acids was 2 pug / mL.

2. Add 4.5 pL of DNA to each well.

3. At each plate, at least 2 negative markers are added, where purified water is added instead

of adding DNA.
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4. Two positive markers are added to each plate, each containing genomic material for both

versions of the polymorphic site.

5. Add 5.5 pL of the reaction mixture (consisting of 5 ul Master mix and 0.5 Ml Genotyping

assay) to each well.
6. The plate is covered with a specific plastic cover.
7. Centrifuge the plate for spin down.

8. Insert to StepOnePlus ™
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Figure 9: The procedure of the genotypic identification method.

52



Sample collection Sample processing Results Outputs

genotyping

SNPs
TR . —

AN biochemical
‘m SErUM  markers analysis serum 25(OH)Ds, \
&y —— PTH,Ca, P,
blood \- — -

— S creatinine
j
Qus
4 <
j 7-| ——  BUA,SOS, S| ol
R —— weight, heigh, —_— weight, heigh, BMI,
anthropometric, circumferences waist/ hip
nutritional indices &(} circumference
L /
\ /

— food consumption
{questionaites frequency, dietary

\ Y — patterns, physical
\\ j;' activity level, lifestyle
\
b

data, medical history

biobank database

Figure 10: Graphic lllustration of the study protocol.

2.6. STATISTICAL ANALYSIS

Continuous variables are presented as mean values and SD, while categorical variables are
presented as relative frequencies. Differences between categorical variables and groups of the
study were assessed using the x2 test. P—P plots were applied to assess the normality of the
distribution of the continuous variables. Student’s t test was applied to evaluate differences in
continuous variables between the two study groups. Analyses were based on 2-sided tests,
while statistical significance was set at p < 0.05. The statistical software packages IBM SPSS
Statistics 13.0 and 21.0 (SPSS Inc., Texas, USA) were used for all statistical calculations, where
appropriate.

Linear Regression and Univariate General Linear Model with a stepwise procedure (using bone
structure and quality markers and serum vitamin D as dependent variables) are used to control
for confounding factors (age, weight, height) and to examine possible interactions between the
independent variables (risk factors). Analyses were based on 2-sided tests, while statistical

significance was set at p < 0.05.
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Concerning the dietary analysis, the transformations of foods and food groups from daily,
weekly or monthly average intake to servings per week were calculated programmatically in R.
Outliers were defined as values that exceed 5 SD above or below the mean and were removed
from subsequent analyses.

Principal component analysis (PCA) was conducted to identify underlying dietary patterns
[110]. In order for PCA to be effective in assessing food patterns, strong correlations between
the predictive variables should exist. The correlation matrix of the food variables used in the
present analysis showed that there were several correlation coefficients (r) > | 4 | , indicating
that the variables were highly correlated. Moreover, the Kaiser—Meyer—Olkin test of sphericity
and Barlett’s criterion was 0.76, implying high interrelationships between food variables and
suitability of the data set for PCA. The orthogonal rotation (varimax option) was used to derive
optimal non-correlated components (dietary patterns). From the entire database twenty food
groups were used. To decide the number of components to retain the Kaiser criterion was used,
according to which the number of components that should be retained from PCA is equal to the
number of Eigenvalue > 1. In our analysis, six food patterns were selected. Based on the fact
that factor loadings/correlation coefficients represent the correlation of each predicting
variable with the dietary pattern score, higher absolute values indicate that the variable
contributes more to the construction of this particular pattern. The dietary patterns were
named according to scores of the predicting variables that correlated most with the
component/pattern (> | 0-4 | ). The PCA was performed using the statistical software package
IBM SPSS Statistics for Windows, Version 19.0. Outliers were defined as values that exceed 3 SD
above or below the mean and were removed from subsequent analyses.

A voluntary participation agreement was obtained from each participant. The study was

approved by the Ethics Committee of Harokopio University.
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3. RESULTS AND DISCUSSION

The current dissertation was divided into 4 work sections, from which four manuscripts
appeared, which are presented in this section (results and the discussion).

In the first work section the serum 25(OH)D status, the quantitative ultrasound parameters as
well as their determinants in the current population, was identified.

In a population of 970 subjects (134 males and 836 females), the mean serum 25(0OH)D
concentration was 20.00 + 8ng/mL. The 54% of the population had Vitamin D deficiency
(25(0H)D < 20ng/mL) and the 12,3 % meet the sufficient levels. The mean weight was
73.07+14.7 kilograms and the mean height was 1.631£0.08 metres.

Descriptive characteristics of the total population and according to the Vitamin D status are
demonstrated in table 5. The Vitamin D status by gender and by age group is demonstrated in
the figure 11 and in the figure 12, respectively. Table 6 demonstrates the mean level of
25(0OH)D, PTH, BUA, SOS, SI, by age group, BMI categories, seasons of examination and area of
residence. Urban residents had higher SOS values than rural residents, after adjustment for age,
gender and time of participation in organized physical activity. Searching for contributors of
25(0OH)D deficiency (<20 ng/mL) we revealed that obesity status increases 1.458 times
(p=0.006), the risk in all age groups. Vitamin D deficiency was also related to lower SOS values
in the current population in a relation to SOS values of subjects with 25(0OH)D< 20ng/mL
(1561.5 + 37 and 1553.2 + 46.6, p = 0.008, respectively) and after adjustment for age (B = 13.04,
p = 0.04). The correlation among 25(0OH)D, PTH and QUS parameters, and the other
anthropometric, biochemical, and life-style parameters is presented in Table 7. The

determinants of serum 25(OH)D levels are presented in table 8.

55



Table 5. Descriptive characteristics of population

Total Severe deficiency — Deficiency Insufficiency Adequacy p value

{mean + SD) (mean + SD) (mean = SD) (mean = SD) (mean + SD)
N (number of subjects) 970 78 440 333 119
Age (years) 49.58+13.54 51.01+15.12 50.81+13.50 4797+13.17 48.59+13.37 0.21
BMI (kg/m?) 2753 £5.6 28.56+7.21 28.14+5.67 27.07+5.18 25.79+4.78 0.00
PTH (pg/mL) 404=15.6 47.8+19.1 411152 38.8=14.5 37.7+15.8 0.00
BUA (dB/MHz) 115.1+£16.31 111.7+17.62 114.12+16.36 116.38 +16.06 1154 +16.29 0.377
SOS (m/s) 15533 +85.73  1550.6+42.78 1544.94+120.24  156222+3576 1558.16+4022 0.098
SI 91.31+19.68 90.24 +23.67 90.97 =19.20 91.68+18.96 92.48 =20.74 0.917
Sun exposure winter (hours/day) 5.09+5.5 4.14+4.96 50+548 5.65+5.8 4.86+5.0 0.195
Sun exposure summer (hours/day) 12.61+11.02 10.75+11.36 11.93 +10.46 13.52+11.54 13.7£1127 0.084
TV watching or PC activity (hours/day)  3.09+2.24 322+1.94 3.15+231 2.95£2.06 3.18+2.63 0.609
Organized physical activity moderate 13.46+32.33 7.09+15.68 10.16 £26.84 14.92+37.46 24.84+39.24 0.00

and/or vigorous (minutes/day)

Severe deficiency < 10 ng/mL, deficiency 10-19.9 ng/mL, insufficiency 20-29.9 ng/mL, adequacy =30 ng/mL

sex

Wl male
Il female

50.0%"

Percentage of population

10.01-199 20-299
25(0H)D (ngimL)

Figure 11. Percentages of males and females with severe deficiency (<10 ng/mL), deficiency

(10-19.9 ng/mL), insufficiency (20-29.9 ng/mL), and adequacy (=30 ng/mL) of serum 25(OH)D.
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Figurel2. Age-specific prevalence of different categories of vitamin D status.
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Table 6. Mean level of 25(0OH)D, PTH, BUA, SOS, SI, by age group, BMI categories, seasons of

examination and area of residence.

25(0H)D (ng/mL) PTH(pg/mL) BUA (dB/MHz) SOS (m/s) ST

Age group (years) (%population)
18-50 20.5 £ 8.1% 36.0 + 14.3% 119.68 + 15.56% 156546 = B0.98* 98.78 + 18.49%
(50.9%)
51-65 197+ 7.8 43.6 £ 14.9* 11026 + 14.71% 153722 £ 101.1* 85.03 £ 17.55%
(36.3%)
>65 18.5£7.9% 47.9 £ 15.9* 104.76 + 16.14% 153395 £ 32.9* 76.85 + 16.8*
(12.8%)

BMI category (kg/m?) (%population)
Underweight 218+ 82 30.4 + 10.5% 109.49 + 12.81 155506 +25.9 93.83 + 12.69
(<18.5)
(1.2%)
Normal weight 20.9 + 8.6% 359+ 14.1% 11333 + 16.18 1558 +35.4 90.13 + 18.71
(18.5-24.9)
(353%)
Overweight 201+ 7.5 41.3 + 16.0% 11505 + 16.8 155737+ 37.8 90.46 + 2025
(25-29.9)
(37.1%)
Obesity 18.6 + 7.0% 44.6 + 14.9% 117.3 + 16.06 1541 £ 155.6 94.09 £ 203
=30
(26.3%)

Season of examination (7population)
Winter-spring 19.2 £ 7.7* 42,7 £ 15.1% 114.69 + 17.02 1553.66 = 94.06 90.39 + 19.68
(43%)
Summer-autumn 20.6 + 8.1% 38.6 + 15.7% 11536 + 15.84 155301 + 79.5 92.18 + 19.66
(57%)

Area of residence
Urban 20.4 + 8.4% 39.3 + 15.9% 11523 + 16.31 1549.14 + 97.33* 90.37 + 20*
(72.5%)
Rural 19.0 + 6.5* 43.1 + 14.4* 114.7 + 16.35 1564.51 = 37.8* 94.32 + 184*
(27.5%)

#p value <0.05 from one-way ANOVA or independent-samples T test

Table 7. Correlation among 25(0OH)D, PTH and QUS parameters, and the other anthropometric,

biochemical, and life-style parameters.

25(0OH)D PTH BUA SOs SI
Continuous variables r(p value) r(p value) r (p value) r (p value) r(p value)
Age (years) 0.086 (0.008) 0321 (0.00) — 0359 (0.00) —0.359 (0.00) 0.437 (0.00)
25(0H)D (ng/mL) —0.162 (0.00) 0.042 (0.252) 0.073 (0.051) 0.029 (0.483)
PTH (pg/mL) —0.162 (0.001) —0.125 (0.001) —0.135 (0.00) —0.170 (0.00)
BMI (kg/m?) —0.141 (0.00) 0.244 (0.00) 0.120 (0.001) 0.001 (0.980) 0.071 (0.081)
BUA dB/MHz 0.042 (0.252) —0.125 (0.00) 0.595 (0.00) 0.896 (0.00)
SOS m/s 0.073 (0.051) —0.135 (0.00) 0.595 (0.00) 0.71 (0.00)
SI 0.029 (0.483) —0.170 (0.00) 0.896 (0.00) 0.711 (0.00)
Sun exposure winter (hours/day) 0.043 (0.191) 0.021 (0.531) —0.002 (0.955) —0.014 (0.707) 0.041 (0.321)
Sun exposure summer (hours/day) 0.122 (0.00) —0.014 (0.679) 0.009 (0.811) 0.036 (0.341) 0.054 (0.199)
TV watching or PC activity (hours/day) —0.009 (0.800) 0.034 (0.324) 0.006 (0.867) —0.018 (0.633) —0.001 (0.972)
Organized physical activity moderate 0.170 (0.00) —0.58 (0.086) 0.100 (0.007) 0.093 (0.013) 0.090 (0.029)

and/or vigorous (minutes/day)
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Table 8. Serum 25(OH)D determinants.

Variable B (standard errors)
Intercept 20.384 (1.136)%%*
Sex (ref. female)

Male 1.796 (0.805)*
Season (ref. summer-autumn)

Winter-spring 1.530 (0.566)**
Age x subjects BMI < 30 kg/m® 0.019 (0.021)
Age * obese subjects (BMI =30 kg/m?) 0.043 (0.021)*
Summer sun exposure (hours/day) 0.063 (0.025)%**
Organized physical activity moderate and/or vigorous (minutes/day) 0.037 (0.008)*
Adjusted R squared 0.053

#p < 0.05, #p <001, #¥p < 0.001

In the second work section the dietary patterns of the population were identified as well as
their effect on serum 25(OH)D levels and quantitative ultrasound parameters. From the PCA
analysis six dietary patterns derived which explain 52.2% of the variability of Greek adults’
nutritional habits. The components were defined as follows: component 1: ‘vegetables-fruit’
pattern, which includes cooked and raw vegetables, refined rice, fresh fruits and fish;
component 2: ‘fast-food’ pattern, that consists of refined breads, processed meat, full fat
cheese; component 3: ‘western’ pattern, that is characterized by red meat, refined pasta,
potatoes and poultry; component 4: ‘healthy’ pattern that includes low fat milk and yogurt,
refined breakfast cereals, non-refined breads and low fat cheese; component 5: ‘sweets’
pattern with milky and starchy sweets; component 6: ‘traditional’ pattern includes full fat dairy
products as main constitute as well as legumes. The correlation between dietary patterns and
continuous variables are presented in table 9. The positive association between the adherence
to the “healthy” pattern and serum 25(OH)D and the negative association between the
adherence to the “sweets” pattern and serum 25(OH)D is maintained after adjustment for the
age, the gender, the BMI, the minutes per day of participation to organized physical activity and
the hours of summer sun exposure (B=0.667, p=0.024 and B= -0.919, p=0.002). The positive
effect of the adherence to the “western” dietary pattern to the BMI, is maintained after
adjustment for the age, the gender, the hours spending in sedentary activities per day and the
minutes per day of participation to organized physical activity (B=0.532, p=0.010). Subjects

more adapted to “healthy” dietary patter have more minutes per day of participation to
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organized physical activity after adjustment for the age, the gender and the BMI (B=3.704,
p=0.000). The distribution of scores derived from PCA among sex, age groups, serum Vitamin D
status, season of blood sampling and area of residence, is presented in figure 13. Males are

|II

more adherent to “western” and “traditional” dietary pattern after adjustment for age (B
=0.255, p=0.032 and B=0.258, p=0.034). Urban residents are less adherent to “western” and
more adherent to “healthy” pattern after adjustment to age, gender and BMI (B=-0.266,
p=0.001 and B=0.562, p=0.000), than rural residents. Taking into account the nutritional factor,
the determinants of 25(OH)D, are shaped as it shown in table 10.The determinants of BUA, SOS

and Sl are presented in tables 11, 12 and 13.
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Table 9. Correlation between dietary patterns and continuous variables.

N=741 1- vegetables-fruit | 2- fast food 3-western 4- healthy 5-sweets 6- traditional
Continuous Variables r (p-value) r (p-value) r (p-value) r (p-value) r (p-value) r (p-value)
Age (years) 0.244" (0.00) -0.272 (0.00) -0.116 (0.002) 0.017 (0.65) -0.061 (0.099) -0.029 (0.430)
25(OH)D (ng/mL) -0.066 (0.074) 0.017 (0.653) -0.05 (0.173) 0.107 (0.004) -0.119 (0.001) 0.018 (0.628)
PTH (pg/mL) 0.101 (0.007) -0.077 (0.039) -0.011 (0.773) -0.141 (0.00) 0.086 (0.022) -0.001 (0.974)
BMI (kg/m?) 0.074 (0.046) -0.025 (0.498) 0.094 (0.012) -0.055 (0.144) | -0.058 (0.120) 0.004 (0.922)
BUA dB/MHz -0.035 (0.394) 0.102 (0.014) 0.067 (0.105) 0.089 (0.03) 0.047 (0.256) 0.001 (0.980)
SOS m/s -0.054 (0.199) 0.012 (0.778) -0.009 (0.823) 0.046 (0.277) 0.075 (0.074) -0.001 (0.974)
S -0.079 (0.084) 0.071 (0.121) 0.098 (0.032) 0.046 (0.320) -0.006 (0.893) 0.016 (0.721)
Sun exposure summer (hours/day) 0.040 (0.287) 0.068 (0.070) 0.011 (0.778) 0.05 (0.182) 0.005 (0.904) 0.050 (0.182)
TV watching or PC activity (hours/day) | -0.027 (0.481) -0.036 (0.349) -0.022 (0.562) 0.032(0.396) 0.033 (0.383) -0.04(0.293)
Organized physical activity moderate | -0.011 (0.763) 0.027 (0.459) 0.024 (0.526) 0.146 (0.00) -0.021 (0.564) 0.037 (0.318)

and/or vigorous (minutes/day)
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patterns
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w

Notes: p<0.05, p<0.01,  p<0.001, * mean, - median

Figure 13: Distribution of scores derived from PCA among sex, age groups, serum Vitamin D

status, season of blood sampling and area of residence
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Table 10. Determinants of serum 25(0OH)D.

Variable B (Standard errors)
Intercept 20.993 (1.804)
BMI (kg/m?) -0.157 (0.054)

Age group (ref. >65 years)
18-50 years
61-65 years

1.948 (0.959)
1.847 (0.986)

Summer sun exposure (hours/day)

0.091(0.027)

Organized physical activity moderate and/or

vigorous (minutes/day)

0.042 (0.011)

"Healthy’ dietary pattern adherence * Winter

1.058 (0.497)

’"Healthy diet’ dietary pattern adherence *

Summer

0.441 (0.358)

‘Sweets’ dietary pattern adherence

-0.911 (0.293)"

Adjusted R Squared

0.081

Notes: p<0.05, p<0.01,  p<0.001

Table 11. Determinants of BUA.

Variable

B (Standard errors)

Intercept

83.906 (3.816)

Sex (ref. female)

Male

5.189 (1.877)

BMI (kg/m?)

0.571(0.112)

Age group (ref. >65 years)
18-50 years
61-65 years

19.310 (2.204)
8.662 (2.289)

Adherence to ‘healthy’ food pattern

1.878 (0.615)

Adjusted R Squared

0.197

Notes: p<0.05, p<0.01,  p<0.001

63




Table 12. Determinants of SOS.

Variable B (Standard errors)
Intercept 1614.329 (14.118)
Age (years) -1.086 (0.271)

TV watching or PC activity (hours/day) * |-5.348 (1.821)
25(OH)D<20ng/mL

TV watching or PC activity (hours/day) * | -0.960(2.130)
25(0OH)D220ng/mL

Adjusted R Squared 0.041

Notes: p<0.05, p<0.01,  p<0.001

Table 13. Determinants of SI.

Variable B (Standard errors)

Intercept 75.188 (2.416)

Organized physical activity moderate and/or | 0.065 (0.029)"

vigorous (minutes/day)

Age group (ref. >65 years)

18-50 years 22.402 (2.638)
61-65 years 8.352 (2.728)
Adjusted R Squared 0.190

Notes: p<0.05, p<0.01,  p<0.001

In the third module, the effect of 8 polymorphisms (rs11520772 on TAX1BP1, rs2908007 on
WNT16, rs2982552 on ESR1, rs3000634 on USPL1, rs3020331 on ESR1, rs597319 on TMEM135,
rs7741021 on RSPO3 and rs9292469 on NPR3), were derived from the GEFOS/ GENOMOS
consortium, on the values of the ultrasound parameters, was evaluated. Two of these
polymorphisms (rs11520772 on TAX1BP1 and rs597319 on TMEM135), had a significant effect
on the SOS and Sl values respectively and first associated with bone phenotypes the GEFOS/
GENOMOS consortium. The tables 14 and 15 present the effect of these polymorphisms on SOS

and Sl values.
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Table 14. Determinants of SOS parameter.

Variable

B (Standard errors)

Intercept

1563.389 (24.901)

rs11520772 (ref. TT-genotype)

AA 47.368 (18.272)
AT 34.414 (19.126)
Age (years) -1.067 (0.368) "

Adjusted R Squared

0.028

Table 15. Determinants of Sl parameter.

Variable

B (Standard errors)

Intercept

109.898 (4.412)

rs597319 (ref. GG-genotype)
AA
AG

11.570 (2.971)
7.738 (2.965)°

Age (years)

-0.590 (0.073) "

Sex (ref. female)

male

5.697 (2.889)

Adjusted R Squared

0.197

The subject we dealt with in the fourth module of work was the identification of new genetic

markers of BUA and SOS parameters.

It was derived from our cooperation with GEFOS/

GENOMOS consortium. In the context of the above framework, Genome Wide Association, as

well as replication study was conducted, in more than 58,000 participants. Nine polymorphisms

were ultimately associated with bone health markers.
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The manuscripts (published or unpublished reports) are grouped in the following subsections.

Published reports (subsection 3.1)

a. Paper 1. Serum 25-Hydroxyvitamin D Status, Quantitative Ultrasound Parameters And Their

Determinants In Greek Population.

*  Unpublished Reports (subsection 3.2)

a. Paper 2. Dietary patterns of Greek adults and their effects on serum Vitamin D levels and

Quantitative Ultrasound parameters.

b. Paper 3. The effect of rs11520772 of the TAX1BP1 gene and the rs597319 of the TMEM135

gene polymorphisms on Quantitative Ultrasound (QUS) parameters. The OSTEOS study.

*  Consortia participation (subsection 3.2)

a. Paper 4. Genetic determinants of heel bone properties: genome-wide association meta-

analysis and replication in the GEFOS/GENOMOS consortium.

3.1. Published reports

3.1.1. Paper 1. Serum 25-Hydroxyvitamin D Status, Quantitative Ultrasound Parameters And
Their Determinants In Greek Population.
This paper presents the descriptive characteristics of OSTEOS study, as well as the clinical
characteristics/biochemical indices, along with the lifestyle habits of the participants. The
Vitamin D Status of Greek population and its determinants are also examined.
Key points

*  54% of Greek adults had serum Vitamin D <20 ng/mL

* Serum Vitamin D <20 ng/mL was related to lower SOS values

* Obese individuals had 1.5 times increased risk to having serum Vitamin D <20 ng/mL

* Vitamin D negatively affected by female sex, winter-spring season, age in obesity

* Summer sun exposure and organized physical activity affect positively Vitamin D.
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Abstract

Summary Vitamin D deficiency and quantitative ultrasound measurements are associated with bone fragility. We assessed these
parameters and their correlates. 87.7% of the population has vitamin D inadequacy and this correlated with lifestyle factors. These
results contribute to epidemiological data needed for population guidelines for bone health.

Purpose Vitamin D deficiency and quantitative ultrasound (QUS) parameters are among the most important clinical risk factors
ofbone fragility. Few data are available for Greek population. The aim of the study was to evaluate the serum 25-hydroxyvitamin
D [25(OH)D] level and their determinants, as well as QUS parameters in Greek population.

Methods OSTEOS is an observational cross-sectional study conducted from June 2010 to July 2012. Nine hundred seventy
adults were recruited from rural and urban areas throughout Greece and completed the appropriate questionnaire. Serum
25(OH)D measured by enzyme immunoassay, QUS parameters, broadband ultrasound attenuation (BUA), speed of sound
(SOS) and stiffness index (SI), was assessed with an Achilles device. Univariate Analysis of Variance was used for the assess-
ment of serum 25(OH)D determinants.

Results Mean serum 25(OH)D of the total population was 20,00 +8,00 ng/mL. Females had lower levels than males. The
negative determinants of serum 25(OH)D in the total population were the female sex and the winter-spring season of sampling
while age proved negative association solely in obese subjects. Positive determinants of vitamin D status wete sumimer sun
exposure and organized physical activity as expected. Urban had lower SOS and SI than rural residents. Individuals with
25(0H)D > 20 ng/mL had higher SOS than those with 25(OH)D < 20 ng/mL. BUA, SOS, and SI are positively correlated with
organized physical activity and negatively with PTH.

Conclusions This study reports that vitamin D deficiency is highly prevalent among healthy Greek men and women, demon-
strates the multifactorial causation of 25(OH)D levels, and points out that further research is required to determine more factors
related to vitamin D status and bone health.
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Introduction

Osteoporosis is a systemic skeletal multifactorial disease char-
actetized by reduced bone mass and microarchitectural dete-
rioration of the structure of bone tissue leading to bone fragil-
ity and increased susceptibility to fractures. Osteoporosis is a
major public health concern. Women have a higher risk of
osteoporotic fractures compared with men (1 in 3 women
and 1 in 5 men over 50 years) [1]. Although BMD is the main
predictive risk factor for an osteoporotic fracture, measure-
ment of quantitative ultrasound (QUS) has been found to be
associated with increased fracture risk [2]. The QUS measur-
ing at the heel is an alternative, ionizing radiation-free and
relatively inexpensive, portable screening technique that is
able to identify women at high risk of bone fragility and frac-
ture [3, 4] and may be used by general practitioners in primary
care.

Vitamin D deficiency is also among the most important
clinical risk factors of bone fragility and a subject of extensive
research. The main physiological effect of vitamin D is to
increase intestinal calcium absorption, as such maintaining
serum calcium in order to maximize metabolic functions, sig-
nal transduction, and neuromuscular activity. The conse-
quences of vitamin D deficiency in adults are osteomalacia,
acceleration of bone loss, muscle weakness, instability, and
therefore increased risk of falling [4]. In children, lack of vi-
tamin D causes rickets and growth retardation. Vitamin D
receptors are found in enterocytes, osteoblasts, the cells of
the distal convoluted renal tubules, the cells of the parathyroid
gland, colon, pituitary, ovaries, the cells of the immune sys-
tem, etc. Therefore, vitamin D low levels were associated, by
many observational studies, with major diseases, such as os-
teoporosis, diabetes, some forms of cancer, autoimmune dis-
eases, infectious diseases, and hypertension but causality have
not been proven [4].

Serum 25-hydroxyvitamin D (25(OH)D) is considered as
the marker of vitamin D status. Guidelines about prevention of
vitamin D deficiency suggest serum 25(OH)D levels above
20 ng/mL [5]. However, some experts suggest for maximal
effect of vitamin D on calcium, bone, and muscle metabolism;
levels of 25(OH)D should be above 30 ng/mL. Several epide-
miological studies have proposed that a 25(OH)D above
30 ng/mL may have additional health benefits in reducing
the risk of common cancers, autoimmune diseases, type 2
diabetes, cardiovascular disease, and infectious diseases [6].

There have been several recent consensus statements or
guidelines that have included definitions of vitamin D defi-
ciency. It is generally agreed that the serum concentration of
25(OH)D is the best marker of an individual’s vitamin D sta-
tus because it is the major circulating form and reflects the
combination of dietary intake and cutaneous skin synthesis.
However, different thresholds for the level of 25(OH)D that is
considered to reflect efficiency are used. For example, the
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Institute of Medicine’s report on the dietary reference intake
for vitamin D published in 2010 [6] defined a level of
50 nmol/L (<20 ng/mL) as meeting the needs of 97.5% of
the population, whereas the Endocrine Society Clinical
Practice Guideline published in 2011 defined vitamin D defi-
ciency as a level <50 nmol/L, with levels of between
52.5 nmol/L (21 ng/mL) and 72.5 nmol/L (29 ng/mL)
regarded as vitamin D insufficiency, and levels of greater than
72.5 nmol/L being regarded as optimal [7]. In the current
study, we decided to use the following definitions: severe
deficiency <25 nmol/L (<10 ng/mL), deficiency 25—
50 nmol/L {10-19.9 ng/mL), insufficiency 50-75 nmol/L
(20-29.9 ng/mL), sufficiency > 75 nmol/LL (=30 ng/mL).

Although recent data indicate that prevalence of vitamin D
deficiency may be common in countries previously consid-
ered as low risk (e.g., Mediterranean countries) [4], few data
are available for the Greek population. Low levels occur in
elderly [8], children, adolescents [7], and adults [9] mainly
from urban areas of Greece. Therefore, the objective of our
study was to investigate the vitamin D status in adult women
and men from northern and southern regions of Greece includ-
ing several islands, in relation to QUS parameters.

Methods
Subjects

OSTEOS is an observational cross-sectional study, conducted
from June 2010 to July 2012. A population of 970 community-
dwelling adults (133 males, 830 females) was randomly recruit-
ed at the health promotion events cartied out by the Hellenic
Society for the Support of Patients with Osteoporosis in rural
and urban areas throughout Greece. The regions were Central
Greece, including Attica, Peloponnese, Thessaly, Aegean
Islands, and Macedonia, and especially in more than 10 munic-
ipalities of Attica, Ilia, Patmos island, Viotia, Fokida, Evia,
Korinthos, Halkida, Amfissa, Salamina, Fthiotida, Pella,
FElassona, Volos, and Thessaloniki. Subjects were informed
about events by announcements at municipalities and local au-
thorities. Demographic data and medical history of the subjects
were obtained using an appropriate questionnaire.

The International Physical Activity Questionnaire (IPAQ,
short version), a self-administered tool, was used for the as-
sessment of hours spent on sedentary activities (television,
petsonal computer) and in moderate or vigorous organized
physical activity; it was completed under the surveillance of
the investigator [10].

To evaluate the hours of sun exposure, the subjects were
asked how many hours per week between 9:00-18:00 on av-
erage they were exposed to the sun, in the summer, and in the
wintet.
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At around 35° north latitude and above (Greece 35°—40°),
little or no vitamin D can be produced from sun exposure from
November to February. 25(OH)D level reaches its nadir in late
winter and it takes about 6 weeks to raise the serum levels.
Therefore, we defined two seasons to classify the subjects
according to the blood collection day, winter-spring
(December until May) and summer-autumn (June until
November) [11, 12].

Measurements

Body weight was measured with a calibrated scale to the
nearest 0.1 kg wearing light clothing and no shoes. The height
was measuted by a mounted stadiometer to the nearest 0.5 cm.
Weight and height were measured twice by the same investi-
gator, measurements were averaged for each participant, and
the body mass index (BMI) was calculated. BMI was classi-
fied according to the World Health Organization [13] into four
categories: Underweight (< 18.5 kg/m?), normal weight
(18.5-24.9 kg/m®), overweight (25-29.9 kg/m?), and obesity
30 kg/m?).

Following a 12-h fast, all subjects had a sample of venous
blood withdrawn for serum isolation between 08:00—
09:00 am. Total calcium (Ca), phosphorus (P), parathyroid
hormone (PTH), and 25(0OH)D were measured. Intact para-
thyroid hormone (iPTH) measurements wete performed on a
Roche/Modular Analytics analyzer, which employs
electrochemiluminescence immunoassay technology
(ECLIA). The intra- and inter-assay coefficients of variation
(CVs) of the iPTH assay were less than 7% and the analytical
sensitivity was 1.2 pg/mL. Serum 25(OH)D levels were deter-
mined by enzyme immunoassay [[Immunodiagnostic Systems,
25(0OH)D; Boldon, UK]. All the assays wete performed in a
single batch and in the same laboratory. The sensitivity of this
assay is 5 nmol/L and intra- and inter-assay coefficients of
variation of 5.3% and 4.6%, respectively. Standardization of
the different vitamin D assays is the key to achieving compa-
rable results across different methods and manufacturers.
Furthermore, assay standardization is of critical importance
for the establishment of common clinical cutoffs and their
use in routine practice. Applying a common cutoff value on
results generated with poorly standardized assays will inevi-
tably lead to inconsistent patient classification and inappropri-
ate therapeutic decisions. In 2010, the Vitamin D
Standardization Program (VDSP) was established to improve
the standardization of 25(OH)D assays. The aim of VDSP is
that 25(OH)D measurements are accurate and comparable
over time, location, and laboratory procedure to the values
obtained using reference measurement procedures (RMPs)
developed at the NIST [14] and Ghent University [15].
According to VDSP, a routine method is considered as stan-
dardized if the CV is <10% and the bias <5% [16]. The
method we have used fulfills the criteria to be considered

standardized according to CDC website http://www.cdc.gov/
labstandards/pdf/hs/CDC Certified Vitamin D Procedures.
pdf.

Heel bone properties were measured using the Achilles
quantitative ultrasound (QUS) device, a water-bath ultrasound
system into which the subject places his heel. Achilles gener-
ates a band of frequencies from 200 to 600 kHz. It measures
the broadband ultrasound attenuation (BUA), expressed in
dB/MHz, and measures the ultrasound attenuation with the
incident frequency of wave sound. The speed of sound
(SOS) is expressed in metres per second and means the nec-
essary time for ultrasound waves to go through a determined
distance inside the calcaneus bone. The third variable, stifi-
ness index (SI), is automatically calculated by Achilles from
the BUA and the SOS, using the equation SI=0.67*BUA+
0.28%S08-240 [17]. The lower the QUS parameter values,
the higher the fracture risk [18, 19]. For normative data, we
used reference data for the QUS measurements of the calca-
neus specific for Greek population [20]. A quality-control
procedure using the standard phantom was performed daily
before the measurements in the present study. In vivo short-
term precision calculated from four repeated measurements by
the same operator, with repositioning, on 15 unselected sub-
jects and expressed as the root mean square of the coefficients
of variation (CV) was 2.28% for SL A single ultrasonometer
was used throughout the study, and all measurements were
carried out by specially trained technicians.

Subjects with a known history of metabolic bone diseases
were excluded from the study. People with endocrine diseases,
malighancies, connective tissue diseases, malabsorption syn-
drome, inflammatory bowel diseases (ulcerative colitis,
Crohn’s disease), liver cirthosis, renal failure, and having tak-
en drugs that affect bone metabolism were excluded from the
study. Early menopause (< 40 years) and amenorrhea > 1 year
were also exclusion criteria. Finally, subjects taking calcium
and/or vitamin D supplements wete excluded from the study.

Statistical analyses

Statistical analysis was conducted using SPSS 19 statistical
software. Continuous variables are presented as mean + stan-
dard deviation, while categorical variables are presented as
relative frequencies. Analysis of variance (ANOVA) was used
to examine differences among the groups for different contin-
uous, while the chi-square test was used to evaluate associa-
tions between categorical variables. Independent relationships
between vitamin D status and other variables were assessed by
stepwise multiple regression. All tests are two-sided with sig-
nificance level < 0.05.

A voluntary participation agreement was obtained from
each participant. The study was approved by the Ethics
Committee of Harokopio University.
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Results

A total of 970 subjects were included in this study. The mean
age of the population was 49.58 years (range, 18-86 years),
while 87.2% were 18-65 years old. The mean serum
25(OH)D level of the population was 20.00 +8.00 ng/mL.
The 57% of specimens were collected during the summer-
autumn period while the rest 43% were collected during the
winter-spring period. The remarkable percentage of 54%
within our study population was found vitamin D deficient
while only 12.3% reached the adequate level (data not
shown). Figure 1 shows the percentages of men and women
having severe deficiency (<10 ng/mL), deficiency (10—
19.9 ng/mL), insufficiency (20-29.9 ng/mL), and adequacy
(>30 ng/mL) of serum 25(OH)D. Descriptive characteristics
of the population and their differences among vitamin D status
categories are presented in Table 1.

The age-specific prevalence of different categories of vita-
min D status is presented in Fig. 2. Mean levels of 25(OH)D,
PTH, BUA, SOS, SI, by age group, BMI categories, seasons
of examination, and area of residence are presented in Table 2.
According to the age group, serum vitamin D is higher in the
18-50 age group in relation to > 65 years (p=0.032). Mean
serum PTH is lower in subjects 18-50 years in relation to 51—
65 and > 65 years and the 51-65 age group had lower PTH
than >65 years (p = 0.00). Mean SI and BUA are higher in the
18-50 age group in relation to 51-65 and > 65 years and in

51-65 in relation to > 65 years (p = 0.00). Mean SOS is higher
in the 18-50 age group in relation to > 65 years (p = 0.00).

According to the weight status, mean serum 25(OH)D was
higher in normal-weight subjects than in obese (p =0.01).

Underweight subjects had lower serum PTH than obese
and normal-weight subjects had lower PTH than overweight
and obese subjects (p < 0.05).

Mean serum 25(OH)D levels differ between individuals
depending on the season of blood sampling. Those measured
in winter-spring period had lower mean serum 25(OH)D than
those who were measured in summer-autumn (p =0.007).
Serum PTH was also lower in individuals measured in sum-
mer and autumn than those measured in winter and spring
(p<0.001).

The 72.51% of the total population lived in urban areas.
Serum 25(OH)D levels were higher in urban than in rural
areas (20.39 ng/mL vs 18.96 ng/mL, p = 0.005) as presented
in Table 2, but the difference did not exist after adjustment for
BMI, season of sampling, sex, and age (data not shown).
Urban residents had lower SOS (1549.14 vs 1564.51, p=
0.031) and SI (90.37 vs 94.32, p=0.037) values than rural
residents (Table 2). The relationship remained after adjust-
ment for PTH, age, sex, and organized physical activity, only
for SOS parameter (B =17.881, p=0.016) (data not shown).

The binary logistic regression with serum 25(OH)D, <
20 ng/mL and > 20 ng/mL as dependent variable and obesity
and age groups (18-50, 51-65, and > 65) as independent

Fig. 1 Percentages of males and
females with severe deficiency (< 50.0%
10 ng/mL), deficiency (10—
19.9 ng/mL), insufficiency (20~
29.9 ng/mL), and adequacy (=
30 ng/mL) of serum 25(0OH)D

Percentage of population

4 springer

sex
male
female

10.01-19.9 20-299
25(0H)D (ng/mL)
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Table 1  Anthropometric, biochemical, ultrasound, and lifestyle parameters in the total population and according to serum 25(OH)D categories
Total Severe deficiency  Deficiency Insufficiency Adequacy p value
{mean = SD) (mean = SD) (mean = SD) (mean = SD) (mean = SD)
N (number of subjects) 970 78 440 333 119
Age (years) 49.58+£13.54  51.01+15.12 50.81+13.50 4797+£13.17 48.59 4£13.37 0.21
BMI (kg/m?) 27.53 £5.6 28.56+7.21 28.14+5.67 27.07+5.18 25.79£4.78 0.00
PTH (pg/mL) 404+15.6 47.8£19.1 41.1+152 38.8+145 37.7+15.8 0.00
BUA (dB/MHz) 115.1+16.31 111.7£17.62 114.12£16.36 116.38+£16.06 115.4+16.29 0377
SOS (n/s) 1553.3+85.73  1550.6£42.78 1544.94 £120.24  1562.22+£3576 1558.16+40.22  0.098
SI 91.31+£19.68  90.24+23.67 90.97+19.20 91.68+£18.96 92.48 £20.74 0917
Sun exposure winter (hours/day) 5.09+5.5 4.14:£4.96 504548 565£58 4.86+5.0 0.195
Sun exposure summer (hours/day) 12.61+11.02 10.75+11.36 11.93£10.46 13.52+11.54 13.7+11.27 0.084
TV watching or PC activity (hours/day)  3.09+2.24 322+1.94 3.15£231 2.95+2.06 3.18+2.63 0.609
Organized physical activity moderate 13463233 7.09£15.68 10.16 £26.84 14.92+:37.46 24.84 £39.24 0.00

and/or vigorous (minutes/day)

Severe deficiency < 10 ng/mL, deficiency 10-19.9 ng/mL, insufficiency 20-29.9 ng/mL, adequacy > 30 ng/mL

categorical variables, revealed that obese individuals had
1.458 times increased risk to have 25(OH)D <20 ng/mL
(»=0.006). People 51-65 years had a 1.75 times increased
risk of vitamin D insufficiency in relation to those of 18—
50 years (data not shown).

The SOS parameter was significantly different in all cate-
gories of vitamin D, with individuals who had 25(OH)D >
20 ng/mL presenting higher SOS measurements than those

with 25(OH)D <20 ng/mL (1561.5+37 and 1553.2+46.6,
respectively, p =0.008), and this significance remained after
adjustment for age (B = 13.04, p =0.04) (data not shown).

The correlation among different characteristics of the pop-
ulation and 25(OH)D, PTH, BUA, SOS, SI, is presented in
Table 3.

In order to determine which factors had contributed to vi-
tamin D status, multiple variables that could possibly

Fig.2 Age-specific prevalence of

different categories of vitamin D Age
status il 15-50
Il 51-65
M =65
Sufficienc
Insufficienc
Deficienc
Severe deficienc
r T T T T T
0.0% 20.0% 40.0% 60.0% 80.0% 100.0%
@ Springer
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Table 2 Mean level of 25(0H)D, PTH, BUA, SOS, SL, by age group, BMI categories, and seasons of examination

25(OH)D (ng/mL) PTH(pg/mL) BUA (dB/MHz) SOS (m/s) SI

Age group (years) (%population)
18-50 20.5 £ 8.1% 36.0 + 14.3% 119.68 £ 15.56* 156546 + 80.98* 98.78 + 18.49*
(50.9%)
51-65 197+ 7.8 43.6 + 14.9* 110.26 £ 14.71* 153722 £ 101.1% 85.03 £ 17.55%
(36.3%)
>65 18.5 + 7.9% 479 £ 15.9% 104.76 + 16.14* 1533.95 +32.9% 76.85 + 16.8%
(12.8%)

BMI category (kg/mz) (%population)
Underweight 218+82 304 + 10.5% 109.49 + 12.81 1555.06 + 25.9 93.83 + 12.69
(<18.5)
(1.2%)
Normal weight 20.9 + 8.6% 359+ 14.1* 11333 £ 16.18 1558 £35.4 90.13 = 18.71
(18.5-24.9)
(35.3%)
Overweight 20175 41.3 + 16.0* 115.05 £ 16.8 155737 +£37.8 90.46 + 2025
(25-29.9)
(37.1%)
Obesity 18.6 + 7.0% 44.6 + 14.9* 117.3 £ 16.06 1541 £ 155.6 94.09 + 203
(=30)
(26.3%)

Season of examination (%population)
‘Winter-spring 192 + 7.7¢ 427 £ 15.1% 114.69 = 17.02 1553.66 + 94.06 90.39 + 19.68
(43%)
Summer-autumn 20.6 £ 8.1% 38.6 = 15.7* 11536 £ 15.84 1553.01 +79.5 92.18 £ 19.66
(57%)

Area of residence
Utrban 204 + 8.4* 39.3 &+ 15.9* 11523 £ 1631 1549.14 + 97.33* 90.37 & 20%
(72.5%)
Rural 19.0 + 6.5 43.1 + 14.4% 114.7 £ 16.35 1564.51 + 37.8* 94.32 + 184*
27.5%)

*p value <0.05 from one-way ANOVA or independent-samples 7 test

influence 25(OH)D levels were included into a stepwise mul-
tiple linear regression analysis model. Female sex, season, the
hours of summer sun exposure, and patticipation in organized
physical activity had a significant effect; Age presented a sig-
nificant negative effect only among obese subjects (Table 4).
This model explains the 5.3% of the variability of 25(OH)D in
population.

Discussion

The present study recruited a large number of subjects from
the general healthy population from several regions of Greece.
Previous studies investigating vitamin D status in Greece had
smaller samples from specific areas and age groups [7-9].
This is the first epidemiological study providing the associa-
tion of QUS and other lifestyle parameters with vitamin D
status in a large sample of Greek women and men [21, 22].

&) Springer

The majority of Greek adults (54%) had vitamin D defi-
ciency (<20 ng/mL) and only 12.3% had levels above 30 ng/
mL, with males having higher serum vitamin D than females.
This percentage is similar to Germany, a northern country
(11.8%) [23]. Similar results were derived from other northern
countries like Denmark, Poland, Bosnia [24-26], and South
Australia [27]. Specifically, the 25.9% of Bosnia and
Herzegovina population had severe vitamin D deficiency,
greater than 8% of current population, but only 18% and
12% of Bosnia and Greek population respectively had suffi-
cient levels of 25(OH)D. The percentage of vitamin D ade-
quacy in our Greek healthy population is very low compared
to the Bosnia and Herzegovina study which however corre-
sponds to a patients’ population. In a recent study where 1075
adults were studied from seven European countries, including
Greece, about 34% of adults had 25(OH)D < 20 ng/mL [28].
In Canada, a large proportion of the population (40.8%) is
reported to have 25(OH)D > 30 ng/mL [29]. This may be
due to food fortification, a possible cause of the difference
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Table 3  Correlation among 25(0OH)D, PTH and QUS parameters, and the other anthropometric, biochemical, and life-style parameters

25(0H)D PTH BUA SOS SI
Continuous variables 7 (p value) ¥ (p value) ¥ (p value) ¥ (p value) ¥ (p value)
Age (years) 0.086 (0.008) 0.321 (0.00) —0.359 (0.00) —0.359 (0.00) 0437 (0.00)
25(0H)D (ng/mL) —0.162 (0.00) 0.042 (0.252) 0.073 (0.051) 0.029 (0.483)
PTH (pg/mL) —0.162 (0.001) —0.125 (0.001) —0.135 (0.00) —0.170 (0.00)
BMI (kg/m?) —0.141 (0.00) 0.244 (0.00) 0.120 (0.001) 0.001 (0.980) 0.071 (0.081)
BUA dB/MHz 0.042 (0.252) —0.125 (0.00) 0.595 (0.00) 0.896 (0.00)
SOS m/s 0.073 (0.051) —0.135 (0.00) 0.595 (0.00) 0.71 (0.00)
SI 0.029 (0.483) —0.170 (0.00) 0.896 (0.00) 0.711 (0.00)
Sun exposure winter (hours/day) 0.043 (0.191) 0.021 (0.531) —0.002 (0.955) —0.014 (0.707) 0.041 (0.321)
Sun exposure summer (hours/day) 0.122 (0.00) —0.014 (0.679) 0.009 (0.811) 0.036 (0.341) 0.054 (0.199)
TV watching or PC activity (hours/day) —0.009 (0.800) 0.034 (0.324) 0.006 (0.867) —0.018 (0.633) —0.001 (0.972)
Organized physical activity moderate —0.170 (0.00) —0.58 (0.086) 0.100 (0.007) 0.093 (0.013) 0.090 (0.029)

and/or vigorous (minutes/day)

of vitamin D status among Canada and the other countries. In
a Canadian study, fortification of milk, yogurt, and cheese at
6.75 ug (270 IU)/serving led to more than doubling of vitamin
D intake across all sex and age groups and a drop in the
prevalence of dietary inadequacy from > 80 to <50% in all
groups. Furthermore, no intakes approached the upper level
(UL) under any fortification scenatio in any sex and age group
[30].

In our study, vitamin D <20 ng/mL was related to lower
SOS values. As it was showed in other studies, these two
conditions may increase the risk of fracture [31, 32]. Serum
25(CH)D levels were previously reported to be an indepen-
dent determinant of SOS [33]. In contrast, another study found
that QUS measurements did not differ between Arabian wom-
en with serum 25(OH)D < or > 30 ng/mL [34]. Although our
study is lacking histomorphometric data, it is possible that the
defective collagen mineralization among vitamin D-deficient
patients might be a reason for the lower SOS. This finding
provides evidence for clinical use of QUS in subjects with low
serum 25(OH)D levels.

Vitamin D status was influenced by BMI, so obese people
had lower levels from non-obese. Obese individuals had 1.458
times increased risk to having 25(OH)D <20 ng/mL (p=
0.006), independently of the age group. In a Polish obese
population, mean 25(OH)D levels were 15.8+8.5 ng/mL
[25]. Mean serum 25(OH)D levels of general population in
Portugal was 22 ng/mL, where the 48% of population had
vitamin D deficiency. In the same population, obese people
had lower 25(OH)D levels than not obese [35]. Healthy Italian
adults had 25(OH)D mean levels 34.3 ng/mL [36]. In another
Greek study of postmenopausal non-osteoporotic women, se-
rum 25(OH)D levels were inversely associated with body fat
mass, as measured using dual-energy x-ray absorptiometry
[37]. Obviously, the explanation of this expected finding re-
sides on the fat-soluble property of vitamin D.

Hours of summer sun exposute proved to have a beneficial
effect on serum 25(OH)D as also expected, and our population
had higher levels in summer and autumn than winter and
spring. The beneficial effect of summer sun irradiation was
in agreement with the results of a Swedish study [38] and of a

Table 4 Determinants of serum -
25(0OH)D in total population Variable

B (standard errors)

Intercept

Sex (ref. female)

Male

Season (ref. summer-autumn)
Winter-spring

Age x subjects BMI < 30 kg/m®

Age X obese subjects (BMI >30 kg/m®)
Summer sun exposure (hours/day)
Organized physical activity moderate and/or vigorous (minutes/day)

Adjusted R squared

20.384 (1.136)%**

1.796 (0.805)*

—1.530 (0.566)**
~0.019 (0.021)
—0.043 (0.021)*
0.063 (0.025)%#*
0.037 (0.008)*
0.053

9 <0.05, #p <0.01, *%p < 0,001
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Norwegian adolescent population [39]. A Danish study con-
cludes that sunbathing and whole body sun exposure of
healthy perimenopausal women leads to 13.2% and 27.6%
respectively increase in serum 25(OH)D levels [24].

Participation in organized moderate or vigorous physical
activity seems to have a beneficial effect on serum 25(OH)D.
Similar are the results in an Australian population where those
with higher levels of physical activity had less risk of
25(OH)D below 50 or 75 nmol/L [27]. As well as in a
European study, engagement in >30 min per day of
moderate- and vigorous-intensity physical activity was asso-
ciated with higher odds for maintaining sufficient (>
50 nmol/L) 25(OH)D; concentrations [28]. In US population,
an increase of 10 min of objectively measured and self-
reported moderate-to-vigorous activities per day was associ-
ated with an increase in circulating 25(OH)D of 0.32 ng/mL
(95% CL0.17, 0.48) and of 0.18 ng/mL (95% CI 0.12, 0.23),
respectively. Associations wete not due to sun exposure dut-
ing activity because it was similar for outdoor and indoor
activities [40].

According to the determinants of vitamin D status, the fe-
male sex, the winter-spring season, and age only in obese
subjects influence serum 25(OH)D levels negatively. Hours
of summer sun exposure and organized physical activity have
positive effects on serum 25(OH)D. Aging did not affect the
vitamin D status, but only in obese people. Similatly, a rele-
vant review mentioned that people with outdoor lifestyle
prevented 25(OH) decline during aging [41]. In another study,
vitamin D status was unrelated to age [42].

Conclusion

In conclusion, this study highlights the emerging issue of
hypovitaminosis D in Greece. It also detected major determi-
nants of serum 25(OH)D, obesity, poor exposure to sunlight,
age, and physical activity. Moreover, subjects with 250HD
levels < 20 ng/mL had lower SOS values. With the evidence
that vitamin D sufficiency may be linked to the prevention of
multiple extra-skeletal conditions, further studies are needed
to detect other environmental parameters, such as nuftrition
and clinical and genetic factors which might influence vitamin
D status even in sunny countries, as is Greece.
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3.2. Unpublished Reports

3.2.1 Paper 2. This study indicate the nutritional habits of healthy Greek adults and their effects
on serum 25(OH)D levels and QUS (Quantitative Ultrasound) parameters.
Key points

o ‘Vegetables-Fruit’ dietary pattern explains the biggest rate of variability.

e ‘Sweet’ dietary pattern adherence is a negative determinant of 25(OH)D.

e ‘Healthy’ dietary pattern adherence in winter is a positive determinant of 25(0OH)D.

e Adherence to ‘Healthy’ dietary pattern is a positive determinant of BUA.
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Abstract

Objective: The aim of this study is to investigate the dietary patterns which indicate the
nutritional habits of healthy Greek adults and their effects on serum 25(0OH)D levels and QUS
(Quantitative Ultrasound) parameters-

Methods: This study is part of OSTEOS, an observational cross-sectional study. 741 adults from
rural and urban areas throughout Greece were included in the study and completed the
appropriate questionnaire. A validated Food Frequency Questionnaire (FFQ) was used for
assessment of population’s dietary habits. Serum 25(0OH)D was measured by enzyme
immunoassay; QUS parameters, broadband ultrasound attenuation (BUA), speed of sound
(SOS) and stiffness index (SI), were assessed with an Achilles device. For statistical analysis SPSS
Statistical software was used. Principal Component Analysis (PCA) was carried out for dietary
patterns determination. Univariate Analysis of Variance was used for the assessment of serum
25(0OH)D, BUA, SOS and SI determinants.

Results: Six dietary patterns explain 52.2% of variability of Greek adults’ nutritional habits.
‘Vegetables-Fruit’ dietary pattern explains the biggest rate of variability. Determinants of serum
25(0OH)D are Body Mass Index (BMI), elderly, summer sun exposure, organized physical activity,
‘healthy’ pattern in winter months and adherence to ‘sweet’ pattern. Determinants of QUS
parameters are age, BMI, hours of sedentary activities, organized physical activity participation
and adherence to ‘healthy’ pattern.

Conclusions: In this study we investigated the dietary patterns of Greek healthy population.
Their effect on QUS parameters has never been researched before. The effect of dietary
patterns on serum 25(OH)D was also investigated.

Abbreviations: Quantitative Ultrasound (QUS), Food Frequency Questionnaire (FFQ),
Broadband ultrasound attenuation (BUA), Speed of sound (SOS), Stiffness index (Sl), Principal
Component Analysis (PCA), Body Mass Index (BMI), Calcium (Ca), Phosphorus (P), Parathyroid
hormone (PTH), Intact parathyroid hormone (iPTH), Television (TV), Personal computer (PC),

General Linear Model (GLM)

Introduction
The role of nutrition in general health and its effect on several phenotypes is widely known.

Nutrients consumption and dietary habits affect bone health during life span, both in peak
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bone mass achievement and its preservation during adulthood. Nutrients may have a beneficial
or aggressive action on the skeleton [1].The key role of several nutrients and food items, like
calcium, vitamin D, vitamin K, vitamin A, protein, polyunsaturated lipids, phosphorus,
potassium, magnesium, caffeine, alcohol, phytoestrogen, as well as, dairy products, fruits and
vegetables, in bone health has been thoroughly studied by the investigators [2-7]. However
humans consume complex combination of nutrients that have a cumulative and interactive
effect in their meals and related to several phenotypes or health outcomes. The need of a more
holistic approach of nutrition led to the investigation of statistical methods from which overall
dietary patterns can be derived, in which multiple related dietary characteristics are considered
as a single exposure for a specific population. There are two main categories of dietary pattern
approaches, (i) the data driven or posteriori dietary pattern approach, that includes PCA and (ii)
the a priori dietary pattern approach, which uses dietary indexes created using existing
nutritional knowledge [8,9].

Vitamin D deficiency is also an important risk factor of bone fragility. The main physiological
effect of Vitamin D is to increase intestinal calcium absorption, such as maintaining serum
calcium in order to maximize metabolic functions. The consequences of Vitamin D deficiency in
adults’ bone health are osteomalacia, acceleration of bone loss, muscle weakness, instability,
and therefore increased risk of falling [10]. Serum vitamin D determinants in Greek population
are, age in obese people, season of blood sampling, sex, participation in organized physical
activity and sun exposure in summer months [11].

Quantitative bone ultrasound (QUS) is emerging as a low-cost , ionizing radiation—free, simple,
and portable screening technique that is able to identify women at risk for osteoporosis and
that may be used by general practitioners in primary care. Lower values of the QUS parameters
were associated with a significant increase of any subsequent fracture at any site [12]. There
are several lifestyles, nutritional and biochemical factors that affect QUS parameters. Weight
status, physical activity, sedentary lifestyle affect BUA, SOS and Sl in a sample of healthy Greek
women of all ages [13]. Nutritional calcium, vitamin D supplement and protein are also
correlated with QUS parameters [14, 15]. Although there is several data on the positive effect
of adherence to specific healthy dietary patterns, on BMD and bone resorption [16-18], there is

a literature gap about the effect of dietary patterns on QUS parameters.
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The purpose of this study is firstly to identify the dietary patterns that indicate the nutritional
habits of healthy Greek adults and secondly the effect of these patterns on serum 25(0OH)D
levels and QUS phenotypes. The current study is part of the OSTEOS project, an observational
cross-sectional study that aims to identify the prevalence of vitamin D deficiency of healthy

adults in Greece [11].

Material and methods

Study Design and population

The population of the current study was recruited during the OSTEOS study from several rural
and urban areas of Greece. The design of this observational cross-sectional study, the collection
of demographic data and the inclusion criteria, are detailed elsewhere [11]. Out of the initial

population of 970 subjects, the dietary analysis was carried out for 741 subjects.

Anthropometric and biochemical Measurements

The anthropometric characteristics, body weight, height and BMI, are measured with
appropriate methods as detailed elsewhere [11]. BMI was classified according to the World
Health Organization [19], into four categories: Underweight (<18.5 kg/mz), Normal weight
(18.5-24.9 kg/m?), Overweight (25-29.9kg/m?) and Obesity (>=30 kg/m?). Heel bone properties
were measured using the Achilles quantitative ultrasound (QUS) device as detailed elswere
[11]. It measures the broadband ultrasound attenuation (BUA), expressed in dB/MHz, the
speed of sound (SOS) is expressed in m/s. The third variable, stiffness index (Sl), is automatically
calculated by Achilles from the BUA and the SOS. For normative data, we used reference data
for the QUS measurements of the calcaneus specific for Greek population [20]. The lower the
QUS parameters values, the higher the fracture risk.

Following a 12 hour fast, all subjects had a sample of venous blood withdrawn for serum
isolation between 08:00-09:00 am. Total calcium (Ca), phosphorus (P), parathyroid hormone
(PTH) and 25(OH)D were measured. Intact parathyroid hormone (iPTH) measurements were
performed on a Roche/Modular Analytics analyzer, which employs electrochemilluminescense
immunoassay technology (ECLIA). Serum 25(OH)D levels were determined by enzyme
immunoassay [Immunodiagnostic Systems, 25(0H)D; Boldon, UK]. The biochemical analysis

methods are analyzed in detail elsewhere [11]. According to the vitamin D status evaluation the
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serum concentration of 25(OH)D is the best marker of an individual’s Vitamin D status because
it is the major circulating form and reflects the combination of dietary intake and cutaneous
skin synthesis. Concerning serum vitamin D thresholds, used the following definitions: severe
deficiency: <25 nmol/L (<10 ng/mL), deficiency: 25-50 nmol/L (10-19.9 ng/mL), insufficiency: 50
-75 nmol/L (20-29.9 ng/mL), sufficiency: 275 nmol/L (230ng/mL) [11].

Lifestyle information assessment

The assessment of hours spent on sedentary activities (television (TV), personal computer (PC))
and in moderate or vigorous organized physical activity was obtained from The International
Physical Activity Questionnaire (IPAQ, short version) that was completed under the surveillance
of the investigator [21]. The hours of sun exposure of the subjects were also evaluated-
According to the blood collection day, the samples were divided in two seasons: winter-spring
(December until May) and summer-autumn (June until November) as described in OSTEQOS

study [11].

Dietary assessment

Dietary information was collected via a validated, semi-quantitative, seventy-six-item FFQ [22].
All participants reported their daily, weekly or monthly average intake of several foods during
the last year. Then the frequency of consumption was quantified on the basis of servings per
week according to the dietary guidelines for adults in Greece [23]. Mixed foods were taken into

account and assigned into the respective food groups.

Statistical Analysis

Statistical analysis was conducted using the statistical software package IBM SPSS Statistics for
Windows, Version 19.0. Continuous variables are presented as mean * standard deviation,
while categorical variables are presented as relative frequencies. Analysis of variance (ANOVA)
was used to examine differences among the groups for different continuous, while the Chi-
square test was used to evaluate associations between categorical variables. Independent
relationships between serum vitamin D levels, or QUS parameters and other variables as well as
the interactions were assessed by stepwise Linear Regression and Univariate General Linear

Model (GLM). All tests are two-sided with significance level <0.05.
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Concerning the dietary analysis, the transformations of foods and food groups from daily,
weekly or monthly average intake to servings per week were calculated programmatically in R
programming language. Outliers were defined as values that exceed 5 SD above or below the
mean and were removed from subsequent analyses.

Principal component analysis (PCA) was conducted to identify underlying dietary patterns [24].
In order for PCA to be effective in assessing food patterns, strong correlations between the
predictive variables should exist. The correlation matrix of the food variables used in the
present analysis showed that there were several correlation coefficients (r) > | 4 | , indicating
that the variables were highly correlated. Moreover, the Kaiser—Meyer—Olkin test of sphericity
and Barlett’s criterion was 0.76, implying high interrelationships between food variables and
suitability of the data set for PCA. The orthogonal rotation (varimax option) was used to derive
optimal non-correlated components (dietary patterns). From the entire database twenty food
groups were used. To decide the number of components to retain the Kaiser criterion was used,
according to which the number of components that should be retained from PCA is equal to the
number of Eigenvalue > 1. In our analysis, six food patterns were selected. Based on the fact
that factor loadings/correlation coefficients represent the correlation of each predicting
variable with the dietary pattern score, higher absolute values indicate that the variable
contributes more to the construction of this particular pattern. The dietary patterns were
named according to the scores of the predicting variables that correlated most with the
component/pattern (> | 0-4 | ). The PCA was performed using the statistical software package
IBM SPSS Statistics for Windows, Version 19.0. Outliers were defined as values that exceed 3 SD
above or below the mean and were removed from subsequent analyses.

A voluntary participation agreement was obtained from each participant. The study was

approved by the Ethics Committee of Harokopio University.

Results

The descriptive characteristics of population are detailed in Table 1. Mean age of our
population is 49.8+13.4 years (rangel8-86years) and 89.3% are women. Concerning the
nutritional habits of population, six dietary patterns were derived from PCA analysis. From the
initial fifty foods and food groups, twenty were included in the PCA because of their high

intercorrelation level. Six different diet components explain 52.2% of total variability of the
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population nutrition. Higher absolute values of the score coefficients derived from PCA indicate
that the food contributes more to the development of the component. The components were
defined as follows: component 1: ‘vegetables-fruit’ pattern, which includes cooked and raw
vegetables, refined rice, fresh fruits and fish; component 2: ‘fast-food’ pattern, that consists of
refined breads, processed meat, full fat cheese; component 3: ‘western’ pattern, that is
characterized by red meat, refined pasta, potatoes and poultry; component 4: ‘healthy’ pattern
that includes low fat milk and yogurt, refined breakfast cereals, non-refined breads and low
fat cheese; component 5: ‘sweets’ pattern with milky and starchy sweets; component 6:
‘traditional’ pattern includes full fat dairy products as main constitute as well as legumes (Table
2). As is shown in table 2, legumes also contributes to pattern 1, as the score coefficient is 0.419
(>|0.4]).

The correlation among the score of compliance at dietary patterns and other phenotypes is
presented in Table 3.

Serum vitamin D levels associated positively with ‘healthy’ pattern and negatively with ‘sweets’
pattern (Table 3). After adjustment for age, sex and BMI, participation in physical activity and
hours of summer sun exposure the statistical significance remains for both dietary patterns
(B=0.667, p=0.024 and B=-0.919, p=0.002 respectively).

BMI correlated positively with adherence to ‘vegetables-fruit’and ‘western’ pattern (Table 3).
After adjustment for sex and age, hours of sedentary activities (TV watching, PC activity) and
hours of participation in organized physical activities, BMI correlated positively only with
adherence to ‘western’ (B=0.532, p=0.010).

After adjustment for age, BMI and sex, the positive effect of ‘fast-food’ dietary pattern on BUA
is not significant (B= -0.2, p=0.754) and remains the positive effect of ‘healthy’ pattern
(B=1.619, p=0.008).

Subjects participating more in organized physical activity have better compliance to ‘healthy’
pattern regardless of age, sex and BMI (B=3.704, p=0.000).

The distribution of scores derived from PCA and the compliance in specific patterns according
to sex, age group, vitamin D status and area of residence are presented in Figure 1.

Males are more engaged to ‘western’ pattern than females. This difference exists after
adjustment for age (B =0.255, p=0.032), as well. Moreover, males have better compliance to

‘traditional’ pattern after adjustment for age (B=0.258, p=0.034), too.
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Urban living subjects have lower compliance to ‘western’ pattern than rural living subjects and
after adjustment for sex, age and BMI the difference remains significant (B=-0.266, p=0.001).
Urban residents achieve higher scores in ‘healthy’ pattern than those living in rural areas, and
the difference remains after adjustment for age, sex and BMI (B=0.562, p=0.000).

Variables that correlated in simple statistical tests were entered to Univariate GLM with a
stepwise procedure to evaluate serum 25(OH)D and bone QUS phenotypes’ determinants. The
models presented in tables 4,5,6 and 7 result from the above data. Concerning the serum
25(0OH)D determinants, when all correlates are included in the model, the season of blood
sampling and the adherence to ‘healthy’ pattern lose their significance. But when investigating
how two determinants interact, it was derived that the adherence to a healthy dietary pattern
in winter months has a positive effect on vitamin D levels. In summer months the adherence to
‘healthy’ dietary pattern doesn’t influence vitamin D levels (Table 4).

Concerning BUA determinants, when the ‘healthy’ dietary pattern is included in the regression,
the participation in organized physical activity, loses statistical significance as determinant of
BUA, due to its correlation with healthy diet pattern. As a result only ‘healthy’ pattern is

included in the model.
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Table 1: Descriptive characteristics.

Females
Total (meantSD) Males (meanzSD) p-value
(meanzSD)
N 741 79 662
Age (years) 49.8+13.36 45.26+16.07 50.40+12.85 0.003
25(0OH)D (ng/mL) 20.01+7.98 22.66+8.95 19.63+7.76 0.002
PTH (pg/mL) 40.19+15.57 39.67 40.16+15.42 0.772
BMI (kg/mz) 27.58+5.53 27.98+5.21 27.52+5.57 0.451
BUA dB/MHz 114.53+16.32 118.73+£19.35 113.81+15.65 0.023
SOS m/s 1552.49+87.92 1555.29+159.71 1551.98+70.61 0.849
SI 90.94+19.62 97.5+25.7 89.96+18.32 0.019
Sun exposure
summer 12.48+10.93 17.87+13.86 11.81+10.33 0.00
(hours/day)
TV watching or PC
activity 3.02+2.14 3.19+2.39 31+2.11 0.404
(hours/day)
Organized
physical activity
moderate and/or 12.55+27.68 16.51+30.70 12.03+27.29 0.137

vigorous

(minutes/day)
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Table 2. Dietary patterns derived from PCA analysis.

Components
1- vegetables- | 2-fast 3- 4- 5- 6-
Food group
fruit food western | healthy | sweets | traditional
Non refined
0.204 -0.123 -0.118 0.529 0.131 -0.118
breads
Refined breads 0.016 0.848 0.119 -0.068 0.101 0.023
Refined breakfast
-0.076 -0.001 -0.022 0.706 0.058 0.349
cereals
Full fat cheese 0.197 0.659 0.106 -0.019 0.169 0.052
Low fat cheese 0.099 0.189 -0.036 0.485 -0.283 -0.191
Fish 0.494* -0.162 0.154 0.032 -0.109 -0.083
Fresh fruits 0.521 0.013 -0.158 0.230 0.333 0.046
Legumes 0.419 0.081 -0.029 -0.014 -0.152 0.447
Poultry -0.028 0.111 0.555 0.364 -0.189 -0.143
Red meat 0.118 0.146 0.767 -0.032 -0.071 0.033
Full fat milk and
-0.049 -0.007 0.107 -0.035 0.044 0.829
yogurt
Low fat milk and
0.077 -0.002 -0.042 0.729 -0.008 -0.039
yogurt
Refined pasta 0.116 0.088 0.629 -0.140 0.158 0.148
Refined rice 0.558 0.072 0.299 0.072 -0.019 0.179
Milky sweets -0.026 0.064 0.149 0.061 0.784 -0.083
Starchy sweets -0.114 0.284 0.000 -0.068 0.534 0.055
Cooked
0.751 0.023 0.075 0.004 -0.039 0.083
vegetables
Row vegetables 0.669 0.085 0.005 0.73 -0.037 -0.125
Processed meat -0.141 0.818 0.120 0.110 0.010 -0.043
Potatoes 0.069 0.043 0.612 -0.201 0.212 0.018

* Score coefficient in bold indicates food group contributes to pattern.
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Table 3. Correlation between dietary patterns and continuous variables.

1-
2- fast 6-
N=741 vegetable 3-western | 4- healthy | 5-sweets
food traditional
s-fruit
Continuous
r (p-value) | r (p-value) | r (p-value) | r(p-value) | r (p-value) | r (p-value)
Variables
0.244 -0.272 -0.116 0.017 -0.061 -0.029
Age (years)
(0.00) (0.00) (0.002) (0.65) (0.099) (0.430)
-0.066 0.017 -0.05 0.107 -0.119 0.018
25(OH)D (ng/mL)
(0.074) (0.653) (0.173) (0.004) (0.001) (0.628)
0.101 -0.077 -0.011 -0.141 0.086 -0.001
PTH (pg/mL)
(0.007) (0.039) (0.773) (0.00) (0.022) (0.974)
) 0.074 -0.025 0.094 -0.055 -0.058 0.004
BMI (kg/m?)
(0.046) (0.498) (0.012) (0.144) (0.120) (0.922)
-0.035 0.102 0.067 0.089 0.047 0.001
BUA dB/MHz
(0.394) (0.014) (0.105) (0.03) (0.256) (0.980)
-0.054 0.012 -0.009 0.046 0.075 -0.001
SOS m/s
(0.199) (0.778) (0.823) (0.277) (0.074) (0.974)
-0.079 0.071 0.098 0.046 -0.006 0.016
S
(0.084) (0.121) (0.032) (0.320) (0.893) (0.721)
Sun exposure
0.040 0.068 0.011 0.05 0.005 0.050
summer
(0.287) (0.070) (0.778) (0.182) (0.904) (0.182)
(hours/day)
TV watching or PC
-0.027 -0.036 -0.022 0.032(0.39 0.033 -
activity
(0.481) (0.349) (0.562) 6) (0.383) | 0.04(0.293)
(hours/day)
Organized physical
activity moderate -0.011 0.027 0.024 0.146 -0.021 0.037
and/or vigorous (0.763) (0.459) (0.526) (0.00) (0.564) (0.318)

(minutes/day)

*r coefficients in bold indicates statistical significance

86




Figure 1: Distribution of scores derived from PCA among sex, age groups, serum Vitamin D

status, season of blood sampling and area of residence
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Table 4. Determinants of serum 25(OH)D.

Variable B (Standard errors)
Intercept 20.993 (1.804)
BMI (kg/m?) -0.157 (0.054)

Age group (ref. >65 years)

18-50 years 1.948 (0.959) °
61-65 years 1.847 (0.986)
Summer sun exposure (hours/day) 0.091(0.027)

Organized physical activity moderate and/or vigorous (minutes/day) | 0.042 (0.011)

"Healthy’ dietary pattern adherence * Winter 1.058 (0.497) "
’Healthy diet’ dietary pattern adherence * Summer 0.441 (0.358)
‘Sweets’ dietary pattern adherence -0.911 (0.293)**
Adjusted R Squared 0.081

Notes: p<0.05, p<0.01,  p<0.001

Table 5. Determinants of BUA.

Variable B (Standard errors)

Intercept 83.906 (3.816)

Sex (ref. female)

Male 5.189 (1.877)

BMI (kg/m?) 0.571(0.112)

Age group (ref. >65 years)

18-50 years 19.310 (2.204) "
61-65 years 8.662 (2.289) "
Adherence to ‘healthy’ food pattern 1.878 (0.615)
Adjusted R Squared 0.197

Notes: p<0.05, p<0.01,  p<0.001
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Table 6. Determinants of SOS.

Variable B (Standard errors)
Intercept 1614.329 (14.118)
Age (years) -1.086 (0.271)

TV watching or PC activity (hours/day) *
25(0H)D<20ng/mL -5.348 (1.821)

TV watching or PC activity (hours/day) *
25(0OH)D220ng/mL -0.960(2.130)

Adjusted R Squared 0.041

Notes: p<0.05, p<0.01,  p<0.001

Table 7. Determinants of Sl.

Variable B (Standard errors)

Intercept 75.188 (2.416)

Organized physical activity moderate and/or | 0.065 (0.029)*

vigorous (minutes/day)

Age group (ref. >65 years)

18-50 years 22.402 (2.638)
61-65 years 8.352 (2.728)
Adjusted R Squared 0.190

Notes: p<0.05, p<0.01,  p<0.001

Discussion

This study investigates how nutrition affects serum Vitamin D levels, as well as bone health
parameters BUA, SOS and SI, taking into consideration lifestyle parameters.

Six dietary patterns explain 52.2% of variability of Greek adults’ nutritional habits. A prudent
dietary pattern like ‘vegetables-fruit’, explains the biggest rate of variability, a positive fact for
the current population. A dietary pattern with similar composition was the most dominant food

pattern for another Greek adult population [25], as well. Even though in other studies [26-28] a
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positive association was described between BMD and a dietary pattern was characterized by
high consumption of fruit and vegetables, in the current study the adherence to a pattern rich
in vegetables, fruits and fish doesn't reach the statistical significance and it doesn't correlate
with heel QUS parameters. A study on older adult population suggests that better compliance
to a ‘prudent’ diet score with fruits, vegetables and oil fish at early old age predicts bone size on
average 11 years later [29].

The ‘Western’ pattern, as expected, related with higher BMI values and men are more
susceptible to this pattern than women. In addition, males consume more full fat dairy
products than females, the main constitute of the ‘traditional’ pattern.

Urban residents have better compliance to the ‘healthy’ and less to the ‘western’ pattern, than
those living in rural areas. Other studies that have compared the dietary patterns of rural
versus urban adults also indicate that rural adults have poorer dietary habits than urban adults
[30]. Rural adults participate in less moderate-to-vigorous physical activity and have poorer
dietary behaviors than their urban counterparts, a fact that may contribute to their higher rates
of obesity [31]. Rural living usually implies healthier eating habits and more physical activity
chances; nevertheless, sometimes rural residents may not have a rural lifestyle [32].

The more hours the subjects participate in organized physical activity, the higher the score they
achieve in the 'healthy' pattern. Moreover, participation in organized physical activity
parameter loses statistical significance as determinant of BUA, due to its correlation with the
‘healthy’ pattern. These two parameters together may reflect a healthier lifestyle that could be
further examined by evaluation of lifestyle patterns. This beneficial effect of ‘Healthy’ dietary
pattern on BUA may be due to low fat dairy products and breakfast cereals, included in the
pattern. Dairy products contain or are fortified with significant proportions of nutrients
important for bone health (calcium, protein, vitamin D etc) [33]. Breakfast cereals are also
usually enriched with vitamins and minerals and they are a plant source of protein, constitutes
associated with bone health [34]. SOS and S| parameters are not affected by dietary patterns.

A recently published review of 49 studies, concludes that a dietary pattern that emphasized the
intake of fruit, vegetables, whole grains, poultry and fish, nuts and legumes, and low-fat dairy
products and de-emphasized the intake of soft drinks, fried foods, meat and processed

products, sweets and desserts, and refined grains was beneficial for bone health [35].

90



Serum Vitamin D level positive determinants are adulthood, hours of summer sun exposure,
participation in organized physical activity and adherence to the ‘healthy’ pattern, that protects
vitamin D levels only in winter months, when serum levels decline, maybe due to the
enrichment of dairy products and breakfast cereals with vitamin D. BMI and ‘Sweets’ pattern
are negative determinants. This study confirms the results of other studies which investigated
vitamin D determinants [36-38].

BUA positive determinants are male gender, BMI, adulthood and adherence to ‘healthy’
pattern. SOS negative determinant is age. Vitamin D levels more than 20ng/mL have a
protective effect on SOS parameter from sedentary activity. Recently published data from the
OSTEOS study associate QUS parameters with vitamin D status, specifically, individuals with
25(0OH)D 2 20 ng/mL had higher SOS than those with 25(0OH)D < 20 ng/mL [11]. SI positive
determinants are organized physical activity and adulthood.

A Greek study of all age group women demonstrates that adulthood, BMI, and organized
physical activity are positive determinants of QUS parameters, results of which are similar to
current study [39].

Many studies identify associations between individual nutrients or food items and
musculoskeletal health outcomes [40]. Using individual nutrients do not consider interactions,
and cumulative effects between different nutrients and foods. Dietary pattern analysis has
been used to overcome these limitations by studying the overall diet rather than the intakes of
individual nutrients. This is particularly important for disease prevention or treatment because
the small effect of a single or a few nutrients may not be able to be detected while dietary
pattern analysis considers the joint effects of nutrients and foods based on entire eating
behavior. The results of dietary patterns studies can also be easy for the public to translate into
dietary guidelines.

This current study has several limitations: it is an observational, cross-sectional study and it is
not appropriate to draw causal effect implications or to generalize the results from this
population. Residual confounding may also exist because of unmeasured variables. Another
limitation of the study is the self-reported medical history and medication data. The study has
also several strengths: it was contacted in a large national representative population of urban

and rural citizens, with a vast age range.
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Conclusions

A prudent dietary pattern consisted by vegetables, fruits, fish and rice, explains more the
nutrition variability of the current population. Several determinants explain a part of variability
of 25(0OH)D, BUA, SOS and SI. The modifiable factors that can positively affect QUS parameters
and Vitamin D levels are participation in organised physical activity, reduced hours of sedentary
activities, achievement of healthy BMI, healthy dietary habits and reduced sweet consumption.
More studies are needed, with larger sample, biochemical, lifestyle and genetic parameters to

determine individualized guidelines and promote public health and prevention.
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3.2.2 Paper 3. In this paper highlighted the genetic contribution to QUS phenotypes as well as
to serum vitamin D levels.
Key points
* ‘T’ consist the effect allele of rs11520772 polymorphism, 8.5% of population are
homozygotes (TT).
* ‘G’ consist the effect allele of rs597319 polymorphism, 13% of population are
homozygotes (GG). *
*  ‘AA’ (wild type) homozygotes of rs11520772 polymorphism have higher SOS value than
TT.

* AA’ (wild type) homozygotes of rs597319 polymorphism have higher Sl value than ‘GG’.

The effect of rs11520772 of the TAX1BP1 gene and the rs597319 of the TMEM135 gene
polymorphisms on Quantitative Ultrasound (QUS) parameters. The OSTEOS study.
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ABSTRACT

Purpose Vitamin D deficiency and quantitative ultrasound (QUS) parameters are among the
most important clinical risk factors of bone fragility. The aim of the study was to evaluate the
effect of SNPs, previously associated with QUS, on serum 25(0OH)D levels, and QUS parameters
on the OSTEOS study.

Methods OSTEOS is an observational cross-sectional study conducted from June 2010 to July
2012. The participants were adults coming from rural and urban areas throughout Greece

Serum 25(0OH)D was measured by enzyme immunoassay; QUS parameters, broadband
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ultrasound attenuation (BUA), speed of sound (SOS) and stiffness index (SI), were assessed with
an Achilles device. Genotyping was performed with the RT-PCR. Univariate Analysis of Variance
was used for the assessment of serum 25(0OH)D and QUS parameters determinants.

Results Mean age of our population is 49.8413.4 years (rangel8-86years) and 89.5% are
women. The two of eight SNPs were analyzed (rs11520772 and rs597319) met the statistical
significance with the evaluated phenotypes. According to rs11520772 polymorphism, 59.5%
had AA genotype, 32.0% were heterozygotes (AT) and 8.5% were homozygotes (TT) to effect
allele. According to rs597319 the 42.3% of study population had AA, the 44.8% had AG and
13.0% had GG genotype. The determinants of SOS parameter were the rs11520772
polymorphism and the age. The determinants of SI were age and rs597319. There is no
association between serum vitamin D levels with the evaluated genotypes.

Conclusions This study reports that the AA homozygotes of the rs11520772 associated with
higher SOS values in relation to minor allele (T) homozygotes, taking into account lifestyle and
biochemical parameters. Additionally AA genotype of the rs1597319 positively associated with
SI comparing with to GG genotype.
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INTRODUCTION

Osteoporosis is a systemic skeletal multifactorial disease characterized by reduced bone mass
and microarchitectural deterioration of the structure of bone tissue leading to enhanced bone
fragility and increased susceptibility to fractures [1]. Osteoporosis is a major public health
concern. Women have a higher risk of osteoporotic fractures compared with men (1 in 3
women and 1 in 5 men over 50 years) [2]. Although BMD is the main predictive risk factor for
an osteoporotic fracture, measurement of quantitative ultrasound (QUS) has been found to be
associated with bone fragility and increased fracture risk [3]. The QUS measuring at the heel is
an alternative, ionizing radiation—free and relatively inexpensive, portable screening technique
that is able to identify women at high risk of bone fragility and fracture [3, 4] and may be used
by general practitioners in primary care. Lower values of the QUS parameters are associated
with a significant increase of any subsequent fracture at any site [4]. There are several
lifestyles, nutritional and biochemical factors that affect QUS parameters. Weight status,

physical activity, sedentary lifestyle affect BUA, SOS and Sl in a sample of healthy Greek women
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of all ages [5]. Genetic contribution to osteoporosis is well established with heritability
estimates reaching 84% for central BMD [6], 74% for heel QUS [7, 8], 47% for bone loss [9] and
48% for hip fracture [10]. Recent GWAS meta-analysis highlighted 9 polymorphisms associated
with heel QUS phenotypes. The rs11520772 of the TAX1BP1 gene, the rs2908007 of the WNT16
gene, the rs2982552, the rs3020331 and the rs4869739 of ESR1 gene, rs3000634 of USPL1
gene, the rs597319 of TMEM135 gene, rs7741021 of RSPO3 gene and the rs9292469 of NPR3
gene.

Vitamin D deficiency is also among the most important clinical risk factors of bone fragility and
a subject of extensive research. The main physiological effect of Vitamin D is to increase
intestinal calcium absorption, as such maintaining serum calcium in order to maximize
metabolic functions, signal transduction and neuromuscular activity. The consequences of
Vitamin D deficiency in adults are osteomalacia, acceleration of bone loss, muscle weakness,
instability, and therefore increased risk of falling [12]. In children, lack of Vitamin D causes
rickets and growth retardation. Vitamin D receptors are expressed by several tissues and cells
as in enterocytes, osteoblasts, the cells of the distal convoluted renal tubules, in the cells of the
parathyroid gland, colon, pituitary, ovaries, cells of the immune system etc. Vitamin D
deficiency is associated, by many observational studies, with major diseases, such as
osteoporosis, diabetes, some forms of cancer, autoimmune diseases, infectious diseases,
hypertension but causalities have not been proven [12]. Serum vitamin D determinants in the
Greek population are, age in obese people, season of blood sampling, gender, participation in
organized physical activity and sun exposure in summer months [5]. The heritability of vitamin
D as estimated by twin studies reaches the 50-80% [13, 14].

The purpose of the current study is to identify the effect of the rs11520772 polymorphism on
serum 25(OH)D levels and on the QUS phenotypes. Current research is part of OSTEQS project,
an observational cross-sectional study that aims to identify the prevalence of vitamin D

deficiency of healthy adults in Greece [5].

METHODS
Study Design and population

The population of the current study was recruited during the OSTEQOS study from several rural

and urban areas of Greece. The design of this observational cross-sectional study, the collection
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of demographic data and the inclusion criteria, are detailed elsewhere [5]. Out of the initial

population of 970 subjects, the genetic analysis was carried out for 670 subjects.

Anthropometric and biochemical Measurements

The anthropometric characteristics, body weight, height and BMI, are measured with
appropriate methods as detailed elsewhere [5]. BMI was classified according to the World
Health Organization [15], into four categories: Underweight (<18.5 kg/m?), Normal weight
(18.5-24.9 kg/m?), Overweight (25-29.9kg/m?) and Obesity (>=30 kg/m?). Heel bone properties
were measured using the Achilles quantitative ultrasound (QUS) device [5]. It measures the
broadband ultrasound attenuation (BUA), expressed in dB/MHz, and the speed of sound (SOS),
expressed in m/s. The third variable, stiffness index (Sl), is automatically calculated by Achilles
from the BUA and the SOS. For normative data, we used reference data for the QUS
measurements of the calcaneus specific for Greek population [20]. The lower the QUS

parameters values, the higher the fracture risk.

Following a 12 hour fast, all subjects had a sample of venous blood withdrawn for serum
isolation between 08:00-09:00 am. Total calcium (Ca), phosphorus (P), parathyroid hormone
(PTH) and 25(OH)D were measured. Intact parathyroid hormone (iPTH) measurements were
performed on a Roche/Modular Analytics analyzer, which employs electrochemilluminescense
immunoassay technology (ECLIA). Serum 25(OH)D levels were determined by enzyme
immunoassay [Immunodiagnostic Systems, 25(0H)D; Boldon, UK]. The biochemical analysis
methods are analyzed in detail elsewhere [5]. According to the vitamin D status evaluation the
serum concentration of 25(OH)D is the best marker of an individual’s Vitamin D status because
it is the major circulating form and reflects the combination of dietary intake and cutaneous
skin synthesis. Concerning serum vitamin D thresholds the following definitions were used:
severe deficiency: <25 nmol/L (<10 ng/mL), deficiency: 25-50 nmol/L (10-19.9 ng/mL),
insufficiency: 50 -75 nmol/L (20-29.9 ng/mL), sufficiency: 275 nmol/L (230ng/mL) [17].

Lifestyle information assessment
The assessment of hours spent on sedentary activities (television (TV), personal computer (PC))
and in moderate or vigorous organized physical activity was obtained from The International

Physical Activity Questionnaire (IPAQ, short version) that was completed under the surveillance
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of the investigator [18]. The hours of sun exposure of the subjects were also evaluated-
According to the blood collection day, the samples were divided in two seasons: winter-spring
(December until May) and summer-autumn (June until November) as described in OSTEOS

study [5].

DNA extraction and Genotyping

For the DNA extraction the DNA iPrepTM device and the iPrepTMPureLinkTMgDNA Blood Kit
were used. The above device extract 200uL DNA solution in 30 minutes from 13 samples of
300uL buffy coat (concentrated leukocyte preparation). Buffy coat extraction is carried out
when the tubes with blood samples are centrifuged for 10 minutes in 3000rpm. After
centrifugation the sample is separated into 3 layers. The erythrocytes precipitate at the bottom
of the tube, plasma remains at the top and the intermediate layer consists of leukocytes and

platelets which is used in the DNA extraction.

The genotyping conducted for eight of nine SNPs (rs11520772, rs2908007, rs2982552,
rs3000634, rs3020331, rs597319, rs7741021, rs9292469) significant associated with QUS
parameters from GEFOS consortium, for 670 samples, of the total sample of OSTEOS study. It
was performed with the Real Time-Polymarase Chain Reaction (RT-PCR). Genotypic
identification was performed using the StepOnePlus ™ machine of Applied Biosystems StepOne
™ with TagMan® SNP Genotyping. It is a complete collection of mapped primers and probes
that lead to the determination of mononucleotide polymorphisms in human DNA samples. A
special TagMan® reagent is used to amplify and detect specific SNPs in purified genomic DNA
samples. Reagent activity is optimized by adding a special Master mix.

Statistical Analysis

Statistical analysis was conducted using the statistical software package IBM SPSS Statistics for
Windows, Version 19.0. Continuous variables are presented as mean * standard deviation,
while categorical variables are presented as relative frequencies. Analysis of variance (ANOVA)
was used to examine differences among the groups for different continuous variables, while
the Chi-square test was used to evaluate associations between categorical variables.
Independent relationships between serum vitamin D levels, or QUS parameters and other
variables as well as the interactions were assessed by Univariate General Linear Model with

stepwise procedure. All tests are two-sided with significance level <0.05.
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RESULTS

Mean age of our population is 49.8+13.4 years (rangel18-86years) and 89.5% are women. The
two (rs11520772 and rs597319) of eight polymorphisms reach the statistical significance when
associated with biochemical, anthropometric and QUS parameters, of our cohort
(supplementary file, Table S1).

From total of 671 samples had genotyped for rs11520772 polymorphism, 59.5% have AA
genotype, 32.0% are heterozygotes (AT) and 8.5% are homozygotes (TT) to effect allele, as it
shown in. The ‘A’ allele frequency is 0.755 and the ‘T’ allele frequency is 0.245. According to
rs597319 42.3% have AA genotype, 44.8% are heterozygotes (AG) and 13.0% are homozygotes
(GG) to effect allele. Descriptive characteristics of population and correlation of mean serum
25(0OH)D, PTH, age, BMI, BUA, SOS, SI, hours of participation in organized physical activity and
hours spending in sedentary activities, by genotype are detailed in Table 1. There is no gender
difference in the incidence of each genotype for the rs11520772 and the rs597319
polymorphism (p=0.897 and p=0.825, respectively) (data not shown). AA carriers have better
SOS values in relation to TT carriers of rs11520772 as is shown in Table 1.

Also subjects with AA genotype have lower PTH from those with AT genotype and after
adjustment for age (B= -3.446, p=0.009). S| higher values are associated to the AA genotype of
rs597319 in relation to GG genotype (p=0.007) (table 1).

The mean values of serum 25(0OH)D, PTH, and QUS parameters according to gender, age group,
season of blood sampling and area of residence, as well as the differences between groups, are
presented in table 2. After classification of population in two groups according to vitamin D
status (25(OH)D< 20ng/mL and 25(0OH)D>20ng/mL), 53.7% of subjects have serum 25(0OH)D<
20ng/mL and are older (p=0.013) than those who have 25(0OH)D>20ng/mL. Those who have
serum 25(0OH)D 20ng/mL or higher had greater values of SOS parameter (p=0.029) and lower
PTH (p=0.002). After adjustment with age, the significance remain for PTH (p=0.024) but SOS
does not reaches the limits of significance (p=0.054). There is no deference in prevalence of
several genotypes for the rs11520772 (AA, AT, TT) and the rs597319 (AA, AG, GG)
polymorphism , between age groups (18- 50 years, 51-65 years and >65 years, p=0.471 and
p=0.476), seasons of blood sampling (winter-spring and summer-autumn, p=0.072 and
p=0.344), serum vitamin D status ( 25(OH)D <20ng/mL and 25(OH)D >20ng/mL, p=0.655 and

p=0.433) and area of residence (urban, rural, p=0.097 and p=0.825).
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Among continues variables were included in this study, these were associated significant with
SOS are PTH (r=-0.118, p=0.003), minutes per day of participation to organized physical activity
(r=-0.173, p=0.01) and hours spending in sedentary activities per day (r=-0.093 , p= 0.019
respectively) and after adjustment for age (p= 0.049, p=0.048 and p=0.032, respectivly).
Continues variables were associated with Sl are age (r=-0.435, p=0.000), PTH (r=-0.181.
p=0.000) and minutes per day of participation to organized physical activity (r=0.123, p=0.004).
Other categorical variables associated with Sl are sex (male 98.31+25.6, female 90.23+18.5,
p=0.010) and area of residence (urban 90.32+20.17, rural 94.19+18.47, p=0.046). PTH lose its
significance after the adjustment for age (p=0.073), participation to organized physical activity
was not related to Sl after adjustment for age and sex (p=0.073) as well as area of residence
(p=0.159).

Variables that were correlated significant in simple statistical tests were entered in the general
linear model with a stepwise procedure to evaluate the contribution of the genetic
determinants of SOS and S| parameter along with the lifestyle and biochemical factors. The

models presented in tables 3, 4 were derived according to the above data (tables 3,4).
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Tablel. Descriptive characteristics of population and mean level of biochemical, QUS and lifestyle parameters, by rs11520772 and rs597319

genotype.
rs11520772 N=671 (%population) rs597319 N=478 (%population)

Variable AA AT 1T AA AT TT
MeantSD (59.5%) (32.0%) (8.5%) (42.3%) (44.8%) (13%)
25(OH)D (ng/mL) 20.33£7.99 20.46%7.69 18.10+7.21 20.6618.0 19.6+8.23 20.8917.53
PTH(pg/mL) 40.36#15.51° | 43.85+15.05 39.73+2.46 43.58+15.62 43.13+14.73 42.31+16.73
Age 50.81+13.49 50.12+12.77 50.67+12.88 52.16+12.93 52.82+12.83 50.57+12.46
BMI 27.68+5.37 27.91+5.49 27.6315.64 27.8615.15 27.8615.37 26.9415.29
BUA (dB/MHz) 113.53+17.17 113.52+15.11 111.52+18.60 114.2+17.2 110.8+16.24 109.06+14.63
SOS (m/s) 1558.56+36.49 | 1546.18+125.36 | 1511.07+239.14 1558.64+38.03 1534.72+174.73 1548.01+28.9
SI 90.52+19.00 91.084+19.28 86.521+21.84 92.2+16.67* 87.74+18.67 82.09+16.57*
Organized physical | 11.57+23.33 16.14+35.32 6.5+14.20 13.71+32.27 11.67+24.20 7.39+15.3
activity moderate and/or
vigorous (minutes/day)
TV watching or PC activity | 3.05+2.10 3.15+1.96 2.98+2.17 3.09+1.91 3.25+2.163 3.0+1.75
(hours/day)
Sun exposure summer | 13.04+10.91 13.03+11.66 12.54+11.9 12.17+10.71 12.88+11.6 14.22+12.71
(hours/day)

* ANOVA p-value<0.05
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Table 2: Mean levels of 25(0H)D, PTH and QUS parameters according to sex, age group, season

of blood sampling and area of residence.

25(OH)D PTH (pg/mL) | BUA SOS (m/s) Sl
(ng/mL) meanzSD (dB/MHz) meanzSD mean*SD
meantSD meantSD
Vitamin D category (%population)
25(0OH)D<20ng/mL | - 41.63+15.91 | 113.82+16.52 | 1545.95+115.0 [90.80+19.95
(53,7%) "
25(0OH)D=20ng/mL - 38.37+14.83 | 115.81+16.27 | 1560.86+37.31° [92.04+19.66
(46.3%) )

Sex (%population)

male 22.55+9.09 | 39.62+16.16 | 119.69+19.4 | 1558.35+155.86 (98.31+25.58
(11.97%) ) "
female 19.64+7.76 | 40.08+15.37 | 113.93+15.67 | 1552.23+70.10 [90.23+18.51
(88.03%) ) ) "

Age group (years) (%population)

18-50 20.58+8.09 | 35.60+14.09 | 119.35+15.74 | 1564.70+84.80 [98.85+18.67
(50.69%) ) ) " )

51-65 19.76+7.92 | 43.19+14.82 | 109.88+14.64 | 1538.56+98.8° [84.68+17.33
(36.95%) ) ) )

>65 18.31+7.42 | 48.52+16.03 | 104.67+16.26 | 1532.92+33.99° (76.15+17.11
(12.36%) " ) " )

Season (%population)

Winter-spring 19.18+7.73 | 42.47+14.92 | 113.61+17.25 | 1553.33+80.4 [90.05+19.86
(38.6%) ) ) 5

Summer - autumn | 20.56+8.11 | 38.56+15.69 | 115.05+15.9 | 1553.05+80.4 [92.35+19.73
(61.4%) ) ) 5

Area of residence

Urban 20.4+8.51° | 38.75+15.84 | 115.07+16.41 | 1549.44+99.4 (90.32+20.17
(71.51%) " 4

Rural 18.97+6.42 | 43.43+14.12 | 113.99+16.36 | 1562.9+38.11 [94.19+18.47
(28.49%) " )

Notes: p<0.05
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Table 4. Determinants of SOS parameter

Variable B (Standard errors)

Intercept 1563.389 (24.901)

rs11520772 (ref. TT-genotype)

AA 47.368 (18.272)
AT 34.414 (19.126)
Age (years) -1.067 (0.368) "
Adjusted R Squared 0.028

Notes: p<0.05, p<0.01,  p<0.001

Table 5. Determinants of SI parameter

Variable B (Standard errors)

Intercept 109.898 (4.412)

rs597319 (ref. GG-genotype)

AA 11.570 (2.971)
AG 7.738 (2.965)°
Age (years) -0.590 (0.073) "

Sex (ref. female)

male 5.697 (2.889)

Adjusted R Squared 0.197

***p-Value=0.00, **p-Value=0.02, *p-Value=0.05

DISCUSSION

Current study investigates how rs11520772 and rs597319 affect bone health parameters BUA,
SOS and Sl as well as serum Vitamin D levels, taking into consideration lifestyle parameters.

A Greek study of all age group women demonstrates that adulthood, BMI, and organized
physical activity are positive determinants of QUS parameters, these results are similar to the
results derived from simple associations in current study [28]. Although when the genetic factor
included in the linear model, the association of this phenotypes with QUS parameters failed to

reach the statistical significance.
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The rs11520772 is mapped to intronic regulatory region of TAX1BP1 gene on chromosome
7p15.2 (A—T). The rs11520772 polymorphism had been associated with BUA as derived from
discovery phase of GWAS meta-analysis in GEFOS/ GENOMOS consortium [11]. TAX1BP1 gene
was expressed in 27 tissues, especially in adrenal (RPKM 48.4) and thyroid (RPKM 48.2) and
there’s not been an identified mechanism of action on bone health. Tax1l binding protein 1
(TAX1BP1) gene encodes a HTLV-1 tax1 binding protein. The encoded protein interacts with
TNFAIP3, and inhibits TNF-induced apoptosis by mediating the TNFAIP3 anti-apoptotic activity.
Degradation of this protein by caspase-3-like family proteins is associated with apoptosis
induced by TNF. This protein may also have a role in the inhibition of inflammatory signaling
pathways [NCBI Gene ID 8887]. In ou population, wild type allele frequency is 0.755 and effect
allele frequency is 0.244. The corresponding frequencies as they resulted from 1000 Genome
project [18] are 0.815 for ‘A’ allele and 0.185 for ‘T’ allele for the European population and
0.898 and 0.102 for global population respectively. In the population of the OSTEOS study,
rs11520772 polymorphism is related with serum with the SOS parameter. Univariate General
Linear Model was used to evaluate the influence of genotype along with other statistical
significant lifestyle factors, on SOS values.

The rs597319 polymorphism located in 11q14.2 a novel locus at 11q14.2 (TMEM135, rs597319)
that was first identified as associated with heel QUS on GEFOS / GENOMOS consortium. The
new locus near the transmembrane protein 135 (TMEM135) gene, that was genome-wide
significant for both BUA and SOS. The TMEM135 gene was first identified in a human lung
adenocarcinoma cell line cDNA library. It has been suggested that it is critically involved in the
process of osteoblastogenesis from human multipotent adipose tissue-derived stem cells.
Marrow fat cells and osteoblasts share a common stromal precursor and there is currently
great interest in the role of increased marrow fat in osteoporotic conditions and the metabolic
inter-relationships between these neighboring cell types. In depth protein sequence analysis
showed that TMEM135 is a multi-transmembrane protein with seven transmembrane helices of
high confidence. Homologies exist

between TMEM135 and the transmembrane region of frizzled-4, a known component of the
Whnt signaling pathway. ENCODE project data show that two SNPs in the intronic region of
TMEM135 and close to our lead signal (rs502580 and rs603140, both with high linkage
disequilibrium with rs597319 [r? >0.92], and both highly associated with QUS outcomes in our

discovery cohorts [P ~ 1.3 x 10-7 for both]) are associated with changes in MIF-1 and Cartl
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motifs in osteoblastic cell lines. Interestingly, both of these transcription factors have been
previously shown to be associated with skeletal development and bone density. Furthermore,
TMEM135 was previously reported to be associated with longevity and walking speed in
humans. In summary, the associations observed in our study might be the results of direct
effects of increased osteoblastogenesis on heel bone properties, or indirect effects mediated
through increased mechanical loading of the calcaneum, associated with faster movements. In
our population, ‘A’ allele frequency is 0.646 and G allele frequency is 0.354. The corresponding
frequencies as they resulted from 1000 Genome project [18] are 0.707 for ‘A’ allele and 0.293
for ‘G’ allele for the European population and 0.543 and 0.457 for global population
respectively.

As identified by 3 GWAS meta-analysis, 6 genetic loci (GS: rs3755967, NADSYN1/ DHCR7:
rs12785878, CYP2R1: rs10741657, CYP24A1l: rs17216707, AMDHD1: rs10745742, SEC23A:
rs8018720), associated with 25(0OHD) levels and explain the 7.5% of heritability. The difference
between twin (50-80%) and GWAS studies may be due to influence by environmental
conditions [23-25]. In current study was not evaluated any association of genotypes with
vitamin D status.

SOS positive determinant is AA genotype and negative determinant is age. SOS is the main QUS
parameter that associated in several studies with bone quantity (BMD and bone mass) and
bone quality (microarchitecture, strength and elasticity) [27]. The mechanism witch above
parameters of bone may be influenced by the AA genotype of rs11520772, remains unknown.
The above determinants explain the 2.8% of SOS variability.

SI positive determinants are AA genotype of rs597319 polymorphism and male gender. Age is a
negative determinant. On GEFOS / GENOMOS consortium the rs597319 polymorphism was
genome-wide significant for both BUA and SOS. In the current only Sl was statistical associated
with this SNP. Sl is a combination of normalized SOS and BUA and is considered to improve the
variability of SOS and BUA. The different result between two cohorts probably exists due to the
small sample of our study. Gender and genotype explain the 19,7% of Sl variability.

This current study has several limitations: it is an observational, cross-sectional study and it is
not appropriate to draw causal effect implications or to generalize the results from this
population. Residual confounding may also exist because of unmeasured variables. Another

limitation of the study is the self-reported medical history and medication data. The study has
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also several strengths: it was contacted in a large national representative population of urban
and rural citizens, with a vast age range.

In the current study we try to evaluate the effect of several lifestyle factors as well as a genetic
factors were derived from GEFOS / GENOMOS consortium on QUS parameter and 25(0OH)D
status. It would be more informative, for a future study, if it included the dietary habits as
determinants of QUS and vitamin D status. Although Vitamin D status seems not to be
significantly influenced by vitamin D intake for the European race when it is included in the

same model with other lifestyles and genetic factors [29].

CONCLUSIONS

The effect of rs11520772 polymorphism on TAX1BP1 gene along with other environmental and
biochemical factors on SOS parameter in a sample of Greek population has been evaluated
from the current study. TAX1BP1 gene is expressed in a lot of tissues and more studies are
needed for the investigation of mechanism of action of this novel polymorphism on bone
health parameters. It has been also evaluated the effect of rs597319 polymorphism located

close to TMEM135 a gene recently linked to osteoblastogenesis and longevity.
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Table S1. Biochemical, anthropometric and QUS

Supplementary file

polymorphisms of OSTEQOS study

parameters according to genotype of 8

polymorphism | 25(0OH)D PTH BMI BUA SOS SI
Genotype mean + SD | mean * SD | mean +SD | mean = SD | mean * SD (p-| mean * SD
(frequency %) | (p-Value) (p-Value) (p-Value) (p-Value) Value) (p-Value)
rs11520772

AA (59.7) 20.33+£7,99 | 40.36+£15.51* | 27.68+5.37 | 113.53+17.17 | 1558.56£36.49* | 90.52+19.00
TA (31.8) 20.46+7.69 | 43.85+£15.05* | 27.91+5.49 | 113.52+15.11 | 1546.184+125.36 | 91.08+19.28
TT (8.6) 18.1047.21 | 39.73+2.46 27.63+5.64 | 111.52+18.6 | 1511.07£239.14* | 86.52+21.88
rs2908007

AA (32.7%) 20.5+7.98 | 43.76+15.96 | 27.445.14 | 111.9+15.09 | 1539.78+153.33 | 88.32+18.58
GA (48.7) 19.874£8.22 | 43.961£15.25 | 28.09+5.35 | 112.13+18.13 | 1548.12+116.86 | 88.79+£20.34
GG (18.6) 20.27+7.87 | 41.02+15.51 | 27.6415.44 | 111.85+14.3 | 1553.37+34.51 90.74+16.99
rs2982552

AA (37.6) 20.27+7.7 | 43.45+15 27.8+5.29 | 113.3+15.54 | 1558.56+35.71 90.54+19.2
GA (2.7) 20.38+8.23 | 42.86+15.5 27.5+5.12 | 111.74+16.4 | 1545.67+129.69 | 89.63+19.03
GG (19.7) 19.4948.43 | 44.161£15.9 28.35v5.73 | 110.24+18.75 | 1526.15+182.55 | 84.34+19.28
rs3000634

AA (73.5) 20.22+8.16 | 43.65+15.8 27.92+5.4 | 112.21+16.7 | 1540.71+138.81 | 88.05+18.78
GA (24.2) 20.08+7.72 | 42.8+14.16 27.54+5.15 | 112.33+16.5 | 1564.66+35.64 92.2+20.23
GG (2.3) 19.46+9.14 | 36.09+10.1 26.10+4.36 | 102.13+13.8 | 1538.76+32.44 83.78+£19.64
rs3020331

CC(35.2) 19.7848.9 | 44.13415.26 | 27.99+5.4 | 110.55+33.98 | 1550.91+33.98 86.66+18.0
TC (46.7) 20.47+7.67 | 42.03+15.72 | 27.4245.25 | 113.344+17.42 | 1540.29+172.6 91.47+20.0
TT (18.1) 20.11+7.38 | 44.81+14.31 | 28.3445.31 | 111.56+16.37 | 1554.14+39.18 87.02+19.06
rs597319

AA (42.3) 20.66+8.0 | 43.58+15.62 | 27.86%5.15 | 114.2+17.2 1558.64+38.03 92.2+16.67*
GA (44.8) 19.61£8.23 | 43.13+14.73 | 27.86+5.37 | 110.8£16.24 | 1534.72+174.73 | 87.74+18.67
GG (13.0) 20.89+7.53 | 42.31+16.73 | 26.94+5.29 | 109.06+14.63 | 1548.01+28.9 82.09+16.57*
rs7741021

AA (35.1) 20.24+8.4 | 44.03+15.0 27.57+5.24 | 109.82+14.99 | 1541.22+138.17 | 86.41+19.65
CA (46.8) 20.12+7.83 | 41.78+15.38 | 27.8745.41 | 114.37+17.77 | 1557.71+37.18 91.25+19.51
CC(18.1) 20.48+7.94 | 45.16+16.18 | 27.6945.13 | 110.64+15.83 | 1529.36+196.51 | 87.35+16.48
rs9292469

CC(36.9) 19.6748.53 | 41.45+14.74 | 27.63+5.17 | 110.69+£20.33 | 1525.89+£20.33 86.03+15.22
TC (48.2) 20.78+8.1 | 44.37+16.33 | 27.745.46 | 112.65%£17.43 | 1555.1£35.89 89.72+20.39
TT (14.9) 19.604£6.9 | 42.74+13.18 | 27.93+4.86 | 114.0£16.77 | 1563.64141.31 91.34+22.0

*p-Value <0.05

113




3.3 Consortia participation

3.3.1. Paper 4. This large- scale work extend the findings for central DXA derived BMD
phenotypes by searching for single nucleotide polymorphisms (SNPs) associated with heel QUS

or heel DXA measures across the human genome.

Key points

* A new locus on chromosome 11q14.2 (rs597319 close to TMEM135), significantly
associated with both BUA and VOS

* Totaly 9 polymorphisms associated with heel QUS phenotypes.
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Quantitative ultrasound of the heel captures heel bone properties that independently predict fracture risk and,
with bone mineral density (BMD) assessed by X-ray (DXA), may be convenient alternatives for evaluating osteo-
porosis and fracture risk. We performed a meta-analysis of genome-wide association (GWA) studies to assess
the genetic determinants of heel broadband ultrasound attenuation (BUA; n = 14 260), velocity of sound (VOS;
n=15514) and BMD (n = 4566) in 13 discovery cohorts. Independent replication involved seven cohorts with
GWA data (in silico n = 11 452) and new genotyping in 15 cohorts (de novo n = 24 902). In combined random
effects, meta-analysis of the discovery and replication cohorts, nine single nucleotide polymorphisms (SNPs)
had genome-wide significant (P < 5 x 10~8) associations with heel bone properties. Alongside SNPs within or
near previously identified osteoporosis susceptibility genes including ESR1(6q25.1: rs4869739, rs3020331,
rs2982552), SPTBN1(2p16.2: rs11898505), RSP03(6q22.33: rs7741021), WNT16 (7q31.31: rs2908007), DKK1
(10q21.1: rs7902708) and GPATCHT (19q13.11: rs10416265), we identified a new locus on chromosome
11q14.2 (rs597319 close to TWEM135, a gene recently linked to osteoblastogenesis and longevity) significantly
associated with both BUA and VOS (P < 8.23 x 10~ '%). In meta-analyses involving 25 cohorts with up to 14 985
fracture cases, six of 10 SNPs associated with heel bone properties at P< 5 x 10~ ° also had the expected direc-
tion of association with anyfracture (P < 0.05), including three SNPs with P < 0.005: 6q22.33 (rs7741021),7q31.31
(rs2908007) and 10qg21.1 (rs7902708). In conclusion, this GWA study reveals the effect of several genes common
to central DXA-derived BMD and heel ultrasound/DXA measures and points to a new genetic locus with potential
implications for better understanding of osteoporosis pathophysiology.

INTRODUCTION X-ray absorptiometry (DXA), which at peripheral skeletal

Bone structure in vivo has largely been evaluated using the
attenuation of a photon beam by hydroxyapatite, the principal
mineral inbone. Thisis positively related to the mass of hydroxy-
apatite in the path of the beam conventionally termed bone
mineral content and normalized to bone area to produce an
entity termed areal bone mineral density (BMD). To allow for
the reduced attenuation of the beam by overlying non-bone
tissues in central areas of the body, two photon beam energies
are used, resulting in a clinical technique termed dual-energy

sites is termed pDXA.

Over the past 60 years, ultrasonic material analysis has been
developed as a method of determining material properties of a
variety of structures. In the last 30 years, this methodology has
been applied to the in vivo assessment of bone structure and
fragility termed quantitative ultrasound (QUS). This consists
of the use of two separate ultrasound measurement techniques,
velocity of sound (VOS) and broadband ultrasound attenuation
(BUA). While much remains to be discovered about the exact
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physical determinants of QUS measures in the intact living cal-
caneum (1), cadaver studieshave established a strong correlation
of such indices with bone quantity and trabecular structure (2).
Assessment of bone properties in the heel using QUS can
predict the risk of prevalent osteoporotic fractures, such as
those in the spinal vertebrae, comparably with DXA of the
spine or hip, the so-called gold standard clinical techniques
(3-5). Pearson correlation coefficients of heel QUS or pDXA
with central DXA of the hip or spine in population-based
studies are modest, typically in the range of 0.4—0.6 (6). More-
over, twin- and family-based studies have found genetic correla-
tions of the order of 0.3—-0.6 and environmental correlations of
the order of 0.1-0.3 (7-9); yetrelative risk estimates for fracture
using QUS are of similar magnitude to those derived from central
DXA (5,10,11). A recent meta-analysis showed that heel QUS
predicts risk of various fractures (hip, vertebral and any clinical
fractures) independently from hip BMD (12). Overall, these
results suggest that QUS of the calcaneum might capture add-
itional genetic determinants of bone structure beyond those asso-
ciated with central DXA.

A genetic contribution to osteoporosis is well established with
heritability estimates reaching 84% for central BMD (13), 74%
for heel QUS (7,14), 47% for bone loss (15), and 48% for
hip fracture (16). Previous genome-wide association (GWA)
studies have identified several chromosomal regions associated
with BMD in the hip and lumbar spine regions (17,18). The most
recent meta-analysis of GWA studies, performed in the context
of the Genetics Factors for Osteoporosis (GEFOS) consortium,
identified 56 genome-wide significant loci (32 new) associated
with hip/spine BMD (19). Fourteen out of these 56 BMD-
associated loci were also associated with fracture risk in a
case—control meta-analysis involving ~31 000 fracture cases
among 133 000 individuals (19). Using data from the GEFOS
consortium, we aimed to extend the findings for central DXA-
derived BMD phenotypes by searching for single nucleotide
polymorphisms (SNPs) associated with heel QUS or heel
DXA measures across the human genome.

RESULTS

Participant characteristics are summarized in Table 1 and key
features of the discovery and replication phases are summarized
in Figure 1. In aggregate, the initial discovery phase meta-
analysis in 11 cohorts (Supplementary Material, Table S1) iden-
tified 42 loci of at least suggestive significance in relation to heel
bone measures, of which 9 overlapped with loci previously
found to be potentially associated with hip or spine BMD in
the GEFOS-BMD meta-analysis (19). Regional conditional ana-
lyses results were available for QUS measures from 9 cohotts
(comprising 7 of the initial discovery cohorts and a further
2 new cohotts that joined later). Based on the results of the con-
ditional analyses (that identified two secondary signals for the
QUS measures) and final combined meta-analysis of the uncon-
ditional results from all 13 discovery cohorts, a total of 25 inde-
pendent SNPs (Table 2) were selected for replication in the next
phase (i.e. in silico studies and de novo genotyping). Including
the two secondary signals, the selected SNPs comprise 15
SNPs that were primarily associated with either BUA or VOS,
and 12 SNPs that were associated with heel DXA BMD
(Table 2).
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Associations between the 15 SNPs that were considered for
replication primarily on the basis of their association with heel
BUA or VOS are shown in Figure 2. The SNP characteristics
are summarized in Table 2. In the combined meta-analysis of
the discovery and replication cohorts using a random-effects
model, 9 SNPs showed genome-wide significant associations,
of which 7 were previously reported to be associated with
cenfral DXA BMD (19). Two of the SNPs (157741021 and
rs2908007) also showed genome-wide significant association
with heel DXA BMD (Table 2). Three SNPs on chromosome
6q25.1 (rs4869739,1s3020331 and rs2982552) mapped to intron-
icorregulatory regions around the SR/ (estrogen receptor 1) and
CCDC170(coiled-coil domain containing 170, previously known
as C6orf97) genes (Fig. 3), and five other SNPs mapped to loci
within or near previously identified osteoporosis susceptibility
genes, including 2pl6.2 (SPTBNI, rs11898505), 6q22.33
(RSPO3, 1s7741021), 7q31.1 (WNTI6, 1s2908007), 10q21.1
(DKK1, 1s7902708) and 19q13.11 (GPATCHI, 1rs10416265).
We identified a new locus on chromosome 11q14.2 (TMEM]I35,
rs597319) significantly associated with both BUA and VOS
(P<<823x 10 ).

Subsidiary comparisons with fixed-effect meta-analysis
results (Supplementary Material, Table S2 and Figs S2 and S3)
suggested two additional genome-wide significant loci; one at
7p14.1 upstream of EPDRI (16974574, P << 4.92 x 10 ® for
BUA and VOS) and the other at 13ql4.11 upstream of
AKAPIT (rs9533090, P=5.33 x 10 ® for VOS), although
there was statistically significant between-study heterogeneity
in these two loci for the respective phenotypes (Supplementary
Material, Table S3), necessitating some caution in generalizing
the fixed-effect meta-analysis results. Figure 4 provides a com-
parison of the magnitudes of association of the 25 SNPs with
heel bone measures and central DXA BMD, suggesting general-
ly concordant associations in the overlapping genome-wide sig-
nificant or suggestive loci.

‘We further tested ifthe genome-wide significant or suggestive
genetic loci were associated with fracture risk based on data
available from 25 cohorts with up to 54 245 participants,
among whom there were 14 958 cases of any fracture (excluding
fractures of the skull and extremities, i.e. fingers and toes), 10
663 non-vertebral fractures and 3220 clinical vertebral fractures
(Supplementary Material, Table S4). Ten of 10 SNPs associated
with heel bone properties at P << 5 x 10 ¢ showed the expected
directions of association with any fracture outcome based on the
point estimates (Fig. 5). Furthermore, 6 of these 10 SNPs showed
nominally significant (P << 0.05) associations with fractures, in-
cluding three SNPs with P < 0.005 (i.e. corrected for multiple
comparisons using Bonferroni method) at 6q22.33 (1s7741021),
7q31.31 (xs2908007), and 10q21.1 (1s7902708). Fixed-effect
meta-analysis gave similar results (Supplementary Material,
Fig. S4).

Supplementary Material, Figure S5 presents forest plots of the
study-specific results and summary estimates by random-effects
meta-analysis for the 15 SNPs that were considered for replica-
tion primarily on the basis of their association with heel BUA or
VOS in GWA discovery meta-analysis, suggesting generally
consistent results across cohorts for a majority of the SNPs. Sup-
plementary Material, Figure S6 shows the regional association
plots within a one megabase window of the top SNP in each
locus in the GWA discovery meta-analysis, demonstrating
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Table 1. Characteristics of studies that contributed to GWAS discovery and replication of SNP associations with heel QUS/DXA BMD measures

Stage\cohort Country Demographics Heel QUS/DXA BMD outcomes
N Females  Ago(years)  Weight (kg)  Height(cm)  BUA (dB/MHz) VOS (ms) Heel BMD (g/enr’)
(%) Mean (SD) Mean (SD) Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD)
GWAS discovery
EPIC UK 2630 56 62.1(8.6) 80.5(15.4) 167 (9) 2630 83(19) 2630 1632 (40) - -
FHS USA 3229 58 64.6(11.9) 76.8(17.2) 166 (10) 3229 7321 3225 1548 (38) - =
HKOS China 730 100 48.7(15.4) 54.8(10.4) 155(7) 730 74(22) 730 1551(a1) = =
NSPHS06 Sweden 495 55 51.4(19.1) 71.9(12.8) 164 (10) 495 96(21) = - - -
RSI Netherlands 1615 54 66.5(8.2) 74.3(11.8) 169 (9) 1615 112(13) 1615 1525 (37) = -
SHIP Germany 1198 54 58.0(13.5) 80.2(15.8) 168 (9) 1198 115(15) 1198 1565 (35) - -
SHIP-TREND Germany 6387 56 50.8(13.6) 78.7(15.1) 170 (9) 687 116 (14) 687 1571(33) - -
TWINSUK1 UK 1701 100 46.2(12.1) 65.8(12.5) 163 (6) 1701 76 (18) 1701 1658 (49) - -
TWINSUK23 UK 1975 100 46.9(12.5) 66.1(12.2) 163 (6) 1975 76(18) 1975 1653 (50) - =
H2SS Korea 1753 53 60.8(6.6) 61.9(10.0) 158 (8) - & 1753 1591 (45) o -
AGES Iceland 3179 58 764 (5.4) 75.8(14.3) 167 (9) - - - - 3179 0.491(0.152)
CroatiaKorcula Croatia 878 64 56.3(14.2) 79.0(14.2) 168 (9) = = = - 878 0.443 (0.098)
CroatiaSplit Croatia 499 57 49.3(14.7) 80.6(16.3) 172(9) - - - - 499 0.459(0.101)
Subtotal 20569 66 603(11) 73.3(14.1) 165 (%) 14260 86(18) 15514 1593 (42) 4556 0.478(0.138)
In silico replication
AOGC* Australia/UK" 1955 100 69.6 (8.6) 69.6(17.3) 158 (16) = = 7= s o= =
B-PROOF Netherlands 1092 59 74.0(6.7) 76.0(12.4) 168 (9) 1092 69(17) 1091 1535(32) = -
HABC USA 1493 48 74.8(2.9) 73.8(14.3) 167 (%) 1493 73(18) 1493 1541 (30) - -
MICROS Ttaly 588 45 46.0(16.6) 70.2(14.9) 167 (9) 588 73(16) 588 1544 (29) - -
MrOS-USA USA 3925 0 73.9(5.9) 83.1(12.7) 175(7) 3925 79(17) 3925 1551 (30) -
SOF USA 2103 100 80.1(4.2) 66.3(12.5) 158 (6) 2103 59(17) 2103 1527 (30) - e
YFS Finland 1265 58 37.9(5.0) 75.8(15.5) 172(9) 1265 80(16) 1265 1559 (29) 1250 0.560(0.110)
HCS-AUS Australia 986 49 66.2(7.6) 79.4(15.5) 166 (9) - - - - 986 0.538(0.166)
Subtotal 13407 52 69.2(6.9) 75.4(14.2) 167(9) 10466 73(17) 10465 1544 (30) 2236 0.550(0.138)
De novo replication
AUSTRIOS-B Austria 448 85 83.6(5.9) 62.0(12.3) 156 (8) 448 90(17) 448 1496 (36) - -
CABRIO-C Spain 1274 62 624(9.2) 73.7(13.1) 161(8) 1274 70(23) 1273 1545 (41) = =
CAIFOS Australia 1113 100 80.0(2.6) 67.5(12.1) 157 (6) 1113 101 (9) 1113 1516 (28) - -
CALEX-FAM Finland 983 79 37.0(22.4) 64.3(16.9) 164(11) 983 83(16) - - - -
EMAS Europe® 2870 0 59.9(11.0) 83.1(13.6) 173(D 2870 80(19) 2870 1550 (34) - -
EPICNOR UK 5723 54 63.6(9.2) 73.2(12.4) 167 (9) 5723 79 (20) 5718 1638 (43) - -
EPOLOS Poland 684 56 53.4(16.0) 73.2(13.7) 166 (10) 684 112(13) 684 1548 (35) -
FLOS Ttaly 1000 84 59.8(12.7) 64.8(12.3) 163(9) 1000 58(7) 1000 1503 (83) - -
GEOS Canada 5495 100 55.8(103) 65.4(11.9) 158 (6) 5495 111 (10) 5495 1546 (32) = =
LASA Netherlands 894 51 75.6(6.5) 74.2(12.6) 166 (9) 894 71(20) 894 1611 (44) -
MrOS-SWE Sweden 1718 0 754(3.2) 80.6(12.0) 175(7) 1718 8121 1718 1555 (38) = -
OPRA Sweden 821 100 75.2(0.1) 67.6(11.3) 160 (6) 821 102(10) 821 1523(27) = N
OSTEOSII Greece 307 87 50.5(12.6) 74.1(15.7) 163(7) 307 112(16) 307 1556 (36) - -
PEAK2S Sweden 857 100 25.5(02) 64.5(11.2) 168 (6) 857 118 (10 857 1575(32) - -
SWS UK 715 100 297(3.7) 72.4(14.8) 163(7) 714 72(13) 715 1548(27) - -
Subtotal 24902 64 60.2(10.0) TL6(12.7) 165(8) 24901 89(16) 23913 1568 (40) - -
Total 58878 62 623(9.7) 73.0(13.6) 165(8) 49627 85(17) 49 892 1570 (39) 6792 0.502(0.138)

*The AOGC cohort contributed to in silico lookups of SNP-fracture associations only.

The EMAS study comprises cohorts in Belgium, Estonia, Hungary, ltaly, Poland, Spain, Sweden and UK.
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SNPs for replication.

Discovery (Part I)
GWAS meta-analysis of 11 cohorts
42 loci with SNPs attaining p < 5 x10¢ considered for further
regional conditional meta-analysis to select independent

A

y

Discovery (Part Il)

Regional conditional meta-analysis in 9 cohorts (7 of the above cohorts and
2 new cohorts) and final meta-analysis of the unconditional estimates from
all 13 discovery cohorts
+25 SNPs selected for replication, comprising 23 SNPs with p < 5 x10¢ and 2

secondary signals at 6g25.1 and 7p14.1 (Table 2).
+15 SNPs were primarily associated with BUA or VOS (Table 2).
+12 SNPs were primarily associated with HDXA (Table 2).

A

SNPs in current effort.

Replication
«In silico lookups for all 25 SNPs in 7 cohorts with QUS data and GWAS.
*7 SNPs were in high to moderate linkage disequilibrium (LD) with SNPa previously
de novo genotyped in GEFOS/GENOMOS for replication of associations with central
DXA BMD (r>>0.8 for 6 SNPs, and r>0.6 for 1 SNP), hence were used as proxy

*9 SNPs were centrally de novo genotyped in 15 GEFOS/GENOMOS cohorts.

Figure 1. Flow chart summarizing key features of the discovery and replication phases.

strong credible association signals for a number of SNPs under-
lying the loci selected for replication.

Subsidiary investigation of potential sex differences in the
association of SNPs and heel BUA or VOS measures did not
reveal convincing evidence of potentially important differences,
considering the secondary nature of the hypothesis and multiple
comparisons done (Supplementary Material, Fig. S7).

DISCUSSION

This is the first large-scale collaborative GWA study for heel
bone properties assessed by quantitative ultrasound and DXA
of the heel. Its conception was inspired by the observational
evidence of association of heel QUS measures and fracture
risk (12), independent of central DXA BMD measures (20),
demonstration of a reasonably high genetic heritability of heel
QUS measures (7), and suggestions of pleiotropic effects of
genes in the determination of bone phenotypes (8). Indeed,
consistent with the expected similarities and differences in the
physical properties of bone determined by DXA and QUS and
prior evidence of moderate genetic correlations between the
measures (7-9), we found evidence for some genetic loci
common to heel QUS measures and central DXA BMD as well
as a novel locus for heel QUS at 11ql4.2 (TMEMI35,
18597319) that had not been previously identified as associated
with BMD or other bone phenotype.

Seven of nine genome-wide significant loci found in the
present study were previously reported to be associated with
BMD of'the hip and/or spine (Fig. 4). This complements our pre-
vious findings (17-19) and lends support to the hypothesis of
partially shared genetic determinants between QUS and BMD
measures (7—9). A comparison of the standardized effect sizes
(Fig. 4) also revealed existence of some quantitative differences
for some SNPs. For example, in the 7q31.31 locus (WNTI6), the
effect of 152908007 on heel measures was about three times as
great as its effect on hip or spine BMD, supporting Karasik
et al.’s finding that there is significant pleiotropy in the effects
of genes on bone phenotypes at different measurement sites
(8). Similar quantitative differences were also observed for
187741021 at the 6q22.33 locus (RSPO3). In the absence of
bias and assuming minimal type II errors (ie. adequate
power), such quantitative differences in effect sizes of SNPs at
different skeletal sites might indicate heterogeneity in genetical-
ly mediated responses of the skeleton to environmental stimuli,
including for example, ground reaction forces that are particular-
ly high at the heel but are dampened at more proximal sites such
as the lumbar spine (21,22).

Perhaps the most intriguing finding was that we identified
a new locus for bone phenotypes on chromosome 11q14.2
(rs597319) near the transmembrane protein 135 (TMEMI35)
gene, that was genome-wide significant for both BUA and
VOS. The TMEMI35 gene was first identified in a human lung
adenocarcinoma cell line ¢cDNA library (23). It has been
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Table 2. Summary of P-values for association of SNPs in 25 loci with heel BUA, VOS or heel DXA BMD in GWAS discovery/replication meta-analysis

Locus SNP Closestgene  Genetic function Discovery P-values” Replication P-values” Combined P-values”
BUA vos DXA BUA vos DXA BUA vOs DXA
Combined P < 5  107% 9 cohorts, 14 258 participants 21 cohorts, 35 082 participants 30 cahorts, 49 335 participants
2p162 1311898505 SPTBNI Intronic, regulatory region. 7.78X107%  2.92x107%  7.68x107°  6.66X107'* 1.10x107*  9.63x107 4.24x107'* 625x107% 2.65x107"
6q2233 157741021  RSPO3 Intronic, regulatory region 8.52X1077  1.72X1077  7.69x107°  119x107'% 2.54x1073' 149x107° 9.26x1073' 9.58x107* 4.11x107°
6q25.1 154869739 CCDCI70  Intronic 525%107 475x107" 7731071 1.02x107°  3.92x107%  3.82x1070 1.93x107°  2.64x107* 121x107?
6q25.1  133020331°  ESRI Intronic 127%107  794%107%  2.01x107*  3.04x107'* 3.79x107" 195x107" 2.91x10™° 6.64x107* 1.26x107°
6q25.1 12982552 ESRI Intronic, regulatory region  2.87x1072  331x107°  3.83x107*  616X1077 L14x107** 1.00x107} 170x107'° 732x107' 121x10~*
7q3131 152908007  WNTI6 Upstream 859%1077 5.02x107 431107 131x107% 2.06%107Y 34721077 432x107% 1.62x107F  1.34x107°
10g21.1 157902708  MBL2/DKKI Intronic 823x107°  146x1077 951x107" 1.02x107% 6.99x107° 260x107° 1.30x107% 529x107*% 247x107!
11q142  rs597319  TMEMI135  Intromic 262x107°  LISXI0°®  5.05x107° 201x10777 2.70%x10777 220x107° 8.23x107M 4.86x107% 3.05x107¢
19q13.11 1510416265 GPATCHI ~ Non-synonymouscoding  8.30X1077  299x107%  1.15x1077 584x107% 292x107° 345x107" 2.37x107'* 4.08x107? 6.72x1072
Combined P > 5x10~% 9 cohorts, 14258 participants 21 cohorts, 35 082 participants 30 cohorts, 49 335 participants
5pl33 19292469  APRS Upstream 3.09%107° 6011071 927x1070  595x1071  169x1071  9.96x1070 143x107 6.12x107 9.42x107!
7152 111520772 TAXIBPI Intronic 9.71x1077 484107 6242107 843x107%  132x1077  548x1077 2.86x107* 7.07x107° 879x107!
7pl4)  156974574°  EPDRI Upstream 5812107 134x107°  2.56x107% 251x107* 484%107F  7.31x1070 825x107° 389x107° 9.25x107}
71123 1538664 UPK3B Intronic 9.10x107%  152x107° 660x1070 439x1072 158x1077 535x1070 325x107* 1.02x1077 879x107!
13q123 153000634  USPLI Upstream 210%107°  127x1077  2.18x1077  680x107°  1.91x107!  538x107" 8.12x107 800x1072 1.70x107!
13q14.11 159533090  AKAPII Upstream 378x107  S04x107°  5.05X107% 7.60x107°  244x107% 6441070 1.02x107F  140x107°  6.97x107}
16g24.1 157188801  FOXLI Upstream 332x107%  3.09%10°°  2.16x1077  391x107"  1.66x1072  548x1070 9.70x107°  7.62x10°°  2.90x1072
9 cohorts, 14258 participants 6 cahorts, 10 466 participants 15 cohorts, 24 723 participants
2p21 1517032452 CAMKMT  Intronic 873%107"  530x10 LIAX107® 549x10~' 424107 3.59%107 626x10 9.67%10 156x10~
3pl42 16414591 C3orf67 Upstream 3491071 239x%1070  1L72x107° 1311070 9.03x1077  683x1070 7.86x1071 8.17x1070 922x1072
5312 1311959305 TGFBI Intronic 1892107 18221072  6.84x10™" 652107 280x107" 8.61x107' 84721072 7.74x107° 115x107!
7plS3  1s7787266  STEAPIB Intronic 4.08x107"  493x1070  2.53x107% 293x107' 3.14x107'  621x107' 1.97x107) 270x107' 9.71x107}
9q2133 1510868487 GASI Downstream 6.10x107"  381x1077  237x107° 261x1071 250x107 7.03x1070 8.57x107 7.46x1071 8.92x1072
13g31.1 159574655  SPRY2 Downstream 2581071 138x1077  9.09x107* 859x107 6.43x107" 86721077 $81x107 472x107 3.50x107!
16q122 15923220  IRXYS Upstream 1242107 798x107  6.05x1077 785x107' 728x107' 9.34x107' 258x1072 395107 1.56x107*
2091122 153746429  EDEM2 Missense variant 442x1077 827x1071  3.80x1077 207x107)  9.14x1072 335x107) 7.23x107) 393x107) 4.35x107*
21q222 152836789  FLJ45139  Upstream 1.56x107"  136%1072  1.51x107% 209x107° 4.00x107  5.07x107" 3.77x107 227x107° 1.57x107}
P-values smaller than the genome-wide significance threshold (P < 5 x 10™%) or suggestive significance threshold (P < 5 » 10~ are indicated in bold typeface”.
The association statistics for a new locus at ckr 11142 are italicized.
“The P-values in the GWAS discovery are based on a fixed-effect meta-analysis model, while those in the replication and combined analyses are based on a mndmn<ﬂeclsmela»amlysns model.
"The number of cohorts and participants contributing to the analysis of each SNP at each stage slightly varied depending on quality control filters as well as ordenovo of the

particular SNP. Figure | and Supplementary Material, Figure S3 show the exact numbers that were available for each SNP at each stage for the confimed loci.

“Secondary signals at the discovery phase following conditional analyses within the region (see Supplementary Material, Fig. S6 for the regional association plots).
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SNP\ N N Allele  Freq
Stage Cohorts  Subjects b b Beta (95% Cl) P-value
2p16.2: chr02 54.5mb 511898505
Discovery 9 G 0.66 il -0.06 (-0.08,-0.04) 7.78e-08
Replication 15 22220 G 0.63 L -0.07 (-0.09, -0.05) 6.66e-12
Combined 24 36478 G 0.64 - -0.06 (-0.08, -0.05) 4.24e-13
5p13.3: chr05 32.9mb rs9292469
Discovery 9 14140 T 0.35 —— 0.05 (0.03, 0.07) 3.09e-06
Replication 21 34390 T 0.34 - -0.00 (-0.02,0.01)  5.95e-01
Combined 30 48530 F 0.34 L 0.01(-0.00, 0.03) 1.43e-01
6q22.33: chr06 127.5mb rs7741021
Discovery 9 14202 C 0.47 - 0.04 (0.03, 0.06) 8.52e-07
Replication 21 34804 Cc 0.47 - 0.07 (0.05, 0.08) 1.19e-18
Combined 30 49006 Cc 0.47 - 0.06 (0.05, 0.07) 9.26e-21
6g25.1: chr06 151.9mb rs4869739
Discovery 9 14256 F 0.31 — -0.07 (-0.10,-0.05)  5.25e-10
Replication 15 19126 1 0.30 —— -0.05 (-0.08,-0.02)  1.02e-03
Combined 24 33382 T 0.31 —— -0.06 (-0.08, -0.04)  1.93e-09
6q25.1: chr06 152.1mb rs3020331
Discovery 9 14256 F 0.42 .l 0.02 (0.01, 0.04) 1.27e-02
Replication 21 35079 T 0.43 —— 0.07 (0.05, 0.09) 3.04e-10
Combined 30 49335 T 0.43 - 0.06 (0.04, 0.07) 2.91e-09
6q25.1: chr06 152.1mb r52982552
Discovery 9 G 0.48 - -0.02 (-0.04,-0.00) 2.87e-02
Replication 21 35011 G 0.45 - -0.06 (-0.08,-0.05) 6.16e-17
Combined 30 49054 G 0.46 - -0.05 (-0.07,-0.04)  1.70e-10
7p15.2: ¢hr07 27.7mb rs1 1520772
Discovery 8 % 0.16 —— -0.08 (-0.12,-0.05) 9.71e-07
Replication 21 35168 b 0.17 —i— -0.02 (-0.04,0.00)  8.43e-02
Combined 29 47978 T 0.17 - -0.04 (-0.06,-0.02) 2.86e-04
7p14.1: chr07 38.1mb 156974574
Discovery 9 T 0.69 —— 0.04 (0.01, 0.07) 5.81e-03
Replication 14 21590 CT 0.68 —— 0.05 (0.02, 0.07) 2.51e-04
Combined 23 33987 CcT 0.69 —— 0.04 (0.02, 0.06) 8.25e-05
7q11.23: chr07 76.2mb rs38664
Discovery 9 14177 T 0.39 —— -0.04 (-0.06,-0.01) 9.10e-04
Replication 6 10466 T 0.39 —l— -0.03 (-0.07, -0.00)  4.3%e-02
Combined 15 24643 T 0.39 —— -0.04 (-0.07,-0.02) 3.25e-04
7q31.31: chr07 120.7mb rs2908007
Discovery 9 12576 G 0.41 il 0.13 (0.11, 0.16) 8.59e-21
Replication 21 35082 G 0.40 —— 0.14 (0.1, 0.17) 1.31e-22
Combined 30 47658 G 0.40 —— 0.14 (0.12, 0.16) 4.32e-35
10921.1: chr10 54.1mb rs7902708
Discovery 9 G 0.89 e — 0.05 (0.01, 0.09) 8.23e-03
Replication 14 21693 G 0.89 —— 0.09 (0.06, 0.13) 1.02e-08
Combined 23 35942 G 0.89 —— 0.07 (0.05, 0.10) 1.30e-08
11q14.2: chr11 86.5mb 8597319
Discovery 9 14047 G 0.33 i -0.04 (-0.07,-0.02) 2.62e-04
Replication 21 34956 G 0.31 sl -0.07 (-0.09,-0.05) 2.01e-12
Combined 30 49003 G 0.31 - -0.06 (-0.07,-0.04) 8.23e-14
13q12.3: chr13 30.2mb r53000634
Discovery 9 G 0.09 —_— 0.09 (0.05, 0.13) 2.10e-05
Replication 21 35265 G 0.09 —— -0.04 (-0.06,-0.01) 6.80e-03
Combined 30 49394 G 0.09 —— 0.00 (-0.03, 0.03) 8.12e-01
16q24.1: chr16 85.3mb rs7188801
Discovery 9 G 0.83 —— 0.06 (0.03, 0.09) 3.32e-04
Replication 15 19124 AG 0.82 —t— 0.01(-0.02, 0.04) 3.91e-01
Combined 24 33252 AG 0.82 o 0.03 (0.01, 0.06) 9.70e-03
19q13.11: chr19 38.3mb rs10416265
Discovery 9 14252 G 0.28 — 0.06 (0.04, 0.09) 8.30e-07
Replication 15 19140 cG 0.27 —— 0.06 (0.04, 0.09) 5.84e-08
Combined 24 33392 cG 0.27 - 0.06 (0.05, 0.08) 2.37e-13
I I I I [ I
03 0.1 0.2 0.3
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Figure2. Summary of SNP associations with heel BUA or VOS in GWAS discoverymeta-analysis and replication in independent samples of participants. The pooled

estimates in the GWAS discovery are based on a fixed-effect meta-analysis mode

1, while those in the replication and combined analyses are based ona random-effects

meta-analysis model. Allele b indicates the effect allele, and the presence of two alleles in this column indicates that a proxy SNP with % > 0.8 (except for 16924.1

locus for which #* = 0.6) was used for the replication analyses.

suggested thatit is critically involvedin the process of osteoblas-
togenesis from human multipotent adipose tissue-derived stem
cells (24). Marrow fat cells and osteoblasts share a common
stromal precursor and there is currently great interest in the

role of increased marrow fat in osteoporotic conditions and the
metabolic inter-relationships between these neighboring cell
types (25). In depth protein sequence analysis showed that
TMEMI35 is a multi-transmembrane protein with seven
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SNP\ N N Allele  Freq
Stage Cohorts  Subjects b b Beta (95% CI) P-value
2p16.2: chr02 54.5mb rs11898505
Discovery G 0.68 =l -0.06 (-0.08,-0.04) 2.92e-08
Replication 14 21237 G 0.63 —— -0.04 (-0.06,-0.02) 1.10e-04
Combined 23 36747 G 0.65 - -0.05 (-0.07,-0.03)  6.25e-06
5p13.3: chr05 32.9mb rs9292469
Discovery 9 15392 T 0.36 —— 0.03 (0.01, 0.05) 6.01e-03
Replication 20 33405 T 0.34 = -0.01(-0.03,0.00)  1.69e-01
Combined 29 48797 35 0.34 - 0.00 (-0.01,0.02) 6.12e-01
6q22.33: chr06 127.5mb rs7741021
Discovery 9 15455 C 0.48 - 0.05 (0.03, 0.06) 1.72e-07
Replication 20 33818 C 0.47 et 0.07 (0.06, 0.09) 2.54e-21
Combined 29 49273 (o3 0.47 - 0.06 (0.05, 0.08) 9.58e-20
6q25.1: chr06 151.9mb rs4869739
Discovery 9 15509 T 0.37 —— -0.08 (-0.10, -0.05)  4.75e-11
Replication 14 18140 T 0.30 — -0.07 (-0.10,-0.05)  3.92e-08
Combined 23 33649 T 0.33 - -0.07 (-0.09,-0.06) 2.64e-18
625.1: chr06 152.1mb rs3020331
Discovery 9 15509 T 0.38 —— 0.04 (0.02, 0.06) 7.94e-06
Replication 20 34091 25 0.43 - 0.08 (0.06, 0.09) 3.79e-17
Combined 29 49600 7§ 0.42 - 0.07 (0.05, 0.08) 6.64e-15
6q25.1: chr06 152.1mb rs2982552
Discovery 9 15296 G 0.52 - -0.04 (-0.06,-0.03) 3.30e-06
Replication 20 34027 G 0.46 - -0.07 (-0.09, -0.06) 1.14e-18
Combined 29 49323 G 0.48 - -0.07 (-0.08,-0.05) 7.32e-16
7p15.2: chr07 27.7mb rs11520772
Discovery 7 T 0.16 —— -0.06 (-0.09, -0.03)  4.84e-04
Replication 20 34177 i 0.17 - -0.02 (-0.04,0.00)  1.32e-01
Combined 27 46490 T 0.16 ol -0.03 (-0.04,-0.01) 7.07e-03
7p14.1: chr07 38.1mb rs6974574
Discovery 9 13650 T 0.69 —— 0.06 (0.03, 0.09) 1.34e-05
Replication 13 20608 CcT 0.68 e 0.05(0.01, 0.08) 4.84e-03
Combined 22 34258 cT 0.68 —— 0.05 (0.03, 0.08) 3.89%e-05
7q11.23: chr07 76.2mb 1538664
Discovery 5428 i 0.40 —— -0.05 (-0.07,-0.03) 1.52e-06
Replication 6 10465 T 0.39 o -0.04 (-0.07,-0.01)  1.58e-02
Combined 15 25893 i 0.40 - -0.05(-0.07,-0.03) 1.01e-07
7931.31: chr07 120.7mb rs2908007
Discovery 9 13827 G 0.42 —— 0.14 (0.11, 0.16) 5.02e-23
Replication 20 34102 G 0.40 —— 0.16 (0.13, 0.18) 2.06e-39
Combined 29 47929 G 0.41 - 0.15(0.13,0.17) 1.62e-59
10921.1: chr10 54.1mb rs7902708
Discovery 9 5500 G 0.88 — 0.09 (0.06, 0.13) 1.46e-07
Replication 13 20708 G 0.89 —— 0.10 (0.06, 0.13) 6.99e-09
Combined 22 36208 G 0.88 — 0.09 (0.07, 0.12) 5.29e-15
11q14.2: chr11 86.5mb r5597319
Discovery 9 15299 G 0.36 —— -0.06 (-0.09, -0.04) 1.18e-08
Replication 20 33971 G 0.31 - -0.07 (-0.09, -0.06) 2.70e-17
Combined 29 49270 G 0.33 - -0.07 (-0.08, -0.06) 4.86e-26
13q12.3: chr13 30.2mb 63000634
Discovery G 0.09 —— 0.10 (0.06, 0.14) 1.27e-07
Replication 20 34278 G 0.09 — -0.02 (-0.04,0.01)  1.91e-01
Combined 29 49660 G 0.08 T8 0.03 (-0.00, 0.06) 8.00e-02
16q24.1: chr16 85.3mb 57188801
Discovery 9 1537 G 0.80 —— 0.07 (0.04, 0.10) 3.09e-06
Replication 14 18140 AG 0.82 e 0.03 (0.01, 0.06) 1.66e-02
Combined 23 33519 AG 0.81 —— 0.05 (0.03, 0.07) 7.62e-06
19q13.11: chr19 38.3mb rs10416265
Discovery 9 15505 G 0.35 —— 0.07 (0.04, 0.09) 2.99e-08
Replication 14 18152 CG 0.27 — 0.05 (0.03, 0.08) 2.92e-05
Combined 23 33657 cG 0.30 - 0.06 (0.04, 0.08) 4.08e-12
I [ I I I I
03 02 02 0.3
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Fig. 2 Continued

transmembrane helices of high confidence. Homologies exist
between TMEMI35 and the transmembrane region of frizzled-4
(24), a known component of the Wnt signaling pathway (26).
ENCODE project (27) data show that two SNPs in the intronic
region of TMEMI35 and close to our lead signal (rs502580
and rs603140, both with high linkage disequilibrium with

18597319 [* >0.92], and both highly associated with QUS out-
comes in our discovery cohorts [P ~ 1.3 x 10 7 for both]) are
associated with changes in MIF-1 and Cart] motifsin osteoblast-
ic cell lines. Interestingly, both of these transcription factors
have been previously shown to be associated with skeletal devel-
opment and bone density (28,29). Furthermore, TMEMI35 was
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Figure 3. Association of SNPs at chromosome 6¢25.1region withheel BUA, VOS, and heel DXABMD in meta-analysis of discovery cohorts before (left column) and
after (right column) adjusting for the most significant SNP in the region (i.e. unconditional and conditional analyses respectively); as well as the unconditional results
foranovellocus forheelbone propertiesatchromosome 11q14.2. (The conditional analyses led to the identification of the highlighted secondary signal forassociation
of 6q25.1 with VOS. Conditional analyses results forheel DXA BMD were notavailable from the three relevant discovery cohorts. Color versions of the above figures

have been made available in Supplementary Material, Fig. S6.).

previously reported to be associated with longevity in Caenor-
habditis elegans models (30) as well as with longevity and
walking speed in humans (31). In summary, the associations
observed in our study might be the results of direct effects of
increased osteoblastogenesis on heel bone properties, or indirect
effects mediated through increased mechanical loading of the
calcaneum, associated with faster movements.

The other genetic loci with significant associations with heel
bone measures have previously been reported to be associated

with BMD or fractures. The ESR/ gene has been shown to be
related to osteoporosis susceptibility in both candidate gene
(32) and GWA studies (18,33). SNPs in SPTBN! gene were
significantly associated with central DXA BMD in a previous
meta-analysis of GEFOS cohorts (18), as were SNPs in WNT16,
DKKI, and GPATCHI genes in the recent GEFOS-BMD
meta-analysis (19). The RSPO3 gene hasrecently been suggested
as a bone-related locus by a GWA study of extreme low and high
BMD populations (34). The spectrin, beta, non-erythrocytic
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Figure 4. Comparison of magnitudes of associations of 25 SNPs with heel bone
properties and central DXA BMD. The SNP associations with central DXA BMD
are based on lookup of previously published results from GEFOS.

1 (SPTBNI) gene located at chromosome 2p16.2 codes for the
B-subunit of spectrin, which is a molecular scaffold protein essen-
tial in linking plasma membrane to the actin cytoskeleton. Spec-
trin plays an important role in determination of cell shape,
positioning of transmembrane proteins, resilience of membranes
to mechanical stress, and organization of organelles and molecu-
lar traffic in cells. B-Subunits coded by SPTBN/ are responsible
for most of the spectrin-binding activity. Despite several GWA
studies confirming the association between SPTBN/ and osteo-
porosis (18,19,33,35), itsrole in bone pathophysiology is unclear.

The estrogen receptor 1 (ESRI) gene located at chromosome
6q25.1 codes for the estrogen receptor type 1 (also known as
ER-a). Two isoforms of estrogen receptors in humans (o and
{3) are encoded by two different genes (SR and ESR2) and

have distinct tissue and cell patterns of expression. Estrogen
receptor is a DNA-binding transcription factor that regulates
the activity of many different genes. Estrogen is well known
to inhibit bone resorption through both direct and indirect
actions on osteoclasts, and it is a major anabolic steroid in
bone, particularly evident in the establishment of peak bone
mass. Postmenopausal bone loss is complex, involving many
genetically regulated processes. After menopause, bone is lost
rapidly but variably for several years by most women as osteo-
clastic bone resorptive activity increases in association with
osteocyte apoptosis (36). In an osteoporosis GWA study by
deCODE Genetics in 2008 (33), several markers close to ESR/
were reported to show association with BMD, including intronic
variants and upstream SNPs close to CCDCI70 (previously
known as C6orf97). This association was replicated in both
GEFOS-BMD meta-analyses (18,19), and we found three-
independent SNPs in this region associated with heel BUA and
VOS. Most recently, this locus has been shown to be more
associated with cortical volumetric BMD (as opposed to trabecu-
lar BMD), which implies arole of £SR{ products in osteoblasto-
genesis and cortical porosity (37).

The wingless-type MMTV integration site family, member 16
(WNTI6) gene located at chromosome 7q31.31 is part of the
Wnt/LRP pathway, which is a known major anabolic pathway
in bone (38). The effects of activation of this pathway include
differentiation of mesenchymal precursors into osteoblasts,
osteoblast proliferation, bone mineralization, and avoidance
of osteoblast apoptosis, and inhibition of osteoclastogenesis
through effects on expression of OPG and RANKL. Other
members of this pathway such as LRPS5, LRP4, SOST, WLS,
DKKI and CTNNBI! have previously been associated with
BMD at genome-wide significance level (18,19,33,35).

The variant 1s7902708 on chromosome 10q21.1 locates
between the MBL2 and DKKI genes and is in close linkage
disequilibrium with another SNP in this locus (rs1373004,
R?=0.87 in HapMap CEU population) that was previously
found to have a significant association with BMD and fracture
risk in GWA meta-analyses (19). Since the MBL2 (mannose-
binding lectin 2) gene product is active in the innate immune
systern, it is more likely that these variants have a cis regulatory
effects on Dickkopf-1 (DKKT), which is a known Wnt signaling
pathway inhibitor (39). Several functional studies have showed
the role of DKK] in osteolytic bone lesions in patients with
advanced multiple myeloma (40) and its inverse relationship
with bone mass has been shown in knockout mouse models
(41). A similar relationship to the Wnt signaling pathway has
also been proposed for the RSPO3 gene (21). Although
GPATCHI was also found to be associated with hip and spine
BMD in a previous GEFOS meta-analysis (19), there isno func-
tional information about it in genomic databases.

Caution must be exercised in interpreting the results of the heel
DXA BMD analyses because there were less than 7000 partici-
pants contributing to the combined meta-analysis. The obtained
results, however, were consistent with the work of Portero et al.,
suggesting that heel DXA BMD and BUA measure comparable
properties of the calcaneum, which reflect the amount of bone
mineral in the field of view of the detector (2).

While the current study had limited statistical power in the
meta-analysis of SNP associations with fracture outcomes, it
was nevertheless encouraging to observe nominally statistically
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N N Fx Allele Freq
Outcome Cohorts Subjects cases b b OR (95% ClI) P-value
2p16.2: chr02 54.5mb rs11898505
FXANY 22 48449 14384 G 0.64 | 1.04 (1.01,1.07) 0.023
FXNONVERT 20 45827 10387 G 0.64 —t—l— 1.03 (0.99, 1.07) 0.176
FXVERT 18 30804 3068 G 0.64 o 1.05(0.98,1.12) 0.186
6q22.33: chr06 127.5mb rs7741021
FXANY 25 53741 14281 C 0.47 — 0.96 (0.93,0.99) 0.004
FXNONVERT 22 49111 10133 C 0.47 b 0.93 (0.90, 0.97) <0.001
FXVERT 18 32652 3087 C 0.48 —— 1.02 (0.95, 1.10) 0.547
6g25.1: chr06 151.9mb rs4869739
FXANY 23 46302 13443 T 0.30 e f— 1.03(0.98,1.08) 0242
FXNONVERT 21 43672 9631 T 0.30 ——— 1.02 (0.96, 1.09) 0.442
FXVERT 18 27666 2871 T 0.31 e f— 1.03 (0.96, 1.10) 0.455
6q25.1: chr06 152.1mb rs3020331
FXANY 25 53977 14342 T 0.43 —— 0.97 (0.94, 1.00) 0.032
FXNONVERT 22 49241 10166 T 0.43 —r— 0.98 (0.95, 1.02) 0.391
FXVERT 18 32769 3095 T 0.43 —— 0.93 (0.88,0.99) 0.021
6q25.1: chr06 152.1mb rs2982552
FXANY 25 53950 14336 G 0.46 T—— 1.03 (1.00, 1.07) 0.069
FXNONVERT 22 49218 10166 G 0.47 —— 1.02(0.98, 1.05) 0.386
FXVERT 18 32753 3094 G 0.47 -+ 1.06 (0.99, 1.13) 0.093
7q11.23: chr07 76.2mb rs38664
FXANY 13 33444 9932 T 0.39 —— 1.02(0.97, 1.06) 0.477
FXNONVERT 12 31690 7789 T 0.38 —— 1.02 (0.96, 1.07) 0.536
FXVERT 8 15306 1460 T 0.39 ———— 0.93 (0.84, 1.03) 0.154
7q31.31: chr07 120.7mb rs2908007
FXANY 25 53973 14329 G 0.40 o 0.95(0.92,0.98) 0.001
FXNONVERT 22 49224 10155 G 0.40 el 0.92 (0.89, 0.96) <0.0001
FXVERT 18 32752 3093 G 0.40 e 1.01(0.95, 1.08) 0.687
10921.1: chr10 54.1mb rs7902708
FXANY 22 48515 13993 G 0.89 —— 0.90 (0.86, 0.95) <0.0001
FXNONVERT 20 45903 10249 G 0.89 —— 0.92 (0.87,0.97) 0.005
FXVERT 17 29894 2740 G 0.89 ——— 0.94 (0.84, 1.04) 0.241
11q14.2: chr11 86.5mb rs597319
FXANY 25 53809 14298 GT 0.31 -+ 1.02(0.99, 1.06) 0.177
FXNONVERT 22 49110 10129 GT 0.32 o 1.02 (0.98,1.06) 0.277
FXVERT 18 32635 3079 GT 0.32 —— 0.99 (0.93, 1.06) 0.820
19q13.11: chr19 38.3mb rs10416265
FXANY 23 46339 13451 CG 027 —— 0.95(0.91,0.99) 0.018
FXNONVERT 21 43714 9643 CG 027 —— 0.95 (0.90, 0.99) 0.013
FXVERT 18 27706 2881 CG 0.28 —— 0.90 (0.81,0.99) 0.032
I I [ I
0.7 1.2 14
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Figure 5. Per-allele odds ratios for association with fracture risk for 10 SNPs that were associated with heel BUA, VOS orheel DXABMDat P << 5 x 10 ®incom-

bined meta-analyses using a random-effects model. The pooled estimates are

based on a random-effects meta-analysis model. FXANY = any fracture;

FXNONVERT = non-vertebral fracture; FXVERT = vertebral fracture. Alleleb indicates the effect ofallele, and the presence of two alleles in this column indicates

that a proxy SNP with #* > 0.8 was used for the replication analyses.

significant and expected directions of associations with fractures
forsix SNPs associated with heel bone measures, including three
SNPsat 6q22.33 (1s7741021), 7q31.31 (1s2908007) and 10g21.1
(rs7902708) whose P-values for association surpassed the
multiple testing chance-corrected threshold of P < 0.005. The
concordant findings may, albeit indirectly, suggest that some
ofthe genetic susceptibility to fracture could partly be mediated
through bone properties (e.g. structural or material) captured by
QUS or DXA measures; but larger well-powered studies are
needed to appropriately assess such relevance.

In conclusion, the present GWA study reveals the effect
of several genes common to central DXA-derived BMD and
heel ultrasound/pDXA measures and points to a new genetic
locus with potential implications for better understanding of

osteoporosis pathophysiology. Quantitative differences seen in
the standardized effect sizes of some SNPs at different skeletal
sites are potentially indicative of heterogeneity in genetically
mediated responses of'the skeleton to environmental stimuli, in-
cluding ground reaction forces that are particularly high at the
heel than at central sites.

MATERIALS AND METHODS
Study subjects and measurements

The GEFOS consortium is an international collaboration of
investigators dedicated to identify the genetic determinants of
osteoporosis (http://www.gefos.org/). In particular, the GEFOS
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consortium extended the breadth of its predecessor, the Genetic
Markers for Osteoporosis (GENOMOS) consortium, into
meta-analysis of GWA discovery studies. In the current
GEFOS/GENOMOS project, we performed GWA discovery
and replication of genetic loci associated with heel bone proper-
ties, including QUS (measures: BUA and VOS) and DXA
(measure: heel BMD).

The discovery phase comprises 13 cohort studies with GWA
data and relevant heel bone phenotypes (including BUA in 14
260 participants from 9 cohorts; VOS in 15 514 participants
from 9 cohorts; and heel DXA BMD in 4556 participants from
3 cohorts) arising from populations across North America,
Europe and East Asia. Independent replication was performed
using summary results from seven cohorts with GWA data
(in silico n=11452) and analysis of individual-level data
from 15 other cohorts in the GENOMOS consortium that were
centrally genotyped for candidate polymorphisms by the
Kbioscience laboratory in the UK (de nove n=24902).
Characteristics of the study cohorts/participants are summarized
in Table 1. All studies were approved by institutional ethics
review committees at the relevant organizations and all partici-
pants provided written informed consent. Further descriptive
information about the participating cohorts is available from the
GEFOS/GENOMOS websites (http://www.gefos.org/?q=studies
and http://www.genomos.eu/index.php?page=cohotrts).

Genotyping and imputation methods

All the discovery cohorts were genotyped using commercially
available Affymetrix (Affymetrix Inc., Santa Clara, CA, USA)
or [lumina (Illumina Inc., San Diego, CA, USA) genotyping
arrays. Quality control was performed independently for each
study according to standard manufacturer protocols and within
study procedures. To facilitate meta-analysis, each group per-
formed genotype imputation with IMPUTE or MACH software
using genotypes from the HapMap Phase II release 22, NCBI
build 36 (CEU or CHB/JPT as appropriate) as reference
panels. Each imputation software estimates an overall imput-
ation quality score for each SNP. These quality scores and
minor allele frequencies for up to ~2.5 million SNPs available
from each cohort were considered in the meta-analysis.

Association analyses

In the discovery phase, each cohort conducted analyses accord-
ing to a standard prespecified analysis plan under an additive (i.e.
per allele) genetic model. Phenotypes for the association ana-
lyses were defined as the sex-specific standardized residuals
from linear regression of each outcome variable (BUA, VOS
or heel BMD) on age, age-squared, weight, height and
machine type (if more than one machine was used). The assump-
tion of normality of residuals in the linear regression model was
checked within each cohort for each phenotype and no devia-
tions were reported. The SNP—phenotype associations in each
study were adjusted for potential confounding by population
substructure using principal components as appropriate; pedi-
gree and twin-based studies—additionally—corrected for
family structure. The final results submitted to the Coordinating
Center for meta-analysis were the per-allele regression coeffi-
cients with cotresponding standard errors and P-values for the

associations of upto 2.5 million SNPs and standardized residuals
of each outcome variable. Analysis of imputed genotypes used
either the dosage information from MACH or the genotype prob-
abilities from IMPUTE. The replication analyses used the same
analytical procedures as above where applicable (e.g. using
study-specific standardized residuals as outcomes).

Meta-analysis

Meta-analysis of the GWA discovery summary results was con-
ducted in two-independent collaborating centers (Cambridge,
UK and Boston, USA). Because of potentially limited power
to detect sex-specific associations, we prespecified the primary
analyses to involve meta-analysis of the pooled data (i.e. males
and females combined). Quality control filters applied for exclu-
sions of SNPs from the meta-analysis were: imputation quality
score of <0.3 for MACH and <<0.4 for IMPUTE, average
minor allele frequency of <<1% across studies, and SNPs
missing from >50% of the cohorts contributing to each
outcome. Inverse-variance fixed-effects meta-analysis (using
METAL software) was conducted in the discovery set with
double genomic correction (42) to control for potential inflation
ofthe test statistics inindividual studies and in the meta-analysis.
The genome-wide level of statistical significance was setat P <
5 x 10 ® and suggestive level of significance at 5 x 10 ® <
P<5x10 S There were no extreme genomic inflation
factors noted in the discovery phase studies or in the GWA
meta-analysis (Supplementary Material, Table S1). QQ plots
for the combined GWAS meta-analysis results are provided in
Supplementary Material, Figure S1.

To help refine the choice of SNPs to be taken forward for rep-
lication, conditional analyses were conducted within a 1 mega-
base window of the best-associated SNP in each locus in the
discovery cohorts, if there was more than one SNP with a sug-
gestive level of significance. These secondary analyses took
the SNP in the locus with the lowest P-value and conditioned
the analysis of all of the other SNPs in the locus by including it
in the regression models. In addition, for loci containing SNPs
previously associated with hip or spine BMD in GEFOS (19),
we performed additional conditioning on the nearby “BMD
SNP”.

The DerSimonian and Laird random-effects model was used
for meta-analysis of studies in the replication set and also in
the final combined analysis of the discovery and replication
studies (43). For each SNP included in the replication phase,
we meta-analyzed its association with all three phenotypes,
simply for completeness, but interpreted the findings while
taking into account the primary outcome that the SNP was asso-
ciated with in the discovery phase. Fixed-effect meta-analysis
results were used for subsidiary comparison. We also conducted
meta-analysis of the associations of SNPs with fracture out-
comes, using only SNPs that were associated with BUA, VOS
orheel DXA BMD at P < 5 x 10 € in the combined analyses,
to assess their potential relevance to this clinical outcome.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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4. CONCLUSIONS

The role of vitamin D in bone health is well determined. Severe vitamin D deficiency causes
rickets or osteomalacia, where the new bone, the osteoid, is not mineralized. Less severe
vitamin D deficiency causes an increase in serum PTH leading to bone resorption, osteoporosis
and fractures. The VDR and vitamin D metabolic enzymes such as D-1-a-hydroxylase (CYP27B1)
are widely expressed in many tissues and organs, except those involved in bone metabolism.
Several genetic, molecular, cellular and animal studies strongly suggest that vitamin D signalling
has many extra skeletal effects. These include regulation of cell proliferation, immune and
muscle function, skin differentiation reproduction, as well as vascular and metabolic properties.
From observational studies in humans poor vitamin D status is associated with several diseases,
including autoimmune, cardiovascular and cancer, were predicted by these extra skeletal
actions. Therefore, vitamin D plays a key role in several other diseases beyond osteoporosis
[111].

Osteoporosis has been recognized as an established and well-defined disease that affects more
than 75 million people in the United States, Europe and Japan. The fracture constitutes the
clinical consequence of osteoporosis and a major cause of disability. In Greece the incidence of
hip fracture in men is moderate (100-150/100,000) and in women is high (>300/ 100,000), as
indicated by the IOF working group review. The incidence of hip fractures doubled during 30
years (1977-2007) among Greek people aged >50 years [112, 4].

Althought DXA is the gold standard method for the diagnosis of osteoporosis, the measurement
of QUS parameters at the calcaneus is better utilized in a wider population, since it is
conducted by a portable, low cost and ionizing radiation-free, QUS device. Additionaly QUS
indices are associated with bone mass, microarchitecture and mechanical characteristics of
bones as well as with fracture risk [113].

The assessment of serum vitamin D levels, and the QUS parameters, BUA, SOS and SI are
generally crucial for bone health and fracture risk. On this basis, in the current study, serum
25(OH)D, was used for the evaluation of Vitamin D status. The QUS parameters, BUA, SOS and
Sl were selected for the evaluation of the bone health of participants.

In the framework of the OSTEQS study, a large number of subjects of different age groups were
recruited from various urban and rural areas of Greece and data on biological and
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anthropometric indices, medical history and eating and lifestyle habits were collected. Vitamin
D status and QUS parameters were the main dependent variables analysed, so to evaluate
factors like biochemical, environmental, genetic and lifestyle that affect levels of vitamin D as
well as QUS parameters. This is the first study of such size in the Greek population, resulting in
the extraction of valuable epidemiological data.

According to the prevalence of vitamin D deficiency and insufficiency, this study highlights the
emerging issue of hypovitaminosis D in Greece. The majority of Greek adults (54%) had vitamin
D deficiency (<20 ng/mL) and only 12.3% had levels above 30 ng/mL.

In a recent study of 1075 adults from seven European countries, including Greece, about 30.6%
of overall Europeans and 34, 8 % of Greek adults had 25(OH)D equal to 12-20 ng/mL. The
prevalence of 25(0H)D < 12ng/mL was 3.3% and 1.4% respectively [114]. In the current study
there was a higher prevalence of sever deficiency of 25(0OH)D since the 8% of population had
25(0OH)D<10ng/mL and 46% of population had 25(OH)D levels 10-20ng/mL. Similar results
regarding the concentrations of serum 25-hydroxyvitamin D [25(OH)D] are also shown in the
study of Cashman et al, in more than 55,000 adults and children from several European
countries. The investigators found that 13% of individuals had 25(0OH)D concentrations <12
ng/mL and 40% had concentrations <20 ng/mL [115].

Searching for contributors to 25(0OH)D deficiency (<20 ng/mL) we revealed that obesity status
increases 1.458 times (p=0.006), the risk . A similar study that examined vitamin D status of
residents of seven European countries including Greece gave contradictory results. No
statistically significant differences were found in the prevalence of vitamin D < 12ng/mL and
vitamin D 12ng/mL-20ng/mL, between obese and non-obese participants. In accordance with
our results, another Greek study of postmenopausal nonosteoporotic women, serum 25(0OH)D
levels were inversely related to body fat mass, as it was measured using dual-energy x-ray
absorptiometry [62] . Obviously, the explanation of this expected finding resides on the fat-
soluble property of Vitamin D.

Vitamin D deficiency was also related to lower SOS values in the current population. Serum
25(OH)D levels were previously reported to be an independent determinant of SOS [116]. SOS
is the main index of QUS measurement that is associated with bone quantity (BMD and bone
mass) and bone quality (microarchitecture, strength and elasticity), as it derives from several
studies [113]. Although our study is lacking histomorphometric data, it is possible that the

defective collagen mineralization among vitamin D deficient patients might causes the lower
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SOS values. This finding further supports the necessity of QUS measurement in subjects with
low serum 25(OH)D levels.

According to the determinants of Vitamin D status, the results of the OSTEOS study are
confirmed by the results of other similar studies [117]. The female sex, the winter-spring season
and age only in obese subjects influence serum Vitamin D levels negatively, whereas the
duration of exposure to sunlight in summer and the participation to organized physical
activities have positive effects on serum Vitamin D. Specifically the influence of participation in
organized physical activities is associated to levels of serum vitamin D independently of the sun
exposure during the physical activity as confirmed by the current study and by other studies.
Muscle cells contain vitamin D receptor (VDR) that it activates intracellular signalling pathways
as it demonstrated by several studies. As a result 1a,25(0OH),D plays a role in contractility and
myogenesis [118]. The effect of vitamin D on skeletal muscle through the activation of VDR may
have a beneficial effect on physical performance and it may contribute to an increased activity
of people with higher vitamin D levels.

Differences among European countries in the prevalence of vitamin D deficiency and
insufficiency may be explained in part by the confounding effect of different methods/ assays
used to measure 25(0OH)D concentrations in serum or plasma, as well as by different thresholds
used for the definition of deficiency and insuffiency. However, controversy exists over the most
appropriate threshold for defining optimal vitamin D status, deficiency and insufficiency,
concerning mainly the association with skeletal health and/or other health outcomes that are
not always causal. [96, 97]

Moreover the measurement of serum 25(0OH)D as a determinant of vitamin D status is under
investigation. 25(OH)D is predominantly (88%), and tightly, bound to vitamin D binding protein
(DBP); the remaining ;12% is loosely bound to albumin, and only 0.03% of 25(0OH)D is found in
its free form (8). Bioavailable 25(0OH)D refers to the free and albumin-bound 25(OH)D and is
thought to represent the mobile pool of vitamin D that is available for autocrine and paracrine
activity in times of metabolic demand. Moreover, polymorphisms in the DBP gene and in the
vitamin D receptor possibly have a strong impudence on individual need for vitamin D and on
the response to supplementation [119].

Although the main source of vitamin D is the exposure to UV radiation, vitamin D intake from
foods and supplements also seems to have a beneficial effect on vitamin D status. The

Estimated Average Requirement (EAR) value of 10 pg/day for vitamin D as proposed by the IOM
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[96] was also confirmed from the European study was mentioned above [115] which indicates
that consumption of 10ug/ day vitamin D from foods and supplements decreases the risk of
serum vitamin D deficiency (levels < 20ng/mL).

On the other hand in countries with low UV exposure like Canada a large proportion (40.8%) of
the population is reported to have 25(0H)D >30 ng/mL [120], which may be due to food
fortification. In another Canadian study, fortification of milk, yogurt and cheese at 6.75 ug (270
IU)/serving led to an increase of Vitamin D intake, more than double across all sex and age
groups , and a drop in the prevalence of dietary inadequacy from >80% to <50% in all groups
[121]. In the current study we evaluated how the overall nutritional habits and not only the
vitamin D content of nutrition or individual foods, influences the vitamin D status.

The evaluation of the effect of nutritional intake on vitamin D levels and QUS parameter values
was performed by the use of PCA procedure. PCA allows having a more holistic approach to the
dietary habits of the population. From the PCA analysis six dietary patterns derived which
explain 52.2% of the variability of Greek adults’ nutritional habits. The major dietary pattern
included fruits, vegetables, rice and fish, showing that the studied Greek population has healthy
nutritional habits. However, compliance with this dietary pattern, which called ‘vegetables-
fruit’, was not related to serum 25(0OH)D or ultrasound parameters. According to the analysis
described in the first manuscript , regarding compliance to 2 dietary patterns (‘sweet’ and
‘healthy’), the ‘sweet’ pattern negatively affected the vitamin D levels and the 'healthy' pattern
(consisted of low fat dairy products, whole grain cereals and breakfast cereals), positively
affected the vitamin D levels. ‘Healthy’ pattern included foods with high calcium content. A high
calcium intake increases the half life of 25(OH)D. Similar interactions between calcium intake
and vitamin D status have been shown in rat experiments, generally indicating that a high
calcium intake has a positive effect regarding vitamin D economy [121, 122]. The added value
of assessing dietary factors on the variability of serum 25(OH)D levels was confirmed by an
increase of 5.3% to 8.1%.

Additionally, ‘healthy’ dietary pattern is a positive determinant for BUA parameter along with
BMI (as continuous variable) and male gender, whereas increased age-elderly is a negative
determinant of BUA as expected. These parameters explain the 19.7% of variability of BUA.
Genetic contribution to osteoporosis is well established with heritability estimates reaching

74% for heel QUS [123, 124]. Estimated BMD as derived by ultrasound values is also highly
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heritable (50% - 80%) and independently associated with fracture risk. Recent GWAS identified
307 polymorphisms in 203 genetic loci associated with ultrasound-derived estimated BMD
[125]. The heritability of vitamin D as estimated by twin studies might reach 50-80% [126, 127].
A part of the population of OSTEQOS study (n = 307) participated in the replication phase of
GEFOS-GENOMOS consortium along with 14 other studies. These 15 studies were de novo
genotyped for the 9 polymorphisms resulting from the GWAS meta-analysis conducted for 13
discovery cohorts. From these polymorphisms, the rs11520772 on TAX1BP1 and the rs597319
on TMEM135 gene meet statistical significance for association with SOS and SI values, at
participants of OSTEOS study. . AA (wild type) carriers of rs11520772 polymorphism had an
advantage on SOS values in a relation to ‘T’ (effect allele) homozygotes. As derived from
discovery phase of GWAS meta-analysis in GEFOS/ GENOMOS consortium the rs11520772
polymorphism had been associated with BUA [11]. TAX1BP1 gene was expressed in 27 tissues,
especially in adrenal (RPKM 48.4) and thyroid (RPKM 48.2) and there’s not been an identified
mechanism of action on bone health. Tax1 binding protein 1 (TAX1BP1) gene encodes a HTLV-1
tax1 binding protein. The encoded protein interacts with TNFAIP3, and inhibits TNF-induced
apoptosis by mediating the TNFAIP3 anti-apoptotic activity. Degradation of this protein by
caspase-3-like family proteins is associated with apoptosis induced by TNF. This protein may
also have a role in the inhibition of inflammatory signaling pathways [NCBI Gene ID 8887]. In
our population, wild type allele frequency is 0.755 and effect allele frequency is 0.244. The
corresponding frequencies as they resulted from 1000 Genome project [18] are 0.815 for ‘A’
allele and 0.185 for ‘T’ allele for the European population and 0.898 and 0.102 for global
population respectively.

The ‘AA’ genotype of rs597319 polymorphism associated to higher Sl values. The rs597319
located in a novel locus at 11q14.2 (that was first identified as associated with heel QUS on
GEFOS / GENOMOS consortium). The new locus near the transmembrane protein 135
(TMEM135) gene, was genome-wide significant for both BUA and SOS. It has been suggested
that it is critically involved in the process of osteoblastogenesis from human multipotent
adipose tissue-derived stem cells. Marrow fat cells and osteoblasts share a common stromal
precursor and there is currently great interest in the role of increased marrow fat in
osteoporotic conditions and the metabolic inter-relationships between these neighboring cell
types. ENCODE project data show that two SNPs in the intronic region of TMEM135 and close

to our lead signal (rs502580 and rs603140), both with high linkage disequilibrium with rs597319
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[r2 >0.92], and both highly associated with QUS outcomes in our discovery cohorts [P ~ 1.3 x
10-7 for both]) are associated with changes in MIF-1 and Cart1 motifs in osteoblastic cell lines.
Interestingly, both of these transcription factors have been previously shown to be associated
with skeletal development and bone density.In depth protein sequence analysis showed that
TMEM135 is a multi-transmembrane protein with seven transmembrane helices of high
confidence. Homologies exist between TMEM135 and the transmembrane region of frizzled-4,
a known component of the Wnt signaling pathway. Furthermore, TMEM135 was previously
reported to be associated with longevity and walking speed in humans. In summary, the
associations observed in our study might be the results of direct effects of increased
osteoblastogenesis on heel bone properties, or indirect effects mediated through increased
mechanical loading of the calcaneum, associated with faster movements. In our population, ‘A’
allele frequency is 0.646 and G allele frequency is 0.354. The corresponding frequencies as they
resulted from 1000 Genome project [18] are 0.707 for ‘A’ allele and 0.293 for ‘G’ allele for the
European population and 0.543 and 0.457 for global population respectively.

Despite the limitations, GWAs have been a valuable tool in genetic epidemiology and have been
successful in identifying common variants with small or modest effect on osteoporosis disease
and on vitamin D serum levels. A further GWA analysis of the study samples could reveal more
genetic loci associated with bone health indicators and the vitamin D levels of the current
Greek population.

This current study has several limitations: it is an observational, cross-sectional study and it is
not appropriate to draw causal effect implications or to generalize the results from this
population. Residual confounding may also exist because of unmeasured variables. Another
limitation of the study is the self-reported medical history and medication data. The study has
also several strengths: it was contacted in a large national representative population of urban
and rural citizens, with a vast age range.

The above results could be important for determining the appropriate levels of serum vitamin D
in the Greek population. These results are also important since they could contribute to the
implementation of programs and services supporting the overall nutritional and lifestyle
healthy patterns for the prevention of vitamin D deficiency and osteoporosis apart from the use

of guidelines regarding specific foods or nutrients. Related health promotion policies will
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contribute to the improvement of eating and lifestyle behaviours at an individual and

population level on the basis of prevention of vitamin D deficiency and osteoporosis.
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APPREDIX

Appredix
1

KAINIKO APXEIO EOEAONTH KAI EPOQTHMATOAOTIA

KQAIKOZ EOEAONTH:

HMEPOMHNIA ENIZKEWHZ: / /

(Huepounvia ZuumAnpwong KAwikou Apxeiouv EBelovth kat Epwtnuatoloyiwv)

HMEPOMHNIA AIMOAHWIAZ: / /

Nnotkog/n: NAI & (o) ([

AYPn Qapupakwv:  NAI R oxXIz

Eav éxeL AaBel kamoto papuako rptv tnv alpoAnia, rapakaAw Steukpviorte:

Ovoua @apudkou Noyog¢ Arjpng @apudkou
1.
2.
3.
2TOIXEIA EOEAONTH
EMQNYMO: .. ssasssssssssssssssssassssass ssssssasssnss
ONOMA: s e s s s s s assasssnses sas sa e sn s

OYANO: AR or]
HMEPOMHNIA TENNHZEQ2: / /

2TOIXEIA ETIKOINQNIAZ EOEAONTH
BIEYOYNZH:  ..ccneevviveiieirsserrsessisenenesssssenssenssnnones T.K........

THAEDONO: ......eeeeeveveveeecverererssvereersssssesasesessosesssssanee e-MQil..c.ueeeeeeerernnnas
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AMOTEAEZMATA YNEPHXQN

% AGE MATCHED ...........

FOOT ........... Z SCORE...........
REFERENCE ........... BUA......cc...ce.
% YOUNG ADULT ........... SOS....oovenen.
TSCORE...........
ANOPQMNOMETPIKA AEAOMENA
1. ZWHATKO Bapog
1.1.NopwV ZWHATIKO BAPOG:.....ccveeeererrrennannns AMEI.......oeeeeeeeeceecreereeesseeees
Nnotikog/n: NAI B OXIE]
1.2. 20vnOEG CWHATLKO BAPOG: ..cevvvceneenee
1.3. lotopik6 Bapoug
Kg HAwia Xpoviko Autia
Swaotnpa
AnwAela Bapoug
Ab&non Bdapoug
1.4.ZWHATIKO BAPOG TEVVNOEWIG: . ueereeeerrreesaeereessneesaeesesaessssesnessessenns
1.5. HAkiat KUNONG:..ceeueeeeeenennenee HAvVeS/eBEOUASEC

2. 'Ygog
2.1.0p00YYoq.......
2.2.KaBnpevo'YYog: .........
2.3.Andéotacn lovatou

MATWHAL.......

3. MNepldpépeleg ZwUATOC

ano

T0

4. Aptnplakn Nison
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4.1. JUOTOALKA 4.3. AplOuog  Iduypwv  ava

5. Molo XEéPL XPNOLUOTOLEITE Yyl v

vpayets; 6. Moto eivat To EMKpatéc oag Xépy;
Aei XépL & At XépL @
Aplotepo XépLB Aplotepo XepL B
Kapta Npotipunon @ Kapia Npotipunon ]

7. Xpwpa Matiwv Mo ntav 1o Quolkd Xpwuo TWvV
Mavpa a3 MoAAwwv oag otnv nAkia Twv 15 eTwy;
Kaotavad Bl ZavBo 3
MrAe @ Avolxto Kaotavo
Mpaowa & &

YkoUpo Kaotavo

8. Ta MaAAld oag sivat: H

lola Kokkwvwmno/KaotavépuBpo

Inaota @ @

Syoupd Kokkwvo

. . &
9. Xpwpa MaAAwwv

Mauvpo 3
10. Eppnvog KukAog
10.1.Exete akopa Eppnvo KukAo; NAI oXim

10.2.Mowa eivar/NTav n SLApKeLa ToU EUUNVOU KUKAOU OOG;....cuveveeereecerereeeeereseeerenens

10.3.Ze mowa nAwkia, Eekivnoe 0 EUUNVOC KUKAOUC GOG;..veuvireereireereeeereneeeereeeeneeenennes
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11. ZUVOALKOG APLOHOG KUNGEWV: ...ttt st saaes e ene s

12. ZUVOALKOG APLOHOG TEKVIIV: ......oviurieeieeierieree st setessesese s saeesass et seesnseseens

13. MIAVEG ONAGOHLOU.........ocvevierieiree ettt ettt st st bes b s besaerenaes

KAINIKA AEAOMENA

14. QapHakeVTIKA Aywyn
Maipvete kamolou idoug pappako i akoAouBeite kamolou eidouc LatpLkn apépfacn
(T.x. xnueloBepamneia, padloBeparneia)
NAI oxil

Eav anavtioate NAI, mapakoAw CUUTTANPWOTE TIPOCEKTLIKA TOV TOPAKATW TtiVaKa

Ovopa Qappakeutikig Aywyng | Nati naipvete 1o Odppako Zuxvotnta nou maipvete To Qappako
(@appako A latpkn MNapeuPaocn) | A akolouBeite TNV latpikn | ) akoAouBeite tnv latpikn NapéuPaon
Napeupaon;

141 Aappavate oto mopeABov (tedeutaia 5 £tn) Kamola ano to akoAouba dapuaka;

AITIA AOzZH HAIKIA/AIAPKEIA

OpuOvEeC

Hpeulotika

AVTLETUANTITIKA

AVTUTNKTIKA

OupoELSIKA

AloupnTikd
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AvaAyntika

Koptilovn

Avtoéva

AoBéotio

Bitapivn D

OoTtEonopwaong

ALaTPpOdIKA CUUTTANPWHATA

Ma AAAO VOO O TWV 00TWV

Ao
Oeparmneia yla Kapkivo: Alapkela/doon HAia
Opuoveg
Evxeipnon
15. 'EXETE MAPEL MOTE AVTLIOUAANTITIKO XATTL; NAI oxXim
16. Exete akoAouBnoel moté Oppoviki Oepameia AVTIKOTAOTAONG; NAI oXia

17. lotopkd Katayudatwv

MNEPIOXH APIOMO2

HAIKIA

AITIONAOTIA

ANTIMETQMNIZH

AKINHTOMNOIHZH

18. Xewpoupytkn Napéupaocn

‘Exete untoBAnOel og kAmolou €idoug xelpoupyikn Tapéupacn;
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NAI OXil

Eav anavtioate NAI, mapakoAw CUUTTANPWOTE TIPOCEKTIKA TOV TIOPAKATW TIiVaKa

Tunog Mari urtoBAnBnkate XpovoAoyia mou unoPBAnBnkate
Xelpoupykng NapéuBaong otn Xewpoupykn Mapéupaon; otn Xepoupykn Mapéupaon
OAwn ApBpomnAaotiki
loxio
Fovaro
AM)o:
Awevkplviote:
19. ‘EXETE KAVEL YOTEPEKTOMH; NAI OXIE
12.1 MATpa: NAI OXIEl HAIKIA.....
12.2 QoBrkeg: NAI OXIE HAIKIA.....
20. ‘EXETE KAMOLA paKpOoXPOvLa acBivela N KAmoLo npoBAnua vysiag;
NAI OXl
Eav anavinoate NAI, TP AKOAW
OLEUKDLVIOTE o vttt ettt et ettt es b e ses et eaesreeaesaeebesbeere s saenessensnsesennes
21.  ZoG EXEL TIEL TTOTE O YLATPOG o0 WG £XeTe ApBOpitida;

NAI OXIl
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21.1. AdytuAa xwpic OZidLa

NAI

OXI

21.2. AdytuAa pe OTidia

NAI

OXI

22. 'EXETE MAOEL MOTE:

22.1.
22.2.

22.3.

22.4

EykedaAikd enelocodlo

Eudpayua puokapdiou

Kapkivo

Mveupovia

NAI

OXI

HAIKIA
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23. ZOG EXEL TIEL TTOTE O YLOTPOG GO WG EXETE KATIOLA QIO TLG TLOLPAKATW ACOEVELEG;

OXI

NAI

OEPANEIA/AIAPKEIA

Ooteonopwon

Avenapkela - ENewpn Brtapivng D

Peupatosldn apbpitida

Ouptkn apBpitida

Xpovia nnatiki vooo

Nedpikn avendpkela

NedpoAlBiaon

Nooo Crown

OAeypovwédn vooo evtEpou

Xpovia diappola

lraotpooloodayikn MaAwvdpounon

Fotpiko EAkog

Awapnrtng Tumou |

Awapnrtng Tumou Il

YnoBupeoelSlopo

YnepBupeoelSlopo

YnonapaBupoeldlopo

YnepnapaBupoeldlopo

Nooo emvedpldiwv

EnAnyia

Alzheimer

Parkinson

Avola

Xpovia Bpoyxitda

AcBua

Xpovia kapSlakn vooo
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Kapdiakn Avemdpkela

Kapdiakn Appubuia

ItnBayxn

YrepAuudalpia

Ynéptaon

Katappaktng

Mavkwpa

YkAnpuvon OpBaApov

Muwria

Xpovia Bpoyyitda

Xpovio Ayxog, KatabAupn

Huwpavia

JoBapn Aspupatonabela

AM\epyia

Avoletia

NAaturnodia

24. To teAevutaio pARva unopéparte ano:

24.1 MNeplodouc Lahadag 2 NAI

24.2 ZadVikég AutoBupieg 2 NAI

24.3 Movoucg 1 duokapPio oto Ao 1) 0TOUG WHOUG

24.4 MGVouG OTLG YAUTTEG 2 NAI

24.5 MNpnouéva modia 2 NAI
25. EvoxAeiote and novoug oto Lo)io otav:

25.1 Mepnatdrte 1 Kwelote 2 NAI

25.2 KaBeote 1 Eekoupaleote katd tn SLAPKELX TNG NUEPOAS

25.3 Kowdote 2 NAI

B OXI

2 NAI

@ OXI

NAI

@ OXI

@ OXI
@ OXI

@ OXI

@ OXI

@ OXI
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26. EvoxAeiote amno novoug ota yovara:

26.1 Mepnatdre N Kwelote NAI
26.2 KaBeote 1 Eekoupaleote Katd T SLAPKELD TNG NUEPOG
26.3 Kowudote NAI

27. EvoxAeiote amnod novoug otnv mAAtn:

27.1 Mepmatdrte 1) KWelote NAI
27.2 KaBeote 1 Eekoupaleote kAT T SLAPKELX TNG NUEPOG
27.3 Kowdote 2 NAI

28. 'EXETE MAOEL KATOLO KATAYMA LETA TNV NAKiA TwV 16 eTWV;
Edav NAI, mou nadarte To KATaypuo;
28.1 loxio
28.2 Mnptaio B
28.3 Kaprmog @
28.4 ImovOUAWn ZTAAn B

27.5 AN\o Ateukpuviote................

OXI
NAI

OXI
B NAI

@ NAI

OXI

@ OXI

@ OXI

& OXI

@ OXI

29. Elyate moté mpoowpwvy aduvapia i Siatapaxn tng olAiag | TG 6pacng n anwWAsLo

HVAUNG;
NAI

OXI
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30. Akwvitonoinon 2 NAI & OXI

AIAPKEIA:

YR o 1 HAwia............. Mepoxn.....ceueee.
FTONEAZ2 Ev {wn HAIKIA OANATOY AITIA OANATOY
MNatépag
B NAI & OXI
Mntépa
NAI [ OXI

31. Eivau oL foveic oag ev {wn;

32. Eivat ot fovei¢ twv MNovEéwv oag ev {wn;

FTONEAZ TONEQN Ev {wn HAIKIA AITIA OANATOY
OANATOY
Owoyévela Natépa | Matépag
NAI 2 OXI
Mntépa
B NAI 2 OXI
FTONEAZ TONEQN Ev {wn HAIKIA AITIA OANATOY
OANATOY
Owoyévela Matépag
Mntépoag B NAI 2 OXI
Mntépa
B NAI 2 OXI
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AZOENEIEZ

AAENADIA

NATEPAZ

MHTEPA

AwafBrtng Tumov |

AwafBitng Tumou Il

YniepAuudatpio

Ynéptaon

Kapdlakr Avendpkeia

Kapdiakr Appubuia

ItnOayxn

AcOua

Xpovia Bpoyyitida

Xpovio Ayxog, KataOAwpn

Hukpavia

JoBapn Aspuatonddsia

ANAepyia

Kataypoa

Ooteonopwon

AAAN VOGO TWV 00TWV

Alzheimer

Parkinson

AZOENEIEZ

AAEADIA

NATEPAZ

MHTEPA

Avoiwa

MAaturodia

Katappaktng

Mavkwua

ZkAnpuvon O$pOaApov

Muwria

Npecfuwnia

Bapnkoia

Fraotpko EAKOG

lfaotpoolrcodayikn MaAwvépopnon

No6oo Crown

YnoBupeoelSlopo

YnepOupeoelSlopo

Kapkivog:

Npootatn

AvcAsdia

AAAo - Npocdlopiote:

ApBOpitida
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33. Owoyevelako loTopLlko

AZOENEIEZ

AAENADIA

NATEPAZ

MHTEPA

AwafBrtng Tumov |

AwafBitng Tumou Il

YniepAuudatpio

Ynéptaon

Kapdlakr Avendpkeia

Kapdiakrn Appubuia

ItnOayxn

AcOua

Xpovia Bpoyyitida

Xpovio Ayxog, KataOAwpn

Hukpavia

JoBapn Aspuatonddsia

ANAepyia

Kataypoa

Ooteonopwon

AAAN VOGO TWV 00TWV

Alzheimer

Parkinson

Avola

MAaturodia

Katappdktng

Mavkwpa

ZkAnpuvon O¢$pOaApov

AZOENEIE2

AAEADIA

NATEPAZ

MHTEPA

Muwria

Npecfuwnia

Bapnkoia

Fraotpko EAKOG

factpoolwcodaywky MaAwvdpounon

No6oo Crown

YnoBupeoelSlopo

YniepOupeoelSlopo

Kapkivog:

Npootatn

AvcAsdia

AAAo - Npocdlopiote:

ApBOpitida
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EPQTHMATOAOTrIO TPOMNOY ZOQHZ

34. 2YZYTIKH KATAZTAZH

Mowa givai ) ouluyikn¢ oag Kataotaon;

34.1 ‘Eyyapoc/n B 37.4 Awlevypévoce/n 3
34.2 3taBepn oxéon 37.6 EAeUBepog/n
34.3 Xwplopévog/nkl 37.7 Xnpog/a 3

35. OIKOTENEIAKH KATAZTAzH

Motog uével uadi oag oto omity,;

35.1 Kaveig &
35.2 3uluyog/ouvtpodog @
35.3 Eyyovia
35.4 Yol Kal KOpEC a3
35.5 Tlaumpotl kat vUdeg
35.6 AbéAdLa
35.7 Toveig

35.8 'EppoBa atopa (OxL ouyyeveig)

35.9 Katowibia 5]
35.10 AAAot & DLEUKPLVIOTE: ... coveeeveerneereeene
36. MOPOQZH

Moto gival to poppwtiko oag eninedo;

36.1
36.2
36.3
36.4
36.5
36.6

Kapia popodwon
MNpwtoPfabuia ekmaibevon (ANUOTKO ZX0AELO) &l
AsutepoPabuia eknaidevon (Tupvaolo & Aukelo i E€ataélo Nfuuvaoclo) @&

TpwroBabuia eknaidevon (Maveniotuo A A.T.E.L.) Bl

164



37. ENAITEAMA

37.1.Mota givat n emayyeAUATIKIC OAG KATAOTAON;

37.1.1 NARpnc anaoyxoAnon — Anpoolog YaAAnAog
37.1.2 NARpng amaoxoAnon — I8LwTkog YIAAANAOG
37.1.3 Mepikn anaoyoAnon — Anpuootog YaAAnAog

37.1.4 Mepikn anacyoAnon — ISlwTtikog YaAAnAog

37.1.5 EAelBepoc EmayyeApatiog @
37.1.6 Avepyog @
37.1.7 Zuvtaflouyog @

37.1.8 Owuwaka

37.2.NePLypAYPTE TO ETLAYYEALA OOG....ccrrerrerereereeressasnssasassssnssassnasaes

38. OYZIKH APAZTHPIOTHTA

MNapakaAoUue okedteite TIg TEAEUTAleG 7 pEPEC (eBSonada).

Oa BéAape va pog Swoete KAmoleg MAnpodopieg yia TNV uaoikn oag dpactnpLotnta.

38.1. ®YZIKH APAZTHPIOTHTA 2THN EPTAzIA

] Mowa eival n Baoikn oag anacyoAnon;

] Epyaotrkate TG TEAeUTAlEG 7 LEPEG;

Oxt

Nat

- Noéoeg wpeg TN HéEPA KATA HECO OPO;

EmpoxXwpnote otnv evotnta 2

Mooeg pePe; (1)

wpec/ nuepa epyaciag(2)

- ExTtwv omoiwv néoo xpovo Katd HECO OPO KATAVOAWOATE:

Qpec/ nuépa epyaciag

kaBlotr/og

o0pBia/oc

oe klvnon

uetadépovrag Bapog

JUVOALKOG XpOVOC epyaciag

(3)
(4)
(5)

(6)
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- M60o0g XpOVOG XPELACTNKE yLO TN KETAKIVNON 0ag and Kat tpog tn SOUAELA 00G QUTEG

TIG LEPEG;
Aentd/ nuépa (7)
- EK Ttou omoiou xpovou mocon wpa a)mEPTATHOATE; Aemtd/ nuépa mou TRy
otn SouAeld(8)
B)odnynoars; Aentd/ nuépa Tou THya oth
6ouAela(9)
38.2: ®YZIKH APAITHPIOTHTA ZTO zNITI
Katd Tn SIGPKEIQ TV TEAELTAIWY 7 NUEPQY TTOCEG WPES (KATA UECO OPO) TNV nuépa:
KOIUNOAKATE (CLUTTEQIACURAVOUEVOL KAl TUXOV HECNHEQIAVOD LTTVOL); wEES/ NuEpa (10)

eidarte TNA\edpaon-RivTeo; wpes/ nuépa (11)

Katd Tn SIGPKEIQ TV TEAELTAIWY 7 NUEPQY TTOCEG WPEG TLVOMKA KATAVAADOATE:

YIa EAAPPIEC SOLAEIEG OTIITIOV (TT.X. HAYEIPEUA, TTADCIUO TTIATWY KATT); wpEeg/ epdopaida (12)
y1a BAPIEG SOLAEIEG OTHTIOV(TT.X. TTADCIHUO GTO XEPI, TPOLYYAPICHA KATT); wpec/ epdoudda(l3)
yia SIGRACUa KAl OTOV LTTOAOYIOTH (EKTOG WPV £pyaaciag); WPEG/ epSopdaidba (14)

8.3: ®YZIKH APAXTHPIOTHTA lNA WYXATQriA

» TG teleutaieg 7 LEPEG MOOEC WPEC CUVOALKAL:

Qpec/ eBdopada
xopeParte ot club /kat bar: (15)
noaoctav kablotog/n r otekoocaotav 6pblog/a pe ¢iloug oe (16)
KapeTEPLA — pmap — TaBEpva — E0TLATOPLO- BEQATPO-OLVEUQ;
nepnatioate ya puxaywyia (BoAta ota payalld, oTo TAPKO (17)
KATT) Kol ylo PETakivnon (ektdg PETakivnong mpog Kol amo tn
Souleld):

» T TeAeutaieg 7 LEPEG YUUVOOTNKATE;

Nat Oxu
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»  Avval Tt akpLBwG KAVETE KAl TOCEC WPEG OUVOALKA TIG TEAEUTALEG 7 LEPEC:

Qpec/

eBéopada
(18)
(19)
(20)

= Me TL HEOO PETAKIVNONKATE KUPLWG TNV TeAeuTaia efdopada (ONUELWOTE POVO Eval);

MoToOoKAETA D [.X. Mepratwvtog MNodnAato

Méoa Malikng Metadopadg (ry. Aswdopeio, HeTPO Tatl
KATT)

39. KAMNNIZTIKEZ 2YNHOEIEZ
39.1.Mowa Oamd TI( TOAPOKATW TPOTACELS oag Teplypadel kKaAvtepa; (MoapakaAoUpe

ONMUELWOTE LOVO £VA KOUTAKL)

39.1.1 Kamnvi{w kaBnuepwva B
39.1.2 Kamnvilw meplotactokd, aAAd oxtL kabnuepva &l

39.1.3 >uvnoua va kanvilw kabnuepva, alld twpa dev kamnvilw kaboAou

@

39.1.4 >uvnOua va kamnvilw neplotactakd, aANa twpa Sev Kamvilw kaboAou

B

39.1.5 Aev £Xw KamvioeL MOTE Bl

39.2. NG00 XPOVWV NOACTOV OTOV APXLOOTE TO KATIVLOMO, ..ccuveeeeereereesersanaes
39.3. N600 XpovwV NCACTOV OTOV CTOUATHOOTE TO KATIVLIOHOL e eeveeressnssnsnns

39.4. NMOoa XPOVLAL KOTIVIJOTE GUVOALKQ ...cvveeeeeeneerenrsneenecsenssersnesaessessnnnes

EQv Kanvilete MopaKAAOUHE QUTOVTNOTE OTLG EMOUEVEG EPWTNOELG.
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39.5. Tt ouvnOilete va kanvilete; (MopakaAoULE CNUELWOTE LOVO £Va KOUTAKL)

39.5.1. Towadpa pe pidtpo

39.5.2 Towapa xwpis pidtpo ]

39.5.3 ZItplptd toyapa

39.5.4 [oupa @

39.5.5 Mina

39.5.6 AM\o B DLEUKPLVIOTE: ..oeeeveenereennnns

39.6. Mnopeite va TPooSLOPLOETE TNV MOCOTNTA IOV KAMVI{ETE O€ NueEpioLa BAon;

39.6.1 Tolwydpa pe dpidtpo

39.6.2 Tolydpa xwpic ¢piltpor

39.6.3 Itpldpta tolyapa
39.6.4 MNoupa

39.6.5 MNina

39.6.6 AA\o

39.7. Eiote NaBntikog/n Kanviotig / tpla;

39.7.1 Ito omit
39.7.2 3tn Soulela
39.7.3 >to Kadeveio

39.7.4 AN\ou

40. AIATPOOIKEZ ZYNHOEIEZ

Noté

<2 3-5 6-10 11-20 21-30 31-40>40
] ] ] ] @ A ]
B B B il Ei B
] ] ] ] ] ]

A A

] ] ] ] 6] ]

B B B B il Ei B
2 Nat Oxt

B Now BOoxL

2 Nat 2'0oxt

Nouw OXL ALEUKPLVIOTE: .eeveeeeeeenennnnnes

Navia Xuxva Mepkég Dopég Meplotaciakd

40.1. NposctolpaleTe €0£iG TA YEUUATA OOG; @ @ B @

40.2. Tpwte poévog/ noévn;
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40.3. N60c0 cUXVA TPWTE LayELPEREVO PaynTo;

(MapakaAOUPE CNUELWOTE POVO £VA KOUTAKL).

40.3.1. Kabe pépa
40.3.2. Taktikd (pia A eplocodtepeg dopeg tnv efdopdda)
40.3.3. Neplotaotakad (Ayotepo amnod pia popd tnv eBdopada) B
40.3.4. Noté (Ayotepo ano pia popd to uAva)
40.4. Exete npofAfpata otn paonon; 2 NAI 2 OXI
40.5. EXeTe TEXVNTEG 060VTOOTOLYIEG; 2 NAI 2 OXI
40.6. AyopQleTe PO - LOYELPEREVA YEVLOTOL; NAI 2 OXI

Av Na, autd ivo:

40.6.1. Juvtrpnong &

40.6.2. Katepuyueva

40.6.3. KovoepBeg a3

40.6.4. AA\a & ALEUKPLVIOTE: ... veenenenneanns

40.7. AkoAouBeite el81kn dratpodn; NAI OXI

Av Nay, Tt eldoug dratpodn sival avtn;

40.7.1. XopunAn og aAatt &

40.7.2. XaunAn o Atmog @

40.7.3. XaunAn oe Bepuideg

40.7.4. T peiwon Bapoug @
40.7.5. AN\n & ALEUKPLVIOTE: ....c.ceeeenneennennes
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41. AIATPOOIKH ANAKAHZH EIKOZITETPAQPOY

QPA ®ATHTO / NOTO NEPIFPA®H NOZOTHTA
41.1.Htav pLo TUTIKN PEPQ; NAI OXI
41.2. Mowa HEPA ATAV QUTH;  eereeeeeereeeeeereene e
41.3. NapPavete Slatpodkd cuUTANpwWUATA; NAI OXI
Av NAI, tpoodilopiote: TOMo Atatpodikol ZUMMANPWLATOG Noootnta
1.
2.
41.4. Xpnowlomnoleite aldrty; NAI 0)(
41.5. AAatilete To paynTod OTO TLATO TPLV TO SOKIUAOETE; OXI
41.6. NMpooBEtete AAATL OTO HAYEIPEUQ; OXI
41.7. Ynidpyouv tpodua / motd nou dev Tpwte yia Adyoug Bpnokeiag; NAI OXI
Av NAI, tpocoblopiote: Tpodipo / Notd Awapkela anoduyng
1.
2.
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42. EPQTHMATOAOrIO ZYXNOTHTAZ KATANAAQZHZ TPOOIMQN

Znuewwote NOZO ZYXNA KaTtavaAWGoATE TA TAPAKATW TPOPLUA TO TEAEUTALO prva

Oa MPEMEL VO ATTOVTIOETE £X0OVTOC WG MEPida avadopdg TRV MoooTNTA MoV avaypadETOL OTIC TOPEVOETELG.

(Zuvtunoelc: @ = PopEC, yp. = YPAUUAPLA, TUY. = TEUAXLO, @A. = dAt{avL Toaylou = 240 ml)

Noté |1-3 dopég| 1-2 popég | 3-6 popég| 1 dopa | =2 dopa

inavia| /pAva | /eBSopdda |[/eBSouddal /nuépa | /nuépa
42.1. r'aAa / NaovuptL MAnpec (1 motipt/ 1
KeoebaKL) a B y 6 3 ot
42.2. FTaha / MaouptL xapnAo o Autopa (1
rnotpL/ 1 keoedakL) a B y € ot
42.3. Tupl kitpwo, tupl o kpgpa (30 yp) a B y 3 ot
42.4.Tupl péta, avBdotupo (30 yp) a B y € ot
42.5. Tupl amayo f xapnAo os Autapa (light,
cottage) (30 yp) a B y 6 € ot
42.6. Auyo (Bpaoto, tnyavito, opeléta) (1
THX) a B } 6 3 ot
42.7. Wwut aonpo (1 dpeta 30yp 1 péta
toot) Opuyavid (2 tuy) a B y 6 3 ot
42.8. Wwui oAikng aAéoswc (1 péta 30yp N
déta toot)Opuyavia (2 Tuy) a B y [ 3 ot
42.9. KouhoUpL Ogg/kng, Ttita (couBAdkL)
Wwpdkio prépykep (1 ) a B Y 5 £ ot
42.10. Kpttoivia (2 Aemtta), mafipadia (1
UETPLO)
KouAouUpta (2 pétpla) a B y [ € ot
42.11. Anuntplakd mpwvou (% ¢A)
Mmdpeg SnuntpLokwy (1 Tuy) a B Y € ot
42.12. PO Aeuko (1 PA) a B y € ot
42.13. POTL kaotavo (1 ¢A) a B y € ot
42.14. Makopovia, KplBapdakt, xuloriteg,
Ao Lupaptka (1 ¢A) a B y 3 ot
42.15. Zupapikd oALKAG aléoewd (1 pA) a B y € ot
42.16. MNatdateg Bpaotég, GoUpvou, TTOUPEG
(1 pétpra / % OA) a B y 6 € ot
45.17. Notdteg Tnyaviteg (¥ pepida
eoTLaTopiov) a B y o 3 ot
42.18. Mooyapt (umplloAa, koppartt) (150
vp) a B Y 6 € ot
42.19. Mrudtékt (2 Tuy), kedptedakia (4 Tuy),
KLLAG (1 koutaAa) a B y 6 € ot
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42.20. KotomouAo/ yalomoUAa (0Aa ta €i6n)
(150 vp)

ot

42.21. Xolpvo (Umpl{OAa, KOUUATL,
couPAdktL) (150 yp)

ot

42.22. Apvi, katoikl, kuvnyt, maidakia (150
ve)

ot

42.23. AN\avtika (1 péta)

ot

42.24. Noukavika (1 HETPLO), UTELKOV (2
deteq)

ot

42.25. ANNQVTIKQ/ KPEXTOOKEUACHOTOL
anaya n light (6nwg napandavw)

ot

42.26. Wapla pukpad (150 yp)

0T

42.27. Wapla peyala (150 yp)

ot

42.28. OaAaoolva (XTamodt, KaAopapt,
vapibeg) (150 yp)

ot

42.29. Oompla (m.x. dakeg, pacoAia,
peBiOa) (1 rdaro)

ot

42.30. srtavakopulo / Aaxavopulo (1 mdro),
VEULOTA (2 pETPLA)

ot

42.31. MaoTitolo, LOUCOKAC, TIOTMOUTOAKLA
(1 pepida = 150 yp)

ot

42.32. ApoKAC, GPOOOAAKLO, UTTALEG,
ayKwapeg (1 maro)

ot

42.33. Topdta, ayyoupl, kapoTto, mutepla (1
dA. wuaQ)

ot

42.34. MapoUAL, Adxavo, oravakt, poka (1
dA. wuaQ)

ot

42.35. MnipokoAo, kouvouTtid,
koAokuBdkLia, (¥ pA. Bpaotd)

ot

42.36. XOpTa, MpAco, oTavVAKL, oEAWvO (%
dA. Bpaotad)

ot

42.37. MoptokaAL (1 pétplo)

ot

42.38. MnAo, axAadt (1 pétplo)

ot

42.39. AAN\a xelpepva ppouta (1 oAokAnpo
n % ¢A)

ot

42.40. Mmntavava (1 pétpla)

ot

42.41. AN\ kaAokalpva ¢ppouta (1
oAOKANpo N % dA)

ot

42.42. Xupog dpoutwy (1 motrpl)

ot

42.43.. Arto§npapeva ppouta (% dA.)

ot

42.44. =npol kapmoli, ondpot (1 pArt{avakt
KadE)

ot

42.45. iTeC OTITIKEC (TT.X. TUPOTILTQ,
ornavakorita) (1 Koppart)

ot

42.46. MNiteg £€tolpeg (1 Koppaty)

ot
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42.47. Toot, cavtoultg (1 oAokAnpo) B y € ot
42.48. Nukd tadov (1 Tuy) B y € ot
42.49. N\UKA KOUTOALOU, KoumooTa, {eAé (1

pepida) B y 6 3 ot
42.50. Maoteg, tapta (1 Tuy) B y 6 3 ot
42.51. Kpouvaoav (1), ykodppéteg (1 pétpra),

KEWK (1 pEta)

Mrmokota (3-4) a B y & 3 ot
42.52. JokoAdta (OAa ta €16n) (1 pétpla ™

60 yp) a B y 6 € ot
42.53. MNaywto, MK CELK, KpEUa, puloyalo

(1 Ty) a B y 6 € ot
42.54. Matatakia, yapltdakia, mom kopv (1

oOaKOUAAKL ~70 yp) a B y [ € ot
42.55. MEAL, papperada, Laxapn (m.x. o

Pwpi, kadeE) (1 kout. yAukou) a B y & 3 ot
42.56. EALEG (10 pikpéG/ 5 peyaheg) a B y 6 3 ot
42.57. Kpaoi (1 motrptL = 125 ml) a B y 6 € ot
42.58. Mmntupa (1 motrpt = 240 ml) a B y o 3 ot
42.59. AAN\o €id0¢ aAkoOA (1 motd) a B y & 3 ot
42.60. Avauktika (1 kouti ~ 330 ml) a B y 6 € ot
42.61. Avapuktika light (1 kouti ~ 330 ml) a B y 6 € ot
42.62. Kadeg (1 dA. i motnpl) a B y 6 € ot
42.63. Toat, aAAa adedrpoata (1 dA) a B y 6 3 ot
42.64. Maylovela, owg (1 kout. coumag) a B y 6 3 ot
42.65. Maylovelo/ owc Adtt (1 kouTt.

ooUTOG) a B y 6 € ot
42.66. Moo GOPEC XPNOLUOTIOLE(G

eAalolado (omoudnmorte); a B y 6 3 ot
42.67. NM6oeC PoPEC XPNOLUOTIOLELS

omop€AalLo (omoudnmote); a B y 5 3 ot
42.68. M60eC POPEC XPNOLUOTIOLELS

pHapyapivn (omoudnmote); a B y & 3 ot
43.69. Mooec popég xpnoomnoleic Boutupo

(omoudnmorte); a B y 6 € ot
42.70: MNooco tpw'q Qo To 0paTo Almog Kat Oho NepLocoTEPO Mépoc KaBd\ou
TNV TETOOOTO KPEQ;

42.71. MN600 cuyva mapayyEAVELS amo €€w N

TPWG EKTOC OTILTLOU; B y [ € ot
42.72. 600 CUXVA KATAVOAWVELG TPWLVO; B y o 3 -
42.73. Mooa yeupata £XELC CUVOALKA TNV

nUépa pall Ye T ovVaK; 1-3 4-5 >6
42.74. Nooa anod autd sival Kupilwg

yeupata(rnpwivo, uecs/vo, Bp/vo); 1 2 3
42.75. KatavoAwvelg Blodoyika mpoiovta i NAI OXI
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mpoiovta ooyLog;

42.76. Maipvelc cupmAnpwpata dtatpodng
(r.x. Brtapiveg); NAI OXI

43. EpwtnpatoAdylo £kBeong otov nALo

1. MNoon wpa kabeote otov A0 petaly 9.00-18.00 katd pEco 6po ava efdouada (onuUelwoTe Tov
aplOud Twv wpwv)
....... WPEG TOV XELHWVA

....... WPEC TO KaAoKaipt

2. XpNOLLOTIOLEITE aVTNALOKO
O Navta
0 Mepikég hopEg
0 Noté

3. TLtumo &éppatog EXETE;

(] Tumog |: mavta Kaiyetal kot mote dev paupilet
(] Tumog ll: ouxva kalyetal kot pavpilet S0okoAa
] Tomog llI: kapd dpopad kaiystot HETpla Kat otadlakd paupilel
] Tomog IV: omavia kaiyetal kat poupilel eUKoAQ
4. Epyaleote:
(] ZE ECWTEPLKO XWPO
[ Zg eEWTEPLKO XWPO

0 Kouwta uo
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Appredix 2

Figure A2: A negative correlation between serum 25(OH)D and PTH concentration was
observed in all subjects (r = -0.162, P=0.00), as it sawn in table 3 of the manuscript 1.
Relationship between serum 25-hydroxyvitamin D [25(OH)D] and parathyroid hormone (PTH) (P
=0-000). LOESS plot with 95% CI.
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Appredix 3

Table A3. Mean dietary pattern score among sex, age groups, serum Vitamin D status,

season of blood sampling and area of residence.

1- vegetables- | 2- fast food 3-western 4- healthy 5-sweets 6- traditional
fruit
Sex (%population)
male -0.0827+1.01 0.0929+1.03 0.2652+1.17* | -0.0971+£1.02 |-0.1147+1.00 [0.2304+1.21*
(11.5%)
female 0.0406+1.00 -0.0211+0.97 -0.0197+1.00* | 0.0287+1.00 0.0025+1.00 |-0.0314+0.04*
(88.5%)
Age group (years) (%population)
18-50 -0.1878+1.01° | 0.2412+1.09 0.0985+1.00" -0.0054+0.98 |0.0332+1.02 -0.0246%1.01
(50.8%)
51-65 0.1698+0.93" -0.2130+0.87" | -0.0347+0.97 0.0300+0.98 -0.0547+0.9 0.0156+1.02
(37.0%)
>65 0.4820%1.00° -0.389240.7 -0.2131+1.02° | 0.0893+1.12  }0.0397+1.07 0.0105+1.01
(12.2%)
Vitamin D status
25(0OH)D 0.0867+1.00 -0.0455+0.96 0.0326+1.03 0.0662+0.93° |0.0826+1.07" |-0.016620.98
<20 ng/mL
(52.9%)
25(0OH)D -0.0390+1.01 0.0363+1.03 -0.0203+0.93 0.1020+1.06" |-0.1143+0.86 [0.0161+1.05
220 ng/mL
(47.1%)
Season of blood sampling
Winter- 0.0585+1.06 0.0043+0.97 0.0291+1.036 | -0.0625+0.98 [0.0269+0.92 |0.0725+0.97
Spring
(34.5%)
Summer- 0.0113+0.97 -0.0166+1.01 -0.0033+0.98 0.0543+1.006 |-0.0293+1.02 }-0.0412+1.03
Autumn
(65.5%)
Area of residence
Urban 0.0005+0.97 0.0251+1.02 -0.0741+0.96 | 0.1650+1.03° }0.0051+1.05 -0.0121+0.024
(71.9%)
Rural 0.0973+1.07 -0.0976+0.94 0.2180%1.06° -0.3732+0.8°  |-0.0223+0.81 (0.0240+0.92
(28.1%)

176




Appredix 4

Table A4. Biochemical, anthropometric and QUS parameters according to genotype of 8

polymorphisms of OSTEOS study

polymorphisms | 25(0OH)D PTH BMI BUA SOS |
Genotype mean £ SD | mean +* SD | mean +SD | mean + SD | mean + SD (p-| mean + SD
(frequency %) (p-Value) (p-Value) (p-Value) (p-Value) Value) (p-Value)
rs11520772

AA (59.7) 20.33+£7,99 | 40.36£15.51* | 27.68+5.37 | 113.53+17.17 | 1558.56%£36.49* | 90.52+19.00
TA (31.8) 20.46+7.69 | 43.85+15.05* | 27.91+5.49 | 113.52+15.11 | 1546.18+125.36 | 91.08+19.28
TT (8.6) 18.10+7.21 | 39.73+2.46 27.63+5.64 | 111.52+18.6 | 1511.07+239.14* | 86.52+21.88
rs2908007

AA (32.7%) 20.5£7.98 | 43.76+£15.96 | 27.4+5.14 | 111.9+15.09 | 1539.78+153.33 | 88.32+18.58
GA (48.7) 19.87+8.22 | 43.96+15.25 | 28.0945.35 | 112.13+£18.13 | 1548.12+116.86 | 88.79+20.34
GG (18.6) 20.27+7.87 | 41.02+15.51 | 27.64+5.44 | 111.85£14.3 | 1553.374£34.51 90.74+16.99
rs2982552

AA (37.6) 20.27+7.7 | 43.45+15 27.8+5.29 | 113.3£15.54 | 1558.56+35.71 90.54+19.2
GA (2.7) 20.38+8.23 | 42.86+15.5 27.5+5.12 | 111.74+16.4 | 1545.674£129.69 | 89.63+£19.03
GG (19.7) 19.49+8.43 | 44.16+15.9 28.35v5.73 | 110.24+18.75 | 1526.15£182.55 | 84.34+£19.28
rs3000634

AA (73.5) 20.22+8.16 | 43.65+15.8 27.92+5.4 | 112.21+16.7 | 1540.71+£138.81 | 88.05%£18.78
GA (24.2) 20.08+7.72 | 42.8+14.16 27.54+5.15 | 112.33+16.5 | 1564.66%35.64 92.2+20.23
GG (2.3) 19.46+9.14 | 36.09+10.1 26.10+4.36 | 102.13+£13.8 | 1538.76+32.44 83.78+£19.64
rs3020331

CC(35.2) 19.7848.9 | 44.13+15.26 | 27.99+5.4 | 110.55+33.98 | 1550.91+£33.98 86.66+18.0
TC (46.7) 20.47+7.67 | 42.03+15.72 | 27.42+5.25 | 113.34+17.42 | 1540.29+£172.6 91.47+20.0
TT (18.1) 20.11+7.38 | 44.81+14.31 | 28.34+5.31 | 111.56+16.37 | 1554.14+39.18 87.02+£19.06
rs597319

AA (42.3) 20.66+8.0 | 43.58+15.62 | 27.86+5.15 | 114.2+17.2 1558.64+38.03 92.2+16.67*
GA (44.8) 19.6+£8.23 | 43.13+14.73 | 27.86+5.37 | 110.8+16.24 | 1534.72+174.73 | 87.74+18.67
GG (13.0) 20.89+7.53 | 42.31+16.73 | 26.94+5.29 | 109.06+14.63 | 1548.01+28.9 82.09+16.57*
rs7741021

AA (35.1) 20.24+8.4 | 44.03+15.0 27.57+5.24 | 109.82+14.99 | 1541.22+138.17 | 86.41+£19.65
CA (46.8) 20.12+7.83 | 41.78+15.38 | 27.87+5.41 | 114.37+17.77 | 1557.71+£37.18 91.25+£19.51
CC(18.1) 20.48+7.94 | 45.16+16.18 | 27.69+5.13 | 110.644£15.83 | 1529.36+196.51 | 87.35+16.48
rs9292469

CC(36.9) 19.67+8.53 | 41.45+14.74 | 27.6345.17 | 110.694£20.33 | 1525.89+20.33 86.031£15.22
TC (48.2) 20.78+8.1 | 44.37+16.33 | 27.7+5.46 | 112.65%£17.43 | 1555.1+35.89 89.72+20.39
TT (14.9) 19.604£6.9 | 42.74+13.18 | 27.93+4.86 | 114.0£16.77 | 1563.64t41.31 91.34+22.0
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Appredix 5

Poster presentations

SERUM 25-HYDROXYVITAMIN'D LEVELS OF HEALTHY MEN IN GREECE
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Introduction

Osteoporosis is a major public health concern. Women have a higher risk of osteoporotic fracture compared with men (1 in 3 women and
1in 5 men over 50 years). Vitamin D deficiency is among the most important clinical risk factors. Although recent data indicate that
prevalence of vitamin D deficiency can be common in countries previously considered as low risk (e.g Mediterranean countries) * few
data are available for Greek population. Low levels occur in elderly2, mothers after delivery?, children and adolescents? and there are few
data concerning adults®. Therefore, the evaluation of vitamin D levels is of immense significance®. is an observational cross-sectional
study that aims to identify the prevalence of vitamin D deficiency of healthy adults in Greece.

Methods

A population of 134 community dwelling men was recruited at the health promotion events carried out by the Hellenic Society for the
Support of Patients with Osteoporosis in rural and urban areas throughout

Greece. Following a 12 hour fast, all subjects will have a blood drawn of venous blood used for serum isolation. Total calcium (Ca),
phosphorus (P), creatinine, parathyroid hormone (PTH) and 25-hydroxyvitamin D (25(OH)D) were measured. The SPSS statistical
package used for the statistical analysis. The study was approved by the Ethics Committee of Harokopio University.

Results o o .
The mean age of the population was 44.34 Table 1: Descriptive characteristics Table 2: 25(0H)D levels

s (g, 1856 Jor) w870 | wewrs ] [rsonpous e
o oo Y : - n opulation
25(0OH)D, PTH, Ca, P and creatinine are Age (vears) 44.34£1552 (ng — pop

presented in Table 1. Vitamin D levels, are  [A(elg) DX (3l[ny] W IPA KL E X K 0] Severe Deficiency (<10) 8.2%

e R A G RS B pTH (pg/mL) 40,01 + 169.88 Deficiency (10-19.9)  34.3%
range (15-65 pg/mL) for 89.3% of the

population and 8.4% had high PTH (>65 (AW 9.21+057 Insufficiency (20-29.9)  35.8 %
pg/mL). The levels of serum Ca, P, and  [=NGTs/Ls[B] 3.22+0.59
creatlnlng, were within the normal range Creatinine (mg/dL) 0.88 +0.018
Conclusions

A high proportion of Greek adult men (42.5%) in this study had vitamin D deficiency (<20ng/mL) and only 21.6% had levels above the
adequacy (30ng/mL). Low levels of 25(OH)D are associated with increased risk for fractures and exacerbate bone loss. Beyond the
skeletal consequences, low serum vitamin D, has numerous nonkeletal effects’. This study highlights the emerging issue of 25(0OH)D
insufficiency in Greek men population, that should get priority in public health strategies and the need for targeted interventions even in age
groups and gender, not previously considered as at risk, like adult men.

Adequacy (230) 21.6%
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"HEEL QUANTITATIVE ULTRASOUND PARAMETERS,
SERUM 25-HYDROXYVITAMIN D AND PARATHYROID
HORMONE LEVELS OF HEALTHY ADULT WOMEN IN
GREECE

Objective: The objective of this observational cross-sectional study is to identify heel bone properties, specifically broadband ultrasound attenuation (BUA), speed of sound (SOS) and

_stiffness index (S1), in healthy Greek women, as well the relation_of these parameters with age, serum 25-hydroxyvitamin D MH)D) and parathyroid hormﬂ(PTH)._ S
Material and Methods: A population of 738 community dwelling women was recruited at the health promotion events carried out by the Hellenic Society for the Support of Patients
with Osteoporosis in rural and urban areas throughout Greece. PTH and 25(0OH)D were measured. Heel bone properties measured using quantitative ultrasound (QUS) device. The study was
approved by the Et| Committee of Harokopio University.

WRES U | tSHTHe destfiptive datalofpopulation are SHoWn in thekable 1 a8ifean +Istandard deviation. THere is a Sighificant différen ce GIBUA (114J05%: 15,77#107,66 157, p=0j039)and
SOS (1555,67134,26 # 1506,0 £ 18, p=0,00) between normal(15-65pg/mL) and high(>65pg/mL) PTH level respectively. Sl and BUA are sig antly different between all age groups as shown
in tablel with 00 for both parameters. Sl is higher in 18-50 age group in relation to 51-65 and >65 age group (p=0,00 and p=0,03 respectively).

ablesdisDesetiptive chataeteristieswms
—
-_

Conclusions: The mean vitai D levels of older Greek women (>50years) is below 20ng/mL, as well as BUA, SOS and Sl are lower in older age groups (51-65 and >65). Given that low
[EVels arelassociatadWith increased riskiforractures)this stuy ghlights the emerging issue of (OH) insufficiencyin GréekWomenlandithe needfor targete intefVentions.

All authors state that they have no conflicts of interest.

__Osteoporosis is a major public healthwen n. Women have a higher risk of osteoporotic fracture compared with meMﬂ 3 women an(ll_m 5 men over 50 vears).
Quantitative bone tltrasound (QUS) is emerglng as a low-cost cost , ionizing radlatlon—free 5|mple and pc portable screening techmque that is able'to identify' women at risk for the
osteoporosis and that may be used by general practitioners in primary care. Lower values of the QUS parameters were associated with a significant increase of any
subsequent fracture at any site.2 Vitamin D deficiency is also among the most important clinical risk factors. Although recent data indicate that prevalence of vitamin D

mméleficiengysean begemimon;iieeuntriespieviousiyseonsideiechas lowsisk (e.giMediterranean couitiies) ' fewsdata aieavailablesfenGreelspopulationmi=ow |evels:0CCuiriims
elderly®, mothers after delivery?, children and adolescents® and there are few data concerning adults®. Therefore, the evaluation of QUS parameters and vitamin D levels is
of immense significance’. is an observational cross-sectional study that aims to identify the prevalence of vitamin D deficiency of healthy adults in Greece.

Apopulation of 738 community dwelling women was recruited at the health promotion events carried out by the Hellenic Society for the Support of Patients with Osteoporosis in rural and
urban areas throughout Greece. Following a 12 hour fast, all subjects will have a blood drawn of venous blood used for serum isolation. Total calcium (Ca), phosphorus (P),
parathyroid hormone (PTH) and 25-hydroxyvitamin D (25(0OH)D) were measured. Heel bone properties measured using the Achilles quantitative ultrasound (QUS) device, a
Pwater-bathpulirasoundisystempinto whichithe subjeenplaceshisihee!. JAehilles generates ajband of freguenciesyffom 2001109600 kHzmlumeasuresithe broadband alrasound
attenuation (BUA), expressed in dB/MHz, and the speed of sound (SOS), expressed in m/s. The third variable, stiffness index (SI), is automatically calculated by Achilles from the
BUA and the SOS, using the equation SI=(0.67*BUA)+(0.28*S0S)-420. The SPSS statistical package used for the statistical analysis. The study was approved by the Ethics
__ Committee of HarcMo Uniﬂ __ __ __ __ __ __ __ __ __
ble'l: Descriptlve characteristics
The mean age of the population was 50.40+ 12.94 years, (range,
20-86 years. The descriptive data of population are shown in the
mtable 1 asymean +jstandard dewiation. Theresis a significant difference
of BUA (114.05£157 # 107.66£15.7, p=0.04) and SOS

(1555.67434.26 # 1506.0+18.00 p=0.00) between normal (15- v - " , 05+14. 06.75:17
65pg/mL) and high (>65pg/mL) PTH level respectively. S| and BUA are

WSighificantlydiffereftibetweeriialliage gfopsias shownin tablETWith WE1.65 years 19.36-7.66 1544 71+31,
p=0.00 for both parameters. Sl is higher in 18-50 age group in relation -__---

to 51-65 and >65 age group (p=0.00 and p=0.03 respectively). 17.64¢6.52 47.29+16.03 75.5+1 104,37+16 1528.91+29

The mean serum 25(OH)D touch thresholds for the age group 18-50 years and is below the reference values (20ng/mL) for ages over 50years. Additionally, as older age groups, the lower the

levels of QUS parameters (BUA, SOS and SI) are lower in older age groups (51-65 and >65). BUA and SOS va\ues are significant higher in subjects with normal PTH (15-65pg/mL), than those
__with high levels (>65pg/mL). Low levels of 25(0OH)D QUS parameters, are associated with i i

consequences I0W Serum Vitamin D, has humerous nonkeletal effects®. Thi study hlghl ghts the emergmg iSSue of 25(0H)D lnsuﬁlcwency And theliecrease’ons BUA, §680and

Sl at older ages, in Greek population, that should get priority in public health strategies and the need for targeted interventions.
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Introduction

Osteoporosis is a major public health concern. Women have a higher risk of osteoporotic fracture compared with men (1
in 3 women and 1 in 5 men over 50 years). Vitamin D deficiency is among the most important clinical risk factors.
Although recent data indicate that prevalence of vitamin D deficiency can be common in countries previously considered
as low risk (e.g Mediterranean countries) ! ,few data are available for Greek population. Low levels occur in elderly?,
mothers after delivery?, children and adolescents* and there are few data concerning adults®. Therefore, the evaluation of
vitamin D levels is of immense significance®. This is an observational cross-sectional study that aims to identify the
prevalence of vitamin D deficiency of healthy women in Greece.

Methods

A population of 840 community dwelling women was recruited at the health promotion events carried out by the Hellenic
Society for the Support of Patients with Osteoporosis in rural and urban areas throughout Greece. Following a 12 hour
fast, all subjects will have a blood drawn of venous blood used for serum isolation. Total calcium (Ca), phosphorus (P),
creatinine, parathyroid hormone (PTH) and 25-hydroxyvitamin D (25(OH)D) were measured. The SPSS statistical
package used for the statistical analysis. The study was approved by the Ethics Committee of Harokopio University.

Results . Table 1: Descriptive characteristics Table 2: 25(0OH)D levels
The mean age of the population was

50.33 years, (range, 20-86 years) while _ 25(OH)D stal centage of
86.9% were 20-65 years old. Mean serum Age (years) 50.33 + 13.01 (ng/mL) opulation
%

25(0OH)D, PTH, Ca, P and creatinine are -
presented in Table 1. Vitamin D levels, are [aSalet WALl 19.95 +8.51 Deficiency (<10) 8

presented in Table 2. PTH was at normal [=3/ENeITH) 41.16 + 18.06 Deficiency (10-19.9) 47.3 %
range (15-65 pg/mL) for 89.7% of the L

population and 8.2% had high PTH (>65 ca (mg/dL) 950065 Insufficiency (20- 34.2 %
pg/mL). The levels of serum Ca, P, and LUt 3.63+0.74 29.9)

[ CEURERVEICANI G RGEN T EINE LSRN Creatinine (mg/dL)  0.77 + 0.16 Adequacy (230) 10.5%

Conclusions

The majority of Greek women (55.3%) in this study had vitamin D deficiency (<20ng/mL) and only 10.5% had levels above
the adequacy (30ng/mL). Low levels of 25(OH)D are associated with increased risk for fractures and exacerbate bone loss.
Beyond the skeletal consequences, low serum vitamin D, has numerous nonkeletal effects’. This study highlights the
emerging issue of 25(0OH)D insufficiency in Greek women, that should get priority in public health strategies and the need
for targeted interventions even in age groups not previously considered as at risk, like adults.
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Introduction

Osteoporosis is a major public health concern. Women have a higher risk of
osteoporatic fracture compared with men (1 in 3 women and 1 in 5 men over
50 years). Vitamin D deficiency is among the most important clinical risk
factors. Although recent data indicate that prevalence of vitamin D deficiency
can be common in countries previously considered as low risk (e.g
Mediterranean countries) * few data are available for Greek population. Low
levels occur in elderly?, mothers after delivery?, children and adolescents* and
there are few data concerning adults®. Therefore, the evaluation of vitamin D
levels is of immense significance®. is an observational cross-sectional study
that aims to identify the prevalence of vitamin D deficiency of healthy adults in
Greece.

Methods

A population of 974 community dwelling adults (134 males, 840 females) was
recruited at the health promotion events carried out by the Hellenic Society for
the Support of Patients with Osteoporosis in rural and urban areas throughout
Greece. Following a 12 hour fast, all subjects will have a blood drawn of
venous blood used for serum isolation. Total calcium (Ca), phosphorus (P),
creatinine, parathyroid hormone (PTH) and 25-hydroxyvitamin D (25(OH)D)
were measured. The SPSS statistical package used for the statistical analysis.
The study was approved by the Ethics Committee of Harokopio University.
Results

The mean age of the population was 49.58 years, (range, 18-86 years) while
87.2% were18-65 years old. Mean serum 25(0H)D, PTH, Ca, P and creatinine
are presented in Table 1. Vitamin D levels, are presented in Table 2. PTH was
at normal range (15-65 pg/mL) for 89.7% of the population and 8.2% had high
PTH (>65 pg/mL). The levels of serum Ca, P, and creatinine, were within the
normal range

Conclusions

The majority of Greek adults (53.6%) in this study had vitamin D deficiency
(<20ng/mL) and only 12% had levels above the adequacy (30ng/mL). Low
levels of 25(0OH)D are associated with increased risk for fractures and
exacerbate bone loss. Beyond the skeletal consequences, low serum vitamin
D, has numerous nonskeletal effects”. This study highlights the emerging
issue of 25(0OH)D insufficiency in Greek population, that should get priority in
public health strategies and the need for targeted interventions even in age
groups not previously considered as at risk, like adults.
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Table 1: Descriptive characteristics of population
Mean £ SD
Age (years) 49.58 +13.5
25(0H)D (ng/mL)
PTH (pg/mL)
Ca (mg/dL)
P (mg/dL) 357+0.73

20.38 £ 8.95
41.24 +17.99
9.971£0.93

Creatinine (mg/dL) 0.79+1.16

Table 2: 25(0H)D levels of population

25(0OH)D status (ng/mL) | Percentage of population

deficiency (<10) 8%
deficiency (10-19.9) 45.6 %
insufficiency (20-29.9)  34.4 %
adequacy (230) 12%
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