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DIETARY ASPECTS OF BONE HEALTH AND MUSCLE PERFORMANCE
IN THE ELDERLY IN THE UK
by Mohammad Safarian
To date, studies of diet and osteoporosis have mainly focused on single nutrients with few
studies assessing more than calcium, protein and vitamin D intake. Because of the com-
plex interaction between nutrients, attention has moved toward exploring overall dietary
patterns. This study tests the hypothesis that a diet, which complies with current healthy
dietary guidelines, is associated with lower plasma alkaline phosphatase (ALP) and
stronger handgrip strength as markers of bone health and muscle performance in older
people. The study also examines whether men, and those with optimal early nutrition will
benefit more from a healthy diet than women and those from a less than optimal early en-
vironment. This is the first study to examine the effect of a healthy dietary pattern and to
explore its interactions with sex and body size measurements on bone health and muscle
performance in the elderly.
The secondary analyses undertaken in this study are based on the data of the National Diet
and Nutrition Survey (NDNS) conducted on a UK nationally-representative sample of
1687 men and women aged 65 years and over. Principal component analysis (PCA) was
used to summarise dietary patterns, by which seven statistically independent eating pat-
terns were generated. Subject’s factor loading scores were derived for each eating pattern.
Correlations between these dietary scores and alkaline phosphatase (ALP) and handgrip
strength were examined and individuals were categorized according to their dietary pat-
tern.
The healthy dietary pattern identified by PCA characterised by a high intake of vegeta-
bles, fruits, cereals, fish and other seafood, showed the strongest negative (beneficial) as-
sociation with ALP (r = -0.17, p<0.001) and the strongest positive association with hand-
grip strength (r = 0.29, p<0.001). Multiple regression analysis controlling for energy in-
take, a number of confounders and various nutrients, identified the healthy diet as the
strongest predictor for serum ALP and handgrip strength in elderly men and women, sepa-
rately. Subjects in the highest fourth of the healthy diet in comparison to the lowest, were
less likely to have high levels of plasma ALP (OR = 0.4, 95% CI, 0.3 — 0.6) after adjust-
ment for known confounders. Healthy diet was of the most benefit for heaviest and tallest
men but not heavier and taller women. For those within the shortest and thinnest group,
the association between healthy diet and ALP did not reach statistical significance. Ac-
cording to the most frequently practiced eating pattern, only 2% of people from institu-
tions and 14% of community dwelling people in the UK could be considered as healthy
eaters.
The overall dietary pattern may be more important in predicting bone health and muscle
performance in the elderly than any single nutrient. An eating pattern, which complies
with the current healthy dietary guidelines in the UK may be associated with good bone
health and better muscle performance. These results suggest the need to improve the eat-
ing habits of the elderly population in the UK. These results have implications for preven-
tive programs aimed at improving and maintaining bone health and muscle performance
in the elderly by focusing on the entire diet as a comprehensive approach, rather than just
calcium and vitamin D.




TABLE OF CONTENTS

F N T v Yo P S 1
| D T ek o 1 II
| I TR oY A 71 ) (< P VI
LSt OF FIGUTES v onentt ittt e VII
ACKNOWIEAZEMENT. .. ...ttt X
Abbreviations and special term definition ... X
INTRODUCTION....cccoermrenisvessrisonsssnsssssossane 1
1.1. OSTEOPOROSIS, DEFINITION AND CLINICAL MANTFESTATIONS ....ccotvriireeriiiiereeeeretresnneeaeeeneienas 1
1.2. OSTEOPOROSIS; EPIDEMIOLOGY AND TRENDS ....eovctierrrerreerrereeeseesntessersnsieessecesssnntesnessessssennees 2
1.3. RISK FACTORS ..o evtvetiettereeiseiiteissesesessessssenseeasesaesssassassasesssesssasenserasesesssssesenntessaesssnsmaseaneesaseneneenses 4
1.4. HYPOTHESES ...veeveeeveitiieeceneeseeseeisssssassssansaessseeesseeseesatssaessaessesassaeanesenesseneesaeesasessessanessaresssersssernns 6
1.5. AATM ettt te et e ettt e e ettt beeea b taeaat et e ateean e st aaear e he R ee s e e atesate R geeateranaeenseeneeenneeres 7
1.6. (@) 2312708 472 5 SO PO PTUE 7
1.7. ASSUMPTIONS OF THE STUDY .vuueiiteniiirreneenernesasuereruereassmussessusssssseesnserstnssssssieserssmsnssarenssennsronsneessns 7
1.8. IMPLICATIONS OF THE STUDY ...ocviveueietineesseeseesessessssesesssssesesasessasasssssesssssssasassnsssesassssesessasesesserses 8
1.9. LAYOUT OF THE THESIS ... uveeervieitieeeeertresatseesssaastaeseresounessasesseesssesnesssesssonesssnnessssesonsuesssonessasenessones 8
LITERATURE REVIEW....cciennsncsinnnas .. 10
2.1. THE PHYSIOLOGY OF BONE .....0vcovtietieereteeeenieessssomesstesonsesesassnnesssarstsssesasesssestssanesssommessassssonsnsess 10
2.1.1.  BOFE HSSUE CLEMEALS ....oovveeeveeeeeeeereeeceeeestveesteessisesabesssessse s st e sste s s st e e sssassabessebeeesastenasseeen e 11
2.1.2.  Physiology and metabolism of DORE.............ccviieiiiiiiiriiiiicictteceer 12
2.2. NUTRITIONAL VARIABLES AND BONE HEALTH ....cuvtvniiirere it ieaeteererenn e rerenesaeresenssesnsensssesuessranes 32
22,0, MOIUEFIIION v eees e e e ee et estae e s s aa e e e s e aaseas e sta e arteeeesensneaeseasbeassesnmanesssnnannec 32
22,2, PFOICIT oot e et e et e bt e et et ettt e e bR e sbe e he e sabe e st e e b e s e bt e nnnen e 36
2.2.3. VHEAIIFL D oottt et e eeeeeanenste e st aesre e s e bt sarae e st e e a e b e et e s eaae e rreraeneaenns 53
2204, COLOTUIL oot ee e te e et e e et a e e st e s st e e esaesbe e srbaasse st e e s s bt e s bbesasentenanesesmnessabreeenane 61
2.2.5 VIEGIEFL K eeeoeeeeeeeeeeeeeveeeteetete e et esae s et s ana e senesaaesasaeseesaesat s st s tens e enseesmsasseeamteeanee et e ennenneeesren 72
2.2.6.  COJFEIRE oottt e 76
D27 ALCOROL. .ottt et eaee e sttt et e b r e st esne e 83
2.3. NON-NUTRITIONAL VARIABLES AND BONE HEALTH.......cevcitirriiniiiiinitessecesieeeosnnneennenineseseness 89
23010 WEIGAE oottt bbb s 89
2.3.2. CLQATEIIE STOKITG .ottt sttt ettt et ettt 94
2.3.3. PRYSICAL QCTIVIEY cvvieereeieeeceetit sttt e bbb s 9%
2.4, BODY SIZE DETERMINANTS AND THEIR IMPORTANCE FOR BONE HEALTH .....ccceovvvieiiniinnncnnnnnnes 106
2o ], GFOWIR oot ee e e eeeee et e e bt e et a e e st e e et ettt s bt a e e e e s an et ee e nenanr et e e nneneeneees 106
2.4.2.  Early nutrition and bone REAltH .............c..coovvivrmeveiviiciiiiiiincs e 111
204.3. SUIIGATY c.vevenieeeeteeeet ettt ettt sa e s st et ea e s s b ekt et ae s bbbt e e aens 115
2.5. GENETICS OF OSTEOPOROSIS ....uvviirirrreeetrereaeneresreesmeeaesessssessssessessmsessessessssessssmsessonsesssasssnnnnes 115
2.5.1. SHIIUATY ceveeeieeeeeeieetee ettt s ea e esb e b r e b e b st b s e b e b et nab e e 121
2.6. MARKERS OF BONE METABOLISM ....vvecurieiiieeesermensrnraenieesieesnessseesnesssnsessuneesssessanesessssesannonssnnne 123
2.6, 1. IHEFOAUCTION . oo ee e eet et eeese e s evbes st s b e e ss et s e st e e s e e e e st e st e s b s esbreesaaneee s 123
2.6.2. Alkaline phosphatase and bone Realth..............ccccoeevvvivivieeeiininininiicii s 124
2.6.3.  Bone-specific ALP and bone Realth................ccoocovvviviniivmmeoieiiiiicicciiiecteee s 125
2.6.4.  Serum alkaline phosphatase (T ALP) and bone health..............ccccooooevinioennniiiciinne, 127
2.6.5. Comparison between T ALP and other bone Markers ..........cuveveinrieinieoninninncns 129
2.6.6.  Factors affecting ALP Levels.........cccocviviiiiiminiieenicvcctece s 131
2.6.7.  Bone biomarkers and 0SteOpOTOtiC SYHATOMES .......cccueriviriiiiiniinisiiisiiiveie ettt 136
2.6.8. SUIMIATY cvovveeeieeeeeieieerest oot sttt e et b s b bbb bbb 137
2.7. MUSCLE WEAKNESS, RISK OF FALL AND RELATED VARIABLES......c.cceoittreeirenrnnee e eicee e 139
2.7.1.  Fall risk and 0Ste0pOrotic fraOCHUFES.......cccviiiriiiririiiiee ettt 139
2.7.2.  Muscular function and risk of fall ... 139
2.7.3.  Factors influencing muscle fUnCIiON .........oooevweeiiiiiiiiiiiiirii e 141

I



2.8. SUMMARY OF THE LITERATURE REVIEW ...c..coviiiiimiiriiniiiinieinrennetiniesrenesseesas s sre e srsesreeseesaesnens 149
2.8.1.  Diet GNA DORE ROAIIT c.u..ccveeeeeeeeeeeeeeee sttt ettt e aet oo nen e 149
2.8.2. Non-nutritional variables and bone Realth.......c..cooocovvvivervineeciiiiiinice e 150
2.8.3.  Biochemical bone markers..........ccovvevvennns ettt ettt ettt e st sa s 152
2.8.4.  Muscle performance And diet............ocovmeecueerioinriiieeiiii et 152
SUBJECTS AND METHODS....ccccocitsesnsnrescnsmsneasssnnssesssssesssssnesssnssasssssasasas . 153

3.1. SUBTECTS ..ttt iveeveeuveereessrasansesase et eeseesaesaeseseeessresesessaesaesensesaseshe s e b s eaaeasen st e nas e abessaeesab e e anestesannanes 154
311 The free-liVIng SAIMPLE ..ottt 154
3.1.2.  The inSHIULION SATMPLE «...evvreeeeeeeceieee et e 155

3.2. PROCEDURES .....ccuvetesteetesatraessenseentent et saeasestestsastsassbesassassas s nssessssnresaenesanessensssreenseeseeanssnasseeses 157
3.2.1.  DIerary GSSESSMENL.....coiourveriiriistiiiiaieite sttt ess et cae s et s bbb bbbt e r e er et 157
3.2.2. BlOOA ARGIYIES ...t 157
3.2.3.  Anthropometry and grip SIFERZHH . ......c..ccoveemimiiiiiciieiecctcte et 158
324, OtRer PrOCEAUIES ...covevieceiiiiitie ettt ettt 158

3.3. IVIETHODS ....veevveinreeieeienreesneessansseessaseeseaaseesmesssseneesanesasaeseesestinss et sessssas s bs e s enbessansanrsansenessense 160
3.3.1.  Statistical ANALYSIS .uveeverreeiierreeeereree sttt sttt et ene 160
DIETARY PATTERNS IN THE ELDERLY IN THE UK .163

4.1. PRINCIPAL COMPONENT ANALYSIS ...oouiieutirireiieiciiniiis it st sssesreensenae s sresenssnnssbee s s s eens 163
4.1.1.  Procedure of principal component Analysis...........ovvivmimiinimiieeiiteierccccnees 164
4.1.2. DIBIAFY SCOTES ovevereeieeeiesirte ettt ettt et s en s s ae e e as b beesb s esbasbesbe st anrens 166
4.1.3. Characteristics Of dietary PAMEINS ..covoververrrricrciiiiit ettt 167

4.2. TLIFE STYLE VARIABLES ... ccniiiiitieiiiieeeetee ettt s esttneetnuesetine s ereassesntrsenras s eestaeaernasans s esariraarbaseses 171
4.2.1.  Physical activity GSSESSIENL .........cccovenimurieieieriiie it tsn et s s ssss e 171
4,22, SMOKING ASSESSIICTIL «..evirreemeriuiiriutiriiercetest e et te et ets s et b bt ss bt 174

4.3. IMALNUTRITION ....veeuvienveeereesseererseesemsressesatasnessnsseesasesssesisesssssssssassssnssserssassesnsesesstsessesensaenns 175
4.3.1. Definition of Malnutrition TiSK ......cecvvvervrrer oot 175

4.4, LLONG STANDING ILLNESS ..ttutiittueieterriouietterneeetneneiienetetisestniiessrriraermtisersressrisesssseesrsiiresnenens 176

45. DIETARY PATTERNS AND OTHER CHARACTERISTICS OF THE SAMPLE........coccviiniiiiiencieieene e 1717
4.5.1.  The “Healthy diet” ...ttt 199
4.5.2.  The “Traditional meat-trend diet” ............oorveveeeeieciirieeneeenet et 200
4.5.3.  The “Sugary food and dairy diet” ... 200 -
4.54.  The “AlCOROI-trend diet” ..........coceeeeeereeeeeeeeeeeee ettt 200
4.5.5.  The “Vegetarian-trend diet” ........ccucoiciiciniiiiiine i 204
4.5.6.  The SIXth dietary PAMETTL c.uveveueeeiieeeeiseeere ettt e e 204
4.5.7.  The seventh dietary pattern (margarineg and SOUP) .........covuveernrieeeesrieietiieinee i, 204

4.6. PREVALENCE OF DIFFERENT EATING HABITS ...ccoroiiiiiiiiiiniecniiie it anne e 206

4.7. SUMMARY eeetttiieieite et ieetrteeeeeeeese teseesasaetassa e tsaesatassesaneentasastanie s ratautesentrisararstnnsretaninsssrnrnn 208
EATING PATTERNS AND ALP IN THE ELDERLY IN THE UK......uoniinreincssnsnnssnionenns 211

5.1 ALKALINE PHOSPHATASE AS THE OUTCOME MEASURE ......cociiiintieititieie it 211

5.2. DIETARY VARIABLES AND ALP .oovviiiii ettt 212

5.3. LIFESTYLE AND BACKGROUND VARIABLES, DIETARY PATTERNS AND ALP .....ccooviiniiiiinnne. 214
5.3.1.  Multiple regreSSiOn QRALYSIS ......oovvvecuiiieiciiiiiecnicte e 219
5.3.2.  Binary logistic regresSion QNALYSIS .......covvvecmeuioieieiiiiicecetet s 223

5.4. SUMMARY .1oeeiiiuiieriteseeeeeeicesteesetesren e s sie e e bt s s b s as s e e s re s s e s eas e be s sra b e ebe s be s be e bbeeabe e beeabeesbbenns 225
EATING PATTERNS, BODY SIZE AND ALP......icrerniirnneinsieresessssssssesessssssssssssseses 228

6.1. BODY SIZE, DIET AND ALP ...t ettt 228

6.2. BODY WEIGHT AND HEIGHT, INNDNS ..ot 231

6.3. STUMMARY ....ooovteriereieteenteaternestesee e aeste st etsstests b sesa s e saeshceme s s ast s s bebesa s e s sr e eaestb e s e ernseresaennssenens 241

v



7. EATING PATTERNS AND HANDGRIP STRENGTH.. 245

7.1. VARIATION OF HANDGRIP STRENGTH BY OTHER VARTABLES .....cervviiriniiieeieceeienreeeesninseenennes 245
7.2. EATING PATTERNS AND “HANDGRIP STRENGTH” ......viuiivirieiiiresmnrnisssnenirese s senees 247
7.3. MULTIPLE REGRESSTION ANALYSIS ...cuvevivirieveeseeetesesessesessscesesessssstssssesessssessnssasessencasessessessessres 250
7.4. SUMMARY oooeeeeeee et e eesetieereesesese e eebaseeeaeseansreastessasassasssarasasassesnnsaeesssssantaneeaesnsnmssresemnseeneensssntes 254
8. DISCUSSION 257
8.1. TEYPOTHESES «..vvevveveeveeeeeeeeeeeeeeeseesaeesssstene e eeessesnesseaeeseesnstesssbestasesestessaresessnsneneensesssassnsansanseesens 257
8.2. N 1 U OO U PO PP RO ORI 257
8.3. OBIECTIVES e oeeeeeetereieeteesetiseessseaaasssseaseeeeestarsaresessaassanssbansasssasssntesssassettene s s ennasronnnansssosnen 257
8.4. ASSUMPTIONS OF THE STUDY ....ovvieieereairiieeaiuteeeessnseaesssmumeasasseessinessenmecssssetssssnnnssesssnssassnssanes 258
8.5. IVIETHODOLOGY ....vveievvieetee it eetee e staeesssenseseaeessstaeassasanssensrssanssessstentessasessssessseessonnnessnaasesasasrions 258
8.6. Y TINDINGS «eeeveeeietierieesoseeessseeeeeeeaseeesessesssesssseesssssasasssssneaanssresastssasnaasassssssnssnassaesssrssnsnanssorss 259
8.7. RELATION TO OTHER STUDIES ....cvcceeruemueeiiureesreesoseesassmsrassesssesasresseesessassessnsessnensesssneesassasmnsenn 260
8.8. POSSIBLE EXPLANATIONS ....ooioviivureeesrenteeeeieesasssesssessaseaasseesseesstesetesssassssessmseessssnesossnsensnasancesne 262
8.8.1.  DIBIATY PAMETIS .ooneeneereniareeieitetite sttt ettt esae st abs st e st ean s e e re s 262
8.8.2.  The effect OF BOAY SIZ€ c.ouovoveeceeeeeceeeeeeeeeeeeece ettt 263
8.8.3.  GORACT GffECE ..ivuesterieeeetisieeescereeeeeee ettt et 268
8.9. ADVANTAGES AND DISADVANTAGES OF PRINCIPAL COMPONENT ANALYSIS. «oceeverriiierreeceenienen 270
8.9.1.  AQVOANIAZES «...voveeeeevecesieveeere ettt e b bbbt bbb R et a s 270
8.9.2.  DISAAVANIAZES .ovveveveeiiierecerierieeeeeesee ettt se e eee e s sn et b ns s sss s s et eiseasareeaseesre e 270
8.10. STUDY LIMITATIONS .eveeeeiteieiiirieseeiteeetteeeeeeesteseesateeeaesasnteeaasreresasetssannneessaressessssssnsesssronsssinrnes 271
SB.J0. 1. CHONCE woeeeeseeeeseeeeeeeeeeeeeeeeeeveveeaeeerenetvaeeresess s s s s seantatesesesssseseaesanssataeaee s s e enemn s nenerneeee e sanres 271
B.10.2. BIlS woeeeeeeeee ettt e e et b e et e et e e e e et a bt b e sttt e sar e e e s st e nen s e s 273
8.10.3. Other confounding Variables. ...ttt 275
B.10.4.  Other CONSIACTALIONS ..ooeeeeevereeeeeeeeeee et e s sereeeeeet e e eeeeeeestameaa s teeaesstsseassenaeeseasansaenaneaneresan 276
.11,  TMPLICATIONS OF THE STUDY ....iveiioitieiiteeieeeeieresenereeeessseeassssnesseneessenennesesanesonssssnnnseessessasessiunes 277
8.12.  TFUTURE WORK ...eveetveieiieeeiesitieerevaeeeasassaeaasesssesntssraessesssesessassnsneessasanneeeesensasiabssbentnstnenseneseenrnrnrnes 279
8.13.  CONCLUSION ....ootioterectreeieeieaesoteesesseeseseatasasnsessssassastsassesesssssessessnesssmaessueseranssnssnessanessenesrnneeons 280
SUGGESTION FOR FUTURE RESEARCH. .......ceeeitiiicvrieieiirasesstreeeesseimrnessstssossisssonmnensssnersssssssstenessonnssnnnsnsens 283
REFERENCES ... st eteeeseseeeeessaseseessess st sasmecasastseassseeseassneeeabsaaeeeeassseasanseeaeareesansreee s tbesassbrarbaesesenbnnnsnsranses 284
APPENAIX L.t 317
APPENAIX L. o e e e 318



List of tables

Table 2. 1- The effects of protein on intestinal calcium absorption and urinary calcium excretion .............. 37
Table 2. 2-Studies of protein consumption and bone health ... 43
Table 2. 3- Vitamin D status in osteoporotic vs. non-osteoporotic SUbJECES. .....ccoocvevviriviiininiiieieeene 56
Table 2. 4 — Studies of calcium intake and bone health. .......coooceeiviniiiiii, 62
Table 2. 5- Studies of calcium supplementation and bone health. .......co.ccoeii 66
Table 2. 6- Markers of bone metaboliSITL. .....cceciirvireeirieri et e 124
Table 2. 7- Studies of plasma alkaline phosphatase and bone health............ccoooi 126
Table 3. 1- Basic characteristics of dietary sample by sex and domicile (NDNS)........ccocovivciiininiinn 156
Table 4. 1-Mean daily intake of 44 foods or food groups assessed by 4-day weighed dietary record by 1687
participants in NDNS in the UK ... 165
Table 4. 2- Component 1 ( Healthy dietary pattern). .....ccoerviiiceninciieie e 168
Table 4. 3- Component 2 (Traditional meat trend diet) ..o 168
Table 4. 4- Component 3 (Sugary-dairy diet). .....cooovemrieiiiaiieiic e 169
Table 4. 5- Component 4 (Alcoholic-trend diet).........covroiiiiiiiiniiie 170
Table 4. 6- Component 5 (Vegetarian-trend diet). ........oovevvmmieiciiincin e 170
Table 4. 7- COMPONENE 6 ...evveverierreeeieeieee ettt sttt b e rs et re b st ereserens 170
Table 4. 8- COMPONENE T ...verueerirciriierie st sttt sttt re st bs e aese e s se et e e ae s e e s e et s 171
Table 4. 9- Pearson’s correlation coefficients between dietary scores and nutrient intakes ...........c........... 171
Table 4. 10- Validation of physical activity index (PAI); one way ANOVA and descriptive of BMI, HDL-C
and Energy intake by aCtiVity GrOUPS. ..ooeevevveriieriiireiicit sttt 174

Table 4. 11- Distribution of malnutrition risk among men and women (NDNS) evaluated by MAG tool.. 176
Table 4. 12-Spearman’s correlation coefficients of the dietary scores with physical activity index, and age in

men and Women (NDINS). ...ttt sttt st re s eree s 179
Table 4. 13- Partial correlation coefficients between dietary scores with and age, controlled for energy
intake, in men and women (NDINS). ..coiiiiiiiiiiei et ere et sae s sa e e s cn e s eesseerese e sns e e e 182
Table 4. 14- Distribution of dietary scores by smoking habits among men (n = 832) (NDNS)................... 187
Table 4. 15- Distribution of dietary scores by smoking habits among women (n = 849) (NDNS)............. 188
Table 4. 16-Distribution of dietary scores by domicile in men (NDNS). ..o 191
Table 4. 17-Distribution of dietary scores by domicile in women (NDNS). ......... oo 192
Table 4. 18 a- Dietary scores by malnutrition risk among men (n=832), ANOVA (NDNS). ......c.oceneee. 194
Table 4. 19- Men and women- Analysis of variance for scores of the “Healthy diet”; background and
lifestyle factors. Covariate: total energy intake (r = 0.23 and 0.45, respectively, P = 0.00)............... 201
Table 4. 20- Men and women- Analysis of variance for scores of the “sugary-dairy diet”; background and
lifestyle factors. Covariate: total energy intake (r = 0.47 and 0.58, respectively, P = 0.00)............... 202
Table 4. 21- Men and women- Analysis of variance for scores of the “Alcohol-trend diet”; background and
lifestyle factors. Covariate: total energy intake (r = 0.27 and 0.21, respectively, P = 0.00)............... 203

Table 4. 22- Men and women- analysis of variance for dietary scores of the “Vegetarian-trend diet”;
background and lifestyle factors. Covariate: total energy intake (r = 0.03, P = 0.4 and 0.04,P = 0.2,
TESPECHIVELY ). cvereeireiiueniem ittt ettt et et a e bbb s bbb eSSttt 205

Table 4. 23- Distribution of dietary patterns by sex and domicile. Categorising scheme is based based on the
highest dietary score indicating the pattern, which was most frequently practiced by each subject. . 207

Table 5. 1 - Pearson’s correlation coefficients between dietary variables and plasma alkaline phosphatase

activity among men and women (NDNS). ..o 213
Table 5. 2- Healthy diet scores and alkaline phosphatase level by age and life-style variables among men (n
e 2 T U OO O OSSOSO O OO STOOSO PO PUOVRRTOPOY 215
Table 5. 3-“Healthy diet” scores and alkaline phosphatase level by age and life-style variables among
women (N =525),NDNS. .. et e s ee 216
Table 5. 4- Pearson’s correlation coefficients between ALP! with age and physical activity among men and
R 20 531<3 VOO O OO OO 218

VI



Table 5. 5- Stepwise multiple regression analysis for men (n = 581) and women (n = 525): Partial regression
coefficients (B), standardized regression coefficients (B), changes in R? (AR?) and statistical
significance of predictors of plasma ALP; predictors: smoking, age, energy intake, long-standing
illness, domicile, malnutrition risk (defined by MAG tool), physical activity, socioeconomic class and

seven dietary patterns (NDINS)....ooviiiiriiee ettt ettt re e bbbt s bte e ereenreebeeebeeereennres 222
Table 5. 6- Prevalence odds ratios  (95% Cls) of high ALP (defined by median of ALP) and the median
values of ALP by quartiles of healthy diet score in men and women (NDNS). .....ccccoecivviinnvninnnnn. 224
Table 5. 7- Mean intakes of foods of healthy dietary pattern g/d (SD), age and percentage of smokers by
quartiles of healthy dietary scores (INDINS)....covciie ettt e 225
Table 6. 1. Spearman correlation coefficients between BMI, weight and height with seven dietary patterns
(NDNS), all P values are 2-tailed. .........coovioeeeieiiieiccceereecce ettt 229
Table 6. 2-Body weight and height among the whole sample by sex and domicile index.........c...coceevvinenn. 231
Table 6. 3- Pearson’s correlation coefficients between body weight and height, alkaline phosphatase and
dietary patters (INDINS). ..ottt ettt et rac st sre b e s e bttt ene e eme b e seenees 232
Table 6. 4-Descriptive of dietary scores across thirds of weight and height........coooiiniiiiiiiiiiie e, 233
Table 6. 5- Pearson’s Correlation coefficients between ALP and dietary variables across weight and height
GrOUPS, MEN' (NDNS). ...oooooeeeeeeeseeseeveeeseee v sveseeesesee e eeese s sassssesenss s es s es s eeesssessss s 237
Table 6. 6-Pearson’s Correlation coefficients between ALP and dietary variables across weight and height
groups, Women (NDINS). ..ottt ettt sr et s b e ra s enns 238

Table 6. 7- Stepwise Multiple regression analysis® for men across the groups of weight and height: Partial
regression coefficients (B), standardized regression coefficients (B), change in R? (AR?) and statistical
significance. Dependent: ALP, independents, seven dietary scores, energy intake, domicile, smoking,
malnutrition risk, activity, long illness (INDNS)..c.c.oociiviiiriniineieeee ettt 240

Table 6. 8-Stepwise Multiple regression analysis for women across the groups of weight and height: Partial
regression coefficients (B), standardized regression coefficients (), change in R? (AR?) and statistical
significance. Dependent: ALP, independents, seven dietary scores, energy intake, domicile, smoking,

malnutrition risk, age, activity, long illness (INDINS). ....ooeriireee e 241
Table 7. 1 - Pearson’s correlation coefficients between hand grip strength with mid-upper arm

circumference (MUAC) and body size measures in men and women (NDNS).........cccceevievvvenenne. 247
Table 7. 2- Pearson’s correlation coefficients between dictary variables and grip strength in men and

WOITLEN (INDINS). oot ee eeeee e ee e e e eee s ee s s e eere e 250

Table 7. 3-Stepwise Multiple regression analysis for men and women across the domicile groups: Partial
regression coefficients (B), standardized regression coefficients (B), change in R? (AR?) degrees of
freedom and statistical significance. Dependent: handgrip strength, independents, seven dietary
scores, energy intake, malnutrition risk, activity, long illness, age, MUAC, weight and height
(INDINS). cteeieetetert ettt ettt e st eb s et et e b s e et e st e bt e a e ae e s Aok et et h b st e s ek n s en bt e s e neanene s 252

Table 7. 4- Stepwise Multiple regression analysis for men and women across the domicile groups: Partial
regression coefficients (B), standardized regression coefficients (B), change in R* (AR?) degrees of
freedom and statistical significance. Dependent: handgrip strength, independents, seven dietary
scores, energy intake, malnutrition risk, activity, long illness, age, MUAC, weight and height
(INDINS). ettt sttt ettt sttt ottt b et seeh et ekttt h s b e st neaneanennan 254

VII



List of figures

Figure 2. 1- Bone metabolism and the central role of 0Steoblast. ......c.covvevnereiinrrine e, 13
Figure 2. 2- Metabolism of vitamin D. .......ccciiiiiiiiiiereecseeceee ettt eeae b e 23
Figure 4. 1- The Scree test of principal component analysis of 44 food groups among 1687 participants in
NDNS I the UK oottt ettt et 166
Figure 4. 2- Frequency distribution of total physical activity score among men and women (NDNS). ...... 173
Figure 4. 3- Distribution of background and life style variables in females (NDNS).....ccccovviinvvivneennenn, 180
Figure 4. 4- Distribution of background and lifestyle variables in males (NDNS)......ccocvveieiiniiieriieienenn, 181
Figure 4. 5- Distribution of healthy diet score by sex and age groups (NDNS). .....ccooovivrvviniincicvceee 183
Figure 4. 6-Distribution of healthy diet score by age groups and domicile index (NDNS). .......c.ceecveurne.e. 184
Figure 4. 7-Distribution of healthy diet score across age and smoking groups (INDNS). ......ccoveevviiceeeninnne, 184
Figure 4. 8-Distribution of healthy diet score by sex and physical aCtiVIty. ......cceeeereerieninrrrieee e 185
Figure 4. 9- Age distribution by activity levels (NDINS). ....c.cccooiiiiieeirie e 186

Figure 4. 10- Distribution of healthy diet scores by sex and smoking habits (NDNS). Boxes represent inter-
quartile ranges (between 25™ and 75" percentiles), horizontal line across the boxes represent the
medians and whiskers connect the largest and the smallest values. .....ccocceeveireeeeeceeveceeeeere e, 189

Figure 4. 11- Distribution of healthy dietary score by sex and domicile index (NDNS). ......ccceveevvienernnnes 189

Figure 4. 12- Distribution of activity index by sex and domicile (NDNS).Boxes represent inter-quartile
ranges (between 25™ and 75" percentiles), horizontal line across the boxes represent the medians and

whiskers connect the largest and the smallest Values. .......cccoevevevvineiiecie e, 190
Figure 4. 13- Age distribution by domicile index (INDNS).....ccccocimiririiiiirr et 190
Figure 4. 14- Smoking habits amongst free-living and institutionalised persons (INDNS). .....coovvieinnnen. 191
Figure 4. 15-Malnutrition risk and domicile (NDNS).......cccocrioieiieinreeete ettt 192
Figure 4. 16- Distribution of healthy diet score by domicile and longstanding illness (NDNS). ................ 196
Figure 4. 17-Distribution of healthy diet scores by sex and longstanding illness (NDNS)........cccoeevrvenn. 196
Figure 4. 18-Distribution of healthy diet score by background and lifestyle variables among Institution

sample, NDINS. e 198
Figure 4. 19- Distribution of healthy diet score by background and lifestyle variables among Free-living

sammple, NDINS. ... s 198
Figure 4. 20- Distribution of dietary patterns by domicile in the elderly in the UK (NDNS).......cccoeeveeeen. 208
Figure 5. 1- Distribution of ALP among men and women by domicile index. ........cocevvveroieeencnieinann. 218
Figure 5. 2- Plots and regression lines between Healthy diet score and alkaline phosphatase among men (+,~

— =) and women (O, ——), NDINS. L ettt et s e s aeeaneeans 219
Figure 6. 1-The distribution of healthy diet scores among men across thirds of weight and height (NDNS).

Bar charts represent the mean of healthy diet score in each group........ceeveervereceneioeeiceceeeee 235
Figure 6. 2- The distribution of healthy diet scores among women across thirds of weight and height

(NDNS). Bar charts represent the mean of healthy diet score in each group. ....coccevevvveeicveeivenrienenne. 235
Figure 6. 3- Distribution of Plasma ALP by thirds of weight and height in women (NDNS). Bar charts

represent the mean of healthy diet score in €ach Group. ......cccccovviieiccrinie e 236
Figure 6. 4- The distribution of ALP by thirds of weight and height among men (NDNS). Bar charts

represent the mean of healthy diet score in €ach Eroup. ......ccoecveeeiirieivccreerce e 236
Figure 7. 1- Distribution of hand grip strength in men and women (NDNS). ......cccocoovnivicnnnicnene 246
Figure 7. 2-Distribution of hand grip strength by background and lifestyle variables among men (mean and

O5TBCT), NDNS. ....ooeiteeieiere ettt ettt ettt b et b et et e e se et et saesh s et e e teaeenssnesbeae et e emesaeereeteens 248
Figure 7. 3-Distribution of hand grip strength by background and lifestyle variables among women (mean

and G59BCT), NDNS ...ttt ettt e sttt sttt e s h e sttt s et et st b e et e e e n e 249
Figure 7. 4-Scatter plot of handgrip strength of males and females by weight, height, age and healthy diet

SCOTE (INDINS ). otiieeie ettt et e ettt et et b st e s s e s en bt essar e st e et e s mset e s e st e bt e s sateeenesesesseeeannteee s 251
Figure 7. 5- Seasonal variation of handgrip strength by sex and domicile (NDNS). .........ccccovminiiiiiien, 253

VI



Acknowledgements

First of all, I would like to express my sincere gratitude to my supervisor Dr. Barrie Margetts
for his excellent supervision, his constant support, discussions, tutorials and encouragement. I
am also grateful to my other supervisor, Professor Alan Jackson for his useful comments and
insights. I would also like to thank the Staff of the Institute of Human Nutrition, in particular
Dr. Rachel Thompson, Mrs. Julie Hickman and Mrs. Janice Taylor for their help and support

during the course of this research.

I am grateful to the Iranian Ministry of Health and Medical Sciences for their financial

support over many years and providing me with the opportunity to study in abroad.

I would like to thank Professor Robert Walker for the funding of my attendance at the 17™

international congress of nutrition, which took place in Vienna, Austria on August 2001.

As they said “last but certainly not least”, I would like to express may thanks and appreciation
to my lovely wife, Mahtab and our wonderful children Alireza and Zahra without whom this

thesis would have been impossible.



Abbreviations:

B ALP
T ALP
BMI
COMA
DBP
DXA
GH
IGF
LEP
oC
PEM
PTH
SM
VDR

Abbreviations and special term definitions

- Bone Alkaline Phosphatase

-Total Alkaline Phosphatase

-Body Mass Index [weight (kg)/height (m)2]
-Committee on Medical Aspects of Food and Nutrition Policy
-Vitamin D Binding Protein

-Dual X-ray Absorptiometry

-Growth Hormone

-Insulin-like Growth Factor

-Leg Extension Power

-Osteocalcin

-Protein Energy Malnutrition

-Parathyroid Hormone

-Skeletal Muscle Mass

-Vitamin D Receptor

Special term definitions:

BMC

BMD

RDA

DRVs

EAR

RNI

LRNI

-Bone Mineral Content: The mass of bone mineral in a skeletal
unit (g) or a certain length (g/cm).

“Bone Mineral Density: The density of bone in a skeletal unit (g/cm?)
or in an area of the scanned bone envelope (g/cm?).It is not a true den-
sity measurement.

-Recommended Dietary Allowance (a term in use in many countries
such as USA, Canada and Asian nations but not in the UK).

-Recommended Daily Amount of food, energy and nutrient: this term
had been used previously in the UK (1979).

-Dietary Reference values. This term is used for LRNL,EAR,RNI and
safe intake and is recommended by COMA.

-“Estimated Average Requirement of a group of people for energy or
protein or a vitamin or mineral. About half will usually need more than
EAR, and half less”(509).

-Reference Nutrient Index; that is a value of 2 standard deviations
above the EAR. This amount of nutrients is enough or more than
enough for about 97.5% of people in a group. If average intake of a
population is at the RNI, the risk of deficiency is small(509).

-Lower reference nutrient intake. An amount of the nutrient that is
enough only for a few people in the group who have low needs(509).
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1. Introduction

1.1. Osteoporosis, definition and clinical manifestations

By definition, osteoporosis is a systemic chronic disorder of the skeleton characterized by
low bone mass and micro-architectural deterioration of bone tissue. It is the commonest
metabolic disease of bone, in which the composition of bone is essentially normal but the
amount of bone mass is decreased throughout the body (4;5). The definition proposed by
WHO is: “A disease characterized by low bone mass and micro-architectural deterioration
of bone tissue, leading to enhanced bone fragility and a consequent increase in fracture
risk” (4). The quantitative definition of osteoporosis using bone mineral status is: “A
value for BMC (Bone Mineral Content) or BMD (Bone Mineral density) 2.5 standard de-
viations or more below the mean for young adults” (4). Bone measurements in this defini-
tion are measures of the spine, hip and forearm. Although these definitions are practically
helpful, they face some limitations, which are important when epidemiological evidence
is reviewed; the first definition has not defined a threshold level or cut-off point for archi-
tectural deterioration and the second has not been included the concept of bone structure,
which is obviously important for bone strength. Bone mass is only one factor in predicting
the risk of osteoporotic fractures, the bone structure is the other one, which could not be
measured by bone mineral status. It is also important to note that the WHO criteria refer
only to mineral measurements of the spine, hip, or forearm (6) and, therefore, may not be
perfect in predicting the bone measurements at other sites, although bone mineral status at
different skeletal sites are highly inter-correlated. Furthermore, BMC and BMD are influ-
enced by body size. Thus, these may not be proper for comparing populations with differ-

ent body sizes.

However, low bone mass measured by BMC or BMD is a risk factor for fragility fractures
(6-9). Significant association between low bone mass and increased osteoporotic fracture
risk have been documented in both cross-sectional and prospective studies (10-14). The
risk of nonspine fractures has been shown to increase about 1.6 fold by each SD decline in
bone density (15) and the risk of vertebral fractures has been shown to increase 2.0-2.4

fold for each SD decrease in bone density (16).



Histologically, osteoporotic bone tissues have fewer, thinner, and less connecting trabecu-
lae in comparison with normal bones. The overall result is a decrease in bone strength

and, therefore, a high susceptibility to fracture, a common feature of the osteoporosis (17).

Osteoporosis can be classified as type I (post menopausal) and type II (senile), the former
appears in the years immediately after menopause and the latter is found in people of ad-
vanced age. Type I occurs between ages 50-75 years and trabecular bone fractures (verte-
bral and the distal radius) are more common because trabecular bones are more involved
than cortical bones. Oestrogen deficiency is recognised as the most important pathoge-
netic factor of type I osteoporosis and women are approximately affected six times as
men. In type II osteoporosis, on the other hand, bone involvement is more balanced for
trabecular and cortical bones (18;19). This type of osteoporosis affects men and women
over the age of 70 years (women: men 2:1, approximately) and fractures are commonly
seen in the proximal femur (hip) and the spinal vertebrae (wedge fracture). Many fractures
may remain asymptomatic, especially compressive fractures of the spine, and thus, may

not become clinically attended.

1.2. Osteoporosis; epidemiology and trends
Osteoporosis is a worldwide public health problem that is growing in importance as the

population ages (1;2). In 1992 about 1.7 million hip fracture occurred across the world,
from which more than half happened in the Europe (1;22). Currently, the incidence of hip
fracture is thought to be about 1.66 million per year across the world, and it has been pro-
jected that the number of hip fractures worldwide will increase to 6.26 million by 2050
(24). If secular trend is taken to account, this number could range between 7.3 and 21.3

million by 2050 (25).

It has been estimated that approximately 30% of postmenopausal white women suffer
from osteoporosis in the Unites Ststes (20). Another estimation by from US, Riggs et al
indicates that the lifetime risk of osteoporotic fractures is 13% in men and 40% in women
after the age of 50 (22). Jacobsen et al (23) have reported a rate of 35.4/1000 per year for
hip fractures among women aged 95 years in the United States. They also estimated that

about 200,000 hip fractures occur in the United States each year. Approximately, 1.5 mil-



lion fractures annually are attributable to the osteoporosis in the USA (22). It has been
estimated that one in three women and one in twelve men in the UK are affected by os-
teoporosis (36). Currently more than three million people are suffering from osteoporotic
fractures in the UK. 60,000 hip fractures, 50,000 wrist fractures and 40,000 vertebral frac-

tures occur each year in the UK (36).

Although, it is generally regarded as a disorder of postmenopausal women, 0Steoporosis is
a major health problem for men in advanced ages (20;23;26-28); about 30% of hip frac-

tures and 20% of vertebral fractures occur in men (24;29).

The risk of osteoporotic fractures increases exponentially with age (30), and, therefore,
raising the proportion of older people due to expanding of life expectancy may increase
the number of fractured patients, dramatically (22). In addition, there is a secular increase
in the incidence of fractures, particularly in industrialized countries (2;31;32). Age-
specific incidence of osteoporotic fractures, has increased over recent decades (26;33);
though some reports show that this trend has begun to level off (34). The reasons for this
secular trend are uncertain. A number of suggestions have been made, including lower
physical activity due to different labor-saving devices, which are widely available in de-
veloped countries and is growing in developing countries (33), changes in dietary intakes,
increasing in alcohol consumption, smoking and using sedatives (33;34). A cohort effect
with persons who suffered from dietary restrictions during World War II has also been
suggested (33;35), which is believed to affect the peak bone mass during the growth.
However, rapid increase in the number of fractured patients implies the need for preven-

tive strategies to be taken now to stop this catastrophic health problem.

The economic costs of osteoporotic fractures are difficult to determine, but in the UK es-
timated an annual expenditure of £742 million (36). It has been estimated that in western
nations hip fracture costs about eight to ten million U.S. dollars per million population
each year (37). In the United States the modest projected estimation of economic cost for

only hip fractures in 2040 is over $2 billion (38).

The main complication of osteoporosis is an increased risk of fractures. In fact, osteopo-

rosis is an asymptomatic condition until a fracture occurs. In rare circumstances other



complications may cause clinical manifestations, such as organ malfunctions due to body
deformations. Only osteoporotic hip fractures are associated with mortality in up to 20%
of cases within a year (2). Because osteoporotic fractures have such a devastating impact
on the economics of medical care, particularly in developing countries, reducing the inci-

dence of fractures by preventing osteoporosis is of particular importance.

1.3. Risk factors
Osteoporosis develops over many years and is the result of the cumulative effect of many

factors including both genetic and environmental. In fact, low bone mass in the elderly
may be a manifestation of factors influencing the skeleton in early life, even in infancy
and childhood as well as adolescence and elderly ages (39-42). Bone mass in the elderly is
determined by the maximum density and strength achieved at maturity (peak bone mass)
and the amount of bone lost during aging (35). Therefore, low bone mass (osteoporosis)
might be a result of sub-optimal bone gain in young adulthood (peak bone mass), bone

loss in later life, or both.

Peak bone mass can involve both an increase in volume density and an increase in bone
size. The skeleton will grow in length, in breadth, and in mass as the body grows but the
consolidation of skeletal mass continues for some time after the the fusion of the epiphy-
sal plates in long bones and cessation of growth in skeletal length. By an ideal environ-
ment (efficient nutrient supply and proper lifestyle) acquisition of bone mass will achieve
its full genetical potential for bone mass and reaches to a plateau. 60-80% of variation in
the peak bone mass is accounted for by genetic influences (451), thus a substantial pro-
portion is still related to environmental and lifestyle influences during childhood, such as
diet and physical activity. The genetical influence on peak bone mass is polygenic in na-
ture and the involved genes have not been specifically identified. Most important envi-
ronmental influences in this regard are nutrition (protein, calcium, vitamins C, D and K,
minerals copper, manganese, zinc and phosphorus) and physical activity. The age at
which total skeletal mass peaks varies with skeletal site and with the population under
study and the assessment of bone density mostly is confounded by the skeletal size. Peak
bone mass in midlife is a major factor in determination of subsequent fracture risk and

therefore any adverse environmental effect, such as insufficient nutrient supply, smoking,



alcohol drinking and/or suboptimal mechanical loading (physical activity) can pose a
threat on the bone health in the elderly (285). After peak bone mass, there is a slow de-
cline in bone mineral mass, which can be accelerated by age and different bone-affecting
factors and may be resulted in osteoporosis and different osteoporotic fractures in old

ages.

Within the context of this thesis, the association between diet and bone health in the eld-
erly will be examined. Therefore, it is necessary to examine the literature and evidence of
the role diet, in terms of foods or nutrients, in bone health, muscle function and fracture
risk in older people. However, it is also necessary to understand the role of other constitu-
tional, behavioural, and hormonal factors that may affect bone metabolism. As stated
above, osteoporosis is a multifactorial disorder with numerous aetiologies (21). Further-
more, fracture risk increases as a function of poor bone health and factors influencing the
propensity to fall. There is a complex mix of factors that affect bone health and risk of
falling. These factors may be grouped as constitutional (age, gender, ethnic group) (21) or
behavioural (alcohol intake, smoking habits, diet and activity), which may affect bone
metabolism and muscle function (2;21;43-50). The interplay between these factors is
complex and at present poorly understood. Among these factors nutritional factors may be
of particular importance, even though they could not account for the totality of the prob-
lem. Physiologically, most nutrients influence bone metabolism but their importance in
the pathology of osteoporosis varies from one nutrient to another (see chapter two) and
may be affected by each other. Nutritional factors are also important to determine the risk
of fall and fall-related trauma. Considering both physiologic bases and epidemiologic evi-
dence in this regard may provide valuable information needed for preventive strategies to

reduce this growing problem.

To date, the extent to which diet may affect bone health and risk of falling and thereby,
risk of fracture in the elderly is unclear. To date, most attention has focused on a number
of specific nutrients (mainly calcium; vitamin D, protein) studied in relative isolation and
conflicting results have been reported. The main limitation of the studies on diet and bone
health that can lead to discrepant results is that they considered some aspects of diet and

neglected other aspects. Strong correlations and interactions among different nutrients



make it difficult to examine their effects separately. Therefore, to encapsulate effects of
different nutrients and non-nutrients on bone health and muscle performance, pattern
analysis was used in this study to characterise dietary patterns in a population and exam-
ine their associations with bone health and muscle function. Such analyses are food based
rather than nutrient, and therefore, will investigate whether a certain combination of food
(eating pattern) can affect bone metabolism and muscle performance in a positive or nega-
tive way. However, there are national food guidelines for the general population in the
UK (448), which are food-based and thus it is important to verify the association between
a diet, which complies with these guidelines, and bone health in people most at risk for

osteoporotic fractures.

Hence, this study is primarily aimed to determine whether a diet, which complies gener-
ally with the national guidelines in the UK, is associated with lower plasma ALP and
stronger muscle performance in older people. Such a pattern will be one of several dietary
patterns generated by principal component analysis from data of dietary intakes, and will
be the most compatible diet with the guidelines. It will come out from the data rather than
being predefined, and therefore, in reality, will indicate how different foods may consume

together and come to the diet.

The aim of this study is to explore the effects of dietary patterns on risk of poor bone
health and muscle function. Alkaline phosphatase (ALP) will be used as a marker of bone

health and handgrip strength will be used as a marker of muscle function

1.4. Hypotheses
The study hypotheses are stated below:

Primary hypothesis: Older people who eat a diet that complies with the healthy dietary
guidelines have lower ALP and stronger handgrip strength than those eating a less healthy
diet.

Secondary hypothesis: The effect of the healthy diet on bone health is greater in those
who were optimally nourished in early life (using body size as a proxy measure).

Tertiary hypothesis: The relationships between current diet, early nutrition with bone

health and handgrip strength will be stronger in men than women.



1.5. Aim
To determine whether a diet that complies with the healthy eating guidelines is associated

with lower ALP and stronger grip strength in the elderly.

1.6. Objectives:
In order to address the study hypotheses following objectives were considered:

For the primary hypothesis, objectives were:

1. To characterise eating behaviours and their determinants among the elderly population
in the UK.

2. To explore the relationship between dietary patterns and plasma ALP as a marker of
bone health.

3. To determine the relationship between dietary patterns and handgrip strength as a
marker of muscle performance in older people.

For the secondary hypothesis, the objective was:

* To determine the effect of body size on the relationships between dietary patterns,

ALP and handgrip strength.

For the tertiary hypothesis, the objective was:
To explore hypotheses one and two in gender specific analyses; the assumption being that

hormonal factors will play greater part in variation in risk in women than men.

1.7. Assumptions of the study
* Dietary patterns are more informative about risk of poor nutrition (nutritional status)

related to bone health than individual nutrients studied in isolation.

* Plasma ALP is a marker of bone health; higher levels are associated with osteoporosis
and therefore indicate poorer bone health.

= Handgrip strength is a marker of muscle performance: lower values are associated
with poorer muscle performance.

= Body size, measured by weight and height, is a marker of early nutrition.

For the purpose of the study, within a limited timeframe of a PhD and the funding, it was

decided to use dietary data on a population-base nutritional information. National Diet

and Nutritional Survey of people aged 65 years or over in mainland Britain (NDNS)(59)



was used for analyses presented in this thesis, because of high quality of dietary data (4-
day weighted dietary record, coding about 3500 food items), providing valuable informa-
tion on a wide range of variables, which are important for bone health, such as smoking,
drinking, physical activity, illness, anthropometry, different blood analytes and being a

representative sample of people most at risk for osteoporotic fractures in the UK.

1.8. Implications of the study

The results of this study would be of benefit:
= To inform future research on bone health and nutrition.
= To consider the implications for preventive programs aimed at improving and main-

taining bone health in the elderly.

1.9. Layout of the thesis
This thesis is organised into eight chapters: The first chapter gives an overview of the re-

search and its aims and objectives. The second chapter reviews various aspects of the pub-

lished literature on bone health and muscle function, with more emphases placed on nutri-

tional factors. Chapters three through seven present analyses undertaken in this thesis us-

ing data from the National Diet and Nutrition Survey. Chapter eight discusses the results

and draws conclusions. Specifically:

> Chapter one presents an overview of the study, states the hypotheses, aims, objectives
and assumptions of the study to introduce the thesis.

> Chapter two briefly describes the physiology and metabolism of bone and presents a
critical review of published literature of bone health and muscle function.

> Chapter three describes sample selection, data collection and procedures of NDNS
from which data were used in this thesis. This chapter also describes the methodology
of the study.

» Chapter four presents principal component analysis, dietary patterns and their rela-
tions to some characteristics of the population under study, which may affect bone
health in the elderly in the UK. This chapter is mainly concerned about the first objec-

tive of the study (of the primary hypothesis), mentioned above.



Chapter five explores the relationship between diet and plasma ALP in the elderly.
Associations between dietary patterns and alkaline phosphatase are determined while
the effects of other bone-affecting variables are controlled for. The second objective
of the primary hypothesis will be addressed in this chapter.

Chapter six describes the effect of body size on the relationships between diet and
ALP. These relations are evaluated by a stratified analysis among men and women,
separately. The effects of body weight and height on these relations are investigated
after controlling for possible confounders.

Chapter seven concerns about associations between dietary patterns and muscle per-
formance, evaluated by handgrip strength, using multiple regression analysis and con-
trolling for a number of confounders.

Chapter eight is a discussion of the overall results. Comparison to other studies, pre-
senting the possible explanations for the findings and conclusions are discussed in this

chapter. It also presents the implications of the study and future work.



2. Literature review .
The purpose of this section is to critically review the published literature on bone health

and muscle performance, to build and develop the theoretical propositions. This review
will attempt to critically appraise all the relevant epidemiological, clinical and laboratorial
studies. The focus of this literature review is the role of nutrition in bone health and mus-
cle function in the elderly. However, it is neéeséary to understand the role of other factors
that may affect bone health and muscle function. On their own, none of factors will de-
termine bone health in total, but their effects must be taken to consideration when analyz-

ing how diet may be associated with osteoporotic fractures.

This literature review may be considered as having three sections. The first of these will
present a brief description of bone physiology and metabolism. The second section of the
literature review deals with how bone health may be affected by various nutritional and
non-nutritional factors in the elderly and how it may be monitored by biomarkers. It is
acknowledged that bone health in older ages is determined by the maximum density and
strength achieved at maturity (peak bone mass) and the amount of bone lost during ad-
vancing age. Therefore, the effects of nutrition in the elderly may only be a part of the
picture. Examining the evidence of the role of different variables on peak bone mass is out

of the scope of this thesis

The third section will examine the literature and evidence of the effects of various factors

on muscle function in the elderly.

In each section, studies of similar methodology will be considered together and their re-
sults will be appraised and compared. For the sake of saving the space, where necessary
or helpful, the layout of the similar studies is tabulated and their specific points are dis-

cussed in the text.

2.1. The physiology of bone

Within the context of this section, only key aspects of bone physiology, which may be

related to bone metabolism and is necessary for understanding the biologic relevance of
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factors affecting bone health, will be presented. Full details of histology and physiology
of bone and the pathophysiology of bone health are presented in related textbooks (17;51).

2.1.1. Bone tissue elements
There are three types of bone: compact, trabecular and woven bones. Compact bone is

mainly found in the shaft of long bones. Trabecular bone is found in the vertebrae, the
ends of the long bones and flat bones. Woven bone is an immature bone tissue found at

fracture sites and will be replaced by one the two other types.

Cellular elements of bone tissue are osteoblasts, osteocytes and osteoclasts. The function
of osteoblasts is to lay down osteoid by synthesis of collagen and glycoproteins, concen-
tration of certain plasma proteins in matrix and maintenance of mineral homeostasis. Os-
teoblasts also play important roles in the mechanism of calcification. The function of os-
teoblasts is influenced by many factors such as vitamin D metabolites, thyroid, IGF-I and
IGF-1I, parathyroid, and sex hormones (Figure-2.1) (17). Local factors such as cytokines

and genetic factors as well as mechanical factors are also important in their function (53).

The function of the osteocytes is still controversial. They are thought to play roles for the
maintenance of bone matrix. The young osteocytes directly contribute to the formation of
bone matrix. They have receptors for oestrogen and progesterone hormones by which
their bone-forming activities can be stimulated. Mechanical loading and the function of
muscle are also major stimulators of osteocytes. Under the influence of exercise, me-
chanical loading and gravity, osteocytes produce nitric oxide (NO) and prostaglandins
(PG) E,, both of which are responsible for osteogenesis by modifying the activity of os-
teoblasts and osteoclasts. Osteocytes are associated with osteoblasts in maintaining a con-
stant minute-to-minute level of plasma calcium and inorganic phosphate between bone

and tissue fluid. This movement of ions is thought to be controlled by PTH (17).

The function of the osteoclasts is to erode and resorb previously formed bone. Osteoclast
can also freshly synthesise collagenase, on demand, without storing it. PTH increases the
number and the activity of osteoclasts and vitamin D increases their activity without any
effect on the number of osteoclasts (17). Osteoclastic activities may be mediated via os-

teoblasts (Figure-2.1) by production of a variety of osteoclast-sensitive cytokines (52;53).
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Bone matrix is mainly composed of collagen, but some other non-collagenic compounds
also exist in bone matrix. Five types of collagen molecules are recognized and the most
important one in adult bones is type I collagen, which is also the major structural protein
in tendons and skin and is synthesised by osteoblasts. It has a triple-helical structure con-
taining two identical oychain and one structurally identical but genetically different
ol chain (52).These chains are coiled in a left-handed helix with about 3 amino acids per
turn. Collagen is first synthesised in osteoblast in the form of a longer molecule, pro-
collagen, that contains additional propeptides at both ends of its polypeptide chains. It is
then extruded to the matrix for further processing, conversion to the collagen, by assem-
bling of the fibrils into the fibres. This extra cellular conversion process requires at least
two enzymes, a procollagen aminoprotease that removes the amino propeptides, and a
procollagen carboxyprotease that removes the carBoxy propeptides. Collagen molecules
produced by cleavage of procollagen spontaneously assemble into fibrils that are micro-

scopically indistinguishable from the mature fibrils found in tissues.

Stability of chains and the helical structure of collagen molecule are important for bone
strength and are depended upon the existence of enough hydroxy proline and hydroxy ly-
sine. Vitamin C and ferrous iron are required as a co-factor for the hydroxylation of these
two amino acids. Copper is also necessary for lysine hydroxylation (17;51). Collagen
forms a basis for mineralization and its circulating degradation’s products have been used

as markers for bone turnover and bone resorption.

Minerals in bone are mostly in the form of hydroxy apatite crystals by the formula of
Ca;o(PO4)sOH,. Carbonate is the third-most- abundant ion in bone mineral and constitutes
about 5 percent of the total weight of ashed bone. Traces of iron, copper, lead, manganese,

tin, aluminium, strontium and boron have also been detected in bone(17)

2.1.2. Physiology and metabolism of bone

2.1.2.1. Functions of the skeleton
The main functions of the skeleton are to protect the tissues of the body (e.g. the brain, the

lung and pelvic tissues), supporting body organs and providing a framework to enable

body movements, providing a huge source of blood calcium and buffer elements.
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Figure 2. 1- Bone metabolism and the central role of osteoblast.
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The two types of bone play different roles in the body; trabecular (cancellous) bones
mainly are important in metabolic activities, haematopoiesis and plasma mineral homeo-
stasis, while compact bones are more important in mechanical activities such as protection
of vital organs, providing a support for body movements and weight bearing activities.
Differences in the function and structures of these two types of bone tissue provide a
physiological explanation for great variation seen in composition of different skeletal
sites, for example, there is less trabecular bone in the shaft of humerus and more in the

vertebral bodies(17;51).

2.1.2.2. Bone remodelling
Bone remodelling is a process, by which bone is first absorbed by osteoclasts and then

rebuild by osteoblasts. In this way, bone is reformed when necessary to respond to the
physical demands placed on it and to repair any microdamage that occurs. The skeleton is
made up of millions of basic multicellular units (BMUs) or bone remodelling units, which
are usually in a resting stage unless being stimulated by a stimulator (mechanical stress,
PTH, local growth factors, etc.). In response to a variety of stimuli these units can be acti-
vated and the remodelling process be commenced. There are four distinct steps in the
bone remodelling cycle that primarily involve two cell types: osteoblasts and osteoclasts.
First step is activation of preosteoclasts and differentiate them to mature osteoclasts. Sec-
ond step is resorption of old bone by resolving, digesting and absorbing the organic mate-
rials and minerals of old bone. Third step is reversal stage, in which once the resorbing
cavity reaches a predetermined depth, a cement surface covers the defect and prevents fur-
ther bone erosion. The final step is formation, in which osteoblasts are attracted into the
resorbing cavity and, under the influence of various hormones and growth factors mature
and refill the resorbing cavity with “new” bone. These steps take place over a period of
approximately four months in a healthy man (497). This cyclic process is repeated until
death. It takes place throughout the skeleton and is dominant in trabecular bone, which
has ten times the surface area of compact bone. In young adults, this cyclic process is bal-
anced without a substantial net change in the bone mass except for the changes due to
growth. In particular circumstances, however, when bone resorption exceeds bone reform-

ing, overall bone loss is expected, such as menopause and inactivity in advancing age. It
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has been estimated that at any given time in an adult 3.5% of the total skeleton is being
remodelled (36). Mechanical stresses and pressure, hormonal factors and nutritional vari-
ables are major determinants of bone maintenance. Any immobilisation such as seen in
paraplegic patients or lack of pressure on the skeleton such as weightlessness seen in as-
tronauts can cause bone loss. The effect of pressure is thought to be mediated by piezo-
electric signals, by which tells the bone cells when, how, and in what orientation to func-
tion in order to adjust the mechanical properties of bone to the need. Bone remodelling is
a relatively slow process and the time required to complete a cycle maybe even slower

with age.

2.1.2.3. Biologic factors affecting the skeleton
There are several circulating hormones affecting the skeleton, either directly or indirectly

via the effect on mineral homeostasis. The secretion of some of them is altered in re-
sponse to changes in plasma level of calcium or phosphate, (e.g. PTH and calcitonin) and
for some others plasma calcium and phosphate are not determinative (e.g. growth hor-

mone, thyroid hormone and gonadal steroids).

2.1.2.3.1. Parathyroid hormone
PTH is a single chain polypeptide hormone, which is involved in the calcium homeostasis

in conjunction with vitamin D. It originates from four parathyroid glands embedded in the
superior and inferior poles of the thyroid. PTH has a very short half-life as it will be
cleared from the blood stream within 8-30 minutes. However, its fragmentation into a
number of smaller active fragments causes longer time of action because of longer half-

life of these fragments.

The principal regﬁlator of the minute-to-minute secretion of PTH is extra-cellular cal-
cium; dropping the plasma calcium stimulates PTH secretion and vice versa. The key to
this regulation is cell membrane Ca*? receptor. When the plasma Ca* level is high, PTH
secretion is inhibited and calcium is deposited to the bones. When it is low, secretion is
increased and calcium is mobilized from the bones. Vitamin D directly reduces PTH se-
cretion, whereas increasing the concentration of extra-cellular phosphate stimulate PTH
by lowering plasma Ca™ and inhibiting the formation of 1,25(0OH),VitD. (52). During

hypocalcemia, PTH rapidly releases calcium from bone through its effect on osteocyts
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and lining cells on bone surface. Then during a long time (at least 24 hours) it may affect
osteoclasts and increase osteoclastic bone resorption. Its fast reaction may occur in the

early hours of the morning or possibly after a low calcium meal.

PTH maintains the serum concentration of calcium by actions on bone and kidney. PTH
has no direct effect on the absorption of calcium in the gut. Intestinal absorption of cal-
cium is controlled by vitamin D, so the effect of PTH can only be described as indirect,

through its control of hydroxylation of 25(OH) VitD in the kidney.

On the kidney, PTH has several actions. It controls the excretion of both phosphate and
calcium in the urine. The second effect of PTH on the kidney is increasing the activity of
renall-a-hydroxylase and conversion of 25(OH)VitD to 1,25(0OH) ,VitD. In the absence
of PTH production of 1,25(0OH) ,VitD will be reduced to negligible levels.

PTH has both anabolic and catabolic effects on bone but with different blood levels. Con-
tinuous low levels of PTH can increase osteoblastic activity and may move calcium into

the bone, but net removal of calcium from bone occurs in response to relatively high lev-

els of PTH (17;51).

2.1.2.3.2. Calcitonin hormone

Calcitonin hormone is a calcium-lowering hormone, which originates from para-follicular
cells of thyroid follicles known as clear cells or C cells. It has a very short half-life
(about10 minutes). Its main biologic effect is to inhibit osteoclastic bone resorption. Se-
cretion of calcitonin increases when blood level of calcium rises to about 9.5mg/dl. Many
other hormones and factors may increase its secretion such as gastrin, glucagon and oes-
trogen. Normal calcitonin levels show a circadian variation with a peak around midday. It

is metabolised by the kidney and the liver.

Calcitonin decreases the plasma level of calcium and phosphate by direct action on the
skeleton and increasing the excretion of Na®, Ca®* and phosphate through the kidney.
However, it has little long-term effect on the plasma calcium level in adults. Within bone
tissue, calcitonin decreases the number and the activity of osteoclasts and thereby leads to
calcium retention in the bone. It is more active in children than in adults and may play a

role in skeletal development.
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The plasma level of calcitonin does not respond to oral calcium or food. Postprandial in-
creased blood level of calcitonin is related to gastrin, a hormone secreted from antral por-
tion of the stomach and is the most potent stimulant of calcitonin. This shows an impor-
tant function of calcitonin, namely, temporarily storing the absorbed calcium during a

meal in bone-fluid, for use during the fasting periods between meals (51).

2.1.2.3.3. Effects of other hormones on bone
Various hormones and hormonal factors in addition to PTH and calcitonin affect calcium

metabolism and bone maintenance such as cortisol, prostaglandins, thyroid hormones,
IGF, growth hormone and sex hormones. Their functions are not primarily concerned with

skeletal homeostasis.

Cortisol lowers the plasma level of calcium and inhibits the function of osteoblasts, cellu-
lar replication and protein synthesis in bone. It also decreases the absorption of calcium
and phosphate from the gut and increases the renal excretion of calcium and phosphate by
a partial inhibition of the function of vitamin D. Bone resorption increases under indirect
effect of glucocorticoids via hypocalcaemia and secondary stimulation of PTH secretion.
Long-term effect on bone formation and bone resorption can lead to osteoporosis. How-
ever, normal secretion of glucocorticoids is essential for survival and it does not appear to

be a major factor in normal growth.

Growth hormone increases calcium excretion in the urine but it also increases intestinal
absorption of calcium and this effect is greater than the former, thus it induces a positive
calcium balance. Furthermore, somatomedins (e.g. IGF-I) generated by the action of GH,

stimulate protein synthesis in bone and are essential for normal growth.

Thyroid hormones are essential for all cell growth and maintenance but the precise
mechanism of this effect is not clear. The excess of thyroid hormones can cause hypercal-
cemia and hypercalcuria and in some instances, osteoporosis, but the mechanisms re-

mained unclear.

Sex hormones influence the metabolism of vitamin D (see the next section). They also
have some effects on osteoblasts and chondroblasts, the cells responsible for growth in

length and width of bones. The main effect of oestrogen on bone is on reducing bone re-
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sorption by inhibiting osteoclast function and proliferation. Oestrogen deficiency is rec-
ognised as the most important cause of type I (post menopausal) osteoporosis. In post-
menopausal women, there is an increase in bone remodelling activity, in which bone re-
sorption exceeds bone formation, resulting in a net loss of bone. Androgens in men have
similar influence on bone as women. Androgens decrease bone resorption through inhibi-

tion of osteoclasts. They might also exert some effects on osteoblasts.

Insulin-like growth factors (IGF I and IGF II) stimulate replication of the osteoblast pro-
genitors and their differentiation and thus, increases the number of osteoblasts (54). They
also enhance type I collagen synthesis and inhibit bone collagen degradation. These ef-
fects are determinative for the maintenance of bone mass (52). IGF-I is secreted by the
liver and its synthesis is growth hormone-dependent. It is also synthesised by various tis-
sues, where may act locally and is regulated by diverse hormones (52). It is proposed that
IGF-I mediates the anabolic effects of important skeletal hormones such as parathyroid
hormone (PTH), androgens, and oestrogen. Vitamin D can stimulate IGF-I production
(55). Meanwhile, IGF-I is one of the main regulators of the renal metabolism of vitamin D
(56). It seems that IGF-I is a mediator for the effect of growth hormone on the renal syn-

thesis of 1,25(0OH) 2VitD (57).

Other than above mentioned systemic factors, some biologic factors are acting locally to
regulate bone maintenance, including interleukins, tumor necrosis factor (TNF), pros-

taglandins, and transforming growth factor-§ (TGF-P) (52).

2.1.2.3.4. Vitamin D
Vitamin D is frequently considered as a hormone, because it can be synthesized in the

body and acts as a steroid hormone. It is a fat-soluble vitamin with a variety of functions

and two major sources: dietary sources and skin synthesis.

There are at least 37 metabolites of vitamin D of which only three, i.e., 25(OH)VitD,
1,25(0H), Vit D and 24,25(0OH) ,VitD are of particular importance because of their bio-
logical activities. 25(OH)VitD is the most abundant circulating form of vitamin D in the

blood and is used as a marker of vitamin D status, with a half-life of 2-3 weeks.
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1,25(OH),VitD is the most biologically active form of vitamin D and its circulating con-
centration is tightly controlled. Normally, the blood level of 1,25(0OH),Vit D is extremely
low (32+1to 29+ 2 pg/ml) with a half life of 14 hours.

24,25(0H) ,VitD is produced in the kidney by the 24-hydroxylase or might be a metabo-
lite of vitamin D due to hydroxylation of 25(OH)VitD in target tissues such as the bone,
intestine and kidney. Its production is more predominant when vitamin D status is ade-
quate or renal cell cytoplasmic concentration of phosphate is high. Its possible role in

bone metabolism has not yet been identified.

Dietary sources
There are two types of dietary sources for vitamin D: animal products (cholecalciferol or

vitamin D3) and vegetable products (ergocalciferol or vitamin D,). The most common die-
tary sources of vitamin D across the world are milk and milk products, some cereals and
bread products, which are fortified by vitamin D and calcium in some countries such as
America. Fatty fish, such as salmon and mackerel, fish oils, meat and eggs are other
sources of vitamin D (5). In the U.K. other sources of vitamin D are eggs and fortified
foods such as margarine, breakfast cereals and some yogurts(4;58). 97% of older people
(>65 years) in the UK had intakes lower than RNI (59). The mean dietary intake of vita-
min D in the UK among the elderly population is 2.4ug (SD=1.64) (60), which is less

than RNI (10 png/d). Skin synthesis of vitamin D can not be also a reliable source in the
UK because of the northerly latitude (between 50°N and 60° N). |

Absorption
Since vitamin D is a fat-soluble molecule its intestinal absorption depends upon fat ab-

sorption, which in turn depends on fat digestion mediated by bile salts and the enzyme
lipase in the small intestine as well as adequate absorptive capacity of the intestinal wall.
In a normal subject about 40% to 90% of ingested vitamin D is absorbed if it is taken in

the normal range (5).

Skin synthesis
During exposure to sunlight, the solar ultraviolet B (with a wavelength of 290 to 310 nm) -

penetrates the skin and leads to photolysis of 7-dehydrocholestrol to cholecalciferol (vi-
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tamin D3). Over a period of 1-2 days this intermediate compound is hydroxylated by the
liver and then by the kidneys to create the active form of vitamin D (1,25(0OH),Vit D). In
young, light-skinned people about 10 minutes sun-exposure per day on the face and hands
may provide enough amounts of vitamin D, but dark-skinned people and elderly people
may need more sun-exposure (5). Vitamin D synthesis in the skin may decrease owing to
skin pigmentation, skin thickness reduction, using sun-screens and wearing concealing
clothes (4;61). However, upper physiologic limit of vitamin D production in the skin is
250ug/day, when the body is totally exposed to the sunlight (62). The amount of produced
vitamin D is counterbalanced by vitamin D precursors and some other products such as
lumisterol, which are protective compounds against vitamin D toxicity (5;62). Concentra-
tions of these compounds in the skin reach equilibrium in white skins within 20 minute of

ultraviolet exposure (62).

This source of vitamin D is a major determinant of vitamin D in the general population
(4;63). Because of the northerly latitude of Britain (between 50°N and 60° N) ultraviolet
light is at sufficient intensity only between beginning April and mid October (4). Thus, in
each year it is mostly inadequate to produce enough vitamin D, and, therefore, vitamin D
requirements during winter must be provided from dietary sources or the vitamin store

accumulated during the previous summer’s exposure.

Storage
Vitamin D as a fat-soluble vitamin is not readily excreted from the body. It is usually

stored in the fatty tissues, important storage for maintaining the serum level of vitamin D
in various seasons and different situations. Saturation of the fat-tissues prevents vitamin D
toxicity during periods of high supply and slow release of vitamin D from this storage
provides enough amounts of vitamin D for maintaining its plasma level during periods of
low supply. This, provides a physiological explanation for differences in seasonal varia-
tions between lean and fat individuals and also shows the importance of skin synthesis in
the summer for maintaining the plasma level of vitamin in the winter, when sun exposure

is more limited (5;61).
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Metabolism of vitamin D
Either coming from diet or the skin, vitamin D is biologically inert and to become active,

it must undergo two successive hydroxylations in the liver and the kidney (Figure 2.2).

Once entered the circulation, vitamin D (from skin synthesis or taken in with food) is
transported to the liver by a binding protein, where is metabolized to 25(OH)VitD by he-
patic vitamin D-25 hydroxylase. Hepatic hydroxylase needs NADPH, molecular oxygen
and magnesium for its action. This hepatic hydroxylation is not tightly controlled and
thus, increase in the intake or the skin production of vitamin D will result in an increase in
plasma 25(OH)VitD. This intermediate metabolite is, therefore, used as a marker of recent
vitamin D status and composes the major circulating form of vitamin D, although it is bio-
logically inert. Once it formed, it must undergo another hydroxylation in the kidney to
convert to 1,25(0OH),Vit D by the action of 1-c-hydroxylase, presents in renal mitochon-
dria. This renal function is controlled by the integrated action of PTH, plasma phosphate
levels and 1,25(OH),VitD itself. Hypocalcaemia increases the plasma level of PTH,
which in turn stimulates renal 1-o-hydroxylase. In contrast, increasing the plasma level of
1,25(OH),VitD directly reduces PTH production within the parathyroid gland and, there-
fore, indirectly reduces renal 1,25(OH) ,VitD production. 1,25(0OH),VitD also strongly
regulates its own renal synthesis directly by its negative feedback regulation on the re-
nall-c-hydroxylase. Hypophosphataemia can also increase the activity of renal 1-o-
hydroxylase even in the absence of PTH. In fact, the cellular level of inorganic phosphate
in the renal cells is determinative for 1-o-hydroxylase activity in a negative manner, a
procedure, which is mediated by IGF-1 (64). It appears that the effect of calcitonin on the
metabolism of vitamin D is also mediated by the amount of inorganic phosphate within
the renal cells. As stated earlier, IGF-I is a major regulator of renal 1-o-hydroxylase and it
mediates the effects of many other regulators such as PTH and growth hormone (GH).
Likewise, 1,25(0OH) ,VitD regulates the IGF-I production in the body (Figure 2.2). Estra-
diol and testosterone can also increase the plasma level of 1,25(0OH) ,VitD via increasing
1-a-hydroxylase and suppression of 24-hydroxylase in the kidney (51). The regulatory

function of sex hormones is also mediated by IGF-I (Figure 2.2).
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Vitamin D-binding protein
In the blood, vitamin D is mainly bound to its binding protein, with only a small propor-

tion being free and metabolically active. Vitamin D binding protein (DBP) is generally
considered as a genetic marker protein, with a single binding site for vitamin D and its
metabolites. In normal circumstances only less than one percent to 3 percent of DBP is
saturated with vitamin D and its metabolites (65), and hence, even in hepatitis and cirrho-
sis when DBP drops to 60% of the normal level, the transport of vitamin D is not im-
peded. It seems that the main site of its synthesis is the liver (66). Animal experimental
and human studies indicated that the plasma level of DBP may rise during pregnancy
(67;68) and it may drop during undernutrition (69). In fact, fluctuations in the plasma lev-
els of DBP in the absence of hepatic diseases is a physiologic response to the conditions
of low vitamin D state or increased need to vitamin D and vice versa (70). Increasing lev-
els of DBP in pregnancy appears to be due to the effect of sex hormone increments in the
pregnancy as seen in subjects who are taking oestro-progestogens (65). Serum concentra-
tions of DBP in adults do not follow the seasonal variations seen in the measures of
plasma vitamin D (70) and are not correlated with the 25(OH)VitD (65). However, the
function of this protein is still controversial, although there is evidence indicating its ef-
fect on osteoclast differentiation (71). Genetic polymorphism of DBP is shown to be re-
lated to bone mass variance and fracture risk in men (72). This genetical interference in
osteoporosis and bone mass variance is also partly through the effect on VDR (vitamin D
receptor), which is subject to modification effects of early nutrition in utero and infancy

(73).

Reference measurement for vitamin D
Plasma concentration of 1,25(OH),VitD can not be used as an indicator of vitamin D

status because it is tightly under homeostatic control. Rather, an intermediate metabolite
of vitamin D, namely, 25(OH)VitD, which is not tightly controlled is used as a marker of
vitamin D status and it has been shown that the plasma level under 20 nmol/l of this me-
tabolite is associated with clinical presentation of vitamin D deficiency. The level of
25nmol/l of 25(0OH) Vitamin D is cpnsidered as cut-off point for definition of low vitamin
D status by COMA (4) although others suggested higher levels (e.g. 37.5nmol/LL by
Jacques et al(74)).
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It has been shown that the plasma level of PTH is also high in vitamin D deficiency situa-
tions and may be a marker of vitamin D status, but because this marker is affected by se-
rum concentration of calcium and some other factors and also because of uncertainty in
defining a cut-off point for PTH in relation to vitamin D status, it is rejected by Subgroup
on Bone Health (working group of COMA) as a marker of vitamin D status in the UK
population (4).

Functions of vitamin D
The active form of vitamin D works in conjunction with PTH to maintain calcium homeo-

stasis and bone mineralization by increasing intestinal calcium absorption and reducing
renal calcium excretion. They also stimulate the mobilization of calcium stores to the
blood via an effect on osteoclasts, phagocytic cells responsible for removing bone tissue,

during hypocalcaemia (17).

The mechanism of action of vitamin D is similar to that of steroids. It enters its target cells
and interacts with its nuclear receptors by which activates the transcription of specific
genes whose products are involved in the biologic responses to vitamin D (52). Interaction
between vitamin D and vitamin D receptors (VDR) leads to synthesis of osteocalcin, os-
teopontin, and alkaline phosphatase within the osteoblast, and calcium binding protein
(CaBP) within the intestinal cells (52). The function of these receptors (VDR) is geneti-
cally regulated with some modification by environmental factors during early life and
neonatal period (73;75-77). It has been suggested that variations in the VDR genes is as-
sociated with bone mineral density and the risk of osteoporosis (75), although others did

not find such association (78).

Vitamin D is a major determinant for effective intestinal absorption of calcium and phos-
phate (79). Vitamin D via VDR, increases the production and the activity of several pro-
teins in the small intestine, including alkaline phosphatase, calcium binding protein
(CaBP), calmodulin, brush border actin, and some other intracellular proteins, which are
important to increase the flux of calcium across the intestinal wall (52). Vitamin D also
promotes cell maturation within the intestinal brush border. This is important because in-

testinal mucosa cells have a short half-life (17).
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Vitamin D and PTH are working interdependently in reabsorption of calcium in the distal
convoluted tubules and excretion of phosphate in the urine (17). Its negative regulatory
feedback in the kidney for the production of 1,25(0OH),VitD has already been discussed
(Figure 2.2).

Biological effects on bone
Vitamin D and PTH are both involved in bone resorption and their influences depend

upon each other. The effects of 1,25(0OH),VitD require the presence of PTH, and the ef-
fect of PTH on calcium mobilization is diminished in state of vitamin D deficiency. PTH
increases the number of osteoclasts and vitamin D increases the size of their ruffled bor-
der and their activity. These lead to increase the plasma calcium when dietary calcium is

inadequate (17).

The joint action of vitamin D and PTH is also important for bone deposition, directly or
indirectly (79). Effects on differentiation of precursors of osteoblasts may provide an ex-
planation (79). 1,25(OH),VitD can also stimulate the production of osteocalcin and osteo-
pontin, which are important for bone mineralization, although the precise mechanism is
not well known (80). It has been suggested that osteopontin may be also important for the

resorption of bone matrix (80).

Vitamin D is an indirect regulator of calcium deposition in bones especially in the grow-
ing ends (17;81). This function may be due to the increase of plasma IGF-I (55). It has
also many other functions unrelated to the calcium, such as cell differentiation, immune
system regulation, insulin secretion and the effects on nervous system and muscle func-
tion (5;52). Effects of vitamin D on muscle mass and the risk of fall is discussed under

relating headings.

2.1.2.3.5. Other Vitamins and bone metabolism

Different vitamins play various important roles in bone maintenance:

Vitamin A has been shown to influence both osteoblasts and osteoclasts. Animal experi-
mental studies have shown that a vitamin A deficient diet can lead to a reversible bone
overgrowth causing compression of nerves. In vifro, vitamin A is associated with bone

resorption by increasing the number and the activity of osteoclasts. In addition, it is im-
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portant for metabolism of mucopolysaccharides, an essential component of bone matrix.
Both excess and deficiency of vitamin A can lead to disturbance of the metabolism of
mucopolysaccharide. In vivo, vitamin A stimulates PTH secretion and increases the
plasma level of calcium (17). Long- standing hypervitaminosis A has been reported to be
associated with hypercalcaemia, bone resorption and periosteal calcification. However,

both excess and deficiency of vitamin A is not compatible with a healthy skeleton.

Dairy fat, eggs, liver, fortified margarine, many dark greens, red or yellow fruits and
vegetables are the main dietary sources of retinol and carotene in the British population.
RNI for vitamin A in the UK elderly population is 700pg retinol equivalent/day for men
and 600ug for women (58). Mean daily intake of vitamin A in UK elderly population is
1050 g retinol equivalent/day (60). Only 4-5 % of free-living subjects and 1% of subjects
within the institutions had intakes lower than LRNT! in the elderly in the UK(59).

Vitamin C is concerned with the syntheses of collagen and of glycosaminoglycans. As al-
ready discussed vitamin C is essential for the hydroxylation of proline and lysine, which
are necessary for the stability of bone collagen. In scurvy, a disease due to lack of vitamin
C, there is impaired formation of bone and the failure of bone repair after injury. In this
disease, osteoblasts are few but osteoclasts are less affected and complete failure of os-
teoid formation may occur. The cortex of long bones shows thinning and increased fragil-
ity. Probably the most abnormalities seen in scurvy are related to impaired formation of
matrix, particularly the impaired synthesis of collagen. However, this is an extreme vita-

min C deficiency, which is unlikely to be seen in those with usual dietary intakes.

Fresh vegetables and fruits are the main sources of vitamin C in usual diets. The RNI for
vitamin C for elderly men and women is 40 mg/day. The median of dietary intakes from
all sources is 38 and 37mg among elderly men and women respectively, in the United
Kingdom (60). 2-4% of aged people had intakes lower than LRNI with a negative trend
for age (59).

'L RNI=The Lower reference nutrient intake. An amount of the nutrient that is enough only for a few people
in the group who have low needs.
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Vitamin K is necessary for gamma-carboxylation of osteocalcin, an abundant protein of
bone matrix (5;58;82). This compound has a high affinity to the calcium in the hydroxy
apatite molecule. Additionally, vitamin K may influence calcium absorption in the gut,
calcium excretion in the kidney (82) and bone formation in conjunction with vitamin D
(5). The classic role of vitamin K is maintain the normal haemostasis by mediation of the

synthesis of several blood coagulation factors in the liver.

Vitamin K comes from two sources: dietary intakes and an important proportion, which is
made by bacteria in the human intestine. The most nutrient-dense food sources of vitamin
K are green leafy vegetables, peas and liver. Between 40 to 80% of dietary vitamin K is
absorbed when is taken in usual amounts (5;58). Although it is a fat-soluble vitamin, it
could be easily excreted from the body. Most consumed vitamin K during a day elimi-
nates from the body next day (58). Because of abundant dietary sources of vitamin K,
clinical deficiency of vitamin K is not common in the UK. In fact, low vitamin K status

usually is due to poor general nutritional state (60).

2.1.2.4. Metabolism of bone mineral elements
Calcium, magnesium and phosphate are the main part of bone minerals; fluoride is also a

normal constituent of apatite crystal.

2.1.2.4.1. Calcium
Calcium is the most abundant mineral found within the body. In a normal adult, the body

contains nearly 1200 gram of calcium, from which, about 99% is stored in the skeleton.
The remaining 1 % is circulating in the blood and plays various important roles. Sufficient
calcium intake is essential for normal skeletal growth and obtain the optimal bone mass

(5;17).

Dietary sources
The major dietary sources of calcium in British population’s diet are milk, milk products

(approx. 56%) and cereals (approx. 25%, with about 14% from bread due to calcium forti-
fication of “white flour”). Currently, the average calcium intake in the British population
is around 820mg/day and for all age groups average calcium intake in women is less than

men (4).
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Absorption
Calcium absorption is closely related to the gastrointestinal acidity and vitamin D status.

It requires a pH below 6 to stay in solution in an ionic state and, thus, the upper part of the
small intestine is the best part of GI for calcium absorption, because the intestinal contents
become more alkaline as they pass along (5). Calcium is absorbed in two ways; an active
transport procedure, which is concentrated in the upper small intestine, is mediated by
1,25(0OH),VitD and is saturable, and a passive transport way through GI membranes,
which is not saturable and not limited to a specific area, and is less precise (83). The cal-
cium absorption rate in a normal adult is nearly 20% to 40% of ingested calcium, which is
about 400 to 1000 mg per day in an ordinary diet. The lowest absorption rate is in post-
menopausal women, about 20% and the highest rate is in children during the active skele-
tal growth periods, about 75 %(5). In normal subjects efficiency of calcium absorption is
under physiologic control to meet the body’s needs for calcium, it means calcium absorp-
tion increases when dietary calcium is restricted or body’s needs increased and vice versa
(a process called “adaptation”) (84). A key factor for this adaptive response is vitamin D
(85). Diet composition in terms of sodium, protein, oxalate, phytate, dietary fibre and di-
valent cation contents (Fe*™, Zn™) plays a major role in calcium absorption (4;5). The
amount of consumed calcium is also important in regulating the efficiency of intestinal
calcium absorption. Fractional calcium absorption increases when calcium intake is low

and decreases when calcium intake is high (86;87).

Bioavailability
By definition bioavailability means the proportion of ingested nutrient through the diet

that is available for functional purposes. Calcium bioavailability may be affected by dif-
ferent factors such as nutrient interactions, drug consumption and certain diseases. Diet
composition plays a central role in this regard. Major favouring factors are vitamin D,
PTH, acidity nature of upper intestinal tract and dietary vitamin C, lactose and glucose.
Factors limiting calcium absorption include dietary contents of polyphenols (tannins in
the tea), excess of phosphorous, iron, and zinc in proportion to calcium, phytic, oxalic and

fatty acids as well as dietary fibre (5).
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Calcium absorption in the elderly
Calcium absorption declines in advancing age and several factors contribute to this situa-

tion such as:

1) Plasma levels of vitamin D in elderly subjects is generally lower than in young adults,
thus, the adaptive response is less efficient in advanced age in comparison with
younger adults(83).

2) The acidity of intestinal lumen is insufficient in the elderly (5).

3) The absorptive capability of intestinal wall is lower in older subjects than in younger
subjects.

4) Since calcium absorption associated positively with activity level and old people are
less active, they might be less efficient in calcium absorption (83).

Therefore, people in advancing age are more likely to have a negative balance for cal-

cium. Osteoporotic subjects are at higher risk, because of more insufficient intestinal ab-

sorption of calcium (83).

Reference measurement
There is no functional test for calcium status; Plasma level of calcium is under close ho-

meostatic control and it cannot be used as an indicator of calcium status. Other markers of
bone health (e.g. BMC, BMD, fractures) and biochemical markers of bone turnover are
not directly related to the calcium status, because of several confounding factors influenc-
ing them. Therefore, in setting the DRVs (Dietary Reference Values) these criteria are not
used and the DRVs for calcium are calculated by other approaches including: factorial
approach, balance studies and epidemiological methods (83;88). RNI for calcium in adults
is 700mg/day in the United Kingdom and an additional amount of 550mg/day is recom-
mended for lactating women, although there is not enough existing data to support this
incremental recommendation (4). The median values of calcium intake among elderly
population in the UK are 947mg/day for men and 732 for women (89) with a 5-9% of
subjects having less than LRNI (59).
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2.1.2.4.2. Magnesium
Beside the constitutional role of magnesium in the apatite crystals, it plays essential roles

in many cellular functions. The plasma level of magnesium is relatively constant, even

though a precise homeostatic mechanism does not exist.

In a usual diet plant foods are the major sources of magnesium (whole grains, squash,
broccoli, nuts, spinach and other greens). PTH and vitamin D may increase its absorption,
though the mechanism is not clear (17). Absorption efficiency of magnesium is about 30
to 40 %, which can increase to 80% in low magnesium diets. Approximately one third of
extracellular magnesium is bound non-specifically to plasma proteins. The remaining
65%, which is diffusible or ionized, appears to be biologically active. The main excretion
route of magnesium is from the kidney, which seems to be the only mechanism of its ho-

meostatic control.

Magnesium is mainly an intracellular ion and its effects on the skeleton are probably de-
pendent upon its actions on intracellular enzymes. It is an activator of a large number of
enzymes, some of which are important in the skeleton such as alkaline phosphatase and
the pyrophosphatase. On the other hand, it acts as an inhibitor for apatite formation within
the matrix vesicles. After breaking the vesicle membrane and losing the magnesium, apa-

tite crystallization would occur.

RNI for magnesium is 300mg/day for men and 270 mg/day for women and the median of
its daily intakes is 302 and 226 mg/day among elderly men and women, respectively. 21-
23% of aged people consumed less than LRNI for Mg in the UK and this proportion in-
creased with increasing the age (59). Probably the commonest cause of its predominant
deficiency is malabsorption, other causes are dietary deficiency resulted from PEM (pro-

tein-energy malnutrition) or long time TPN (total parenteral nutrition) and diuretic ther-
apy.

2.1.2.4.3. Phesphate
Phosphate is important for bone mineralization and many cellular activities. It is widely

available in diet and some foods such as milk, cheese, bakery products and meat are its

major dietary sources. In a normal diet about 70-80 % of dietary phosphate, which is
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about 0.5-2gm/day, would be absorbed. 1,25(0OH),VitD can increase its absorption and
this effect is independent of calcium. No binding protein for phosphate has been identi-

fied.

Most phosphate in the plasma is in a diffusible form and only about 12 percent is protein
bound. Tissues are less sensitive to changes in phosphate than to changes in calcium lev-
els in the plasma and, therefore, the regulation of the plasma level of phosphate is less
precise and mainly is related to the function of the kidney to excrete it (5;58). PTH in-
creases the renal excretion of phosphate.1, 25(OH), Vit D, and 25(0OH)Vit D are also im-

portant but their effect may be secondary to their effects on PTH secretion.

Besides its roles in many intracellular enzymatic processes, phosphate plays an important
role in bone mineralization and hydroxy apatite formation via its effect on solubility
product (Ca®*xPO4>"). However, because of high availability in usual diet, dietary phos-
phate deficiency has not been reported, but low intakes may contribute to bone loss, espe-

cially in some elderly women (58).

Phosphate is found widely in foods and thus, phosphate deficiency is not usually due to
dietary insufficiency. Prolonged treatment with phosphate binding antacids and an inher-
ited disease, called vitamin D-resistant rickets are the usual causes of hypophosphataemia.
Milk, meat, bakery products and cheese are the main sources of phosphate in the UK. RNI
for phosphate is 550mg/day for elderly population, while the median of its dietary intakes
is 1429 mg/day, which is much more than RNI (89).

31



2.2. Nutritional variables and bone health
Most studies of nutrition and bone health have focused on calcium, protein and vitamin D,

or isolated foods. Literature regarding to the effects of these nutrients will be presented in
this section. General malnutrition, which is a major concern in older people, will be dis-

cussed first.

2.2.1. Malnutrition
A precise definition of malnutrition is problematic because a variety of conditions such as

imbalance of protein, energy and nutrients might be considered as malnutrition and differ-
ent screening tests might be used for identification. A simple definition of that is “malnu-
trition is a condition of impaired development or function caused by a long-term defi-
ciency, excess, or imbalance in energy and or nutrients intake” (5). Negative imbalance of
nutritional intakes (undernutrition) is mostly considered as a risk factor for osteoporosis
and in this thesis malnutrition is referring to undernutrition. Both specific nutrient defi-
ciencies and general protein-energy undernutrition are common in the elderly and several
factors are thought to be in operation such as: various disabilities and different physical
and mental diseases, drug consumption, loss of taste, smell and appetite, malabsorption
and low physical activity (48;90). With advancing age, decrease in physical activity re-
sults in a significant decrease in energy demands and low intake of food, but other nutri-
tional requirements do not decrease with age (48), therefore, dietary intake is more likely

to be inadequate in the elderly.

Malnutrition may increase the risk of osteoporotic fractures by accelerating the process of
bone loss and altering muscle strength, and thereby, increasing the propensity to fall. It
may also lead to a reduction of the protective layer of soft tissue-padding that coveres the
skeleton (48;91). The risk of medical complications after fracture and the length of hospi-

tal stay can also be increased due to under nutrition (90).

Protein-energy under nutrition may decrease the concentration of vitamin D binding pro-
tein (DBP) and, therefore, adversely affect the ability of maintaining adequate concentra-

tions of vitamin D in the blood (69). Another underlying mechanism may be a decrease in
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the plasma level of IGF-I (91). Both are important for bone maintenance and muscular

performance.

Specific deficiencies of different nutrients are discussed under related headings; here in
this section negative balance of nutritional protein-energy intakes is considered as malnu-

trition unless otherwise is stated.

2.1.1.1. Malnutrition evaluation
Malnutrition can be measured in four main ways:

1) Clinical evaluation including a standardised Subjective Global Assessment (SGA)
which incorporates patient history, physical examination findings and the clinician’s
overall judgement of the person’s nutritional status.

2) Anthropometric measurements including BMI (body mass index), mid-arm circumfer-
ence” and TSF (triceps skin-fold) thickness for fat mass, and MAMA? (mid-arm mus-
cle area), and mid-arm muscle circumference for muscle mass”. Changes in these an-
thropometric indices are also important, especially weight changes, which may indi-
cate low intakes and under nutrition.

3) Laboratory markers including blood proteins (albumin, pre-albumin and circulating
transport proteins), some markers such as plasma fructosamine level (92) and circulat-
ing vitamin levels to detect specific deficiencies (vitamin C, D and A), cutaneous an-
tigenic tests and lymphocyte count or lymphocyte function.

4) Food intake measurements, which usually are based on questionnaires by which food
intakes during a period of time are measured. 24 recall, 24 dietary record, dietary his-
tory, and seven days record dietary intake are some examples of such measurements
(93).

All above mentioned tools have their own limitations and no single one is superior. Mid-

arm muscle circumference is a useful measure of muscle protein stores, unintentional

weight loss is a dynamic measure of nutritional status and measurement of triceps skin
fold thickness provides an estimate of body fat reserves. Howevér, because of changes in

fat distribution and skin thickness due to advancing age, TSF thickness may not be ideal

2 arm muscle circumference = arm circumference -1 TSF

% arm muscle area = (arm muscle circumference)? / 4n
* corrected arm muscle area

33



for assessing fat mass in older people and maybe better to assess fat mass by trunk adipos-
ity measurements such as abdominal skin-fold thickness (93). The main limitations of die-
tary assessment methods are dietary variation, measurement errors and the errors of re-

spondents to provide precise data (94).

Recently, the malnutrition advisory group (MAG) has developed guidelines for the detec-
tion and management of undernutrition in the community, in which a combination of un-
intentional weight loss and BMI would define the risk of undernutrition (95-97). These
guidelines have been used to evaluate the risk of malnutrition and its relation to health in
people aged 65 years and over in the UK (98). Significant associations between defined
undernutrition risk and plasma markers of different nutrients, energy intake and the health
status of the subjects in this study, indicate that these guidelines may be reliable in defin-
ing the risk of undernutrition. However, it seems that more extensive studies among dif-
ferent populations are needed to show the validity of this approach for different popula-

tions.

2.1.1.2. Prevalence of malnutrition in osteoporotic patients
Depending on selected criteria and population, different rates of malnutrition amongst os-

teoporotic patients have been reported.

Prevalence of malnutrition in hip fractured elderly patients in the UK has been reported to
be high. Using TSF thickness and MAMC in a study on 744 hip fractured elderly women,
Bastow et al (99), have reported a prevalence of 53% for undernutrition. They defined un-
dernutrition on the basis of TSF thickness and MAMC as being more than one standard
deviation below the mean of the reference population, defined as normal elderly popula-
tion (in the UK or Belfast). In 18.5% of patients both indices had values more than two
SDs below the mean of reference population. The reference population in this study can
be treated as a control group, although one part of it (elderly population from Belfast) may
be varied from the study population in terms of social, economical and genetical (for body
build) background. The prevalence of undernutrition among hip fractured patients in this
study is comparable with the prevalence of undernutrition among the elderly population in
the UK, reported by Margetts et al (98), who showed that about 14% of elderly population

were at medium or high risk of undernutrition defined by MAG tool. Although, their crite-
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ria for the risk of malnutrition is different from that of this study (99), the big difference
between prevalence of undernutrition in the UK general population and in hip fractured
patients indicates higher prevalence of undernutrition in these patients. However, TSF
thickness in this study might not be a good indicator for undernutrition and, therefore, the
reported prevalence may be overestimated (93). This study has indicated that mortality
rate after fracture was much higher in malnourished (very thin) subjects compared to the

well-nourished ones (18%v.4.4%).

Similar results were shown in another study conducted in New Zealand. Considering three
criteria (pre-albumin, TSF or CAMA) for assessing nutritional status, Hanger et al (50)
measured the prevalence of malnutrition in 66 hip fractured patients aged over 65 years
(mean age 81.5 y). They defined malnutrition as a low result in at least two of the three
indices of nutrition (pre-albumin, TSF or CAMA). Lower limit for pre-albumin was de-
fined as 0.20 g/L and for TSF or CAMA was defined as 5™ percentile for age-sex refer-
ence data or lower (100). Using these criteria, PEM was present in 42.4% (95%CI, 29.8-
55) of patients. In 8.5% of patients all three indices were low. In this study, all indices of
malnutrition were negatively correlated with increasing age but there were no statistically
significant correlation between the serum proteins and either TSF or CAMA. However,
response rate in this study was 77.6% and TSFV as a marker of body fat in this population

may have not been a precise measure.

Another study by Jamal et al (92) reported a higher risk of hip fracture among malnour-
ished than well nourished subjects, using a plasma nutritional marker (serum fructosamine
level). This study was conducted on 477 women aged 65 years and over (100 cases of hip
fracture, 101 cases of vertebral fracture and 276 controls) and malnutrition was defined as
being in the lowest decile of serum fructosamine level. Undernourished subjects were at a
three-fold increased risk of hip fracture (95% CI, 1.4-6.4, P= 0.004), compared with all
other women, after controlling for age, weight, and hormone replacement therapy. For
vertebral fractures, however, the association between serum fructosamine and the risk of
fracture was not statistically significant, although there was a slightly higher risk of verte-
bral fractures among malnourished subjects in comparison to all other subjects (OR = 1.7,

95%CI, 0.8-3.8). When women with fructosamine levels in the three lowest deciles com-
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pared with the others, there was an increased risk for them to have a vertebral fracture

(OR =1.8; 95%CI: 1.0-3.2; P = 0.05).

2.1.1.3. Summary
Summing up, malnutrition is common in the elderly; in particular among those who suffer

from osteoporotic fractures. All presented studies have confirmed that undernutrition is
associated with frailty fractures, since the prevalence of undernutrition is higher in frac-
tured patients(50;99) and also the risk of fracture is higher for malnourished subjects (92)
when compared to the well nourished ones and thus, it was referred to as a risk factor for
bone health in almost all studies. However, differences in definitions of malnutrition made
comparison across the studies difficult. Therefore, a clear and biologically relevant meas-
ure for nutritional state in any research on diet and bone health is necessary. In all pre-
sented studies, the reference population was general healthy people of the same age

ranges and mostly from the same area.

2.2.2. Protein
Protein is an essential component of bone and comprises more than 1/3 of bone mass. As

such, bone tissue is one of the most protein-dense tissues of the body (102). Protein is also
necessary for maintaining the plasma level of IGF-1, a growth factor that exerts an ana-
bolic effect on bone. IGF-I is essential for bone longitudinal growth, production of
1,25(0OH),VitD; and renal absorption of phosphate (48;52;54-58). Adequate protein in-
take also is essential for muscle mass and muscle strength, which provide protective
mechanisms to reduce the impact of trauma on the skeleton and also is important for the
risk of fall (48;49). On the other hand, high protein intakes may increase urinary calcium
excretion via elevating metabolic acid production (103;104) and chronic bone buffering

and bone dissolution.

2.2.2.1. Protein and calcium
Calcium-protein interaction in relation to bone metabolism has long been investigated.

Both calcium and protein are important structural components of bone and their metabolic
interactions may be determinative for bone health. The main features of studies about the
effects of protein on urinary calcium excretion and intestinal calcium absorption are pre-

sented in Table 2.1.
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Table 2. 1- The effects of protein on intestinal calcium absorption and urinary calcium excretion

Author Subjects Study design Outcome measure
Results
n Sex | Age(y)
Huet al(103) | 764 F 35-75 Cross-sectional Urinary calcium Calciuric effect of animal protein. r
=0.17, P<0.01
Kerstetter. et Urinary calcium Increased both FICA and calcium ex-
al (113) ’ 7 F 21-39 Experimental and Flé Al cretion by increasing protein intake,
with negative calcium balance.
o A threshold effect of protein on cal-
i(le(rls ';est)ter et 8 F 20-40 Experimental g}iﬁgg pic hor- citropic hormones, at a level of
0.9¢/kg body weight protein intake
Postmen Urinary calcium Increased both FICA and calcium ex-
Lutz,(116) 8 F | opausal | Experimental radial BMC and cretion by increasing protein intake,
FICA! with no effect on radial BMC, vitamin
D and PTH.
Heaney (117) | 191 F 35-41 Experimental Calcium absorption No effect of protein on calcium ab-
sorption.
Urinary calcium . .
(Slp 16 ;)c er etal 14 M | 40-67 Experimental and calcium absorp- ii:ffea of protein on calcium bal-
tion )

1. FICA =fractional intestinal calcium absorption. 2. Measured calcitropic hormones were PTH, 1,25(0H),Vit D and nephro-

genous cyclic adenosine monophosphate.

F= fem

ale, M= male.

Hu et al(103) found that urinary calcium excretion was significantly correlated with total
protein intake, after adjustment for age and body weight, (r = 0.25, P <0.01)(103). Meat
and non-dairy animal foods (NDAF) were positively associated with urinary calcium ex-
cretion (r = 0.17, P< 0.01). Corresponding association for plant foods was negative and
significant (r = -0.16, P <0.001). Therefore, it was concluded that the observed calciuric
effect is due to the animal component of dietary protein rather than plant component. The
increase of calcium excretion was independent of dietary calcium intake. In this study,
however, other dietary variables were not taken to account, for example; phosphate, and
dietary carbohydrates are important components, which may vary among different cal-
cium quartiles and are known to affect intestinal calcium absorption and urinary calcium
excretion (112). Vitamin D adequacy as one of the main regulators of calcium metabolism
was not controlled for, and the wide age range of subjects included in this study, making it
difficult to disentangle confounding by age and sex hormones. Furthermore, although
analyses were controlled for dietary calcium, it cannot dismiss increased calcium absorp-

tion as a source of excess calcium excretion, since it has been shown that fractional cal-
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cium absorption increases when calcium intake is low and it decreases when calcium in-
take is high (86;87). In other words, from these results it cannot be concluded that excess
protein intake causes negative calcium balance, or mobilisation of bone calcium, which is

harmful for bone maintenance.

In this respect, a further study by Kerstetter, et al (113) investigated the possible source
for calcium, excreted in urine, following a high-protein diet. Comparing of two levels of
protein intakes (low: 0.7 g/kg; and high: 2.1 g/kg) showed that after four days of consum-
ing these experimental diets, urinary calcium excretion was significantly higher in high-
protein diet than in low-protein diet (difference = 2.2 £ 0.5, P = 0.005). Serum calcitropic
hormones (vitamin D and PTH) increased significantly at day 4 in subjects consuming
low protein diet compared to subjects using high-protein diet. Fractional intestinal cal- -
cium absorption was significantly higher with the high than with the low protein diet
(0.26x0.03 v. 0.19+0.03). These results indicate that increase in urinary calcium excretion
following a high-protein diet is, in part, due to increased intestinal calcium intake. Up
regulating of the plasma vitamin D and PTH in those consuming low-protein diet and
their less calcium absorption than the high protein diet indicated lower calcium status and
probably bone catabolism situation in these subjects. This was confirmed by another study

conducted by the same investigators (114).

The effect of protein on intestinal calcium absorption had also been reported by an early
study (116), in which eight postmenopausal women received two diets containing two
levels of protein (110 and 50g/d), randomly. The calciuretic effect of high protein diet was
accompanied by an increase in net calcium absorption from the gut, while calcium, mag-
nesium, and phosphorus intakes were held constant at 713, 323, and 1078 mg/day, respec-
tively (Table 2.1).

In this regard, a recent study suggested a threshold effect for dietary protein intake of
about 0.9 to 1g/kg body weight (115) by comparing the effects of four experimental diets
containing four levels of protein: 0.7, 0.8, 0.9, 1.0 g/kg weight on calcium metabolism.
Increment of calcitropic hormones happened with protein intake of 0.7 and 0.8 g/kg but
not with 0.9 and 1.0 g/kg. Hence, they suggested an allowance of 0.9 to 1.0g/kg body

weight for optimizing calcium balance, and preventing bone loss.
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However, these results are contrasting with some other studies, which have reported no
effect of protein intake on the intestinal calcium absorption. Heaney (117) found no dif-
ference in calcium absorption between subjects consuming high- or low-protein diets. No
relation between calcium relative absorption and either phosphorus or protein intake was
detected in both pre and postmenopausal women, analysed separately or altogether. No
threshold effect of protein on calcium absorption was also found in this study for both

groups of women.

Similar results have been reported by Spencer et al (118). In this study, the effects of three
levels of protein intake (2g/kg body weight for high protein, 1g/kg for control studies and
0.5 for low-protein studies) during a low calcium intake (>200mg/day), a normal calcium
intake (800mg/day), moderate (1100 mg/day) and high calcium intake (>2000mg/day) on
calcium absorption, retention and excretion were examined. High protein intake during
low and normal calcium intake periods was not associated with a significant increment in
urinary calcium excretion compared to the control studies. During high protein intake and
high calcium intake (2140mg/day) although urinary and faecal calcium excretion in-
creased significantly, calcium balance remained unchanged. During the normal calcium
intake of 800 mg/day no significant difference was found between high and control pro-
tein intake in terms of urinary and faecal calcium excretion and calcium balance. During
calcium intake of 1100 mg/day and high protein intake, calcium balance increased
slightly. During low protein-low calcium studies the calcium balance became slightly
negative. Low protein-intermediate calcium studies found no change in calcium balance
though the urinary and faecal calcium excretion increased. Low protein—high calcium
studies found a slight positive balance of calcium. Similar studies by the same investiga-
tors on 4 healthy men for 78-132 days and also on 3 men for a short period of 18 to 32
days (119) found no effect of high protein intake on calcium excretion, absorption and
balance during both short and long periods. In summary, Spencer and collaborate have
dismissed the results of previously mentioned studies indicating that protein intake may

increase calcium excretion and induce a negative calcium balance.

There are important discrepancies between the results of the presented studies. Differ-

ences in methodology and limitations of each study are of importance and could account
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for the discrepant results. The first study presented here (103) reported high calcium ex-
cretion with high protein diet. Difference between absorbed and excreted calcium (cal-
cium balance) is not determined and most importantly, it is not clear to which extent bone
metabolism wa affected by increased protein intake or increased urinary calcium excre-
tion. Wide age range and missing a numerous confounders are other limitations of this
study. Kerstetter et al (113) reported studies on healthy young women while, Spencer et al
conducted their studies on old male with a variety of medical problems, which were not
taken into account, and making it difficult to compare the results. The main limitation of
the presented studies is their approach of considering protein in isolation and neglecting
other components of the evaluated or applied experimental diets. For example, two ex-
perimental diets (low and high protein diets) in the study of Kerstetter et al (113), cited
above, were significantly different in carbohydrate content and carbohydrate is known to
affect calcium metabolism (112). They were also significantly different in terms of the
quality of protein as the main nutrient, concerned with this research. Additionally, Heaney
(117) evaluated only dietary protein, calcium and phosphorus. Dietary protein, however,
comes in the form of foods that contain associated nutrients, which maybe important for
bone health and calcium metabolism. Vitamin D and zinc are some examples of such nu-

trients, which may vary by protein variations.

Other speculated association between calcium and protein is the modifying effect of cal-
cium on the relations between protein and bone. This was examined by Dawson-Hughes
and Harris (120). 342 men and women aged 65 and over completed a 3-y randomised,
placebo-controlled trial of calcium and vitamin D supplementation. Treatment group re-
ceived calcium (500mg/day) and vitamin D (700 IU/day = 17.5 ug/d) supplementation
and controls received double placebo. BMD of the femoral neck, spine, and total body
were measured every 6 months. Within the supplemented group, changes in BMD over 3
years were positively associated with protein intake, whereas within the placebo group
there was a non-significant but negative association between protein intake and changes
of BMD. Furthermore, within the supplemented group low protein intake was associated
with bone loss, indicating that calcium may not be enough to protect the skeleton when

protein intake is low. Age, sex, weight, total energy intake, and dietary calcium intake
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were taken to account. Changes in BMD at lumbar spine were not associated with protein
intake in either treatment group. These relations were not significant for animal protein,
suggesting that the total amount rather than the source of protein may be important. Ab-
sorbed calcium did not differ across the thirds of protein intake within the supplemented

group, while it decreased with increasing protein intake within the placebo group.

It is noteworthy that the calcium supplement in this study was calcium citrate malate,
which included base precursor and, therefore, may have influenced urinary calcium excre-
tion and interfere with the results. Furthermore, BMD changes may not be precisely
measurable as BMD itself, and may be subject to information bias due to changes in co-
variates during the time. Additionally, BMD itself may impact the rate of bone loss, as
women with higher BMD have been observed to lose their bone, slightly faster than oth-
ers with lower initial bone mass (121). Finally, dietary intake was assessed by a FFQ,
measuring usual intake for past 12 month, but calcium absorption is related to the diet at
the time of absorption measurements, thus associations between protein and calcium ab-

sorption may be obscured by daily variation in dietary intakes.

However, others found the opposite. A recent study by Promislow et al (122) has reported
effect modification of calcium on the relations between protein and bone health in 960
men and women aged 55-92 years, who participated in the Rancho Bernardo Study. Using
dual-energy x-ray absorptiometry, BMD of the hip, femoral neck, and lumbar spine were
measured at the baseline and four years later, where total body BMD measurement was
also added. Calcium modifying effect was evident only in women and for total, animal
and plant proteins; as calcium intake decreased, the association between protein intake
and BMD became more positive. This indicated that increased protein intake particularly
is beneficial for women with lower calcium intakes. After four years, changes in BMD
were not significantly associated with animal, plant and total protein in both sexes. Limi-

tations of this study are discussed in the next section.

There are substantial differences between these two studies that could account for the dis-
crepant results. The study by Promislow et al (122) was performed in subjects with mean
calcium intakes of 985 mg/day, whereas the supplemented group in the study of Dawson-

Hughes and Harris on average consumed 1346 mg calcium per day and the placebo group
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consumed 870mg/day. If there is a threshold effect for calcium, it may explain these dis-
crepancies. Furthermore, Dawson-Hughes and Harris analysed men and women altogether
while the effect may not be similar in sexes, as shown in the study of Promislow et al.
Both supplements of calcium and vitamin D in the study of Dawson-Hughes and Harris
may affect obtained results; citrate malate is an alkali and attenuates protein-induced aci-
dosis and bone buffering. Vitamin D is also determinative for adaptive responses of intes-
tinal calcium absorption and urinary calcium reabsorption (83;85). Finally, fractional cal-
cium absorption from supplement and diet may be different due to different calcium

bioavailability (123).

With respect to the protein-calcium interaction Heaney (102) suggested that the effect of
dietary protein is related to the ratio of dietary calcium /protein. He has suggested that a
ratio of 20:1(mg:g) may be compatible with a good bone health. Feskanich et al (124) and
Cooper et al (105) did not find such a relationship, while Metz et al (125) have reported a

positive correlation between bone health and calcium/protein ratio.

Beyond protein-calcium interactions, it is important to know the extent to which protein

may influence bone health and fracture risk in the community.

2.2.2.2. Protein intake and bone health
Associations between protein and bone health in the elderly has been widely investigated

in recent decades. It is well known that protein has an important influence on skeletal
health but the nature of this effect has remained controversial. Key findings and main as-

pects of published studies are presented in Table 2.2.

Geinoz et al (49) reported that lower protein intake, which was defined as intakes of less
than 1g/kg of ideal body weight daily, was associated with lower BMD at the femoral
neck and lower physical performance (as evaluated by capability to walk and climb stairs
without stopping) in both sexes. Conversely, high protein intake (21gr/kg/d) was associ-
ated with higher BMD at the femoral neck (mean of 0.68 g/em? in the high intake group
Vs. 0.57 in the low intake group in women and 0.76 Vs 0.64 in men, [P <0.05]). 8/9 of
hip fractured women were found to belong to the low dietary intake group. In this study,

however, the study population was selected from hospitalised patients and thus was not
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similar to the general population. Furthermore, dietary intake in hospital and after affec-

tion may not represent their usual dietary habits.

Table 2. 2-Studies of protein consumption and bone health

Author Subjects Study design | Dietary Ass Outcome meas-
ure Results
n Sex Age(y)
Geinoz et al 74 M | 85 Prospective Recorded di- | BMD of femur | Positive association between protein
(49) (28-d) ary and spine and BMD
Munger et Prospective . . Reducing the risk of hip fracture by
al (106) 41837 F 33-69 (3-y) FFQ Hip fracture risk increasing protein intake
BMD was positively associated
. . . with animal protein and was nega-
Promislow 960 | F/M | 55-92 Prospective FFQ BMD of hip . tively associated with vegetable
et al (122) 4-y) femur and spine . .
protein. No association between
protein and BMD changes.
Cooper et al Cross- BMD of femur, BMD waslpo.smvely assgmated
290 F . FFQ . . with protein intake only in pre-
(105) sectional spine and radius
menopausal women.
. , . Increasing the risk of forearm frac-
Sf?ﬁi;‘:h 85000 | F |35-59 Pl“z’Specnve FEQ ?‘p ta“d f."farm ture with high protein intake. No
(12-9) [ACHUre Tisk. effect on RR of hip fracture.

F= female, M= male, FFQ= food frequency questionnaire.

A further study by Munger et al (106) showed a beneficial effect of protein intake (espe-
cially, animal protein) on the risk of hip fracture among postmenopausal women. RR of
hip fracture in the group of the highest protein intake in comparison with the lowest pro-
tein intake group was 0.31 (95%CI, 0.10-0.93 P=0.037). Age, number of pregnancies,
BMI, smoking, alcohol use, oestrogen use and physical activity were taken to account.
Animal protein consumption was positively correlated with dietary calcium (r = 0.32, P
<0.0001) and vitamin D intake (r =0.28, P <0.0001) but negatively with vegetable protein
consumption (r =-0.43, P <0.0001). They found no significant effect for vegetable protein
on the risk of hip fracture, possibly because of low vegetable protein consumption in their
population (73% animal protein vs. 27% vegetable protein). In this study however, the
response rate was low (42%), and rather small proportion of hip fractured cases were ana-

lysed (44 of 125hip fracture, [35%]), which might introduce bias.

Recently, Promislow et al (122) reported a positive association between animal protein
intake and bone mineral density (BMD) of the hip, femoral neck, and lumbar spine,

measured over a period of 4 years. Vegetable protein intake was negatively related to
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BMD at all measurement sites except that of the total body. Corresponding associations in
men did not reach to a statistically significant level. However, changes in BMD over four
years were not significantly associated with animal, plant and total protein in both sexes.
Response rate in this study was rather low (60-65%), and non-respondents were signifi-
cantly different from respondents in terms of protein intake, medications and physical ac-

tivity, which may have introduced selection bias.

In accordance with the above-sited studies, Cooper et al (105) published a study, in which
two groups of women (post and pre-menopausal women) were examined regarding to the
effect of dietary protein on BMD of lumbar spine, three femoral sites (neck, shaft, tro-
chanter), the distal and the mid-radius. Analysis of these two groups showed a favourable
effect of protein intake on bone mass only in premenopausal women (n =72). There was
also a positive relationship between protein intake and BMD at five out of the six skeletal
sites among postmenopausal women (n=218) but did not remain significant after adjusting
for age, body weight, and physical activity. Among premenopausal women, protein intake
was positively related to the BMD at all six sites: correlation coefficients (r) for lumbar
spine, three femoral sites (neck, shaft, trochanter), distal and mid-radius were equal to
0.07, 0.27(P<0.05), 0.16, 0.35 (P <0.01), 0.28(P <0.05), and 0.21 (P <0.05), respec-
tively. These relationships were adjusted for weight, age and physical activity. In post-
menopausal women the positive relations between dietary protein and BMD did not re-
main significant after adjusting for weight, age and physical activity. Both pre and post-
menopausal women with osteoporotic fractures had lower protein and phosphorus intakes,
compared to non-fractured ones. There was no relationship between bone density at any
skeletal site and calcium/protein ratio. Separate analysis for post and pre-menopausal
women, accounting for a vast range of variables (especially the lifestyle variables) and
considering numerous skeletal sites may be considered as the strengths of this study. The
low response rate (60%) (Probability of selection bias) on the other hand, and low statisti-
cal power of study for premenopausal women (56% to detect correlation coefficient of

0.25 at the 5% significant level) were the main limitations.

Contrasting to these studies, Feskanich et al (124) found a positive association between

forearm fracture risk and protein intake, although association with hip fracture was not
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significant. In this study, protein intake was associated with increased risk of forearm
fracture but no significant association was found between protein intake and the risk of
hip fracture. Adjusted relative risk of forearm fracture was 1.18 (95% CI 1.01-1.38),
while similar RR for hip fracture was 0.79 (95% CI 0.53-1.19) when women in the high-
est quartile of protein intake (>95 g/day) were compared with those within the lowest
quartile (<68g/day). Separate analysis for animal and vegetable proteins showed that the
observed associations were due to animal proteins rather than vegetable proteins. Plant
protein had no association to fracture risk. The ratio of dietary calcium intake to protein
intake (calcium/protein) was not significantly related to the risk of forearm fractures (RR=
0.91, 95% CI 0.78-1.06 when the highest ratio group (11 or more) was compared with the

lowest one (<5)).

In all presented studies, protein intake was positively and significantly correlated with

dietary intakes of calcium and vitamin D.

Summing up all these studies generally showed a positive relationship between dietary
protein and bone health except one prospective study (124), in which the risk of forearm
fracture increased slightly with protein intake. Differences in methodologies and subject
characteristics made it difficult to compare the results. However, none of the presented
studies showed negative association between BMD and protein intake and none of them

showed adverse effect of protein on the risk of osteoporotic fractures.

2.2.2.3. Protein supplementation
Two prospective studies by Bonjour et al (48;126) investigated the relationships between

protein supplementation and bone health. These studies have shown favourable effects of
protein supplementation on the clinical outcome of hip fracture. In the first study (126),
59 hip fractured patients (27 supplemented and 32 control subjects) were recruited. The
former group received a dietary supplement including different nutrients (e.g. lipid, pro-
tein, various vitamins and minerals), by which the energy intake increased by about 25%,
protein by 60% and calcium by 130%, during about 30 days supplementation. The rate of
complications (e.g. bedsore, severe anaemia, lung and renal infections and so on) and
mortality were lower in the supplemented subjects than in controls (44% in supplemented

group vs.87% in controls). After 6 months of discharge from hospital there was no death
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in supplemented group in compare with 6 in controls (19%). This study also showed a
long-run beneficial effect of supplementation with regard to the complication rate after

6moths (40%vs.74%).

In the second study by these authors (127), in order to identify the key nutrient responsi-
ble for the mentioned favourable effect of the supplement, they conducted another ran-
domised-controlled stlidy on 62 patients with hip fracture (mean age 82), who were ran-
domised into two groups: treatment group (n = 33) who received dietary supplement con-
taining protein and control group (n =29) who received the same dietary supplement, but
without protein. The rate of complications and death was significantly lower in the pro-
tein-supplemented group compared with the control group (52% Vs 80%, P <0.05)
7months after hip fracture. The median hospital stay was significantly lower in the pro-
tein-supplemented group (69 vs. 102 days P<0.05). Therefore, they concluded that the
favourable effect of their supplement was mainly related to the protein component, rather
than other nutrients. However, they stressed that their oral supplement increased the over-
all protein intake only up to the level of RDA (in USA) for protein (0.8 gm/kg body
weight). From this study, however, it is not clear how many cases were malnourished and
whether these supplements could be applied to all patients with hip fractures or just mal-

nourished patients will benefit from them.

2.2.2.4. Serum protein levels and bone health
Serum protein concentration is an indicator for protein nutritional state (93;128). The rela-

tionship between bone health and serum protein concentrations has been investigated in
two studies. In the first study, Orwoll et al (128) examined the association between bone
mass and serum albumin levels in two groups of normal men, separately. The two groups
were included 62 and 92 normal men (subjects without apparent disease, or evidence of
osteopenia) aged 30-90y. Serum albumin levels were positively correlated with the BMD
of proximal and distal radial sites in the second group (r = 0.22 and 0.28 P<0.05 and
P<0.01, respectively) and with vertebral BMD in both groups (r = 0.60 and 0.46, P<0.01).
They also showed a positive correlation between dietary protein intake and serum albumin
level as well as positive correlation between protein and calcium intakes. Age was nega-

tively associated with serum albumin (r = -0.65, P<0.01) and BMD at all skeletal sites.
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Dietary protein was also related to vertebral and proximal radial sites but not with the dis-
tal radial site. In this study however, only protein, vitamin D and calcium.as dietary vari-
ables were considered. Furthermore, albumin is a negative acute phase reactant, therefore,
is affected by factors other than nutritional variables, such as infectious diseases and in-
flammations and, therefore may not be a reliable marker of nutritional state. These possi-
bilities were not taken to consideration in this study, although it was emphasized that the

subjects were free of diseases.

Long et al (129) have reported a case-control study, in which 10 hip fractured women
(aged 70-92y), one day after surgical fixation during both a 24-h fasting state (day 1) and
while receiving total parenteral peripheral nutrition (TPPN) (day 2) were compared with
19 healthy women as controls (aged 70-84y), who experienced similar fasting and TPPN
periods. TPPN solution provided 1.5g/kg amino acid and 29-30 kcal/kg daily. Authors
observed lower total plasma amino acid concentrations and plasma albumin levels in the
hip fractured patients in comparison with healthy control subjects. After 24-h fasting
plasma albumin concentration was 28+1land 40+1(p<0.001) in injured and control sub-
jects, respectively, and the total amino acid (TAA) pool of the trauma group was signifi-
cantly lower by 17% compared with the control group. After TPPN (on day2) albumin
concentration was still low in injured subjects (24+2 vs.40+1, p<0.001) and TAA pool
was still lower than controls (by 20%). The small number of subjects in this study has
limited the generalizability of the findings. Furthermore, cases and controls might be
different with respect to other health aspects as the cases were suffering from a fracture,
which is an apparent stress for them and may affect plasma levels of proteins as well as

dietary intakes.

These two studies showed the positive correlation between bone health and protein nutri-

tional state in men and women; although a few variables were considered.

2.2.2.5. Teenage protein intake and bone health in the elderly
Teenage protein intake has been shown to have no effect on bone health in the elderly.

Feskanich et al (124) in their study, stated above, showed no statistically significant asso-
ciation between teenage protein consumption and fracture risk in the elderly. The relative

risk of forearm fracture for women who consumed more than 70 g/day in their teenage
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period compared with women who consumed 30 g or less was RR = 1.03, (95% CI 0.86-
1.25, P =0.58). Hip fracture RR = 0.64 (95% CI, 0.38-1.10, P = 0.28).

In this regard, Metz et al (125) conducted a cross-sectional study in 38 Caucasian women
(aged 24-28y) to explore association between protein intake and bone density in the third
decade. They observed a negative association between protein intake and radial BMD
during the third decade in women (P<0.05) and concluded that the protein intake higher
than recommended amounts may adversely affect radial bone density. The ratio of cal-
cium/protein intake was positively related to the distal and mid radial BMC (P=0.01).
High calcium intake (30% above the mean intake of USA women and for UK population)
in this study limited the generalizability of the findings.

The results of these two studies showed no beneficial effect of teenage protein intake on
bone at femoral neck and a possible negative effect of high protein intakes (more than
0.80 gr/kg BW) on the radial bones. The effect of protein intake in early life on osteopo-

rosis in the elderly is remained to be discovered.

2.2.2.6. The importance of dietary source
An important issue about dietary protein is the source of protein. Abelow (130) from a

cross-cultural analysis suggested a significant positive association between animal protein
and hip fracture risk in women over 50 years old. However, inconsistent information has
been published in this regard. Munger et al (106) in the study stated before, have reported
that animal protein intake was negatively related to the hip fracture risk. Feskanich et al
(124) have reported no increase of hip fracture risk by animal protein consumption
(RR=0.84 95% CI 0.49-1.44) whereas the risk of forearm fracture slightly increased with
animal protein intake (RR= 1.21, 95% CI 1.03-1.41 P = 0.01) and in both studies
(106;124) no relationship between vegetable protein intake and hip or forearm fracture

risk was observed.

Tesar and colleagues (131) have reported no difference between vegetarian and omnivo-
rous women with respect to their bone health. In his study 28 lacto-ovovegetarian women
(who practised this dietary pattern for more than 10 years) were compared with a group of

omnivorous women, who were matched by age, weight, height and years since meno-
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pause. All subjects were aged between 55 to 75 years and at least one year after menstrual
cessation. BMD and BMC were measured at forearm, lumbar spine and entire skeleton.
No significant differences in bone measurements were shown between vegetarians and
omnivorous women despite differences in dietary intakes. Differences in dietary intakes

and possible differences in lifestyle variables may have conflicted the results.

Sellmeyer (132) published a prospective study in 1035 women aged >65 y for a period of
about 7 years. After adjustment for a number of potential risk factors, there was no asso-
ciation between BMD at hip and the ratio of animal to vegetable protein. In contrast,
femoral bone loss was significantly related to the ratio of animal to vegetable protein.
Women with a high ratio of animal to vegetable protein intake had a significantly higher
rate of femoral neck bone loss than did women with a low ratio (0.78%/y and 0.21%!/y,
respectively). Analyses of 48 hip fractured women showed that the risk of hip fracture
was significantly higher in women with a high intake of animal protein than in those with
a low intake (RR = 2.7, P = 0.04). In contrast, women with a high intake vegetable protein
had an RR of hip fracture of 0.30 (P = 0.03). Women in the highest quintile of ratio of
animal to vegetable protein intake (3.17) had nearly a 4-fold greater risk of hip fracture

compared with women with low ratios.

Dawson-Hughes and Harris (120) in their study, stated above (see section 2.2.2.1), found
no difference between plant and animal protein regarding to the BMD changes of a num-
ber of skeletal sites over a 3-y period in subjects supplemented with vitamin D and cal-

cium.

In interpreting these studies, it is important to differentiate between BMD, BMD changes
and the risk of fracture. BMD is a marker of bone health indicating the bone strength, but
measuring the changes of BMD is less accurate than measuring BMD itself, (133) and is
subject to information bias due to changes in covariates during the time of the measure-
ments. Risk of fracture on the other hand, is the function of both bone strength and the
risk of fall, which is related to the muscle performance. Muscle performance is in turn,
influenced by many factors other than nutritional ones. The first three studies presented

here (106;124;130) have reported relations between protein intake and the risk of osteo-
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porotic fractures, these associations in part, are related to the effect of protein on muscle
performance, which is also influenced by many other nutritional and non-nutritional fac-
tors. Study of Abelow (130) should be interpreted with caution because many other fac-
tors differ between countries could be responsible for the observed association. In the
studies by of Munger et al (106) and Feskanich et al (124) no association between animal
protein and hip fracture risk was found although in the latter the risk of forearm fracture
slightly increased with animal protein. Results of the two other studies indicate that BMD
does not differ between vegetarian and omnivorous women (131) and is not associated
with the ratio of animal to vegetable protein (132). However, there are important differ-
ences between plant and animal proteins; animal foods provide predominantly acid pre-
cursors (correlation with urinary acid excretion r = 0.14, P<0.001), while plant proteins
have substantial amounts of base precursors (correlation with urinary acid excretion r = -
0.16, P <0.001) (103). Additionally, associations between animal and plant protein with
other nutrients follow different patterns; animal protein is positively correlated with die-
tary calcium (r =0.32, P <0.001), saturated fat (r = 0.30, P<0.001), and vitamin D (r
=(0.28, P< 0.001) and is negatively correlated with carbohydrate (r =-0.56, P<0.001) and
polyunsaturated fat (r =-0.24, P<0.001). Vegetable protein on the other hand, is correlated
with carbohydrate (r =0.44, P<0.001), polyunsaturated fat (r =0.17, P<0.001) and animal
protein(r =-0.43, P<0.001) (106). It is also well known that red meat, as a major source of
animal protein is a major source of some other nutrients, such as vitamin D, Zn, Iron and
phosphorus. Plant protein is also accompanied by some associated nutrients such as vita-
min C, A, and K (5). All these nutrients are important in bone metabolism and thus, it is
difficult to disentangle the effects of these nutrient from that of protein only. Furthermore,
unrecognized non-protein constituents of animal and plant foods may be responsible for
the observed differences between animal and vegetable proteins regarding to bone health.
However, protein quality (in terms of amino acid constituents) and bioavailability of dif-

ferent proteins may vary according to the source of protein.

2.2.2.7. Summary
In conclusion, current evidence on relations between bone health and dietary protein in-

take is not consistent. Other than differences in populations and their characteristics, dif-
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ferent methodology, sample size and power issues as well as considered confounders may

explain some of these discrepancies.

Besides differences in methodology and considered variables, one of the main limitations
of most studies might be the failure of disentangle between low protein intake and malnu-
trition. Such issue is highlighted by the strong correlations between protein intake and the
intake of other nutrients, seen in these studies. Subjects with low protein intake are more
likely to be undernourished, a condition which may inversely affect their bones as well as
other aspects of health. Therefore, it might be of importance to differentiate between mal-
nourished subjects with those who consumed less protein but otherwise are healthy and

well-nourished. A reliable method for identifying malnutrition may be essential.

Other limitation of these studies might be their single nutrient approach. In most studies
only few nutrients were taken to account and many others were neglected. Analyses based
on single nutrients must be interpreted with caution because of the collinearity of nutrient
intakes. This fact however, had been noted by several authors, who tried to find some
relations between bone health and some ratios such as calcium/protein ratio or ani-‘
mal/vegetable protein ratio. It appears that these ratios are also inadequate to address the
multi-collinearity of diet and its relations to a multifactorial condition such as osteoporo-
sis. On the other hand, as stated before, bone is the most protein-dense tissue in the body
and hence, it is important to be continuously supplied with new proteins for rebuilding
purposes and replacing the degraded amino acids. Therefore, it is not surprising if protein

is related to bone health in isolation.

From a physiologic perspective, protein is an essential structural component of the bone,
is essential for the production and function of IGF-I (an anabolic factor for bone growth
and maintenance) (134), and is a major contributor to the metabolism of calcium and vi-
tamin D. Protein also influences the rate of fall and thereby, the risk of fracture through its

detrimental effects on muscle performance and strength.

Associations between dietary protein and bone health may be site-specific, as seen in
studies, in which different skeletal sites were examined. For example, while forearm frac-

ture risk was associated with high protein intake, no relation between hip fracture risk and
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protein intakes was found (124). It may indicate that local factors are also in operation.
Differences in the proportions of cortical and trabecular bone tissues, and the magnitude
and direction of the mechanical stresses placed on bone may provide explanation. Trabe-
cular bone tissues are more active and have nearly tenfold higher active surface area than
compact bones and, therefore, may be more affected by metabolic variations (17). Me-
chanical stresses and their directions are also major determinants of bone remodelling and
maintenance. Furthermore, associations between protein intake and bone health seems to
be conflicted by age and menopausal status in women, possibly because of the huge dif-

ferences between pre and post menopausal women in terms of hormonal profile.

Another striking feature is the interaction between protein and other nutrients, particularly
with calcium. Protein increases urinary calcium excretion. At the same time, it increases
the intestinal absorption of calcium and thus, may offset increased excreted calcium
(113;114;116). In contrast, Spencer et al (118) and Heaney (117) found no association
between protein intake and calcium absorption or calcium balance. However, the effect of
protein will not persist for a long time as was shown by Promislow et al (122) and
Spencer et al (119). Investigation on calcium/protein ratio revealed inconsistent results

(102;105;124;125).

Another implication of protein-nutrient link is the correlations between nutrients and pro-
tein. High protein intake correspondingly is accompanied by an increase in other dietary
nutrient intakes (49;105;106). Therefore, any nutritional intervention or change in protein
intake in the general population or any specified population may affect the intake of other

nutrients, which may be important because of other health considerations.

In addition to the correlation between protein and other nutrients, the source of protein
appears to play a role. Proteins with different sources may be accompanied by different
nutrients and non-nutrient components, which might be unknown for us, while are in op-
eration on bone. An alternative approach might be considering the protein intake in the
context of the entire diet and eating habits, in which almost all foods from any source are
considered as are eaten in a usual diet. However, the effect of animal protein may be dif-

ferent from that of vegetable protein but the evidence in this regard is mixed.
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Beyond these considerations, high protein intake in most studies posed no risk on the
skeleton, especially at femoral and vertebral sites (two common sites for osteoporotic
fractures). Dietary protein intake was shown to be associated with higher BMD at femoral
neck, lumbar spine and radial bone (49;105;120;122). Serum albumin concentration was
positively associated with BMC in men (128) and negatively related to the risk of hip
fracture in women (135). Protein supplementation was also found to lower the rates of
complications after occurrence a fracture, better recovery and shorter length of hospital
stay as well as better long-term prognosis for injured subjects (48;126;127). On the other
hand, some reports (124;130) but not all (106) are indicating that high protein intake may

be associated with increased risk of fractures.

It must be pointed out that the intakes of protein in amounts extremely high or low are
obviously incompatible with health. Low protein intake leads to malnutrition, which in
turn results in impaired growth and poor bone health (136) and extremely high amounts of
protein intake are toxic. Therefore, it is important to investigate whether in a usual diet of
a community, upper range of the intake of protein is harmful or not? In this regard Ker-
stetter et al (115) have suggested that an amount of 0.9 to 1.0g/kg body weight of protein
is compatible with a good bone health and Bonjour (127) showed that a supplement, by
which protein intake increases only up to the normal level of 0.8 gm/kg body weight is
beneficial for bone health. However, the protein must be taken in a normal and otherwise

balanced diet to optimized bone maintenance and health.

2.2.3. Vitamin D
Vitamin D is a fat-soluble vitamin with a variety of functions in the body and two major

sources: dietary sources and skin synthesis. Its metabolism, absorption, skin synthesis,
function, reference measurement and storage were discussed in previous sections. Here,
epidemiological evidence of the relationship between bone health and vitamin D situation

will be discussed.

2.2.3.1. Vitamin D deficiency and osteoporosis
Gross deficiency of vitamin D in children leads to Rickets and in adults causes osteomala-

cia and muscle weakness (5) but sub-clinical vitamin D deficiency, which is common in

the elderly, appears to be a cause of osteoporosis in advancing age (74).
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As cited before, vitamin D nutritional state depends upon two sources: skin synthesis and
dietary intakes. With advancing age, both of these sources of vitamin D are limited and
less efficient. Dietary supply is limited due to: low vitamin D intake in the diet of older
people and low vitamin D absorption in their GI, because of impaired lipid digestion (de-
cline of digestive enzymes), and some degrees of malabsorption (5;137). Cutaneous syn-
thesis of vitamin D is also less efficient in the elderly, because of a decrease in thickness
of epidermis, and a decline of 7-dehydrocholestrol in the subcutaneous tissue as well as
insufficient sun exposure due to the age-associated frailties (61;137). Consequently, eld-
erly people are at a higher risk of vitamin D deficiency than other groups in the commu-
nity. Currently, for people aged 65 years or more, the RNI of 10ug/day is advised in the
UK (4) and the mean dietary intake of vitamin D in elderly population in the UK is 2.4ug
(SD=1.64) (60).

Theoretically, vitamin D deficiency can lead to secondary hyperparathyroidism, which in
turn may accelerate bone loss and thus, contribute to the pathogenesis of osteoporosis
(5;137). Vitamin D also stimulates the production of IGF-I, which is known to favourite

bone mass (55), low vitamin D states can lead to a low production of this anabolic factor.

Published studies suggest that older people are at a higher risk of vitamin D under nutri-

tion, particularly persons who suffering from osteoporosis.

Negative association between age and plasma level of vitamin D was reported by Jaques
et al (74) in a study in 759 men and women aged 67-95-y, who participated in the Fram-
ingham Heart Study. Dietary vitamin D intake was assessed by a validated FFQ and
sunlight exposure was estimated by the place of residence and time spent outdoors as well
as the season of examination (method is not exactly described). In this American popula-
tion sample the mean 25(OH)VitD concentration was 82 nmol/L in men and 71 nmol/L in
women. Plasma level of 25(OH)VitD in women was 0.7nmol/L lower for each year of age
(P<0.004) but in men age was unrelated to the vitamin D status. Prevalence of vitamin D
deficiency (25 nmol/L or less) in this study was 2.4% in men and 4.1% in women. Low
vitamin D concentrations (37.5 nmol/L or less) were seen in 6.2% of men and 14.5% of

women. Dietary intake and sunlight exposure did equally contribute to the variance in
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25(OH)D concentrations, the former being more important in women and the latter in
men. However, imprecise measurement of sunlight exposure as an important determinant

of vitamin D status was the main limitation of this study.

High prevalence of hypovitaminosis D in elderly ages was also found in another study in
a group of elderly Irish people (138). The mean serum 25(OH)VitD in 181 elderly sub-
jects was 10.0 nmol/LL (95% CI, < 5.0 to 59nmol/L) without any gender difference. This
value was lower than values obtained in 28 young adults (mean = 33.5nmol/L 95% CI
11.5 to 98nmol/L) from the same area. 56% of elderly group had a serum level of
25(OH)VitD below 5 nmol/L and 79% had a value below 25 nmol/L, a level that is con-
sidered as vitamin D depletion. Low serum 25(OH) VitD concentrations were noted more
in institutionalized subjects than in free-living ones (63% vs. 17% had serum 25(OH)VitD
concentrations lower than Snmol/L and 84% vs. 50% had lower than 25nmol/L). These
values were obtained during winter-spring months. At the end of summer from 31 free-
living subjects 8 (26%) had plasma level of 25(OH)VitD lower than 25 nmol/L.. The mean
seasonal increment in serum 25(OH)VitD was also less dominant in elderly subjects (n =

31) than in healthy young adults (n = 8) ( 24 nmol/L vs. 44 nmol/L).

These two cross-sectional studies showed different prevalence rates of hypovitaminosis D
that maybe due to differences in environmental variables such as latitude and ultraviolet
exposure rate as well as differences in dietary intake and fortification of certain foods in
their communities. The effect of seasonal variation is also important. However, in the sec-
ond study comparison between young adults and elderly subjects was helpful to show

higher prevalence of hypovitaminosis D in old persons.

Negative correlation between plasma level of vitamin D and age was found also in an-
other study by Orwoll et al (128), stated before (see section 2.2.2.4). In this study plasma
level of all three metabolites of vitamin D (25(0OH) VitD,1,25(0OH),VitDand
24,25(0OH),VitD) were negatively associated with age (P<0.01).

Omdahl et al (139) also reported similar results from their investigations on 304 healthy
free-living elderly people (166 women and 138 men) over 60-y of age. They found that
48% of men and 54% of women consumed less than RDA (10 pg for USA population) for
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vitamin D and also 49% of men and 67% of women consumed less than RDA of 800mg/d
for calcium in American population. Dietary calcium intake was associated with dietary
intake of vitamin D (r = 0.54, P<0.0001). When compared with a young adult group as
controls (n = 47 mean age 32-y), the older population had significantly lower plasma level
of 25(OH)VitD (15.5 = 7.2ng/ml vs.29.1+ 9.7 P<0.0001).

Hypovitaminosis D is more common in osteoporotic-fractured patients than in healthy

elderly people. This was shown in three case-control studies, which are summarized in

Table 2.3.

Table 2. 3- Vitamin D status in osteoporotic vs. non-osteoporotic subjects.

Lips et al (140) Baker etal (141) Diamond, et al (142)
Cases Controls Cases Controls Cases Controls
n 125 74 98 76 41 82
Age 75 75 65 65 >65 >65
% of vitamin D deficiency 62% 16% 40% 17% 63%" 25%"
Serum level of 25(0OH) VitD 18.5 329 34 56 46 61
(nmol/L)
Vitamin D dietary intake (tu/ay’ 115 115 97 118

* Vitamin D deficiency in this study was defined as serum level of 25(0OH) VitD <50 nmol/L.
**Cases were hip fracture patients.
40 IU=1pg

As Table2.3. shows all studies indicate lower vitamin D status in hip fracture patients
compared to controls. Higher prevalence of vitamin D deficiency, define by serum

25(0OH) VitD indicate that hip fracture patients are more likely to be vitamin D deficient.

2.2.3.2. Seasonal variation
Several studies have reported higher levels of vitamin D in summer than in winter. This

seasonal variation may contribute to the osteoporosis in the elderly (4). Storm et al (143)
have reported a decline of about 20% in 25(OH) VitD concentration in winter compared
with summer (P = 0.001) and conversely, 20% increase in plasma PTH in winter among a
sample of postmenopausal women (n = 60). Bouillon et al (144) on a sample of 240 eld-
erly subjects from Belgium also reported the lowest plasma level of 25(0OH) VitD from
February-May (mean level less than 25nmol/L) and the lowest level of free and total
1,25(0OH),Vit Din February- March (50+ 40 pmol/L), peak values in summer were more

than two times as winter.
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Jacques et al (74) have also reported similar seasonal variation in their study on 759 eld-
erly men and women from USA. Among women, during winter and spring, serum 25(OH)
VitD were 14.8 nmol/L(P<0.001) and 8.9 nmol/L (P= 0.007) lower than summer, respec-
tively. Corresponding values among men were 30.1 and 21.0 lower than summer values
(P<0.001). In all seasons, differences between serum level of 25(OH) VitD in men and
women were significant except for winter, which was —1.4 nmol/L. (P=0.79). Dawson-
Hughes et al in a study on 391 men and women aged over 60 showed that during winter-
time (February-May) more than 90% of men and women had 25(OH) VitD concentrations
lower than 110 nmol/L, a value at which plasma level of PTH began to increase. Differ-
ences between men and women diminished in winter, while, in other seasons men had

higher concentrations of 25(OH) VitD than women.

Seasonal variation has also been found in subjects who were not exposed to sunlight.
Devgun and colleagues (145) compared three groups of subjects; outdoor workers (n =
18), who were exposed to sunlight 6-8h/day, indoor workers (n = 8), who were expose to
sunlight mainly at weekends and evenings and long-term inpatients (n = 7), who did not
access to artificial or natural sunlight during study period. Seasonal variations were seen
in all three groups but in different months. Peak of 25 (OH) VitD concentrations was seen
in November, October and August, respectively. Peak of ultraviolet radiation was in July.
The peak value of 25(OH) VitD was highest in the first group and lowest in the third
group, which were related to outdoors spending time. Similar variation has been reported

by others (146).

In summary, all studies on vitamin D determinants have confirmed the effect of seasonal
variation but it varied according to the latitude and outdoors spending time. Magnitude of
such variation is conversely related to BMI and age (61;147). Seasonal variation in vita-
min D status among subjects who were not exposed to sunlight maybe due to a similar
variation in vitamin D contents of certain foods during high ultraviolet exposure months
(145). It is also more dominant in men than in women, possibly because of higher plasma
level of vitamin D and higher outdoors spending time in men (74;147) in comparison with

women. However, it has been suggested that to maintain plasma levels of 25(0OH) VitD
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above 15-22.5nmol/L in winter, during summer month it should be kept at levels greater

than 40nmol/L. (63).

2.2.3.3. Gene-environment interactions and the effect of vitamin D
A sometimes ignored feature of the vitamin D function is the intermediary effect of vita-

min D receptors (VDR). It is important to distinguish between the plasma level of vitamin
D and its effects on the target tissues, which is mediated by its receptors. These receptors
are genetically regulated and their variation is believed to be responsible for 7-10% of the
difference in bone density in postmenopausal women (75). Association between these re-
ceptors and bone mass still remained controversial. A twin study in Britain showed a
strong influence of the vitamin D receptor genotype on bone density at various skeletal
sites (75) 95 dizygotic (non-identical) and 87 monozygotic (identical) pairs of twins aged
50-69 years were participated in this study and BMD was measured at the hip, lumbar
spine, forearm and the whole body. From differences in associations between BMD
measures in concordant (those with identical genotype) and the discordant pairs (those
with differing genotype) at all sites, authors concluded that the VDR genotype contributes
to the genetic regulation of bone mineral density. Age, weight, years since menopause,
and use of HRT were taken to consideration. Although the study had a number of limita-
tions such as considering a few bone affecting variables including nutrition, neglecting the
modification influence of early life exposures, which is very likely to be different in twin
studies, the results are helpful to explain, in some part, the discrepancies in the studies of
diet and bone health. It may also be of benefit for identifying persons who are genetically

at higher risk of osteoporosis and target them in prevention policies.

Significant association between VDR genotypes and spinal BMD was also reported by
Tamai et al (76) in Japanese women. Spinal BMD in three groups of women with osteo-
porosis (n = 90), osteoarthrosis (n = 36) and healthy subjects (n = 92) was assessed by
DXA and their VDR were genotyped. Although the frequencies of three genotypes (“bb”,
“Bb” and “BB”) were not significantly different among three groups of subjects, healthy
subjects with VDR genotype of bb had significantly higher age-matched BMD than that
of subject with “Bb” genotype (P<0.03). In contrast, osteoporotic “BB” patients had
higher age-matched BMD in comparison with “Bb” genotyped subject (P<0.02). There

58



was no difference by VDR genotype in spinal BMD in subject with osteoarthrosis. This
study again, failed to consider other bone-affecting variables, even nutritional ones, which
may have modified the associations between bone measurements and genetical factors
(148;149). Other studies however, reported no association between VDR genotype and
bone mineral measurements (78;150;151). Laskey et al (151) found no relation between
VDR genotype and changes BMD of the whole body, spine, hip, and forearm among
breast-feeding mothers. Arden et al (78) found also no relations between calcaneal ultra-
sound measurement and VDR polymorphism in 189 pairs of healthy dizygous twin fe-

males.

There is evidence indicating that the relations between VDR genotype and bone health is
subject to modification by current and early nutritional exposures. Cooper et al (150)
found significant association between VDR genotype and weight at one year (7% higher
1-y weight in homozygote “tt” in comparison with homozygote “TT”) (P = 0.04) in 66
elderly females. However, they found no association between VDR genotype and BMC or

BMD at the lumbar spine and femoral neck.

A recent investigation in this regard showed that intrauterine undernutrition may modify
VDR genetical influences on bone (73). BMD at lumbar spine and proximal femur of 165
men and 126 women aged 60-75 years were assessed at baseline and 4 years later by
DXA and their VDR genotypes were determined by standard procedures. Although VDR
genotypes and birthweight had no association with bone measurements, associations be-
tween VDR genotypes and BMD at both sites varied according to birthweight. Among
subjects in the lowest third of birthweight, those with the “BB” genotype had higher spi-
nal BMD (P = 0.01), while among those in the highest birthweight “bb” genotype accom-
panied by a higher spinal BMD (P = 0.04). Similar associations were found between spi-
nal BMC and VDR genotypes in low-birthweight group. Associations were adjusted for
age, sex and weight at baseline. Associations between BMD and BMC at femur with

VDR genotypes did not reach to a statistically significant level.

The effect of VDR genotype on bone has been shown to be modified by current nutri-
tional intakes (148;149). Graafmans et al (149) investigated the influence of VDR geno-

type on rate of bone gain in 81 women aged 70 years and over who had taken part in a
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placebo-controlled vitamin D supplementation trial (400 IU daily for at least 2 years).
Femoral BMD changes were examined in relation to VDR genotype over the course of 2
years. Authors showed a more pronounced effect of vitamin D supplementation among
subject with “BB” genotype compared with those with the “bb” genotype on femoral
BMD (£ =0.03).

Similar to this study, Kreﬂl et al (148) evaluated the influence of VDR genotype on rates
of bone loss in 229 elderly postmenopausal women who had participated in a placebo-
controlled calcium supplementation trial (500-mg/day calcium supplement). BMD was
measured over a period of 2 years at the femoral neck, spine, and radius. Analyzing the
study population according to their calcium intake level revealed that VDR genotype in-
fluenced bone loss at femoral site only in those with low calcium intake. In this study-

however, rates of bone loss were greater in the “BB” group at all sites.

In summary, in spite of disagreements seen between the published studies about the ge-
netic links between vitamin D activity and bone health, these studies provide valuable in-
formation for research purposes and preventive strategies for osteoporosis. Although our
knowledge still appears to be inadequate to depict a comprehensive model of genetic-
environmental interactions, it may have pointed to novel aspects of early and late nutri-
tional exposures and their modifications on genetical determinants of osteoporosis. How-
ever, because most studies on VDR genotype suffered from limitation of considering
many bone-affecting variables, and in particular, nutritional ones, the results must be in-

terpreted with caution. More comprehensive investigations are obviously needed.

2.2.3.4. Summary |
In conclusion, all above cited studies have shown higher prevalence of hypovitaminosis D

in elderly ages particularly in subjects who suffered from osteoporotic fractures and low
sunshine exposure is an important determinant contributing to this propensity. In this re-
gard, the effect of seasonal variation, physiologic limitation of skin synthesis of vitamin
D, and the effect of environmental factors, which may influence ultraviolet exposure, are
important and might be a source of variation in vitamin D state and osteoporosis. Disen-
tangle between physical activity, which is a bone-affecting factor and mostly is related to

outdoors spending time, and sunlight exposure is still problematic. In addition, association
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between sunlight exposure and vitamin D status is influenced by other factors such as age,
sex and BMI. Age and BMI are negatively associated with vitamin D status and peak of
vitamin D obtaining in the summer (74). This effect of BMI is in contrary with positive

effect of weight on bone mass, which is described in the next sections.

Both carrier (DBP) and cellular receptor of vitamin D (VDR) are important in its function
and both are regulated mainly by genetical factors, although exposures of early life in

utero and infancy may modify their function.

Interactions between vitamin D and other nutrients are also of particular importance.
Many nutrients can influence the function of vitamin D on bone and other tissues through
their effects on DBP and VDR. Also, increasing vitamin D intake directly will increase
intakes of other nutrients such as energy, protein and calcium, which are important in
bone metabolism. So, it seems more appropriate to consider vitamin D status in the con-

text of other nutrient intakes.

Apart from effects on bone metabolism, vitamin D is determinative for the function of
muscles, which is closely related to the risk of fall and osteoporotic fractures. These inter-

actions are discussed under related headings (see section 2.7)

2.2.4, Calcium
Calcium as the main structural bone element has been the nutritional focus of osteoporosis

research over recent decades, although the results have been controversial. Many studies
reported salutary effects (125;152-156), some others reported no association (157-160)
and a few studies found adverse relation between bone health and calcium intake (161).
Issues related to the absorption and dietary sources of calcium discussed in chapter one
(section 1.4.5.1). Epidemiological evidence on the relationships between calcium intake

and bone health, particularly in the elderly, will be reviewed in this section.

Table 2.4. presents the key findings and main features of studies of bone health and cal-
cium intake. One of the early prospective studies (152;153) from California found that
_ from the highest third of dietary calcium (> 440 mg/1000 kcal) to the lowest two thirds of
calcium intake (0-440mg/1000kcal), the risk of hip fracture decreased to 0.3 for men and

to 0.4 for women (95% CI is not mentioned) (P<0.05). These associations remained un-
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changed after adjustment for age, sex, BMI, alcohol, smoking, and HRT (hormone re-
placement therapy). Calcium intake was lower in hip fractured patients in comparison
with those without fracture. Adjusted intakes of protein, vitamin D, magnesium and phos-
phate were significantly higher in high calcium intake group than in the other groups. In
this study however, dietary assessment was based on 24-hour dietary method, which may
not represent a usual diet, even though adjustment for age and energy intake may have
reduced the effect of within-individual variation. Furthermore, evaluation of HRT was not

precise and the cohort maybe unrepresentative because of the sampling method.

Table 2. 4 — Studies of calcium intake and bone health.

Author Subjects Study design Dictary Ass Outcome meas-
urement Results
n Sex | Age(y)
Decreasing the risk
Hol- of hip fracture b
brook et | 957 MF | 50-79 Cohort (14-y) 24-h recall Hip fracture risk | o P Tacture by
al (152) increasing calcium
intake.
Decreasing the risk
Lauetal | )00 | MF | <70->80 | Case control Weekly-diet | 1y fracture risk | OF PP fracture by
(155) history increasing calcium
intake.
Picard et 183 F 40-50 Cross-sectional 3-day recall BMC of spine and Positive association.
al (156) forearm
Metz et . BMD and BMC . _
al (125) 38 F 24-28 Cross-sectional FFQ of radial bone Positive association.
Devine 4-day diet re- BMD changes at
et al 124 F |PM Cohort (2-y) cord, 3 times hip, spine and Positive association.
(154) during the study | ankle.
Looker
et al 4342 M,F | 50-74 Cohort (16-y) 24-h recall Hip fracture risk No association.
(158)
Owusu Hip and forearm
et 43,063 M | 40-75 Cohort (8-y) FFQ p . No association
fracture risk.
al(160)
Tavani
et al 960 M | PM,>45 | Case control FFQ Hip fracture risk No association
(157)
Cooper
etal 900 M,F | <55->84 | Case control FFQ Hip fracture risk No association
(159)
Kreioer No association on
g . . . :
etal 50-84 Case control FFQ ?hp and erl(St hip fractu.re but de
(161) racture risk. c_relfse wrist fracture
ris

M =Male, F = Female
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A further study by Lau et al (155) from Hong Kong showed that men with lowest calcium
intake (<75mg/d) in comparison with those of the highest calcium intake (244mg/d or
more), were at a twofold risk of hip fracture (RR= 2.1, 95% CI 1.1-4.2), comparable RR
for women was 1.9 (95% CI, 1.2-2.9). The mean daily calcium intake of cases was lower
than that of controls (in females: 128mg/d in cases vs. 168 mg/d in controls, and in males:
141 mg/d in cases and 177 mg/d in controls). Mean calcium intake in the study population
was 171mg/d.

Picard et al (156) showed a significant favourable effect of calcium intake on bone mass
at the lumbar spine and distal forearm after being controlled for parity, physical activity,
oral contraceptive use, smoking, height and weight. However, because of selected age cri-
teria, the effect of menopause on bone mass has not been examined and the results could

not be extrapolated to postmenopausal women.

Metz et al (125) have also reported a beneficial effect of calcium intake on BMD and
BMC of radial bone at the middle and distal sites. Subjects in this study, however, were

young adults and, therefore, the results may not be applicable to the elderly population.

In accordance with these studies, Devine et al (154) reported a favourable effect of cal-
cium on bone mass in postmenopausal women, who had no menstruation for >10 years.
From the pattern of changes in BMD over 2 years, the authors concluded that bone loss at
the femoral neck might be prevented by daily calcium intake of 2042mg/day (51

mmol/day). This amount varied for other sites.

Some other studies reported no association between calcium intake and bone health (157-
160). Looker et al (158) reported a RR of 0.5 (95% CI 0.2-1.2) for hip fracture in post-
menopausal women and older men after controlling for HRT, smoking, physical activity,
BMI and alcohol use. Hip fractured patients in this study did not differ from non-fractured
subjects in terms of daily calcium intake and calcium/1000kcal. The study power was low
(40% in men and 50% in women to detect a RR of 0.5) and few variables and nutrients
were considered in the analyses. The dietary assessment (24-h recall questionnaire, at
baseline) may not represent usual diet. Note that the mean calcium intake in the whole

study population was 658mg/d.
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Owusu, et al (160) have also reported no association between total calcium intake and
fracture incidence. Age, smoking, physical activity, alcohol consumption, BMI and total
energy intake were considered for adjusting the RRs of hip and forearm fracture in this
study. Calcium consumption, either from dairy or non-dairy sources, was not associated
with fracture risk. However, the number of hip fractures in this study was small (201 fore-

arm and 56hip fracture).

Similarly, Tavani et al (157) also showed a non-significant association between hip frac-
ture in women and calcium intake. There was also no association between milk or cheese

consumption and hip fracture.

A case-control study in Britain (159) also showed no association between calcium intake
and hip fracture in women but a decreased risk in men who had a calcium intake above
1g/day. Separate analyses for men and women showed different patterns of osteoporosis.
The risk of hip fracture among women did not change with increasing calcium intake, but
in men there was a fall in risk with increasing calcium intake. Adjusting for BMI, smok-
ing, stroke, alcohol and steroid treatment changed this trend. Adjusted RRs for women
showed small differences across fifths of distribution (of calcium intake) and adjusted RR
among men with the highest intakes, more than 1041mg/d, remained significantly lower

than the rest. Mean calcium intake in this study was 689mg/d.

Kreiger et al (161) reported a contra-directional effect of dietary calcium on hip and wrist
fractures. While it increased slightly the risk of hip fracture, wrist fracture risk was sig-
nificantly decreased by calcium intake of 1gm/day or more. OR for hip fracture in highest
third of calcium intake (>1000 mg/day) comparing with the lowest one (<800mg/day) was
1.89, (95% CI, 0.75-4.74). Comparable OR for wrist fracture was 0.18, (95% CI 0.04-
0.81). Alcohol, smoking and reproductive activity were considered, but physical activity

was not evaluated in this study.

The results of presented studies are not consistent. Differences in methodology, consid-
ered variables, and characteristics of the populations under study might be accounted for
the discrepant results. Most discrepancies were among investigations, which were con-

cerned to the rate of osteoporotic fractures. Studies on relations between calcium intake
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and bone mass, on the other hand, were generally more consistent, showing positive asso-
ciation between bone mass and calcium intake (125;154;156). Studies on fracture risk and
calcium intake produced inconsistent results (152;153;155;157-161;161). Although bone
mass is a major determinant of fracture (7), its affective variables are somewhat different
from those of fractures. Fracture is related to bone strength in one hand and the risk of fall
on the other, and each, is under influence of different factors (162). Furthermore, small
changes in BMD or BMC may be statistically significant, but it is not clear whether such

changes have a significant effect on the fracture rate.

However, studies of the effect of calcium supplements on BMD and BMC appear to be
helpful for more clarification about the effect of calcium on bone. Next section is dedi-

cated to this issue.

2.2.4.1. Supplementation trials
In the study of supplementation trials, it is important to note that many of the supplemen-

tation studies had administered vitamin D simultaneously with calcium. Administration of
vitamin D supplements alone has been reported to inhibit bone loss and, therefore, it is
difficult to disentangle the effect of calcium supplements from that of vitamin D. Addi-
tionally, calcium supplements are usually calcium salts, containing remarkable amounts of
base precursors, which are shown to be effective on calcium metabolism and, therefore,

the effect may be different from that of dietary calcium (163).

Table 2.5 presents studies of calcium supplementation and bone health. Most of the stud-
ies were carried out in postmenopausal women and frequently found protective effects.
One from New Zealand (164) found a less bone loss at the femoral, total body and lumbar
spine in supplemented group compared to that of placebo group. In this study, the effect
of supplementation on divergence the rate of bone loss between the two groups sustained
during the course of 4 years for the total body and lumbar spine with the exception of
proximal femur, where after two years no further divergence had been occurred. How-
ever, at any given time the BMD of the femur was significantly higher in supplemented
group than in placebo group. Differences between groups were significant for all BMD
measures. Median dietary calcium intake for the whole group was 700mg/d at baseline

and subjects on average were 9 years postmenopausal.
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Table 2. 5- Studies of calcium supplementation and bone health.

Subjects . Supplement
Author Duration (y)
Result;
n Sex Age Calcium | Vitamin D Outcome measure e
Reid et al BMD changes of
(164) 86 F 58 2-4 lg/d - femur, spine and Favourable effect
total body
Reid et al BMD changes of
(165) 122 F PM>3y 2 1g/d - femur, spine and Favourable effect
total body
Storm et BMD changes of
al (143) 60 F >65 2 lg/d - femur and spine Favourable effect
Chapuy | 5579 | 84 3 12¢/d | 8001U/d' | Hip fracturerisk | Favourable effect
et al(167)
(Lleggf;t a9 | F 70 0.5 0.71g/d | 399 TU/d’ Hand BMD | Favourable effect’
Baeks- BMD changes of Sta :Oil;r:brllz foffzcctt
gaard et 240 F 58-67 2 1g/d 560 TU/d" | hip, spine and fore- pine,
for hip and fore-
al (169) arm arm
Chapuy Plasma calcium,
et al 297 MJF 74-83 0.5 lg/d 800 TU/d" | vitamin D, ALP Favourable effect
(170) and PTH level
Riis et al BMC changes of
(171) 43 F 50 2 2g/d - spine, total body No association
and forearm
D Beneficial effect
Ha\;vson— BMD change of | in those with low
o301 | F 2 0.5 - femur, spine calcium intake
(172) and radius and more than 5-y
menopausal.
40 TU=1pg

Storm et al (143) in a supplementation trial compared two methods of supplementation:

dietary means (with milk) and calcium salts. In this study 60 postmenopausal women

without osteoporosis were randomized into three groups: 1) dietary milk supplementation

(four glasses milk, daily), 2) calcium carbonate supplementation (1000mg/d) and 3) pla-

cebo group. After two years supplementation, bone loss at greater trochanter was 3%

(p<0.03) in controls, 1.5% (P = 0.03) in dietary supplemented group and no bone loss was

observed in calcium carbonate supplemented group. Calcium carbonate supplemented

group also showed a significant increase in BMD at spinal and femoral neck (£<0.05).

This study showed a significant effect of calcium supplementation on bone density of
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postmenopausal women. Total calcium intake in placebo group was 683mg/d and in die-
tary supplemented group was 1028 mg/d and for women who received carbonate supple-

mentation was 1633mg/d.

Chapuy et al (167) reported an odds ratio of 0.73 (95% CI, 0.62-0.84) for hip fractures
and 0.72 (95% CI, 0.60-0.84) for all non-vertebral fractures.

Lee published another supplementation trial (168), in which individuals were supplied
with calcium rich food (cheese), calcium phosphate (350 mg calcium and 270mg phos-
phate per day) and vitamin D (399 IU/d = 10pg/d), for a course of 6 months. Bone density
at hand (measured at 3 phalanx sites) increased in 11 subjects (P<0.05) with no changes
in three and reducing in six subjects. Dietary calcium intake before supplementation was
452mg/d (x191) and calcium intakes from supplements were 710mg/d. These results indi-
cate the favourable effect of calcium supplementation in elderly people, although some

other variables might be also in operation.

Baeksgaard et al (169) reported and increase in BMD at lumbar spine of 1.6% during 2
years in treatment group (P<0.002) but not in the placebo group. No significant changes
from baseline value were observed at the distal forearm and hip. Mean intake of calcium

and vitamin D in this population were 919 mg/d and 3.8 ug/d, respectively.

Chapuy et al (170) showed an increase of 67 umol/L in the plasma level of calcium and of
30nmol/L 25(OH)VitD from baseline among treatment group (P<0.02), respectively. In
contrast, calcium concentration decreased in controls (mean = -25+110pumol/L) and
25(0OH) VitD increased less than treatment group (19 nmol/L).The mean 1,25(0OH),Vit D
value did not change in treated and control group. The mean changes in values for
25(OH)VitD from baseline in treated and untreated subjects were +38 and +Inmol/L, re-
spectively (P< 0.001). PTH levels and alkaline phosphatase levels reduced in treated
groups in comparison with controls and were negatively associated with increments in
plasma 25(OH)VitD (r = 0.41 P<0.001) and calcium supplementation (r =0.331, P
=0.01). The mean dietary intakes of calcium and vitamin D for the whole population were
367mg/d and <5pg/d, respectively, and 62% of the subjects had low dietary calcium in-

takes (<500mg/d). No evaluation for the effect of supplementation on bone health has
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been done. However, plasma 1,25(0OH), Vit D is also under physiologic controls and lack

of changes in its concentration does not indicate any effect of supplementation.

Riis et al (171) reported that BMC at forearm, the total body and spine fell significantly in
both placebo and treatment group but remained constant in subjects who received HRT.
Small differences between placebo group and calcium-supplemented group were not sig-
nificant for the total body, distal forearm and spine. At the proximal forearm, although
BMC was significantly higher in supplemented than in placebo group, bone loss still was
apparent in both groups. These results indicate that supplementation with calcium might

not be of benefit in early postmenopausal women.

Dawson-Hughes et al (172) found that the effect of calcium supplement on bone health in
postmenopausal women is influenced by calcium intake and menopausal status. Among
early postmenopausal women (>5 years after menopause), changes of BMD at all meas-
ured skeletal sites over two yeas supplementation were not significantly different between
treatment and placebo groups, in spite of significant increase in the plasma values of
25(0OH) VitD, calcium and 24-h urinary calcium excretion. Among late postmenopausal
women on the other hand, supplement beneficially affected the BMD changes in the
group of lower dietary calcium intake (>400mg/d), with no statistically significant effects
in those with higher calcium intakes (400-650mg/d). A number of life style variables,

smoking and alcohol intakes were taken to consideration in this study.

In summary, the positive effect of calcium supplementation was reported by almost all
presented studies. Differences between studies with respect of the age of participants, cal-
cium intakes, sex and years after menopause provided important clues for the effect of
calcium on bone. These effects are comparable to the associations seen between dietary
calcium and bone health. Effect of calcium supplementation was shown to be site-
specific. More pronounced and more sustained effects were shown at the lumbar spine,
where the composition of bone is predominantly trabecular, than femoral or radial bone
sites, where the composition of bone is mainly cortical (164;169). This effect may be due
to higher metabolic activity of the trabecular bone tissues in comparison with cortical

bones.

68



In most studies, supplementation was given for a relatively short term of 1 to 2 years, with
only one study continued for up to 4 years. This period may be inadequate to assess the
long-term benefits of calcium supplements on bone. An observed rise in bone mineral
measure after supplementation might be due to a phenomenon known as the “bone re-
modelling transient” rather than to an actual increase in bone mass (504). Bone remodel-
ling is a process, by which bone is first absorbed by osteoclasts and then rebuild by os-
teoblasts (see chapter 2). As stated earlier, it takes many weeks or months for the entire
process to be completed. Supplementation may lead to a transient decrease in the activa-
tion frequency of osteoclasts at the start of the remodelling process. This decreases the
proportion of skeletal surfaces that are actively undergoing bone remodeling at any one
time, resulting in an increase in the mineral present per unit volume of bone. These altera-
tions in bone mineral can be sufficiently large to be detected by absorptiometry. Bone
mineral continues to rise for some time until a new steady state is achieved because of the
time lag between resorption and completion of the formation phase (497). Thus the bene-
fit would be of short duration (equivalent to the period of one remodelling cycle) and
likely to be fully reversed at the end of the intervention period. Furthermore, because of
coupling within each bone remodelling cycle, decrease of bone remodelling ultimately
might reduce the bone formation rate (497). However, whether a reduced rate of skeletal
remodeling represents a benefit for bone health in elderly is unknown. Although reducing
bone turnover might be beneficial (173), it could not prevent age-related bone loss for a

long time, especially in cortical bones (164).

Baseline calcium intakes appear to play a role in the effects of calcium supplementation,
although there was no agreement on a cut-off point in this regard Dawson-Hughes et al
(172) found that subjects with an average dietary calcium intake of more than 400mg/d at
baseline had little benefit from supplements while others reported beneficial effects of
calcium supplementation even in those with fairly good calcium intake at baseline (169).
However, in most studies supplementation led to calcium intakes of more than 1000mg/d

and its salutary effect was still apparent.

Two studies demonstrated that the number of years after menopause was important in de-

termining the effect of calcium on bone loss (171;172). During this period, the skeleton is
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influenced by a huge deterioration of sex hormones and, therefore, the priority in causal
pathway is of hormonal changes rather than dietary variation. This priority was shown by
Riis et al (171), who found that the effect of HRT on bone in early menopause is much

stronger than that of calcium supplementation.

It is noteworthy that the effect of calcium supplementation may not be due to its calcium
contents, solely, but other elements may exert some effects; such as base precursors of
calcium citrate and calcium carbonate. These components may also exert a pharmacologi-
cal effect, which is different from that of physiologic one (effect of dietary calcium intake

come from a usual diet) (174).

In conclusion, supplementation trials are indicating that the positive association between
calcium intake (either through diet or in the form of calcium supplements) and bone
health may vary by the skeletal site, the number of years from menopause, the calcium
intake level and sex, with higher effects on trabecular bones, in late menopausal women

consuming lower amounts of dietary calcium.

2.2.4.2. Summary
Studies that have examined the association between dietary calcium intake and bone

health produced inconsistent results. These differences could be attributed to other factors,
such as different methods, or differences between populations under study as well as vari-
ables that were taken into account. Despite these inevitable differences, there appears to
be sufficient evidence to allow the conclusion that calcium intake is determinant for bone
health. There is no need to be emphasized that calcium is the most important mineral con-
stituent of the bone and is important for the regulation of PTH and many intracellular en-
zymatic activities, which are directly influencing bone metabolism and maintenance.
Hence, from a physiologic perspective, calcium plays a central role in the metabolism of
bone and in the pathology of osteoporosis. The body of epidemiological evidence is also
massive; most studies on the relations between bone mass (BMD and BMC) have shown
positive relationship between calcium intake and bone health among subjects within dif-
ferent age groups: children (3-10 y) (175) young women (24-28 y) (125), premenopausal
(age 40 to 50 years)(156) and postmenopausal women (154). These results are consistent

with those from the meta-analysis studies (176;177).
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A number of studies that have examined the relationship between calcium and fracture
rate also revealed protective effects (152;153;155;178) while others failed to find such
relationship (160;179-183). Regardless of the limitations of the studies, differences in the
study populations may provide clues. One issue that may be of importance is the differ-
ence in calcium intakes; studies on populations with higher calcium intakes found no rela-
tion (158;161;180), but studies in population with low calcium intakes reported lower
fracture rates with increasing calcium intakes (152;155). For example; two case-control
studies with the same method have reported contrasting results; one from United King-
dom (159) with the mean calcium intake of 689 mg/d found no relation between calcium
intake and fracture rate in women whilst the other from Hong Kong (155) in a population
with mean calcium intake of 171mg/d found protective effect. Also, in the study of Han-
nan et al (180), in which the mean calcium intake was 800mg/d, and most studies from
USA, where calcium intake is generally high, have reported no relation (160;179;180).
This is supporting the threshold behavior of calcium. Threshold is the level of calcium
beyond which an increase in calcium intake is no longer associated with skeletal accumu-
lation of calcium and below which it varies with variation in calcium intakes. A plausible
explanation for that is the physiologic behaviour of calcium; as is stated by Heaney (184),
calcium is a “threshold nutrient” because its excess cannot be stored in the body, unless an
earlier depletion has occurred. It means that at the balance level, excess of consumed cal-
cium will be excreted from the body, with no further benefit for the skeleton. The thresh-
old behavior pattern of calcium intake has been demonstrated in prepubertal girls (185),
and in late postmenopausal women (172). Such behavior also has been documented by
published meta-analyses and review papers (176;186;187). However, the threshold value
for calcium is the matter of controversy. For elderly subjects, Heany has estimated a level
of 1400-1700 mg/d, and for adults a value between 800-1200mg/d (184). Levels lower
than 800-900 mg/d have been suggested to be insufficient for optimal bone mass in pre-
pubertal girls (185) and levels lower than 400 mg/d in postmenopausal women were asso-
ciated with higher bone loss (172). For adolescents, Bonjour reported a threshold level of
1100-1200mg/d (185) Heaney suggested a level of 1350-1550 mg/d (184), and Matkovic
suggested a level of 1200-1500 (187). This controversy is not surprising but problematic.

The major underlying mechanism in determining this threshold level is adaptation mecha-

71



nism, which in turn, is influenced by vitamin D status (85), age and early nutritional expo-
sures (188). Racial and genetical factors are also of importance in regulating calcium me-
tabolism and calcium requirements for bone health (189). The interactions of these factors
make it difficult or impossible to identify a single unique number for the calcium thresh-
old and requirement for all nations. Therefore, existing different threshold levels for vari-
ous populations are expected but is essential when the results of studies are compared.
The threshold behavior of calcium allowed estimation of calcium requirements and thus is
of importance for making nutritional policies. It is worth noting that calcium intakes be-
yond the threshold level not only has no benefit but also may be threatening because of
other health considerations such as: interfering with iron intake, which by itself is a health

burden across the world (88).

However, effective calcium intake depends upon many factors other than dietary calcium
content, such as nutrient-nutrients, drug-nutrient and disease-nutrient interactions, which
may affect calcium bioavailability (83;153;190). Effects of calcium are also conditional
upon the efficiency of other nutrients such as vitamin D and protein (see previous sections
about protein and vitamin D). Thus, considering just calcium content of a diet neither
properly estimates the amount of absorbed calcium nor its effects. Therefore, determining
calcium threshold level or calcium requirements is not possible unless other nutritional
variables are taken to consideration. Obviously, non-nutritional variables, which may af-

fect bone health, are also of importance.

The effect of dietary calcium intake on bone mass and fracture risk varies between men
and women and maybe affected by sexual hormones as well as age and skeletal site.
Among women it is less effective in early years after menopause (158) possibly because
of the effect of dramatic hormonal deterioration, seen in these women. Bone metabolism
in these women is affected mainly by huge variation in sexual hormones rather than die-

tary calcium intake.

2.2.5. Vitamin K
Vitamin K is-a fat-soluble compound with two natural types: phylloquinone (vitamin Kj)

from plants and the menaquinones (vitamin Kj) found in fish oils and meats. The latter
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could be made by bacteria in the human intestine. Proportional contribution of each form

to daily intake is not clearly defined (82).

2.2.5.1. Reference measurements
A blood clotting test, namely, prothrombin time is traditionally used as an indicator of vi-

tamin K status and is the basis for safe intake of 1 pug/kg/d. Recently the plasma concen-
tration of vitamin K and undercarboxylated osteocalcin or undercarboxylated prothrombin
have also been used. Plasma vitamin K levels reflect relatively recent vitamin K consump-
tion, while undercarboxylated prothrombin and undercarboxylated osteocalcin reflect the

long-term vitamin K status (5;58;82).

2.2.5.2. Vitamin K and osteoporosis
Relationships between vitamin K and bone health have been noted in several studies. One

prospective study by Feskanich et al (191) followed-up 72327 women aged 38-63 for 10
years to evaluate the association between vitamin K nutritional status and hip fracture
risk. Analyses based on the baseline dietary measurement showed that women with vita-
min K intakes of quintiles 2-5 (109 to more than 242 pg/d) had a significantly lower ad-
justed risk for hip fracture (RR = 0.70, 95% CI 0.53-0.93) compared with those within the
lowest quintile 1(<109 ug/d). Women within quintiles 2-5 of vitamin K intakes (109 to
more than 242 pg/d) had a significantly lower adjusted risk for hip fracture (RR = 0.70,
95% CI 0.53-0.93) compared with the women of quintile 1(<109 ug/d). There was no dif-
ference between quintiles 2 and 5 (Qy= 109-145 and Qs = more than 242 pg/d). No linear
dose-dependent response was observed (P = 0.32). These results indicated a possibility of
a t