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       Preface   

 For the eighth time, specialists interested in the role of nutrition in bone 
development and preservation met in Lausanne, Switzerland, to hear and 
 discuss recent research  fi ndings. Participants ranged from graduate students 
to senior research scientists. As in the  fi rst symposium, held in 1991, and 
each succeeding symposium, calcium and vitamin D dominated the program. 
Since the last symposium 3 years ago, controversies have arisen about 
the safety of calcium supplements and about the optimal amount of vitamin 
D needed for bone health. These and other aspects of calcium and vitamin D 
nutrition were addressed. New topics included the connections between fat, 
in fl ammation, and bone and the interaction of exercise and nutrition in rela-
tion to bone. Other sessions included the role of protein, with and without 
calcium,  fl avonoids, and the acid–base balance of the diet on bone and mus-
cle. Presenters have generously provided proceedings of their presentations, 
which have been compiled herein. We hope that this book will be a useful 
compendium of the science related to areas of current interest in the  fi eld of 
nutrition and bone health. 

 Peter Burckhardt 
 Bess Dawson-Hughes 

 Connie M. Weaver   
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  1

  Abstract 

 Aging is accompanied by a chronic low-grade systemic in fl ammation 
state, characterized by an increase in circulating levels in in fl ammatory 
mediators, that has been strongly implicated in the pathophysiology of 
common chronic diseases, including osteoporosis and fractures, sarcope-
nia, and disability. While a range of genetic, hormonal, environmental, and 
lifestyle factors have been reported to contribute to increased levels of 
in fl ammation, various dietary patterns, foods, and nutrients have also been 
reported to have anti-in fl ammatory effects, particularly in people with 
chronic diseases characterized by increased in fl ammation such as cardio-
vascular disease, type 2 diabetes, and cancer. With regard to musculoskel-
etal and functional outcomes, the  fi ndings from cross-sectional and 
prospective studies and randomized controlled trials on the effects of 
dietary/supplemental calcium, vitamin D, protein, vitamin K, omega-3 
fatty acids, or their combination or food products such as dairy on markers 
of in fl ammation are mixed. Currently there is little or no evidence that 
these nutrients or foods attenuate circulating in fl ammatory cytokines in 
healthy middle-aged and older adults. In contrast, in people with chronic 
disease and/or increased in fl ammation, including those with osteoporosis 
and sarcopenia, a limited number of human intervention trials, mostly 
conducted over 12–16 weeks, have reported that calcium-vitamin D sup-
plementation, high-dairy diets, and increased dietary protein, vitamin K, 
or omega-3 fatty acids alone or in combination with resistance training can 
produce modest reductions in in fl ammation. Whether these short-term 
reductions in in fl ammatory markers are clinically important and translate 
into positive effects on muscle and bone health and function or reduced 
disability remains unknown. Further randomized controlled trials in older 
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adults and the elderly with or at increased risk of chronic disease are 
needed to evaluate the long-term ef fi cacy of different nutrients or combi-
nation of nutrients and dietary interventions on markers of in fl ammation 
and their relation to musculoskeletal health outcomes.  
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   Introduction 

 It is well established that in fl ammation is part of 
the normal immune response to injury or infec-
tion. This rapid and acute process typically lasts 
2–3 days and is tightly regulated to promote heal-
ing and restore homeostasis at damaged or 
infected sites. However, it is now recognized that 
aging per se is associated with changes in, and a 
dysregulation of, the immune system (termed 
 immunosenscence ), including its in fl ammatory 
components  [  1,   2  ] . Indeed, there is considerable 
evidence that aging is associated with a persistent 
increase in proin fl ammatory cytokines, such as 
tumor necrosis factor alpha (TNF- a ), interleukin 
(IL)-6 (IL-6), IL-one-beta (IL-1 b ), and acute 
phase reactants [C-reactive protein (CRP)], and a 
reduction in anti-in fl ammatory cytokines, particu-
larly IL-10  [  3–  6  ] . This age-related systemic, 
chronic, but low-grade in fl ammation has been 
termed  in fl ammaging   [  7  ]  and is typically charac-
terized by a two- to fourfold increase in circulat-
ing in fl ammatory mediators (cytokines and acute 
phase proteins) in older people  [  8  ] . Although this 
in fl ammatory response is just one aspect of the 
multiple of changes occurring in the immune sys-
tem with aging, there is consistent evidence that 
this chronic low-grade systemic in fl ammation 
contributes to the pathophysiology of many com-
mon chronic diseases, including cardiovascular 
disease, diabetes, arthritis, cancer, dementia, 
Alzheimer’s disease, metabolic syndrome, as well 
as osteoporosis, sarcopenia, frailty, disability, and 
mortality  [  2,   9  ] . While many factors have been 
reported to contribute to  in fl ammaging , including 
genetic, hormonal, lifestyle, and  environmental 
factors, as well as the natural aging process itself, 

there has been considerable interest in identifying 
both pharmacological and non-pharmacological 
strategies to combat in fl am mation given its link to 
many common chronic diseases. 

 Regular physical activity and exercise is rec-
ognized as one modi fi able safe and effective non-
pharmacological approach to reduce systemic 
in fl ammation in older people  [  10,   11  ] . There is 
also a growing body of evidence supporting an 
anti-in fl ammatory effect of various diets, nutri-
ent, and micronutrients, including calcium, vita-
min D, protein, vitamin K, and omega-3 fatty 
acids, all of which can play an important role in 
optimizing bone and/or muscle health. The aim 
of this chapter is to provide an overview of the 
current evidence on the role of nutritional strate-
gies for targeting in fl ammation and their putative 
effects on slowing bone loss or preventing osteo-
porosis and related fractures and age-related 
changes in muscle mass and function in older 
people.  

   Origins of Chronic, Low-Grade 
Systemic In fl ammation 

 At present the underlying mechanism(s) contribut-
ing to the age-related “proin fl ammatory” state 
remains to be determined, but it is generally 
accepted that it has multiple origins. It has been 
hypothesized that it may be due to an impairment 
of the mechanisms that induce the in fl ammatory 
response  [  4  ]  or a failure of anti-in fl ammatory 
mechanisms to neutralize in fl ammatory responses 
that are continuously triggered throughout life 
 [  1,   12  ] . Others have reported that a range of lifestyle 
and hormonal factors contribute to the age-related 
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increase in in fl ammatory markers, including smok-
ing, obesity, inactivity, excessive alcohol intake, 
malnutrition, infection, stress, anxiety and depres-
sion, and decreased sex steroids  [  1,   2,   4,   13–  15  ] . 
Oxidative stress, which represents an imbalance in 
oxidant and antioxidant levels, has also been 
reported to induce an increase in in fl ammatory 
markers  [  16,   17  ] . While it is beyond the scope of 
this chapter to review the role of oxidative stress 
on in fl ammation and disease, it is important to 
note that increases in in fl ammation and oxidative 
stress are closely linked, with the latter strongly 
implicated in the etiology of a range of musculosk-
eletal and age-related diseases  [  9,   17  ] . This chap-
ter will focus predominantly on the effects of 
nutrition on common in fl ammatory mediators, 
including CRP, IL-6, TNF- a , IL-1 b , and IL-10, 
and their link to bone and muscle health. 

 Since some in fl ammatory mediators are used 
as markers of disease risk, it has been suggested 
that the proin fl ammatory state in the elderly 
may be largely due to the presence of comor-
bidities  [  1,   4  ] . Currently there is still ongoing 
debate about whether chronic low-grade, sys-
temic in fl ammation is a cause or an effect of age-
related diseases and/or the aging process per se. 
In a cross-sectional study of 1,327 community-
dwelling adults aged 20–85+ years, Ferrucci 
et al.  [  4  ]  reported that a battery of in fl ammatory 
markers (serum IL-6, sIL-6, IL-1ra, IL-18, CRP, 
and  fi brinogen) increased signi fi cantly with age 
in both men and women (Fig.  1.1 , panels a and 
b). However, adjusting for cardiovascular risk 
factors and morbidity substantially reduced the 
effects of age of many of the markers (Fig.  1.1 , 
panels c and d), indicating that part of the 
proin fl ammatory state in older persons is likely to 
be related to the presence of risk factors for dis-
ease. Despite these  fi ndings, there are reports that 
increased circulating in fl ammatory mediators 
are associated with the development of various 
diseases, including osteoporosis, sarcopenia, and 
reduced muscle function, independent of comor-
bidities  [  13,   15  ] . The following sections will pro-
vide a brief overview of the effects of low-grade 
systemic in fl ammation on age-related bone and 
muscle loss, osteoporosis, sarcopenia, falls, and 
fractures.   

   Chronic Low-Grade Systemic 
In fl ammation, Sarcopenia, 
and Falls Risk 

 Sarcopenia is a term used to describe the age-
related loss in muscle mass, strength, and func-
tion, all of which have been associated with an 
increased risk of falls, fractures, and frailty which 
can lead to a loss of independence and quality of 
life  [  18,   19  ] . While the precise mechanism(s) 
underlying the age-associated changes in muscle 
remains to be fully determined, it has been 
reported that chronic in fl ammation can exert a 
catabolic effect on muscle tissue. Indeed, numer-
ous cross-sectional studies have found that ele-
vated levels of various circulating in fl ammatory 
cytokines, including IL-6, TNF- a , and CRP, are 
associated with low muscle mass, size, strength, 
and power  [  20–  22  ] , reduced physical performance 
 [  21  ]  and increased disability in older adults  [  23  ] . 
Several prospective studies conducted over 2–5 
years have also reported that higher levels of 
in fl ammatory markers and their soluble receptors, 
which may be more representative of prolonged 
and severe in fl ammation, are associated with 
accelerated losses in muscle strength and lean 
mass  [  24–  27  ]  and a greater decline in function as 
measured by walking speed  [  28  ] . However, these 
 fi ndings are not consistent, and there is evidence 
that the association between higher levels of 
serum IL-6, CRP, and TNF- a  with muscle loss is 
attenuated after adjusting for changes in weight 
 [  26  ] . This suggests that weight-associated changes 
(most likely fat mass) may play an important role 
in mediating age-related muscle loss. 

 Adipose tissue, particularly visceral fat, acts as 
an active endocrine organ that can secrete a large 
number of proin fl ammatory cytokines (termed 
 adipokines ) as well as attenuate the release of 
anti-in fl ammatory markers, such as adiponectin 
 [  29  ] . Thus, it has been hypothesized that the loss 
of muscle mass with age may be related to con-
current increases in visceral and intermuscular 
fat, mediated by increases in circulating levels of 
in fl ammatory markers and/or insulin resistance 
(Fig.  1.2 )  [  30,   31  ] . That is, increased fat mass may 
result in a systemic “spillover” of in fl ammatory 
mediators to other organs/tissues and/or local 
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in fl ammatory reactions within the muscle itself 
that could have a catabolic effect by impairing 
muscle protein synthesis  [  9,   31,   32  ] . In addition, 
excess fat can also reduce the anabolic effects of 
insulin in stimulating muscle protein synthesis 
 [  31,   33  ] . Findings from the Health, Aging, and 

Body Composition study (Health ABC) involving 
2,307 men and women aged 70–79 years showed 
that greater fat mass at baseline was associated 
with signi fi cantly greater loss in leg lean mass in 
both men and women over 7 years of follow-up 
 [  34  ] . However, the inclusion of various cytokines 
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  Fig. 1.1    Panels ( a ) and ( b ) show the mean serum IL-6 and 
CRP levels by sex and age groups expressed as number of 
standard deviations from the population mean. Panels ( c ) 
and ( d ) show the age regression coef fi cients and their 95 % 
con fi dence intervals estimated from linear regression models 
predicting level of IL-6 and CRP. Model “a” estimates the 

crude effect of age, model “b” is adjusted for cardiovascular 
risk factors, model “c” also adjusts for subclinical cardio-
vascular diseases, and model “d” is adjusted for major 
chronic diseases (CHD, CHF, stroke, PAD, COPD, diabetes, 
hypertension, osteoporosis, CRF   , cancer, dementia, and 
 depression) (Based on data from Ref.  [  4  ] )       
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or insulin resistance in the model did not change 
the results. This suggests that the accelerated loss 
of leg lean mass with greater fat mass was not 
related to higher levels of adipokines or insulin 
resistance, but further research is still needed to 
disentangle this interrelationship between mus-
cle, fat, and in fl ammation.  

 It is widely recognized that multiple lifestyle, 
nutritional, and hormonal factors can contribute 
to the development of sarcopenia and its conse-
quences, including decreased physical activity, 
inadequate energy intake and dietary protein, 
neurological changes, as well as age-related 
reductions in serum concentrations of sex ste-
roids, growth factors [IGF-1], and circulating 
25-hydroxyvitamin D [25(OH)D] levels  [  18, 
  19  ] . While it is dif fi cult to ascertain the relative 
in fl uence of each of these factors on age-related 
changes in muscle since they are often interre-
lated, a recent study examined the in fl uence of 
both catabolic (serum IL-6, IL-1RA, TNF- a , 
CRP) and anabolic [serum insulin-like growth 
factor -1 (IGF-1), bioavailable testosterone, 

dehydroepiandrosterone sulfate (DHEA-S)] 
biomarkers on muscle loss after 6 years of fol-
low-up in 716 men and women aged  ³ 65 years 
 [  35  ] . The main  fi nding from this study was that 
having a greater number of elevated in fl ammatory 
(catabolic) markers was associated with a greater 
rate of decline in muscle strength than just hav-
ing an increase in one in fl ammatory marker. In 
contrast, simultaneous reductions in several 
anabolic hormones were not associated with a 
greater strength decline than de fi ciency in just 
one marker alone  [  35  ] . Based on these  fi ndings, 
the authors concluded that a catabolic dysregu-
lation is a major factor underlying age-related 
loss in muscle strength. However, as will be dis-
cussed in more detail below, there may be a syn-
ergy between certain anabolic and catabolic 
markers  [  20,   36  ] . For instance, women with low 
circulating IGF-1 levels and high IL-6 concen-
trations have been shown to be at higher risk of 
developing walking limitations and mobility 
disability than those with high IGF-1 and low 
IL-6 levels  [  36  ] .  

Ageing
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  Fig. 1.2    A proposed model 
illustrating the key factors 
contributing to sarcopenia in 
obese people and older 
adults ( IGF-1  insulin-like 
growth factor-1,  IL-6  
interleukin-6,  IL-1  
interleukin-1,  TNF- a   tumor 
necrosis factor- a ,  CRP  
C-reactive protein). The 
symbol + denotes a positive 
effect (Adapted from 
Vincent et al.  [  31  ] . With 
permission from Elsevier)       
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   Chronic Low-Grade Systemic 
In fl ammation, Osteoporosis, 
and Fracture Risk 

 Elevated circulating and local levels of 
proin fl ammatory cytokines have also been impli-
cated in the etiology of age- and menopause-
related bone loss, osteoporosis, and fractures. In 
vitro and experimental studies in animals have 
shown that various hormones and proin fl ammatory 
cytokines, including IL-6, TNF- a , IL-1, and 
IL-11, can interact to alter the bone remodeling 
balance  [  37–  39  ] . More detailed information about 
the role of various proin fl ammatory and inhibi-
tory cytokines on regulating osteoblast and osteo-
clast differentiation and activity is provided in 
several excellent reviews  [  37–  39  ] . Brie fl y, the 
accelerated loss of bone associated with meno-
pause and subsequent estrogen withdrawal has 
been related to an upregulation of proin fl ammatory 
cytokines by bone marrow and bone cells which 
can exert a catabolic effect on bone by stimulating 
osteoclastogenesis while simultaneously inhibit-
ing osteoblast function through the regulation of 
the RANKL/RANK/OPG pathway  [  37–  39  ] . It is 
important to highlight that these  fi ndings re fl ect 
the in fl uence of cytokines at the local bone 
microenvironment, whereas most human studies 
measure circulating cytokine concentrations and 
relate these to BMD or fracture risk. 

 To date, the vast majority of human studies 
investigating the link between in fl ammation and 
bone have been cross-sectional, conducted in 
postmenopausal and older women and focused 
predominantly on the circulating cytokines CRP, 
IL-6, and TNF- a . While several of these studies 
reported that higher levels of high-sensitivity 
(hs)-CRP and IL-6 were associated with lower 
BMD in middle-aged and older adults  [  40,   41  ] , 
others have failed to detect any signi fi cant asso-
ciation  [  42,   43  ]  or differences in various cytok-
ines between osteoporotic women and 
age-matched controls  [  44  ] . However, several 
recent prospective studies have reported that 
higher levels of circulating in fl ammatory cytok-
ines were associated with increased bone loss 
 [  45–  47  ] . In a study involving 168 healthy com-
munity-dwelling men and women aged 50–79 

years who were followed for a mean of 2.9 years, 
Ding et al.  [  45  ]  found that various in fl ammatory 
markers at baseline and their changes over time, 
particularly IL-6, were signi fi cantly associated 
with total body, lumbar spine, and hip bone loss. 
Others have reported that polymorphisms in 
cytokine genes [IL-1 receptor antagonist (IL-1ra), 
174 GG polymorphism in IL-6], which alter the 
expression of a given cytokines, were associated 
with lower BMD, increased bone turnover, and 
fracture risk  [  48–  50  ] . In addition, studies using 
antibodies against speci fi c cytokines and/or their 
receptors or animals that do not express IL-6 pro-
vide further evidence implicating in fl ammation 
in bone loss  [  51–  53  ] . 

 Chronic, low-grade systemic in fl ammation 
has also been associated with an increased risk of 
osteoporotic fracture. In the Health ABC study 
involving 2,985 well-functioning white and black 
women and men aged 70–79 years, increased 
serum levels of in fl ammatory markers, particu-
larly high receptor levels of proin fl ammatory 
cytokines, predicted a higher incident of frac-
tures over 5.8 years of follow-up, independent of 
known risk factors including BMD. The  fi nding 
that cytokine soluble receptors strongly predicted 
fracture risk is important because they may be 
more representative of a prolonged and severe 
underlying in fl ammatory state compared to the 
markers themselves which have a short half-
life and often change transiently  [  54  ] . Another 
important  fi nding from this study was that the 
risk of fracture was even greater in participants 
with two or more in fl ammatory markers in the 
highest quartile. This suggests that measuring 
several in fl ammatory markers may improve risk 
assessment compared to a single marker alone. 
While this study was limited to an assessment of 
all nontraumatic fractures, similar  fi ndings were 
observed in a recent nested case-control study 
with hip fracture as the outcome  [  55  ] . In this 
study, women aged 50–79 years with elevated 
levels (highest quartile) of in fl ammatory mark-
ers for all three cytokine soluble receptors (IL-6 
SR, TNF SR1, and TNF SR2) had a 2.4- to 2.8-
fold increased risk of incident hip fracture over 
a median of 7.1 years of follow-up compared to 
women with zero or one high in fl ammatory marker 
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(Fig.  1.3 ). Together, these  fi ndings highlight that 
identifying strategies to reduce in fl ammation 
may represent an important approach to reduce 
bone loss and fracture risk in the elderly.   

   Nutritional Strategies to Combat 
In fl ammation and Musculoskeletal 
Disease 

 Exercise, weight loss, and caloric restriction are 
recognized to play an important role in reducing 
chronic systemic in fl ammation, but maintain-
ing a healthy diet has also been associated with 
lower circulating concentrations of in fl ammatory 
markers. As discussed in a comprehensive review 
on the in fl uence of dietary factors on low-grade 
in fl ammation  [  1  ] , there is sound evidence to sup-
port an anti-in fl ammatory role of healthy eating 
patterns, such as the Mediterranean diet and veg-
etarian diets, and speci fi c dietary factors, includ-
ing whole grains, fruit and vegetables,  fi sh and 
omega-3 fatty acids, and certain vitamins. From 
a disease-speci fi c perspective, the vast majority 
of research into the role of diet on in fl ammation 
has been conducted in people with cardiovas-
cular disease, type 2 diabetes, and cancer, all of 
which are characterized by increased levels of 

in fl ammation. This chapter will provide an over-
view of the evidence on the in fl uence of nutrients 
speci fi c to musculoskeletal health, such as cal-
cium and dairy foods, vitamin D, protein, vita-
min K, omega-3 fatty acids, or a combination of 
these factors, on in fl ammatory markers and their 
association to bone and muscle health. 

   Calcium and Dairy Foods 

 It has been reported that an increased intake of 
dietary calcium or a high-dairy diet may reduce 
in fl ammation (and oxidative stress), particularly in 
overweight and obese people, by promoting lipid 
metabolism and a loss of body fat  [  56–  58  ] . 
Laboratory studies in rodents have shown that 
dietary calcium can inhibit lipogenesis and induce 
lipolysis by reducing 1,25-dihydroxyvitamin 
D-induced calcium signaling in adipocytes  [  59, 
  60  ] . While others contend that the effects of dietary 
calcium on lipolysis and/or lipogenesis are equivo-
cal, there is consistent evidence that dietary cal-
cium can promote modest weight loss through 
increased fecal-fat excretion  [  61  ] . Since obesity 
and related disorders are associated with increased 
in fl ammation, it has been proposed that calcium 
may play a key role in modulating adipose tissue 
cytokine production  [  56,   62  ] . This is supported by 
research in mice which has shown that high- 
calcium diets can decrease the expression of 
proin fl ammatory factors, such as TNF- a  and IL-6, 
in visceral fat, adipocytes, and plasma and stimu-
late the expression of the anti-in fl ammatory marker 
IL-15 as well as adiponectin  [  56,   62  ] . In the same 
rodent model, it was also reported that a high-dairy 
diet (nonfat dry milk) may be more effective for 
reducing in fl ammation and oxidative stress than 
supplements (calcium carbonate)  [  62  ] . Together, 
these  fi ndings provide evidence that increased cal-
cium or a high-dairy diet can modulate adipocyte 
cytokine production in a mouse model of obesity, 
but less is known about the in fl uence of dietary 
and supplemental calcium or a high-dairy diet on 
in fl ammation in humans. 

 It is well known that the bene fi cial effects of 
calcium supplementation on maintaining or slow-
ing bone loss and preventing osteoporotic fractures 
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are associated with suppression of parathyroid 
hormone (PTH). Since PTH can regulate circulat-
ing levels of IL-6 and TNF- a , which stimulate 
production of CRP  [  63  ] , it has been suggested that 
the bene fi ts of calcium supplements on bone could 
be mediated in part by a reduction in in fl ammation. 
To our knowledge, only one study has investigated 
the anti-in fl ammatory effects of calcium supple-
mentation alone without other therapies. In a 
12-month randomized controlled trial in healthy 
postmenopausal women that were part of a larger 
study of calcium supplementation on fracture inci-
dence, Grey et al.  [  64  ]  reported that supplementa-
tion with 1,000 mg/day of calcium citrate had no 
effect on CRP levels. Several intervention trials 
which have evaluated the effects of calcium plus 
vitamin D supplementation on in fl ammation in 
relatively healthy older adults also observed no 
improvements in in fl ammatory markers. For 
example, Gannage-Yared et al.  [  65  ]  observed no 
effect of calcium (1,000 mg/day) plus vitamin D 
(800 IU/day) supplementation on circulating IL-6, 
TNF- a , or CRP concentrations in 47 healthy post-
menopausal women in a 12-week randomized 
controlled trial. Similarly, secondary analysis of a 
3-year randomized, double-blinded, placebo-con-
trolled trial in adults aged  ³ 65 years showed that 
calcium (500 mg/day) plus vitamin D (700 IU/
day) supplementation had no effect on either cir-
culating CRP or IL-6 levels, despite bene fi cial 
effects on BMD  [  66  ] . In contrast, the  fi ndings from 
a recent pilot, randomized, double-blind, placebo-
controlled, 2 × 2 factorial clinical trial in a high-
risk patient group [colorectal adenoma patients 
( n  = 92)] showed that supplementation with cal-
cium (2,000 mg/day), vitamin D (800 IU/day), or 
the combination for 6 months led to a 8–50 % 
nonsigni fi cant reduction in various proin fl ammatory 
markers compared to placebo controls  [  67  ] . While 
the lack of a statistically signi fi cant effect is likely 
due to the small sample size, when they examined 
the effects of calcium and/or vitamin D on a com-
bined in fl ammatory marker  z -score that included 
all six measured cytokines, they found that the 
 z -score decreased by 77 % in the vitamin D-only 
group ( P  = 0.003); the change in the calcium (48 %, 
 P  = 0.18) or combined group (33 %,  P  = 0.40) was 
not signi fi cant. These preliminary  fi ndings provide 

some evidence that calcium and/or vitamin D sup-
plementation may help to ameliorate in fl ammation 
in “high-risk” individuals with diseases known to 
have an in fl ammatory pathogenesis, but further 
intervention trials with adequate sample sizes are 
needed to test this hypothesis. 

 Since dairy foods contain additional factors 
that may have anti-in fl ammatory properties, such 
as angiotensin-converting enzyme inhibitors, 
vitamin D, protein, and related bioactive pep-
tides, a number of studies have investigated the 
acute and long-term effects of a high-dairy diet 
on in fl ammation (and oxidative stress). In a ret-
rospective analysis of archival samples from two 
clinical trials, Zemel and Sun  [  62  ]  reported that 
high-dairy (~1,100–1,200 mg/day of calcium) 
compared to low-dairy (~400–500 mg/day of 
calcium) diets were effective in suppressing CRP 
levels and increasing adiponectin during weight 
loss and maintenance in obese adults. However, 
these  fi ndings must be interpreted with caution 
because of the concomitant reductions in adipos-
ity. In a subsequent acute (28-day) blinded, ran-
domized, crossover trial comparing a high-dairy 
(three daily serves, calcium 1,200–1,400 mg/
day) versus soy-based placebo diet (calcium 
500–600 mg/day) in overweight and mildly 
obese adults, circulating TNF- a  and IL-6 lev-
els decreased (as well as markers of oxidative 
stress) and adiponectin increased in the high-
dairy group; the opposite effect was observed 
in the soy-protein group  [  58  ] . Given the cross-
over design and the lack of any changes in body 
composition in this study, these  fi ndings provide 
some con fi rmation that an increase in dairy food 
intake, even over a short period, may represent 
an effective strategy to reduce in fl ammation (and 
oxidative stress) in overweight and obese adults. 
Consistent with these  fi ndings, the results from 
a 12-week randomized controlled trial compar-
ing an adequate-dairy (~3.5 daily serves) versus 
low-dairy (<0.5 daily servings) weight mainte-
nance diet showed that the adequate-dairy diet 
signi fi cantly attenuated markers of in fl ammatory 
and oxidative stress in adults with metabolic 
syndrome  [  68  ] . Similarly, 12-weeks of supple-
mentation with a vitamin D or calcium- vitamin 
D-enriched yoghurt drink reduced various 
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in fl ammatory markers (IL-1 b , IL-6,  fi brinogen, 
hs-CRP) and increased adiponectin in adults 
aged 30–60 years with type 2 diabetes  [  69  ] . In 
contrast, a 6-month trial in middle-aged and older 
adults with metabolic syndrome reported no 
effect of increased dairy intake (3–5 portions of 
dairy products daily) on markers of in fl ammation, 
adiponectin, or oxidative stress  [  70  ] . However, in 
this study the baseline calcium intake in the dairy 
group was 815 mg/day, which may have been too 
high to observe any effects from the additional 
dairy products. Taken together, these  fi ndings 
support previous work indicating that high-
 calcium or high-dairy diets may be most effective 
for attenuating in fl ammation in individuals with 
an in fl ammatory-related chronic disease(s). 

 To date, few studies have examined the anti-
in fl ammatory effects of a high-dairy or calcium-
vitamin D-enriched diet in relatively healthy 
older adults. In an 18-month, factorial 2 × 2 design 
randomized controlled trial in healthy middle-
aged and elderly men which was designed to 
examine the independent and combined effects of 
exercise and calcium-vitamin D-forti fi ed milk on 
bone and muscle health, we previously reported 
that serum IL-6 concentrations tended to increase 
in men who received low-fat, calcium (1,000 mg/
day)-vitamin D 

3
  (800 IU/day)-forti fi ed milk and 

decrease in those assigned to the exercise training 
 [  71  ] . However, these between-group differences 
did not persist after adjusting for changes in fat 
mass; there was no effect of the forti fi ed milk or 
exercise on serum TNF- a  or CRP. While the lack 
of an effect in this study may be explained in part 
by the high baseline calcium (~900 mg) and 
serum 25(OH)D levels (~85 nmol/L) in the men, 
the  fi nding that changes in circulating IL-6 con-
centrations were largely dependent on changes in 
fat mass provides further evidence that calcium 
and/or vitamin D may be most effective for reduc-
ing in fl ammation in overweight or obese individ-
uals or those with other chronic diseases.  

   Vitamin D 

 Vitamin D is recognized to have immunomodula-
tory effects with 1,25-dihydroxyvitamin D 

3
 , the 

biological active form of vitamin D, shown to 
in fl uence the differentiation and function of both 
innate and adaptive immune cell types and to 
modulate cytokine production (for a recent review 
refer to Hewison  [  72  ] ). While the precise 
mechanism(s) by which vitamin D might attenu-
ate in fl ammation is not clear, in vitro data sug-
gests that the anti-in fl ammatory effects of vitamin 
D may be mediated by 1,25-dihydroxyvitamin D 

3
  

coupling to the vitamin D receptor, which is pres-
ent in many immune cells, to downregulate or 
transrepress in fl ammatory cytokines; various 
immune cells also have the capacity to regulate 
the activity of 1- a -hydroxylase, which converts 
25(OH)D to 1,25-dihydroxyvitamin D 

3
   [  69,   73  ] . 

Data from human epidemiological studies also 
supports a relationship between vitamin D status 
and various autoimmune diseases, such as multi-
ple sclerosis, rheumatoid arthritis, and type 1 dia-
betes  [  72  ] . However, the  fi ndings from 
observational and epidemiological studies exam-
ining the association between serum 25(OH)D 
concentrations and various in fl ammatory cytok-
ines in asymptomatic adults or those with com-
mon chronic disease(s) are mixed  [  74–  78  ] . 

 In relatively healthy adults, it has been pro-
posed that any association between vitamin D 
and in fl ammation may only exist at low serum 
25(OH)D levels. To test this hypothesis, Amer 
and Qayyum  [  74  ]  examined the relationship 
between circulating 25(OH)D and CRP concen-
trations in 15,167 asymptomatic adults aged  ³ 18 
years involved in the NHANES survey from 2001 
to 2006. Using linear spline regression analysis, 
with a single knot at the median serum 25(OH)D 
concentration of 21 ng/mL (52.5 nmol/L), they 
found that there was an inverse relation between 
serum 25(OH)D at levels <52.5 nmol/L and CRP 
in both the univariate and multivariate analyses 
adjusting for traditional cardiovascular risk fac-
tors. However, in the multivariate analysis, they 
also observed a positive relationship between 
CRP and 25(OH)D at levels above 52.5 nmol/L, 
suggesting that higher concentrations of 25(OH)
D may be proin fl ammatory. While it is dif fi cult to 
explain this latter  fi nding, a limitation of this 
study is that only a single in fl ammatory marker 
was assessed and there was no adjustment for 
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geographic location or time of year. Furthermore, 
since this was a cross-sectional study, causality 
cannot be inferred, and thus randomized con-
trolled trials are needed to determine the effects 
of vitamin D on in fl ammation. 

 To date, randomized controlled trials examin-
ing the effects of vitamin D supplementation on 
markers of low-grade in fl ammation in both 
healthy young and older adults and those with 
various chronic diseases have produced inconsis-
tent  fi ndings. Most of the studies which have 
reported a positive effect of vitamin D supple-
mentation on pro- and/or anti-in fl ammatory 
markers have been conducted in people with 
chronic disease, including chronic heart failure 
 [  79  ] , chronic kidney disease  [  80  ] , type 2 diabetes 
 [  81  ] , multiple sclerosis  [  82  ] , those with pro-
longed critical illness  [  83  ] , and osteoporosis  [  84  ] . 
In the study in postmenopausal women ( n  = 70) 
with osteoporosis, 6 months of supplementation 
with 0.5  m g/day of calcitriol and 1,000 mg/day of 
calcium signi fi cantly increased lumbar spine, tro-
chanteric, and intertrochanteric BMD and reduced 
serum IL-1 and TNF- a  levels; there were no 
changes in the calcium-alone group  [  84  ] . It is 
dif fi cult to compare these  fi ndings with other tri-
als since the active vitamin D metabolite (calcit-
riol) was used. However, in the study by Pittas 
et al.  [  66  ]  reported earlier, combined calcium 
(500 mg/day) plus cholecalciferol (700 IU/day) 
supplementation for 3 years had no effect on cir-
culating CRP or IL-6 levels in subjects with nor-
mal or impaired fasting glucose, despite 
improvements in BMD. Based on these limited 
 fi ndings, it is dif fi cult to make any conclusion as 
to whether the bene fi cial effects of vitamin D (or 
calcium plus vitamin D) on bone health and frac-
tures are mediated, at least in part, by their effects 
on in fl ammation. 

 In recent years a number of intervention trials 
have investigated the effects of different doses of 
vitamin D on in fl ammatory markers in healthy 
adults and those who are overweight or obese. In 
a 6-month weight loss trial in healthy overweight 
adults with low 25(OH)D concentrations (mean 
30 nmol/L), supplementation with 83  m g/day 
(3,332 IU/day) of cholecalciferol resulted in a 
more pronounced reduction in serum TNF- a , but 

not IL-6 or CRP, compared to weight loss alone 
 [  85  ] . In contrast, supplementation with 4,000 IU/
day for 12 weeks in healthy overweight and obese 
adults with serum 25(OH)D levels around 
50 nmol/L participating in a resistance training 
program had no effect on circulating in fl ammatory 
markers  [  86  ] . Similarly, incremental doses of 5, 
10, and 15  m g/day of vitamin D (200, 400, and 
600 IU/day) for 22 weeks throughout winter did 
not alter cytokine concentrations in either healthy 
young (aged 20–40 years) or free-living older 
adults (aged  ³ 64years)  [  87  ] . There are several 
likely explanations for this  fi nding: (1) the base-
line median 25(OH)D concentrations were 71 
and 55 nmol/L in the young and older adults, 
respectively, which many consider to be suf fi cient; 
(2) the vitamin D dosing regimen did not improve 
serum 25(OH)D levels in the young adults, and 
the 400–600 IU doses only increased levels to 
~70 nmol/L in the older adults; and (3) the base-
line cytokine levels were already very low prior 
to the intervention, providing little scope for 
improvement. 

 It has been suggested that serum 25(OH)D 
concentrations as high as 80–100 nmol/L may be 
required for optimal immune function  [  88  ] . Thus, 
a recent study investigated the effects of high-
dose vitamin D supplementation (40,000 or 
20,000 IU of vitamin D 

3
  per week or a placebo) 

on markers of in fl ammation in 437 healthy over-
weight adults aged 21–70 years with a mean 
serum 25(OH)D concentration of 56 nmol/L  [  76  ] . 
Despite marked increases in serum 25(OH)D lev-
els in the supplemented groups [median 25(OH)
D levels at follow-up were 141 and 98 nmol/L for 
the 40,000 and 20,000 IU dose groups, respec-
tively], there were no between-group differences 
for the change in a panel of 11 in fl ammatory 
cytokines after 12 months. These  fi ndings are 
consistent with previous research suggesting that 
the immunomodulatory effects of vitamin D (and 
other nutrients) may only be seen when the 
immune system is stimulated, as is evident in 
people with a chronic disease(s), and/or when 
circulating 25(OH)D levels are insuf fi cient. Since 
many questions still remain as to the optimal 
level of serum 25(OH)D needed for health 
bene fi ts, further long-term clinical trials should 
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also investigate if there is a concentration of 
25(OH)D and dose of vitamin D that might be 
effective for improving immune function.  

   Protein 

 Adequate dietary protein is considered to be 
essential for the maintenance of both bone and 
muscle health, which has been largely attributed 
to the positive effect of protein on IGF-1 levels 
 [  89  ] . However, it has also been suggested that 
increased dietary protein may have an indirect 
effect on muscle and bone via a reduction in 
in fl ammation mediated by an increase in IGF-1; 
high levels of IL-6 decrease circulating levels of 
IGF-1, and low levels of IGF-1 stimulate IL-6, 
indicating that IL-6 may oppose the effect of 
IGF-1 on muscle and bone  [  20,   90  ] . There is also 
evidence that TNF- a  can interfere with IGF-1 
signaling and inhibit the signaling pathways 
downstream of the IGF-1 receptor and thus 
decrease muscle protein synthesis  [  91  ] . 

 The loss of muscle with advancing age results 
from an imbalance between muscle protein syn-
thesis and muscle protein breakdown. In older 
adults and the elderly, it has been reported that 
the stimulatory effect of an anabolic stimuli such 
as protein (amino acids) on muscle protein syn-
thesis is blunted, an effect that has been coined 
 anabolic resistance   [  92,   93  ] . To stimulate muscle 
protein synthesis and promote a positive net pro-
tein balance to optimize muscle health, it has 
been suggested that older adults require a higher 
daily dietary protein intake, particularly when 
undertaking progressive resistance training  [  92, 
  93  ] . A comprehensive review on the type, dose, 
and timing of protein needed to enhance muscle 
protein synthesis and increase or maintain muscle 
mass in the elderly is provided in several recent 
reviews  [  92,   93  ] . While the precise cause(s) of 
anabolic resistance in aging muscle remains 
unknown, studies in both rodents and humans 
have reported that an increase in proin fl ammatory 
markers is associated with a decrease in muscle 
protein synthesis  [  94,   95  ] . By blocking low-grade 
in fl ammation using a nonsteroidal anti-
in fl ammatory drug (ibuprofen), Rieu et al.  [  96  ]  

found that the anabolic effects of food intake on 
muscle protein metabolism were maintained in 
older rats resulting in a decrease in muscle mass 
loss. Together, these  fi ndings support the results 
from several human prospective studies discussed 
earlier which showed that higher levels of 
in fl ammation were associated with accelerated 
losses in muscle mass and strength in older adults 
 [  24–  28  ] . 

 To our knowledge, few human studies have 
investigated the interactive effects of IGF-1 and 
in fl ammation on muscle or bone health. Data 
from a population-based study involving 526 
adults aged 20–102 years found that there was a 
reciprocal relationship between IGF-1 and IL-6 
on muscle strength and power  [  20  ] . In the analy-
sis strati fi ed according to tertiles of IL-6, serum 
IGF-1 was positively related to both muscle 
strength and power only in those in the lowest 
IL-6 tertile. Cappola et al.  [  36  ]  also reported that 
a combination of low IGF-1 and high IL-6 levels 
was associated with an increased risk for incident 
walking limitation, mobility disability, disability 
in activities of daily living, and death in older 
women. To examine whether a synergistic rela-
tionship exists between dietary protein, 
in fl ammation, and changes in muscle strength in 
the elderly, Bartali et al.  [  97  ]  followed 598 men 
and women aged 65 years and over for 3 years. 
Interestingly, dietary protein intake at baseline 
was not associated with changes in muscle 
strength, but there was a signi fi cant interaction 
between protein intake and serum CRP, IL-6, and 
TNF- a  on changes in muscle strength. That is, in 
those with high levels of in fl ammatory markers, a 
lower protein intake was associated with a greater 
decline in muscle strength, independent of the 
presence of chronic conditions. These  fi ndings 
indicate that chronic in fl ammation can alter pro-
tein metabolism and may reduce the ef fi ciency of 
protein on muscle, but this needs to be con fi rmed 
in a clinical trial. 

 There are few intervention studies which have 
examined whether a high-protein diet or protein 
supplementation can reduce in fl ammation, either 
directly or indirectly via an increase in IGF-1, and 
whether any subsequent changes in cytokine con-
centrations are related to changes in muscle mass, 
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strength, and/or function. A recent systematic 
review and meta-analysis on the effects of higher- 
versus lower-protein diets on a range of health 
outcomes reported no signi fi cant effect of higher-
protein diets on circulating CRP levels  [  98  ] . 
However, the results from an 18-month random-
ized, open-label, crossover study in 41 elderly 
outpatients with sarcopenia found that nutritional 
supplementation with amino acids (8 g of essen-
tial amino acids twice daily) resulted in signi fi cant 
gains in lean mass with a parallel increase in 
IGF-1 and a reduction in TNF- a  compared to 
those assigned to the placebo control group  [  99  ] . 
In a recent, as yet unpublished study, we found 
that daily consumption of lean red meat for 4 
months, equivalent to a protein intake of ~1.3 g/
kg/day, with progressive resistance training (PRT) 
led to a greater reduction in the proin fl ammatory 
marker IL-6 and signi fi cantly greater increases in 
serum IGF-1, lean mass, and muscle strength 
compared to elderly women assigned to PRT 
alone (Daly R unpublished observation). Similarly, 
in overweight and obese premenopausal women 
involved in a 16-week trial, consumption of diets 
higher in protein with an emphasis on dairy foods 
during a diet- and exercise-induced weight loss 
program improved markers of bone turnover as 
well as adipokine levels (adiponectin and leptin), 
serum osteoprotegerin (OPG), and RANKL, 
important regulators of bone formation/resorption 
that are in fl uenced of cytokines, compared to 
those assigned to a low-dairy diet  [  100  ] . While 
there is currently inconclusive evidence with 
regard to the effects of dietary protein on bone 
health and fracture risk  [  101  ] , the above  fi ndings 
provide some evidence that diets higher in pro-
tein, dairy foods, and dietary calcium, when com-
bined with exercise, represent an effective 
approach to reduce in fl ammation via an increase 
in IGF-1 levels and thereby enhance both muscle 
and bone health. 

 Others have suggested that soy protein and 
other dairy proteins and peptides may also have 
anti-in fl ammatory properties  [  1  ] . However, a 
review on the effects of soy foods and soy 
iso fl avones on in fl ammation found that there was 
no consistent evidence for an effect on the cytok-
ines IL-6 and TNF- a   [  102  ] . Similarly, the  fi ndings 

from several human trials have shown that speci fi c 
milk/dairy proteins (whey or casein protein or 
milk peptides) have no effect on in fl ammatory 
markers in overweight adults  [  103  ] , mildly hyper-
tensive people  [  104  ] , or postmenopausal women 
 [  105  ] . Whether other speci fi c branched chained 
amino acids, particularly leucine, which has a 
strong stimulatory effect on muscle protein syn-
thesis, have anti-in fl ammatory properties and can 
modulate skeletal muscle health remains to be 
determined  [  106  ] .  

   Vitamin K 

 Vitamin K has been strongly implicated in bone 
health due to its function as a cofactor in the post-
translational  g -carboxylation of several vitamin 
K-dependent proteins, including osteocalcin, 
which plays an important role in bone mineraliza-
tion  [  107  ] . While it is beyond the scope of this 
chapter to provide a comprehensive review on the 
effects of vitamin K supplementation on BMD 
and fracture risk, the  fi ndings from several recent 
reviews and meta-analyses of clinical trials indi-
cate that supplementation with either form of vita-
min K (phylloquinone, vitamin K 

1
 ; menaquinone, 

vitamin K 
2
 ), particularly at higher doses (phyllo-

quinone >1,000  m g/day or menaquinone >45 mg/
day), in combination with calcium and vitamin D, 
can improve indices of hip bone strength and pro-
tect against fractures  [  108,   109  ] .    Interestingly 
however, the effects of vitamin K treatment on 
BMD are equivocal  [  107,   110  ] , which has been 
attributed to the fact that there is considerable 
between study heterogeneity and publication bias 
in the studies that have been conducted  [  110  ] . 

 If vitamin K does play a role in reducing frac-
ture risk, many questions still remain as to the 
underlying mechanism(s) of action. One theory is 
that vitamin K may reduce circulating concentra-
tions of proin fl ammatory cytokines. This is sup-
ported by data from in vitro studies which have 
shown that treatment with vitamin K was associ-
ated with a decrease in proin fl ammatory markers 
 [  111,   112  ] . Similarly, the  fi ndings from several 
human cross-sectional studies in middle-aged and 
older adults have shown that plasma phylloquinone 
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concentrations, which represent a marker of 
vitamin K status, and/or dietary phylloquinone 
intake were inversely associated with various 
in fl ammatory markers, including CRP and IL-6 
 [  78,   113  ] . Unfortunately, a follow-up intervention 
study examining the effects of 3 years of supple-
mentation with vitamin K (500  m g phylloquinone), 
together with additional calcium and vitamin D, 
failed to detect any signi fi cant effect on circulating 
levels of IL-6 or CRP  [  113  ]  or BMD  [  114  ]  in healthy 
older men and women. It is possible that the lack of 
a cytokine response in this study might be related to 
the supplemental dose (500  m g) of phylloquinone 
used  [  113  ] . In a previous trial, 1,000  m g/day of phyl-
loquinone was found to be effective for slowing 
bone loss in postmenopausal women  [  115  ] . 
Nevertheless, the above  fi ndings are consistent with 
the results from calcium and/or vitamin D supple-
mentation trials which generally observed no effects 
on in fl ammation in healthy adults.  

   Omega-3 Fatty Acids 

 It has been suggested that diets high in omega-3 
( n  – 3) fatty acids or with a lower omega-6 ( n  – 6) to 
 n  – 3 ratio may have bene fi cial effects on both bone 
and muscle health, which might be mediated, at 
least in part, by a decrease in proin fl ammatory 
cytokines  [  116–  119  ] . There is considerable evi-
dence to support an anti-in fl ammatory effect of a 
high dietary intake of omega-3 fatty acids, particu-
larly in those with chronic disease (for a review 
refer to Calder et al.  [  1  ] ) However, the  fi ndings 
from human studies on the effects of omega-3 fatty 
acids or the  n  – 6 to  n  – 3 ratio ( n  – 6 tends to increase 
in fl ammation) on BMD and fracture risk are 
mixed, with some studies reporting a protective 
effect of omega-3 fatty acids against bone loss 
 [  116,   120  ]  and fractures  [  121  ] , while others have 
observed no signi fi cant effect or even an increased 
fracture risk  [  117,   122,   123  ] . This is supported by 
the  fi ndings from a systematic review which found 
that only one of four randomized controlled trials 
with BMD as the primary outcomes showed 
signi fi cant improvements or maintenance of BMD 
following 18 months of omega-3 supplementation 
[primrose oil (high in linoleic acid) and  fi sh oil] 

with calcium versus a placebo control of coconut 
oil and calcium  [  117  ] . Interestingly, this study was 
conducted in elderly women with osteopenia or 
osteoporosis, a group which may have chronic 
systemic in fl ammation, whereas the others trials 
which observed no effect involved healthy pre- 
and/or postmenopausal women or healthy older 
men. In a recent systemic review, Rangel-Huerta 
et al.  [  118  ]  reported that omega-3 fatty acid sup-
plementation was associated with lower 
in fl ammation in patients with acute and chronic 
diseases, but not in healthy subjects. While there is 
currently no consensus on the type or dose required 
to exert an anti-in fl ammatory effect and/or improve 
bone health  [  118  ] , it is possible that any bene fi cial 
effect of omega-3 fatty acids on bone might be 
limited to those with osteoporosis, in fl ammatory 
disease(s), or chronic low-grade systemic 
in fl ammation. However, this needs to be con fi rmed 
in future intervention trials. 

 In recent years there has been some interest in 
the role of omega-3 fatty acids and  fi sh oil sup-
plementation alone or in combination with pro-
gressive resistance training as a strategy to treat 
and prevent sarcopenia. Data from an epidemio-
logical study in adults aged 59–73 years revealed 
that fatty  fi sh consumption was a strong positive 
predictor of grip strength  [  124  ] . In elderly women, 
combining  fi sh oil supplementation with progres-
sive resistance training led to greater increases in 
muscle strength and function than resistance 
training alone  [  125  ] . While no studies appear to 
have examined the association between omega-3 
fatty acids and muscle mass, the  fi ndings from an 
8-week trial in older adults revealed that omega-3 
supplementation enhanced the rate of muscle 
protein synthesis in response to amino acid feed-
ing; there was no effect on basal muscle protein 
synthesis rate  [  126  ] . This suggests that omega-3 
fatty acids may attenuate the “anabolic resis-
tance” commonly seen in the elderly, that is, 
enhance the sensitivity of muscle to anabolic 
stimuli such as amino acids. Importantly, they 
also found that increased omega-3 fatty acid 
intake was not associated with a decrease in 
in fl ammatory cytokines but did result in an 
increase in muscle anabolic signaling activity. 
While this suggests that omega-3 fatty acids may 
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have a positive effect on muscle via a mechanism 
independent of their anti-in fl ammatory effects, it 
is important to note that the participants in this 
study were healthy older adults with low circulat-
ing in fl ammatory markers. Again, further long-
term trials are warranted in the elderly and at risk 
groups which should include measures of lower 
limb muscle mass or size.   

   Conclusion 

 Aging is accompanied by a chronic low-
grade systemic in fl ammation state (termed 
 in fl amma ging ), characterized by higher circu-
lating levels in in fl ammatory mediators, that 
has been strongly implicated in the pathophys-
iology of many chronic diseases, including 
osteoporosis and fractures, sarcopenia, and 
disability. While a wide range of factors have 
been reported to contribute to  in fl ammaging , 
including genetic, hormonal, environmental, 
and lifestyle factors, various dietary patterns, 
foods, and nutrients have been reported to 
have anti-in fl ammatory effects, particularly 
in people with chronic diseases characterized 
by increased in fl ammation such as cardio-
vascular disease, type 2 diabetes, and cancer. 
With regard to musculoskeletal health and 
function, there are con fl icting  fi ndings from 
cross- sectional and prospective studies and 
randomized controlled trials on the effects of 
nutrients such as dietary calcium, vitamin D, 
protein, vitamin K, omega-3 fatty acids, or their 
combination or food products such as dairy, on 
markers of in fl ammation. In healthy middle-
aged and older adults, there is little or no evi-
dence that these nutrients or foods attenuate 
circulatory in fl ammatory cytokines. In con-
trast, there is evidence from a limited number 
of human intervention trials, mostly conducted 
over 12–16 weeks, indicating that calcium-
vitamin D supplementation, high-dairy diets, 
and increased dietary protein, vitamin K, or 
omega-3 fatty acids alone or in combination 
with exercise (resistance training) can pro-
duce modest reductions in in fl ammation in 
high-risk groups with chronic disease and/
or increased in fl ammation, including people 
with osteoporosis and sarcopenia. Whether 

these short-term reductions in in fl ammatory 
markers are clinically important and trans-
late into positive effects on muscle and bone 
health, improved muscle function, or reduced 
disability remains unknown. Further random-
ized controlled trials in older adults and the 
elderly with or at increased risk of chronic 
disease are needed to evaluate the long-term 
ef fi cacy of different nutrients or combina-
tion of nutrients and dietary interventions on 
markers of in fl ammation and their relation to 
musculoskeletal health outcomes.      
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   Introduction 

 Nutritional research in relation to chronic disease 
prevention has historically focused on the effects 
of single nutrients, foods, or food groups on inci-
dent disease events or surrogate markers of risk. 
Poor nutrition may play a role in the pathogenesis 
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  Abstract 

 Examination of combinations of foods, as described by dietary patterns in 
relation to health indices, may be an important approach to further our 
understanding of chronic disease prevention. Bone loss is a common fac-
tor in many chronic in fl ammatory conditions, although it is unclear whether 
low-grade systemic in fl ammation may have similar long-term effects. 
In this chapter we summarize current evidence relating dietary patterns 
and chronic low-grade systemic in fl ammation to bone health. Consideration 
is then given to potential mechanisms whereby dietary eating patterns may 
affect in fl ammatory status. Dietary patterns rich in fruits and vegetables 
consistently appear to have a protective effect on bone mineral density, 
likely due to their abundance of micronutrients, minerals, and bioactive 
compounds. Current evidence relating low-grade systemic in fl ammation 
to indices of bone health is limited and contradictory, although modi fi cation 
of dietary eating habits (increasing intakes of plant-based foods and reduc-
ing the omega-6 to omega-3 fatty acid ratio) may be important in the man-
agement of chronic in fl ammatory status. Longitudinal studies assessing 
dietary patterns in relation to bone mineral density/fracture incidence and 
biomarkers of in fl ammation could further our understanding of these complex 
interactions.  

  Keywords 

 Dietary patterns  •  Systemic in fl ammation  •  Bone mineral density  •  Fracture  
•  Chronic disease prevention      
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Systemic In fl ammation, 
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of osteoporosis. Research in relation to bone 
health has tended to focus on vitamin D and cal-
cium, with adequate intake of these nutrients 
required for the prevention and cure of rickets in 
children  [  1  ] . Convincing evidence for dietary 
supplementation of calcium alone or in combina-
tion with vitamin D to reduce fracture incidence 
in older adults remains somewhat equivocal  [  2  ] . 
In studies of other nutrients and food groups such 
as fruits and vegetables  [  3–  5  ] , potassium  [  5  ] , 
vitamin K  [  6  ] , caffeine  [  7,   8  ] , and protein  [  9  ]  in 
relation to bone heath, clear relationships have 
not yet been elucidated. 

 The majority of foods and nutrients are typi-
cally consumed in combinations, of which, many 
are likely to be interactive or have synergistic 
effects  [  10  ] . It is possible that discrepancies from 
single nutrient studies may relate in part to inher-
ent imprecision associated with food composition 
databases or that the extent of effect of a single 
nutrient or food on disease risk/outcome may be 
too small to overcome potential confounding fac-
tors  [  11  ] . We would suggest it may therefore be 
appropriate to examine combinations of foods as 
described by dietary patterns  [  10,   12  ] . Such com-
binations, which re fl ect dietary preferences of the 
individual, are in fl uenced by a mixture of socio-
economic, cultural, environmental, and lifestyle 
factors  [  13  ] . 

 Dietary patterns can be generated using 
 a priori  knowledge (under which circumstances 
the dietary patterns are generated by the inves-
tigator), or empirically. In  a priori  analyses, 
the investigator may utilize national dietary 
guidelines from which to base a dietary pat-
tern and score foods according to how much 
they represent a particular “healthy eating” pat-
tern. Empirical analyses employ data reduction 
techniques such as cluster analysis and factor 
analysis, using commonly available statistical 
software packages. Details of the different meth-
odologies employed in dietary pattern analysis, 
covering the advantages and disadvantages of 
the general approach, have been reviewed previ-
ously  [  14  ] . Such methods appear to consistently 
derive similar dietary patterns re fl ective of dif-
ferences in diets which are nutrient poor and 
nutrient rich  [  15  ] . 

 Chronic in fl ammatory diseases are frequently 
associated with bone loss  [  16  ] . A comprehen-
sive explanation of the mechanisms behind these 
associations has yet to be established although 
interactions of in fl ammatory cells, cytokines, and 
bone cells affecting the bone remodeling cycle 
may be important. While associations between 
chronic in fl ammatory diseases and bone loss 
are well recognized, it is less clear whether low-
grade systemic in fl ammation has similar effects. 
In this chapter we summarize current evidence 
relating dietary patterns to bone health. We dis-
cuss chronic low-grade systemic in fl ammation 
as it relates to bone physiology and indices of 
bone health, with particular reference to bone 
mineral density. Consideration is given to poten-
tial mechanisms whereby dietary eating patterns 
may affect in fl ammatory status. Finally we pres-
ent evidence from a recent cross-sectional study 
assessing associations of dietary patterns with 
chronic low-grade systemic in fl ammation.  

   Dietary Patterns and Bone Health 

 There have been relatively few studies to date 
investigating the impact of dietary patterns on 
BMD, bone mineral content (BMC), or fracture 
incidence  [  17–  25  ] . The results of these studies, 
which vary markedly in terms of size, participant 
population, and analysis methodology, are sum-
marized in Table  2.1 . Food types included in 
dietary patterns which appear to be associated with 
greater BMD at various sites are fruits and vegeta-
bles  [  17–  19,   21  ] , oily  fi sh  [  18,   19  ] , and meat  [  25  ] . 
It    has been suggested that fruits and vegetables 
may be bene fi cial because of the alkaline salts they 
provide by balancing excessive dietary acidity 
 [  26  ] , although we have previously reported no 
effect of supplementary potassium citrate (high 
dose, 55.6 mmol/day ( n  = 56); low dose, 18.5 mmol/
day ( n  = 54); placebo ( n  = 55)) on BMD or markers 
of bone turnover in a 2-year parallel group RCT of 
postmenopausal women  [  5  ] . Potentially bene fi cial 
effects of this food group on bone health are more 
likely to be related to their micronutrient (vitamin 
C, K, and B vitamins), phytochemical (including 
 fl avonoids and phytoestrogens), and dietary  fi ber 
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content  [  27  ] . Bene fi cial effects of oily  fi sh and 
meat in nutrient-dense dietary patterns may be 
related to vitamin D (particularly at northerly lati-
tudes) and protein (to adequately support bone 
remodeling), respectively, although the relation-
ship between dietary protein and bone health is 
controversial with high dietary protein tradition-
ally thought to act negatively on bone via an 
increased acid load  [  26  ] . In a relatively recent 
review of the literature in relation to dietary pro-
tein and bone health interactions, the authors con-
clude that this macronutrient has a modest 
bene fi cial effect on bone density, although recom-
mendations about its use should be reserved for 
groups at higher risk of bone loss (such as the 
elderly) and that consideration of the interaction 
between dietary protein and other components in a 
mixed diet, such as calcium and fruits and vegeta-
bles, may be important  [  28  ] .   

   In fl ammatory Disease and Bone Loss 

 Conditions which include rheumatoid arthritis 
 [  29,   30  ] , in fl ammatory bowel disease  [  31,   32  ] , 
systemic lupus erythematosus  [  33  ] , ankylosing 
spondylitis  [  34  ] , and chronic obstructive pulmo-
nary disease  [  35  ]  share common mechanisms by 
which bone can be lost. For example, in osteo-
blasts and bone marrow stromal cells, a wide 
variety of cytokines have been found to impact 
on the osteoprotegerin (OPG)/receptor activator 
of nuclear factor- k B ligand (RANKL) (involved 
in signaling of osteoblasts to osteoclasts) system 
to affect osteoclastogenesis and bone resorption. 
Cytokines with stimulatory effects on osteo-
clastogenesis include tumor necrosis factor- a  
(TNF- a ), interleukin (IL)-1 b , IL-6, IL-11, and 
IL-17. Cytokines with predominantly inhibitory 
effects include interferon (IFN)- g , IL-4, and trans-
forming growth factor (TGF)- b   [  36  ] . A variety of 
other important signaling mechanisms (beyond 
the scope of this chapter) may be involved in bone 
loss during in fl ammatory disease  [  16  ]  with an 
uncoupling of bone formation from resorption in 
favor of excess bone resorption most commonly 
attributable to the pathogenic damage to bone. 

 C-reactive protein (CRP) is an acute-phase reac-
tant produced mainly by the liver that increases in 
response to in fl ammatory stimuli  [  37  ] , with bio-
chemical testing widely used to detect immediate-
phase responses to tissue injury, and in infectious 
and autoimmune diseases. Developments in assay 
methodologies towards the end of the 1990s 
allowed for more accurate and precise measure-
ment of this protein at the lower end of its distri-
bution. Serum concentrations of high-sensitivity 
C-reactive protein (hsCRP) markedly below those 
associated with an acute-phase response (indica-
tive of chronic low-grade systemic in fl ammation) 
have been shown to be associated with prediction 
of the risk of developing major chronic condi-
tions such as cardiovascular disease  [  38  ] . Many 
other surrogate markers of systemic in fl ammation 
such as IL-6, TNF- a , homocysteine,  fi brinogen, 
E-selectin, and serum amyloid A (SAA) have 
been positively associated with cardiovascular dis-
ease risk and events in observational studies  [  39  ] , 
although the role for these systemic biomarkers in 
risk assessment and appropriate prevention inter-
ventions is not yet well de fi ned  [  40  ] . 

 Synthesis of CRP is induced by IL-6, IL-1, and 
TNF- a . Concentrations of hsCRP in serum may 
therefore be an appropriate surrogate marker of 
the broad extent of chronic low-grade systemic 
in fl ammation. The results of recent observa-
tional studies assessing the association of serum 
hsCRP concentration with BMD are summarized 
in Table  2.2   [  41–  48  ] . These data are somewhat 
con fl icting with some studies demonstrating an 
inverse association between hsCRP concentration 
and BMD at various skeletal sites  [  41,   46,   47  ]  and 
others showing mixed results or no association 
 [  42–  45,   48  ] . Two of these studies showed positive 
associations of hsCRP concentration with frac-
ture risk  [  43,   44  ] , while another study observed 
no such association  [  48  ] . Substantial variation 
with regard to participant populations, confound-
ing effects, and BMD measurement methodology 
may partly explain divergent results.  

 It has been suggested that longitudinal stud-
ies may be warranted to con fi rm the associa-
tion of chronic low-grade systemic in fl ammation 
(assessed by hsCRP) with BMD. Strategies to mod-
ify  systemic in fl ammation could then be tested to 
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determine their effects on the risk of bone loss over 
the longer term  [  47  ] .  

   Dietary Patterns and In fl ammation 

 One potential strategy to protect against 
in fl ammation and chronic disease development is 
via modi fi cation of dietary eating patterns  [  49  ] . A 
Western-type diet, common in industrialized 
nations, which is characterized by high intakes of 
re fi ned grains, red meat, sweetened beverages, 
added fats (including trans fats generated from 
the processing of polyunsaturated fatty acids in 
food production), and low intakes of fresh and 
dried fruits, nuts, vegetables, whole grains, insol-
uble  fi ber, and foods rich in omega-3 fatty acids 
 [  50  ] , has been identi fi ed as a major contributing 
factor to the promotion of chronic in fl ammation. 
High dietary intakes of trans fats may promote 
in fl ammation via direct effects on cell surface 
receptors to trigger proin fl ammatory signals 
 (elevated CRP, IL-6, E-selectin, and soluble intra-
cellular adhesion molecules (sICAM-1 and 
sVCAM-1))  [  51  ] . Dietary patterns with a high 
glycemic index or glycemic load are also associ-
ated with in fl ammation. Excessive glucose intake 
may induce oxidative stress and upregulate 
in fl ammatory processes  [  52  ] . 

 Nutrient-dense dietary patterns which tend to 
contrast with those of the Western-type are asso-
ciated with a reduced risk for the development of 
many chronic conditions and diseases  [  53  ]  and 
may act to reduce in fl ammation via a variety of 
mechanisms. Plant-based foods contain a vast 
array of secondary metabolites (phytochemicals) 
 [  54  ]  ranging from structurally simple alkaloids to 
more complex polyphenols and steroids, many 
of which have been shown to have potent anti-
in fl ammatory effects. For example, polyphenols 
may act to modulate in fl ammatory processes via 
inhibition of proin fl ammatory enzyme activatio   n 
 [  55,   56  ] , modulation of the production of 
proin fl ammatory cytokines  [  56,   57  ] , inhibition of 
proin fl ammatory cell adhesion molecules  [  58,   59  ] , 
and scavenging effects towards reactive oxygen 
species  [  60,   61  ] . Omega-3 fatty acids from  fi sh or 
plant sources may also be particularly important, 

acting via inhibitory effects on the arachidonic 
acid content of cell membranes, alteration of eico-
sanoid production, and modulation of nuclear 
receptor activation  [  62  ] . Contrastingly, omega-6 
fatty acids are found predominantly in grain crops 
and vegetable oils, and a diet disproportionately 
high in omega-6 compared to omega-3 fatty acids 
has been associated with a shift towards 
proin fl ammatory processes  [  63,   64  ] . Finally, high 
intakes of dietary  fi ber from plant sources have 
consistently been shown to be associated with a 
reduced in fl ammatory status  [  65  ] . Mechanisms to 
explain these anti-in fl ammatory effects are not yet 
clear, although they may be associated with effects 
on glycemia  [  66  ] . 

 Creating a healthy eating pattern which 
emphasizes a balanced intake of energy and 
nutrients tending towards substantial intakes of 
plant-based foods and reduced ratio of omega-6 
to omega-3 fatty acids may be important in the 
management of chronic systemic in fl ammation.  

   Cross-Sectional Analysis of Dietary 
Patterns and Chronic Low-Grade 
Systemic In fl ammation 

 Against this background, we explored the rela-
tionship between dietary patterns and systemic 
in fl ammation, assessed by serum concentrations 
of hsCRP and BMD. Data collected from the 
Aberdeen Prospective Osteoporosis Screening 
Study  [  67  ]  cohort were used for this investigation. 
Diet was examined by validated Food Frequency 
Questionnaire  [  68  ]  (FFQ) ( n  = 3,238) during study 
visits conducted between 1997 and 2000, when the 
mean (SD) age of participants was 55  [  2  ]  years. 
Dietary patterns were generated by principal com-
ponents analysis. Concentrations of hsCRP from 
stored serum collected during 1997–2000 study 
visits were recently measured ( n  = 2,013) using 
standardized automated procedures (ADIVA 1800 
Chemistry System). Inter/intra-assay coef fi cients 
of variation were <4 % across the range of con-
centrations tested. Potential confounding factors 
(weight, national deprivation category, smoking 
status, physical activity level, and menopausal sta-
tus) were measured as described previously  [  21  ] . 
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ANOVA was used to test the relationship between 
dietary pattern scores and hsCRP measurements 
with ANCOVA to control for lifestyle covariates 
(weight, national deprivation category, smoking sta-
tus, physical activity level, and menopausal status). 

 Characteristics of our study cohort who com-
pleted both dietary questionnaire and provided 

serum for hsCRP analysis are shown in Table  2.3 . 
Five dietary patterns (accounting for 26 % of the 
variance in the diet) were identi fi ed  [  21  ] , three of 
which were associated with serum hsCRP con-
centrations (Table  2.4 ). Women in the highest 
quintile of the “healthy” dietary pattern (rich in 
fruits and vegetables, lean meat, and with negative 

  N   Mean (SD) 

 Height (cm)  2,010  160.5 (5.9) 
 Weight (kg)  2,010  68.5 (12.5) 
 Age (years)  2,012  54.8 (2.2) 
 BMI (kg/m 2 )  2,010  26.6 (4.6) 
 PAL (MET.h/week)  2,011  1.83 (0.32) 

 Percent 
 Current smoker  369  18.4 
 Nonsmoker  1,634  81.6 
 HRT use and menopausal status 
 Postmenopausal  588  29.4 
 Perimenopausal  126  6.3 
 Premenopausal  69  3.4 
 Past HRT user  445  22.2 
 Present HRT user  775  38.7 
 National deprivation category a  
 I  520  26.0 
 II  873  43.7 
 III  151  7.6 
 IV  281  14.1 
 V–VI  173  8.6 

   BMI  body mass index (calculated as weight in kilograms divided by height in meters 
squared),  PAL  physical activity level,  HRT  hormone replacement therapy 
  a Based on postcode classi fi cation, where I represents the most af fl uent and VI represents 
the most deprived  

 Table 2.3    Characteristics 
of our study cohort from 
1997 to 2000 study visit 
who completed both 
dietary questionnaires and 
provided serum for hsCRP 
analysis  

   Table 2.4    Concentrations of CLSI biomarkers across quintiles of dietary score for dietary patterns generated from 
principal components analysis a    

 Diet descriptor 

 “Healthy”   Q1  ( n 396 )   Q2  ( n 400 )   Q3  ( n 384 )   Q4  ( n 414 )   Q5  ( n 419 )   P  b    P  c  
 hsCRP mg/L  1.9 (3.5)  1.2 (2.4)  1.1 (2.6)  1.1 (2.3)  1.2 (2.3)  .001  .01 
 “Bread and butter, low 
red meat and alcohol” 

  Q1  ( n 390 )   Q2  ( n 411 )   Q3  ( n 404 )   Q4  ( n 413 )   Q5  ( n 395 )   P  b    P  c  

 hsCRP mg/L  1.6 (3.3)  1.3 (2.4)  1.3 (2.4)  1.2 (2.4)  1.2 (2.4)  .01  .12 
 “High fat and white  fi sh”   Q1  ( n 422 )   Q2  ( n 403 )   Q3  ( n 380 )   Q4  ( n 393 )   Q5  ( n 415 )   P  b    P  c  
 hsCRP mg/L  1.0 (1.9)  1.3 (2.8)  1.3 (2.8)  1.4 (2.9)  1.6 (2.9)  .009  .45 

   a Data presented as median (IQR) for each quintile of dietary pattern score 
  b Based on ANOVA with in fl ammatory marker as the independent variable (unadjusted) 
  c Based on ANCOVA with in fl ammatory marker as the independent variable, dietary pattern quintiles as the  fi xed factor, 
and adjustment for the following potential confounding covariates: weight, national deprivation category, smoking 
status, and physical activity level  
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loadings for high-sugar foods) had lower median 
serum hsCRP concentration compared with those 
in the lowest quintile (Table  2.4 ). This relation-
ship remained signi fi cant after confounding 
adjustment. Concentrations of hsCRP decreased 
with increasing quintiles of the dietary pattern 
with positive factor loadings for bread and butter 
and negative factor loadings for red meat and 
alcohol (Table  2.4 ). Finally, hsCRP concentration 
increased with increasing quintiles of the high-fat/
white fi sh dietary pattern (Table  2.4 ). However, 
these relationships were no longer signi fi cant after 
adjustment for confounding covariates.   

 Our data con fi rm that healthy dietary patterns 
rich in fruits, vegetables, and lean protein appear to 
suppress chronic low-grade systemic in fl ammation 
assessed by the biomarker hsCRP independently of 
weight and physical activity level.  

   Conclusions 

 Dietary components may in fl uence bone health 
and chronic in fl ammatory status via both posi-
tive and negative effects on in fl ammatory path-
ways. A dietary pattern approach may help to 
further our understanding the role of nutrition on 
disease processes. Future studies assessing diet 
in relation to indices of bone health and both tra-
ditional and novel biomarkers of in fl ammation 
longitudinally may be particularly informative.      
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  Abstract 

 The prevalence of overweight and obesity continues to be a major public 
health concern worldwide. Obesity is a major risk factor for the develop-
ment of type II diabetes, cardiovascular disease, and increased mortality. 
Concerns about obesity and overweight among older adults have been far 
more controversial. The association of overweight and obesity with 
increased disease burden persists in older adults, and overweight and obe-
sity are also strongly associated with the development of physical disabil-
ity in this population. However, the ef fi cacy for treatment of obesity in 
older adults remains an open debate. For obese older adults, who may 
require weight loss to reduce the risk of cardiometabolic syndrome, weight 
loss may not be recommended as the associated loss of bone and muscle 
could leave these individuals at higher risk for frailty and fracture. Thus, 
optimal strategies for reducing fat mass while preserving bone and muscle 
mass need to be further evaluated. This chapter will  fi rst review the usual 
age-related changes in skeletal muscle and bone mass with advancing age, 
the controversy surrounding intentional weight loss in older adults, and 
discuss the role of diet and physical activity interventions for the success-
ful loss of body fat with speci fi c reference to their effects on bone and 
skeletal muscle.  
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  Abbreviations  

  aLM    Appendicular lean mass   
  BMD    Bone mineral density   
  FFM    Fat-free mass   
  FM    Fat mass   
  LM    Lean mass         

   Introduction 

 As the prevalence of overweight and obesity pla-
teaus in the United States and continues to 
increase worldwide, widespread concern about 
the associated increase in type II diabetes, cardio-
vascular disease, and mortality continues to 
remain at the forefront of public policy debate 
(overweight >25 kg/m 2 ; obesity >30 kg/m 2 )  [  1  ] . 
What has been less recognized is that obesity and 
overweight in older adults are also associated 
with similar increases in cardiometabolic risk, as 
in young individuals, and are additionally associ-
ated with increased risk of declines in physical 
functioning and disability  [  2,   3  ] . 

 The loss of muscle mass (sarcopenia) and bone 
mineral density parallels each other with advanc-
ing age. Weight loss through dietary energy 
restriction can further exacerbate the age-related 
decreases in muscle and bone mineral density in 
adults  [  4,   5  ] . For sarcopenic obese older adults, 
who may need to lose weight to decrease their risk 
of cardiometabolic syndrome, weight loss may 
not be recommended as the loss of muscle and 
bone mass may increase their risk of frailty and 
fracture. Fractures (especially those of the hip/
lower extremity) can be devastating, and many 
individuals never recover to their pre-fracture lev-
els of functioning  [  6–  8  ]  and remain at a higher 
risk of hospitalization and institutionalization fol-
lowing recovery  [  9,   10  ] . 

 Traditionally, voluntary weight loss through 
dietary energy restriction has been discouraged 
for older adults largely due to the concomitant 
loss of skeletal muscle and bone mass that occur 
in conjunction with the loss in fat mass. However, 
the increased risk of cardiovascular disease, met-
abolic syndrome, and disability in overweight 

and obese individuals persists and in the case of 
disability actually increases with advancing age. 
Thus, optimal strategies that effectively result in 
loss of fat mass while preserving bone and mus-
cle mass need to be further evaluated in older 
individuals. This chapter will review the health 
problems associated with obesity in older adults 
and the controversy surrounding intentional 
weight loss in older adults and discuss the role of 
diet and physical activity interventions for the 
successful loss of body fat with speci fi c reference 
to their effects on bone and skeletal muscle. 
Finally, we will present practical recommenda-
tions for safe weight loss in obese older adults, 
with the goal of preserving muscle and bone mass 
and optimizing physical functioning.  

   Skeletal Muscle Loss with Aging: 
Sarcopenia 

 Skeletal muscle is required for locomotion, oxy-
gen consumption, whole body energy metabo-
lism, and substrate turnover and storage. Robust 
skeletal muscle mass is essential for maintaining 
homeostasis and whole body health  [  11  ] . Aging 
is associated with the loss of skeletal muscle 
and can lead to declines in physical functioning 
in older adults  [  12,   13  ] . The underlying causes 
of sarcopenia are multifactorial and include 
decreased physical activity, increased cytokine 
activity, increased irregularity of muscle unit 
 fi ring, and a decrease in anabolic hormones  [  14, 
  15  ] . With the loss of muscle mass and strength, 
and the concurrent increase in joint dysfunction 
and arthritis that occurs with aging, a decrease 
in physical function and an increased risk of 
disability tends to be the result. Despite the 
high prevalence and major health implications, 
sarcopenia still has no broadly accepted clini-
cal de fi nition or diagnostic criteria. The most 
current de fi nition of sarcopenia includes gait 
speed <1.0 m/s combined with a low ratio of 
appendicular lean mass (aLM) to height squared 
( £ 7.23 kg/m 2  in males,  £ 5.67 kg/m 2  in women) 
 [  15  ] . Thus, energy restriction that induces con-
comitant reductions in fat and lean mass may be 
contraindicated in older adults. 
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   Bone Mineral Density and Aging 

 There is a linear relationship between age and the 
loss of BMD  [  16–  18  ] . Though fractures are more 
common in women, one out of three fractures occurs 
in men  [  19  ] . Currently, bone mineral density (BMD) 
is the strongest predictor of osteoporotic fracture 
 [  20  ] . BMD is also strongly associated with body 
weight at multiple skeletal sites  [  21–  24  ] . 

 Fractures continue to be a major health con-
cern in older populations. Decline in function has 
been reported following hip fracture, with many 
patients never returning to their level of ambula-
tion prior to the fracture, even those who were 
higher functioning  [  8,   25,   26  ] . Patients commonly 
require walking aids following fracture and are at 
a higher risk for future fracture  [  27  ] . Patients who 
had de fi cits of skeletal muscle mass prior to the 
fracture are at a higher risk of poor recovery after 
the fracture  [  28  ] . This may leave patients at higher 
risk for decreased physical function and increased 
risk of institutionalization.   

   Health-Related Risks of Obesity 
in Older Adults 

 The increase of obese older adults is becoming a 
major public health concern, due to the higher preva-
lence of medical complications associated with obe-
sity. Obesity has been shown to be associated with 
and causally linked to several morbidities, including 
diabetes, hypertension, cardiovascular disease, and 
arthritis. In addition to the risks of chronic illness, 
obese individuals have a higher prevalence of 
impaired quality of life, more speci fi cally on domains 
involving physical function  [  29  ] . 

   Cardiovascular Disease 

 Cardiovascular disease (CVD) and coronary heart 
disease (CHD) are major causes of mortality in 
older populations. Obesity has been shown to 
increase risk of these conditions. Other conditions 
that predict cardiac events in older adults include 
hypertension, diabetes, and hyperlipidemia, all of 
which are also associated with increased body 

weight  [  30,   31  ] . The Nurse’s Health Study showed 
that among obese older adults, rates of CVD were 
four times higher compared to the leanest group. 
The relative risk of CHD also trended signi fi cantly 
with increased body weight ( p  < 0.001). 
Additionally,    obese older adults have a higher prev-
alence of risk factors for cardiovascular disease 
compared to normal weight older adults. 
Wannamethee et al. reported data from a cross-
sectional analysis, comparing adults between the 
ages of 60 and 79, and looked at the odds ratio 
(OR) of diagnosis of many risk factors of CVD. 
The outcomes included systolic and diastolic blood 
pressure, hypertension, total cholesterol, HDL cho-
lesterol, and triglycerides. Out of these measures, 
obese males (BMI  ³ 30) had a signi fi cantly higher 
OR in all outcomes (except total cholesterol) com-
pared to both normal and overweight groups  [  3  ] . 

 When other cardiovascular outcomes, such as 
heart attack, angina, stroke, major cardiovascular 
disease, and physician-diagnosed hypertension, 
have been examined in older adults, there tends to 
be an increased risk for obese persons compared 
to normal weight. When separated across four 
separate BMI categories, normal (BMI 18.5–
24.9), overweight (25–27.4 and 27.5–29.9), and 
obese ( ³ 30), the prevalence of all outcomes was 
signi fi cantly higher in obesity compared to each 
weight category, demonstrating that older obese 
men are at higher risk of cardiovascular outcomes 
compared to overweight and normal weight men 
at the same age  [  3  ] . There is also a strong correla-
tion of increasing BMI and both increased sys-
tolic and diastolic blood pressure in older men 
and women  [  31–  33  ] . Masaki et al. demonstrated 
in the Honolulu Heart Project that for each unit 
increase of BMI, there was an associated increase 
in systolic blood pressure 1.15 mmHg and dia-
stolic blood pressure of 0.70 mmHg.  

   Metabolic Syndrome 

 Diabetes is a growing health concern in many 
developed countries, and the prevalence is expected 
to continue to grow, particularly in older popula-
tions  [  34  ] . Currently approximately 20 % of dia-
betics are >60 years, and it is estimated that 
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approximately two thirds of diabetes will be >60 
years in 2025  [  35  ] . It is well known that diabetes is 
associated with advancing age  [  34  ] , as well as obe-
sity in adults  [  36  ] . Not only is obesity associated 
with diabetes and metabolic syndrome but high 
amounts of visceral and intermuscular fat are also 
independent predictors of metabolic syndrome in 
middle and older adults, even those with normal 
weight  [  37  ] . In a large cross-sectional study, 
researchers examined the odds ratio of Homeostasis 
Model Assessment (HOMA) scores in older men, 
aged 60–79, and compared the results between 
weight groups: normal weight, overweight, and 
obese. They showed that the prevalence for a high 
HOMA score for elderly obese patients is about 
three times higher than that of overweight and ten 
times higher than normal weight men at the same 
age  [  3  ] . Other cross-sectional trials support these 
 fi ndings, showing a higher prevalence of diabetes 
in obese older adults compared to normal and 
overweight older adults  [  38  ] .  

   Arthritis 

 Osteoarthritis is a major cause of disability in the 
elderly especially in the lower extremity (knees, 
hips, ankles). This can inhibit ambulation and 
make daily activities very dif fi cult. This lack of 
mobility can lead to muscle atrophy, eventually 
causing disability. As no cure currently exists, the 
need for prevention and intervention treatment to 
reduce pain is necessary. 

 Several longitudinal studies have demonstrated 
the relationship between obesity and the develop-
ment of osteoarthritis, particularly in load-bearing 
joints such as the knee and hip  [  39–  43  ] . In NHANES 
I, a direct increase in osteoarthritis and joint pain was 
observed with increasing body weight. The preva-
lence of arthritis tends to increase as body weight 
increases, as Blaum et al. reported that 60.2 % of the 
obese women reported osteoarthritis of the knees, 
compared to 40.7 % of the overweight and 29.2 % of 
the normal weight groups. The Framingham Heart 
Study reported that obesity is a major risk factor for 
arthritis in the elderly  [  44  ] . The increase of arthritis 
in obese older adults is thought to be caused primar-
ily by the increased mechanical stress that is put on 
load-bearing joints, such as the hip and knee  [  45  ] . 

However, though there is evidence that weight loss 
and exercise in an obese, elderly population can 
improve function and decrease joint pain, the effects 
of weight loss on body composition still show a loss 
of lean mass, potentially increasing risk of future 
disability  [  46,   47  ] .  

   Mortality Risk in Obese Older 
Adults and the Controversy 
Surrounding Weight Loss 

 Obesity is a risk factor for mortality independent 
of smoking and history of disease for older adults. 
The Framingham Heart Study showed that men 
who were obese at age 40 live 5.8 years less than 
their normal weight counterparts and women 
who were obese at age 40 live 7.1 years less  [  48  ] . 
Mortality rate was the lowest among women with 
BMI between 19.0 and 26.9 kg/m 2 . 

 In the Cancer Prevention Study II, the positive 
correlation between increased BMI and risk of 
death was supported. The data suggested that 
obesity is most strongly linked to all-cause mor-
tality in those who never smoked and had no his-
tory of disease further demonstrating that obesity 
is a signi fi cant independent risk factor of mortal-
ity. Epidemiological studies clearly show a rela-
tionship between obesity and health outcomes in 
older adults. However, the relationship between 
mortality and body weight has been described as 
U shaped, illustrating that those with very low 
and very high BMI are at higher risk of mortality 
than those individuals with BMI’s in the nadir. 
Some studies have suggested that older obese 
adults over 75 years are at a lower relative risk of 
death compared to those with lower body weight 
 [  34,   49  ] . Although the observational evidence is 
very clear that obese older adults are at risk for 
adverse health outcomes, there is a lack of ran-
domized trial data examining disease regression 
and mortality of this population. In addition, 
well-documented evidence suggests that under-
weight older adults have high risk for mortality. 
However, caution should be used in extrapolating 
the existing data to all obese older adults particu-
larly for those in the oldest age ranges (>80 years). 
Because of these limitations, controversy remains 
surrounding weight loss for obese older adults.  
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   Functional Mobility/Disability 
and Obesity 

 There are strong associations between physical 
function and mobility and obesity in older popula-
tions. Elevated BMI is a strong predictor of long-
term risk for mobility disability  [  2,   50  ] . A strong 
relationship between body weight and the decline 
in physical function has also been reported in older 
adults  [  51  ] . The mechanisms by which obesity 
affect physical function with age may be related to 
the increased mechanical stress resulting from a 
greater body mass, the secondary effects of chronic 
low-grade in fl ammation, and the deconditioning 
associated with the sedentary behavior commonly 
associated with obesity, thus making it dif fi cult to 
perform daily activities such as walking  [  2  ] . 

 Wannamethee et al. examined the difference 
in self-reported disability with 4,232 men age 
60–79 between different BMI categories: normal 
(18.5–24.9), overweight (25–27.4 and 27.5 and 
29.9), and obese ( ³ 30). Subjects were asked to 
report any illness or disability, resulting in 
dif fi culty going up- and downstairs, bending 
down/straightening up, falling or dif fi culty with 
balance, or walking for a quarter of a mile on the 
level. They were also asked to report any dif fi culty 
performing usual activities, such as work, house-
work, family activities, washing, and dressing. 
Obese men had a signi fi cant prevalence and OR 
of all self-reported disability outcomes after 
adjusting for age, smoking, social class, alcohol 
intake, and physical activity compared to normal 
weight and overweight men of the same age  [  3  ] .   

   Diet and Physical Activity 
and the Successful Loss of Body Fat 

   Energy Restriction 

 The goal of energy restriction is to decrease excess 
fat mass in order to reduce risk of cardiometabolic 
disease, arthritis, and other health problems. Though 
many types of weight loss programs are in exis-
tence, they all revolve largely around the concept of 
decreasing total caloric intake to reduce fat mass. 
However, when energy intake is restricted, muscle 
and bone mass are also lost. For most young- and 

middle-aged overweight and obese adults, weight 
loss through energy restriction is typically recom-
mended  [  52  ] , as the muscle and bone loss should 
not negatively impact other health outcomes. In 
obese older adults, the loss of skeletal muscle mass 
and bone mass during energy restriction can have a 
signi fi cantly greater impact on physical function.  

   In fl uence of Energy Restriction on Bone 

 The rate of bone loss increases with age in both 
men and women  [  53,   54  ] . Weight loss can increase 
the rate of bone loss in older adults  [  55  ] . Men and 
women who lose weight show a greater than aver-
age rate of bone mineral density decrease. 
Additionally, obese older adults tend to lose more 
bone mass compared to younger adults  [  54,   56  ] . 
Older women who lose weight, both intentional 
and unintentional, are reported to have twice the 
risk of fracture compared to women who remain 
weight stable due to greater loss of bone during 
energy restriction  [  53,   57  ] . Additionally, increases 
in bone turnover have been seen during energy 
restriction as well  [  55,   58–  60  ] . These data high-
light that BMD is not the only outcome affected 
by weight loss in older adults but other risk fac-
tors of osteoporosis are affected as well. 

 The decrease in BMD with weight loss may 
be due to the reduced mechanical stress that lower 
body weight puts on the skeleton. This is shown 
by decreasing bone mineral density in weight-
bearing areas, such as the hip and spine. However, 
reduction of bone mineral density in non-weight-
bearing sites is also observed during weight loss, 
which implies there is an independent factor that 
protects bone mass in obese individuals. 

 Protein and calcium supplementation may 
help to maintain bone mineral density during 
energy restriction in older adults  [  61  ] . Sukumar 
et al. reported older adults who consumed more 
protein per day during energy restriction attenu-
ated total bone loss compared to the low-protein 
group  [  62  ] . Calcium supplementation may also 
be an important factor in the preservation of bone 
mass during energy restriction. Shapses et al. 
examined older women and demonstrated that 
those with adequate calcium supplementation 
can also preserve bone during weight loss  [  63  ] .  
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   In fl uence on Energy Restriction on Muscle 

 In order to reduce the cardiometabolic complica-
tions that are associated with obesity, the primary 
intervention for most young- and middle-aged 
patients is diet-induced weight loss. Young and older 
obese subjects lose approximately 25 % fat-free 
mass (FFM) and 75 % fat mass (FM) during energy 
restriction  [  64,   65  ] . Although losing a signi fi  cant 
amount of FM through energy restriction may be 
bene fi cial in preventing cardiovascular, metabolic, 
and orthopedic disorders, the concomitant loss of 
approximately 25 % of FFM may signi fi cantly 
impair muscle strength and physical functioning. 
This is a major reason weight loss therapy is not 
widely recommended for older adults. 

 Dietary protein intake may have an effect on 
muscle preservation during weight loss. In a 
3-year follow-up study of older adults, those who 
consumed more dietary protein lost approxi-
mately 40 % less lean mass (LM) and aLM com-
pared to those who consumed less protein  [  66  ] . 
This implies that the restricted amount of protein 
during energy restriction may be causing the 
increased loss of muscle. 

 Understanding the mechanism behind the 
decrease in FFM during energy restriction may 
lead to effective therapies to minimize the loss of 
FFM while maximizing the reduction of FM. Using 
several models of obesity in rodents, both muscle 
protein synthesis and degradation have been shown 
to be suppressed during energy restriction, with 
muscle protein breakdown being suppressed less, 
resulting in the decrease in muscle mass  [  67–  69  ] . 
In humans multiple studies reported that obese 
older adults unlike obese rodents who are on a cal-
orie-restricted diet have increased rates of muscle 
protein breakdown, without a change in muscle pro-
tein synthesis during energy restriction  [  70,   71  ] .  

   Physical Activity 

 Physical activity is a major regulator of body 
weight in adults and also generally declines with 
age, which may lead to more muscle loss and fat 
gain  [  72  ] . Exercise is usually prescribed to older 
adults, and walking is the primary mode. Weight-
bearing exercises are also generally recom-

mended, but the implementation of these is more 
dif fi cult for the majority of the population.  

   In fl uence of Physical Activity on Bone 

 There are now many studies that have examined 
the effect of exercise on BMD in both men and 
women  [  73–  78  ] . Aerobic and resistance training 
exercise interventions have both been investigated, 
independently and combined, to examine the 
effects on BMD in middle to older populations. In 
general, aerobic exercise interventions have been 
shown to result in a maintenance of BMD in 
weight-bearing areas, while when resistance train-
ing is added, BMD can be increased  [  55,   79  ] . 
However, the mechanism behind this preservation 
of BMD has yet to be clearly de fi ned.  

   In fl uence of Physical Activity on Muscle 

 Physical activity increases muscle mass in older 
adults  [  80–  85  ] . Exercise programs have included 
both aerobic and resistance training of varying inten-
sity and duration. Older adults who complete these 
exercise programs have shown signi fi cant gains and 
muscle strength and size. Increasing muscle strength 
has also been shown to be associated with increased 
physical function in older populations  [  86  ] .  

   Energy Restriction with Physical Activity 

 Many research trials have shown the isolated 
effects of weight loss and exercise in older popu-
lations. Far fewer have investigated the combined 
effects of weight loss and exercise, compared to 
exercise and weight loss alone. Because exercise 
can preserve and/or increase FFM, it may have 
the potential to counteract the deteriorating effect 
of energy restriction on FFM.  

   In fl uence of Energy Restriction 
with Physical Activity on Bone 

 In a 12-month randomized clinical trial, 107 frail, 
obese older adults aged 65 years and older were 
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randomly assigned to a diet group, exercise group, 
diet and exercise group, and control  [  55  ] . The 
hypothesis of this trial was to determine whether 
those randomly assigned to the diet and exercise 
group would attenuate the loss of BMD during 
energy restriction compared to the group random-
ized to diet alone. Subjects in the diet or diet and 
exercise group were instructed to lose 10 % of 
their total body weight in the  fi rst 6 months and 
then maintain that reduced weight for the follow-
ing 6 months. Those randomized to the exercise 
or diet and exercises group completed exercise 
sessions three times per week. Each session 
included aerobic exercises, resistance training, 
and balance and  fl exibility training. Resistance 
exercises were progressing and involved all major 
muscle groups. Intensity gradually increased until 
subjects performed 2–3 sets at approximately 
80 % of the one-repetition maximum, with 6–8 
repetitions of each. Aerobic exercises included 
walking on a track or treadmill, stationary cycling, 
or stair climbing. Subjects were progressed so 
that they exercised at 70–85 % of their maximal 
heart rate. After 12 months, the group exposed to 
both diet and exercise interventions lost approxi-
mately 10 % of body weight but were able to 
minimize loss in bone mineral density, which 
decreased approximately 1.1 %. The diet only 
group lost 2.6 % of BMD, and the exercise group 
actually increased 1.5 %. This effectively shows 
that exercise during energy restriction may mini-
mize loss of BMD in obese older adults  [  55  ] .  

   In fl uence on Muscle 

 Physical function in obese older adults can be 
maintained during weight loss with exercise. 
Subjects who completed an exercise program with 
aerobic and resistance training during weight loss 
were able to lose weight and still show an increase 
in physical function compared to a control group 
 [  87  ] . Additionally, when older subjects who were 
randomly assigned to a 12-month diet and exer-
cise treatments were compared with those assigned 
to diet or exercise independently, a signi fi cant 
increase in physical function was observed  [  88  ] . 

 Body composition can be maintained in obese 
older adults during energy restriction if exercise 

is added. Subjects completing a 12-month 
diet alone, exercise, or diet and exercise were 
assessed for body composition  [  55  ] . The subjects 
in the diet and exercise group only lost an aver-
age of 1.8 kg of FFM after 1 year, approximately 
21 % of the total weight lost. The diet group lost 
an average of 3.2 kg of FFM, approximately 33 % 
of the total weight lost. The subjects in the exer-
cise group gained an average of 1.3 kg of FFM. 
The subjects    in the diet group also lost about 
81 cm 3  of thigh muscle volume compared to a 
loss of 28 cm 3  in a weight loss and exercise group. 
There was no difference in fat loss between those 
two groups. These results demonstrate that FFM 
can be maintained during energy restriction with 
regular exercise.   

   Conclusions 

 Sarcopenic obese adults have the worst of two 
worlds. They have relatively low muscle mass 
and increased weight to carry. This can put an 
increased amount of stress on joints, making 
ambulation and the completion of daily activi-
ties dif fi cult. The increased fat mass also puts 
older adults at increased risk for cardiovascu-
lar disease, diabetes, and mortality. Though 
weight loss may be necessary to decrease the 
risk of these serious health outcomes, it is gen-
erally not recommended due to the loss of 
skeletal muscle and bone mass which is con-
current with weight loss. There is a need to 
de fi ne a more ef fi cient way to lose fat mass 
while preserving fat-free mass. 
  For obese older adults, weight loss should 
be achieved while incorporating methods to 
maintain both skeletal muscle and bone mass. 
Table  3.1  shows the recommendations for 
weight loss in older adults. Calories should be 
restricted by about 500–700 kcal/day, which 
translates into approximately 1–2 lb/week. 
Approximately 1 g of protein per kilogram of 
body weight should be consumed as well  [  48  ] . 

   Table 3.1    Weight loss recommendations for obese older 
adults   

 Energy restriction a   500–750 kcal/day 
 Protein intake a   1 g/kg body weight 

   a Obesity in older adults: technical review and position 
statement for nutrition and NAASO, the Obesity Society  
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Adequate calcium and dairy intake are also 
recommended to reduce bone loss during 
energy restriction.  
  In addition to energy restriction, aerobic 
and resistance exercise should be added in 
order to maintain skeletal muscle and bone 
loss. Table  3.2  shows the recommendations 

for exercises that can prevent muscle and bone 
loss while building strength. It is important 
that the program is progressive to avoid a pla-
teau in strength. Balance and  fl exibility exer-
cise should be added daily to prevent falls.  
  Figure  3.1  illustrates the effects of energy 
restriction, exercise, and energy restriction 

   Table 3.2    Exercise and recommendations for obese older adults during weight loss   

 Exercise  Mode  Frequency  Duration  Intensity 

 Aerobic a   Walking  >3 days/week  Work up to at least 
30 min/day 

 Work up to 60–80 % of 
maximal heart rate 

 Resistance a   Progressive strength 
training exercises using 
all major 
muscle groups 

 2–3 days/week  1–3 sets of each 
exercise 

 65–80 % of maximum 

 Balance a   Daily 
 Flexibility a   Daily 

   a Recommendations from bone health and osteoporosis: a report of the surgeon general  

Age: 80
Weight: 105 kg
BMI: 35 kg/m2

Hip BMD: 1.000 g/cm2

FFM: 60kg

Age: 80
Weight: 94.5 kg
BMI: 32 kg/m2

Hip BMD: 0.973 g/cm2

FFM: 56kg

Age: 80
Weight: 104.5 kg
BMI: 35 kg/m2

Hip BMD: 1.015 g/cm2

FFM: 61.5 kg

Energy registration

Exercise + energy

restriction

Exe
rci

se

Age: 80
Weight: 94.5 kg
BMI: 32 kg/m2

Hip BMD: 0.989
FFM: 58kg

  Fig. 3.1    Expected weight, 
BMI, hip BMD, and FFM 
of an 80-year-old obese 
individual following three 
separate weight loss 
programs. Exercise only 
shows an increase in FFM 
and hip BMD, while weight 
and BMI remain unchanged. 
Energy restriction alone 
shows a decrease in weight 
and BMI, hip BMD, and 
FFM. Exercise combined 
with energy restriction 
shows a decrease in weight 
and BMI, but hip BMD and 
FFM were relatively 
maintained. Changes in 
weight, BMI, hip BMD, and 
FFM were estimated based 
on the results of previous 
clinical research (Based 
on data from Ref.  [  88  ] )       
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combined with exercise  [  88  ] . The  fi gure shows 
that energy restriction combined with exercise 
is able to maintain more FFM and hip BMD 
than the diet intervention alone.  

   Future Research 

 Future studies should focus on the in fl uence of 
dietary energy restriction on long-term health 
outcomes in older adults. In addition, future stud-
ies should evaluate the impact of obesity in the 
oldest of the old.       
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   Introduction 

 Obesity is a worldwide epidemic and the World 
Health Organization reports that at least 2.8 mil-
lion people die each year as a result of excess 
body weight  [  1  ] . Obesity is considered a true epi-
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  Abstract 

 Obesity is associated with alterations in several endocrine factors, some of 
which are involved in regulating bone metabolism.    The higher serum concen-
trations of parathyroid hormone (PTH), estradiol, pancreatic hormones, and 
adipokines such as leptin, resistin, and cytokines and the lower 25-hydroxyvi-
tamin D (25OHD) have speci fi c actions on the skeleton and regulate cortical 
and trabecular bone differently. Recent evidence suggests that bone quality is 
altered in obesity with a higher trabecular volumetric bone mineral density 
(vBMD), while cortical vBMD is lower. Also, the obese are at greater risk of 
fracture for a given BMD compared to normal weight individuals supporting 
the evidence that bone quality is altered due to excess adiposity. Higher con-
centrations of serum PTH have a catabolic effect on cortical bone and may 
play a role in reducing cortical vBMD in obesity. The lower serum 25OHD, 
higher leptin and resistin, and lower adiponectin may also independently con-
tribute to the lower cortical vBMD in obesity. There is little evidence to show 
that higher pancreatic hormones and cytokines in fl uence trabecular and corti-
cal bone in obesity. The altered hormonal milieu in obesity is one important 
factor that explains bone architectural changes that occur due to excess adi-
posity. However, other factors such as diet, genetic factors, altered mechani-
cal loading, and/or other environmental factors may also contribute to bone 
quality and site-speci fi c fracture risk in obesity.  
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demic because while rates are disparate    across 
different socioeconomic and racial/ethnic groups, 
the rise in obesity is similar  [  2  ] . It is associated 
with an increased risk for several comorbidities, 
including cardiovascular disease, type 2 diabetes, 
and certain cancers  [  3  ] . It has long been estab-
lished that bone mineral density (BMD) is greater 
in obesity; however, newer studies suggest that 
bone quality is altered and show evidence of frac-
tures in this population. The relationship between 
excess adiposity and bone is likely in fl uenced by 
the pluripotent stromal cell  [  4  ]  that differentiates 
into adipocytes and osteoblasts, as well as chon-
drocytes. Several endocrine aberrations are seen 
in obesity, some of which have an important 
effect on the skeleton. In addition, multiple other 
factors contribute to BMD and fracture risk in 
obesity, including mechanical loading of excess 
body weight on bone  [  5,   6  ] . This chapter dis-
cusses the unique aspects of bone and fracture 
risk due to obesity with a focus on the hormonal 
milieu and its in fl uence on the bone trabecular 
and cortical compartments of bone and 
geometry.  

   Areal and Volumetric Bone Mineral 
Density: Implications in Obesity 

 Dual-energy X-ray absorptiometry (DXA) is a 
valuable two-dimensional bone imaging technique 
that can assess the relationship between body com-
position (fat and lean tissue) and bone mineral con-
tent (BMC) and areal BMD (aBMD). Although it 
is the gold standard for BMD measurements, arti-
facts associated with a two- dimensional measure-
ment of areal bone density (g/cm 2 ) are considered a 
limitation at the extremes of BMD (very high or 
low) or due to excess soft tissue surrounding bone, 
such as in obesity  [  7–  9  ] . In addition, the obese have 
a higher prevalence of vertebral deformities  [  10  ]  
and spinal osteoarthritis  [  11  ] , which can overesti-
mate BMD and BMC. Careful examination of the 
lumbar spine measurement for vertebral exclusion 
is needed in the interpretation of BMD  [  12  ]  and 
may require special consideration for the obese. 

 Information about bone quality can be attained 
by the inclusion of architectural parameters such 

as bone size and geometry. This can be assessed 
with radiography, DXA, peripheral quantitative 
computed tomography (pQCT), quantitative com-
puted tomography (QCT), or magnetic resonance 
imaging (MRI). Microarchitectural parameters 
include cortical and trabecular structural detail 
which can be evaluated by pQCT or by using 
high-resolution imaging techniques such as mul-
tidetector CT, MRI, and higher-resolution pQCT 
which will allow for high-precision images and 
estimation of additional biomechanical proper-
ties. In addition, microcomputed tomography 
techniques are used to examine human bone 
biopsy samples or excised bone in rodent stud-
ies. Bone strength, de fi ned as the force required 
to cause a material to fail under a given loading 
condition  [  13  ] , can be measured directly using 
biomechanical testing methods in excised bone or 
can be estimated, in clinical trials, by the amount 
of mineralized material (BMD) and geometrical 
properties  [  14  ] . These three-dimensional method-
ologies can assess volumetric BMD (vBMD; mg/
cm 3 ) and bone structural parameters, distinguish 
between cortical and trabecular bone, and deter-
mine the relationship with soft tissue (e.g., mus-
cle and fat cross-sectional area). Measurements 
of true vBMD that use the density of fat tissue 
as zero have been found to reduce errors as com-
pared to an areal measurement, such as using 
DXA technology. Quantitative computed tomog-
raphy measurements of bone can measure axial 
sites by QCT and peripheral sites using pQCT. In 
obesity, potential BMD artifacts may be attenu-
ated or removed by measuring a peripheral (rather 
than axial) site because less soft tissue surrounds 
the bone of the arm or leg. In addition, most clini-
cal studies examining vBMD and bone architec-
tural parameters use pQCT due to ease of use and 
because, compared to QCT, the method produces 
very low radiation exposure to the patient at only 
peripheral sites, and therefore is appropriate for 
both adult and pediatric populations. For example, 
the total radiation dose is <7 uSv when measuring 
the tibia and radius using the Stratec-Orthometrix 
pQCT, and this dose is similar to a DXA measure-
ment at both the hip and spine. In comparison, this 
dose is less than 1 day of background radiation 
(~8 uSv/day) or a cross-country  fl ight (~40 uSv). 
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There is an association of peripheral QCT (pQCT) 
outcomes with fracture, although these studies are 
limited compared to measurements with DXA.  

   Volumetric BMD and Bone Quality 
in Obesity 

 An altered bone quality may partially explain 
the greater than expected fracture risk in 
the overweight and obese for a given BMD. 
Trabecular and cortical vBMD and geometry 
differ in the obese compared to normal weight 
individuals. In children, a higher body weight 

is associated with a higher trabecular bone, but 
not cortical vBMD, and may decrease bone 
strength  [  15–  17  ] . Lower forearm bone strength 
found in overweight children has been attrib-
uted to the greater fat to muscle ratio in the 
overweight than normal weight children  [  18  ] . 
In adults, obesity is also associated with higher 
trabecular and some cortical bone parameters 
and lower cortical vBMD. In a study with 211 
women, we found that the higher trabecular 
parameters and lower cortical vBMD remain 
signi fi cantly different in the obese even when 
controlling for confounders (i.e., lean mass and 
physical activity) (Fig.  4.1 )  [  19  ] .    Also, a higher 
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  Fig. 4.1    Relationship between body mass index, cortical, 
and trabecular bone parameters (volumetric bone mineral 
density (vBMD) and content (BMC), cortical area, and 
stress-strain index) and serum parathyroid hormone (PTH) 

and 25-hydroxyvitamin D (25OHD) in 211 women. 
* p  < 0.001 (Reprinted from Sukumar et al.  [  19  ] . With 
 permission from Springer Science + Business Media)       
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body mass index (BMI) does not confer a posi-
tive effect on other cortical parameters such as 
BMC and area, thickness, and strength indi-
ces  [  19  ] . Taes et al.  [  20  ]  showed that greater 
fat mass is associated with smaller bone size in 
men at 25–45 years of age. A recent study  [  21  ] , 
however, shows that a history of being over-
weight in childhood is associated with greater 
total cross-sectional area of long bone sites in 
men and women (36 years of age) and a 5 % 
higher trabecular density at the distal radius 
and tibia in the adult women, but not in men. 
Hence, the effect of obesity on bone may vary 
due to gender and a history of obesity. Studies 
examining the in fl uence of excess body weight 
on the cortical and trabecular compartments of 
bone compared to normal weight populations 
are summarized in Table  4.1 .    

   Fracture Risk in Obesity 

 In an epidemiological perspective of osteoporo-
sis and fracture risk in overweight and obese indi-
viduals, researchers demonstrate that osteoporotic 
fractures are more problematic in this population 
than previously believed and that obese men may 
be particularly susceptible  [  22,   23  ] . For example, 
hip fracture incidence is highest in the under-
weight, but there is a higher prevalence of  fracture 
in overweight and obese individuals in the USA 
because they represent the largest portion of the 
population  [  24  ] . Others suggest that a BMI 
greater than 35 kg/m 2  increases the risk of frac-
ture, when adjusted for BMD  [  25  ] . In women 
presenting with low-trauma fracture, 59 % of 
obese and 73 % of morbidly obese women had 
normal BMD, and only 12 and 5 %, respectively, 

   Table 4.1    Bone variables obtained by peripheral quantitative computed tomography at the radius and tibia comparing 
obese to normal weight groups a,b    

 Trabecular 
bone vBMD 

 Cortical 
bone vBMD  SSI 

 References  Population  Groups  Bone site  Obese b  compared to normal weight (%) 

 Ducher et al.  [  18  ]   Boys and girls  Normal wt. ( n  = 334)  Radius  +7.9*  +0.5  +16.2* 
 7–10 years  Overweight ( n  = 93)  Tibia  +6.9*  0  +21.0* 

 Pollock et al.  [  15  ]   Females  Normal fat ( n  = 93)  Radius  −2.9  +0.3  −0.7 
 18 years  High fat ( n  = 22)  Tibia  −1.5  −0.1  −5.6 

 Pollock et al.  [  150  ]       Black females  Normal fat ( n  = 33)  Radius  +5.1  +0.4 %  +5.0 
 19 years  High fat ( n  = 15)  Tibia  −0.04  −0.5 %  −3.2 

 Wetzsteon et al.  [  16  ]   Boys and girls  Health weight 
( n  = 302) 

 Tibia  NA  0  +15.4* 

 9–11 years  Overweight 
( n  = 143) 

 Sukumar  [  19 ]  Female  Normal ( n  = 42) 
 24–75 years  Overweight 

( n  = 119) 
 Tibia c   +15.5*  −0.3  +6.8* 

 Obese ( n  = 50)  Tibia d   +19.3*  −1.2*  +3.18* 
 Uusi Rasi et al.  [  21  ]  e   Male and female  BMI measured at 12 

years of age 
 Radius  F +5.1  F −0.2  F +14.7 

 M −0.8  M −0.9  M +8.6 
 36 years  Normal ( n  = 767) or 

overweight ( n  = 65) 
 Tibia  F +7.2  F −0.6  F +17.9 

 M −0.9  M −1.1  M +12.9 

   Abbreviations :  vBMD  volumetric bone mineral density,  SSI  stress-strain index 
  a Studies reported only for those that also included a normal weight control group 
  b “Obese” refers to excess body weight described as either obese, overweight, or high-fat groups based on the terminology 
used in the study 
  c Overweight compared to normal weight group 
  d Obese compared to normal weight group 
  e Statistical data unavailable for comparison with normal weight 
 *Signi fi cantly different from normal weight  
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had evidence of osteoporosis  [  23  ] . The normal 
BMD and higher risk of fracture in obesity are 
either the result of compromised bone quality or 
greater forces on the bone during a fall despite 
the extra body fat padding. It is also possible that 
excess adiposity overestimates BMD in obese 
subjects due to measurement artifacts. 

 The risk of fracture in the obese differs by ana-
tomic site and has been shown in a few epidemio-
logical studies. In a longitudinal study with nearly 
11,000 women, high BMI signi fi cantly increased 
the risk of proximal humerus and ankle fractures 
but was associated with a lower risk at the forearm, 
spine, and hip  [  26  ] . In addition, other researchers 
have also found a higher humerus fracture risk in 
obese women  [  27  ] . Compston and colleagues 
report that obese compared to nonobese women 
have more ankle and upper leg fractures  [  28  ] . In 
22,444 men, the increased risk of fracture risk with 
a high BMI only shows a trend for higher fracture 
risk at the ankle and is lower at other sites, includ-
ing the proximal humerus  [  26  ] . Further analysis is 
needed to establish a fat-fracture relationship in 
older men  [  23,   29  ]  and to distinguish whether it 
differs from women or if there are racial/ethnic 
differences. A speci fi c effect of obesity on verte-
bral fracture compared to normal weight individu-
als is not clear; however, adiposity is associated 
with vertebral deformity in obese women and is 
attributed to excess loading on the thoracic spine 
 [  10  ] . Therefore, obesity is associated with lower 
hip fracture, but higher risk of proximal humerus 
fracture and possibly ankle and upper leg fractures 
in women  [  23,   26–  28  ] . These  fi ndings are consis-
tent with higher forearm fracture risk in children 
 [  30  ] . Also, fractures in both obese pediatric and 
adult patients increase recovery time and involves 
more complications  [  31,   32  ] , so preventing frac-
tures in this population is especially important. 

 Overall, the strong evidence that bone quality 
is compromised in obesity may explain fracture 
risk in this population. In addition, because frac-
tures occur more at certain anatomical sites, the 
alterations in microarchitecture that is either rich 
in trabecular or cortical bone may in fl uence the 
susceptible to fracture. It is also possible that the 
force upon falling and an altered balance are fac-
tors contributing to site-speci fi c fractures in the 

obese. The different ratios of lean to fat tissue 
mass or fat depots in obesity may help in under-
standing the etiology and implications for BMD 
and fracture risk and is discussed below.  

   Relationship of a BMD with Soft Tissue 

 Body composition and its relationship to bone have 
been examined in numerous studies, and most agree 
that lean and fat mass are both independent determi-
nants of bone mass. Lean mass and fat mass are 
strongly in fl uenced by age, gender, dietary intake, 
and the level of physical activity among other fac-
tors which in turn can independently affect bone. 

   Lean Tissue Mass 

 When measuring lean tissue mass using DXA, it 
consists of both skeletal muscle and BMC. For 
studies that have differentiated these compart-
ments, the term “fat-free soft tissue” is used to 
indicate skeletal muscle tissue without the inclu-
sion of BMC. The positive effect of a higher fat-
free soft tissue on BMD can be attributed to 
lifestyle factors, steroid hormone suf fi ciency, 
genetic in fl uences, or a combination of these fac-
tors. Importantly, muscle mass has an indepen-
dent effect on better balance to prevent frailty and 
falls associated with osteoporotic fracture risk. 
The excess weight in obesity consists primarily 
of excess adipose tissue, yet in general, there is 
also higher fat-free soft tissue. It has been sug-
gested that the positive effect of a higher body 
weight on bone and fracture risk reduction occurs 
only when it is primarily composed of fat-free 
soft tissue  [  33,   34  ] . It is possible that in older 
individuals, the obese compared to normal weight 
have a higher incidence of combined sarcopenia 
and osteopenia due to reduced mobility in this 
population  [  35  ] . In a large study of elderly white 
and black women and men where hip fracture 
was validated over a 7-year period, it was found 
that a decrease of one standard deviation in thigh 
muscle    Houns fi eld Unit (an indicator of intra-
muscular fat) conferred a nearly 40 % increase in 
fracture risk. Hence, measurement of total fat or 
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lean mass by DXA may not be able to adequately 
capture changes in muscle composition in older 
individuals, suggesting that thigh muscle fat may 
provide a better estimate of muscle strength and 
hip fracture risk  [  29  ] . Although no de fi ned rec-
ommendations are available to consider muscle-
related parameters in clinical bone assessments, 
there is now a greater effort in the  fi eld to address 
these relationships with new trials using 3D bone 
techniques that are ongoing.  

   Fat Mass 

 Because adipose tissue acts as an endocrine organ 
 [  36  ] , the hormones and adipokines produced will 
have a major in fl uence on the bone and this is dis-
cussed below. Fat mass, unlike muscle mass, does 
not always show a direct correlation with bone. It 
appears to be age and gender speci fi c so while 
there is a correlation between fat and bone in post-
menopausal women  [  37,   38  ] , this has not been 
found in children and young adults  [  39,   40  ] . Only 
some of these studies have corrected for muscle 
mass to determine the independent effect of fat on 
bone; this may explain some of the different 
 fi ndings in these studies. Also, the in fl uence of soft 
tissue on bone mass is complicated by variability 
in the bone site being evaluated  [  41,   42  ] . Varying 
amounts of trabecular or cortical content in differ-
ent bones, as well as weight bearing of the speci fi c 
site, may confound the observations. For example, 
a study in older women showed that total weight 
in fl uenced BMD at weight-bearing sites, yet only 
adiposity in fl uenced non-weight-bearing sites, 
including the radius  [  43  ] .  

   Fat Depot 

 Bone may be in fl uenced by the location and type 
of white adipose tissue accumulation, including 
visceral adipose tissue (VAT) compared to subcu-
taneous tissue. Excess VAT has a greater associa-
tion with symptoms of metabolic syndrome than 
the increased total body adipose tissue per se. The 
metabolic syndrome symptoms (such as dyslipi-
demia, insulin resistance, and higher in fl ammatory 
cytokines) each have independent effects on bone 

and may explain the inconsistent  fi ndings for the 
in fl uence of excess VAT on bone. For example, 
the positive in fl uence of VAT on bone reported in 
postmenopausal women has not been shown in 
children or men  [  44–  47  ] . It is also possible that 
inconsistent  fi ndings for an inverse relationship 
between visceral fat and bone are due to different 
methodologies and protocols used in each study. 
Because most of the studies either use waist to hip 
ratio or measure trunk fat using DXA to estimate 
VAT, which include both subcutaneous and vis-
ceral depots, this limits the interpretation. In addi-
tion, studies examining the VAT and bone 
relationship use different anatomical bone sites. 
Studies using more precise techniques to measure 
adipose tissue, such as QCT or MRI, will be 
important to better understand how the type of fat 
differentially in fl uences BMD or BMC. 

 Besides white adipose tissue (subcutaneous 
and visceral fat), other types of fat (brown fat and 
bone marrow fat, also referred to as “yellow” fat) 
may in fl uence BMD. Brown adipose tissue has 
been reported to maintain bone based on a study 
in women with anorexia nervosa compared to 
healthy controls  [  48  ] , whereas increased bone 
marrow fat tissue is associated with lower BMD 
 [  49  ] . In addition, a recent study in obese women 
showed that vertebral bone marrow fat is posi-
tively associated with visceral fat and inversely 
associated with insulin-like growth factor (IGF-1) 
 [  50  ]  and BMD. Further studies examining the 
endocrine function of bone marrow fat in regulat-
ing bone and differentiation of mesenchymal 
stem cells are needed to advance the  fi eld. 

 In summary, the amount and type of soft tissue 
mass results in differential mechanical support 
and endocrine regulation of bone that would be 
expected to in fl uence growth and maintenance. 
Both fat-free soft tissue and the type and location 
of adipose tissue are important in fl uences on 
BMD and may change with age or in different 
populations. These differences may explain the 
large body of con fl icting data that link body adi-
posity, bone mass, and fracture risk. Hormonal 
alterations are in fl uenced by the type and loca-
tion of fat depots, and the amount of fat-free soft 
tissue may explain the etiology for the altered 
bone quality and fracture risk in obesity and is 
discussed in the next section.   



494 The Hormonal Milieu and its infl uence on Trabecular & Cortical Bone in Obesity

   Hormonal Milieu in Obesity 
That In fl uence BMD at Cortical 
and Trabecular Sites and Bone 
Geometry 

 Adipose tissue is a metabolically active tissue 
containing a vast variety of cell types, the more 
abundant being adipocytes, preadipocytes, 
immune cells, and endothelial cells  [  36  ] . The adi-
pose tissue secretes adipocyte-derived factors 
that have effects on many organs in the body, 
including the bone. The altered hormonal milieu 
and adipokines in obesity have speci fi c actions 
on BMD, its geometry, and microarchitectural 
properties that are discussed below.  

   Sex Steroids 

 The obese individual has higher levels of serum 
estrogen and lower sex hormone-binding globu-
lin (SHBG). Serum estrogens in postmenopausal 
women are largely derived from the metabolism 
of circulating androstenedione by peripheral tis-
sues, and concentrations are higher in obesity. 
The higher concentrations of serum estrone in 
obesity are largely derived from the metabolism 
of circulating androstenedione by adipose tissue 
and may also be responsible for higher BMD 
due to excess body weight  [  51  ] . In addition, the 
adipose-derived enzymes, such as aromatase and 
hydroxyl steroid dehydrogenase, are elevated 
in obesity and have known anabolic actions on 
the osteoblast  [  52,   53  ] . Obese men, on the other 
hand, have low total and free testosterone and 
low SHBG  [  54,   55  ] . The sex steroids, including 
bioavailable estradiol and testosterone, have been 
shown to be the major positive hormonal determi-
nants of trabecular microstructure in elderly men 
and women  [  56  ] , and the age-related loss of corti-
cal bone is associated with sex steroid de fi ciency 
 [  57  ] . The GOOD Study  [  58  ]  in young men shows 
that free estradiol is an independent negative 
predictor of cortical parameters such as cross-
sectional area, periosteal circumference, and 
endosteal circumference, whereas it is a positive 
independent predictor of cortical vBMD at both 
the tibia and radius. Conversely, free testosterone 
is an independent positive  predictor of cortical 

cross-sectional area, periosteal circumference, 
and endosteal circumference, but is not associ-
ated with vBMD  [  58  ] . SHBG is an independent 
positive predictor of cortical cross-sectional area 
and periosteal and endosteal circumference  [  58  ] . 
An obesity-induced association between higher 
circulating estrogen and lower testosterone con-
centrations in older adults would be expected 
to increase trabecular and possibly reduce cor-
tical BMD, but the in fl uence of sex steroids on 
these bone compartments in obesity has not been 
speci fi cally addressed.  

   Serum 25-Hydroxyvitamin D 
and Parathyroid Hormone 

 Obesity is associated with higher parathyroid hor-
mone (PTH), lower 25-hydroxyvitamin D 
(25OHD), and possibly lower 1,25-dihydroxyvita-
min D 

3
  (1,25(OH) 

2
 D 

3
 ) and all have speci fi c actions 

on bone. The lower circulating concentrations of 
25OHD in obesity are possibly due to greater 
deposition in the excess adipose tissue or lower 
sun exposure in obese individuals  [  59–  61  ] . In 
addition, there is a rise in serum 25OHD with 
weight loss and it has been shown to be propor-
tional to loss of body weight  [  62  ] . In the 
InCHIANTI study conducted in Italy, serum 
25OHD was positively associated with total cross-
sectional area and cortical vBMD, while PTH was 
negatively associated with cortical vBMD in 
women, but not in men  [  63  ] . Another rodent study 
showed that vitamin D de fi ciency in young grow-
ing male rats results in a signi fi cant reduction in 
femoral trabecular bone volume, while cortical 
bone is maintained  [  64  ] . On the other hand, in 
adult patients with primary hyperparathyroidism 
(PHPT), in those with low serum 25OHD (<20 ng/
mL), there is evidence of higher serum PTH con-
centrations and a greater catabolic effect on corti-
cal bone and anabolic effect on trabecular bone 
compared to PHPT patients without low 25OHD 
 [  65  ] . Another study also assessed the association 
of 25OHD with cortical and trabecular bone 
parameters in men of Caucasian and African 
ancestry  [  66  ] . Among Caucasians, serum 25OHD 
was positively associated with cortical vBMD, 
total BMC, cortical thickness, and strength param-
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eters at the distal radius. Results also showed that 
there was an inverse association between serum 
25OHD and the cortical cross-sectional area and 
stress-strain index in men of African ancestry. 
Whether or not the effects of vitamin D de fi ciency 
on bone compartments differ by ethnic/racial dif-
ference or are due to a direct effect on bone or due 
to its parallel increases in PTH is unclear. Currently, 
there is no data to support a signi fi cant association 
between the lower levels of 25OHD levels in obe-
sity and cortical/trabecular bone  [  19  ] . 

 Parathyroid hormone is positively correlated 
with excess body fat  [  67,   68  ] . While short-term 
increases in PTH are associated with increased 
calcium absorption and an increase in BMD, 
chronically elevated PTH will alter calcium 
metabolism and increase proin fl ammatory cytok-
ines  [  69,   70  ] , which would have a detrimental 
effect on bone. Chronically elevated PTH reduces 
cortical BMD and inhibits bone collagen synthe-
sis. In contrast, elevated serum PTH preserves or 
increases trabecular, possibly by increasing 
 osteoblast recruitment  [  71  ] . For example, patients 

with either primary or secondary hyperparathy-
roidism have increased spine BMD, which is rich 
in trabecular bone, but decreased cortical bone mass 
 [  72,   73  ] . Patients with osteoporosis who are treated 
with PTH show higher spine BMD but lower cor-
tical BMD, especially at the distal radius as com-
pared to bisphosphonate treatment  [  74  ] . In support 
of the bone site-speci fi c action of PTH, obese 
postmenopausal women with high PTH who had 
a history of gastric bypass surgery compared to 
obese controls with normal PTH have higher lum-
bar spine BMD (rich in trabecular bone) and BMC 
and lower BMC at the femoral neck  [  75  ] . 

 The effect of higher PTH levels on bone in 211 
women with a wide range of body weights has 
been examined in a cross-sectional study in our 
laboratory  [  19  ] . The obese women showed a lower 
cortical vBMD, and in the total population of 
women with a wide range of body weights, there 
was a negative association between PTH and cor-
tical vBMD (Fig.  4.2 )  [  19  ] . It is thus possible that 
the lower cortical bone in obesity is due to their 
higher PTH levels. Others have found lower 

PTH and cort vBMD

1,250

1,200

1,150

1,100

1,050
vB

M
D

 (
m

g/
cm

3 )

1,250

1,200

1,150

1,100

1,050

vB
M

D
 (

m
g/

cm
3 )

0 20

PTH (pg/mL)

25OHD and cort vBMD

40 60 80 100 120 140

0 10

25OHD (ng/mL)

20 30 40 50 60

r = –0.40*

r = 0.17

  Fig. 4.2    Relationship 
between cortical volumetric 
bone mineral density 
(vBMD) and serum 
parathyroid hormone (PTH) 
is positively correlated, but 
there is no relationship with 
25-hydroxyvitamin D 
(25OHD). ( n  = 73 premeno-
pausal women); * p  < 0.001 
(Modi fi ed from Sukumar 
et al.  [  19  ] . With permission 
from Springer 
Science + Business Media)       
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 cortical vBMD in obese children  [  15  ]  and young 
adults  [  20  ] , but circulating hormones were not 
measured in these studies. Thus, there are cur-
rently only limited studies that support the hypoth-
esis that the elevated PTH in obesity is responsible 
for the lower cortical BMD  [  19,   75  ]  and none that 
can establish a cause and effect relationship.   

   Adipose-Derived Hormones 
and Peptides, Pancreatic Hormones, 
and Cytokines 

 The adipose-derived hormones, adiponectin, lep-
tin, and resistin are altered by obesity and also 
in fl uence bone. Obesity reduces circulating adi-
ponectin  [  36  ] , and in vitro observations show it 
increases osteoblastic activity  [  76  ] . Most clinical 
studies  [  77–  80  ] , but not all  [  81  ] , show that adi-
ponectin is negatively associated with BMD in 
adults and children. Adiponectin is also inversely 
correlated with trabecular and cortical BMD  [  82  ] . 
Consistent with these  fi ndings, fracture studies 
suggest that higher adiponectin is associated with 
greater fracture risk but may be gender speci fi c 
 [  83,   84  ] . The Health Aging and Body Composition 
(Health ABC) Study in 3,075 men and women 
showed that men in the highest tertile of adi-
ponectin had a 94 % higher risk of fracture [haz-
ard ratio (HR) = 1.94; 95 % con fi dence interval 
(CI) 1.20–3.16] compared with the lowest tertile, 
but it was not signi fi cant in women  [  83  ] . The 
Osteoporotic Fractures in Men (MrOS) Study 
also shows that the risk of fracture increases with 
increasing serum adiponectin with a hazard ratio 
HR/SD of 1.46 (95 % CI, 1.23–1.72)  [  85  ] . 

 Leptin suppresses appetite and increases energy 
expenditure and there is resistance to leptin associ-
ated with the high serum concentrations in obesity. 
Leptin also has both direct and centrally mediated 
effects on bone remodeling. The centrally medi-
ated effect on bone occurs through sympathetic 
tone. It has been shown to inhibit bone formation 
and enhance bone resorption  [  86  ] . In contrast, 
in vitro studies show a direct effect of leptin on 
osteoblast differentiation  [  87,   88  ] . These different 
central and peripheral effects of leptin may explain 
why clinical trials have reported both positive and 

negative effects of leptin on bone  [  81,   89–  91  ] . One 
report suggests that leptin is negatively associated 
with cortical bone size in adolescents and young 
men. In obese mice, serum leptin levels negatively 
correlates with trabecular, but not cortical bone 
 [  92  ] . The two genetic models of obesity, the ob/ob 
(leptin-de fi cient) and db/db (leptin null) mouse, 
have short limbs with thin cortical bone, low trabe-
cular bone volume and BMD, and high marrow 
adiposity, whereas vertebrae are larger, with ele-
vated BMD and trabecular bone volume, and lower 
marrow adiposity  [  93  ] . Furthermore, there are 
higher levels of pancreatic hormones such as insu-
lin, amylin, and preptin in the obese, which have 
anabolic actions on bone  [  94–  96  ] . In young mice, 
lower amylin leads to lower trabecular bone vol-
ume and thickness  [  97  ] ; however, its effect on 
bone compartments in obesity is unclear. 

 There are also higher circulating concentrations 
of in fl ammatory cytokines, such as interleukin-6 
(IL-6), tumor necrosis factor (TNF- a ), monocyte 
chemoattractant protein-1, and C-reactive protein 
(CRP) in obesity. Higher in fl ammatory cytokines 
have been associated with higher bone turnover 
 [  98–  101  ]  and have differential effects on corti-
cal and trabecular bone. In mice, IL-6 transgenic 
mice show severe alterations in cortical and trabe-
cular bone microarchitecture  [  102  ] . Serum levels 
of CRP do not seem to be associated with trabe-
cular  [  103  ]  or cortical bone  [  104  ]  in adults. In one 
study of older women and men (BMI of 27.5 kg/
m 2 ), IL-1 was negatively associated with cortical 
vBMD, and surprisingly TNF- a  was positively 
associated with total and cortical cross-sectional 
area  [  63  ] . The effect of cytokines on trabecular 
and cortical bone has not speci fi cally been exam-
ined in obese individuals, but may be dependent on 
the presence of higher serum PTH concentrations 
 [  69  ] . It is possible that the low level of chronic 
in fl ammation in obesity is counterbalanced by 
adipose-derived estrogen, lower adiponectin, and 
greater weight bearing that act to prevent bone 
loss in the obese compared to leaner populations. 

 Conditions of excess adiposity are associated 
with reduced growth hormone  [  105,   106  ]  and 
IGF-1 and insulin-like growth factor binding pro-
tein (IGFBP)-1  [  107  ] . However, the implications 
of low serum IGF-1 concentrations  [  105  ]  are not 
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entirely clear, since it has been reported that  free 
or bioactive  IGF-1 concentrations are either simi-
lar or higher in obese compared to normal weight 
subjects  [  106,   107  ] . In young men, higher serum 
IGF-I and IGFBP-3 concentrations are associated 
with conversion of thick trabecular into more 
numerous and thinner trabeculae from aging to 
mid-life  [  56  ] , but this study found that in the older 
population, sex steroids are the major determi-
nants of trabecular microstructure. In a study of 
older women, serum IGF-1 was found to be 
signi fi cantly related to cortical, but not to trabecu-
lar density  [  108  ] . Consistent with these  fi ndings, 
mice with low serum levels of IGF-1 exhibit 
reduced cortical but normal trabecular bone  [  109  ]  
suggesting a more pronounced role of systemic 
IGF-1 on cortical than on trabecular bone. It is 
possible that the lower cortical vBMD in obesity 
is related to a lower IGF. However, these  fi ndings 
should be con fi rmed in larger prospective studies. 

 Obesity also alters the gut peptides, including 
ghrelin, incretins, CCK, pancreatic polypeptide 
(PPY), and peptide YY (PYY). These peptides 
not only regulate satiety but also have reported 
effects on bone. A meta-analysis  [  84  ]  shows no 
convincing data to support an association between 
visfatin and ghrelin and BMD. In the case of 
 ghrelin, this appetite stimulant is high in obesity, 

and it increases osteoclastic bone resorption dur-
ing fasting  [  110  ] , but also increases bone forma-
tion in other studies  [  111–  113  ] . However, the 
meta-analysis by Biver et al.  [  84  ]  did not  fi nd an 
association between ghrelin and BMD. Overall, 
there are a limited number of studies examining 
the effect of these peptides on cortical and trabe-
cular bone compartments and the data remain 
unclear.  

   Bone and Diet-Induced Obesity 
Models 

 Besides hormonal factors, the skeletal conse-
quences of obesity will vary depending on the age 
at onset, duration, and composition of the diet. 
Animal models offer an opportunity to determine 
these effects. Most diet-induced obesity in rodents 
during growth has shown that it lowers BMD 
and impairs bone quality  [  114–  116  ]  (Fig.  4.3 ). 
Some studies suggest that age in fl uences the BMD 
response to a high-fat diet (HFD) because the 
effect may be exaggerated during rapid growth as 
compared to a more mature skeleton. One study 
examined the effect of a 16-week HFD in very 
young (3 weeks of age) and 3-month-old mice 
 [  117  ] . The HFD resulted in greater lean and fat 

a High-fat diet

b Low-fat diet

5 weeks 10 weeks 15 weeks0 weeks

5 weeks 10 weeks 15 weeks0 weeks

  Fig. 4.3    Image shows the typical 
3D trabecular  microarchitectural 
changes in the L4 vertebral 
bodies with micro-CT-based 
 fi nite element model. In this 
study, young mice (6 weeks of 
age) were fed a high-fat diet or a 
normal low-fat diet for 15 weeks. 
The HFD ( a ) increases trabecular 
space, number, and loss of 
metaphyseal trabeculae compared 
to control ( b ) (Modi fi ed from 
Woo et al.  [  114  ] . With permission 
from Elsevier)       
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tissue mass and lower cortical bone biomechanical 
properties, as compared to the low-fat diet (LFD) 
 [  117  ] . The HFD also increased serum IGF-1 and 
leptin levels compared to controls, but the rise in 
IGF-1 was markedly higher in the young com-
pared to adult mice  [  117  ] . This may explain the 
greater bone size in the younger mice vs. smaller 
bone size in the adult mice compared to their lean 
counterparts  [  117  ] . In mice (9 weeks of age), 
excessive fat and sucrose intake for 10 weeks 
impaired bone geometry and mechanical proper-
ties of cortical bone in mice  [  118  ] . The bone 
changes are attributed to the upregulation of recep-
tor activator of nuclear    factor kappa-B ligand 
(RANKL) mRNA suggesting higher osteoclast 
activity with obesity. In addition, it was found that 
the detrimental effects of a high-fat high-sucrose 
diet (HF/HS) on bone are exacerbated in the femo-
ral neck and lumbar vertebrae after long-term 
feeding (2 years), showing that duration of dietary 
exposure is also important  [  119  ] . Other studies 
where the diet was initiated in adolescent or adult 
rodents have not found a detrimental effect of a 
HFD on bone. In a study in our lab, 2-month-old 
female rats were fed either a HFD or control LFD. 
At 8 months of age, the obese vs. lean rats showed 
no difference in femoral aBMD and femoral neck 
vBMD, or trabecular thickness and number  [  120  ] . 
In addition, in 11-month-old male rats who had 
been fed a HF/HS diet for 16 weeks, most bone 
parameters were greater than the low-fat controls, 
except for a lower cortical porosity  [  121  ] . Others 
have studied the effect of excessive caloric intake 
on bones in rodents by examining different types 
of dietary sugars. For example, excessive intake of 
fructose or glucose has been shown to produce a 
detrimental effect on BMD, BMC, and/or mechan-
ical strength in rats  [  122,   123  ] . Protein source dur-
ing excessive energy intake may also in fl uence the 
bone response. Researchers studied the bones of 
4-month-old rats that were fed 8 weeks of pow-
dered skim milk, casein, or whey added to a HF/
HS diet  [  124  ] . The rats given the skim milk showed 
an attenuated weight gain and increased trabecular 
bone architecture as compared to casein or whey 
alone  [  124  ] . Whether diet composition is 
in fl uencing the bone parameters measured by 
pQCT in clinical obesity studies is not known. 

Overall, it is likely that diet duration and composi-
tion, the level of adiposity, and skeletal age are 
important factors in fl uencing the detrimental 
effects reported on bone mass, size, and biome-
chanical properties.   

   Effect of Weight Loss on Cortical/
Trabecular Bone 

 Weight loss is associated with 1–2 % bone loss at 
the hip and possibly more at highly trabecular sites, 
such as the trochanter and radius  [  125–  133  ] . 
Epidemiological studies show that only 5% weight 
loss is associated with increased fracture risk in 
both men and women  [  126,   134,   135  ] . A variety of 
anatomical sites are reported to have higher frac-
ture risk in individuals with a history of weight loss. 
These fracture sites include hip  [  126,   136  ] , non-verte-
bral fractures  [  137  ] , and distal forearm fractures 
 [  138  ] . Bone loss and increased fracture risk due to 
moderate weight reduction occur in both older 
women and men  [  131  ] , but neither has been dem-
onstrated in younger individuals  [  139–  142  ]  unless 
there is severe weight reduction. 

 Few studies have evaluated the effect of weight 
loss on trabecular and cortical bone parameters. In 
a 1-year study in older women, 7 % weight reduc-
tion decreased aBMD at the radius (distal and 
33 % sites) and hip  [  128  ] . Weight loss also reduced 
vBMD and area of the tibia, but there were no 
signi fi cant changes in trabecular vBMD and geom-
etry and only a trend to decrease and increase cor-
tical area and vBMD, respectively  [  128  ] . In a 
3-month study in premenopausal women, a very 
low-energy diet resulted in a 10 % loss of body 
weight and a slight increase in cortical vBMD at 
the radius  [  142  ] . However, because there was also 
a rise in bone turnover markers, it is possible that 
bone loss may have occurred at other anatomical 
sites or would occur in a longer-term study. 

 In rodent studies, energy restriction is associated 
with a marked decrease in femoral cortical bone 
mass, but no change in trabecular bone volume 
 fraction  [  143  ] . Both age and initial body weight 
appear to be important factors in fl uencing the effect 
of energy restriction on bone. For example, older 
(14 months) compared to younger (6 months) 



54 S.A. Shapses and D. Sukumar

mature energy-restricted rats result in a greater 
reduction in biomechanical properties of bone 
 [  144  ] . Others have studied the effect of energy 
restriction in very young male mice (3 weeks of 
age)  [  145  ] . After energy restriction, there was 
greater inhibition of cortical and trabecular bone 
mass accrual in the limbs than in the spine  [  145  ] . In 
addition, energy restriction decreased appendicular 
cortical and trabecular bone mass while preserving 
trabecular bone in the spine  [  145  ] . In skeletally 
mature 8-month-old obese and lean female rats 
 [  120  ] , energy restriction in obese rats does not 
decrease BMD compared to ad-libitum fed controls. 
However, the lean energy-restricted rats had a lower 
BMD at the femoral neck and distal femur com-
pared to their lean ad libitum-fed controls  [  120  ] . 
Hence, the age and initial body weight before caloric 
restriction appear to not only affect whether there 
will be any bone loss but may also differentially 
in fl uence the anatomical sites, compartments, and 
geometry of bone. 

 Several bone-regulating hormones are altered 
during caloric restriction and may explain at least 
some of the bone changes associated with weight 
loss. For example, a reduction in estrogen levels, 
rise in cortisol  [  120,   146  ] , and reduction in IGF-1 
and leptin  [  143  ]  occur during energy restriction 
and have direct detrimental effects on BMD  [  133  ] . 
The importance and role of exogenous hormones 
in regulating bone during caloric restriction and 
preventing BMD loss has also been studied  [  146–  149  ] . 
Medications to treat osteoporosis, such as estrogen 
and raloxifene, during weight reduction will pre-
vent bone loss in postmenopausal women  [  147  ] . In 
rodent studies, treatment with IGF-1  [  149  ]  or with 
low-dose PTH  [  148  ]  has been shown to maintain 
normal bone formation during rapid weight loss in 
a rodent study. Importantly, dietary and exercise 
interventions will in fl uence the hormonal response 
to caloric restriction and can also attenuate bone 
loss due to weight reduction  [  133  ] .  

   Conclusions 

 There is strong evidence that bone quality and 
fracture risk is altered by obesity in both clini-
cal trials and in rodent studies. In addition, the 
amount, type, and location of the excess adipose 
tissue; the ratio with muscle mass; and the altered 

hormonal milieu are important determinants of 
bone quality and fracture risk in obesity. The 
higher circulating estrogens and/or lower testos-
terone due to excess adiposity may have gender-
speci fi c effects on trabecular and cortical bone. 
Higher serum PTH in obesity appears to play 
a role in reducing cortical BMD, but the lower 
serum 25OHD associated with obesity may not 
be low enough to negatively affect bone. The 
higher leptin and resistin and lower adiponec-
tin may also contribute to the lower cortical 
vBMD in obesity. There is currently inadequate 
information on whether the higher pancreatic 
hormones in obesity alter trabecular or cortical 
bone compartments. Cytokines have a catabolic 
effect on both bone compartments; however, 
higher circulating concentrations do not explain 
the higher trabecular and lower  cortical vBMD 
in obesity. Because the altered hormonal milieu 
in obesity does not completely explain bone 
architectural changes that occur due to excess 
adiposity, the in fl uence of other factors such as 
genetics, altered mechanical loading, diet, phys-
ical activity, and/or other environmental factors 
may have independent effects on bone quality 
and site-speci fi c fracture risk in obesity.      
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  Abstract 

 Late adolescence and early adulthood are times of major behavioral transition 
in young women as they become more independent and make choices 
about lifestyle that will affect their long-term health. We prospectively 
evaluated nutritional and lifestyle factors in 566 15–30-year-old female 
twins participating in a mixed longitudinal study of diet and lifestyle. 

 Twins completed 790 visits including questionnaires and measures of 
anthropometry. Nonparametric tests (chi-square, Mann-Whitney U, and 
Kruskal-Wallis; SPSS) were used to examine age-related differences in 
selected variables. Dietary calcium intake by short food frequency question-
naire was relatively low [511 (321,747)] mg/day (median, IQR; 60 % of esti-
mated daily total   ) and did not vary signi fi cantly with age. The number of 
young women who reported ever consuming alcohol (12+ standard drinks 
ever) increased from 50 % under 18 years to 93–99 % for the 18+ age groups. 
Of those who consumed alcohol in the preceding year, monthly intake dou-
bled from under 18 years (5.7, 3.9, 19.0 standard drinks; median, IQR) to 
18+ years (12.0, 4.7, 26.0;  P  < 0.001) with the highest consumers being 
21–23 and 27–29 years. At age 15–17 years, 14 % reported ever smoking 
and by age 27–29, 51 % had smoked ( P  = 0.002). Under the age of 20 years, 
average cigarette consumption in smokers was six cigarettes per day, increasing 
to ten above age 20 ( P  < 0.001). Participation in sporting activity decreased 
with age ( P  < 0.001): 47.5 % of 15–17-year-olds undertook 4 or more hour/
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week of sport, compared with 23.5 % at age 27–29 years. Conversely, sed-
entary behavior increased with age: 25.0 % of 15–17-year-olds reported 1 or 
less hour/week of exercise compared with 50.0 % at age 27–29 years. BMI 
increased with age ( P  = 0.011), from 21.3 (19.5, 23.6; median, IQR) in the 
youngest to 23.1 (21.5, 25.9) in the oldest. 

 These highly signi fi cant changes in behavior in young women as they 
transitioned into independent adult living are predicted to impact adversely 
on bone and other health outcomes in later life. It is crucial to improve 
understanding of the determinants of these changes and to develop effective 
interventions to improve long-term health outcomes in young women.  

  Keywords 

 Adolescence  •  Young adult  •  Lifestyle  •  Health  •  Diet  •  Female  •  Smoking  
•  Alcohol  •  Physical activity  •  BMI  

  Abbreviations  

  BMI    Body mass index   
  IQR    Interquartile range   
  Fig    Figure   
  mg/day    Milligrams per day   
  Cm    Centimeter   
  Kg    Kilogram   
  SNS    Social networking sites   
  Yrs    Years         

   Introduction 

 Late adolescence and early adulthood are times 
of major behavioral transition in young women 
as they become more independent and make 
choices about their health-related behaviors and 
lifestyle. Behaviors and lifestyle choices of young 
people have far-reaching consequences for future 
well-being, quality of life, and productivity  [  1  ] , 
yet this is a much understudied age group  [  2  ] . 
Women drive health behaviors in our society  [  3  ] , 
making it critical to understand the factors shap-
ing health and lifestyle in young women and to 
implement effective interventions during the cru-
cial ages of 16–25 years when health patterns 
undergo major transitions (Fig.  5.1 ) that can 
shape future health trajectories  [  4  ] .  

 Over 30 % of Australia’s burden of disease is 
due to modi fi able risk factors (including smok-
ing, alcohol abuse, physical inactivity, high blood 

pressure and cholesterol, low consumption of 
fruits and vegetables, overweight/obesity), plac-
ing preventive health care at the forefront of 
Australia’s national health strategy  [  5  ] . Yet 
changing health-related behaviors is a major 
challenge. Smoking causes 7 % of the total bur-
den of disease in Australian women  [  6  ]  and 
remains highly prevalent in young women: 18 % 
of females aged 18–24 were smokers in 2007  [  7  ] . 
Physical inactivity is second only to smoking as 
the key risk factor associated with poor health 
outcomes  [  6  ] , with poor diet a further contribu-
tor. Changes in physical activity and eating pat-
terns during adolescence and early adulthood are 
associated with rising rates of obesity. The 
Australian government has called for action to 
halt this epidemic  [  8  ] : obesity rates in children 
and adults more than doubled over the last two 
decades  [  9  ] . Body mass index (BMI) in youth 
tracks into adult life  [  10  ]  and obese or overweight 
young people are at higher risk of subsequent 
cardiovascular and metabolic disease  [  11  ] . 

 Identifying and addressing risk factors for poor 
bone and joint health are also of great national 
importance, since musculoskeletal disorders in 
later life cause more disability than any other medi-
cal condition  [  12  ] , imposing a large economic bur-
den ($4.7 billion in Australia in 2000–2001  [  13  ] ). 
Musculoskeletal injuries and pain impact upon 
women’s ability to participate in physical and occu-
pational activities and predispose to chronic condi-
tions (e.g., low back pain and knee injuries sustained 
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during sport, which are common and substantially 
increase the risk of knee osteoarthritis in later life). 

 In this study, we investigated the differences of 
key health and lifestyle factors, dietary calcium, 
alcohol consumption, smoking, physical activity, 
and BMI during different stages of adolescence and 
young adulthood. These factors are related to mus-
culoskeletal development and bone health later in 
life (among many other health conditions). Having 
conducted extensive studies of lifestyle, diet, and 
health in female twins, more recently we have com-
menced population-based investigations of young 
women’s health determinants using recruitment 
through social networking sites (SNS) and online 
data collection methods  [  14  ]  in a project called the 
Young Female Health Initiative (YFHI). This 
research complements the twin studies we report 
here and offers a powerful approach for ongoing 
health research in young people. This important line 
of research will help to determine how health-
related behaviors and lifestyle changes in fl uence 
health in young women and how we can change 
behaviors to improve their health outcomes.  

   Methods 

 We prospectively evaluated nutritional and lifestyle 
factors in 566 15–30-year-old female twins (both 
monozygotic and dizygotic). The participants were 
of various ages at  fi rst visit, attended for follow-up 
at variable intervals, and had variable numbers of 
visits, depending on opportunities for follow-up. 

Of the 566 twins, there were a total of 790 visits 
while they were in the targeted age range. These 
twins had participated in cross-sectional and longi-
tudinal studies of constitutional, lifestyle, and 
dietary determinants of bone health in which they 
completed questionnaires to assess their health and 
lifestyle  [  15,   16  ] . This further analysis looked at the 
evolution of health risk factors across the crucial 
late adolescent and young adult years. Current 
daily calcium intake was measured by a short food 
frequency questionnaire based on one developed 
for Australian women  [  17  ] . The questionnaire cap-
tures approximately 60 % of dietary calcium intake 
on a typical Australian diet. Physical activity was 
determined over the previous 12 months by ques-
tionnaire  [  15,   16  ] . Hours of playing general sport 
per week and hours of walking per week were each 
recorded on a categorical scale (0–1, 2–3, 4–7, and 
>7 h), with the number of hours per week being 
entered as 0.5, 2.5, 5.5, and 8 h, respectively, for 
each category. Smoking habits were recorded by 
participants as ever smoking, current smoking, and 
smoking amounts. In those who had ever consumed 
alcohol (more than 12 standard drinks in their life-
time), alcohol consumption was calculated from 
average monthly consumption over the previous 
year and expressed as the number of standard 
drinks (a standard drink contains 10 g of alcohol). 
BMI was calculated using the standard formula 
[weight in kilograms/(height in meters × height in 
meters)]. Height was measured to the nearest 
0.1 cm on a wall-mounted stadiometer, and weight 
was measured on a balance scale to the nearest 
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0.1 kg. All statistical analyses were carried out 
using SPSS (SPSS ®  20.0, Chicago, IL, USA). 
Unlike previous reports on this cohort  [  15,   16  ] , 
twinness was not included in the models since little 
or no effect on these descriptive data was antici-
pated. Nonparametric tests (chi-square, Mann-
Whitney U, and Kruskal-Wallis) were used to 
identify signi fi cant differences in the selected life-
style factors between age groups, to examine the 
age-related differences. One-way ANOVA was 
used for normal data.  P  values of <0.05 were con-
sidered statistically signi fi cant.  

   Results 

 Dietary calcium intake was relatively low [511 
(321,747)] mg/day (median, IQR)    and did not vary 
signi fi cantly with age (Fig.  5.2 ). The questionnaire 
used to calculate calcium assumes the questionnaire 
estimates 60 % of total dietary calcium. Taking this 
into account and that the daily recommended intake 
for most people is between 800 and 1,500 mg/day 
 [  18  ] , almost half of this age group was below the 
required dietary calcium intake.  

 The number of young women who reported 
ever consuming alcohol (de fi ned as12+ standard 

drinks ever) increased from 50 % in those less 
than 18 years to 93–99 % for the 18+ age groups 
( p  < 0.001: Fig.  5.3 ). Of those who consumed 
alcohol in the year prior to their visit, monthly 
intake doubled from under 18 years (5.7, 3.9, 
19.0; median, IQR) to 18+ years (12.0, 4.7, 26.0; 
 P  < 0.001) with the highest consumers being 
21–23 and 27–29 years (Fig.  5.4 ).   

 At age 15–17 years, 14 % reported ever smoking 
and by age 27–29, 51 % had smoked ( P  = 0.002). 
Under the age of 20 years, average cigarette con-
sumption (Fig.  5.5 ) in smokers was six cigarettes 
 [  4,   10  ]  per day, increasing to ten  [  2,   15  ]  at 20 years 
and older ( P  < 0.001). When looking at current 
smoking across the age subgroups, interestingly 
being a current smoker progressively increased 
from age 15 to 23 years of age (15 to 17 – 16.8 %, 
18 to 20 – 21.4 %, 21 to 23 – 25.0 %), then declined 
from 24 to 30 years of age (24 to 26 – 21.9 %, 27 to 
30 – 14.8 %;  P  < 0.001). Therefore, the oldest age 
group, 27–30 years, had the least current smokers of 
all ages.  

 Participation in sporting activity decreased pro-
gressively with age ( P  < 0.001): 47.5 % of 15–17-year-
olds undertook 4 or more hours of sport per week, 
compared with 23.5 % at age 27–29 years (Table  5.1 ). 
Conversely, sedentary behavior increased with age: 
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25.0 % of 15–17-year-olds reported 1 or less hour/
week of exercise compared with 50.0 % at age 27–29 
years. Changes in walking activity were complex, 
suggesting an increase with age (Table  5.2 ).   

 BMI increased progressively with age 
( P  = 0.011), the youngest group (15–17 years) 
having the lowest (21.3, 19.5, 23.6; median, IQR) 
and the oldest (27–29 years) having the highest 
(23.1, 21.5, 25.9) BMI (Fig.  5.6 ). Median BMI in 
all groups was within a normal range.  

 There was no difference in height between age 
groups. Weight (kg) followed the same trend 
as BMI, progressively increasing with age 
( P  = 0.027). Again the youngest age group (15–
17 years) was the lightest with mean weight 
60.0 kg and the oldest age group (27–30 years) 
was the heaviest at 66.2 kg.  

   Discussion 

 These  fi ndings demonstrate highly signi fi cant 
and generally adverse changes in health-related 
behavior in young women as they transition into 
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independent adult living. Many of these changes 
are predicted to impact adversely on bone and 
other health outcomes in later life. Indeed, stud-
ies of adolescent and young adult twins (age 

range 10–26 years) showed that the contribution 
of their shared environment to variance in bone 
mineral density (BMD) diminished dramatically 
as they started to live more independently in early 
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years and 20+ years       

   Table 5.1    Amount of sport (hours) played per week in the year prior to study visit   

 Age group (years) 

 Hours of sport per week in the year prior to visit 

 0–1  2–3  4–7  7+ 

 15–17  Count  59  65  57  55 
  % Within age group  25.0  27.5  24.2  23.3 
  % Within sport  20.7  30.0%  36.5  44.0 

 18–20  Count  76  40  26  21 
  % Within age group  46.6  24.5  16.0  12.9 
  % Within sport  26.7  18.4  16.7  16.8 

 21–23  Count  54  49  40  26 
  % Within age group  32.0  29.0  23.7  15.4 
  % Within sport  18.9  22.6  25.6  20.8 

 24–26  Count  62  45  24  16 
  % Within age group  42.2  30.6  16.3  10.9 
  % Within sport  21.8  20.7  15.4  12.8 

 27–30  Count  34  18  9  7 
  % Within age group  50.0  26.5  13.2  10.3 
  % Within sport  11.9  8.3  5.8  5.6 
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   Table 5.2    Number of hours spent walking per week in the year prior to study visit   

 Age group 
(years) 

 Hours of walking per week in the year prior to visit 

 0–1  2–3  4–7  7+ 

 15–17  Count  74  91  48  23 
  % Within age group  31.4  38.6  20.3  9.7 
  % Within walking  34.7  32.4  26.1  21.9 

 18–20  Count  44  58  43  18 
  % Within age group  27.0  35.6  26.4  11.0 
  % Within walking  20.7  20.6  23.4  17.1 

 21–23  Count  38  64  46  21 
  % Within age group  22.5  37.9  27.2  12.4 
  % Within walking  17.8  22.8  25.0  20.0 

 24–26  Count  42  48  32  25 
  % Within age group  28.6  32.7  21.8  17.0 
  % Within walking  19.7  17.1  17.4  23.8 

 27–30  Count  15  20  15  18 
  % Within age group  22.1  29.4  22.1  26.5 
  % Within walking  7.0  7.1  8.2  17.1 

adult life, when the contribution of environmen-
tal factors speci fi c to each individual became evi-
dent  [  19  ] . These observations are consistent with 
a change in the environmental sources of varia-
tion in BMD across this age range, and most of 
these environmental changes are likely to relate 
to the individuals’ lifestyle. As we demonstrate 
here, physical activity, cigarette smoking, and 

alcohol consumption, all potentially adverse for 
bone health inter alia, varied signi fi cantly in this 
cohort of young twins across the age range 15–30 
years. 

 There is a pressing need to improve understand-
ing of the determinants of these changes and to 
develop effective interventions to improve long-
term bone health and other outcomes in young 
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women. The  fi rst step towards achieving these 
goals is to engage effectively with young women. 
However, young people in particular are underrep-
resented in medical and population-based studies 
as they are highly mobile, and recruitment and 
retention are dif fi cult  [  2  ] . Traditional approaches 
to recruitment and retention of young women in 
health-related research seem unlikely to be fruitful 
in future, and it seems much more promising to 
engage with young women using the mobile and 
internet-based communication technologies with 
which they are so familiar and comfortable. 
Likewise, recruitment via SNS also is very appeal-
ing given their wide and almost universal reach in 
many countries, potential to recruit demographi-
cally representative samples where required, and 
the relatively modest cost of advertising via SNS. 
Our own group’s recent experience  [  14  ]  in recruit-
ing 16–25-year-old women for health research via 
 Facebook  was very positive. Over several months, 
we recruited 278 young women who completed an 
online health questionnaire, with approximately 
half choosing to do so at our study center and half 
remotely. Regional and remotely dwelling partici-
pants were well represented. The sample also was 
representative of the general population in this age 
range based on socioeconomic level and country 
of birth. Older subjects and those with a higher 
educational level were mildly overrepresented. 
Complete health questionnaire data were provided 
by >90 % of respondents. Among the results, self-
reported weight problems were a major concern, 
with 24 % of 16–17-year-olds, 33 % of 18–21-year-
olds, and 36 % of 22–25-year-olds classi fi ed as 
overweight or obese. Moreover, in a linear regres-
sion model, BMI increased by 0.29 kg/m 2  per year 
of increase in age ( P  < 0.01). In contrast, only 
5–7 % reported being underweight (BMI < 18.5). 

 The  Facebook  recruitment method also was 
highly cost-effective, costing only USD 20 per com-
pleting participant. Based on this experience, our 
group is pursuing  Facebook  recruitment, coupled 
with online and mobile data collection methods, in a 
range of observational health studies directed at 
young women. These methodologies also are read-
ily adaptable for intervention trials, particularly tar-
geting lifestyle and behavioral interventions in areas 
including nutrition, smoking cessation, physical 
activity, and sun exposure.  

   Conclusions 

 These  fi ndings demonstrate highly signi fi cant 
changes in behavior in young women as they 
transitioned into independent adult living. 
Many of these changes are predicted to impact 
adversely on bone and other health outcomes 
in later life. There is a pressing need to improve 
understanding of the determinants of these 
changes and to develop effective interventions 
to improve long-term bone health and other 
outcomes in young women. Our recent studies 
suggest that SNS and other information and 
communication technologies hold great prom-
ise for engaging young women in health 
research and ultimately for supporting health 
interventions in this demographic.      
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  Abstract 

 Sarcopenia is the age-related loss of muscle mass and strength, and the 
consequences include the loss of physical function leading to frailty and 
disability and to an increased risk of falls and therefore fractures and also 
mortality. Although age-related muscle loss starts at the age of 30 years, 
the causes are not yet well established. 

 Fat could in fl uence muscle mass through its integral association with 
muscle metabolism and in fl uence on myocellular membrane composition 
or indirectly through its effects on in fl ammation and insulin resistance. 
However, the association between the fat composition of the diet and the 
skeletal muscle mass has not been previously investigated in a general 
population. Therefore, we investigated this in 2,689 female twins aged 
18–79 years calculated using a Food Frequency Questionnaire (FFQ). 
Body composition was measured using dual-energy X-ray absorptiometry, 
and indexes of skeletal muscle mass, fat-free mass (FFM), and fat-free 
mass index (FFMI, weight/height 2 ) were calculated according to quintile 
of dietary fat and also adjusted for covariates. Associations per quintile 
were compared with 10 years of age. 

 FFM and FFMI were signi fi cantly and positively associated with the P:S 
ratio and inversely associated with total fat, saturated fatty acids, monoun-
saturated fatty acids, and trans-fatty acids, as a percentage of energy. 
Comparisons of quintile associations versus those of 10 years of age ranged 
from 72 % for FFM for the P:S ratio to 95 % for total dietary fat. 

 Both dietary total fat load and fatty acid composition were associated 
with skeletal muscle mass. Although the scales of the associations were 
relatively small, they were signi fi cant after multivariate adjustment. These 
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novel  fi ndings are suggestive that a fat pro fi le that is already associated 
with CVD protection may also be bene fi cial for conservation of skeletal 
muscle mass.  

  Keywords 

 Sarcopenia  •  Age-related muscle loss  •  Nutrition  •  Dietary fat composition  
•  Saturated fatty acids  •  Monounsaturated fatty acids  •  Trans-fatty acids  
•  P:S ratio  •  Mechanisms      

   Introduction 

   Sarcopenia and Its Consequences 

 Sarcopenia is the age-related loss of muscle mass 
and strength associated with aging  [  1  ] . The preva-
lence ranges from 9 to 18 % in those over the age 
of 65 years  [  2  ] . Estimated current costs of sar-
copenia in the USA are $18.5 billion ($10.8 bil-
lion in men, $7.8 billion in women), about 1.5 % 
of total health-care expenditure  [  2,   3  ] . Although 
the range for these estimated costs for sarcopenia 
is between $11.8 and $26.2 billion, the health-
care costs amount to $860 for every sarcopenic 
man and $933 for every sarcopenic woman. 

 The consequences of the loss of muscle mass 
are the gradual loss of metabolically active tis-
sue, a decline in energy expenditure, and the loss 
of physical function leading to frailty and disabil-
ity  [  4–  7  ] . Conservation of skeletal muscle mass 
is important in preventing falls and fractures as it 
is positively associated with bone density. In 
addition to its role in maintaining balance, mus-
cle mass may also act as a protective barrier to 
reduce the impact of falls  [  8–  11  ] . Sarcopenia, or 
loss of muscle mass, is also associated with 
increased rates of mortality in older age  [  12  ] . 

 In addition to the direct estimated costs of sar-
copenia, sarcopenia contributes to fractures 
(through the impact on falls) which are a major 
public health problem costing £2.3 billion/year in 
health and social care in the UK alone and $17 
billion/year in the USA  [  13,   14  ] . 

 The age pro fi le of western populations is 
increasing within the UK with an almost dou-
bling from the current number of over 65-year-
olds, which is 10–19 million in 2050. Additionally, 
of those 19 million, 6 million will be over the age 
of 80 years  [  15  ] . Consequently there will be 

future increases in the rates of sarcopenia and its 
associated costs. 

 The age-related loss of muscle mass is gradual 
and starts as early as the age of 30, increasing to 
greater rates of loss of around 1–2 % per year 
from the age of 50 years; see also Fig.  6.2  for an 
example  [  16  ] . Muscle strength also declines with 
age (Fig.  6.1 )  [  17  ] . However, the mechanisms and 
role of the environment in muscle loss are not 
well understood. Given the issues with the loss of 
muscle mass with age, it is important to under-
stand how preventative measures can be made.    

   Relationship Between Skeletal Muscle 
Mass and Strength 

 Muscle loss is a highly important component of 
sarcopenia. Muscle loss is highly correlated with 
muscle strength; high correlations between total 
leg lean mass and muscle strength have been 
observed (between  r  = 0.60 and  P  < 0.001 and 
 r  = 0.98 and  P  = 0.001) suggesting that lower 
extremity muscle mass is an important determinant 
of functionally limited older people (Fig.  6.3 )  [  18,   19  ] . 
The remainder of this chapter focuses on the rela-
tionship between nutrition and muscle mass.   

   Association Between Nutrition 
and Muscle Mass 

 Rates of sarcopenia vary throughout populations, 
and given that the environment is likely to in fl uence 
loss of muscle, nutrition has the potential to in fl uence 
age-related loss of muscle mass  [  1,   20,   21  ] . Nutrients 
are integral to skeletal muscle metabolism, but 
although associations between protein and muscle 
are well established, the association between the fat 
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composition of the diet and the muscle mass in 
populations has only previously been studied in a 
small population, for saturated fatty acids (SFA) 
 [  22–  29  ] . The fat composition of the diet varies con-
siderably in quantity, in percentage of energy, and 
in fatty acid pro fi le and could potentially in fl uence 
muscle mass,  fi rstly through its integral association 
with muscle metabolism and in fl uence on myocel-
lular membrane composition and secondly, indi-
rectly, through its effects on in fl ammation and 
insulin resistance  [  22,   30–  37  ] . 

 Fat in the form of fatty acids is the major source 
of energy for resting and working muscle through 

mitochondrial beta oxidation  [  33,   35,   36  ] . Long-
chain fatty acids are an important substrate for 
ATP production within skeletal muscle, with exer-
cise-induced fatty acid entry into cells principally 
regulated by the proteins fatty acid translocase 
(FAT/CD36) and fatty acid-binding protein 
(FABPpm), although the contribution of fat to 
oxidative metabolism declines at high intensities 
of exercise  [  30,   33–  35,   38  ] . Non-esteri fi ed fatty 
acids (NEFA) are transferred from adipose tissue 
via plasma lipids, and skeletal muscle is a net 
 consumer of fatty acids  [  22,   35,   36  ] . Fatty acids 
are oxidized differentially with evidence from 
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 whole-body studies indicating that oleic and unsat-
urated fatty acids are oxidized preferentially over 
saturated fatty acids (SFA)  [  31,   32,   37,   39,   40  ] . 
Also in vitro, eicosapentaenoic acid (EPA) increases 
fatty acid oxidation in myotubules  [  41,   42  ] . 

 Fats are also an integral component of cell 
membranes, and as with other membranes, diet and 
muscle phospholipid composition have been asso-
ciated in human and animal studies  [  31,   37,   43–  50  ] . 
There is also a signi fi cant relationship between 
the composition of circulating plasma and RBC 
lipids and that of muscle  [  51  ] . The different 
types of dietary fatty acids could affect mem-
brane  fl uidity and rigidity and potentially the 
positioning of proteins and lipid messengers and 
cellular signaling within the membrane. They 
could also affect levels of muscle ceramide, dia-
cylglycerol, triacylglycerol, and acylcarnitines 
 [  37,   52,   53  ] . The total amount of fat in the diet 
may also in fl uence muscle mass through a num-
ber of mechanisms including decreased hepatic 
and skeletal muscle oxidative capacity and, in 
energy balance situations, by increasing the  fl ux 
of fatty acids through skeletal muscle for 
 oxidation  [  54–  58  ] . 

 In fl ammation is one established mechanism for 
muscle loss where increased circulation of 

in fl ammatory cytokines such as TNF- a  has been 
associated with loss of muscle mass in elderly 
people  [  59  ] . The fat composition of the diet also 
has the capacity to in fl uence in fl ammation through 
a number of direct (as precursors of eicosanoids) 
or indirect mechanisms with trans-fatty acids 
(TFA) and saturated fatty acids (SFA) being con-
sidered pro-in fl ammatory and the polyunsaturated 
fatty acids (PUFA), particularly the  n  − 3 and  n  − 6 
fatty acids, being considered anti-in fl ammatory 
 [  41,   60–  72  ] . Speci fi c actions of  n  − 3 PUFA have 
been identi fi ed either during acute muscle loss 
(cachexia) or in normal older subjects, suggesting 
 n  − 3 PUFA may attenuate protein degradation and 
positively in fl uence protein synthesis  [  73–  78  ] . 

 Insulin resistance may play a role in age-
related muscle loss since insulin is key in the 
regulation of skeletal muscle synthesis and deg-
radation and insulin resistance is also associated 
with a number of catabolic diseases including 
cachexia (acute muscle loss)  [  79,   80  ] . 

 The remainder of this chapter  fi rstly explores 
population intakes of dietary fat and describes 
intakes of fatty acids within the UK and secondly 
reports on a study investigating the associations 
between dietary fat composition and fat-free 
mass in a population of UK women.   
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   Population Intakes of Fat 
and Cardiovascular Guidelines 

 Dietary fat and fat composition are established risk 
factors for cardiovascular disease (CVD) risk. The 
dietary guidelines recommend reducing total, satu-
rated, and trans fat and replacing saturated fat with 
polyunsaturated fats  [  81  ] . Dietary recommenda-
tions within the UK suggest that dietary fat should 
be below 35 % of energy intake, saturated fat below 
11 %, and trans fat 2 %  [  82  ] . However, a recent UK 
wide government survey indicates that while total-
fat and trans-fat intake met the recommendations, 
saturated fat intake did not. Mean intakes for fat 
were 32.9 % of food energy, were 12.8 % for SFA, 
and were 0.7–0.9 % for TFA  [  82  ] . These  fi gures are 
largely in agreement with, although a little lower 
than, a previous government survey in a low-
income population with intakes in women aged 
50–64 years being fat as percent energy of 35 %, 
SFA 13.6 %, and TFA 1.2 %  [  82,   83  ] . 

 The pro fi le of dietary fat composition is depen-
dent on the fat composition of the types of foods 
consumed. The contribution of different food 
types to fat intake in the recent government sur-
vey indicates that three food groups contribute to 
59 % of fat intake in women (meat and meat 
products, cereals and products, and milk and milk 
products), and these same three groups also con-
tribute the most to total saturated fat intake 
(Figs.  6.4  and  6.5 )  [  82  ] . However, for PUFA 

intake, vegetables and vegetable products replace 
milk and milk products as one of the top three 
contributors (Fig.  6.6 ).     

   A Population Study of Dietary Fat 
and Muscle Mass 

 Since loss of muscle mass is one aspect of the 
development of sarcopenia, we investigated the 
association of muscle mass with dietary fat intake. 
The purpose of this study was to investigate the 

Sugar and sugar
products

3 %

Fish and eggs and
dishes

9 %

Vegetables and
potatoes

10 % Fat
spreads

10 %

Creals and
products

20 %

Meat and
products

25 %

Other
9 %

Milk and
products

14 %

  Fig. 6.4    Percentage contribution of foods to total fat 
intake in UK women aged 19–64 years (Based on data 
from Ref.  [  82  ] )       

Eggs and fish and
dishes

7 %
Sugar and
products

5 %

Vegetables and
potatoes

7 %

Fat spreads
10 %

Milk and
products

22 %

Meat and
products

24 %

Other
6 %

Cereals and
products

19 %

  Fig. 6.5    Percentage contribution of foods to total saturated 
fat intake in UK women aged 19–64 years (Based on 
data from Ref.  [  82  ] )       

Fish and eggs
and

dishes
9 %

Savoury snacks
3 %

Vegetables and
potatoes

20 %

Fat spreads
15 %

Meat and
products

19 %

Milk and
products

3 %

Other
9 %

Cereals and
products

20 %

Fruit and nuts and
seeds
2 %

  Fig. 6.6    Percentage contribution of foods to polyunsaturated 
fat intake in UK women aged 19–64 years (Based on 
data from Ref.  [  83  ] )        

 

 



76 A.A. Welch

fat composition of the diet and indexes of muscle 
mass in a cohort of healthy free-living women to 
determine whether the fat composition of the diet 
could in fl uence total muscle mass. We hypothe-
sized, on the basis of available evidence, that 
muscle mass would be higher in those who con-
sumed diets higher in PUFA and lower with 
greater consumption of SFA and TFA. We also 
investigated the P:S ratio. 

   Methods and Results 

 We studied the associations between body com-
positions (fat-free mass (FFM) and fat-free mass 
index (FFMI, weight/height 2 )) measured using 
dual-energy X-ray absorptiometry in 2,689 women 
aged 18–79 years from the Twins UK Study  [  84  ] . 
We calculated the indexes of skeletal muscle mass 
according to quintile of dietary fat composition 
(from a Food Frequency Questionnaire) after 
adjustment for covariates. The Twins UK registry 
is a study of healthy, mainly female, twins who 
have undergone extensive clinical assessments for 
a range of age-related characteristics. A decision 
was made a priori to analyze the data as a single-
ton population and this group and has been shown 
to be representative of adult singleton populations 
in the UK for both diet and other characteristics 
 [  85,   86  ] . In this study, only those with complete 
data for body composition, validated health and 
lifestyle questionnaires, and clinical assessments 
between 1996 and 2000 were included. Ethical 
approval was obtained from St Thomas’s Hospital 
Research Ethics Committee with informed con-
sent from all participants. 

 Dietary intake was calculated using a validated 
semiquantitative Food Frequency Questionnaire 
(FFQ)  [  87,   88  ] . Fatty acids were derived from a 
database based on published analytic data for fatty 
acids with a small amount of additional data from 
other European national food composition data-
bases  [  87,   88  ] . Total fat intake and fatty acids 
were calculated as a percentage of total energy 
intake and used in the analyses. 

 In multivariate statistical analysis, using Stata 
software, the models were adjusted for age, physi-
cal activity, energy intake, energy intake to predicted 

energy expenditure (to account for potential misre-
porting), smoking habit and fat mass, and, in a fur-
ther model, also for percentage protein intake. The 
robust regression cluster option was used in Stata to 
control for potential familial aggregation. This 
method is designed to account for potential bias 
within the data and to adjust estimates accordingly. 

 The mean age of the women was 48 years (with 
50 % over the age of 50 years), BMI was 24.9 kg/
m 2 , mean fat-free mass (FFM) was 31.6 kg, and fat-
free mass index (FFMI) was 15.0 kg/m 2 . The popu-
lation were predominately physically active (78 %), 
and 18.4 % were current smokers. Fat intake as a 
percentage of energy was 31.4 % with SFA com-
prising the greatest proportion of energy (11.7 %), 
followed by MUFA (10.3 %), PUFA (6.4 %), TFA 
(1.1 %), and total  n  − 3 PUFA (0.6 %). 

 FFM and FFMI were signi fi cantly and positively 
associated with the P:S ratio and inversely associ-
ated with total fat, SFA, MUFA, and TFA as a per-
centage of energy. Differences between extreme 
quintiles of fat intake were 0.6 kg ( P  = 0.004) for 
FFM, 0.28 kg/m 2  ( P  < 0.001) for FFMI for fat as a 
percentage of energy, and 0.7–0.8 kg for FFM ( P  all 
<0.01) and 0.26–0.38 kg/m 2  ( P  all  £ 0.001) for 
FFMI, for SFA, MUFA, and TFA intakes. 
Differences for the P:S ratio were 0.6 kg ( P  = 0.003) 
for FFM and 0.25 kg/m 2  ( P  = 0.012) for FFMI. 

 To further understand the scale of these associa-
tions with muscle mass and fat intake, we compared 
them with that of 10 years of age (an estimate of the 
population decline in muscle mass over a 10 year 
period, a decade). We calculated the association 
with diet to 10 years of age for FFM and FFMI, as a 
percentage. From this calculation, the association 
for total fat and FFM was 95 % of the association 
with 10 years of age and for FFMI was 150 % of the 
association. For SFA, the corresponding  fi gures 
were 90 % for FFM and 140 % for FFMI and for the 
P:S ratio were 72 and 115 %, respectively.   

   Discussion 

 We believe this to be the  fi rst large-scale cross-
sectional study to investigate the associations 
between detailed dietary fat composition and 
measures of muscle mass using a precise method 
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of assessing body composition, DXA. Signi fi cant 
associations between dietary fat composition and 
FFM and FFMI in women aged 18–79 years were 
found. A higher P:S ratio was associated with 
higher FFM and FFMI suggestive of muscle con-
servation, and conversely, total fat % energy, 
SFA, MUFA, and TFA were lower suggesting 
muscle loss. The differences between extreme 
quintiles of intake were signi fi cant after adjust-
ment for the known in fl uences on muscle mass of 
physical activity and smoking behaviors and also 
after adjustment for energy intake, potential mis-
reporting, and protein intake. Though these dif-
ferences between extreme quintiles of fat appear 
relatively small in relation to the associations per 
decade, they ranged from 72 % for the P:S ratio 
and FFM to 95 % for total percentage fat and 
from 115 % for the P:S ratio to 150 % for total 
percentage fat for FFMI. 

 Compared with UK population studies, intakes 
in the female population in our study were simi-
lar. However, fat % energy was lower 31.4 % ver-
sus 32.9 %, and SFA intake was also 1.1 % lower 
in our study and was within the suggested guide-
lines for CVD of 35 % for total fat and 12 % for 
SFA, respectively. TFA intake in our study was 
1.1 % and higher than in the recent UK govern-
ment survey, but this likely re fl ects time trends, 
since food manufacturers have been gradually 
reducing the TFA content of foods. The TFA 
intakes in our study re fl ect intakes prior to the 
reductions that have recently occurred. 

 The strengths of this study include the large 
sample size, the wide age range of our par-
ticipants, and the objective assessment of body 
composition by DXA. The population    are also 
representative of singleton populations for both 
diet and other characteristics  [  85  ] . Apart from one 
smaller population study that only investigated 
saturated fat and muscle mass, we are unaware of 
other studies with detailed fatty acid intakes and 
muscle mass  [  24  ] . The limitations of our study are 
that as with any cross-sectional study design, no 
causal associations can be made and we cannot 
exclude the possibility of residual confounding, 
despite adjusting for confounders known to be 
associated with muscle mass. We used a validated 
FFQ, and although there are limitations with fatty 

acid databases, due to the temporal changes to 
the composition of the oils and fats used in food 
 manufacture, our database was derived around 
the time the FFQs were completed by the study 
 subjects  [  89  ] . 

 While further studies are required to con fi rm 
these cross-sectional  fi ndings, dietary modi fi -
cations to UK total fat intake that would achieve 
the current UK CVD dietary guidelines would 
include reducing consumption of high-fat-con-
taining foods that contribute the most to fat 
intake, e.g., full fat milk and products, cakes, 
pies, pastries and biscuits, and meat and meat 
products, and potentially replacing animal prod-
ucts (milk- and meat-based products) with vege-
table-based sources; see Figs.  6.4  and  6.5   [  90  ] . 
These modi fi cations would also reduce intakes of 
saturated fats and may also be bene fi cial for pre-
vention of muscle loss.  

   Conclusions 

 In conclusion, we found associations between 
total percentage dietary fat and individual fatty 
acid pro fi le and indexes of skeletal muscle 
mass in women aged 18–79 years. Although 
the scales of the associations were relatively 
small, they were signi fi cant after accounting 
for the known in fl uences on muscle mass of 
age, physical activity, and smoking habit and 
also for total energy, for protein intake, and for 
potential dietary misreporting. 
  The novel  fi ndings from this cross-sectional 
study are suggestive that a fat pro fi le that is 
already associated with CVD protection may 
also be bene fi cial for conservation of skeletal 
muscle mass. Our data indicate that fat intake is 
likely to be relevant for muscle mass at all ages. 
These  fi ndings deserve further investigation in 
prospective studies and intervention trials.      
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  Abstract 

 Body weight impacts on both bone turnover and bone density and is there-
fore an important risk factor for vertebral and hip fractures, ranking in 
importance alongside that of age. The effect of body weight is probably 
contributed to by both fat mass and lean mass, though in postmenopausal 
women, fat mass has been more consistently demonstrated to be impor-
tant. A number of mechanisms for the fat-bone relationship exist and 
include the effect of soft tissue mass on skeletal loading and the associa-
tion of fat mass with the secretion of bone-active hormones from the 
 pancreatic beta cell (including insulin, amylin, and preptin). Insulin circu-
lates in increased concentrations in obesity and exerts anabolic effects on 
bone. The adipocyte is also an important source of factors that act as cir-
culating regulators of bone metabolism. These include estrogens and the 
adipokines, leptin, and adiponectin. Leptin acts directly on bone cells, and 
in some experimental models, these effects are modi fi ed by its actions on 
the central nervous system, which impact on appetite, body weight, and 
insulin sensitivity. Adipokine levels correlate with bone turnover, suggest-
ing that they dynamically in fl uence bone metabolism. In postmenopausal 
women they may be among the principal regulators of bone turnover, 
accounting for their increasing importance as determinants of bone den-
sity with age. Of the adipokines, adiponectin appears to have the strongest 
relationships with bone parameters in postmenopausal women. 

 This area of research has provided important insights in bone biology. 
Its greatest importance, however, is to emphasize the critical role that 
weight maintenance plays in osteoporosis prevention.  

      Relationships Between Body Fat 
and Bone Mass       

     Ian   R.   Reid           
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   Introduction 

 Osteoporosis has long been characterized as a 
problem af fl icting small, thin, elderly women. 
The advent of axial bone densitometry in the 
1980s allowed the relationship between body 
weight and bone density to be quanti fi ed, and the 
expected positive relationship was found. This 
has now resulted in a substantial literature in 
which a wide variety of measures of skeletal 
health have been assessed in relation to a similar 
diversity of soft tissue assessments. This explo-
sion of the clinical literature has been mirrored in 
a large number of laboratory studies seeking to 
understand the pathways which link soft tissue 
mass to skeletal health. As the diversity of inves-
tigations has increased, this has sometimes 
obscured, rather than clari fi ed, the key observa-
tion, which is that thin people have low bone den-
sity and more fractures.  

   Soft Tissue Mass Is Positively 
Related to Bone Density 

 Many investigators have consistently shown a 
positive relationship between bone density 
throughout the skeleton and either body weight or 
body mass index (BMI) (Fig.  7.1 )  [  2–  5  ] . With 
advances in dual-energy X-ray absorptiometry 
(DXA), it has become straightforward to assess 
fat mass and lean mass separately, and typical 
results for such analyses in postmenopausal 
women are shown in Fig.  7.2 . As is demonstrated 
here, both fat mass and lean mass are positively 
related to bone density. These cross-sectional rela-
tionships are mirrored in the  fi ndings of longitudi-
nal studies, in which changes in bone density over 
a decade in postmenopausal women are found to 
be impacted on by baseline fat mass and by 
changes in fat mass  [  6  ] . Thus, women with higher 
fat mass at baseline and who have gained in fat 
mass over time have slower rates of bone loss.   

 The relationship between fat mass and bone 
density tends to be most marked in  postmenopausal 
women  [  7  ] . We have found it also to be detect-
able in premenopausal women  [  8  ]  but to be fur-
ther attenuated in premenopausal women who 
exercise regularly  [  9  ] . In men, the effect is less 
obvious, and once correction has been made for 
skeletal size (which impacts on DXA measure-
ments of bone mineral density [BMD] and on lean 
mass), the effect of fat may be lost altogether  [  8  ] . 
These gender differences are not surprising since 
sex hormones have a profound impact on soft 
tissue composition as well as on skeletal mass. 
Thus, if fat mass positively impacts on bone mass 
in the absence of sex hormones, the introduction 
of testosterone will tend to reduce this associa-
tion through its anabolic effects on bone, while its 
effects on fat mass are quite the opposite. Thus, 
any underlying relationship will be obscured. The 
introduction of estrogen will also have positive 
effects on bone mass without directly reducing fat 
mass, so a fat/bone relationship is still present in 
premenopausal women, though attenuated. The 
introduction of regular exercise is somewhat simi-
lar to the effects of androgen, in that it increases 
bone mass and leads to a reduction in fat mass. 
These biological considerations account for some 
of the diversity of  fi ndings in the literature. 

 This diversity is probably also contributed to 
by the use of different techniques for the assess-
ment of bone and soft tissue. For instance, DXA 
measures areal bone density, which is inherently 
positively associated with skeletal size. 
Measurements of true volumetric BMD by quan-
titative CT scanning do not have this problem of 
colinearity. Different DXA softwares may have 
subtle differences in the separation of lean and 
fat masses, which may contribute to diversity of 
outcomes in clinical studies. Other techniques, 
such as bioimpedance analysis may separate fat 
and lean tissues quite differently from DXA, and 
thus result in the  fi nding of different relation-
ships. Some investigators have used cross- 
sectional measurements of fat area rather than 

  Keywords 
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inferring the actual mass of adipose tissue from 
DXA scans, and again it would not be surprising 
if different relationships emerged from these 
analyses.  

   Soft Tissue Mass and Fractures 

 Numerous epidemiological studies have shown 
low body weight to be a risk factor for fractures. 
A number of these studies were meta-analyzed 

by de Laet, who demonstrated that each unit of 
increase in BMI diminished total fracture risk 
by 2–3 %, with similar effects being found in 
men and women  [  10  ] . For hip fractures, the 
dependence on BMI was more dramatic, with 
fracture risk declining 7 % for each unit increase 
in BMI. When these analyses were adjusted for 
individuals’ BMD, the protective effect of BMI 
on total fracture risk was eliminated, imply-
ing that BMI prevented fractures by increasing 
BMD. However, for hip fractures, there was 
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  Fig. 7.1    Dependence of total hip bone mineral density (in 
g/cm 2 ) on weight and BMI in 1,462 normal postmeno-
pausal women from the Auckland Calcium Study  [  1  ] . “ r ” 

is the Pearson correlation coef fi cient (Copyright I.R. Reid, 
used with permission)       
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  Fig. 7.2    Dependence of total hip bone mineral density 
(in g/cm 2 ) on fat mass and lean mass (all determined with 
dual-energy X-ray absorptiometry, in the same cohort as 

that in Fig.  7.1 . “ r ” is the Pearson correlation coef fi cient 
(Copyright I.R. Reid, used with permission)       
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still a residual, though attenuated, protective 
effect of BMI, implying a non-BMD-mediated 
mechanism. The direct shock-absorbing capac-
ity of subcutaneous fat overlying the greater tro-
chanter is likely to be at least part of this effect, 
though the independent effect of height as a 
risk factor for hip fracture may also be involved 
in the persistence of a BMI effect after adjust-
ment for BMD. This marked dependence of hip 
fracture risk on body weight may account for 
the falling hip fracture rates observed in many 
Western countries over the last decade. A study 
of Chinese men has attempted to dissect out the 
independent effects of fat mass and lean mass on 
the risk of vertebral fracture and found a more 
marked protective effect from high fat mass 
compared with lean mass  [  11  ] . 

 This body of data has led to the assumption 
that fractures are a low health priority in the 
overweight and elderly. However, with the 
steadily climbing incidence of obesity combined 
with similar trends in longevity, there are now 
substantial numbers of fractures occurring in 
individuals with high BMI. Thus, Compston 
et al.  [  12  ]  have recently demonstrated, in a prac-
tice-based study, that a quarter of postmeno-
pausal women with fractures were obese. Their 
analysis further showed that obesity may impact 
differently on various types of fractures. In par-
ticular, they observed that obesity is a risk factor 
for ankle fractures, implying that increased pro-
pensity to fall or altered fall mechanics in the 

obese may be contributing to this effect. These 
 fi ndings justify a closer look at the relationships 
between BMI and fracture risk in the de Laet, 
population-based analyses. While their  fi ndings 
have typically been interpreted as showing a lin-
ear relationship between fracture risk and BMI, 
in fact, the original publication demonstrates 
only a weak relationship between fracture risk 
and BMI in the overweight and obese, in contrast 
to a dramatic rise in fracture risk when the BMI 
is less than 25 (Fig.  7.3 ). Thus, the general con-
clusion that obesity is protective against fracture 
should be recast as a statement that “fracture risk 
rises steeply as BMI decreases below 25.”   

   Methodological Considerations 
in Separating Fat and Lean Effects 

 The  fi nding of a positive relationship of bone 
density with both fat mass and lean mass, together 
with the knowledge that these two entities are 
correlated with one another, has led to the use of 
multiple regression analysis to determine whether 
fat and lean masses have independent effects on 
bone density. The correlation between fat mass 
and lean mass is usually between 0.3 and 0.4, 
which should not violate the assumption regard-
ing the independence of variables entered into a 
multiple regression analysis, so we have used this 
technique in a number of our previous studies. 
This has demonstrated that, in postmenopausal 
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  Fig. 7.3    Relative risk of 
fracture in relation to BMI 
(kg/m 2 ) for almost 60,000 
men and women from 12 
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adjusted for age and duration 
of follow-up (Reprinted from 
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women, the relationship between body weight 
and bone density is substantially driven by fat 
rather than lean mass, with attenuation of the fat 
effect in premenopausal women and, to an even 
greater degree, in men  [  7,   8  ] . However, some 
investigators have chosen to enter both fat mass 
and body weight or fat mass and BMI into the 
same multiple regression analysis. The correla-
tions between fat mass and these other variables 
are greater than 0.9 indicating that there will be a 
substantial problem of colinearity between the 
supposedly “independent” variables  [  13  ] . This 
violates the assumptions that underpin multiple 
regression analysis and will lead to completely 
misleading  fi ndings. This can be demonstrated 
using the data presented in Figs.  7.1  and  7.2 . If 
we pose the question as to how fat mass and 
lean mass impact on bone density, independent 
of weight, and enter all three of these variables 
into the multiple regression analysis, we  fi nd 
that total hip BMD is directly related to weight, 
but inversely related to both fat mass and lean 
mass  [  13  ] . Interpreted in a clinical context, this 
would indicate that we should be encouraging 
our patients to maximize their weight while 
minimizing their fat mass and lean mass. This is 
obviously impossible and the ridiculousness of 
this  fi nding simply illustrates that if we perform 
analyses that ignore the mathematical rules on 
which multiple regression analysis is founded, 

nonsense will result. However, many investiga-
tors have committed this error and have wrong-
fully concluded that fat mass is inversely related 
to bone density, because they have adjusted 
their analyses for either body weight or BMI. 
All such analyses are  fl awed and lead to the 
generation of completely inappropriate advice 
to patients. 

 Another way of carrying out these analyses 
which does not depend on the complicated tech-
nique of multiple regression analysis is simply to 
express either fat or lean mass as a percentage of 
total body weight. When these analyses are car-
ried out in the same cohort of postmenopausal 
women, we  fi nd that percent fat is  positively  
related to hip bone density, whereas percent lean 
is inversely related to hip bone density (Fig.  7.4 ) 
 [  13  ] . This is giving essentially the same informa-
tion as the multiple regression analysis but with-
out the same mathematical assumptions and 
demonstrates the importance of adequate fat mass 
to optimal skeletal health in postmenopausal 
women.   

   Central Versus Peripheral Fat 

 In recent years it has become possible to assess 
both abdominal and visceral fat masses and to 
contrast their metabolic effects and associations 

1.5

1.0

0.5

To
ta

l h
ip

 B
M

D
1.5

1.0

0.5

To
ta

l h
ip

 B
M

D

0 20 40
Percent fat

60 80

r = 0.20 P < 0.0001

20 40 60

Percent lean

80 100

r = –0.30 P < 0.0001

  Fig. 7.4    Relationships between total hip bone mineral 
density (in g/cm 2 ) and fat mass and lean mass, each 
expressed as a percentage of body weight, in the cohort of 

postmenopausal women presented in Fig.  7.1  (Copyright 
I.R. Reid, used with permission)       

 



88 I.R. Reid

with either appendicular or subcutaneous fat. 
A number of investigators have demonstrated 
that both visceral and subcutaneous fat are posi-
tively correlated with bone density  [  14  ] , though 
in some studies the relationship between bone 
mass and visceral fat was weaker, not reaching 
signi fi cance  [  15  ] . However, many investigators 
have adjusted these analyses for either subcuta-
neous fat mass or for total body fat. The correla-
tion between subcutaneous fat and visceral fat is 
of the order of 0.7  [  15  ] , again raising the major 
problem of colinearity in these analyses, which 
invalidates the conclusions drawn. It is a major 
experimental challenge to dissociate the effects 
of subcutaneous and visceral fat on bone density, 
and at the present time, there are no data which 
satisfactorily do this. At present it can be stated 
that visceral fat is positively related to bone den-
sity, though in some studies more weakly so than 
the effects seen with total body fat. Yamaguchi 
has demonstrated that men without vertebral 
fractures have higher visceral adipose fat mass 
than those with fractures  [  14  ] , suggesting that the 
relationships are similar to what has been 
observed for total fat mass.  

   Mechanisms of the Fat-Bone 
Connection 

 When the association between fat mass and bone 
mass was  fi rst observed, its mechanism was quite 
unclear since adipose tissue was widely regarded 
as an inert depot for energy storage. As a result, 
fat mass was thought to in fl uence the skeleton 
simply by increasing skeletal load. While this 
is no doubt a contributor, the clinical studies 
reviewed above show similar correlations of 
weight-bearing and non-weight-bearing bones 
with indices of adiposity. Therefore, other expla-
nations are required, and endocrine connections 
between adipose tissue and bone have received 
the most attention. It is now clear that the adipo-
cyte directly secretes cytokines and hormones 
and indirectly affects the function of a number of 
other endocrine glands. Thus, we have moved 
from a dearth of explanations to a plethora, and 

the challenge at present is to discern which of the 
potential mechanisms are the most important. 

   Adipocyte Hormones 

 The adipocyte has long been recognized as a site 
of estrogen production from adrenal androgen 
precursors. This is probably most important in 
postmenopausal women and may be one of the 
reasons why fat and bone are most consistently 
associated in this group. The adipocyte is also a 
site of production of interleukin-6, which is 
known to be bone active, and it produces a num-
ber of putative hormones, the function of which 
is unclear (e.g., resistin). However, the two most 
investigated hormonal products of the adipocyte 
are leptin and adiponectin. 

 The  leptin -bone literature is effectively divided 
into two. There are a number of studies which 
have assessed the action of leptin directly on 
bone. These studies have established that the lep-
tin receptor is present on osteoblasts  [  16,   17  ] , that 
leptin directly stimulates osteoblast proliferation 
and inhibits osteoclastogenesis  [  17–  20  ] , and that 
systemic administration of leptin to animals and 
humans increases bone mass  [  16,   17,   21–  25  ] . Set 
against this is a suite of studies, many from the 
Karsenty laboratory, which have assessed the 
effects of leptin administered into the third ven-
tricle of mice. Centrally administered leptin 
results in bone loss, and considerable effort has 
been invested into delineating the mechanisms 
that underpin this  [  26,   27  ] . However, it is often 
overlooked that central administration of leptin 
results in a profound loss in body weight as a 
result of diminished appetite, and this loss in body 
weight in turn results in reduced peripheral leptin 
levels and reduced circulating insulin levels, both 
of which decrease anabolic effects on bone  [  28–
  30  ] . Indeed, it has been shown that caloric restric-
tion alone results in signi fi cant reductions in bone 
density  [  31,   32  ] . Thus, these two sets of experi-
ments (central versus peripheral administration) 
are not necessarily contradictory. It should be 
remembered, however, that in normal human 
physiology, leptin is produced systemically in 
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adipocytes, including the adipocytes in bone mar-
row, so it will have direct access to bone cells. 
The fact that most studies of systemic administra-
tion result in  increases  in bone mass in both ani-
mals and humans indicates that the direct anabolic 
effects of leptin usually outweigh its negative 
indirect effects on bone mass, mediated through 
its central nervous system receptors. These rela-
tionships are set out in Fig.  7.5 .  

  Adiponectin  is a 28-kDa protein secreted from 
the adipocyte, whose circulating levels are 
inversely related to fat mass. Its actions on bone 
cells have been studied, producing con fl icting 
results (reviewed in Williams et al.  [  33  ] ). There 
is evidence that it inhibits osteoclastogenesis. 
However, it stimulates osteoblast differentiation; 
binds some growth factors, which might reduce 
bone formation; and is an insulin sensitizer, so it 
reduces circulating insulin levels. Further, 
 adiponectin circulates in a number of different 
molecular forms, which have differing biological 
properties, so this might contribute to some of the 
diversity of results that has been found. However, 
it is now clear that in the adiponectin knockout 
mouse, bone mass is increased  [  33  ] , suggesting 

that the net effect of this hormone is to reduce 
bone mass. This is consistent with clinical studies 
which show bone mass to be inversely related to 
circulating adiponectin levels  [  34,   35  ] .  

   Pancreatic  b -Cell Hormones 

 Obesity is associated with hyperinsulinemia, and 
insulin has been shown to directly stimulate pro-
liferation of osteoblasts in vitro  [  36  ]  and bone 
formation in vivo  [  37  ] . In vivo, insulin has other 
actions relevant to bone physiology, through 
reducing hepatic production of sex hormone-
binding globulin (thus increasing free sex hor-
mones) and through directly stimulating ovarian 
estrogen production in premenopausal women. 

 The pancreatic  b -cell also produces amylin, a 
peptide related to calcitonin gene-related peptide, 
which has calcitonin-like effects on bone resorp-
tion  [  38  ] , and also is anabolic to osteoblasts  [  39  ] . 
A further product of the pancreatic  b -cell is prep-
tin, a fragment of the IGF2 precursor, which itself 
is anabolic to osteoblasts  [  40  ] . Thus, the pancre-
atic  b -cell produces a trio of bone-active peptides 
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  Fig. 7.5    Possible mecha-
nisms for central leptin 
effects on bone, via reduced 
peripheral insulin and leptin 
levels.  SNS  sympathetic 
nervous system (Copyright 
I.R. Reid, used with 
permission)       

 



90 I.R. Reid

which collectively stimulate bone formation and 
reduce bone resorption, thus tending to increase 
bone mass (Fig.  7.6 ).    

   Integrated Relationships Between 
Soft Tissue, Adipokines, and Bone 

 In an attempt to determine which of these factors 
were the principal drivers of bone density in nor-
mal women, we have analyzed hormonal and 
bone density data from 453 premenopausal 
women and 215 postmenopausal women  [  41  ] . 
Leptin was positively related to bone density 
( r   »  0.75) in both groups, weakly positively 
related to insulin ( r  = 0.04–0.22), and inversely 
related to adiponectin ( r  = −0.13 to −0.27). In the 
premenopausal women, multiple regression anal-
yses at the different skeletal sites showed a con-
sistent positive relationship to lean mass and to 
one or other of the fat-related variables – which 
one varied from site to site. Bone turnover in the 
premenopausal women was inversely related 
to the fat-related variables. In postmenopausal 

women, however, while the positive relationships 
with lean mass persisted, adiponectin was 
inversely related to bone density at all sites, a 
much more consistent effect than any of the other 
fat-related variables. Again, turnover was related 
to fat-related variables. Thus, turnover through-
out adult life is in fl uenced by fat mass, which 
might account for the growing in fl uence of fat 
mass on BMD in older women. It is not clear why 
adiponectin is so much more consistently related 
to BMD in postmenopausal women than are other 
fat-related variables, since it is less closely linked 
to fat mass itself than is leptin. This suggests that 
adiponectin best re fl ects the metabolic in fl uences 
that ultimately act to determine bone mass in 
postmenopausal women. It is clearly important to 
unravel the mechanisms that underpin this.  

   Feeding Effects on Bone 

 With the development of bone turnover markers, 
it has become clear that feeding results in an 
acute inhibition of bone resorption, observable 
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  Fig. 7.6    Summary of the principal mechanisms by which the hyperinsulinemia associated with obesity contributes to 
increased bone mass (Copyright I.R. Reid, used with permission)       

 



917 Relationships Between Body Fat and Bone Mass

within an hour of meal ingestion  [  42  ] . Further, 
caloric restriction over a period of 5 days has 
been shown to impact not only on resorption but 
also on bone formation  [  43  ] . Feeding results in 
increased circulating levels of insulin, amylin, 
preptin, IGF1, and glucose-dependent insulino-
tropic polypeptide, all of which tend to promote 
bone formation. The suppression of bone resorp-
tion is probably mediated by increased secretion 
of calcitonin, amylin, and glucagon-like pep-
tide-2, together with an inhibition of parathyroid 
hormone (reviewed in Reid  [  13  ] ). Collectively, 
these effects cause feeding to have positive effects 
on bone mass.  

   Conclusions 

 As noted above, the relationships between fat 
and bone have become increasingly complex 
over the last two decades, but the key conclu-
sions for clinicians are that thin people have 
an increased fracture risk as a result of low 
BMD and that both fat and lean masses appear 
to contribute to this effect. There is an impor-
tant public health message, particularly tar-
geted at young women, that having a low BMI 
is likely to increase future risk of osteoporotic 
fractures, though it is now becoming clear that 
the converse is not necessarily true – that is, 
obese individuals are not immune from frailty-
related fractures in old age. Continued study 
of this area is important since it will increase 
our understanding of bone physiology and 
may throw up new possibilities for the devel-
opment of anti-osteoporotic drugs.      
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  Abstract 

 We urgently need public health strategies to help with the prevention of 
poor bone health across the age ranges. It is especially useful to focus 
attention on factors that are amenable to change, with nutrition and exer-
cise having clear potential. The aim of this chapter is to review the current 
evidence for a role of acid–base homeostasis in bone. Analysis of existing 
literature enabled a combination of observational, clinical, and interven-
tion studies to be assessed in relation to dietary alkalinity, dietary acidity 
and bone health. Mechanisms of action for a dietary alkalinity “compo-
nent” effect were examined, and the role that fruit and vegetables can play 
in bone health was addressed. Natural, pathological, and experimental 
states of acid loading/acidosis have been associated with hypercalciuria, 
and negative calcium balance and, more recently, the detrimental effects of 
“acid” from the diet on bone mineral have been demonstrated. At the cel-
lular level, a reduction in extracellular pH has been shown to enhance 
osteoclastic activity directly, resulting in increased resorption pit 
formation. 

 A number of observational, experimental, clinical, and intervention 
studies have suggested a positive link between fruit and vegetable con-
sumption and the skeleton. Further research is required, particularly with 
respect to the in fl uence of dietary manipulation using alkali-forming foods 
on fracture prevention. There remain no long-term Dietary Approaches to 
Stop Hypertension (DASH) on bone health in younger and older age 
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cohorts, and this is urgently required. Should the  fi ndings of the DASH/
fruit and vegetable studies prove conclusive, a “fruit and vegetable” 
approach to bone health maintenance may provide a very helpful strategy 
for bone health development and maintenance throughout the life cycle.  

  Keywords 

 Acid–base balance  •  Dietary acidity  •  Fruit and vegetables  •  Bone health  
•  Muscle function  •  Vegetarianism  •  Protein  •  Calcium  •  Bone metabolism  
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   Introduction 

   General 

 Public health strategies are urgently required to 
target, on a population-wide basis, the prevention 
of poor bone health throughout the life cycle, 
given the certainty of prediction that hip fractures 
will rise dramatically over the next decade and 
beyond  [  1  ] . Particular emphasis should be placed 
on those factors which are amenable to change. 
Clearly, nutrition (as an exogenous factor) has a 
crucial role to play in the optimization and main-
tenance of skeletal integrity, and the development 
of novel dietary strategies is a top priority. 
Likewise, it is essential that speci fi c dietary hab-
its, such as the inclusion or exclusion of particu-
lar foods/food groups within the overall diet, are 
carefully monitored to ensure that any such 
regime does not place the individual/population 
group at an increased risk of osteoporosis or its 
associated risk factors  [  2  ] .  

   Criticality of Acid–Base Homeostasis 
to Health 

 Acid–base homeostasis is critical to health. It 
is well established that a major challenge to the 
body’s balance is to keep the hydrogen ion 
concentrations between 0.035 and 0.045 mEq/l, 
and it is clear that maintaining the H +  within 
such narrow limits is essential to survival  [  3  ] . 
Diet and the aging process have been shown to 
affect systemic acidity;  fi rstly, adult humans on 

a normal Western diet generate ~1 mEq of acid/
kg/day, and the more acid precursors a diet 
contains, the greater the degree of systemic 
acidity; secondly, as people age, the overall 
renal function declines, including the ability to 
excrete acid  [  4  ] , and thus with increasing age, 
humans become slightly but signi fi cantly more 
acidic  [  5  ] .  

   Mechanisms of Action for a Skeletal 
Role in Maintaining Acid–Base Balance 

 Theoretical considerations of the role alkaline 
bone mineral may play in the defense against 
acidosis date back as far as the late nineteenth 
century  [  6  ] . The pioneering work of Lemann 
and Barzel over three decades ago showed 
extensively the effects of “acid” from the diet 
on bone mineral in both man and animal  [  7,   8  ] . 
More recently, Arnett and Dempster have dem-
onstrated a direct enhancement of osteoclastic 
activity following a reduction in extracellular 
pH, an effect that has been shown to be inde-
pendent of parathyroid hormone  [  9  ] . Osteoclasts 
and osteoblasts appear to respond independently 
to small changes in pH in culture media  [  10  ] , and 
there is evidence that a small drop in pH, close 
to the physiological range, causes a tremendous 
burst in bone resorption  [  11,   12  ] . Furthermore, 
metabolic acidosis has been shown to stimu-
late resorption by activating mature osteoclasts 
already present in calvarial bone as opposed 
to the inducement of new osteoclast formation 
 [  13  ] . There are also data showing that excess 
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hydrogen ions directly induce a  physiochemical 
calcium release from bone  [  14  ] . However, 
a number of key questions remain unanswered in 
this area; speci fi cally, work is urgently required 
to determine whether metabolically generated 
acid, which lowers blood pH, exerts an in fl uence 
on osteoclasts “in vivo.”  

   Potential for a Link Between 
“Vegetable-Based Foods” 
and Osteoporosis 

 Considerations of the potential criticality of 
acid–base balance to skeletal integrity led to the 
development in the 1960s of a hypothesis linking 
the daily diet to the development of osteoporo-
sis. It was noted speci fi cally that “the increased 
incidence of osteoporosis with age, many repre-
sent, at least in part, the results of a lifelong uti-
lization of the buffering capacity of the basic 
salts of bone for the constant assault against pH 
homeostasis”  [  15  ] . The extent of loss, over a 
given period of time need not be of astronomical 
proportions: if 2 mEq/kg/day of calcium is 
required to buffer approximately 1 mEq/kg/day 
of  fi xed acid, over a decade this would account 
for a 15 % loss of inorganic bone mass, assum-
ing a total body calcium of approximately 1 kg. 
It is well established that the net production of 
acid is related to nutrition: a gross quantitative 
relationship exists between the amount of acid 
produced (as re fl ected by urine pH) and the 
amount of acid ash consumed in the diet  [  16  ] . 
Thus, it was proposed that long-term ingestion 
of “vegetable-based” diets may have a bene fi cial 
effect on bone mineral mass.   

   Concept of Dietary “Acidity”: 
Potential Renal Acid Load (PRAL) 

 If the acid–base/skeletal link is to be believed, 
a possible explanation for there being no dif-
ference in indices of bone health between 
 vegetarian vs. omnivorous populations is that 
vegetable-based proteins generate a large 
amount of acid in the urine. Work by Remer 

and Manz on the potential renal acid load 
(PRAL) of foods has shown that many grain 
products and some cheeses have a high PRAL 
level  [  17  ] . These types of products are likely to 
be found in abundance in a lacto-ovo vegetar-
ian diet. The potentially deleterious effect of 
speci fi c foods on the skeleton has been a topic 
of recent debate  [  18,   19  ] . 

   Protein and Bone Health: 
Importance of Dietary Calcium 
and/or Dietary Alkalinity? 

 Of interest to the protein controversy is the growing 
recognition that dietary calcium may play a cru-
cial role; that is, dietary protein is not detrimental 
to bone health provided that dietary calcium is in 
adequate supply  [  20  ] . While there are a number 
of studies which provide direct support for this 
 [  21,   22  ] , there remain plausible mechanisms by 
which alkali salts may also have a critical role to 
play  [  23–  25  ] .  

   Dietary “Acidity” and Bone: 
Concept of Net Endogenous 
Acid Production (NEAP) 

 Determination of the acid–base content of diets 
consumed by individuals and populations is of 
help in assessing the impact of diet, and partic-
ular the effect of protein, on bone. Since 24-h 
urine collections (considered as the gold stan-
dard for acid–base research) are inappropriate 
for population-based studies, an alternative is 
to examine the net acid content of the diet. 
Frassetto et al. have shown that the protein to 
potassium ratio predicts net acid excretion, and 
in turn, net renal acid excretion predicts cal-
cium excretion  [  26  ] . They propose a simple 
algorithm to determine the net rate of endoge-
nous noncarbonic acid production (NEAP) 
from considerations of the acidifying effect of 
protein, mainly through sulfate excretion, and 
the alkalizing effect of potassium, resulting 
from the dietary intake of potassium as salts of 
weak organic acids.   
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   Potassium Bicarbonate 
Administration and Bone: 
Clinical Applications 

 The clinical application of the effect of normal 
endogenous acid production on bone is of con-
siderable interest, with extensive work in this 
area by Lemann et al.  [  27  ]  (at the subject level) 
and Bushinsky  [  28  ]  (at the cellular level). In 
1994, Sebastian and colleagues demonstrated that 
potassium bicarbonate administration resulted 
in a decrease in urinary calcium and phospho-
rus, with overall calcium balance becoming less 
negative (or more positive)  [  29  ] . Changes were 
also seen in markers of bone metabolism, with a 
reduction in urinary excretion of hydroxyproline 
(bone resorption) and an increased excretion of 
serum osteocalcin (bone formation). Concern has 
been raised that the level of protein consumed by 
the women in the study was higher than is typi-
cal of American women in this age group, with a 
call for further studies to be undertaken in which 
dietary protein is consumed at a more reasonable 
level  [  30  ] . However, the study by Sebastian’s 
group is of signi fi cant clinical importance and 
may have valued implications for the preven-
tion and treatment of postmenopausal osteoporo-
sis  [  31  ] . While long-term studies are of course 
required, administration of alkali may provide 
women with an alternative therapy for aging bone 
loss  [  32,   33  ] . 

 We have conducted a meta-analysis of the 
effects of alkali-producing potassium salts on 
indicators of bone health. Our preliminary results 

reveal a signi fi cant reduction in both urinary cal-
cium excretion and markers of bone turnover 
with administration of potassium bicarbonate or 
potassium citrate. The results for bone resorption 
markers are shown below (Fig.  8.1 ).  

 It is not clear to what extent these observations 
are due to the acid-buffering effect of the anion or 
to independent skeletal effects of potassium. 
However, fruit and vegetables are a rich source of 
both potassium and alkaline anions, and this 
could therefore indicate a potential mechanism 
by which a “fruit and vegetable” diet might act 
positively on bone.  

   Findings of the DASH I and DASH II 
Fruit and Vegetable Intervention 
Trials: Implications for Bone Health 

 Further support for a positive link between fruit 
and vegetable intake and bone health can be 
found in the results of the DASH I and DASH II 
intervention trials (Dietary Approaches to Stop 
Hypertension). In DASH I, diets rich in fruit and 
vegetables were associated with a signi fi cant fall 
in blood pressure compared with baseline mea-
surements. However, of particular interest to the 
bone  fi eld were  fi ndings that increasing fruit and 
vegetable intake from 3.6 to 9.5 daily servings 
decreased the urinary calcium excretion from 157 
to 110 mg/day  [  40  ] . The authors suggested this 
was due to the “high  fi ber content of the diet pos-
sibly impeding calcium absorption.” However, a 
more likely explanation put forward by Barzel 
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  Fig. 8.1    Results of meta-analysis to show the effect of 
potassium (bicarbonate or citrate) on bone resorption 
markers. Standardized mean difference −0.66 (95 %CI 

−1.22, −0.11;  Z  = 2.34;  P  = 0.02), for measures including 
Ntx, CTx, DPD, and hydroxyproline  [  29,   34–  39  ]        

 



978 Acid–Base Homeostasis and Skeletal Health: Current Thinking and Future Perspectives

 [  41  ]  was a reduction in the “acid load” with the 
fruit and vegetable diet compared to the control 
diet. This study is the  fi rst population-based fruit 
and vegetable intervention trial showing a 
positive effect on calcium economy (albeit a 
secondary  fi nding). 

 Lin et al.  [  42  ]  have reported the  fi ndings of 
the DASH II (DASH-sodium) trial. The impact 
of two dietary patterns on indices of bone 
metabolism was examined. The DASH diet 
emphasizes fruits, vegetables, low-fat dairy 
products, and reduction in red meats, and in 
this second DASH II trial, three levels of 
sodium intake were investigated (50, 100, and 
150 nmol/l). Subjects consumed the control 
diet at the 150 mmol sodium intake/day levels 
for 2 weeks and were then randomly assigned 
to eat either the DASH diet or the control diet 
at all three sodium levels for a further 4 weeks 
in random order. The DASH diet, compared 
with the control diet, was found to signi fi cantly 
reduce both bone formation (by measurement 
of the marker osteocalcin) and bone resorption 
(by measurement of the marker CTx). 
Interestingly, sodium intake did not signi fi cantly 
affect the markers of bone metabolism. This is 
an important intervention study that shows a 
clear bene fi t of the high intake of fruit and veg-
etables on markers of bone metabolism.  

   Concluding Remarks 

 There is a clear and urgent need for public health 
strategies to target prevention of poor bone health 
on a population-wide basis, and similarly, it is 
critical that particular dietary habits resulting in 
the exclusion of speci fi c foods are carefully mon-
itored to ensure that population groups are not 
placing themselves at an increased risk of 
 osteoporosis or its associated risk factors. 

 There is growing support from a combination 
of clinical, observational, and intervention stud-
ies for a bene fi cial effect of fruit and vegetable 
intake on bone health. The mechanisms behind 
this “fruit and vegetable” link remain to be fully 
determined: these foods provide not only a source 
of dietary alkali (for which there is growing 

data to suggest a critical role for the skeleton in 
acid–base homeostasis) but also a wide variety of 
micronutrients, for which there are potential 
mechanisms for an effect on bone  [  43  ] . 

 The evidence currently available from experi-
mental, clinical, and observational studies suggests 
a role for skeleton in acid–base homeostasis. 
There remain no long-term Dietary Approaches 
to Stop Hypertension (DASH) on bone health in 
younger and older age cohorts, and this is urgently 
required. Should the  fi ndings of the DASH/fruit 
and vegetable studies prove conclusive, a “fruit 
and vegetable” approach to bone health mainte-
nance may provide a very helpful strategy for 
bone health development and maintenance 
throughout the life cycle.      
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  Abstract 

 Potential metabolic in fl uences of dietary acid load on bone health have 
been discussed controversially. Here, we review the available  fi ndings in 
adults and healthy children regarding certain methodological aspects 
including (i) appropriate use of urinary biomarkers – potential renal acid 
load (PRAL) and net acid excretion (NAE), (ii) problems in the interpreta-
tion of results on calcium balance and bone turnover markers, and (iii) 
possible in fl uences of selection bias regarding baseline diets of the popula-
tion groups of randomized controlled trials. Based on the available evi-
dence, it is concluded that calcium balance measurements and bone 
turnover markers are no adequate and sensitive tools to evaluate the mod-
est but long-term prevailing in fl uence of nutrition on bone status. Findings 
in children and adults exclusively conducted on the most reliable out-
comes, that is, bone densitometric structure analyses, suggest that a low-
PRAL diet may be especially relevant in certain population groups, for 
example, in children with higher dietary protein intakes, in postmeno-
pausal women with impaired bone status, and probably in adults on a 
habitually acidifying nutrition. The mechanisms mediating detrimental 
bone effects of higher dietary acid loads under discussion include changes 
in endocrine–metabolic milieu, for example, impairment of GH/IGF-1 
axis and higher glucocorticoid secretion as well as direct bone–cell-related 
changes by higher acid load. In conclusion, to identify moderate altera-
tions in bone status exerted through nutritional in fl uences, not only appro-
priate assessments of dietary proton load but also outcome measurements 
that are closely related to long-term bone structure are required.  

      When Is Low Potential Renal Acid 
Load (PRAL) Bene fi cial for Bone?       

        Thomas   Remer  ,     Danika   Krupp  ,  and    Lijie   Shi        
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  Abbreviations  

  BMD    Bone mineral density   
  DEXA    Dual-energy X-ray absorptiometry   
  NAE    Net acid excretion   
  NEAP    Net endogenous acid production   
  OA    Organic acids   
  pQCT    Peripheral quantitative computed 
 tomography (pQCT)   
  PRAL    Potential renal acid load   
  RCT    Randomized controlled trial         

   Introduction 

 Among the modi fi able in fl uences that act on the 
skeleton, nutrition is – along with physical activ-
ity – one of the most relevant factors. Vitamins, 
especially vitamin D and K; antioxidative poly-
phenols; calcium; and protein intake as well as 
acid load with the daily nutrition are under dis-
cussion. Particularly, the latter potential meta-
bolic in fl uence of a higher or a lower dietary 
proton [H  +  ] delivery to the body has triggered 
controversies concerning its bone health rele-
vance. Clinical studies in patients with hyper-
calciuria or with chronic kidney disease have 
proven the bene fi cial impact of oral or dietary 
alkalization for the maintenance of skeletal 
integrity. However, similar results in healthy 
subjects or humans with rather moderate medi-
cal conditions are rare. Of several available 
methodological approaches to assess dietary 
acid loads, one is the potential renal acid load 
(PRAL) model. PRAL is calculated from the 
difference of nonbicarbonate anions and min-
eral cations  [  1  ] . This has the advantage that it 
can be used directly with recorded dietary intake 
data and in the same way also noninvasively as 
a clinical–chemical biomarker if appropriate 
urine collections are available. Although several 

meaningful diet-related observational and inter-
vention studies on bone health did not directly 
present PRAL values, it is possible to calculate 
PRAL data (from the measurement values pro-
vided) at least for some of the trials and to assess 
their implications for bone outcomes. We com-
plemented these assessments of the  fi ndings in 
adults with own study results in healthy children 
and provided possible metabolic mechanisms 
that may explain the bone catabolic in fl uence of 
long-term high-PRAL diets.  

   Potential Renal Acid Load (PRAL): 
A Biomarker for the Diet-Related 
Acid Load 

 Protein is one of the most anabolic nutrients 
increasing not only the body’s protein synthe-
sis and muscularity  [  2  ]  but also bone strength, 
at least moderately  [  3  ] . Despite these positive 
effects, dietary protein additionally repre-
sents the major nutritional source of protons 
metabolized from the sulfur-containing amino 
acids as well as from phosphorus bound to 
various protein structures in the form of 
phosphoproteins. 

 Accordingly, if renal acid excretion mecha-
nisms are insuf fi cient or immature as in preterm 
infants and neonates or if the systemic buffer 
capacity is reduced, mild forms of metabolic 
acidosis, not necessarily prominent in a clini-
cally sense, can occur. Decreases in systemic 
pH and circulating bicarbonate levels are usu-
ally modest and still lie within the normal range. 
Despite this, growth retardation in low-birth-
weight infants  [  4  ]  or impaired protein synthesis 
in elderly  [  5  ]  can be a consequence of these 
mostly subclinical acidosis forms, which are 
positively responsive to dietary measures or 
manipulations  [  1,   6  ] , but dif fi cult to detect by 

  Keywords 

 Dietary acid load  •  Biomarker  •  Potential renal acid load  •  Net acid excretion  
•  Bone  •  Calcium balance  
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blood measurements  [  4,   6  ] . Appropriate nonin-
vasive urine measurements are useful to iden-
tify states of high, medium, or low nutritionally 
and metabolically initiated daily proton loads. 
The classical way to do this is to measure net 
acid excretion (NAE) which formally repre-
sents the sum of urinary PRAL and the total 
amount of renally excreted organic acids (OA), 
with urinary PRAL re fl ecting the major renally 
excreted mineral anions minus the major  urinary 
mineral cations.

NAE = urinary PRAL                                  + OA

 = mineral anions  –  mineral cations   + OA

 = (SO4 + PO4 + Cl) – (K+ Mg + Ca + Na) + OA 

 Consumption of a rather plant-based fruit- 
and vegetable-rich diet results in higher intakes 
of mineral cations, especially of potassium and 
magnesium which even in absolute terms 
exceed the phosphorus and sulfur intake origi-
nating from dietary protein. In this situation, 
PRAL is negative or at least varies around zero 
(provided that sodium and chloride excretion 
rates, mostly re fl ecting salt intake, are nearly 
equimolar). 

 The PRAL model for the calculation of the 
diet-dependent daily acid load in humans assumes 
a theoretical metabolic steady state (for data stan-
dardization and practicability) during which the 
amounts of mineral cations and anions (or anion 
precursors) intestinally absorbed correspond to 
the amounts renally excreted. Urinary PRAL rep-
resents a biomarker providing the advantage that 
it re fl ects clearly de fi ned nutritional in fl uences on 
net proton loads to the body, whereas the NAE 
measurement which includes the large fraction of 
OAs has a strong body size-related component. 
For normal mixed diets, most of the OAs excreted 
stem from physiological daily degradation pro-
cesses related to energy metabolism and body 
size  [  7  ] . Therefore, depending on the research 
question, quanti fi cation of urinary PRAL can be 
advantageous compared with NAE titration (for 
more details see  [  8  ] ).  

   PRAL Inappropriately Used in Bone 
Health Studies 

 In epidemiological studies estimates of endoge-
nous H +  loads like PRAL or net endogenous acid 
production (NEAP)  [  9  ]  commonly applied are diet 
based. Until now only a few studies have made use 
of the noninvasive biomarker urinary PRAL that 
relies on clinical–chemical measurements of min-
eral anions and cations in urine samples. One of 
these recent studies reporting urinary PRAL val-
ues suggested that neither a low urine pH nor a 
high acid excretion predicts bone fractures or the 
loss of bone mineral density. In this prospective 
cohort study, the authors examined 2-h urine sam-
ples that were collected in the morning under fast-
ing conditions in a random sample of Canadian 
adults 25 years of age and above participating in 
the Canadian Multicentre Osteoporosis Study 
 [  10  ] . The authors (i) claimed that the use of urine 
to measure the diet acid load did allow them to 
avoid random and systematic errors inherent in 
food intake measurements and (ii) considered it 
possible that the  fasting-morning-2-h-second-void 
urine     samples they have analyzed are more reli-
able measures of dietary acidity than 24-h collec-
tions which are more prone to incomplete 
collection. In this study of Fenton et al.  [  10  ] , no 
associations between the above-outlined urine 
measure of dietary acid load and changes in bone 
mineral density (BMD) over 5 years (lumbar spine, 
femoral neck, or total hip) or the occurrence of fra-
gility fractures over 7 years were found. In this 
context, however, it has to be stated that a 2-h-fasting 
urine (collected after an 8-h fast) does by no means 
re fl ect nutrition: not of that day and even less of 
the habitual nutrition over years. Such an approach 
rather yields a snapshot of particular circadian 
characteristics of renal mineral excretions. In order 
to properly use urinary PRAL or other noninvasive 
biomarkers of dietary intake, the collection of 24-h 
urine samples (preferably, more than one sample 
for each subject) is necessary. Possible urine col-
lection errors that cannot be fully excluded over a 
24-h period bear tolerable risks of inaccuracies, 
which in any case are inherent in food intake 
measurements.  
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   Calcium Balance and Bone Turnover 
Marker: Less Appropriate Outcomes 
for Examining Long-Term Acid–Base 
Effects of Habitual Nutrition on Bone 

 Both dietary acid loads and higher protein intakes 
result in elevated urinary excretion rates of cal-
cium. These renal calcium losses have long been 
thought to remain unbalanced by compensatory 
increases in intestinal calcium absorption so that 
calcium release from bone had to  fi ll the gap, not 
only increasing circulating calcium levels but 
concurrently titrating the noncarbonic acids 
endogenously produced by higher nutritional 
acid loads  [  11  ] . Frassetto et al. stated the view 
that this might result in a kind of vicious circle in 
that – although the kidney daily excretes the bulk 
of the diet net acid load – the body retains a small 
fraction of acidity suf fi cient to induce a persist-
ing low-grade metabolic acidosis. This may 
ensure continued titration of the alkaline salts of 
bone, with attendant loss of calcium and phos-
phorus in urine, since impairment of renal cal-
cium reabsorptive ef fi ciency is a characteristic of 
metabolic acidosis  [  12  ] . The corresponding bone 
catabolic effects should become discernible in 
negative calcium balances, that is, in lower daily 
intestinal net calcium absorption than in daily 
renal calcium losses. In fact, impaired calcium 
balances have been observed in a few short-term 
studies   , for example see  [  13  ] . However, other 
studies did not con fi rm negative calcium bal-
ances with higher nutritionally induced proton 
loads. In a recent meta-analysis performed by 
Fenton et al., no signi fi cant overall association 
between calcium balance and NAE was observed 
 [  14  ] . The authors concluded that their meta-
analysis did not support the concept that the cal-
ciuria associated with higher NAE re fl ects a net 
loss of whole body calcium. 

 All together this paper of Fenton et al.  [  14  ]  
contributes to our understanding that calcium 
balance measurements are not an adequate and 
sensitive tool to evaluate the modest but long-
term prevailing in fl uence on bone quality or bone 
mineral status exerted through nutrition. In line 
herewith, Rafferty et al.  [  15  ]  reported that healthy 
postmenopausal women on potassium-rich diets 
over many years did not demonstrate notable 

improvements in ( short-term-tested )  calcium 
balances  since the clearly enhanced renal reab-
sorption of calcium (i.e., the reduced calciuria) 
in these females was offset by a parallel reduc-
tion in intestinal calcium absorption. Similar 
 fi ndings were obtained in a randomized feeding 
study by Hunt et al.  [  16  ]  who observed that 
higher renal excretion rates of calcium with high 
protein (and concomitant low calcium) intake 
were almost balanced by a parallel elevation in 
intestinal calcium absorption (determined by 
 47 Ca isotope retention methodology).    From these 
data it appears that a dynamically adapted 
response in intestinal calcium absorption does 
balance the ups and downs in calcium handling 
of the healthy kidney, provided that enough vita-
min D and its activated metabolites are available 
and calcium intake is low to moderate (not 
de fi cient). At high calcium intakes the corre-
sponding calcium  fl ood (passive in fl ux) sup-
presses much of the regulatory calcitriol activity, 
but calcium absorption is elevated per se. In any 
case, even at not-so-high calcium intakes occur-
ring along with higher renal calcium losses, for 
example, through a higher dietary acid load, 
most or almost all of the calcium losses via the 
kidney can be compensated by intestinal upregu-
lation of active absorption. A  fi nally resulting 
net negative balance developing over the years 
cannot be easily identi fi ed by conventional short-
term balance measurement techniques. 

 Sustained mildly unfavorable effects with 
reductions in bone quality and bone mineral con-
tent in the long run, that is, over years or even 
decades, require other more bone structure-
speci fi c analysis methods. In this respect, mea-
surements of bone turnover markers – re fl ecting 
to a large degree the momentary bone resorption 
activity at the time of blood and/or urine collec-
tion – are not helpful as well. For example, bone 
accretion is highest during puberty when adoles-
cents’ growth velocity shows the typical peak 
height velocity pattern. At that time with the 
strongest increments in mineral mass, also the 
bone resorption marker levels reach their maxi-
mum (Fig.  9.1 ). For an appropriate bone gain and 
bone modeling, an initial bone resorption, that is, 
some removal of older bone, is required. Only if 
such remodeling takes place, formation of new 
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additional mineral structures is possible, showing 
that bone resorption markers do by no means 
re fl ect always a bone catabolic situation. This is 
not only true for periods of growth, but can be 
found also during adulthood. For example, 
increases in the bone resorption marker carboxy-
terminal cross-linked telopeptide of type I colla-
gen do occur in response to exercise, that is, in a 
principally musculoskeletal anabolic situation as 
well as after growth hormone administration  [  18  ] . 
On the other hand, marked elevations in calcium 
intake have been shown to decrease speci fi c 
markers of bone formation in healthy nonosteo-
porotic older men. These few examples show that 
bone resorption and bone formation markers 
obviously do not speci fi cally predict subsequent 
bone catabolism and anabolism, respectively. For 
a more reliable assessment of the longer-term 

consequences of nutritional preventive measures 
like a habitual mineral-rich alkalizing diet for 
bone health, computer tomographic analyses of 
bone structures as well as other sophisticated 
densitometric bone measurements including 
high-quality dual-energy X-ray absorptiometry 
(DEXA) scans are obviously more expedient.   

   Densitometric Bone Outcomes 
and Dietary Acid Load in Adults 

 Until recently, only two randomized controlled 
(intervention) trials (RCTs) have been published 
that examined the impact of alkali supplementa-
tion for at least 1 year on acknowledged densito-
metric bone outcomes. A third study based on an 
initial examination of the in fl uence of de fi nite 
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base equivalent ingestion on renal calcium excre-
tion  [  11  ]  has recently been submitted for publica-
tion. In that study additional BMD measurements 
at the hip and spine had been performed, but 
results were not reported up to now. All three tri-
als used DEXA to evaluate bone status and all 
three examined postmenopausal women. Alkali 
exposures were administered for 1  [  19  ] , 2  [  20  ] , or 
3  [  21  ]  years. In the 2- and 3-year studies, no posi-
tive effects of alkali supplementation or additional 
fruit and vegetable intake  [  20,   21  ]  on BMD out-
comes (spine, hip) were observed. Placebo admin-
istration and potassium citrate or potassium 
bicarbonate ingestion at varying doses between 
18 and 90 mmol/day did not yield signi fi cantly 
different BMD changes.    Only in the 1-year study 
using a daily dose of 30 mmol potassium citrate, a 
signi fi cant improvement of spine and hip BMD 
was observed compared to blinded control sub-
jects. A characteristic of all three study popula-
tions was a low baseline PRAL of around 0 mEq/
day  [  19,   20  ]  or −10 mEq/day  [  11,   21  ] , showing a 
certain degree of selection bias for each partici-
pant groups. In all three trials, participating sub-
jects did already ingest a quite low-net-acid-
producing diet before the study began, strongly 
suggesting a considerable degree of health and 
nutrition consciousness. What differed between 
the three examined cohorts was the bone status: 
bone health was normal in both studies that 
showed no skeletal improvement with the oral 
alkali supplement, whereas osteopenia was pres-
ent in those postmenopausal women who 
responded with a clear improvement in BMD. 

 These  fi ndings led to the following 
conclusions:

   Alkalization, for example, with potassium cit-• 
rate or bicarbonate for at least 1 year does not 
show relevant bone-anabolic effects in healthy 
(postmenopausal) subjects with normal bone 
status (no osteopenia) who already at baseline 
consume “healthy” low-PRAL diets.  
  However, if bone status is impaired, a supple-• 
mental alkali load appears to improve skeletal 
mineral content within a year, even if initial 
(habitual) dietary acid load is relatively low. It 
appears that in healthy adults (with normal 
BMDs) already on a rather alkalizing diet, 

a further reduction in dietary PRAL might not 
provide additional bene fi t with regard to bone 
status at least at hip and spine.    
 Apart from the RCTs also four prospective 

observational studies (evidence level II) have 
been performed in adults aged 45–97 years, 
showing positive associations between alkaline 
nutrient ingestion and BMD changes over 
4–7 years in two studies  [  22,   23  ] , but no associa-
tion in two other studies  [  24,   25  ] . In one of these 
latter studies done with peripheral quantitative 
computer tomography (pQCT)  [  25  ] , a reanalysis 
of the data – now focusing on the outcome param-
eter bone area – yielded a signi fi cant association 
of bone area increases with lower dietary PRAL 
intakes  [  26  ] . This reanalysis suggesting a possi-
ble bone-anabolic in fl uence with reduced dietary 
PRALs was done by the authors in response to a 
letter  [  27  ]  that we sent to the editor of the publi-
cation journal.  

   Densitometric Bone Outcomes 
and Dietary Acid Load in Children 

 For healthy children no randomized controlled 
trials (evidence level I for epidemiological or 
(medical) research studies) are available that have 
examined the bone health–dietary acid load rela-
tionship. However, prospective observational 
long-term  fi ndings have been published for 
healthy children and adolescents and signi fi cant 
negative associations between diaphyseal bone 
parameters by pQCT (bone mineral content or 
cortical area) and dietary as well as urinary PRAL 
determined over a 4-year observation period 
before bone analysis were observed  [  8,   28  ] . 
Importantly, in these studies not only the more 
bone structure-speci fi c pQCT analysis (compared 
to DEXA)  [  6  ]  was used but also repeated 3-day 
weighed dietary records, considered to belong to 
the most valid dietary assessment tools. 
Furthermore, the  fi ndings of a more bone-ana-
bolic low-PRAL nutrition could be con fi rmed 
and substantiated by repeated urinary PRAL bio-
marker measurements. 

 Figure  9.2  and the results with respect to low- 
and high-urinary PRAL levels are presented 
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strati fi ed for subgroups of comparably high and 
comparably low protein intakes (Fig.  9.3 ). It is 
discernible that the basically known  [  3  ]  bone-
anabolic effect of higher protein intakes becomes 
particularly prominent, if children are on a habit-
ual low-PRAL diet, that is, if they favor a fruit- 
and vegetable-rich diet along with higher protein 
intakes.   

 Although prospective and longitudinal obser-
vational studies are not de fi nite proof of a causal 
relationship, the above  fi ndings provide a high 
level of plausibility because of the (i) prospec-
tive study design; (ii) computer tomographic 
bone analysis; (iii) repeatedly collected, highly 
reliable weighed dietary records; and (iv) 
con fi rmation by biomarker measurements in 
separate sample material (24-h urines). For ethi-
cal and practical reasons, such kind of investiga-
tion on the impact of habitual diet-related net 
proton loads on the skeletal system is not possi-
ble as a RCT in healthy children. Accordingly, at 
least for children, substantially better evidence 
cannot be expected soon. 

 Taking the  fi ndings in children and adults 
together, the statement put forward by a few 
authors – there is no evidence that an alkalizing 
diet is protective for bone  [  29  ]  – is not supported 
by the speci fi c literature focusing exclusively on 
the most reliable outcomes hitherto available, 

namely, densitometric bone measurements. The 
correct statement should read that there is a cer-
tain degree of evidence that an alkalizing nutrition 
has a preventive bene fi t for bone health at least in 
particular subject groups like children, postmeno-
pausal women with impaired bone status, and 
probably adults on a clearly acidifying long-term 
nutrition before dietary or supplemental interven-
tion. To date, the latter can only be deduced from 
prospective observational studies, as for an exper-
imental switch from a habitual high-PRAL diet to 
a controlled low dietary PRAL state, no random-
ized trial data are available. Systematic reviews 
and meta-analyses done on calcium balance and 
bone turnover markers may or even must – for 
physiological reasons – yield inconsistent results 
with regard to an alkalizing diet, but do not yield 
proofs for the nonexistence of a preventive–medi-
cal relationship between a habitual base-produc-
ing nutrition and long-term development of bone 
quality, structure, and strength.  

   Potential Bone Catabolic Mechanisms 
of High PRAL 

 Several interacting mechanisms may commonly 
underlie the bone health strengthening effect of a 
long-term low dietary acid load, of which here 

4–5  three-day weighed dietary records (n = 229 subjects)

pQCT bone analysis (6–18 years)

Age (years)

–4

3–5 24-h urine samples (n = 197 subjects)
[Biomarkers (uNitrogen, uPRAL) Measured in 789 urine samples]

–3 –2 –1

  Fig. 9.2    Schematic study design of two prospective 
observational examinations with measured diaphyseal 
bone parameters by pQCT as outcomes in healthy chil-
dren and adolescents using repeated 3-day weighed 

dietary records  [  28  ]  as well as 24-h urinary biomarker 
measurements (PRAL)  [  8  ]  determined over a 4-year 
observation period before bone analysis       
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only three will be shortly outlined: (i) GH/IGF, 
(ii) cortisol, and (iii) direct proton effects. 

 With regard to (i), impairments of the GH/
IGF-1-axis with a higher proton load have been 
observed in vitro  [  30  ]  and in animal studies  [  31  ] . 
In humans, induction of metabolic acidosis in 
healthy adults  [  32  ]  as well as alkali therapy in 
acidotic hemodialysis patients  [  33  ]  suggest a 
hepatocellular GH resistance and reduced IGF-1-
levels under acidotic conditions. (ii) A higher 
glucocorticoid secretion with a higher acid load 
was indicated by an increased cortisol excretion 
in humans on experimental acidosis  [  34  ]  and by 
reduced plasma cortisol levels and a diminished 
excretion of cortisol metabolites after alkali 
administration in healthy young adults on a rather 
acidifying diet  [  35  ] . Both higher IGF-1  [  36  ]  and 
reduced cortisol levels  [  37  ]  can contribute to an 
improved bone health. 

 Apart from these indirect endocrine mecha-
nisms that may mediate bene fi cial effects of a 

lower dietary proton load on bone health, (iii) 
direct effects of even moderate changes in extra-
cellular pH or bicarbonate concentration on bone 
cells  [  38,   39  ]  have been observed. In this context 
it is important to consider that small changes in 
systemic acid–base status, as inducible by dietary 
means, may result in greater changes in interstitial 
pH and bicarbonate because the buffer capacity of 
the interstitium is lower than that of plasma due to 
a lower interstitial albumin concentration  [  40  ] .  

   Conclusions 

 In principle, a low dietary PRAL appears to be 
bene fi cial for bone in the long term. This can 
be deduced from several prospective observa-
tional (epidemiological evidence level II) stud-
ies in adults, although it has not been con fi rmed 
in all studies  [  24,   25  ] . Hitherto performed 
RCTs on healthy subjects without osteopenia 
could not prove the potential bone-anabolic 
in fl uence of a reduction in dietary acid load as 
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they were all done in populations who already 
at baseline consumed diets yielding only minor 
net proton loads. For a proof of causality 
through a RCT, all volunteers included in that 
trial must have been on a high-PRAL diet for 
years before study onset, that is, before alkali 
equivalents are provided, for example, in the 
form of potassium citrate. However, such a 
study design appears not to be easily achieved, 
since compliance of habitual unhealthy eaters 
cannot be expected to be high. 

 In children, evidence for an in fl uence of 
dietary alkalization on bone health through 
RCTs cannot be expected to be performed in 
the near future. Observational studies, how-
ever, suggest that a low-PRAL diet may be 
especially relevant in some subgroups, for 
example, in children with higher dietary pro-
tein intakes. Thus, a moderate high protein 
intake with a concurrent high ingestion of 
base-forming nutrients (i.e., a diet high in fruit 
and vegetables) might be most bene fi cial. 

 The mechanisms mediating bone strengthen-
ing effects of lower dietary acid loads are prob-
able more subtle than acutely detectable positive 
calcium balances and may include several endo-
crine as well as direct bone–cell-related changes. 
In any case, to identify moderate alterations in 
bone status exerted through nutritional in fl uences, 
not only accurate measurements of dietary pro-
ton load (either using carefully collected dietary 
data or biomarkers re fl ecting current nutrition) 
but also outcomes that are closely related to 
long-term bone structure may be required.      
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  Abstract 

 Diets in industrialized nations are no longer based predominately on potas-
sium rich fruit and vegetables, resulting in substantially lower potassium 
intakes as well as the alkaline anions such as bicarbonate and citrate that 
accompany potassium in fruit and vegetables. The reduction in potassium 
and alkali intake while maintaining adequate dietary protein intake leads 
to an imbalance between the acid producing and the base producing com-
ponents of the diet. This dietary net acid load is theorized to require mobi-
lization of skeletal base to aid in acid neutralization, leading to ongoing 
skeletal resorption to maintain systemic acid–base homeostasis. Short-
term calcium balance studies suggest that supplementing the diet with 
alkaline potassium salts lowers urine calcium losses with no increase in 
stool calcium, resulting in a net improvement in calcium balance. The 
majority of studies examining potassium supplements also suggest bone 
resorption is reduced by potassium citrate or bicarbonate. However, not all 
studies show a reduction in bone turnover and the two existing bone den-
sity trials provide con fl icting results. In particular, controversy remains 
over whether the bene fi ts to calcium metabolism demonstrated in the 
short-term calcium balance studies persist. To address this controversy, we 
conducted a randomized, placebo controlled trial in 52 men and women 
(mean age 65.2 + 6.2 years) who were randomly assigned to potassium 
 citrate 60, 90 mmol, or placebo daily with measurements of bone turnover 
markers, net acid excretion, and calcium metabolism including intestinal 
fractional calcium absorption and calcium balance at baseline and 
6 months. At 6 months, 24-h urine calcium was signi fi cantly reduced in 
both potassium treatment groups and fractional calcium absorption was 
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not changed by potassium citrate supplementation. In subjects randomized 
to potassium citrate 90 mmol/day, net calcium balance was signi fi cantly 
improved compared to placebo. Serum C-telopeptide, a marker of bone 
resorption, decreased signi fi cantly in both potassium citrate groups com-
pared to placebo, while bone speci fi c alkaline phosphatase did not change. 
Our study supports the hypothesis that supplementation with alkaline 
potassium salts such as potassium citrate has the potential to improve skel-
etal health. Studies with de fi nitive outcomes such as bone density and 
fracture are needed.  

  Keywords 

 Potassium  •  Acid–base  •  Osteoporosis  •  Calcium balance  •  Protein  •  Citrate   
 Bicarbonate  •  Bone  •  Diet      

   Introduction 

 Osteoporosis and fractures pose a substantial 
health burden for older men and women. One in 
six Caucasian women will experience a hip frac-
ture in her lifetime with mortality after hip frac-
ture reaching 26 % in the  fi rst year  [  1  ] . Men are 
also signi fi cantly affected, experiencing one-third 
of all hip fractures and an even higher mortality 
rate than women  [  2  ] . Inexpensive and safe inter-
ventions that can be implemented on a population 
basis are very limited. While effective, strategies 
such as weight bearing exercise and calcium and 
vitamin D have modest effects on skeletal health, 
and substantial fracture risk remains even after 
optimization of these approaches  [  3  ] . It has long 
been hypothesized that optimizing dietary acid–
base balance may provide an effective strategy to 
further improve skeletal health. Typical Western 
diets tend to be limited in fruit and vegetable con-
tent, leading to de fi ciencies in potassium and the 
alkaline salts that accompany dietary potassium, 
such as bicarbonate and citrate. While potassium 
and base intake typically are limited, intake of 
acid precursors, the sulfur containing amino acids 
in dietary proteins and cereal grains, remains 
abundant. The imbalance between the acid- 
producing and base-producing components of the 
diet results in a chronic low-level metabolic 
 acidosis that worsens with age as renal function 
declines  [  4–  7  ] . Long-term exposure to chronic 
dietary acid may mobilize alkaline salts from the 

skeleton to help mitigate the diet-induced acido-
sis. Supplementation of the diet with alkaline 
potassium salts such as potassium bicarbonate or 
potassium citrate has been investigated as a way 
to neutralize dietary acid while maintaining ade-
quate protein intake. While studies with de fi nitive 
skeletal outcomes have yet to be completed, 
investigation of the effects of alkaline potassium 
salts on calcium and bone metabolism provides 
intriguing evidence that this approach may ulti-
mately be able to improve skeletal health.  

   Effects of Alkaline Potassium Salts 
on Calcium and Bone Metabolism 

   Effects on Short-Term Calcium Balance 
and Intestinal Calcium Absorption 

 Two studies have examined the effects of potas-
sium bicarbonate on calcium balance, the differ-
ence between calcium intake and calcium excretion 
via urine and stool while on a controlled metabolic 
diet with standardized nutrient intake. The  fi rst 
study compared potassium bicarbonate to sodium 
bicarbonate, each given as 20 mmol three times 
per day in nine healthy men between the ages of 23 
and 46 years  [  8  ]  consuming  controlled diets con-
taining from approximately 200–800 mg/day of 
calcium. During the 18-day intervention period, 
urine calcium signi fi cantly decreased in the potas-
sium bicarbonate group while remaining unchanged 
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in the sodium bicarbonate group. Fecal calcium 
was unchanged by either intervention, leading to 
an improvement in calcium balance of approxi-
mately 40 mg/day. Similar results were demon-
strated in 18 postmenopausal women consuming 
controlled diets containing approximately 650 mg/
day of calcium  [  9  ] . During 18 days of treatment 
with 60–120 mmol/day potassium bicarbonate, 
urine calcium was signi fi cantly reduced with no 
impact on fecal calcium, resulting in an improve-
ment in calcium balance of approximately 56 mg/
day. In both of these studies, phosphorus balance 
was also signi fi cantly improved by potassium 
bicarbonate administration. The unchanged fecal 
calcium values in these short-term studies suggest 
intestinal calcium absorption is not affected by 
potassium bicarbonate administration. Intestinal 
calcium absorption was directly measured by the 
dual stable calcium isotope technique in 18 post-
menopausal women treated with 40 mmol/day of 
potassium citrate for 2 weeks  [  10  ]  while consum-
ing controlled diets containing 400 mg/day of cal-
cium. Compared to placebo, fractional intestinal 
calcium absorption was unaffected by potassium 
citrate supplementation. During ingestion of low  
and high protein diets for 10 days along with con-
sumption of approximately 1,200 mg/day of 
calcium, intestinal calcium absorption as measured 
by the dual isotope technique was higher in sub-
jects randomized to concurrent treatment with 
potassium bicarbonate at doses up to 90 mmol/day 
 [  11  ]  compared to placebo. It has been demon-
strated that the urine calcium lowering effect of 
alkaline potassium compounds persists to at least 
3 years  [  12  ] . However, others have questioned 
whether, in the long term, intestinal adaptation to 
alkaline potassium salts may occur, leading to a 
reduction in intestinal calcium absorption so that 
even though urine calcium is reduced, there is no 
net improvement in the calcium economy on a 
long-term basis  [  13  ] .  

   Effects on Markers of Bone Turnover 
and Calcitropic Hormones 

 The effect of alkaline potassium salts on markers 
of bone turnover, serum and urine proteins that 

re fl ect increased bone resorption and bone 
 formation, has been mixed. Osteocalcin, a marker 
of bone formation, was signi fi cantly increased in 
one study  [  9  ] , decreased in two studies  [  14,   15  ] , 
and unchanged in one study  [  16  ] . Other markers 
of bone formation have also been examined. Bone 
speci fi c alkaline phosphatase was not affected by 
potassium citrate in two studies  [  10,   16  ]  and 
N-terminal propeptide of type 1 collagen was 
unchanged in one study  [  17  ] . Markers of bone 
resorption including urinary  N -telopeptide, 
hydroxyproline, and deoxypyridinoline have been 
reduced by alkaline potassium salt administration 
in  fi ve studies  [  9,   14,   15,   18,   19  ]  and unchanged in 
three studies  [  10,   16,   17  ] . The magnitude of reduc-
tion in net acid excretion induced by treatment 
with alkaline potassium salts was associated with 
the level of reduction in urinary  N -telopeptide in a 
3 month trial  [  15  ] , but no dose response was dem-
onstrated in a 2 year study that included a 55.5 
mmol/day and a 18.5 mmol/day treatment group. 

 Intact parathyroid hormone and 1,25 dihy-
droxyvitamin D have been unaffected in nearly 
all trials  [  8,   10,   14–  16,   18  ]  with a single study 
showing an increase in parathyroid hormone dur-
ing potassium bicarbonate treatment  [  9  ] .  

   Effects on Bone Mineral Density 

 Two longer-term trials examining the effects of 
potassium citrate on bone density have been 
reported. While one was positive and one was 
negative, both studies have limitations precluding 
de fi nitive conclusions. In the  fi rst trial, 161 
 postmenopausal women were randomized to 
30 mmol/day of either potassium citrate or potas-
sium chloride  [  16  ] . After 12 months of treatment, 
bone density, measured by dual energy X-ray 
absorptiometry (DXA), was 1.9 and 2.0 % higher 
at the lumbar spine and total hip, respectively, in 
the potassium citrate group than the potassium 
chloride group. Interpretation of these results is 
somewhat limited by the lack of a placebo group. 
It is unknown whether the difference between the 
treatment groups represents a bene fi cial effect of 
the potassium citrate or an adverse effect of the 
potassium chloride. The second bone density 
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study randomized 276 postmenopausal women to 
55.5 mmol/day of potassium citrate, 18.5 mmol/
day of potassium citrate, or suf fi cient fruit and 
vegetables to provide 18.5 mmol/day of potas-
sium citrate  [  17  ] . At the end of 2 years of treat-
ment, there were no differences in bone density at 
either the lumbar spine or hip among the treat-
ment groups. However, there was also no reduc-
tion in urine calcium excretion with potassium 
citrate supplementation except at a single time-
point in the 55.5 mmol/day group, raising ques-
tions about adherence to or effectiveness of the 
preparation utilized in this study.  

   Longer-Term Effects on Calcium 
Balance and Skeletal Metabolism 

 We recently conducted a 6 month trial to deter-
mine whether the improvements in calcium bal-
ance demonstrated in the previously published 
short-term balance studies described above per-
sist and speci fi cally whether there is intestinal 
adaptation with time that offsets a decrease in 
urine calcium induced by treatment with an alka-
line potassium salt. 

 Subjects for the study were men and women 
over the age of 55 years recruited through popu-
lation based direct mailings. As lowering urine 
calcium excretion is likely an important compo-
nent to the mechanism of action of alkaline potas-
sium salts, we recruited subjects who, on their 
free living diets, had a urine calcium excretion 
above the median value seen in previous studies 
(120 mg/day women, 140 mg/day men). We addi-
tionally excluded women who were within 
5 years past menopause to avoid the rapid bone 
turnover state that occurs following menopause 
as well as subjects with medical conditions or on 
medications that would predispose them to gas-
trointestinal intolerance of oral potassium or 
development of hyperkalemia. Subjects were also 
excluded for known metabolic bone disease or 
use of skeletally active medications such as osteo-
porosis therapies or glucocorticoids. After tele-
phone and in-person screening, 52 individuals 
were ultimately eligible to participate in the study 
and randomized to treatment. The study protocol 

was approved by the UCSF Institutional Review 
Board and written informed consent was pro-
vided by each study participant. 

 The subjects’ calcium intake was standardized 
to a total intake of 1,230 mg/day. They were 
counseled by the study dietitian to achieve 
approximately 600 mg of calcium per day in their 
diet during the parts of the study where they were 
consuming a self selected diet. In addition, sub-
jects were given daily supplements containing 
calcium citrate (630 mg elemental calcium) and 
vitamin D3 400 IU; all other vitamin and mineral 
supplementation were discontinued for the dura-
tion of the study. 

 After 4 weeks total of standardized calcium 
and vitamin D intake, subjects completed baseline 
serum and urine studies including minerals, para-
thyroid hormone, vitamin D, bone turnover mark-
ers, and net acid excretion (the sum of the excretion 
rates of titratable acid and ammonium minus that 
of bicarbonate). They additionally completed a 
calcium balance study, consuming a controlled 
diet containing 600 mg/day of calcium for 12 days. 
During days 7-12 of the 12 day period, all urine 
was collected in 24-h increments and each stool 
was collected individually. In addition, each sub-
ject underwent assessment of intestinal fractional 
calcium absorption, using dual stable calcium iso-
topes  [  20,   21  ] . After completing their baseline 
measurements, subjects began their randomized 
treatment assignments: placebo ( n  = 18), potas-
sium citrate 60 mmol/day ( n  = 17), or potassium 
citrate 90 mmol/day ( n  = 17). Subjects were moni-
tored for adherence and side effects with regular 
study visits and, after 6 months of potassium cit-
rate or placebo supplements, underwent all mea-
surements again including  calcium balance and 
intestinal calcium absorption. 

 Data were analyzed by examining the mean 
changes in the endpoints using a two-sample 
 t -test comparing the change from baseline to the 
6 month measurement. Kruskal-Wallis and 
Wilcoxon-Mann–Whitney tests were used to ana-
lyze the bone turnover marker data as they were 
not normally distributed. 

 At baseline, there were no signi fi cant differ-
ences in subject characteristics or laboratory 
parameters among study groups; approximately 
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two-thirds of the participants were Caucasian 
women. Subjects were 64.5 ± 4.9 years of age 
with baseline 25 hydroxyvitamin D levels aver-
aging 32.7 ± 9.8 ng/mL. With potassium supple-
mentation, urine potassium excretion signi fi cantly 
increased and net acid excretion signi fi cantly 
decreased, commensurate with the ingested dose 
of potassium and citrate (Fig.  10.1 ). Urine potas-
sium excretion in both potassium-treated groups 
was signi fi cantly higher than placebo. In addi-
tion, subjects on potassium citrate 90 mmol/day 
had signi fi cantly higher urine potassium values 
than those on 60 mmol/day (138.6 ± 13.6 mmol/
day vs. 100.6 ± 9.6 mmol/day, respectively; 
 p  = 0.05). One participant developed mild hyper-
kalemia to 5.4 mmol/L and was removed from 
the study after approximately 4 weeks of potas-
sium supplementation. As the potassium dose 
was initiated at 10 mmol/day and escalated to the 
full study dose over 9 weeks, this subject was 
consuming 40 mmol/day at the time of study 
withdrawal. In the remainder of the subjects, 
serum potassium remained unchanged at any 
dose of potassium citrate or placebo at 6 months, 
averaging 4.2 ± 0.1 mmol/L in the placebo group, 
4.3 ± 0.1 mmol/L in the 60-mmol/day group, and 
4.3 ± 0.1 mmol/L in the 90-mmol/day group.  

 Both potassium groups demonstrated a 
signi fi cant reduction in 24-h urine calcium 
(Table  10.1 ). Twenty-four-hour urine calcium 
excretion in participants taking potassium citrate 
60 mmol/day was reduced by 46 ± 15.9 mg/day, 
and among participants taking 90 mmol/day 
urine, calcium was reduced by 59 ± 31.6 mg/day 
compared to baseline ( p  < 0.005 for both com-
parisons). There were no signi fi cant changes in 
fractional calcium absorption with potassium cit-
rate 60 or 90 mmol/day when compared with pla-
cebo. Participants taking 90 mmol/day of 
potassium citrate for 6 months had a signi fi cant 
improvement in calcium balance compared with 
participants taking placebo (142 ± 80 mg/day in 
the 90 mmol/day treatment group vs. −80 ± 54 mg/
day in the placebo group;  p  < 0.05, Table  10.1 ). 
Calcium balance improved by 33 ± 66 mg/day in 
those subjects on potassium citrate 60 mmol/day, 
but this did not reach statistical signi fi cance 
( p  = 0.18). Intact PTH signi fi cantly decreased in 
subjects taking potassium citrate 90 mmol/day 
( p  = 0.01), but there were no signi fi cant changes 
in 1,25-dihydroxy vitamin D levels during potas-
sium citrate treatment (Table  10.1 ).  

 Serum C-telopeptide, a marker of bone resorp-
tion, decreased signi fi cantly in both potassium 
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a b  Fig. 10.1    Urine potassium 
and net acid excretion after 
6 months of potassium 
citrate supplementation. 
Panel ( a ): Twenty-four-hour 
urine potassium excretion at 
the end of study. Panel ( b ): 
Twenty-four-hour net acid 
excretion at the end of study. 
 Pbo  placebo,  KCit60  
potassium citrate 60 mmol/
day,  KCit90  potassium 
citrate 90 mmol/day. 
* p  < 0.05 vs. placebo. Values 
are mean ± SE       
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 citrate treated groups, while bone speci fi c alkaline 
phosphatase, a marker of bone formation, was 
unchanged (Table  10.2 ).    

   Discussion 

 Nutrition interventions such as calcium and vita-
min D have been shown to bene fi cially impact 
skeletal health  [  22  ] . Altering the acid–base com-
position of the diet represents another potentially 
bene fi cial nutrition intervention. Nutrition inter-
ventions such as these are attractive given the low 
cost, wide availability, and safety of these nutri-
ents. The relationship between the dietary com-
ponents that generate acid and the skeleton is 
complex. Much of the epidemiologic research 
examining the potential role of dietary acid has 
focused on the role of dietary protein or 
speci fi cally animal protein. For example, the 
Nurse’s Health Study found a 21 % increase in 
forearm fracture over 12 years of follow-up 

among women aged 35-59 in the highest quintile 
of both total and animal protein  [  23  ] . Worldwide, 
per capita consumption of animal protein is asso-
ciated with an increased risk of hip fracture in 
women over age 50  [  24  ] . However, the relation-
ship between dietary protein intake and the skel-
eton is complex. The metabolism of dietary 
protein provides dietary acid, but adequate pro-
tein is critically important for achieving peak 
bone mass and maintaining skeletal health. 
Additionally, hunter-gatherer diets are net base 
producing despite containing two to three times 
as much protein as typical Western diets because 
these paleolithic style diets also contain much 
higher amounts of vegetable foods and lack cereal 
grains  [  25  ] . It is the net balance between the acid 
and base generating components of the diet that 
determines the net dietary acid load. To examine 
both the acid and base aspects of dietary intake 
rather than simply protein intake, we examined 
the ratio between animal and vegetable protein 
and skeletal outcomes in a previous study. In this 

   Table 10.1    Change in calcium metabolism and calcitropic hormones from baseline to 6 months during treatment with 
placebo ( n  = 18), potassium citrate 60 mmol/day ( n  = 17), or potassium citrate 90 mmol/day ( n  = 17) in 52 men and 
women over age 55 years   

 Pbo  KCit60  KCit90 

 Change in urine Ca (mg/day)  25.0 ± 12.9  −46.0 ± 15.9 a   31.6   
 Change in fractional calcium absorption (%)  1.5 ± 3.0 %  −0.2 ± 2.0 %  −0.1 ± 2.2 % 
 Change in calcium balance  −80 ± 53.7  33.4 ± 65.5  141.5 ± 79.8 b  
 Change in iPTH (pg/mL)  2.4 ± 2.3  −2.6 ± 4.4  −8.3 ± 3.2 a  
 Change in 1,25 OH D (pg/mL)  −5.5 ± 3.4  4.5 ± 4.5  −3.3 ± 3.7 

  Values are mean ± SE.   Statistical signi fi cance indicated by superscripted letters.    Pbo  placebo,  KCit60  potassium citrate 
60 mmol/day,  KCit90  potassium citrate 90 mmol/day.    a  p  < 0.01 vs. placebo.    b  p  = 0.02 vs. placebo  

   Table 10.2    Change in bone turnover markers from baseline to 6 months for the 52 men and women over age 55 years 
randomized to placebo ( n  = 18), potassium citrate 60 mmol/day ( n  = 17), or potassium citrate 90 mmol/day ( n  = 17)   

 Placebo  K Citrate 60 mmol/day  K Citrate 90 mmol/day 

 Change in bone speci fi c alkaline 
phosphatase ( m g/L) 

 −0.95 ± 0.8  −1.1 ± 0.9  −1.8 ± 0.8 

 Change in serum C-telopeptide (ng/L)  44.0 ± 27.6  −71.6 ± 40.7 a   −34.6 ± 39.1 a  

  Values are mean ± SE.   Statistical signi fi cance indicated by superscripted letters.    a  p  < 0.05 vs. placebo  
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cohort of postmenopausal women, we demon-
strated that diets with high animal to vegetable 
protein intake ratios are associated with an 
increased rate of femoral neck bone loss and hip 
fracture  [  26  ] , supporting the hypothesis that the 
balance between acid  and base generating com-
ponents of the diet can have a long-term impact 
on the skeleton. 

 A low acid diet could be generated by either 
decreasing the dietary acid precursors or by 
increasing dietary base precursors. Protein is a 
major constituent of bone and has known ana-
bolic effects on bone  [  27  ] . Additionally, protein 
supplements have been shown to speed recovery 
after hip fractures  [  28  ] . However, these effects 
may or may not be realized depending on the 
magnitude of the countervailing catabolic 
in fl uences on bone from the prevailing diet net 
acid load, which depend not only on the protein 
intake but on relative total intakes of acid and 
base precursors from all dietary sources. Thus, 
the preferred strategy to lowering the net dietary 
acid load would be to increase intake of base 
rather than to reduce dietary protein. 

 Short-term studies over the past several 
decades have demonstrated bene fi cial effects on 
calcium balance and skeletal metabolism, but 
substantial controversy remains. Two short-term 
calcium balance studies both demonstrated a 
reduction in urine calcium with no change in 
fecal calcium, resulting in a net improvement in 
calcium balance  [  8,   9  ] . While neither of these 
balance studies directly measured intestinal frac-
tional calcium absorption, fractional calcium 
absorption as measured by dual stable calcium 
isotopes was not affected by potassium citrate 
supplementation in a separate study  [  10  ] . As the 
studies to date have been small and short term, 
the net effect of potassium-containing foods 
(fruits, vegetables, dairy) on calcium metabolism 
in the long term has remained controversial. In a 
cross-sectional study of women consuming diets 
similar to their typical self selected diet, dietary 
potassium intake was associated with lower urine 
calcium excretion, but also with lower intestinal 
calcium absorption  [  13  ] , leading to speculation 

that adaptation to increased dietary potassium 
intake occurs with time. Under this theory, while 
urine calcium remains lowered, calcium absorp-
tion is also decreased, resulting in no signi fi cant 
net bene fi t on the calcium economy in the long 
term. Of note, in this cross-sectional analysis, 
however, dietary potassium intake was from meat 
and milk sources rather than fruits and vegeta-
bles. Thus, dietary potassium intake may not have 
re fl ected base intake in this study, unlike the 
short-term balance studies that utilized alkaline 
potassium salts. 

 In our recent trial, we demonstrated that oral 
administration of potassium citrate results in a 
long-term, positive effect on calcium balance. 
Even after 6 months of supplementation, urine 
calcium was signi fi cantly reduced in both potas-
sium treated groups while intestinal calcium 
absorption was unchanged, leading to a net 
improvement in calcium balance in both treat-
ment groups that reached statistical signi fi cance 
in the potassium citrate 90 mmol/day group. 
Further, net acid excretion was signi fi cantly 
lower among participants taking potassium cit-
rate 90 mmol/day compared to those taking 
60 mmol/day. These metabolic  fi ndings would 
suggest that potassium citrate 90 mmol/day may 
be the best dose to study in trials examining 
de fi nitive skeletal outcomes such as bone density 
and fracture. 

 Markers of bone resorption were also reduced 
in our trial, similar to previous studies  [  9,   15,   18, 
  29  ] ; however, this  fi nding is not universal in the 
 literature and several studies of alkaline potas-
sium salts have not shown effects on markers of 
bone resorption  [  10,   16,   17  ] . Overall, our study 
supports the hypothesis that alkaline potassium 
salts can have a sustained bene fi cial impact on 
the skeleton. Previous studies have demonstrated 
a persistence of the urine calcium lowering effects 
to at least 3 years  [  12  ] . In our trial, improvements 
in calcium balance were also maintained through 
6 months, supporting the need for long-term stud-
ies with bone density as the outcome. 

 Despite two previous trials, one positive and 
one negative, that had bone density as an out-
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come, no de fi nitive conclusions can be made. 
The  fi rst study utilized an active comparator and 
did not have a placebo group, making it dif fi cult 
to ascertain the effect of the potassium citrate 
intervention  [  16  ] . The second study showed no 
difference in bone density after 24 months of 
potassium citrate or fruit and vegetable supple-
mentation compared to placebo in postmeno-
pausal women  [  17  ] . However, urine calcium 
excretion in this study was not decreased by 
potassium supplementation in this study. The 
ability of alkaline potassium salts to lower urine 
calcium is a well described and reproducible 
 fi nding, raising questions regarding the effective-
ness of the speci fi c potassium compound used in 
this study. Additionally, the two bone density 
studies done to date utilized doses of potassium 
citrate (18.5–55.5 mmol/day) that, based on our 
study, may have been too low to impact calcium 
balance in the long term. Our study demonstrated 
a dose response for potassium citrate for many 
parameters and, importantly, the improvement in 
calcium balance at 6 months was statistically 
signi fi cant only in the 90 mmol/day group. 

 Similar to previous studies, in our study, 
potassium citrate was well tolerated with no 
 gastrointestinal intolerance. One study partici-
pant in our trial became mildly hyperkalemic on 
a relatively small dose of potassium citrate, only 
40 mmol/day. We have conducted numerous 
studies utilizing potassium supplements with no 
previous episodes of hyperkalemia. Nonetheless, 
this does emphasize that, in future studies, par-
ticipants’ serum potassium will require monitor-
ing with potassium citrate supplementation. 

 One important limitation to our study is that 
subjects were speci fi cally recruited for baseline 
higher calcium values. We selected these indi-
viduals as interventions such as potassium citrate 
that lower urine calcium excretion may be of lim-
ited utility in individuals who already have a low 
urine calcium excretion. However, this does limit 
the generalizability of these  fi ndings, and selec-
tion criteria for larger, long-term studies with 

de fi nitive skeletal outcomes will have to be 
selected carefully. 

 Consistent with previous short-term calcium 
balance studies, our recent trial demonstrates that 
persistent bene fi ts to calcium metabolism occur 
during longer-term potassium citrate supplemen-
tation. After 6 months of supplementation, urine 
calcium remained lowered compared to placebo 
with no evidence of a compensatory decrease in 
intestinal calcium absorption. Our  fi ndings of 
longer-term improvements in calcium balance 
and reduction in bone resorption markers suggest 
that long-term utilization of potassium supple-
mentation could lead to sustained bene fi ts for the 
skeleton. Like calcium and vitamin D, potassium 
citrate is widely available, inexpensive, and has an 
excellent safety pro fi le. In addition, the amounts 
of potassium citrate provided in our study are 
readily consumed in the form of increased fruit 
and vegetable consumption, making this potential 
intervention applicable on a population-wide 
basis. There have been two previous bone density 
studies with con fl icting results and signi fi cant 
limitations. Our data support the development of a 
long-term potassium citrate intervention trial with 
a suf fi cient dose of potassium citrate and de fi nitive 
skeletal outcomes such as bone density, bone 
structure, and fracture. Alkalinizing potassium 
salts have the potential to signi fi cantly impact the 
increasing threat osteoporosis poses to aging men 
and women consuming the typical net acid pro-
ducing diets of Western societies.      
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  Abstract 

  Background : Suf fi cient calcium intake is essential for the maintenance of 
bone health in older people. However, the effect of dietary protein on bone 
mass of older women has been controversial. To the best of our knowl-
edge, there has been no clinical trial evaluating the effect of protein sup-
plementation on bone mass in older Chinese women. 

  Objective : To evaluate the effect of 1-year protein and calcium supple-
mentation on bone mass in older Chinese women compared to calcium 
supplementation alone. 

  Design : A 1-year randomized controlled trial was conducted in 283 
Chinese postmenopausal women aged 68.1 ± 0.5 years (range 60–86 years). 
Study participants were randomized to receive either protein powder con-
taining 30 g soybean protein and 1,000 mg calcium as calcium carbonate 
(Pro + Ca group,  n  = 142) or only 1,000 mg calcium per day (Ca group, 
 n  = 141). Measurements performed include dietary intakes by 1-year food-
frequency questionnaire, physical activity by International Physical 
Activity Questionnaire (IPAQ)-Short Form, and areal bone mineral den-
sity (aBMD) at hip, lumbar spine (L2–L4), and total body by DXA at 
baseline and 1 year later. 

  Results : There were no signi fi cant differences between the two groups 
in baseline characteristics. With supplementation, both groups had 
signi fi cantly higher calcium intake compared to the baseline (1,647 ± 53 mg/
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day vs. 879 ± 30 mg/day,  P  = 0.01), and the average dietary protein intake 
was signi fi cantly higher in the Pro + Ca group compared to the Ca group 
(107.8 ± 4.6 g/day vs. 75.7 ± 3.1 g/day,  P  < 0.001). 

 After 1-year supplementation, there was a slight but signi fi cant increase 
in aBMD at total body, femoral neck, trochanter, and total hip in both 
groups after adjusting for baseline age, BMI, calcium intake, physical 
activity level, and serum 25(OH)D level (time effect, all  P  < 0.05). There 
were no signi fi cant time effects on lumbar spine aBMD in either group. 

 The Pro + Ca group had signi fi cantly greater increase in total-body 
aBMD (9.5 mg/cm 2 ) compared to the Ca group (0.4 mg/cm 2 ) after 1 year 
of supplementation before adjustment for covariates (time × group interac-
tion,  P  < 0.05). There were no signi fi cant effects of protein supplementa-
tion on aBMD of other sites. 

  Conclusion : Higher intake of dietary protein might have a positive 
effect on total-body bone mass in Chinese postmenopausal women when 
calcium intake is suf fi cient.  

  Keywords 

 Protein  •  Bone mineral density  •  Calcium  •  Postmenopausal women      

   Introduction 

 The prevalence of osteoporosis has been increasing 
in recent years because of increases in life expec-
tancy and the number of older individuals in most 
countries, especially in China. For example, in 
2004, osteoporosis and low bone density affected 
about 12 % of the total population in China  [  1  ] . 

 Balanced diet is a basic strategy for the pre-
vention of osteoporosis. Protein is a major com-
ponent of bone matrix. However, data on the 
effect of dietary protein on bone mass has been 
controversial, especially in elderly. A few earlier 
studies indicated a negative effect of high protein 
intakes on bone mass  [  2  ] , whereas most observa-
tion studies in elderly population have shown that 
relatively high protein intakes could reduce bone 
loss  [  3–  5  ]  and reduce the risk of hip fracture in 
elderly women  [  6  ] . 

 Moreover, it was observed that the effect of 
protein on bone health could be related to cal-
cium intake. A cross-sectional study showed that 
the highest quartile of protein intake (mean 
intake = 72 g/day) was associated with higher 
BMD in elderly women only when the calcium 
intake exceeded 408 mg/day  [  7  ] . 

 Most studies evaluating the effect of protein 
intake on bone mass were carried out in western 
populations. It is well known that calcium intakes 
and bone structure are different to some extent 
between Chinese and westerners. To the best of 
our knowledge, there has been no published clin-
ical trial with protein supplementation in Chinese 
older women. Thus, the objective of this study 
was to evaluate the effect of protein supplemen-
tation on bone mineral density in Chinese post-
menopausal women who also received 1,000 mg 
calcium per day. 

   Subjects and Methods 

   Study Design 
 A 1-year, randomized, placebo-controlled trial of 
calcium and calcium plus protein in Chinese 
older women.  

   Participants 
 The study subjects were 283 Chinese women 
aged over 65 years. They were recruited by mail 
or poster in community in Beijing, China. The 
inclusion criteria were (A) Chinese women over 
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the age of 60 years and (B) living in Beijing dur-
ing intervention period. The exclusion criteria 
were (A) fracture within 6 months of screening; 
(B) patient with bone disease in the last 12 months; 
(C) previous osteoporosis treatments in the last 
12 months except for calcium supplementation; 
(D) patient with liver or kidney disorder or other 
endocrinosis, such as diabetes; (E) signi fi cant 
prior neuromuscular disorders that impair bal-
ance; (F) oral corticosteroids in the last year; (G) 
patients with serious, uncontrolled disease likely 
to interfere with the study and/or likely to cause 
death within the study duration; and (H) partici-
pation in another clinical trial during the last half 
year. The investigator explained bene fi ts and risks 
of participation in the study to each subject during 
the interview. A written informed consent form 
was signed by each subject prior to the initiation 
of nonroutine tests at baseline survey. The study 
was approved by the ethics committees of the 
Institute of Nutrition and Food Safety, Chinese 
Center for Disease Control and Prevention.  

   Protein Supplements 
 A researcher who was not part of the study group 
was in charge of randomization. The randomiza-
tion used block size of ten using random num-
bers. The 283 subjects were randomized into two 
groups:

   Calcium group,  • n  = 142, supplied with three 
calcium carbonate tablets, containing total of 
1,000 mg calcium per day  
  Calcium + protein group,  • n  = 141, supplied 
with two packets of powder containing total of 
30 g soybean protein and 1,000 mg calcium 
per day    
 All supplementation were produced and pack-

aged by the same factory. A researcher outside of 
the study group dispensed calcium tablets in bot-
tles or protein and calcium powder in satchels to 
study participants every 3 months. The supple-
ment was instructed to be taken with meal. 
A record form for taking supplementation was 
also delivered to all subjects with supplementa-
tion. During the supplementation period, the 
study staff contacted each subject every month to 
record the number of supplements taken and to 
promote compliance. The remaining bottles and 

satchels were collected and counted at the end of 
the study to calculate compliance.  

   Bone Measurements 
 Bone mineral density of spine (L2–L4), proximal 
femur (femoral neck, trochanter, and total hip), 
and total body were measured by dual-energy 
X-ray absorptiometry, using a Norland XR-46 
densitometer in pencil-beam mode (Norland 
Medical Systems, Inc., Fort Atkinson, WI, USA) 
with software version 3.94 at baseline and the end 
of the study. Two experienced technicians per-
formed the measurements throughout the study. 
The DXA had a variation in precision of <1.0 % 
for the measured bone sites at standard speed. 
A daily quality assurance test was performed with 
a manufacturer-supplied hydroxyapatite phantom, 
and the accuracy error was <1.0 %.  

   Biochemistry 
 Serum 25-hydroxyvitamin D [25(OH)D] concen-
tration in fasting blood samples was determined 
by radioimmunoassay (RIA, DiaSorin Inc., 
Stillwater, MN, USA) in duplicates. All samples 
were measured in one laboratory. The interassay 
coef fi cient was 7.80 % at 18.9 ng/ml, with inter-
assay and intra-assay coef fi cients of variation 
(CVs) of 11.1 and 8.8 %, respectively.  

   Dietary Intakes 
 Dietary intakes were assessed by using a 51-item 
food-frequency questionnaire, which was adopted 
from the questionnaire used in the 2002 China 
National Nutrition and Health Survey  [  8  ] . 
Nutrient intakes were calculated using the 
Chinese Food Composition Tables published in 
2002  [  9  ]  and 2004  [  10  ] .  

   Other Assessments 
 Anthropometry measurements, including height 
and weight, were performed with subjects in light 
clothes and without shoes. Physical activity (PA) 
level was estimated using the Chinese version of 
the International Physical Activity Questionnaire 
(IPAQ)-Short Form. Total physical activity level 
(METs/week) was calculated and divided as high 
(score = 3), moderate (score = 2), and low level 
(score = 1).  
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   Statistical Analysis 
 The repeated measurement for variables was ana-
lyzed by Mixed Linear Model for continuous 
variables (such as bone mineral density) in SAS 
program, version 9.0, with or without adjustment 
for body mass index (BMI), calcium intake, 
serum 25(OH)D, age, and other potential con-
founders. The supplement × time interaction was 
tested, and signi fi cant interaction indicates 
signi fi cant effect of supplementation.  P  value less 
than 0.05 was considered as statistically 
signi fi cant difference.    

   Results 

 In 283 subjects who participated in the protein 
intervention trial, 190 subjects were reexamined 
at the end of the intervention. No signi fi cant dif-
ference in dropout rates was observed between 
the calcium plus protein group and the calcium 
group (36.9 and 28.9 %, respectively,  P  = 0.40). 
At baseline, there were no signi fi cant differences 
in age, height, BMI, protein and other nutrients 
intakes, and bone measures between the subjects 
who completed the study and those who did not 
(data were not shown). 

 Baseline characteristics are given in Table  11.1  
and were not signi fi cantly different between the 
protein plus calcium and the calcium group 
( P  > 0.1 for all). Their mean calcium intake 

(879 ± 30 mg/day) was below the recommended 
intake level of 1,000 mg/day, and protein intake 
(72.0 ± 2.2 g/day) was slightly higher than the rec-
ommended intake level of 65 g/day published by 
Chinese Nutrition Society  [  11  ] . With supplemen-
tation, both groups had signi fi cantly higher cal-
cium intake compared to the baseline 
(1,647 ± 53 mg/day,  P  = 0.01), and the average 
dietary protein intake was signi fi cantly higher in 
the Pro + Ca group compared to the Ca group 
(107.8 ± 4.6 g/day vs. 75.7 ± 3.1 g/day,  P  < 0.001).  

 There were no signi fi cant differences between 
groups in the bone mineral density (BMD) of 
total body, femoral neck, trochanter, total hip, 
and lumbar spine at baseline ( P  > 0.05 for all). 
After 1-year supplementation, aBMD at total 
body, femoral neck, trochanter, and total hip 
increased slightly but signi fi cantly in both groups 
after adjusting for baseline age, BMI, calcium 
intake, physical activity level, and serum 25(OH)
D level (time effect, all  P  < 0.05). There were no 
signi fi cant time effects on lumbar spine aBMD 
before and after adjustment (Table  11.2 ).  

 The Pro + Ca group had signi fi cantly greater 
increase in total-body aBMD (9.5 mg/cm 2 ) com-
pared to the Ca group (0.4 mg/cm 2 ) after 1 year of 
supplementation before adjustment and still after 
adjustment for covariates (time × group interac-
tion, all  P  < 0.05). There were no signi fi cant 
effects of protein supplementation on aBMD of 
other sites (Table  11.2 ).  

   Table 11.1    Characteristics of participants in calcium and calcium plus protein groups at baseline and 1 year a    

 Baseline  1 year 

 Calcium  Calcium + protein  Calcium  Calcium + protein 

 ( n  = 142)  ( n  = 141)  ( n  = 101)  ( n  = 89) 

 Age (year)  68.1 ± 0.5  68.2 ± 0.5  69.0 ± 0.6  69.2 ± 0.5 
 Height (cm)  153.8 ± 0.5  154.1 ± 0.4  154.0 ± 0.5  154.1 ± 0.5 
 Weight (kg)  61.7 ± 0.8  62.9 ± 0.8  61.3 ± 1.0  63.3 ± 1.0 
 BMI (kg/m 2 )  26.1 ± 0.3  26.5 ± 0.3  25.8 ± 0.4  26.7 ± 0.4 
 Dietary intake 
 Protein (g/day)  71.9 ± 2.4  72.0 ± 2.2  75.7 ± 3.1 b   107.8 ± 4.6 b,c     
 Calcium (mg/day)  853 ± 31  906 ± 29  1589 ± 48.0 b   1713 ± 56.5 b,c  
 Serum 25(OH)D 
(ng/ml) 

 15.9 ± 0.89  15.6 ± 0.56  14.5 ± 0.73  16.8 ± 1.05 

 PA score  2.6 ± 0.05  2.8 ± 0.04 ^   2.5 ± 0.06  2.8 ±0.05 ^  

   a Data were Mean ± SE and analyzed with linear mixed model 
  b Signi fi cant difference from the baseline,  P  < 0.05 
  c Signi fi cant difference from that of calcium group,  P  < 0.05  
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   Discussion 

 The present study showed that after protein and 
calcium supplementation for 1 year, protein sup-
plementation with calcium led to a signi fi cant 
increase in total-body BMD, compared to sub-
jects who consumed only calcium supplement. 
These results suggest that at similar high level of 
calcium intake, higher protein intake contributed 
to a higher total-body BMD. 

 Protein could provide amino acids as sub-
strates for building bone matrix; therefore, ade-
quate protein intake is important for the 
maintenance of bone mass in the elderly. A num-
ber of cross-sectional and longitudinal studies 
with older subjects have shown that relatively 
high protein intakes were associated with reduced 
bone loss  [  2,   3,   5  ] . For example, the Framingham 
Osteoporosis Study showed that participants in 
the two lowest quartiles of protein intake (<67 g/
day) had greater bone loss at the femoral neck 
compared to those in the highest quartile (>84 g/
day)  [  3  ] . In this intervention study in Chinese 
postmenopausal women, a higher protein intake 
with calcium had positive effect on total-body 
BMD after 1 year. Our results extend the  fi ndings 
of observational studies of postmenopausal 
women that suggest bene fi cial effects of higher 
protein intake on BMD. 

 In a recent study in older Western Australian 
women, 30 g extra protein per day did not affect 
change in bone density or strength over 2 years 
 [  12  ] . A possible reason for the lack of effect in 
older Western Australian women was their rela-
tively high usual dietary protein intake, 1.1 g/kg 

body weight/day at baseline, which is well above 
the Australian EAR of 0.75 g/kg body weight/
day for older women  [  13  ] . In the present study in 
Chinese older women, the mean protein intake at 
baseline was 1.1 g/kg body weight/day, which is 
slightly less than the RNI for Chinese older peo-
ple of 1.27 g/kg body weight/day  [  11  ] . The pro-
tein RNI for Chinese is higher than that for 
western countries because Chinese consume 
more plant-based protein. 

 Several studies have indicated that the effect 
of protein intake on bone mass in the elderly 
could be in fl uenced by calcium intake  [  7,   14  ] . 
A prospective study showed that higher protein 
intake was signi fi cantly associated with a favor-
able 3-year change in total-body BMD in the 
supplemented group with a mean calcium intake 
of 1,346 mg/day but not in the placebo group 
with a mean calcium intake of 871 mg/day  [  14  ] . 
Therefore, suf fi cient calcium intake is important 
for the bene fi cial effect of protein on bone mass. 

 A limitation of the present study was that the 
assessment of bone mass with dual-energy X-ray 
absorptiometry, which cannot evaluate the 
changes in bone geometry and volumetric den-
sity. Another limitation of the present study was 
that we did not have another control group with 
low calcium and high protein intake, so we can-
not evaluate the effect of higher protein intake on 
bone health in Chinese older women with lower 
calcium intake. 

 In conclusion, the present study showed that 
1-year protein supplementation with suf fi cient 
calcium intake would bene fi t total-body bone 
mineral density, but not other skeletal sites in 

   Table 11.2    Estimated marginal means of bone mineral density at baseline and 1 year (g/cm 2 ) adjusted for age, BMI, 
calcium intake, physical activity, serum 25(OH)D a    

 Baseline  1 year 

 Calcium  Calcium + protein  Calcium  Calcium + protein 

 ( n  = 142)  ( n  = 141)  ( n  = 101)  ( n  = 89) 

 Total body  0.824 ± 0.007  0.829 ± 0.009  0.828 ± 0.009  0.852 ± 0.012 b,c  
 Total hip  0.767 ± 0.001  0.775 ± 0.011  0.771 ± 0.012 b   0.781 ± 0.014 b  
 Femoral neck  0.679 ± 0.009  0.688 ± 0.010  0.682 ± 0.010 b   0.699 ± 0.013 b  
 Trochanter  0.569 ± 0.009  0.579 ± 0.009  0.579 ± 0.01 b   0.588 ± 0.011 b  
 Lumbar spine  0.894 ± 0.014  0.932 ± 0.017  0.893 ± 0.017  0.964 ± 0.022 

   a Data were mean ± SE and analyzed with linear mixed model 
  b Signi fi cant difference from the baseline,  P  < 0.05 
  c Signi fi cant interaction between group and time,  P  < 0.05  
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Chinese postmenopausal women. Both calcium 
and protein nutrition are important for bone 
health in Chinese postmenopausal women.      
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   Introduction 

 At the  fi rst International Symposium on 
Nutritional Aspects of Osteoporosis (ISNAO) in 
1992, E.S. Orwoll stated “… weather a relatively 
high intake of protein in fl uences mineral and 
bone metabolism remains controversial,” and “…
commonly consumed diets, replete in phosphate 
but low in calcium, may be associated with 

 potentially harmful metabolic changes”  [  1  ] . 
Although the eventual negative bone effect of a 
high protein stemmed mainly from animal stud-
ies, the doubt remained, but was already linked to 
a low-calcium diet. At the sixth ISNAO in 2006, 
R.P. Heaney recalled that “… protein-related 
bene fi t is dependent upon an adequate calcium 
intake”  [  2  ] , and at the seventh ISNAO in 2009, 
A.L. Darling summarized her review on protein 
effects with the alarming sentence “high calcium 
intakes may offset any detriment caused by high 
protein intake, and low calcium intakes may 
make protein-induced detriment worse”  [  3  ] . 

 This was formulated as a hypothesis. The pur-
pose of this study is to gather the evidence for 
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  Abstract 

 The interdependent in fl uence of the protein and the calcium intake on 
bone health has been conclusively studied. For obtaining a positive bone 
effect from nutritional protein, an adequate calcium intake is required, and 
vice versa. A high-protein intake was  fi rst considered as potentially nega-
tive for bone, but this fear was not defendable anymore when it became 
evident that a high-protein intake increases urinary calcium excretion 
because it stimulates calcium absorption. Protein de fi ciency was shown to 
be detrimental to bone, not a high-protein intake. However, some large 
follow-up studies demonstrated that the combination of a high-protein 
intake with a low-calcium diet increases fracture risk. This particular 
nutritional pro fi le seems to be rare, but some cross-sectional studies seem 
to con fi rm that.  
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this statement. It will not discuss the various 
effects of dietary protein, such as providing sub-
strates for bone matrix, stimulating IGF-1, and 
increasing calcium absorption and urinary cal-
cium excretion  [  4  ] , and it will not review the evi-
dence for the various bene fi ts of an adequate 
protein intake, such as higher BMD, slower bone 
loss, and smaller fracture risk in postmenopausal 
women and elderly people. Nor will it discuss the 
still controversial observation that high-protein 
intake may affect bone via acid load  [  5  ] . But it 
will analyze the literature in search of an answer 
to the question if a high-protein–low-calcium diet 
is detrimental to bone.  

   De fi nition of a High-Protein Intake 

 The impressive number of studies on the bone 
effects of dietary protein intake reviewed by  [  6  ]  
allows comparing the protein intakes recorded in 
the various studies (Fig.  12.1 ). For this compari-
son, all values were indicated in g/kg. When the 
total intake was indicated in g/day and the body 
weight was not given, a body weight (BW) of 

70 kg was assumed. It appeared in general the 
protein intake was about 1 g/kg in most of the 
studies, with a lowest value at 0.8 g/kg, although 
the RDA is in general set at 0.8 g/kg. The three 
studies close or below 0.8 g/kg concerned vege-
tarians  [  7  ] , or subjects with a high intake of veg-
etable proteins and for that with a relatively low 
total protein intake  [  8  ] , and a study based on non-
dairy proteins only  [  9  ] . Since there is no de fi nition 
of a high-protein intake, the upper limit of “nor-
mal” or “adequate” could be arbitrarily  fi xed, for 
reasons of symmetry, at 1.2 g/kg, considering an 
intake above this  fi gure as high, not as abnormal 
or inadequate.   

   De fi nition of the Optimal Calcium/
Protein Ratio 

 In several studies, the ratio calcium intake/pro-
tein intake has been used for evaluating the com-
bined effect of calcium and of protein on bone. 
However, there is no de fi nition of a normal range 
for the calcium/protein ratio, although this ratio 
is used as a parameter in many studies. In order 
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to de fi ne a minimal ratio, one could implement a 
calcium intake of 800 mg/day and a protein 
intake of 1.2 g/kg/day, which would result in a 
calcium/protein ratio of 11.1 mg/g for a BW of 
60 kg and 8.3 mg/g for a BW of 80 kg. A ratio of 
eight could then be considered as the lowest 
acceptable value, but to the knowledge of this 
author, no of fi cial recommendation has been for-
mulated. For assessing this ratio, one can calcu-
late it for taller and for smaller subjects. For a 
young white US or a Dutch man with a BMI of 
23 kg/m 2 , both with a median height of 182 cm, 
an intake of 1.2 g protein/kg and of 800 mg cal-
cium would give a calcium/protein ratio of 8.8, 
while the same calculation for a Japanese or 
Portuguese man (median height 172, resp. 
171 cm) would give a ratio of 9.8, resp. 9.9. 
These values give the wrong impression to be 
close, but they should also be valid for taller and 
for smaller subjects. This is not the case. For his-
torical reasons, the calcium recommendations 
are given in absolute values, while the recom-
mendations for protein intake are adapted to BW. 
This explains why the same calculation using the 
same intake of calcium and of protein, performed 
for a tall US man at percentile 95, results in a 
ratio of 8.1 and for a small Japanese women at 
percentile 5 in a ratio of 13.4. This important 
variation of the ratio, which depends on BW, 

makes the ratio un fi t for scienti fi c use, unless it 
is applied to a homogenous population as seen, 
e.g., in rat experiments. To illustrate this state-
ment, the reported or calculated calcium/protein 
ratios of the studies reviewed by  [  6  ]  are pre-
sented on a diagram (Fig.  12.2 ). It becomes evi-
dent that the ratio cannot be used as a parameter 
which helps to evaluate the effects of various 
protein and calcium intakes.   

   Analysis of Published Studies 
in Search of a Negative Effect 
of a High-Protein–Low-Calcium Intake 

   Studies with Calcium Isotopes 

 Four studies from two groups demonstrated that a 
high-protein intake enhances calcium absorption 
 [  10–  13  ] . All used very-high-protein intakes 
(average values of 1.6–2.1 g/kg), but the average 
calcium intakes were not or only moderately low 
(average values 600–800 mg/day). Therefore, 
no information on the effect of a high-protein–
low-calcium intake could be drawn from these 
studies. But one study  [  13  ]  came to the conclu-
sion that the increase in calcium absorption might 
“nearly” compensate the increase in urinary cal-
cium excretion. By that it evokes the possibility 
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that a high-protein intake might lead to a negative 
calcium balance when the calcium intake is inad-
equately low.  

   Cross-Sectional and Cohort Studies 

 None of the numerous studies reviewed by  [  6  ]  
studied speci fi cally the effect of a high-protein–
low-calcium diet, neither the more recent study 
on the relation between protein intake and frac-
ture risk by Misra et al.  [  14  ] . 

 A special look on the  fi ve studies of Darling’s 
meta-analysis with a protein intake above 1.2 g/kg 
 [  15–  19  ]  also did not reveal data of subgroup 
analysis with high-protein–low-calcium intakes, 
although the three Japanese studies among them 
reported rather low-calcium intakes (average 
values 458–660 mg/day). However, one of these 
studies  [  19  ]  found a surprising negative correla-
tion between protein intake and radial bone den-
sity. Calcium intake was high (±1,001 mg/day), 
and there was a positive correlation between the 
calcium/protein ratio and BMC.   

   The Exception of the Growing Bone 

 In children and adolescents too, adequate protein 
intake is essential for bone growth and strength, 
and the positive response to calcium supplemen-
tation is also in fl uenced by the protein intake 
 [  20  ] . But the requirements seem to be different, 
since the three studies on young adults or peri-
pubertal girls reported a positive correlation 
between the calcium/protein ratio and BMC or 
BMD  [  19,   21,   22  ] . All three studies showed a 
negative correlation between protein intake and 
bone measurements. Since the physiology of 
growth and development of peak bone mass is 
different from that of bone loss after menopause 
and in advanced age, it also can be assumed that 
the nutritional needs for building up bone are not 
the same as for preventing bone loss after meno-
pause or in advanced age. 

 This is also demonstrated in a study of 
15– 17-year-old female ballet dancers ( N  = 127) 
 [  23  ] , where food intake was compared with BMC. 

The intake of nondairy proteins, assessed by por-
tions (servings), was negatively correlated by 
bivariate analysis with femoral neck BMC 
( p  = 0.008   , coeff. −0.089) and by multivariate 
analysis ( p  = 0.045, coeff. −0.62), while the intake 
of dairy products was positively correlated with 
femoral neck BMC by bivariate analysis ( p  = 0.049, 
coeff. 0.083) and by multivariate analysis 
( p  = 0.067, coeff. 0.069). In addition, dairy prod-
ucts were also positively correlated with lumbar 
spine BMC by bivariate analysis ( p  = 0.008, coeff. 
1.84) and by multivariate analysis ( p  = 0.015, 
coeff. 1.69). The multivariate analysis ( p  < 0.02) 
corrected for BW, pubertal stage, years since 
menarche, and hours of dancing. Even when the 
Caucasians and the Asians were analyzed sepa-
rately by Spearman correlations, signi fi cant nega-
tive coef fi cients were found between nondairy 
protein intake and BMAD of the lumbar spine in 
Caucasians (−0.303,  p  < 0.05) and with BMAD of 
the femoral neck in Asians (−0.301,  p  < 0.05). 
Positive coef fi cients were found in Caucasians 
between the intake of dairy products and BMAD of 
the spine (+0.323,  p  < 0.01) and the femoral neck 
(+0.249,  p  < 0.05), while in Asians the coef fi cient 
was −0.305 ( p  < 0.05) with the lumbar spine. 

 When the highest tertile of nondairy protein 
intake was combined with the lowest tertile of 
dairy intake, the mean Z-scores of lumbar BMD 
were −1.61 in Caucasians and −1.12 in Asians, 
compared to −0.57, resp. −004, with the highest 
tertile of dairy products ( p  < 0.02, resp. <0.04). 
These results show again that in the growing 
skeleton and in young adults, a high-protein 
intake combined with a low-calcium intake is in 
negative correlation to bone mineral content. 

   Intervention Studies 

 Intervention studies, where the protein intake was 
modi fi ed, also could be a source of information 
on the effect of a high-protein–low-calcium diet. 
Most intervention studies showed no detrimental 
effect of a high-protein intake on bone metabo-
lism, even when the calcium intake was low 
 [  24–  28  ] . But these studies were probably too 
short for detecting a negative bone effect of a 
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high-protein–low-calcium intake. Spencer et al. 
 [  29  ]  approached this question in her early study 
but could not deliver statistics on such a particu-
lar subgroup from the small number of subjects 
studied. But Lutz  [  30  ]  observed that calcium bal-
ance became more negative when the protein 
intake was doubled while the calcium intake was 
kept low at ±500 mg/day.  

   Cross-Sectional and Follow-Up 
Studies with Analysis of 
High-Protein–Low-Calcium Intake 

 The studies with and without calcium supple-
ments  [  31  ]  and the studies with speci fi c analysis 
of the calcium intake  [  20,   32  ]  pointed to the 
importance of an adequate calcium intake for 
developing a positive effect of protein on bone. In 
the study of Dawson-Hughes  [  31  ] , calcium sup-
plementation revealed a positive effect of the pro-
tein intake on bone loss in elderly men and 
women over 3 years, although calcium intake 
was not low without supplementation (±940 mg/
day) and the highest tertile of protein intake was 
not very high (±87.6 g/day)  [  32  ] . Rapuri et al. 
concluded in their 3 years’ follow-up study that 
high-protein intake was associated with higher 
BMD only when the calcium intake exceeded 
408 mg/day. But whether the combination of 
high-protein with low-calcium intake was detri-
mental was not examined. Vatanparast et al.  [  20  ]  
made a similar conclusion, since in their study on 
young adults, protein intake predicted TB-BMC 
only in females who had a calcium intake 
>1,000 mg/day. They even stated “in the absence 
of suf fi cient calcium, protein doesn’t confer as 
much bene fi t to bone” without showing the 
 fi gures and without examining the issue of a 
high-protein–low-calcium intake.  

   Follow-Up Studies with Subgroup 
Analysis of High-Protein–Low-Calcium 
Diet 

 There are  fi nally  fi ve studies which approached 
the question of the effect on bone of a high- 

protein–low-calcium diet (Table  12.1 ). The  fi rst 
one  [  33  ] , based on NHANES 1999–2000, com-
pared the fracture    risk in nine groups of postmeno-
pausal women: three tertiles of protein intake and 
three tertiles of calcium intake. The highest tertile 
of protein intake (>70 g) with the lowest calcium 
intake (<400 mg/day) did not show an increased 
fracture risk, but this group consisted in 43 sub-
jects, which obviously was too small to obtain a 
reliable estimate of the odds ratio for fractures.  

 The study of Feskanich et al.  [  34  ]  based on the 
Nurses’ Health Study, showed in a 12-year fol-
low-up an increase of the risk for forearm frac-
tures by 31 % in the tertile with the highest 
protein intake (>90 g/day) combined with the 
lowest tertile of calcium intake (<541 mg/day), 
but this result was not signi fi cant. 

 In the large French epidemiologic study of 
Dargent-Molina et al.  [  35  ]  in more than 35,000 
subjects and a mean follow-up of more than 
8 years, there was 51 % increase in the RR for 
fractures in the quartile with highest protein intake 
combined with quartile of the lowest calcium 
intake and of 46 % when the protein intake was 
weight adjusted. This subgroup had a calcium 
intake of <210 mg and a protein intake of >99.6 g, 
resp. 1.71 g/kg (extrapolated  fi gures), which lets 
us assume that these extreme values only concern 
a small percentage of the population. 

 The large Norwegian follow-up study in 2,302 
men and women over 10–12 years  [  9  ]  also showed 
an increased hip fracture risk (+96 %, sign.) in 
women in the highest quartile of protein intake 
(>20.6 g nondairy animal protein) and the lowest 
calcium intake (<435 mg/day), while the same 
analysis in men (>21.6 g nondairy animal protein 
and <623 mg calcium) showed an increased RR 
of 1.67, which however was not signi fi cant. Here 
the proportion of subjects was indicated – 7.4 % 
of the women and 8.4 % of the men. 

 The last study, based on the Framingham off-
spring cohort, came to the same conclusion  [  36  ] . 
This 12-year follow-up study on 2,697 men and 
women showed that in the subjects with a cal-
cium intake of >800 mg/day, a high-protein intake 
(tertile median 60 g/day animal protein, calcium 
intake 1,096 mg/day) lowered the fracture risk by 
70 %, while in the subjects with a calcium intake 
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of <800 mg (±578 mg/day), the fracture risk was 
doubled (RR 2.02) in the tertile with the highest 
protein intake (median 60 g/day). This means 
that in presence of a suf fi cient calcium intake, a 
high-protein diet was protective, while in the 
presence of a low-calcium diet, a high-protein 
intake increased the fracture risk.   

   Conclusion 

 Normal protein intake is essential for prevent-
ing osteoporosis and decreasing fracture risk, 
especially hip fracture in advanced age. High-
protein intake has never been shown to have a 
negative effect on bone in humans when inte-
grated in an otherwise equilibrated diet. But 
several large and long-term follow-up studies 
demonstrated that a high-protein diet com-
bined with a low-calcium intake is detrimental 
to bone, leading to an elevated fracture risk. 
Some cross-sectional studies, which analyzed 
this phenomenon, seem to con fi rm that. This 
particular nutritional pro fi le is rare, but its 
negative impact should be known.      
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  Abstract 

 Improvement    of peak bone mass in younger age and reducing bone loss in 
aging are two strategies to reduce the risk for developing osteoporosis. 
Modulating intestinal calcium absorption by modifying the diet can con-
tribute to improvement of bone mass, and reduction of in fl ammation dur-
ing menopause can help reduce the risk of bone loss. Calcium absorption 
takes place via an active process in the duodenum, modulated by active 
vitamin D, or by passive paracellular absorption that can take place 
throughout the intestine. Prebiotics are nondigestible carbohydrates which 
promote bacterial growth in the colon. Fermentation by the bacteria results 
in the production of organic acids which reduce the pH in the large intes-
tine and may improve solubility of minerals increasing passive diffusion 
via the paracellular pathway. Increased cell proliferation and hypertrophy 
of the colon wall have also been reported, while some authors also report 
increased expression of calbindin-D 9k , the protein responsible for carry-
ing calcium through the intestinal cell. While the mechanism by which 
probiotics improve calcium absorption has not been proven, it is possible 
that the mechanism is similar to that of the prebiotics. Another dietary 
component that can affect intestinal calcium absorption is long-chain 
polyunsaturated fatty acids (LCPUFA). These have been shown to improve 
calcium absorption by modulating the action of vitamin D in the intestine, 
modulating intestinal membrane composition and thereby increasing 
activity of the membrane pumps responsible for transport of minerals 
across the basolateral membranes. The omega 3 LCPUFAs also have 
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   Introduction 

 Maximizing peak bone mass during adolescence, 
in addition to minimizing bone resorption in old 
age, may be the key to postponing and possibly 
preventing bone fractures due to osteoporosis, later 
in life. A key way to accomplish this is through 
increased calcium intake  [  1  ] . Normally, only about 
30 % of the dietary calcium is absorbed by the body 
and deposited in the bones. Improved calcium 
absorption in the body could raise the balance of 
calcium retained in the body and could therefore 
have important consequences on the occurrence of 
osteoporosis and bone fractures. Calcium absorp-
tion can be manipulated using foods to in fl uence 
the bacterial population in the large intestine, for 
example, or change transporters in the epithelial 
cells. The following chapter  provides an overview 
of the role that prebiotics, probiotics, and  long-
chain polyunsaturated fatty acids (LCPUFA) may 
play in optimizing intestinal calcium absorption 
and improving bone health.  

   Calcium Absorption 

 The majority of calcium, up to 90 %, is absorbed 
in the small intestine. There are two distinct 
processes involved, transcellular uptake which 
takes place mainly in the upper part of the small 
intestine and paracellular uptake which takes 
place throughout the small intestine and can 
also take place in the colon  [  2  ] . When calcium 
intake is normal or high, the relative amount of 
calcium absorbed in the duodenum is low with 
the largest amount being absorbed in the lower 

half of the small intestine, particularly in the 
ileum. Transcellular active absorption is upreg-
ulated when calcium intake is low and is also 
high in growing children. With a low dietary 
calcium intake, the amount absorbed in the 
duodenum may be larger than with the paracel-
lular pathway  [  3  ] . 

 The transcellular pathway requires metabolic 
energy, and it is dependent on vitamin D. The 
process can be divided into three steps: entry, 
intracellular diffusion, and extrusion. The entry 
across the brush border utilizes several transport 
proteins, such as transient receptor potential 
vanilloid (TRPV6). The entry is down an electro-
chemical gradient, and the channels are not volt-
age gated  [  4  ] . The rate-limiting step is the 
diffusion of calcium across the intestinal cell. 
This process is vitamin D dependent and uses 
calbindin-D 

9k
 , which is induced by the active 

form of vitamin 1,25 dihydroxyvitamin D (1,25 
(OH) D 

3
 ). The transport of the calcium across the 

basolateral membrane is via the calcium-magnesium 
ATPase (PMCA1b), which is also vitamin D 
dependent and an active process. There is a 
sodium-calcium exchanger located in the baso-
lateral membrane, but it plays a small role in 
 calcium absorption  [  2,   3,   5  ] . 

 Passive calcium absorption, or paracellular 
diffusion down a chemical gradient, takes place 
throughout the small intestine. This transport is 
responsible for most of the calcium absorption 
when intake is high due to downregulation or 
saturation of active absorption  [  2,   3,   5  ] . Calcium 
absorption in the colon could contribute up to 
10 % of the total calcium being absorbed. In the 
rat, up to 11 % of calcium absorbed could be via 

speci fi c effects on bone cells and reduce in fl ammation which may be of 
bene fi t to bone especially during menopause. In addition, LCPUFAs may 
have a prebiotic effect, modulating gut micro fl ora. The possible contribu-
tion of these dietary components to calcium absorption and bone mainte-
nance in rats and younger as well as older adults is presented.  

  Keywords 

 Calcium absorption  •  Prebiotics  •  Probiotics  •  Gut micro fl ora  •  Long-chain 
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the colon  [  3  ] . Some active calcium absorption 
can also take place in the colon, as calbindin-
D 

9k
  is also found in the rat cecum and large 

intestine  [  3  ] . 
 Several studies in rats and humans have been 

published over the past decade which support 
an effect of indigestible  fi ber (prebiotics), intes-
tinal micro fl ora (probiotics), and long-chain 
polyunsaturated fatty acids (LCPUFA) on intes-
tinal calcium absorption.  

   Prebiotics 

 Prebiotics are nondigestible food ingredients, 
mostly carbohydrates, and these promote bacte-
rial growth primarily in the colon. The fermenta-
tion is thought to provide health bene fi ts which 
include increased mineral absorption. Chicory 
inulin and oligofructose are the most studied pre-
biotics  [  6  ] . Inulin    belongs to the fructan family, 
which is an important storage carbohydrate found 
in noticeable amounts in chicory, artichokes, 
onions, and asparagus. Inulin-type fructans are 
composed of beta-D-fructofuranoses attached by 
beta-2-1 linkages. The  fi rst monomer of the chain 
is either a beta-D-glucopyranosyl or beta-D- 
fructopyranosyl residue. They constitute a group 
of oligosaccharides derived from sucrose that are 
isolated from natural vegetable sources  [  7  ] . 
Generally a product with a degree    of polymeriza-
tion (DP) from 2 to 60+ is labeled as inulin, 
whereas oligofructose which is produced by par-
tially enzymatic hydrolysis of inulin is de fi ned by 
a DP < 10  [  6  ] . Fructooligosaccharides (FOS) 
stimulate the growth of bi fi dobacteria. The lumi-
nal bacteria in the large intestine ferment indi-
gestible carbohydrates, and various authors 
suggested an important correlation between 
increases in the absorption of minerals and the 
fermentation of indigestible carbohydrates in the 
large intestine  [  5,   8  ] . 

 Several hypotheses about the mechanisms of 
action of the prebiotics have been proposed. 
Indigestible oligosaccharides reach the large 
intestine intact and are fermented by bacteria in 
the intestinal lumen. The result is an increase in 
the production of organic acids such as acetate, 

propionate, and butyrate, also known as short-
chain fatty acids (SCFA)  [  9  ] . Due to the synthesis 
of these acids, the luminal pH drops which may 
help dissolve insoluble calcium salts in the lumi-
nal content and accelerate the passive diffusion of 
minerals via the paracellular pathway. It is also 
possible that these short-chain fatty acids (SCFA) 
contribute directly to the enhancement of calcium 
absorption via a cation exchange mechanism, by 
increased exchange of cellular H +  for luminal 
Ca 2+ . Chonan    et al.  [  10  ]  showed that in rats fed 
with galacto-oligosaccharides (GOS), cecal pH 
dropped and this was correlated with the highest 
uptake and retention of calcium. Raschka and 
Daniel  [  9  ]  reported that feeding inulin and short-
chain FOS lowered cecal pH and increased total 
cecal calcium, soluble calcium, and ionized cal-
cium. Secondly, absorption of SCFA is accompa-
nied by absorption of minerals. SCFA, especially 
butyrate, could serve as a fuel for mucosal cells 
and stimulate cell proliferation, leading to hyper-
trophy of the colon wall which can lead to 
enhanced capacity for absorption of minerals 
 [  11  ] . Perez-Conesa et al.  [  12  ]  reported increased 
cell density and crypt depth in the distal colon in 
rats fed with a diet high in galacto-oligosaccha-
rides (GOS) and showed that these parameters 
correlated with measured calcium absorption. 
Raschka and Daniel  [  9  ] , using the Ussing cham-
ber model, reported similar calcium absorption 
rates in various intestinal segments from control 
and inulin + FOS-fed rats, but the prebiotic diet 
did increase cecal surface and wall weight. More 
recent work reported increased cecal wall weight 
and reduced cecal pH in rats fed with varying lev-
els of GOS for 8 weeks  [  13  ] . 

 Another suggested mechanism is upregulation 
of active calcium absorption. Raschka and Daniel 
 [  9  ]  reported changes in mRNA levels between 
control and inulin + FOS-fed rats for genes that 
may be involved in calcium absorption. Increased 
transcript levels were reported for calbindin as 
well as the sodium-calcium exchanger, but no 
effect was observed on the TRPV6. Ohta et al. 
 [  14  ]  showed that in rats, FOS diets increased col-
orectal and cecal calbindin D 

9k
 . Figure  13.1  pro-

vides a summary of these suggested mechanisms 
of action by prebiotics.  
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 There have been many studies done in rats and 
in humans investigating the effect of prebiotics 
on calcium absorption, calcium retention, and 
bone properties. Some of these are summarized 
below. 

   Animal Studies 

 With regard to calcium balance and absorption,  several    
 fi bers have been studied: oligofructose   [  15–  21  ]  and 
several others including inulin  [  22,   23  ] , galacto-
oligosaccharides (GOS)  [  13,   24,   25  ] , lactulose  [  26  ] , 
or resistant starch  [  27,   28  ] . In general inulin-type fruc-
tans exhibit a dose-dependent effect on calcium 
absorption. Some studies however have shown a sim-
ilar increase of about 60 % in apparent calcium 
absorption in the presence of 5 or 10 % inulin or FOS 
 [  26,   29  ] . 

 Various bone parameters have changed/
improved when rats were fed with FOS or inulin. 
One study in rats showed that the various fructans 
could have different effects. In this small study, 
rats were fed with either short-chain FOS 
 (DP2-8), inulin (DP > 23), or a mixture of these 
(92 % inulin/8 % FOS) at 5 % of the diet for 
4 weeks. While the  fi bers did not have a signi fi cant 
effect on calcium balance, ex vivo femur bone 
density was signi fi cantly higher in the group fed 

with inulin. Urinary excretion of C telopeptide of 
type I collagen, a marker of bone resorption, was 
also reduced signi fi cantly in the inulin-fed group 
 [  23  ] . Feeding    intact rats with 5 % of either GOS 
or FOS improved bone mineral content (BMC) 
 [  25  ] , enhanced bone volume  [  15  ] , and increased 
whole-body bone mineral density (BMD)  [  20  ] . In 
ovariectomized rats, FOS prevented osteopenia 
 [  15  ]  and improved bone ash weight, calcium 
 content and bone microarchitecture  [  21  ] . 

 GOS at varying levels (2–8 % of the diet) 
signi fi cantly decreased cecal pH and increased 
wall weight and content weight in a dose-dependent 
manner. Calcium absorption, femur calcium 
uptake, calcium retention, and femur strength were 
signi fi cantly improved  [  13  ] . Feeding GOS 
increased the relative proportion of bi fi dobacteria 
in the large intestine, thereby changing the colonic 
bacterial community structure. Weaver et al.  [  30  ]  
compared eight different novel  fi bers to cellulose 
over 12 weeks in rats. The rats were fed with the 
 fi bers at 4–5 % of their diets. Two resistant starches, 
soluble  fi ber dextrin and polydextrose, increased 
bone calcium content, while soluble corn  fi ber and 
soluble  fi ber dextrin improved whole-body BMC, 
BMD, including having a speci fi c effect on bone 
structure. Cortical thickness and area, as well as 
bone strength, were also improved. Soluble  fi ber 
dextrin as well as a  mixture of inulin and FOS 
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signi fi cantly improved zinc retention, while solu-
ble corn  fi ber improved magnesium retention 
(Table  13.1 ).   

   Human Studies 

 Studies in humans at various ages have shown 
some effects of fermentable carbohydrates on 
calcium absorption and retention. In adolescents, 
5 g of FOS per day in orange juice improved frac-
tional calcium absorption by 10 %  [  31  ] . Grif fi n 
et al. (2002) supplemented young girls with 8 g/
day of FOS or a mixture of FOS and inulin on top 
of a suf fi cient calcium intake of 1,200–1,300 mg/
day for 3 weeks  [  32  ] . The FOS alone did not have 
a signi fi cant effect, but the mixture enhanced cal-
cium absorption by 18 % in comparison to the 
control group. Urinary calcium did not change, 
so it may be assumed that the absorbed calcium 
was retained. A further study by Grif fi n et al., in 
girls aged 10–15 years, showed that 8 g of a mix-
ture of FOS and inulin per day over 4 weeks 
improved calcium absorption from 33 to 36 %. 
The most signi fi cant effect was found in those 
girls with a lower habitual calcium absorption 
 [  33  ] . Coudray et al. in 1997 showed that 40 g 
chicory inulin per day stepwise increased for 
26 days improved calcium absorption from 21 to 
33 %, a 58 % increase  [  34  ] . In contrast, a study in 
young adults by Van den Heuvel et al.  [  35  ] , where 
the diets were supplemented with 15 g inulin per 
day for 21 days, and a study by Martin et al.  [  36  ]  
using 9 g/day of a FOS/inulin mixture had no 
effect on calcium absorption. 

 Grif fi n et al. (2002) speculated that if the 
 additional calcium obtained from the rise in cal-
cium absorption was retained daily over 2 years 
during maximum bone mineralization as would 
take place during adolescence, a net increase of 
65 g relating to 5.5 % gain in bone mass could 
take place  [  32  ] . In 9- to 13-year-old children, 
1 year of supplementation, with 8 g/day of inulin, 
resulted in a signi fi cant increase in whole-body 
bone mineral content (245 ± 11 vs. 210 ± 10 g) 
and BMD, compared to the control group  [  37  ] . 

 Tahiri et al.  [  38  ]  investigated the effect of 10 g/
day of FOS for 5 weeks on calcium absorption in 
older women. No signi fi cant effect was found, 
but sub-analysis indicated that this dose may have 
affected absorption in women more than 6 years 
past menopause. In another study conducted in 
older women, more than 5 years past menopause, 
10 g/day of lactulose for 9 days and 10 g of a 
mixture of FOS and inulin for 6 weeks signi fi cantly 
increased mean calcium absorption (by 5 and 
7 %, respectively)  [  39–  41  ] . In women who were 
a minimum of 10 years past menopause, 10 g/day 
of a mixture of FOS/inulin for 6 weeks 
signi fi cantly increased true fractional calcium 
absorption compared to the control group  [  39  ] . 

 Data on speci fi c bone effects in older adults 
are sparse. Bone turnover markers do not seem to 
respond well to prebiotics. Tahiri et al.  [  38  ]  failed 
to measure an effect on osteocalcin, a marker of 
bone turnover, and urinary excretion of deoxy-
pyridinoline, a marker of bone resorption. 
Holloway et al.  [  39  ]  showed a change in biomark-
ers but only in the women in whom calcium 
absorption was signi fi cantly improved. 

 Coxam  [  42  ]  summarized the various human 
studies and commented on the possible impact of 
prebiotic supplementation at various ages. Studies 
by Van der Heuvel et al., Grif fi n et al., and by 
Abrams et al.  [  31–  33,   37,   43  ]  indicated that pre-
biotics could affect peak bone mass accrual and 
help optimize peak bone mass. Calcium absorp-
tion in older adults could be improved,  [  34  ]  while 
in women with postmenopausal osteoporosis, 
several studies were inconclusive. In elderly 
women, studies by Tahiri et al., Van der Heuvel 
et al., Kim et al., and Holloway et al.  [  38–  40,   44  ]  
reported improved calcium absorption, with only 

   Table 13.1    The effect of 5 % dietary soluble corn  fi ber 
on various bone parameters in the growing rat   

 Bone parameter  Positive change (%) 

 Total body BMC (g)  7.6 
 Total body BMD (g/cm 2 )  2.9 
 Femur 

 Volumetric bone 
density (g/cm 2 ) 

 8.3 

 Cortical area (mm 2 )  19.6 
 Cortical thickness (mm)  22.4 
 Peak breaking force (N)  8.8 

  Based on data from Ref.  [  30  ]   



138 M.C. Kruger and M. Coetzee

two reporting an effect on bone metabolism 
 [  41,   44  ] . Long-term effects of prebiotics on bone 
health and risk of fracture therefore need further 
investigation.   

   Probiotics 

 The endogenous bacterial population can be 
manipulated by introducing exogenous bacteria 
into the colonic micro fl ora, and these exoge-
nous bacteria are called probiotics. Probiotics 
may be de fi ned as viable microorganisms that 
(when ingested) have a bene fi cial effect on the 
health and metabolism of their host. The most 
popular strains are represented by the follow-
ing genera: Lacto bacillus, Streptococcus, and 
Bi fi dobacterium  [  7,   45,   46  ] . 

 The mechanisms by which probiotics exert 
biological effects are not clear, and research is 
still required to con fi rm the possible mechanisms. 
One suggestion is that the indigenous anaerobic 
 fl ora limits the concentration of potentially patho-
genic  fl ora in the digestive tract. Although probi-
otic bacteria are thought to mediate their effects 
by using some of the same mechanisms as the 
native intestinal  fl ora, probiotics may also work 
through other modes of action such as supplying 
enzymes or in fl uencing enzyme activity in the 
gastrointestinal tract or synthesizing vitamins 
 [  7,   45–  48  ] . Other suggested mechanisms of action 
include degradation by probiotics of the mineral 
complexing phytic acid and stimulation of calcium 
uptake by the enterocytes  [  46  ] . 

 Only few studies have been published on the 
effect of probiotics on mineral absorption. In 
1994 one of the  fi rst studies to be done using pro-
biotics reported that feeding  Bi fi dobacterium 
longum  BB536 to rats, with or without lactulose, 
increased breaking strength of the bones  [  49  ] . 
When rats were fed with yogurt containing probi-
otics, short-chain fatty acid production was 
increased and calcium absorption improved  [  50  ] . 
Perez-Conesa et al.  [  51  ]  fed functional follow-on 
infant formulae containing pre- and/or probiotics 
to rats and found that calcium and magnesium 
absorption was enhanced and bone calcium 
improved in groups fed with synbiotics, a  mixture 

of pre- and probiotics. The formula containing 
only probiotics improved tibial calcium content 
signi fi cantly compared to the control diet devoid 
of pre- and probiotics. These results suggested 
that probiotics even in the absence of prebiotics 
may affect mineral balance. 

 Narva et al.  [  52  ]  studied the effect of a bioac-
tive peptide, valyl-prolyl-proline (VPP), in water 
or  Lactobacillus helveticus -fermented milk in the 
ovariectomized (OVX) female rat. In this model 
 Lactobacillus helveticus -fermented milk contain-
ing VPP attenuated bone loss due to OVX by 
16 % compared to water plus VPP. The fermented 
milk also signi fi cantly increased tibial moment of 
inertia. These results should be interpreted with 
caution as the calcium intake between the OVX 
control group and the OVX group receiving the 
fermented milk was signi fi cantly different. The 
authors did consider differences in nutritional 
intakes and concluded that the difference in cal-
cium intake was probably too small to affect bone 
density signi fi cantly. They do point out that other 
nutrients in the fermented milk also could have 
had an effect. 

 Perez-Conesa et al.  [  53  ]  found that 
 Bi fi dobacterium bi fi dum  and  Bi fi dobacterium 
longum  signi fi cantly increased femoral and tibial 
calcium content in weanling rats when fed for 
30 days. These authors showed that probiotics 
increase crypt depth in the colon and lowered 
colon pH compared to a control diet with no pro-
biotics. Calcium absorption was correlated with 
the pH of the colonic contents.  Lactobacillus 
rhamnosus  HN001 improved calcium and mag-
nesium retention in growing male rats, but due to 
differences in food intake, the results were incon-
clusive. In the female OVX rat, HN001 reduced 
the rate of bone loss and improved bone density 
after 12 weeks of feeding in comparison to the 
OVX control (Fig.  13.2 ). HN001 had no effect on 
the bone resorption marker, CTX-1  [  54  ] . Scholz-
Ahrens et al.  [  46  ]  tested prebiotics alone and in 
combination with  Lactobacillus acidophilus  
NCC90 using the female OVX rat model. In this 
model the prebiotics lowered cecal pH over 
16 weeks of feeding, as reported before, and 
increased cecal content weight, but the probiotic 
strain used had no effect on cecal pH or weight. 
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While calcium balance was improved by the 
combination of pre- and probiotics (synbiotics), 
only the prebiotics improved calcium balance 
signi fi cantly. Bone parameters such as bone cal-
cium content were improved by the synbiotics, 
but bone structure was only improved by the pre-
biotic diets.  

 Narva et al.  [  55  ]  reported results of a small 
study where they compared the effect of milk fer-
mented with  Lactobacillus helveticus  compared 
to a control on acute changes in calcium metabo-
lism in postmenopausal women. He reported a 
reduction in serum parathyroid hormone and a 
raise in serum calcium but no effect on a marker 
of bone resorption. Cheung et al.  [  56  ]  in a ran-
domized crossover study compared calcium 
absorption from forti fi ed soy milk in using nor-
mal and fermented milk. The fermented milk was 

inoculated with  Lactobacillus acidophilus.  No 
difference was observed between groups. 

 The calcium absorptive and bone-enhancing 
effects of the pre- and probiotics are affected by 
the experimental conditions and the physiologi-
cal characteristics of the target group. Dietary 
conditions include the calcium level of the diets 
and the level of pre- or probiotics provided. In 
humans the physiological age, which will deter-
mine the calcium need, higher for growing ado-
lescents, or after menopause, would affect the 
outcome. The postmenopausal stage is also 
important, as it seems as if women more than 
6 years past menopause may bene fi t more by 
adding pre- or probiotics to their diets. And lastly, 
calcium absorptive capacity will affect the level 
to which pre- and probiotics could stimulate 
absorption.  
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  Fig. 13.2    The percentage change of lumbar spine and 
femur bone mineral content ( a ,  c ) and density ( b ,  d ) of 
female Sprague Dawley rats between weeks 4 and 2 and 
weeks 11 and 4. The rats were fed a casein-based diet 
based on AIN93. The experimental group received 

10 9  CFU HN001 per day for 12 weeks. An “a” represents 
 P  < 0.05 for Sham vs. OVX, a “b” for  P  < 0.05 for Sham 
vs. HN001, and a “c” for  P  < 0.05 for OVX vs. HN001 
(Reprinted from Kruger et al.  [  54  ] . With permission from 
Dairy Science Technology)       

 



140 M.C. Kruger and M. Coetzee

   Long-Chain Polyunsaturated 
Fatty Acids 

 Dietary lipids in fl uence bone density by altering 
the ef fi ciency of intestinal calcium absorption as 
well as by regulating the processes of bone 
remodeling and mineralization. Several epidemi-
ological studies have demonstrated a relationship 
between fat intake and bone health. NHANES III 
(National Health and Nutrition Examination 
Survey (1988–1994)) is an ongoing nationally 
representative survey conducted in the United 
States involving a large number of men and 
women of different ages. Data from 14,850 par-
ticipants were analyzed to determine the relation-
ship between diet and bone density. Total fat 
intake was negatively associated with hip bone 
mineral content and density. The effect was evi-
dent in both sexes but was more pronounced in 
men than in women and most profound when 
total saturated fat intake was compared to bone 
mineral measurements  [  57  ] . More recent data 
from the Women’s Health Initiative also reported 
a negative association between hip fracture risk 
and saturated fat intake  [  58  ] . Total lower fracture 
risk was associated with higher intakes of mono-
unsaturated fatty acids and PUFAs, whereas a 
higher total fracture risk was associated with a 
high intake of omega 3 fats speci fi cally  [  58  ] . 
Results from the Framingham Osteoporosis study 
found that higher intakes of  fi sh (>3 servings per 
week) were associated with maintenance of fem-
oral neck BMD in men and women; in women 
higher intakes of omega 3 fats had a higher base-
line femoral neck BMD  [  59  ] . Data from the same 
study also indicated that blood phospholipid 
PUFA levels may be associated with risk of frac-
ture  [  60  ] . In contrast, data from the Cardiovascular 
Health Study reported no association between 
intakes of LCPUFA and fracture risk, and only 
small differences in BMD were detected when 
data were analyzed based on  fi sh and PUFA 
intake  [  61  ] . 

 Humans lack the ability to synthesize fatty 
acids with a double bond past the carbon-9 posi-
tion; therefore, these fatty acids must be obtained 
from the diet and hence are termed “essential.” 
Essential fatty acids (EFAs) are classi fi ed into 

one of two families designated as omega 3 and 
omega 6 depending on the location of the  fi rst 
unsaturated carbon from the methyl terminus 
 [  62  ] . Alpha-linolenic acid (ALA) (18:3) is the 
parent compound for the omega 3 series of fatty 
acids, and linoleic acid (LA) (18:2) is the parent 
compound for the omega 6 series. The most com-
mon and widely recognized dietary source of 
omega 3 EFAs is  fi sh oil, although  a -linolenic 
acid is present in the chloroplasts of green leafy 
vegetables and also in some plant oils such as 
canola. Omega 6 EFAs are found in many edible 
oils as linoleic acid is found in the seed oils of 
most plants  [  63  ] . Evening primrose oil and most 
of the vegetable oils used to make margarine con-
tain omega 6 EFAs. The EFAs are elongated and 
desaturated by endogenous enzymes to form lon-
ger-chain PUFAs. The most important of the 
longer-chain fatty acids are arachidonic acid 
(AA) of the omega 6 series and eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA) of 
the omega 3 series. The latter two fatty acids are 
found in high levels in oily  fi sh, such as tuna and 
salmon, and  fi sh oils. The longer-chain PUFAs 
are precursors for various eicosanoids such as 
prostaglandins and leukotrienes which have a 
regulatory role in the body. 

 EFA de fi ciency reduces intestinal mucosal 
mass  [  64  ] . Dietary EFAs appear to have a trophic 
effect on the intestinal mucosa and may aid in 
promoting mucosal recovery after surgery or 
injury  [  65  ] . The  fl uidity of intestinal cell mem-
branes also increases as the level of membrane 
lipid unsaturation increases. Aside from chang-
ing the physical structure of the intestinal mucosa, 
dietary fat can also in fl uence the release of 
enterotrophic peptides. Bolus dosing of long-
chain essential fatty acids has been reported to 
signi fi cantly increase the release of peptide 
tyrosine-tyrosine and enteroglucagon  [  66  ] . 

 Dietary intake of omega 3 and omega 6 EFAs 
is correlated with increased duodenal ion trans-
port. Several mechanisms have been proposed to 
explain the effect of EFAs on intestinal calcium 
transport. One possibility is that enhanced mem-
brane  fl uidity as a result of increased incorpora-
tion of EFAs into phospholipids alters the physical 
environment of membrane-bound enzymes, 
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thereby enhancing their activity  [  67  ] . Another 
possibility is that EFAs may mimic, or facilitate, 
the action of vitamin D in promoting calcium 
absorption. Ca2+-ATPase is the rate-limiting 
enzyme in active calcium transport. It is upregu-
lated by the calcium-binding protein calmodulin. 
Unsaturated fatty acids bind with Ca2+-ATPase 
mimicking the action of calmodulin and stimulat-
ing Ca2+-ATPase activity  [  68  ] . DHA (but not EPA 
or AA) has been reported to increase Ca2+-ATPase 
activity in the absence of calmodulin  [  68  ] . In 
addition, vitamin D receptor (VDR) availability, 
which is increased by ovariectomy in female rats, 
is reduced after EFA supplementation  [  69  ] . This 
is possibly indicative of increased vitamin D 
binding to the receptor. 

 Several intervention studies involving feeding 
rats with different combinations of omega 3 and 
omega 6 EFAs have been conducted. The major-
ity of these studies have utilized OVX rats. 
Positive results in terms of decreased levels of 
bone resorption markers, increased levels of bone 
formation markers, and/or increased bone density 
measured by DEXA have generally been obtained. 
It appears that both omega 3 and omega 6 EFAs 
are required for maximal inhibition of loss of 
bone density post-ovariectomy. Synergism may 
exist between the two EFA families; however, the 
optimal ratio of omega 3/omega 6 EFAs or the 
effects of individual omega 3 and omega 6 EFAs 
are yet to be determined. 

 Few human studies using LCPUFA supple-
mentation and measuring bone outcomes have 
been conducted. Fish oil supplementation 
(4 g/day) or a mixture of  fi sh oil and evening 
primrose oil for 16 weeks in elderly, osteoporotic 
women increased levels of serum calcium as well 
as levels of the bone formation marker osteocal-
cin  [  70  ] . Supplementation of elderly, osteoporo-
tic/osteopenic women who had habitually low 
dietary calcium intakes with 6 g of high PUFA 
oil in conjunction with 600 mg calcium carbon-
ate per day for 18 months resulted in mainte-
nance of lumbar spine bone density compared to 
a 3.2 % decrease in lumbar spine density in the 
control subjects. LCPUFA supplementation for a 
further 18-month period resulted in an increase 
of 3.1 % in lumbar spine bone density  [  71  ] . 

PUFAs, therefore, appear to be bene fi cial in 
treating senile osteoporosis which is often caused 
by low dietary calcium intake, a decreased abil-
ity to absorb dietary calcium, and decreased vita-
min D status as a result of lifestyle and metabolic 
factors associated with aging  [  63,   67  ] . More 
recent studies supplementing omega 3 fats 
reported a signi fi cant effect by 900 mg omega 3 
PUFAs on a bone resorption marker over 
6 months  [  72  ] , improvement of bone formation 
markers after supplementing with a PUFA, and 
vitamin-forti fi ed milk for 1 year  [  73  ] , but in a 
shorter study, no effect on the bone resorption 
marker CTx after 3 months of supplementing 
with 1.48 g omega 3 fats was observed  [  74  ] . 
Exercise combined with 1,000 mg/day of omega 
3 fats reduced in fl ammatory markers and CTx in 
postmenopausal women and improved femoral 
neck BMD over 6 months  [  75  ] . 

 A recent study by Järvinen et al.  [  76  ]  reports a 
positive relationship between dietary PUFAs and 
BMD at the lumbar spine in 554 women older 
than 60 years. These  fi ndings were signi fi cant 
only in those women who did not use hormone 
replacement therapy. These authors conclude that 
PUFAs may be especially important for bone 
integrity and maintenance in older women. 
Poulsen et al.  [  77  ]  suggested that there may be an 
increased need in women for LCPUFAs after 
menopause. The fatty acid composition of adi-
pose tissue changes with age, with an increase in 
adipose tissue content of AA, docosapentaenoic 
acid (DPA), and DHA  [  78  ] . Serum phospholipid 
composition as well as fatty acid composition of 
membranes changes after menopause  [  79  ] , and 
higher serum levels of DHA in women of this age 
were reported compared to men  [  80  ] . Estrogen 
may also increase the synthesis of AA and DHA 
from their precursors  [  80  ] . 

 Aging and menopause may lead to a reduction 
in the ability of endogenous enzymes to convert 
ALA and LA into the longer-chain metabolites. 
In addition, intake of omega 6 EFAs increases 
PGE 

2
  which in turn stimulates synthesis of pro-

in fl ammatory cytokines such as interleukin −1 
(IL-1), interleukin 6 (IL-6), and tumor necrosis 
factor- a  (TNF- a )  [  62  ] . Estrogen de fi ciency also 
results in elevation of the levels of these  cytokines, 
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and all three cytokines are known to promote 
bone resorption  [  81  ] . Omega 3 EFAs downregu-
late production of all prostaglandins but particu-
larly those derived from omega 6 EFAs such as 
PGE 

2
 . As a result, omega 3 EFAs act as anti-

in fl ammatory agents, inhibiting cytokine synthe-
sis  [  82  ] . Estrogen de fi ciency results in increased 
bone resorption as well as formation, although 
the increase in rate of formation is less than that 
of resorption. This leads to reduced bone density 
and bone loss. Modulating the dietary ratio of 
omega 6:omega 3 EFAs may be a means of at 
least partially compensating for the effects of 
estrogen de fi ciency postmenopause. The evi-
dence to date from cross-sectional as well as 
intervention studies suggests that during estrogen 
de fi ciency, a higher consumption of omega 3 
EFAs may be bene fi cial in reducing bone density 
losses. A recent review summarizes the suggested 
mechanisms of action of the long-chain PUFAs 
on bone cells  [  83  ] . These actions involve modu-
lation of fatty acid metabolites such as resolvins 
and protectins, several signaling pathways, cytok-
ines, and growth factors. Omega 3 PUFAs may 
be protective as they could reduce synthesis of 
PGE 

2
 , suppress in fl ammatory cytokines, and give 

rise to lipid mediators which are anti-in fl ammatory 
and thereby reduce bone resorption  [  83  ] . 

 It is feasible that the PUFAs may also act simi-
lar to a prebiotic agent and affect intestinal micro-
biota and calcium absorption. In gnotobiotic pigs, 
omega 3 supplementation affected adhesion of 
 Lactobacillus paracasei  to the jejunal mucosa 
and increased the number by 12 % in comparison 
to the control group. In this particular study, the 
authors did not measure any mineral uptake activ-
ity but inferred that the improvement in adhesion 
of the lactobacilli could inhibit digestive tract 
pathogens  [  84  ] . Andersen et al.  [  85  ]  supple-
mented infants with 5 mL  fi sh oil or sun fl ower oil 
per day from 9 to 18 months of age and collected 
stool samples. Molecular  fi ngerprints of the bac-
terial DNA were obtained by terminal restriction 
fragment length polymorphism (T-RFLP). These 
pro fi les indicated a few new T-RFs became more 
dominant, together with an overall increase in 
diversity of the microbiota. Pro fi les were also 
affected if the children were breast-fed during the 

oil supplementation. Breastfeeding limited the 
gut response to the oils. In 10-month-old infants, 
 fi sh oil supplementation could only affect gut 
microbiota in children fed with cow’s milk and 
not in those fed with infant formula  [  86  ] . Finally, 
free fatty acids, LA, AA, ALA, and DHA, were 
added to growth medium in physiological con-
centrations to assess their effects on growth and 
adhesion of  Lactobacillus GG, Lactobacillus 
casei,  and  Lactobacillus bulgaricus   [  87  ]  .  
Concentrations at 10–40  m g PUFA/mL inhibited 
growth and mucus adhesion of all tested strains. 
The PUFA also altered adhesion sites on Caco-2 
cells, and an improvement in adhesion and growth 
was not consistently measured. These observa-
tions should be investigated further as adhesion 
to mucosal surfaces is necessary to support the 
health-promoting effects of the probiotics.  

   Summary 

 Evidence is presented that addition of prebiotics 
or probiotics to the diet may improve calcium 
absorption by modulating intestinal microbiota, 
increasing SCFA synthesis, and solubilizing cal-
cium. The intestinal wall may also be affected by 
the pre- and probiotics increasing absorptive sur-
face. In addition, LCPUFA may modulate 
 intestinal membrane composition and pumps, 
thereby affecting active calcium absorption. 
LCPUFA however may also affect intestinal 
micro fl ora, having a prebiotic effect. No research 
has been done linking a prebiotic effect by 
LCPUFAs to calcium metabolism. Further 
research is required.      
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   Introduction 

 Loss of estrogen at menopause is a major contrib-
uting factor to bone loss in women. Up to 20 % 
of bone density may be lost in the 5–7 years 

 following menopause  [  1  ] . Estrogen replacement 
therapy is effective at reducing bone loss  [  2  ] , but 
has fallen out of favor following the discovery of 
potential adverse effects in the Women’s Health 
Initiative study  [  3  ] . Many natural products, 
mostly from plant sources, have been investigated 
as potential alternative therapies. Iso fl avones 
have been the most studied natural product for 
their effect on menopausal bone loss. Higher fruit 
and vegetable intake has been associated with 
greater bone mass in postmenopausal Chinese 
women  [  4  ]  and elderly US men and women  [  5  ] . 
Our laboratory has been investigating the ef fi cacy 
of some plant-derived constituents for their 
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 ability to improve bone balance following estro-
gen de fi ciency associated with menopause.  

   Measuring Effects on Bone 

 The most common traditional method for assess-
ing ef fi cacy of interventions on preventing bone 
loss associated with estrogen de fi ciency is by 
measuring bone mineral density (BMD) changes 
over time measured by dual energy X-ray absorp-
tiometry (DXA). The ovariectomized (OVX) 
rodent is an approved model of bone loss follow-
ing menopause. BMD is the most used method 
because it is predictive of fracture. Fracture stud-
ies are not feasible for dietary studies. 

 Bone turnover rates are also predictive of frac-
ture. Urinary excretion of bone-seeking tracers 
can be used to monitor bone turnover in relatively 
short intervention periods and, thus, are useful to 
compare several interventions in a crossover 
design. When the intervention is an antiresorptive 
agent, reduction in excretion of tracer indicates 
the extent of the antiresorptive agent. Reduction 
in excretion of tracer indicates the extent of the 
antiresorptive capacity of the intervention. In a 
comparison of urinary excretion of a bone- 
seeking tracer compared to full calcium kinetics 
in postmenopausal women, it best predicted net 
bone balance  [  6  ] . 

 Muhlbauer et al.  [  7  ]  surveyed a number of 
foods for their antiresorptive capacity using triti-
ated tetracycline ( 3 H-TC) as a bone-seeking label. 
Rats were given  3 H-TC to pre-label their bones 
and were then randomized to diets with a speci fi c 
fruit, vegetable, or other food component. Urinary 
 3 H-TC excretion in response to these diets was 
compared to urinary tetracycline excretion in rats 
fed a control diet to determine the antiresorptive 
capacity of the foods. Using this method, 
Muhlbauer’s group found that several vegetables, 
mushrooms, fruits, and red wine reduced bone 
resorption. 

 We have developed a similar method utilizing 
 45 Ca as a bone-seeking label.  45 Ca incorporates 
into bone with higher ef fi ciency than  3 H-TC  [  8  ] . 
We previously compared  3 H-TC and  45 Ca kinetics 
simultaneously in OVX rats. We developed a 

9-compartment model to  fi t both tracers simulta-
neously, including two bone compartments with 
different turnover rates. Bone resorption rates 
from both bone compartments did not differ 
between  3 H-TC and  45 Ca, suggesting that the two 
tracers may be used interchangeably to measure 
bone resorption  [  9  ] . Therefore,  45 Ca is preferred 
over  3 H-TC in animal studies because  3 H-TC is 
more expensive and is a surrogate for calcium in 
bone mineral matrix. 

 In humans, neither  3 H-TC and  45 Ca are practi-
cal choices for a bone-seeking label because of 
safety and the short half-life of  45 Ca.  41 Ca, a long-
lived radioisotope ( t  

1/2
  = ~10 5  year), can be used as 

alternative tracer. The long half-life of  41 Ca allows 
it to behave more like a stable isotope, minimizing 
radiation exposure for subjects and allowing long-
term monitoring of bone turnover.  41 Ca can be 
measured in urine of dosed subjects by accelera-
tor mass spectrometry (AMS). The sensitivity of 
this instrument allows  41 Ca excretion to be deter-
mined for years following the initial dose. This 
methodology can be used to screen multiple ther-
apies in a crossover design in the same subject 
 [  10  ] . Figure  14.1  illustrates how changes in uri-
nary  41 Ca can be used to determine the ef fi cacy of 
an intervention.  41 Ca correlates with traditional 
biomarkers of bone turnover including serum 
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  Fig. 14.1    Urinary  41 Ca for one subject over multiple 
treatments. The baseline and washout periods, where no 
treatment occurs, are used to generate a prediction equa-
tion. The difference between this prediction line and the 
observed  41 Ca during a treatment, which is represented by 
the  vertical lines , is used to calculate the effect of treat-
ment on net bone turnover       
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osteocalcin and urinary NTx  [  11  ] , but is more 
speci fi c to bone mineral matrix, is more sensitive, 
and has a greater precision than biomarkers, 
allowing for reduced sample size.   

   Soy Iso fl avones 

 Iso fl avones have been the most studied natural 
product. Iso fl avones, also known as phytoestro-
gens, are naturally occurring plant compounds 
that bind to estrogen receptors in humans and 
animals. The predominant source of iso fl avones 
is soy, but they are also found in red clover and 
kudzu. The primary iso fl avones found in soy are 
genistein, daidzein, and glycitein  [  12  ] . 

 Epidemiological evidence suggests a link 
between soy consumption and reduced risk of 
fracture. In the Shanghai Women’s Health Study, 
a cohort of 75,000 Chinese women aged 
40–70 years, there was an inverse relationship 
between soy iso fl avone intake, adjusted for age, 
calorie intake, and other covariates, and risk of 
fracture  [  13  ] . The Singapore Chinese Health 
Study, a prospective cohort study of over 63,000 
Chinese men and women, showed a signi fi cant 
association between soy intake and hip fracture 
risk in women but not in men. After adjusting for 
covariates, women in the second through fourth 
quartiles of soy intake had 21–36 % lower risk of 
hip fracture than those in the lowest quartile  [  14  ] . 

The relationship between soy iso fl avone intake 
and fracture risk has not been clearly established 
in non-Asian populations, largely due to low con-
sumption of iso fl avones. Greendale et al.  [  15  ] . 
used data from the Study of Women’s Health 
Across the Nation, an ethnically diverse US 
  community-based cohort, to examine the relation-
ship between genistein intake and bone mineral 
density. Higher genistein intake was associated 
with higher spine and femoral neck BMD in pre-
menopausal Japanese women. However, no rela-
tionship between genistein intake and BMD was 
observed in postmenopausal Japanese women or 
in Chinese women, and genistein intakes in 
Caucasian and African-American women were 
too low to pursue analyses. These epidemiologi-
cal studies are summarized in Table  14.1 .  

 In contrast to epidemiological evidence for 
postmenopausal women consuming whole soy 
foods in Asian countries, randomized con-
trolled trials focusing on the effect of iso fl avone 
supplementation on bone mineral density have 
had largely negative results (Table  14.1 ). The 
soy iso fl avones for reducing bone loss (SIRBL) 
study, 3-year randomized, placebo-controlled 
trial of two doses of iso fl avones, 80 and 120 mg/
day, found no protective effect on BMD with 
the exception of a modest effect at the femoral 
neck  [  16  ] . Similarly, Tai et al. observed no effect 
on BMD following 2 years of supplementa-
tion with 300 mg/day iso fl avone in Taiwanese 

   Table 14.1    Epidemiological studies of soy iso fl avone consumption and bone health   

 Reference  Location 
 Population  n , 
characteristics  Findings 

 Zhang et al.  [  13  ]   Shanghai, China   n  = 24, 403  Soy protein and soy iso fl avone consump-
tion was associated with reduced risk of 
fracture; effect was strongest in women 
within 10 years of menopause. 

 Chinese women aged 
40–70 years 

 Koh et al.  [  14  ]   Singapore   n  = 63, 257  Soy intake associated with reduced risk of 
fracture among women, but not men.  Chinese men and 

women aged 
45–74 years 

 Greendale et al.  [  15  ]   USA   n  = 2, 413  Higher genistein intake associated with 
higher spine and femoral neck BMD in 
premenopausal Japanese women, but not in 
Chinese women or postmenopausal 
Japanese women. African-American and 
Caucasian women had too low of genistein 
intakes to pursue analysis. 

 African-American, 
Caucasian, Chinese, and 
Japanese women aged 
42–52 years 



150 C.M. Weaver and E.E. Hohman

women  [  17  ] . Levis et al.  [  18  ] . observed no effect 
on BMD or menopausal symptoms following 
2 years of supplementation with 200 mg/day 
iso fl avones. In a 2-year multicenter trial, Wong 
et al. found 120 mg/day, but not 80 mg/day, soy 
hypocotyl aglycone iso fl avones exerted a small 
protective effect on total body BMD, but did not 
prevent bone loss at common fracture sites  [  19  ] . 
These recent clinical trials are summarized in 
Table  14.2 .  

 One limitation of the large clinical trials that 
have been conducted to date is that most studies 
have focused only on BMD. As previously men-
tioned, BMD is a major predictor of fracture risk, 
but is not the only contributor. In a 5-year longi-
tudinal study, Wainwright et al. found that 54 % 
of subjects who suffered a hip fracture would not 
be classi fi ed as osteoporotic based on their base-
line BMD scores  [  20  ] . Additionally, changes in 
BMD cannot fully account for the reduction in 
fracture risk seen in patients using antiresorptive 
therapies  [  21  ] . Thus, other factors in addition to 
BMD are important in determining overall bone 
strength and resistance to fracture. Such factors 
may include rate of bone turnover, bone shape, 
size, microarchitecture, and material properties 
at the tissue level. There is some evidence to 
suggest that soy iso fl avones may impact these 
factors instead of, or independently of, changes 
in BMD. Indices of bone turnover have been 
recognized as BMD-independent predictors of 

 mechanical competence of bone  [  22  ] . Using  41 Ca 
methodology, we have tested several iso fl avone 
preparations for their ability to suppress bone 
turnover. In one study, we investigated the abil-
ity of iso fl avones from several different plant 
sources to reduce bone resorption  [  23  ] . In this 
randomized, crossover trial, 11 postmenopausal 
women were given a dose of  41 Ca and, follow-
ing an equilibration period of 100 days or more, 
were then assigned to 50-day interventions in a 
randomized order. The interventions consisted of 
four botanical supplements from different plant 
sources, including soy cotyledon, soy germ, red 
clover, and kudzu, and a positive control treat-
ment of either estrogen or risedronate. Urinary 
 41 Ca:Ca during pre-intervention and interven-
tion periods was used to determine suppression 
of bone turnover. The positive controls, estrogen 
and alendronate, reduced bone resorption by 
22 % and 24 %, respectively. The soy cotyledon 
and soy germ interventions signi fi cantly reduced 
net bone resorption by 9 and 5 %, respectively, 
while the red clover and kudzu interventions did 
not have a signi fi cant effect. Although the soy 
iso fl avones were not as effective as the drugs, 
they may provide some bene fi t to protecting 
against bone loss for long periods in non-osteo-
porotic women without the serious side effects 
of the drugs. 

 Evidence from animal studies suggests that 
iso fl avones may affect bone microarchitecture. 

   Table 14.2    Randomized, controlled trials of soy iso fl avones for postmenopausal bone loss   

 Reference 
 Population  n , 
average age  Intervention  Duration  Primary outcomes 

 Effect of iso fl avone 
intervention 

 Alekel et al.  [  16  ]    n  = 255, 54 years  80 or 120 mg/day soy 
iso fl avones or placebo 

 3 years  Lumbar spine, 
proximal femur, 
and total body 
BMD 

 No effect except a 
modest bene fi t at 
the femoral neck 
with 120 mg 

 Levis et al.  [  18  ]    n  = 248, 53 years  200 mg/day soy 
iso fl avones or placebo 

 2 years  Lumbar spine, 
total hip, femoral 
neck BMD 

 No effect 

 Tai et al.  [  17  ]    n  = 431, 56 years  300 mg/day soy 
iso fl avones or placebo 

 2 years  Lumbar spine, 
proximal femur 
BMD 

 No effect 

 Wong et al.  [  19  ]    n  = 403, 55 years  80 or 120 mg/day soy 
hypocotyls aglycone 
iso fl avones or placebo 

 2 years  Whole body, 
lumbar spine, total 
hip, femoral neck, 
and trochanter 
BMD and BMC 

 120 mg/day 
reduced whole-
body bone loss 
but no effect at 
regional sites 



15114 Comparison of Natural Products for Effects on Bone Balance

In OVX rats, Devareddy et al. found that an 
iso fl avone-enriched soy protein diet restored tib-
ial trabecular number and separation to levels 
seen in sham rats, but did not restore BMD or 
BMC  [  24  ] . Only one study has looked at the 
effects of soy iso fl avones on bone geometry in 
humans. Subjects in the SIRBL study underwent 
pQCT scanning at baseline and at 12, 24, and 
36 months of iso fl avone supplementation. Scans 
were taken at the femoral midshaft and the distal 
tibia. The authors found that soy iso fl avone treat-
ment had no signi fi cant effects on geometry or 
volumetric BMD (vBMD) at the distal tibia and 
only modest effects on femoral midshaft vBMD 
and stress–strain index (SSI)  [  25  ] . However, 
pQCT is limited to peripheral sites, so whether 
iso fl avone treatment affects bone geometry at 
clinically relevant fracture sites such as the hip 
and spine remains unknown. Iso fl avones may 
also improve bone material properties. Vertebrae 
from OVX rats treated with 5 mg/kg/day genistein 
for 15 weeks had lower microcrack density and 
microcrack length, and higher maximum load, 
than untreated OVX controls. However, BMD 
and BMC did not signi fi cantly differ between the 
two groups  [  26  ] . A novel technology, reference 
point indentation, has recently made it possible to 
assess bone material properties at the tissue level 
in vivo in humans  [  27  ] . Future studies with soy 
iso fl avones and other natural products should uti-
lize novel technologies to assess the effect of 
these treatments on bone material properties, 
geometry, microarchitecture, and bone turnover. 

 One potential explanation for the inconsis-
tent results of iso fl avone intervention studies is 
variation in the ability to produce the iso fl avone 
metabolite equol. Equol is a product of bacte-
rial metabolism of daidzein in the intestine. 
S-equol, the naturally occurring enantiomer, has 
approximately 80-fold greater estrogen receptor-
 b  binding af fi nity than daidzein  [  28  ] , suggest-
ing that it may be a more potent antiresorptive. 
Approximately 30–50 % of humans have the 
capacity to produce equol  [  29  ] . In a 1-year 
double-blind trial of 75 mg/day iso fl avones in 
Japanese women, Wu et al.  [  30  ] . found that the 
capacity to produce equol signi fi cantly enhanced 
the effect of iso fl avones. Among the women 

 randomized to iso fl avone treatment, equol pro-
ducers experienced BMD changes of −0.46 % at 
the total hip and −0.04 % at the intertrochanteric 
region, while non-equol producers experienced 
changes of −2.28 and −2.61 % at these sites. To 
determine the effect of equol-producing status on 
the ef fi cacy of an iso fl avone intervention, we pre-
screened subjects for equol-producing status prior 
to enrollment in an iso fl avone intervention trial. 
Subjects were categorized as equol producers or 
non-equol producers based on equol excretion 
in urine following consumption of 1 soy bar/day 
for 3 days. Subjects were classi fi ed as equol pro-
ducers if urinary equol was greater than 10,000 
nM. Nineteen subjects, including 7 equol produc-
ers and 12 non-producers, were dosed with  41 Ca 
and participated in a 50-day intervention with a 
commercial soy iso fl avone product (Novasoy 
50, ADM) containing 105 mg total iso fl avones, 
including 46 mg genistein, 44 mg daidzein, and 
15 mg glycitein. Net bone turnover decreased by 
8 % with the soy treatment, with no signi fi cant 
difference between equol producers and non-pro-
ducers, suggesting that equol-producing status 
did not affect the ef fi cacy of the soy intervention 
 [  31  ] . 

 Equol can also be given as a supplement itself. 
In OVX rats, dietary racemic equol increased 
femoral calcium content but also had modest 
uterotropic effects  [  32  ] . Tousen et al.  [  33  ] . found 
that supplementation with  S -equol reduced bone 
resorption in non-equol-producing menopausal 
women. Following 12 months of supplementa-
tion with 10 mg/day equol, subjects had 
signi fi cantly greater whole-body BMD (but not 
for regional sites) as well as signi fi cantly lower 
urinary DPD than subjects who received the 
placebo.  

   Dried Plum 

 Dried plum ( Prunus domestica L. ) has been 
shown to suppress bone resorption, prevent and 
reverse bone loss, and prevent loss of mechanical 
strength in sex steroid de fi ciency female and male 
animal models of osteopenia  [  7,   34–  36  ] . In the 
pre-labeled bone rat model of Mühlbauer 
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described above, dried plum was the most effec-
tive fruit source tested. In the 9-month-old orchi-
dectomized, male rat model with established 
bone loss, feeding dried plum at 25 % of the diet 
for 90 days increased vertebral and femoral BMD 
by ~11, 50 % as effective as PTH with about 
60 % of the effect of PTH on biomechanical 
properties  [  37  ] . Trabecular microarchitecture was 
restored (not observed with other dietary inter-
ventions) and cortical bone increased through 
periosteal expansion. Bone resorption was 
reduced dose-dependently by up to 60 % as deter-
mined by urinary resorption markers which is of 
similar magnitude to bisphosphonates  [  36  ] . 
Feeding dried plum to 6-month- and 18-month-
old male mice increased trabecular bone at dietary 
levels of 25 % plum and bone gain in the younger 
adult male mice at dietary levels of 15 %  [  38  ] . 
Improvements in bone measures have been asso-
ciated with a dose-dependent increase in serum 
IGF-1 in female  [  34  ]  and male  [  35  ]  rats and 
humans  [  39  ]  which suggests one mechanism of 
action may be through stimulating this anabolic 
hormone. 

 The bioactive constituent(s) in dried plum is 
uncertain. The mechanism of action of plum on 
bone differs from classical estrogens, because it 
has no uterotrophic activity  [  40  ] . Dried plums 
contain high amounts of polyphenols relative to 
many other fruits and vegetables at 184 mg/100 g 
 [  41  ] . The predominant phenolic compounds are 
neochlorogenic and chlorogenic acids. These 
and other phenolics may inhibit bone resorption 
due to their antioxidant and in fl ammatory prop-
erties. In fact, dried plums have higher oxygen 
radical absorbance capacity than most fruits 
and vegetables  [  42  ] . However, it may be that 
speci fi c polyphenolic compounds have potent 
bone resorption inhibiting potential. For exam-
ple, dried plums contain 3.3 ng/100 g rutin  [  41  ] . 
Rutin was identi fi ed as the bioactive ingredient 
in onion that makes it one of the most effective 
plant food or ingredient tested on bone resorp-
tion  [  43  ] . However, this group later identi fi ed 
 G -L-glutamyl-trans-S-1-propenyl-L-cysteine 
sulfoxide as the likely bioactive component of 
onion  [  44  ] . Still, rutin, in puri fi ed form, 
increased BMD in estrogen-de fi cient osteopenic 

rats  [  45  ] . Although Bu et al.  [  37  ] . claimed that 
the effect of dried plum was greater than the 
effect of rutin alone, there is no report of a 
direct comparison. Rutin is hydrolyzed to its 
aglycone, quercetin, prior to absorption and can 
be converted to glucuro- or sulfoconjugates 
during absorption. Quercetin has antioxidant 
activity, but also binds to ER 

 b 
   [  46  ] . Quercetin 

dose-dependently inhibited osteoclast-like cell 
formation, inhibited RANKL, induced tartrate-
resistant acid phosphatase of preosteoclasts, 
and disrupted the actin rings of these precursor 
cells  [  47  ] . This could explain how quercetin-
like compounds may reduce bone resorption. In 
addition to polyphenols, dried plum also con-
tains high levels of potassium (745 mg/100 g), 
vitamin K (assumed to be high as fresh plums 
have 8  m g K 

1
 /100 g), and boron (2.2 mg/100 g) 

 [  41  ] . Each of these nutrients has been associ-
ated with positive effects on bone  [  48–  50  ] , but 
they are unlikely to play a major role in reduc-
ing postmenopausal bone loss at dietary con-
centrations  [  43,   51–  53  ] . 

 Clinical research on dried plums and bone 
health is minimal. Feeding 100 g/day of dried 
plums for 3 months increased serum IGF-1 by 
17 % and a biochemical marker of bone forma-
tion, bone-speci fi c alkaline phosphatase, by 
5.8 % in postmenopausal women, while feeding 
100 g/day dried apples did not  [  54  ] . A 1-year trial 
of the same treatments in 160 postmenopausal 
women resulted in positive changes from both 
fruits in ulna, spine, femoral neck, total hip, and 
whole-body BMD with more pronounced effects 
with plum on spine and ulna  [  55  ] . These changes 
were associated with decreased markers of bone 
turnover.  

   Blueberries 

 Recent studies have shown an anabolic action on 
bone of blueberry supplemented diets. Blueberry 
powder (5 % w/w) prevented OVX-induced 
whole-body BMD loss in 6-month-old Sprague–
Dawley rats, but BMD of tibia, femur, and verte-
brae were not signi fi cantly different  [  56  ] . 
Osteoblastogenesis and mineral apposition rate 
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were increased in vivo associated with increased 
expression of Runx2 in bone following activation 
of Wnt- b  catenin signaling and increased phos-
phorylation of MAP kinase p38  [  57  ] . 

 Blueberry extracts have the highest antioxidant 
capacity of fruits  [  58  ] , and blueberry juice was 
surpassed only by the lingonberry juice for total 
oxidant scavenging capacity among 14 juices 
 [  59  ] . Blueberries are rich in phenolic compounds 
with established antioxidant activity. Total poly-
phenolics ranged from 399 to 556 mg/100 g of 
Georgia blueberries  [  60  ] . They include phenolic 
acids ( £ 259 mg/100 g gallic acid,  £ 104 mg/100 g 
p-hydroxybenzoic acid,  £ 16 mg/100 p-coumaric, 
 £ 6.3 mg/100 g caffeic,  £ 17 mg/100 g ferulic, 
and  £ 6.7 mg/100 g ellagic acids) and  fl avonoids 
( £ 114 mg/100 g anthocyanins, including delphini-
din and malvidin glucosides and galactosides, 
 £ 387 mg/100 g catechin,  £ 130 mg/100 g epicat-
echin,  £ 15 mg/100 g quercetin,  £ 3.7 mg/100 g 
kaempferol, and  £ 10 mg/100 g myricetin). 
Antioxidant activity as measured by Trolox 
equivalent antioxidant capacity (TEAC) ranged 
from 8.11 to 38.29  m M TEAC/g in the Georgia 
blueberries which correlated with phenolic con-
tent ( r  2  = 0.98) and, to a lesser degree, anthocya-
nin content ( r  2  = 0.60). A mixture of the phenolic 
acid metabolites in serum after feeding blueber-
ries (hippuric acid, phenylacetic and hydroxy-
benzoic acids) induced the same effects on Wnt 
signaling and osteoblastogenesis as blueberries 
 [  60  ] . The effect of blueberries on bone health in 
humans has not been reported.  

   Future Research 

 There is great promise for plant bioactives to help 
protect against bone loss associated with meno-
pause. Most of the work has focused on in vitro 
or preclinical models. We likely need to move 
beyond BMD as the main outcome measure to 
better understand their impact on bone strength 
through in fl uencing bone turnover and bone qual-
ity. Better understanding of the mechanisms of 
action of bioactive compounds in the diet can 
provide insights for what to measure. 

 The pathogenesis of osteoporosis has moved 
from an estrogen-centric to a perspective of aging 
and oxidative stress  [  61  ] , which extends the 
potential role of diet in ameliorating bone loss 
beyond compounds that interact with estrogen 
receptors. Antioxidants retard reactive oxygen 
species (ROS) which in fl uences cells involved in 
bone turnover. The interaction of redox systems 
with sex steroids via nonnuclear MAP kinase 
regulated pathways may be the molecular targets 
for nutritional interventions. MAP kinase activa-
tion results in downstream actions on a number 
of cellular redox systems to increase antioxidant 
capacity and inhibit formation of ROS. ROS pro-
duction in mesenchymal stem cells inhibits osteo-
blastogenesis. Estrogens, and presumably 
phytochemicals, antagonize ROS actions in bone 
cells via upregulation of glutathione reductase 
and a number of antioxidant systems. Plant 
sources of bioactives that merit more research for 
bone health include plum berries, grapes, oranges, 
mushrooms, and many herbs.      
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  Abstract 

 Flavanones are a class of  fl avonoids found mainly in citrus fruits, the most 
common ones being hesperidin and naringin. These compounds exist as 
glycoside conjugates in the fruits at relatively abundant concentrations. 
Despite the extensive metabolism, the  fl avanones circulate in blood in 
the low  m M range, which we therefore consider as the “physiological” 
concentration as opposed to more pharmacological concentrations 
(50–100  m M) often used in cell culture studies. 

 Among the various biological effects attributed to the  fl avanones, the 
more consistent ones are anti-in fl ammatory and lipid-lowering properties. 
In particular, the anti-in fl ammatory effects of the  fl avanones have been 
shown to be mediated through the inhibition of the NF- k B pathway. 

 Concerning the effects of  fl avanones on bone metabolism, the  in vivo  
evidence in preclinical studies mimicking postmenopausal or senile bone 
loss shows an effect of hesperidin on preservation of bone mineral density 
(BMD) associated with reduced collagen breakdown. In the  fi rst placebo-
controlled, randomized, double-blind clinical trial to be performed on the 
ability of hesperidin (500 mg daily for 2 years) to attenuate bone loss in 
postmenopausal women, we found that hesperidin did not signi fi cantly 
alter the 1–2 % BMD loss/year generally observed in this population. 
However, the subjects consuming hesperidin presented a better balance in 
bone metabolism as re fl ected by the bone turnover index. 

 Any nutritional approach to bone health should include the main bone 
micronutrients (calcium, vitamin D) already shown to improve BMD in 
osteopenic situations. However, further bioactive nutrients in the diet, such 
as the  fl avanones, may play a further role in modulating bone turnover and 
help protect against bone loss in at-risk populations. The question remains 

      Citrus Flavanones and Bone Health       

     Marie-Noëlle   Horcajada        and    Elizabeth   Offord        
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   Introduction 

 Flavanones are a class of  fl avonoids found mainly 
in citrus fruits, although minor amounts have 
also been detected in herbs, red wine, and toma-
toes  [  1  ] . 

 In citrus fruits,  fl avanones account for approx-
imately 95 % of the total  fl avonoids  [  2,   3  ] . 

 However, the  fl avanone content varies depend-
ing on the part of the fruit. The solid parts of the 
fruit, particularly the albedo (the white spongy 
portion) and the membranes separating the seg-
ments, are richest in  fl avanones compared to juice 
vesicles (pulp), which explains the higher content 
of  fl avanones in the whole fruit than in the juice. 

 Hesperetin and naringenin (aglycones) are the 
most common  fl avanones in citrus fruits, and they 
are usually conjugated to a glucose-rhamnose 
disaccharide, typically rutinose or neohesperi-
dose (Fig.  15.1 ). In the edible fraction of fruits, 
glycoside content (hesperidin and narirutin) 
ranges from 35 to 147 mg/100 g (oranges)  [  3,   4  ] , 
and from 44 to 106 mg/100 g for naringenin gly-
coside (naringin and narirutin) in the edible 
 fraction of grapefruits  [  1,   2  ] .  

 Hesperetin and naringenin conjugates are the 
most studied  fl avanones with regard to metabo-
lism and bioavailability. However, hesperidin 
(hesperetin-7- O -rhamnoglucoside) remains the 
most studied  fl avanone with respect to bone 
health. Apart from soy iso fl avonoids  [  5  ] , there 
are no controlled clinical trials and only a few 
preclinical studies that have examined the speci fi c 
effects of other  fl avonoids such as  fl avanones on 
bone metabolism. 

 The in fl uence of both  fl avanones has been exam-
ined primarily in animal models of bone loss (pre-
dominantly in female rats) and/or bone cell culture 

systems  [  6  ] . Most of these preclinical studies 
revealed multiple bene fi cial actions such as pro-
moting osteoblast function, restoring bone mass 
and bone strength after an ovariectomy-induced 
bone loss, or preventing bone mineral density 
decrease in senescent animals. 

 This chapter therefore focuses on the impact 
of hesperidin and naringin on bone metabolism 
and their biological properties/mechanisms of 
action that may contribute directly or indirectly 
to the effect on bone metabolism. We report on 
nutritional approaches that have been investi-
gated using preclinical models. In vitro data are 
also included since they provide valuable knowl-
edge when investigating novel ingredients and 
when looking into tissue-level effects and mecha-
nisms of action. Finally, the main results from the 
only clinical study available on the ability of hes-
peridin to protect against bone loss in postmeno-
pausal women are reported.  

   Intake, Bioavailability, 
and Metabolism of Flavanones 

 Flavanones are highly consumed in Western 
countries. In the adult Spanish population, intake 
may reach 50 mg/day, or around 17 % of the esti-
mated total daily  fl avonoid intake, which ranks 
them as the most consumed  fl avonoid subclass 
after proanthocyanidins  [  7  ] . Flavanone intakes of 
14.4, 20.4, 22, 33.5, and 34.7 mg/day have also 
been reported for the USA, UK, Finland, Greece, 
and Italy, respectively  [  7  ] . Oranges (as whole 
fruits and juices) appear to be the main contribu-
tor to  fl avanone intake  [  7  ] . Even though the daily 
intake of hesperidin has not been precisely evalu-
ated in different populations, it is arguably rela-
tively high due to worldwide consumption of 

as to how best to measure such effects and show their relevance to bone 
quality, whether it is via bone biomarkers, bone architecture, or bone 
 mineral density in combination or not with calcium and vitamin D.  

  Keywords 

 Flavanones  •  Hesperidin  •  Naringin  •  Bioavailability  •  In fl ammation  
•  Osteoblasts  •  Bone mineral density  •  Bone turnover      
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citrus products such as citrus fruits and juices 
(e.g., in Western countries, intakes of oranges 
range from 35 to 50 kg per person per year). 

 Due to their abundance in citrus fruit, hespere-
tin and naringenin conjugates are the most stud-
ied  fl avanones with regard to metabolism and 
bioavailability. There is an extensive amount of 
literature available concerning the in vitro metab-
olism and bioactivity of  fl avanones. In spite of 
the value of in vitro data, in vivo studies on 
metabolism and bioavailability are the most cru-
cial for knowledge of the  fl avanone forms to 
which tissues are exposed and the magnitude and 
time scales of this exposure  [  8  ] . 

 Flavanones are mainly present in foods as dig-
lycosides. It has long been known that such gly-
cosides cannot be absorbed in their native form 
in the small intestine but must by hydrolyzed 
by intestinal micro fl ora before absorption of 

their aglycone moieties in the colon. Moreover, 
the nature of the sugar moiety has been shown 
to be an important determinant of the mode of 
absorption. The free aglycones released are then 
taken up and conjugated by phase II enzymes 
in both the intestine and the liver. As a result, 
 fl avanones exist in the plasma mainly as sulfated 
and glucuronidated metabolites  [  8  ] . However, 
glucuronidation appears to be the principal 
biotransformation of hesperetin. After consump-
tion of orange juice, the metabolites identi fi ed in 
the plasma were hesperetin-7-glucuronide, hes-
peretin-3 ¢ - glucuronide, hesperetin-3 ¢ -sulfate, 
naringenin-4 ¢ -glucuronide, and naringenin-7-
glucuronide  [  9,   10  ] . The mean peak plasma con-
centrations of  fl avanones have been shown to be 
between 0.1 and 1  m M for intakes ranging from 
a 150 g orange to 500 mL of orange juice  [  9–  16  ] . 
Furthermore, it was shown that peak plasma 
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 concentrations of 0.47 and 0.6  m M were achieved 
after intake of 230 g of orange fruit or 550 mL 
of orange juice (both providing 115 mg of agly-
cones), respectively. The similarity between the 
plasma concentrations of  fl avanones, observed 
after administration of whole citrus fruits or 
juices, suggests that the food matrix did not 
signi fi cantly affect the bioavailability of the 
 fl avanones  [  17  ] . Urinary excretion of  fl avanones 
mainly occurs during the 24 h following inges-
tion, peaking between 6 and 12 h. The rate of 
urinary excretion after consumption of an orange 
(as juice or whole fruit) is between 1.7 and 6.4 % 
 [  10,   14,   15  ] , indicating that  fl avanones are among 
the most bioavailable dietary polyphenols  [  18  ] . 

 Thus, even if  fl avanones    may appear to have 
limited bioavailability in humans, they may still 
be able to reach target cells or organs at suf fi ciently 
high concentrations to exert biological effects, in 
both animals and humans. Different biological 
activities have been reported for  fl avanones (e.g., 
lipid-lowering effects, veinotonic, anticarcino-
genic); however, in the past years, more emphasis 
has been brought to their antioxidant and anti-
in fl ammatory properties.  

   Impact of Flavanones on Oxidative 
Stress and In fl ammation 

   Preclinical Data 

 The underlying mechanisms by which  fl avanones 
may antagonize in fl ammation and oxidative stress 
have not yet been fully elucidated. However, 
recent literature indicates that  fl avanones may also 
act on oxidative stress and in fl ammation. In both 
dyslipidemic and diabetic rodent  models, dietary 
 fl avanone supplementation was reported to increase 
the activity of antioxidant enzymes, such as SOD 
and glutathione peroxidase  [  19–  21  ] . Several in vivo 
studies have shown that  fl avanones can reduce vas-
cular or systemic levels of chemokines as well as 
in fl ammatory and adhesion molecule expressions 
 [  21–  25  ]  that are under proin fl ammatory factor 
NF- k B control. As an example, Kim et al. showed 
in rats fed with hesperidin (6- and 24-month-old) 
a suppressed  age-related NF- k B activation and 

 age-related gene expression of proin fl ammatory 
mediators in the kidneys of the animals, thus a 
protective effect through a downregulation of 
NF- k B signaling  [  26  ] . Recently we also showed a 
signi fi cantly decreased IL-6 concentration and NO 
production in 20-month-old gonad-intact male rats 
receiving a diet supplemented with 0.5 % hesperi-
din for 3 months  [  27  ] . 

 Potential anti-in fl ammatory actions for  fl ava-
nones have also been explored in various cell 
types. Some studies have reported a decrease in 
TNF- a  production after exposure of activated 
macrophages to 50  m M hesperetin  [  28,   29  ] . 
Macrophages exposed to physiological concen-
trations of naringenin, e.g., 5  m M, decreased 
prostaglandin E2 production and reduced the 
expression of COX2  [  30  ] . Moreover, it was 
shown that naringenin (30–100  m M) inhibited 
NF- k B activation in in fl ammation-stimulated 
macrophages  [  31,   32  ] . However, hesperetin 
(100  m M) did not have such an effect, sug-
gesting that other anti-in fl ammatory pathways 
could be involved  [  28  ] . Indeed, in endothelial 
cells exposed to in fl ammatory stress, hesperi-
din and naringin reduced VCAM-1 expression 
without affecting ICAM-1 or E-selectin  [  33, 
  34  ] . Particularly, hesperidin has been shown 
to reduce TNF- a -induced VCAM-1 expres-
sion through the regulation of the Akt and PKC 
pathways  [  34  ] . Globally, in TNF- a -stimulated 
endothelial cells, some studies reported a 
reduction of the expression of adhesion mole-
cules and/or of monocyte adhesion to endothe-
lial cells after exposure to aglycones (effects 
observed with 1–50  m M hesperetin or narin-
genin) [  22,   33  ] , whereas others did not observe 
this effect  [  35  ] . Finally, it was also reported 
that hesperidin can inhibit cytokines produc-
tion in human mast cell line. The stimulation 
of interleukin (IL)-1 b , IL-8, and TNF- a  lev-
els were signi fi cantly inhibited by hesperidin 
exposure  [  36  ] . Another in vitro study showed 
that treatment with hesperetin (1–10  m M) 
signi fi cantly inhibited IL-1 b -induced produc-
tion of in fl ammatory mediators (MMP-3 and 
IL-6) in human synovial cells  [  37  ] . 

 Taken together, these preclinical data sug-
gest that  fl avanones may exert anti-in fl ammatory 
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activities in the various cell types, partly through 
the inhibition of the NF- k B pathway. However, 
it is important to underline the fact that most 
in vitro data were obtained with pharmacologi-
cal concentrations of aglycone compounds or 
 fl avanone glycosides (thus not the physiologi-
cal circulating forms), thus leading to limited 
 biological relevance.  

   Clinical Studies 

 In healthy men with cardiovascular risk factors, 
no changes were observed in the plasma antioxi-
dant capacity following hesperidin supplementa-
tion (292 mg) for 4 weeks  [  38  ] . This result, which 
does not support a direct antioxidant effect of 
 fl avanones in vivo, may be explained by both the 
low antioxidant capacity of the native  fl avanone 
structure, further reduced by the conjugation pro-
cess, and the low circulating levels of conjugated 
metabolites. Jung et al.  [  39  ]  reported a signi fi cant 
increase in erythrocyte catalase and superoxide 
dismutase (SOD) activities in hypercholester-
olemic subjects after 8 week-supplementation 
with 400 mg of naringin. This suggests that 
 fl avanones may improve endogenous antioxidant 
defense systems in dyslipidemic subjects. 

 With regard to in fl ammation, in subjects with 
metabolic syndrome, supplementation with 
500 mg hesperidin was shown to reduce the 
plasma levels of two in fl ammatory biomarkers, 
C-reactive protein (CRP) and serum amyloid A 
(SAA)  [  40  ] . In healthy, middle-aged, moderately 
overweight men, despite no effect on circulating 
in fl ammatory markers  [  38  ] , hesperidin intake 
(292 mg/day for 4 weeks) tended to modulate 
gene expression in white blood cells toward an 
anti-in fl ammatory pro fi le  [  41  ] . In this study, the 
supplementation notably affected the expression 
of genes involved in processes such as adhesion, 
chemotaxis, and cell proliferation. 

 Some studies have also been conducted 
with citrus juices rich in these polyphenols. 
For instance, it was shown that consumption of 
orange and black currant juice (250 mL of each 
one per day during 28 days) reduces the level 
of the in fl ammatory markers CRP (C-reactive 

 protein) and  fi brinogen in patients with  peripheral 
arterial disease compared to sugar-containing 
beverage  [  42  ] . Finally, a cross-sectional study 
with 2,115 women aged 43–70 years showed that 
the highest intakes of citrus fruits were associ-
ated with a 20 % lower levels of IL-18, compared 
with women with the lowest average intakes 
 [  43  ] , suggesting a potential role of  fl avanones in 
the in fl ammation process. Thus, these  fi ndings 
suggest that  fl avanones could be one of the 
 bioactive compounds responsible for citrus anti-
in fl ammatory properties. 

 In summary, further clinical studies in dif-
ferent populations using isolated compounds 
are needed to clarify the effect of  fl avanones on 
in fl ammation in humans. Moreover, it would 
be particularly important to correlate the mag-
nitude of the observed changes with  fl avanones 
metabolites plasma concentrations achieved. 
Furthermore, to improve the physiological rel-
evance of the preclinical and in vitro data, addi-
tional studies investigating the anti-in fl ammatory 
impact of nutritional doses in vivo and nutri-
tionally achievable concentrations of metabo-
lites in vitro are required. These studies will be 
crucial to identify the underlying cellular and 
molecular mechanisms of the protective effects 
of  fl avanones.   

   Impact of Flavanones on Bone 
Metabolism 

 Anti-in fl ammatory properties are of great interest 
in the context of degenerative diseases, including 
cardiovascular, cancer, as well as osteoporosis 
 [  44  ] , where it is well acknowledged that oxi-
dative stress and in fl ammation are key players. 
For instance, the possible antiresorptive action 
of hesperetin and naringin we report below 
could be linked to modulation of nuclear factor 
NF- k B. Indeed, NF- k B is a key signaling fac-
tor in osteoclast proliferation and differentiation 
 [  45  ]  and involves an in fl ammatory component 
through the response from and regulation of sev-
eral cytokines (e.g., IL-6, TNF-alpha) and nitric 
oxide (NO) which is signi fi cantly increased in 
the in fl ammatory process  [  46,   47  ] . In  addition, 
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high levels of TNF-alpha and NO are potent 
 osteoclastogenic stimulators  [  47,   48  ] , and age-
associated increase in IL-6 has been linked to 
osteopenia and osteoporosis development  [  49  ] . 

 Thus, beside the importance of adequate cal-
cium and vitamin D intakes for bone health which 
is well established, it is now agreed that the 
human diet contains also a complex array of non-
nutrient natural bioactive molecules, such as 
 fl avanones, that may in fl uence and protect bone. 
It is now well acknowledged that these com-
pounds can regulate a number of physiological 
functions in mammalian systems, and thus, they 
may offer bene fi cial effects in slowing down or 
protecting against chronic diseases. 

 Therefore, these compounds may be impli-
cated in some of the positive links found between 
fruit and vegetable intake and higher bone min-
eral density in adults and children  [  50,   51  ] . 
Nevertheless, no long-term intervention studies 
in humans have investigated the effect of speci fi c 
phytochemicals on the prevention of bone loss in 
postmenopausal women, except for phytoestro-
gens. In addition, some data in animal models of 
bone loss and  fl avanones ef fi cacy are available. 
Moreover, in vitro experiments with bone cells 
have reported cellular and molecular mechanisms 
of  fl avanones involved in bone metabolism. 
However, only one human clinical trial assessing 
the long-term ability of isolated hesperidin to 
protect against bone loss in postmenopausal 
women has been conducted (unpublished data). 

   Preclinical Evidence for Citrus 
Flavanones 

 A study by Mühlbauer et al. showed that oranges 
were able to signi fi cantly inhibit bone resorption 
in young male rats fed with a semi-puri fi ed diet 
to which oranges were added at a dosage per rat 
of 1 g/day  [  52  ] . Hesperidin (0.5 % in the diet) 
was shown in Chiba’s study to inhibit femo-
ral bone loss when administrated in 2-month-
old ovariectomized mice  [  53  ] . Similarly, 
 consumption of hesperidin (0.5 % in the diet) 
inhibited  ovariectomy-induced bone mineral 
density loss in female rats after 3-month  duration 

 [  54  ] . Furthermore, we conducted a study to 
compare the ef fi cacy of hesperidin in young 
(3-month-old) and adult (6-month-old) rats on 
bone metabolism. Animals were sham-operated 
(SH) or ovariectomized (OVX) and then pair-fed 
for 90 days a casein-based diet supplemented or 
not with 0.5 % hesperidin. In older rats, hespe-
ridin intake led to a partial inhibition of OVX-
induced bone loss, whereas a complete inhibition 
was obtained in younger animals. At both ages, 
while plasma osteocalcin concentrations were 
unchanged, urinary excretion of deoxypyridino-
line was reduced by hesperidin intake, suggest-
ing that hesperidin was able to slow down bone 
resorption. Unexpectedly, in intact young rats, 
hesperidin consumption resulted in a signi fi cant 
increase in bone mineral density (BMD). Indeed, 
6-month-old intact animals fed with hesperidin 
had a similar BMD to 9-month-old non-treated 
intact adult rats, suggesting an accelerated bone 
mass gain in the young rats. In contrast, in intact 
adult rats, hesperidin did not further increase 
BMD but did improve their bone strength. The 
results of this study showed a protective effect of 
hesperidin on bone loss in OVX rats of both ages 
without uterine stimulation and accompanied 
by a lipid-lowering effect.  [  55  ]  A further study 
examining hesperetin-7-glucoside, an intestinal 
metabolite of hesperidin which is more bioavail-
able than hesperidin itself, also demonstrated a 
greater ef fi ciency than hesperidin in inhibiting 
bone loss due to ovariectomy in 6-month-old 
rats. The minimum effective dose was 0.25 % 
hesperidin in the diet  [  56  ] . Recently we com-
pared the effect of hesperidin and naringin on the 
regulation of bone metabolism in male senescent 
rats. 20-month-old gonad-intact male Wistar rats 
received a casein-based diet supplemented or 
not with either 0.5 % hesperidin, 0.5 % naringin 
or a mix of both  fl avanones (Hp+Nar, 0.25 % 
each). After 3 months, daily hesperidin intake 
signi fi cantly improved femoral bone integrity as 
re fl ected by improvements in total and regional 
bone mineral density (BMD) and trabecular bone 
volume fraction improvement at the femur com-
pared with control group. In contrast, naringin 
exerted site-speci fi c effects on BMD (improve-
ment at the distal metaphyseal area), and no 



16315 Citrus Flavanones and Bone Health

 further bene fi t to bone mass was observed with 
the mix of  fl avanones. Bone resorption (DPD) 
was signi fi cantly attenuated by hesperidin and 
naringin given alone but not by the mixture of the 
two. All treatments signi fi cantly reduced expres-
sion of in fl ammatory markers to a similar extent 
(IL-6 and NO) compared to control. Bone forma-
tion did not appear to be strongly affected by any 
of the treatments (no effect on  osteocalcin  levels, 
modest modulation of tibial BMP-2 mRNA). 
However, as previously reported, plasma lipid-
lowering effects were observed with hesperidin 
and naringin alone (lower total cholesterol and 
triglycerides compared to control) or together. 
Surprisingly the plasma circulating level of nar-
ingin (8.15  m M) was  fi vefold higher than that of 
hesperidin (1.44  m M) at equivalent doses (0.5 %), 
and a linear reduction in plasma levels was 
observed upon coadministration (0.25 % each) 
indicating absence of competition for their intes-
tinal absorption sites and metabolism. The higher 
ef fi cacy of hesperidin at a lower plasma concen-
tration than naringin as well as the identi fi cation 
of the major circulating metabolite of hespe-
ridin (hesperetin-7- O -glucuronide) underlines 
the importance of  fl avanone  bioavailability 
and metabolism in their biological ef fi cacy and 
 suggests a structure-function relationship in the 
mechanism of action of the active metabolites 
 [  27  ] . Taken together, these preclinical stud-
ies with pure isolated hesperidin and naringin 
suggest that these  fl avanones may be two of 
the  components responsible for the  fi ndings by 
Deyhim et al. that citrus juice or orange pulp 
modulates bone strength and decreases bone 
resorption in male orchidectomized senescent 
rats  [  57,   58  ] . Identically, these compounds may 
be involved in the restoration of the bone micro-
architecture and decreased bone resorption in 
the same animal model fed with orange pulp for 
4 months  [  59  ] . 

 The bene fi cial effects of hesperidin and nar-
ingin on bone mass in rodent models have been 
mainly related to a slowdown in bone resorption 
(urinary free deoxypyridinoline). However, as 
 fi rst suggested by Chiba et al., hesperidin could 
not only modulate bone resorption but also affect 
bone formation  [  53,   60  ] . 

 The mechanism of action of  fl avanones on 
bone metabolism is not yet elucidated and may 
involve several indirect and direct effects on cel-
lular signaling and bone metabolism. For instance, 
hesperidin as well as naringin can act similarly to 
statins in reducing the activity of HMG-CoA 
reductase which results in lower plasma and 
hepatic cholesterol as well as hepatic triglycerides 
in rats  [  61  ] . Since statins also increase bone for-
mation by stimulating the growth factor bone 
morphogenic protein-2 (BMP-2)  [  62,   63  ] , one 
hypothesis for the mechanism of action of these 
 fl avanones is that they may act on bone in a simi-
lar way. Indeed, the mechanisms of action of 
 hesperetin and its main circulating form, hespere-
tin-7- O -glucuronide, were assessed in rodent 
 primary osteoblast cells. Osteoblasts were 
exposed to physiological concentrations of 1 or 
10  m M hesperetin (aglycone). Neither prolifera-
tion nor mineralization was affected by hesperetin 
at either dose. However, differentiation was 
enhanced (signi fi cant increase in alkaline phos-
phatase activity). The effect of hesperetin on ALP 
was inhibited by addition of noggin protein, sug-
gesting a possible action of this  fl avanone through 
the bone morphogenetic protein (BMP) pathway. 
Indeed, hesperetin signi fi cantly upregulated 
expression of genes involved in this signaling 
pathway (i.e., BMP-2, BMP-4, Runx2, and 
Osterix)  [  64  ] . 

 In the same model, we examined the effect of 
hesperetin-7- O -glucuronide (Hp7G) on prolifera-
tion and differentiation. The impact of Hp7G on 
speci fi c bone signaling pathways was explored 
with physiological concentrations of 1 and 10  m M 
of conjugate. The glucuronide did not affect pro-
liferation but enhanced differentiation by 
signi fi cantly increasing alkaline phosphatase 
(ALP) activity. Hp7G signi fi cantly induced 
mRNA expression of ALP, Runx2, and Osterix. 
Moreover, phosphorylation of Smad1/5/8 was 
enhanced by Hp7G, while ERK1/2 remained 
unchanged. Hp7G decreased RANKL gene 
expression. These results suggest that Hp7G may 
regulate osteoblast differentiation through Runx2 
and Osterix stimulation, as the aglycone form, 
but also might be implicated in the regulation of 
osteoblast/osteoclast communication  [  64,   65  ] . 
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 In the same way, an osteogenic effect of naringin 
on the collagen matrix of rabbit bones was associ-
ated with enhanced BMP-2 production by bone-
forming cells  [  66  ] . Wong et al. investigated the effect 
of naringin in UMR 106 osteoblastic cell line  [  67  ] . 
The experimental group consisted of cells cultured 
with different concentrations of naringin (0.001, 
0.01, and 0.1  m M) for 24, 48, and 72 h. Results for 
the naringin group showed a dose-dependent increase 
in total protein content. Naringin at 0.1  m M 
signi fi cantly enhanced ALP activity by up to 20 %. 

 Another potential and important mechanism 
of  fl avanones on bone cell signaling to be explored 
could be through their anti-in fl ammatory activi-
ties, as previously suggested by downregulation 
of NF- k B signaling in rats fed hesperidin  [  26  ]  
and decreased levels of IL-6 and NO in old senes-
cent rats  [  27  ] . However, other potential mecha-
nisms whereby hesperidin and naringin may 
protect skeletal health include modulation of fat-
bone interactions  [  68,   69  ]  and antioxidative sta-
tus  [  70  ]  and still need to be further evaluated. 

 In summary, the currently available in vitro data 
suggests that  fl avanones can exert interesting ana-
bolic bone effects. However, a number of preclini-
cal studies have also con fi rmed an effect on bone 
mineral density through mainly antiresorptive 
effects. Thus, after iso fl avones, the  fl avanones are 
the subgroup of polyphenols with most in vivo pre-
clinical evidence for improved bone metabolism. 
Whether or not the accompanying systemic anti-
in fl ammatory and lipid-lowering effects of the 
 fl avanones play a direct or indirect role in the bone 
modulatory properties of these  fl avanones remains 
to be established. Moreover, further studies partic-
ularly in humans would be helpful to con fi rm these 
effects. Indeed, to date, only one clinical trial has 
been conducted in postmenopausal women to 
assess ef fi cacy of hesperidin on bone loss.  

   Bone Clinical Data for Hesperidin: 
Results from a Two-Year Randomized 
Controlled Trial in 
Postmenopausal Women 

 Only one clinical study has been conducted 
on the ability of hesperidin to protect against 
postmenopausal bone loss  [  71  ]  (unpublished 

data). This study was a parallel, double-blind, 
 placebo-controlled, 2 years randomized interven-
tion trial. The study aimed at obtaining clinical 
evidence of the ef fi cacy of hesperidin to main-
tain bone mineral density (BMD) in healthy post-
menopausal women. 

 The secondary objectives were (1) to relate the 
treatment-induced changes in BMD to changes in 
biochemical markers of bone remodeling and 
(2) to study the effects of hesperidin supplemen-
tation on changes in anthropometry and body 
composition of postmenopausal women. 

 The study was performed in healthy post-
menopausal women (with a mean age of 57.3 
years and mean time since menopause of 6.4 
years) not taking any hormone replacement ther-
apy. Volunteers (55 French Caucasian postmeno-
pausal women per group) on the active treatment 
were required to consume 500 mg/day of hespe-
ridin in the form of two biscuits, each weighing 
6 g and containing 250 mg of hesperidin. Subjects 
on the placebo treatment received the same bis-
cuits considering taste, smell, appearance, but 
without hesperidin. Subjects were asked to con-
sume one biscuit in the morning at breakfast and 
the other in the evening. The randomization crite-
ria were the daily calcium intake (mg/day) and 
BMD (total left hip T-score) evaluated at screen-
ing. Volunteers were assigned to either a hesperi-
din (500 mg hesperidin/day in two biscuits) or 
placebo group (same biscuits without hesperi-
din). Subjects kept dietary records and minimized 
their citrus-rich food intake during the study 
period. 

 Usual descriptive statistics and robust mea-
sures were computed. For outcome variables 
(BMD and bone biomarkers), the normality and/
or lognormality of the data were assessed using 
the Kolmogorov-Smirnov test. To determine the 
ef fi cacy of the treatment, mixed models were esti-
mated. The main effects were group (A vs. B) and 
time (0, 3, 6, 9, 12, 15, 18, 21, and 24 months). A 
group × time interaction was also introduced in 
the model. The random component of the model 
is an intercept variable speci fi c to each random-
ized subject. Additionally, several covariates were 
introduced in the model: 25(OH)-vitamin D at 
screening, calcium intake at baseline (V0), the 
baseline value of the dependent variable, and time 
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since menopause at baseline. When variables 
were distributed in a lognormal fashion (e.g., bone 
biomarkers), mixed models were estimated using 
the log-transformed data for the dependent vari-
able. When randomized subjects had a missing 
value for one or more point(s) in time for the inter-
est variable (ITT), a “last- observation carried for-
ward” approach was used. The treatment effect 
was considered to be statistically signi fi cant if the 
p value was lower than 5 %. 

 No demographic and baseline characteristics 
between groups were observed, especially 
 concerning bone mineral density (whatever bone 
site measured), bone biomarkers, and plasma 
25(OH) 

2
 D (Table  15.1 ). Globally, whatever the 

group of treatment, volunteers showed a well-
balanced dietary pattern and a moderate level of 
physical activity (<10 h/week). Concerning daily 
calcium intake evaluated at baseline, a mean of 
~890 mg of calcium/day was consumed without 
any signi fi cant difference between the two 
groups.  

 The completion rate of the study was similar 
in the two groups (87.5 % in the placebo group 
and 91 % in hesperidin group). 

 Concerning bone mineral density, regardless 
of bone site (total hip, femoral neck, or lumbar 
spine), no statistically signi fi cant difference was 
found between groups (main effect and interac-
tion with time) based on mixed models with or 
without covariates in an ITT analysis. The pattern 
of signi fi cance remains unchanged when the data 

were analyzed according to a per-protocol 
approach or when separate analyses were per-
formed in groups determined according to time 
since menopause (threshold = 6 years). In the pla-
cebo group, from baseline to 24 months, we 
observed a mean % change in bone mineral den-
sity between −2.48 and −1.15 % depending on 
the bone site (ITT analysis). In the hesperidin 
group, changes ranged from −2.85 to −1.43 % 
(ITT analysis). The yearly rates of bone loss dur-
ing the follow-up were equivalent in the two 
groups and in accordance with the epidemiologi-
cal and clinical data obtained in large populations 
(postmenopausal bone mineral loss usually aver-
age 1–2 % per year in cortical bone and 2–3 % 
per year in trabecular bone such as in lumbar 
spine and femoral neck). 

 For calciuria, no statistically signi fi cant differ-
ence was seen between groups (main effect and 
interaction with time) based on mixed models 
with or without covariates in an ITT analysis. 
However, a signi fi cant interaction group × time 
was detected for the bone turnover index b-ALP/
CTX-1 (Fig.  15.2 ) and P1NP/CTX-1. This 
signi fi cant effect is mainly attributable to a higher 
value of the ratio at 18 and 21 months in the hes-
peridin group than in the placebo group. The loss 
of signi fi cance at 24 months could be partly 
explained by the signi fi cant difference in compli-
ance between groups for this period: 98.6 % in 
placebo group vs. 96.7 % in hesperidin group; 
 p -value = 0.014.  

   Table 15.1    Demographics and baseline characteristics   

 Characteristic  Group placebo ( n  = 55)  Group hesperidin ( n  = 53)   p -value 

 Age, years  57.3 (3.3)  57.3 (3.7)  0.9862 
 Weight, kg  62.5 (8.9)  64.9 (9.9)  0.1848 
 Height, m  1.62 (0.06)  1.63 (0.06)  0.5245 
 BMI, kg/cm 2   23.7 (2.6)  24.4 (3.1)  0.1977 
 Time since menopause, years  6.3 (2.0)  6.5 (2.5)  0.6521 
 Surgical menopause, %  7.3  7.6  1.000 
 Calcium intake, g/day  884.7 (276.2)  887.7 (246.9)  0.9521 
 25(OH)-vit D, nmol/l  82.0 (38.3)  79.5 (34.1)  0.7181 
 BMD (g/cm 2 ) 
 Total hip  0.873 (0.088)  0.892 (0.100)  0.2875 
 Femoral neck  0.731 (0.075)  0.756 (0.097)  0.1337 
 Lumbar spine (L1–L4)  0.972 (0.099)  0.978 (0.110)  0.7837 
 Whole body  1.055 (0.079)  1.075 (0.076)  0.1995 

  Values are means (SD)  
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 Finally, concerning the effect of the two types 
of biscuits on the evolution of body composition, 
we observed in the hesperidin group a trend to a 
lower gain in fat mass and a better protection of 
lean mass. 

 In summary, the yearly rates of bone loss 
(1–2 %) were equivalent in groups receiving hes-
peridin or not. Evolution in BMD during the 2 
years was not statistically different between the 
two groups. However, the subjects consuming 
hesperidin presented a better balance in bone 
metabolism, as re fl ected by the bone turnover 
index, during the second year of follow-up at the 
18- and/or 21-month time points  [  71  ] . These 
results on bone turnover index should be further 
strengthen using more sensitive technology to 
assess bone resorption, such as  41 calcium meth-
odology, as previously used by Weaver et al. with 
phytoestrogens  [  72  ] . Moreover, even if biomark-
ers re fl ect bone turnover, and BMD bone q uantity, 
it would have been very interesting to have 
measures on bone quality at the micro- architecture 
level.   

   Conclusion 

 Broader than  fl avanones effects on bone 
metabolism,  fi ndings from further clinical tri-
als with plant-derived compounds are obvi-
ously required to give a stronger scienti fi c 
support to current nutritional strategies high-
lighting the role of phytonutrients. However, 
combination of plant bioactive compounds 
together with calcium and vitamin D should 

be preferred to bring strong nutritional  support 
in the prevention of age-related bone loss. In 
that context, it is important to highlight that 
human trials which include not only outcome 
measures related to bone quantity (BMD) but 
also bone quality (e.g., bone microarchitec-
ture, bone turnover) and bone strength (using 
 fi nite element analysis) should be emphasized 
to gain a more comprehensive outlook on how 
bone responds to various nutritional factors.      
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  Abstract 

 Experimental evidence has implicated that homocysteine and oxidative 
stress may be involved in the pathogenesis of osteoporosis. In accord, obser-
vational studies among Caucasian populations have also suggested that 
homocysteine-related B vitamins (vitamins B2, B6, B12, and folate) and 
carotenoids with antioxidant functions may be bene fi cial to bone health and 
therefore protect against osteoporotic fractures. Incidence of hip fracture is 
rising in Asia, but there is paucity among Asian populations on dietary fac-
tors. We prospectively examined the associations of dietary intakes of B vita-
mins and carotenoids with hip fracture risk among elderly Chinese in the 
Singapore Chinese Health Study. Cox proportional hazards model was 
applied to determine the strength of association after adjusting for potential 
confounders. Our results showed a dose-dependent inverse relationship 
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between vitamin B6 intake and hip fracture risk among women ( p  for 
trend = 0.002). Conversely, no protective association was found in men. 
Dietary intakes of vitamins B2, B12, and folate were not related to hip frac-
ture risk in either gender. Vegetables are main sources of carotenoid intake in 
this population. In men, we found a dose-dependent inverse relationship 
between consumption of total vegetables and hip fracture risk ( p  for 
trend = 0.004). Similarly, higher intakes of total carotenoids,  a - and  b -carotene, 
were associated with lower hip fracture risk in men (all  p  for trend <0.05). 
Consumption of vegetables or carotenoids did not show an association with 
hip fracture risk in women. The gender-speci fi c results in the protective roles 
of dietary B vitamins and carotenoids suggest that the mechanistic pathway 
for osteoporosis may be different between men and women.  

  Keywords 

 B vitamins  •  Hip fracture  •  Osteoporosis  •  Pyridoxine  •  Carotenoids   
 • Chinese      

   Introduction 

 Incidence of osteoporotic hip fracture is rising in 
Asia, with up to 50 % of total cases projected to 
happen in this part of the world by 2050  [  1,   2  ] . 
Malnutrition and low intakes of nutrients have 
been found to be more prevalent and severe 
among hip fracture patients compared to the gen-
eral elderly populations  [  3,   4  ] . Hence, there is an 
urgent need to evaluate dietary risk factors for hip 
fracture among Asian populations, particularly in 
the context that the existing epidemiologic evi-
dence on dietary factors is primarily available 
among Caucasian populations. Experimental evi-
dence has suggested that homocysteine may pro-
mote bone resorption and consequently disturb 
cross-link collagen and reduce bone quality  [  5  ] , 
and elevated blood levels of homocysteine have 
been associated with decreased bone mineral 
density and increased hip fracture risk in obser-
vational studies  [  6–  8  ] . Thus, low status of the B 
vitamins that are involved in homocysteine 
metabolism may affect hip fracture risk. Yet, evi-
dence on B vitamins and osteoporotic hip frac-
ture risk remains inconsistent  [  9–  13  ] . Another 
speculation in the pathophysiology of osteoporo-
sis is that increased oxidative stress may play a 
role in age-related bone loss and consequent 
osteoporotic fractures  [  14,   15  ] . Free radicals, 
which are markers of oxidative stress, may 

increase bone resorption by promoting osteoclas-
tic differentiation and hence increase risk of 
osteoporotic fractures  [  16,   17  ] . Carotenoids with 
antioxidant function from fruit and vegetables 
have been reported to reduce oxidative stress in 
bones  [  18–  20  ]  and protect against osteoporosis 
 [  21–  26  ] . However, such data are mainly from 
Western populations. In the present study, we 
examined the relationship of dietary intakes of B 
vitamins and carotenoids with the risk of hip 
fracture among Chinese men and women in an 
Asian population living in Singapore.  

   Methods 

 We prospectively examined the associations of 
dietary intakes of B vitamins and carotenoids 
with hip fracture risk among elderly Chinese 
in the Singapore Chinese Health Study, which 
enrolled 63,257 middle-aged or elderly men and 
women between 1993 and 1998. Baseline assess-
ment was conducted through a face-to-face struc-
tured interview during the initial enrollment that 
included demographics, medical history, diet, 
tobacco smoking, alcohol consumption, physi-
cal activity, and detailed menstrual and repro-
ductive history (women only). Dietary intakes 
were recorded using a previously validated 
food  frequency questionnaire which incor-
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porated  common and distinct food items in 
Singapore  [  27  ] . After a mean follow-up of 
13.8 years, 1,630 hip fracture incident cases 
were identi fi ed up to December 31, 2010 via 
record linkage to the nationwide database that 
captures all hospital admissions in Singapore. 
Cox proportional hazards model was applied 
to measure the strength of association between 
dietary intakes of B vitamins/carotenoids and 
hip fracture risk after adjustment for potential 
confounders.  

   Results 

 Women accounted for 72.4 % of all hip fractures. 
The baseline characteristics showed that fracture 
cases for both genders were older at recruitment, 
had lower BMI, and more likely to have smoking 
habits and to report history of diabetes or stroke as 
compared to non-fracture cases. Table  16.1  sum-
marized the main  fi ndings of the current study. 
After adjusting for the covariates and other nutri-
tional factors such as calcium and soy intakes, we 
observed a statistically signi fi cant and dose-dependent 
inverse relationship between vitamin B6 intake and 
hip fracture risk among women ( p  for trend = 0.002). 
Compared to women in the lowest quartile intake 
(<0.6 mg/1,000 kcal/day), women in the highest 
quartile intake ( ³ 0.8 mg/1,000 kcal/day) had a 
22 % reduction in hip fracture risk. Conversely, we 
did not  fi nd such a protective effect in hip fracture 
risk for men. However, dietary intakes of vitamins 
B2, B12, and folate were not associated with hip 
fracture risk in either gender (data not showed). In 
terms of association with carotenoid intake, we  fi rst 
examined the association of dietary intake of vege-
tables with the risk of hip fracture, as vegetables are 
the primary sources of carotenoids (76 % of carote-
noid intake) in this population. In men, we found a 
statistically signi fi cant, dose-dependent, protective 
relationship between intakes of total vegetables and 
hip fracture risk ( p  for trend = 0.004). In contrast, 
we did not see a protective association in women 
with increasing intake of vegetables. Fruit intake 
did not show any association with hip fracture risk 
in both men and women. Similarly, we found a pro-
tective effect against hip fracture with increasing 

intakes of carotenoids in men only. Intakes of total 
carotenoids,  a - and  b -carotene, showed a dose- 
dependent inverse relationship with hip  fracture 
risk in men ( p  for trend <0.05) but not in women 
(Table  16.1 ).   

   Discussion 

 In this study, using prospective data from the 
Singapore Chinese Health Study, we examined 
the intakes of B vitamins related to homo-
cysteine pathway and found a protective asso-
ciation between vitamin B6 and hip fracture 
risk in women but not in men. Conversely, the 
risk reduction in hip fracture with increasing 
intake of total carotenoids,  a - and  b -carotene, 
was limited to men. The difference in the pro-
tective roles of dietary B vitamins and carote-
noids suggests that the pathophysiology of bone 
degradation may be different between men and 
women. 

 The lack of association with other homo-
cysteine-related B vitamins such as B2, folate, 
and B12 suggests that protective effect of vitamin 
B6 against hip fracture in women may not involve 
the homocysteine mechanism. Indeed, experi-
mental studies have shown that vitamin B6 may 
have a direct effect on bone integrity, such as its 
effect on collagen cross-linking and bone forma-
tion  [  28,   29  ] . In contrast to the association 
between vitamin B6 and hip fracture risk in 
women, statistically signi fi cant inverse associa-
tions between dietary intakes of vegetables and 
carotenoids, and the risk of hip fracture were 
observed only in men. We speculate that oxida-
tive stress may play a greater role in osteoporosis 
in men than in women, which could explain a 
stronger protection through the antioxidant prop-
erty from carotenoids in men than in women. 
Furthermore, other constituents in vegetables, 
especially carotenoid-rich vegetables, could be 
responsible for the observed inverse relation 
between vegetable intake and hip fracture risk 
 [  30  ] . 

 Although women are generally about twice as 
susceptible to fracture compared to men  [  4,   31  ] , 
mortality related to fractures has been shown to 
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be higher in men  [  32,   33  ] . Hip fracture preven-
tion is essentially important in both genders. Our 
 fi ndings reveal that adequate intake of vitamin 
B6 and carotenoids may be bene fi cial in the pre-
vention of osteoporotic hip fracture in the elderly 
population. The gender-speci fi c results in the 
protective roles of dietary B vitamins and carote-
noids suggest that the mechanistic pathway for 

osteoporosis may be different between men and 
women, and warrants further studies to substanti-
ate or refute this hypothesis.      
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   Table 16.1    Dietary intake of vitamin B6, vegetables, and carotenoids in relation to hip fracture risk (The Singapore 
Chinese Health Study, 1993–2010)   

 Men ( n  = 27,913)  Women ( n  = 35,241) 

 Characteristics  Cases  HR  95 % CI  Cases  HR  95 % CI 

  B6  ( pyridoxine ) ( mg/1,000 kcal/day ) 
 Q1 (<0.6)  118  1.00  417  1.00 
 Q2 (0.6–0.7)  117  1.23  0.95–1.59  285  0.83  0.71–0.96 
 Q3 (0.7–0.8)  97  1.11  0.85–1.47  249  0.79  0.67–0.93 

 Q4 ( ³ 0.8)  118  1.29  0.99–1.68  229  0.78  0.66–0.93 

  p  for trend  0.115  0.002 
  Total vegetables  ( g/1,000 kcal/day ) 
 Quartile 1 (<48.7)  186  1.00  285  1.00 
 Quartile 2 (48.7–66.6)  121  0.90  0.71–1.14  294  0.92  0.80–1.11 
 Quartile 3 (66.6–89.3)  89  0.79  0.61–1.02  326  1.00  0.85–1.17 

 Quartile 4 ( ³ 89.3)  54  0.65  0.48–0.89  275  0.82  0.69–0.98 

  p  for trend  0.004  0.079 
  Total carotenoids  (  m g/1,000 kcal/day ) 
 Quartile 1 (<2314.5)  177  1.00  329  1.00 
 Quartile 2 (2314.5–3283.0)  122  0.89  0.70–1.13  310  0.94  0.81–1.10 
 Quartile 3 (3283.0–4577.1)  93  0.87  0.67–1.13  288  0.93  0.79–1.09 

 Quartile 4 ( ³ 4577.1)  58  0.72  0.53–0.99  253  0.86  0.73–1.03 

  p  for trend  0.046  0.106 
   a -carotene  (  m g/1,000 kcal/day ) 
 Quartile 1(<59.8)  166  1.00  273  1.00 
 Quartile 2 (59.8–114.4)  117  0.84  0.66–1.07  303  0.90  0.76–1.06 
 Quartile 3 (114.4–212.3)  107  0.91  0.71–1.16  309  0.94  0.80–1.11 

 Quartile 4 ( ³ 212.3)  60  0.65  0.48–0.88  295  0.91  0.77–1.08 

  p  for trend  0.014  0.424 
   b -carotene  (  m g/1,000 kcal/day ) 
 Quartile 1 (<850.6)  183  1.00  282  1.00 
 Quartile 2 (850.6–1235.5)  134  1.00  0.76–1.21  319  0.99  0.84–1.16 
 Quartile 3 (1235.5–1772.8)  76  0.68  0.52–0.90  291  0.91  0.77–1.08 

 Quartile 4 ( ³ 1772.8)  57  0.70  0.52–0.96  288  0.89  0.75–1.06 

  p  for trend  0.003  0.136 

  Hazard ratios (HRs) were adjusted for age at recruitment (years), year of recruitment (1993–1995, 1996–1998), dialect 
group (Hokkien, Cantonese), body mass index (BMI; <20, 20–24, 24–28,  ³ 28), level of education (no formal education, 
primary, secondary or higher), smoking status (never, ex-smoker, current smoker), total energy intake (kcal/day), physi-
cal activity (none, 2–3 h weekly,  ³ 4 h weekly), physician-diagnosed history of diabetes or stroke (yes, no) at recruit-
ment, quartile intake of calcium and soy iso fl avones, and use of hormone replacement therapy at recruitment (women 
only; yes, no) 
  CI  con fi dence interval  
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  Abstract 

 There is evidence to suggest that fruit and vegetable consumption is 
bene fi cial for bone health. Anthocyanins are bioactive  fl avonoid com-
pounds found mostly in fruits, particularly berries, some vegetables, and 
wine. A diet rich in anthocyanidins is thought to have multiple health 
bene fi ts, and recent studies have shown that high intakes of anthocyani-
dins are associated with markers of bone health. However, much is still 
unknown about the variation in composition of anthocyanidins in foods 
worldwide, and therefore it is dif fi cult to quantify dietary intakes with 
certainty. 

 To date there have been no human intervention studies looking at antho-
cyanidins in relation to bone health, but anthocyanidin-rich dried fruits 
have shown positive effects on markers of bone health in both human 
observational and animal studies. 

 The metabolism, bioavailability, and absorption of anthocyanidins vary 
greatly between people, partly due to differences in gut micro fl ora which 
metabolizes anthocyanidins into products such as phenolic acids. However, 
the processes involved with the metabolism, bioavailability, and absorp-
tion of anthocyanidins are not fully understood. Cellular studies have 
shown that it is the anthocyanidin metabolites and not the intact anthocya-
nidins that affect osteoblast differentiation. Neither anthocyanidins nor 
their metabolites have been studied directly on osteoclasts in vitro .  

      Dietary Anthocyanidins 
and Bone Health       

     Claire   J.   Macdonald-Clarke        and    Helen   M.   Macdonald       
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 Preliminary data suggests that an anthocyanidin-rich diet may have 
positive effects on bone health which may in future have consequences for 
dietary guidelines. However, much is still to be investigated in this area 
particularly with regard to metabolism and cellular mechanism of action. 
An intervention study quantifying the effects of anthocyanidins on mark-
ers of bone health is recommended. This chapter explores the current evi-
dence for the role of anthocyanidins in bone health.  

  Keywords 

 Anthocyanidins  •  Anthocyanins  •  Polyphenols  •  Flavonoids  •  Osteoporosis   
 Bone  •  Bone turnover  •  Bone mineral density  

   Abbreviations 

  ALP    Alkaline phosphatase   
  APOSS    Aberdeen Prospective Osteoporosis 

Screening Study   
  BALP    Bone-speci fi c alkaline phosphatase   
  BMD    Bone mineral density   
  CRP    C-reactive protein   
  DPD    Deoxypyridinoline   
  FFQ    Food frequency questionnaire   
  HP    Helical peptide   
  HPLC     High-performance liquid 

chromatography   
  HRT    Hormone replacement therapy   
  IGF-1    Insulin-like growth factor   
  NF- k B    Nuclear factor- k B   
  OC    Osteocalcin   
  ORX    Orchidectomized   
  OVX    Ovariectomized   
  PTH    Parathyroid hormone   
  PYD    Pyridinoline   
  TbN    Trabecular number   
  TbSp    Trabecular separation   
  TRAP    Tartrate-resistant acid phosphate   
  USDA    US Department of Agriculture         

   Introduction 

 High intakes of fruit and vegetables in the diet 
have been shown to be bene fi cial for bone health 
 [  1–  4  ] . One hypothesis to explain the association 
is via the restoration of acid–base balance, as 
alkaline salts produced by fruit and vegetables 

are thought to neutralize acid generated by exces-
sive protein intake in the Western diet and thereby 
prevent bone loss  [  5  ] . However, there is con fl icting 
opinion about the importance of acid–base bal-
ance. The longest trial performed to date showed 
no such change in bone turnover or bone mineral 
density (BMD) over 2 years  [  6  ] , and a recent sys-
tematic review and meta-analysis concluded that 
an alkaline-producing diet does not protect bone 
health  [  7  ] . 

 Fruit and vegetables are a source of many vita-
mins such as vitamins C and K and minerals such 
as magnesium, potassium, and calcium which are 
known to contribute to bone health  [  8  ] . 

 In 2002, Muhlbauer and Li found that in rats, 
a mixture of 14 different dried vegetable extracts 
signi fi cantly reduced bone resorption to a 
greater extent than one extract alone  [  9  ] . 
There is  accumulating evidence that fruit- and 
 vegetable-derived bioactive compounds, such as 
 fl avonoids, may play a role in reducing bone resorp-
tion and improving bone health. Recent studies 
have found associations between  fl avonoid intakes 
and bone health  [  10,   11  ] , and interest is growing in 
a particular group of  fl avonoids, the anthocyani-
dins. This chapter examines the evidence for the 
role of anthocyanidins in bone health.  

   Anthocyanidin Structure 

 Anthocyanidins are colorful, water-soluble 
 fl avonoid compounds responsible for the red, 
blue, and purple colors of fruit and vegetables. 
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Anthocyanidins are found in food primarily as 
 glycoside or acylglycoside anthocyanins of their 
respective aglycone anthocyanidins. Antho-
cyanidins are unstable compounds but can be 
quanti fi ed  accurately in foods by acid hydrolysis 
high- performance liquid chromatography 
(HPLC) and conversion of anthocyanins to 
simpli fi ed  anthocyanidins  [  12  ] . Anthocyanidins 
are polyphenolic C6-C3-C6 compounds. There 
are six major dietary anthocyanidins with slightly 
different structures, as shown in Fig.  17.1 .   

   Anthocyanidins in the Diet 

 The richest sources of anthocyanidins to the diet 
are red wine and fruit, particularly berries. Foods 
can have one or a variety of anthocyanidins, and 
the concentration is in fl uenced by environmental 
conditions, ripeness, cultivar, cultivation site, 
processing, and storage. Freezing may be the best 
method of preserving anthocyanidins in foods so 
as the consumption can continue throughout the 
year, even when particular foods such as berries 
are not in season  [  13  ] . 

 In 1976, estimated intakes in the USA were 
thought to be around 180 mg/day in winter and 
215 mg/day in summer  [  14  ] . However, more 
recent estimates suggest that consumption is 
around 12.5 mg/day in the USA  [  13  ]  and 82 mg/
day in Finland  [  15  ] . These differences are 
explained by both cultural differences such as 
the high consumption of berries in the tradi-
tional Finnish diet  [  15  ]  and advances in tech-
niques for more accurate analysis  [  12  ] . Our 

recent  fi ndings from the Aberdeen Prospective 
Osteoporosis Screening Study (APOSS) cohort 
using data from the recently updated US 
Department of Agriculture (USDA) database 
 [  16  ]  show that the average consumption of total 
anthocyanidins was 16 (11) mg/day (mean (SD)). 
The greatest contributor to the diet was cyanidin 
(32 %) followed by malvidin (22 %), pelargoni-
din (19 %), delphinidin (12 %), petunidin (9 %), 
and peonidin (6 %) (peer-reviewed manuscript 
in preparation). 

 The majority (63 %) of the anthocyanidins in 
the diet of the APOSS cohort were from fruit and 
vegetables. The remainder (37 %) were  consumed 
in wine. The fruit and vegetables contributing the 
greatest quantity of anthocyanidins to the diet in 
this population were salad vegetables, pears, 
grapes, apples, onions, and berries.  

   Bioavailability, Metabolism, 
and Absorption 

 The bioavailability, metabolism, and absorption of 
anthocyanidin compounds are not fully under-
stood. A review of anthocyanin bioavailability 
studies shows that they are generally present in the 
plasma quickly after consumption at around 
15–60 min  [  17  ] . The elimination half-life of antho-
cyanins is thought to be between 0.5 and 3 h  [  18  ] . 

 Urinary excretion is reported to be around 
0.01–3 %  [  18  ] , therefore showing that only a small 
proportion of intact dietary anthocyanins are 
absorbed. For example, Mazza et al. found that in 
humans, when 1.2 g anthocyanins were ingested 
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from freeze-dried blueberry powder, approxi-
mately 12  m g/L was present as anthocyanins in 
serum after 3 h  [  19  ] . This is the equivalent of 
approximately 0.002 % absorption of intact antho-
cyanins. More recent studies have shown similar 
 fi ndings: in a population of elderly women, 
Milbury et al. showed that from a dose of cran-
berry juice containing 94 mg of anthocyanins, only 
0.79–0.90 % of the dose was absorbed intact  [  20  ] . 

 It is thought that the majority of anthocyanins 
are metabolized, similarly to other  fl avonoid 
compounds, to aglycone anthocyanidins; methy-
lated, glucuronated, or sulfated anthocyanidins; 
or phenolic acids  [  19,   21–  24  ] . 

 Bioavailability, absorption, and metabolism are 
in fl uenced by many factors including the particular 
aglycone and sugar moieties  [  24  ]  and the gut 
micro fl ora  [  25,   26  ] . Bacteria in the colon are able to 
metabolize anthocyanidins into various products 
such as phenolic acids, and therefore variations in 
the gut  fl ora may explain the considerable differ-
ences in absorption, metabolism, and bioavailability 
of anthocyanidins and metabolites between people.  

   Anthocyanidins and Bone Health 

 Anthocyanidins have been implicated to have 
many health protective roles including cardiopro-
tective  [  27,   28  ] , chemoprotective  [  29,   30  ] , and 
antidiabetic  [  31,   32  ]  effects in animal and cellular 
models and in human epidemiological and clini-
cal intervention studies, as discussed in reviews 
 [  27–  31  ]  and a separate epidemiological study 
 [  32  ] . Anthocyanidins have also been shown to 
have anti-in fl ammatory  [  33–  35  ]  effects in animal 
and cellular models and in human epidemiologi-
cal and clinical intervention studies and neuropro-
tective  [  36,   37  ]  and anti-obesity  [  38–  40  ]  effects in 
cellular and animal models .  There is growing evi-
dence to suggest that a diet rich in anthocyanidins 
may also be associated with better bone health. 

   Human Observational Studies 

 Hardcastle et al. showed positive associations 
between  fl avonoid intakes and BMD and  negative 

associations between  fl avonoid intakes and mark-
ers of bone resorption in the APOSS cohort, 
although anthocyanidins were not included in 
this study  [  10  ] . We recently found that, in the 
APOSS cohort, higher dietary anthocyanidin 
intake of dietary was associated with higher BMD 
and lower markers of bone turnover. These asso-
ciations were still signi fi cant after adjustment for 
confounding factors (age, height, weight, physi-
cal activity level, national deprivation category, 
current smoking status, calcium intake, alcohol 
intake, vitamin D intake, menopausal status, and 
hormone replacement therapy (HRT) use). 

 In agreement with our  fi ndings, Welch et al. 
(2012) showed that both total  fl avonoid and 
anthocyanidin intakes were positively associated 
with BMD in women in the TwinsUK cohort 
(population of women aged 18–79 years)  [  11  ] . 
Wine consumption was also shown to be posi-
tively associated with spine BMD in a subset of 
postmenopausal women also from the TwinsUK 
cohort  [  41  ] , and it is possible that the anthocyani-
dins in the wine may be the compounds respon-
sible for this association.  

   Human Intervention Studies 

 There have been no human intervention studies 
to date that have examined the effect of antho-
cyanidins on bone, but there are a handful which 
have examined the effects of dried plum on 
markers of bone health. A 3-month trial, in 
which 58 postmenopausal women, not using 
HRT, consumed either 100 g dried plum or 75 g 
dried apple, showed that only the dried plum 
was associated with increased bone formation 
markers. Neither diet had an effect on bone 
resorption markers  [  42  ] . A recent study by 
Hooshmand et al. also showed reduced bone 
turnover and increased BMD in postmenopausal 
women consuming dried plum over 12 months 
compared with those consuming dried apple 
 [  35  ] . Although dried plum is known to be a 
rich source of anthocyanidins, neither study 
quanti fi ed the anthocyanidin content of the dried 
plums consumed or the concentrations of antho-
cyanidins or metabolites in the serum of the 
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 participants, and so the results cannot be related 
back to anthocyanidins. 

 The next section describes the effect of antho-
cyanidins on bone health in animal models. It is 
clear that a randomized controlled trial to study 
the effects of an anthocyanidin-rich diet or sup-
plement on markers of bone health in humans 
would be extremely valuable in moving this 
research forward.  

   Animal Studies 

 A number of animal studies have also shown a 
protective effect of anthocyanidin-rich foods 
and bone health. Arjmandi et al. showed that 
anthocyanidin-rich dried plum lowered markers 
of bone resorption, increased markers of bone 
formation, and prevented bone loss in ovariecto-
mized (OVX) rats  [  43  ] . In other studies, dried 
plum has been shown to reverse bone loss in an 
osteopenic rat model of osteoporosis  [  44  ]  and 
prevent bone loss in a male rat model of osteo-
porosis  [  45  ] . In a study by Devareddy et al., 
a blueberry-rich diet was shown to prevent BMD 
loss in a rat model of osteoporosis  [  46  ] . Chen 
et al. also showed that a blueberry-rich diet 
increased bone formation without increasing 
overall growth in young rats, and serum from 
the blueberry-fed young rats was able to increase 
osteoblast differentiation and reduce osteoclas-
togenesis in vitro  [  47  ] . Zhang et al. showed that 
rats fed with blueberries at an early age had 
signi fi cantly reduced OVX-induced bone loss; 
pre-osteoblasts treated with the serum from the 
blueberry-fed young rats were found to main-
tain osteoblast development and differentiation 
in vitro  [  48  ] . Kaume et al. found that in OVX 
rats, a diet containing 5 % freeze-dried black-
berry was protective against BMD loss  [  49  ] . 
However, interestingly, no bene fi cial effect was 
seen with 10 % blackberry diet on bone, there-
fore suggesting that there may be an optimum 
dose of anthocyanidin-rich foods for the 
bene fi cial effects seen on bone. 

 Recently Arjmandi et al. have shown an 
enhanced effect of anthocyanin-rich dried plum in 
reversing OVX-induced bone loss in rats when 

given in combination with prebiotic fructooligo-
saccharide suggesting again that the bioavailability 
and metabolism of anthocyanin-derived com-
pounds may be in fl uenced by gut micro fl ora  [  50  ] . 

 The results of the major human and animal 
studies looking at the effects of anthocyanidins 
and bone outcomes are shown in Tables  17.1  
and  17.2 .    

   Cellular Studies 

 It is unclear whether anthocyanins themselves 
or their metabolites or breakdown compounds 
are responsible for the bene fi cial effects 
observed on bone health. Previous data has 
shown that the antioxidant capacity of blueberry 
correlates more strongly with anthocyanidin 
composition than other phenolic compounds 
suggesting the effect is due to the anthocyani-
dins  [  51  ] . Conversely, Chen et al.  [  47  ]  suggested 
that the effects of blueberry may be due to the 
phenolic acid metabolites since a similar mix-
ture of the phenolic acids present in the serum 
of the blueberry-fed rats was able to increase 
osteoblast differentiation in vitro .  We recently 
studied the effects of a number of individual 
anthocyanin and anthocyanidin compounds and 
found that they had no effect on mouse calvarial 
osteoblast differentiation in vitro ,  over 3 days, 
as measured by alkaline phosphatase activity 
(see Fig.  17.2 ) (data not published). These novel 
data suggest that the effect of dietary anthocya-
nidins on bone may be explained by anthocyani-
din metabolites, such as phenolic acids, rather 
than the pure compounds although further anal-
ysis is required.  

 To date, anthocyanidins have not been studied 
directly on osteoclasts in vitro. Some  fl avonoid 
compounds, similar to anthocyanidins, such as 
quercetin, kaempferol, myricetin, isorhamnetin, 
and curcumin have been shown to inhibit osteo-
clastogenesis in vitro  [  52  ] . 

 Further work is required to study the effects of 
anthocyanidins and their metabolites on osteo-
clast cells in vitro and to investigate the speci fi c 
compounds responsible for the effects of antho-
cyanidin-rich diets on bone.   
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   Mechanism of Action on Bone 

 The precise mechanism or mechanisms of action 
of anthocyanidins on bone are unknown. There are 
multiple reported and hypothesized mechanisms 

that could explain the potential effects of antho-
cyanidins on bone including the following: anti-
oxidant, anti-in fl ammatory, cell signaling, gene 
transcription, and binding with estrogen or can-
nabinoid receptors. 
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  Fig. 17.2    The effects of anthocyanidins on mouse osteo-
blast differentiation in vitro ( n  = 3) (mean +/− SEM). To 
investigate the effects of anthocyanidins on osteoblast dif-
ferentiation, mouse calvarial osteoblasts were isolated and 
cultured with 0.01–50  m M speci fi c anthocyanins or antho-
cyanidins for 3 days. Vehicle control (dH 

2
 O) and a positive 

control, 40 nM parathyroid hormone (PTH) were also 
included in the experiment. After 3 days, cell viability was 
assessed by incubation with Alamar Blue to measure cell via-
bility, and cells were lysed and assayed with  p-nitrophenyl 

phosphate to quantify differentiation by alkaline phos-
phatase activity. The results are shown for pelargonidin, 
cyanidin 3- O -glucoside, cyanidin, and delphinidin in  a ,  b , 
 c , and  d , respectively, and show alkaline phosphatase 
activity, adjusted for cell viability expressed as percent of 
the vehicle control. Anthocyanidin compounds were also 
tested (data not shown). None of the anthocyanidin or 
anthocyanin compounds tested showed statistically 
signi fi cant differences (one-way ANOVA) in osteoblast 
differentiation compared with control       
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 Oxygen-derived free radicals have been 
shown to stimulate osteoclast-mediated bone 
resorption. Anthocyanins are potent antioxi-
dants  [  53  ] . Other dietary antioxidants such as 
carotenoids have been associated with less bone 
loss and decreased risk of hip fracture  [  54,   55  ] . 
Therefore, it is possible that anthocyanidins, 
known potent antioxidants, may inhibit bone 
resorption and improve bone health similarly to 
carotenoids. However, it has been suggested that 
the anthocyanins may be absorbed at such a low 
concentration that they are unlikely to have an 
antioxidant effect  [  20  ] . Even so, at these con-
centrations, anthocyanins may still be able to 
affect signal transduction  [  33  ]  or gene expres-
sion  [  56  ] . A 3-week placebo-controlled trial 
showed that supplementation with 300 mg 
anthocyanidin per day could suppress of nuclear 
factor- k B (NF- k B) transactivation and decrease 
plasma concentrations of proin fl ammatory 
chemokines, cytokines, and in fl ammatory medi-
ators  [  33  ] . 

 Recently, Hooshmand et al .  showed that 
anthocyanidin-rich dried plum was able to 
signi fi cantly lower serum C-reactive protein 
(CRP), a marker of in fl ammation, after 3 months 
in postmenopausal women  [  35  ] . Since higher cir-
culating serum CRP has been associated with 
osteoporosis, it could be inferred that anthocyani-
dins may reduce in fl ammation and thereby reduce 
bone turnover and osteoporosis. 

 Cellular studies have reported effects of antho-
cyanidin metabolites on cell signaling, for exam-
ple, serum from blueberry-fed young rats was 
found to stimulate osteoblast differentiation and 
reduce osteoclastogenesis through P38 MAP 
kinase/ b -catenin canonical Wnt signaling  [  47  ] . 
Also, Zhang et al. found that blueberry powder 
delayed osteoblast senescence through regulation 
of the Runx2 gene  [  48  ] . 

 In addition, anthocyanins have also been 
shown to have low binding af fi nity with estrogen 
and cannabinoid receptors  [  57  ]  therefore sug-
gesting yet more possible mechanisms of action. 

 It is conceivable that anthocyanidins and 
their metabolites may exert their effects by a 
number of mechanisms which may be depen-
dent on the frequency and quantity of anthocya-
nidin consumption.  

   Conclusions 

 The evidence reviewed in this chapter indi-
cates that anthocyanidins may play a role in 
bone health. Further work is required to deter-
mine which metabolites are responsible and 
the cellular mechanism of action. The few 
human studies undertaken have investigated 
the role of anthocyanidin-rich foods on bone 
loss but lack information on the anthocyanidin 
composition of the foods that have been tested 
or have not measured biomarkers of anthocya-
nidin intake. A randomized controlled trial 
investigating the role of anthocyanidins on 
bone health is required to con fi rm whether 
these compounds prove to be a cost-effective 
means of attenuating bone loss. The role of 
dietary anthocyanidins in peak bone mass in 
humans is unknown.      
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   Introduction 

 Most recent recommendations on vitamin D 
intake agree that many people are vitamin D 
de fi cient and need vitamin D supplements to 
meet their vitamin D requirement  [  1–  3  ] . The 
most common form of dietary supplementation 
used today is cholecalciferol or vitamin D 

3
 , and 

most healthy adults reach a target range of 
20 ng/ml with 600–800 IU vitamin D per day. 
However, the target range of at least 30 ng/ml, 

which is desirable for optimal fracture preven-
tion  [  1–  4  ] , is less well de fi ned with respect to 
vitamin D 

3
  requirements, and doses between 

1,600 and 4,000 IU vitamin D 
3
  per day have 

been proposed  [  5,   6  ] . 
 As an alternative strategy to enhance 

25-hydroxyvitamin D (25(OH)D) levels, sup-
plementation with the 25(OH)D 

3
  metabolite 

itself (calcifediol) has been suggested  [  7–  14  ] . 
Potential advantages are its immediate, potent, 
and linear increase in serum 25(OH)D levels 
combined with documented bene fi ts on bone 
metabolism and nonskeletal endpoints from 
small clinical trials as reviewed in this chapter 
 [  8,   9,   12–  17  ] . Whether the bene fi t of calcifediol 
can be con fi rmed in a larger trial of fracture pre-
vention and whether its bone effects are superior 
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to vitamin D 
3
  within the same target serum 

25-hydroxyvitamin D range cannot be answered 
to date. 

   Half-Life, Dose Response, and Safety 

 Compared to vitamin D 
3
  (half-life about 20 days 

 [  18  ] ), calcifediol has hydrophilic properties, has 
a much shorter half-life of 8–11 h after oral 
administration, and causes a rapid increase in 
serum 25(OH)D levels (see Table  18.1  and 
Fig.  18.1 ). Also in contrast with vitamin D 

3
  sup-

plementation, which shows a curvilinear dose–
response curve for serum 25(OH)D increase  [  6  ] , 
calcifediol results in a linear increase in serum 
25(OH)D across a dose range  [  7  ] . With respect 
to potency of shifting mean 25(OH)D serum lev-
els, two recent trials compared a daily dose of 
20  m g of calcifediol to 20  m g of vitamin D 

3
 , and 

both trials (Bischoff-Ferrari et al.  [  13  ] . and 
Cashman et al.  [  14  ] . – see Table  18.1 ) suggest 
that calcifediol is about twice as potent to 
increase mean 25(OH)D levels if compared 
to the same dose of vitamin D 

3
 . With respect to 

safety, several studies report no incidence of 
hypercalcemia with 20  m g  [  13,   14  ]  and up to 
150  m g  [  12  ]  calcifediol per day.    

   Bone Effects 

 Four smaller trials reported a bene fi t on bone 
density among groups of cardiac and kidney 
transplant patients, patients with glucocorticoid-
induced osteopenia, and elderly hip fracture 
patients  [  8,   16,   19,   20  ] , while this was not 
con fi rmed in a larger trial among 438 seniors  [  15  ]  
where no bene fi t of calcifediol was documented 
on bone mineral density (BMD) or fracture reduc-
tion if compared with calcium supplementation 
or placebo (see Table  18.1 ). However, the treat-
ment dose of calcifediol in the larger trial was 
low with 15  m g per day  [  15  ] . Further, while 
human data are missing, one laboratory fracture 
healing study among old rats found that calcife-
diol improved mechanical strength of the frac-
tured bone  [  20  ] .  

   Nonskeletal Effects 

 One small RCT compared calcifediol with vita-
min D 

3
  with respect to nonskeletal endpoints of 

vitamin D including lower extremity function, 
blood pressure, and innate immunity. Comparing 
20  m g of calcifediol with 20  m g of vitamin D 

3
 , the 

trial among healthy postmenopausal women 
showed that calcifediol treatment for 4 months 
not only results in a rapid increase in 25(OH)D 
levels (see Fig.  18.1 ) but may also be associated 
with a signi fi cant 2.8-fold higher odds of main-
tained or improved lower extremity function, an 
immediate and sustained decrease in systolic 
blood pressure by 5.6 mmHg, and a signi fi cantly 
more pronounced suppression of four out of 
seven markers of innate immunity (eotaxin, 
IL-12, MCP-1, MIP-1Beta). Notably, however, 
both calcifediol and vitamin D 

3
  contributed to a 

decrease in markers of innate immunity, indicat-
ing a bene fi t from both substances. 

 Participants treated with calcifediol (com-
pared to the participants in the vitamin D 

3
  group) 

reached the 25(OH)D threshold of 30 ng/ml 
within 35 days of treatment and experienced a 
signi fi cant reduction of systolic blood pressure 
by 5.7 mmHg in the same time frame (see 
Fig.  18.2 ). In fact, the blood pressure reduction 
occurred in the early treatment phase and stabi-
lized at this level for the remainder of the 4 months 
follow-up period. Systolic blood pressure did not 
change in the vitamin D 

3
  group which may be 

explained by the much slower and smaller 
increase in 25(OH)D levels in the vitamin D 

3
  

group, leaving 50 % of the participants below 
30 ng/ml even at 4 months of treatment (see 
Fig.  18.2 ).   

   Summary 

 In summary, available trials outlined in Table  18.1  
show that oral supplementation with calcifediol 
results in an immediate and sustained increase in 
25(OH)D levels. A higher circulating level of 
25(OH)D can be reached much faster than on the 
standard supplementation with vitamin D 

3
  and 

may explain the bene fi t of 20  m g calcifediol per 
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Observed data: Vitamin D3
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25(OH)DModel predicted means:

  Fig. 18.1    Change in serum 25(OH)D level – comparison 
of a daily dose of 20  m g of calcifediol with 20  m g of vita-
min D 

3
 .  Dashed line  indicates the 30 ng/ml (75 nmol/l) 

threshold of 25(OH)D serum concentration. Graph shows 
individual and model-predicted means of serum 25(OH)D 
levels across 14 clinical visits by treatment. Predicted 
means are adjusted for age, BMI, and baseline 25(OH)D 

levels. The 25(OH)D levels shifted to above 30 ng/ml in 
all participants of the calcifediol group (25(OH)D) at 
35 days of follow-up, while in the vitamin D 

3
  group, about 

50 % of participants remained below this threshold 
throughout the 4-month follow-up (Adapted from 
Bischoff-Ferrari et al.  [  13  ] . With permission from John 
Wiley and Sons, Inc.)       
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  Fig. 18.2    Change in systolic blood pressure – compari-
son of a daily dose of 20  m g of calcifediol with 20  m g of 
vitamin D 

3
 . Graph shows model-predicted means of sys-

tolic blood pressure across 120 days of follow-up (14 
clinical visits) by treatment. Predicted means are adjusted 
for age, BMI, and baseline systolic blood pressure. 
Systolic blood pressure decreased in the calcifediol 

(25(OH)D) group progressively for the  fi rst 3 weeks of 
follow-up (up to day 21) and then stabilized at a lower 
level for the remainder of follow-up; in the vitamin D 

3
  

group, on the other hand, systolic blood pressure remained 
virtually constant for the entire 4-month follow-up 
(Adapted from Bischoff-Ferrari et al.  [  13  ] . With permis-
sion from John Wiley and Sons, Inc.)       

 

 



196 H.A. Bischoff-Ferrari

day on systolic blood pressure reduction, improve-
ment in lower extremity function, and the more 
pronounced reduction in several markers of 
immunity among healthy postmenopausal women 
in one small trial  [  13  ] . Notably, however, none of 
the available trials tested an equivalent dose of 
calcifediol and vitamin D 

3
 . Therefore, bene fi ts 

documented by calcifediol with respect to skeletal 
and nonskeletal bene fi ts summarized in this chap-
ter may likely be caused by its rapid increase in 
25(OH)D level. Alternatively, calcifediol may 
have additional bene fi ts superior to vitamin D 

3
 , 

which will need further investigation. Finally, the 
 fi ndings of the largest trial performed to date by 
Peacock and colleagues suggest that 15  m g cal-
cifediol per day may be insuf fi cient to increase 
bone mineral density and reduce fracture risk with 
calcifediol in the senior population.       
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  Abstract 

 Vitamin D status is associated with muscle strength, physical performance, 
and falls as has been observed in many epidemiological studies. When 
serum 25-hydroxyvitamin D increases from very low levels to 50 nmol/l, 
physical performance increases and plateaus with higher levels of serum 
25(OH)D. Randomized controlled clinical trials were performed with 
vitamin D alone or with vitamin D and calcium with the endpoint falls. 
Eight of thirteen studies showed a signi fi cant decrease of fall incidence, 
and in six of seven signi fi cant double-blind studies, vitamin D was com-
bined with calcium and compared with double placebo. The decrease of 
fall incidence ranged from −19 to −70 %. One study with vitamin D3 dose 
of 500,000 IU once per year showed an increased fall incidence in the 
vitamin D group compared with the placebo group. The increased fall 
incidence was observed in the  fi rst 3 months after the high vitamin D dose. 
Eight meta-analyses have been performed on the effects of vitamin D on 
fall incidence. One may conclude from these that vitamin D3 is effective 
in doses of 800 IU/day or more and preferably combined with calcium. 
Vitamin D may in fl uence muscle strength through genomic and non-
genomic pathways. The active metabolite 1,25-dihydroxyvitamin D binds 
to the nuclear vitamin D receptor and can activate more than 300 genes, 
and it may also bind to a membrane receptor thus activating second mes-
sengers leading to fast calcium in fl ux. Vitamin    D may in fl uence muscle 

      Physical Performance, Muscle 
Strength, Falls, and Vitamin D       
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   Introduction 

 Vitamin D is necessary for calcium absorption and 
mineralization of new bone matrix, the osteoid. 
Vitamin D de fi ciency results in rickets in children 
and osteomalacia in adults. Long-term less severe 
vitamin D de fi ciency leads to secondary hyper-
parathyroidism and bone loss and contributes to 
osteoporosis. More recently, a relationship has 
been observed between vitamin D status, muscle 
strength, physical performance, and falls. Vitamin 
D and calcium supplementation can decrease the 
incidence of hip fractures and other non-vertebral 
fractures as was shown by Chapuy et al.  [  1  ] . The 
effect of supplementation on the incidence of 
other non-vertebral fractures was already visible 
within 6 months, leading to the suggestion that 
vitamin D and calcium might prevent falls. In this 
chapter, the relationship between vitamin D and 
physical performance, muscle strength, and falls 
will be discussed. Subsequently, the effects of 
supplementation in randomized clinical trials on 
fall prevention will be described. These trials have 
led to several meta-analyses on the effects of vita-
min D on the incidence of falls. Finally, the mech-
anistic basis of the described relationships will be 
reviewed with an emphasis on genomic and non-
genomic pathways. The chapter will end with a 
conclusion and research agenda.  

   Epidemiological Association Studies 

 A relationship between physical performance 
tests and vitamin D status was observed in 
the National Health and Nutrition Examination 

Survey (NHANES III). The timed walking test 
and the timed chair stands ( fi ve chair stands with-
out using hands) showed a fast improvement 
when serum 25 hydroxyvitamin D increased from 
below 20 to 50 nmol/l. With higher levels, the 
needed time tended to plateau  [  2  ] . Similar data 
were obtained in the Longitudinal Aging Study 
Amsterdam, an epidemiological study in a repre-
sentative sample of the Dutch population. Almost 
50 % of the participants of 65 years and older 
were vitamin D de fi cient or insuf fi cient (serum 
25(OH)D < 25 or 25–50 nmol/l, respectively). In 
this study physical performance tests and a fall 
follow-up were done. The physical performance 
score consisting of a walking test,  fi ve chair 
stands, and tandem stand was scored on a scale 
from 0 to 12. When serum 25(OH)D increased 
from below 10 to 50 nmol/l, physical performance 
increased 5 points, and following adjustment for 
age, sex, chronic diseases, and BMI, the increase 
with improving vitamin D status still was more 
than 2 points on the scale of 12  [  3  ] . A plateau of 
the physical performance score vs. vitamin D sta-
tus was seen above 50 nmol/l. In the LASA study 
vitamin D de fi ciency could predict the loss of 
muscle strength and muscle mass during 3 years 
of follow-up. Loss of muscle strength was more 
than twice as frequent when serum 25(OH)D was 
below 25 nmol/l than with higher values  [  4  ] . In 
the LASA study, a fall follow-up was done every 
3 months during 3 years with a fall calendar. 
When serum 25(OH)D was lower than 25 nmol/l, 
the risk ratio for two falls or three falls was more 
than  fi ve in comparison with the participants with 
a serum 25(OH)D higher than 25 nmol/l. This 
was apparent below 75 years of age, but above 

 fi ber proliferation and differentiation, and calcium in fl ux and calcium 
transport to the sarcoplasmic reticulum. There is still some debate on the 
presence of the vitamin D receptor in human muscle tissue because it was 
demonstrated by some but not by other investigators. 

 In conclusion, vitamin D can in fl uence muscle strength, balance, and 
prevent falls.  

  Keywords 

 Physical performance  •  Muscle strength  •  Falls  •  Vitamin D  •  Vitamin D 
receptor  •  Genomic and non-genomic pathways  •  Meta-analyses  
•  Prevention of falls      
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75 years the relationship was no longer signi fi cant 
 [  5  ] . An Australian study  [  6  ]  showed similar risk 
factors for falling. Higher    serum 25(OH)D levels 
and higher weight were protective for falling, 
while antipsychotic treatment, cognitive decline, 
a past Colles fracture, and being a wanderer all 
increased the risk for falling.  

   Randomized Clinical Trials 

 An intervention study  [  7  ]  in 148 older women 
with vitamin D3 800 IU/day vs. placebo for 
8 weeks reduced sway by 9 % and reduced the 
fall incidence. This group repeated this study in 
242 community-dwelling seniors, and the fall 
incidence decreased 39 % ( p  < 0.01) in the vita-
min D group in comparison to the placebo group 
 [  8  ] . An Australian study comparing vitamin D 
1,000 IU/day vs. placebo in 540 older persons in 
residential care showed a decrease of fall inci-
dence ( p  < 0.05) and a lower fracture incidence in 
the vitamin D group, but the latter was not 
signi fi cant  [  9  ] . Altogether at least 13 studies have 
been performed, and 8 of these showed a 
signi fi cant decrease of fall incidence  [  10–  18,   20  ]  
(Table  19.1 ). In six of seven double-blind studies, 
vitamin D was combined with calcium and 

 compared with double placebo. The decrease of 
fall incidence ranged from −19 to −70 %. In four 
studies the change was not signi fi cant, and one 
Australian study with a large dose of 500,000 IU 
once per year showed an increased fall incidence 
in the vitamin D group compared with the pla-
cebo group. In this study  [  18  ] , the fall incidence 
was 15 % higher in the vitamin D group, and the 
fracture incidence was higher, but this was only 
borderline signi fi cant. It turned out that the 
increase in fall and fracture incidence was visible 
in the  fi rst 3 months after the high vitamin D 
dose. During these 3 months mean serum 25(OH)
D increased to levels higher than 120 nmol/l. This 
led to the conclusion that a high dose once per 
year is not the way to administer vitamin D, and 
the high peak levels of serum 25(OH)D may be 
deleterious. We performed a multicenter study 
comparing the effect of 8,400 IU/week vs. pla-
cebo, but there was no effect on the physical per-
formance tests and sway. However, when baseline 
sway was high, a decrease of sway was seen in 
the vitamin D group  [  19  ] . Recently, a short-term 
intervention study with protein and vitamin D in 
malnourished older adults showed a decrease of 
fall incidence in the intervention group compared 
with the control group  [  20  ] . It is dif fi cult to deduct 
a threshold serum 25(OH)D necessary for fall 

   Table 19.1    The effect of vitamin D on fall incidence: results of randomized clinical trials   

 Reference  Pat N  Vit D dose  Calcium 
 Baseline 
25(OH)D a  

 Posttreatment 
25(OH)D a  

 Outcome  n  
of fallers 

 Graafmans et al.  [  10  ]   330  400 IU/day  –  27  55  NS 
 Pfeifer et al.  [  7  ]   148  800 IU/day  1,200 mg/day  26  66  −40 % 
 Latham et al.  [  11  ]   243  300,000 IU  –  38  61  NS 
 Harwood et al.  [  12  ]   150  800 IU/day  1,000 mg/day  29  50  −52 % 
 Flicker et al.  [  9  ]   625  1,000 IU/day  600 mg/day  <40  −27 % 
 Bischoff-Ferrari et al.  [  13  ]   445  700 IU/day  500 mg/day  70  104  −46 %(women) 
 Law et al.  [  14  ]   223  100,000 IU/3 m  –  47  82  NS (men) 
 Broe et al.  [  15  ]   124  800 IU/day  –  53  75  −72 % 
 Prince et al.  [  16  ]   302  1,000 IU/day  1,000 mg/day  45  60  −19 % 
 Pfeifer et al.  [  8  ]   242  800 IU/day  1,000 mg/day  55  84  −27 % 
 Kärkkäinen    et al.  [  17  ]   1,645  800 IU/day  1,000 mg/day  50  75  NS b  
 Sanders et al.  [  18  ]   2,256  500,000 IU/

year 
 –  49  120 c   +15 % 

 Neelemaat et al.  [  20  ]   210  576 IU/day  500 mg/day d   40  65  −59 % 

   a 25(OH)D nmol/l 
  b 30 % less multiple falls 
  c After 1 month 120 nmol/l, after 3 months 90 nmol/l 
  d The intervention group received a protein-rich diet in addition  
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prevention. It may be around 50 or 60 nmol/l, 
near the recommendation of the Institute of 
Medicine  [  21  ] . A vitamin D dose of 800 IU/day 
will increase serum 25(OH)D to above 50 nmol/l 
in most older persons.   

   Meta-analysis 

 A meta-analysis of studies on the effect of vita-
min D on muscle strength, gait, and balance 
showed a signi fi cant improvement of sway and 
the timed up and go test. An increase of lower 
extremity strength or improvement of distance 
walked (gait) was not obtained  [  22  ] . At least eight 
meta-analyses have been performed on the effect 
of vitamin D on fall incidence. The outcomes of 
the meta-analyses were different. Two meta-anal-
yses contained studies with an active vitamin D 
metabolite (alphacalcidol), and one meta-analysis 
of Bischoff-Ferrari compared lower and higher 
doses showing a decreased fall incidence only 
with the higher dose. Another meta-analysis only 
included studies with vitamin D3 800 IU or more 
 [  23–  29  ]  (Table  19.2 ). One may conclude from 
these meta-analyses that vitamin D3 only is effec-
tive in higher doses of 800 IU/day or more and 
particularly in combination with calcium.   

   Mechanistic Studies 

 Vitamin D may in fl uence muscle strength 
through genomic and non-genomic pathways 
 [  30  ] . The active vitamin D metabolite, 

1,25-dihydroxyvitamin D, binds to the nuclear 
vitamin D receptor after entering the cell and can 
activate more than 300 genes. The alternative is 
binding to a membrane receptor, thus activating 
second messengers leading to a fast calcium in fl ux. 
The active vitamin D metabolite, 1,25-dihydroxyvi-
tamin D, may in fl uence muscle  fi ber proliferation 
and differentiation. It may in fl uence calcium in fl ux 
and phosphate transport and especially calcium 
transport to the sarcoplasmic reticulum. On the 
other side, 1,25-dihydroxyvitamin D may also 
in fl uence the metabolism of neurotransmitters or 
stimulate neural growth factor in the nervous sys-
tem and thus indirectly in fl uence muscle activity. 
Abnormal skeletal muscle development has been 
shown in the vitamin D receptor null mouse, and 
the mean size of muscle  fi bers was smaller in this 
mouse than in the wild-type mouse  [  31  ] . 

 The vitamin D receptor was demonstrated in 
human muscle tissue by immunologic methods, 
and it turned out that the number decreased with 
aging  [  32  ] . However, the debate on the vitamin D 
receptor in muscle tissue continues with positive 
and negative studies showing vitamin D receptor 
in muscle tissue or not  [  33,   34  ] .  

   Conclusion 

 Clinical and epidemiological studies suggest 
that vitamin D in fl uences muscle strength and 
balance. Clinical trials show that vitamin D 
with calcium (and maybe without) can improve 
balance and prevent falls. Clinical trials and 
meta-analyses suggest that vitamin D is more 
effective in frail or institutionalized elderly; 
however, a high once yearly dose of vitamin D 

 Reference   N   RR  Remarks 

 Latham et al.  [  23  ]   4  0.99 (0.89–1.11) 
 Bischoff-Ferrari et al.  [  24  ]   5  0.78 (0.64–0.92)  incl 2 alphacal b  
 Jackson et al.  [  25  ]   5  0.88 (0.78–1.00) 
 Richy et al.  [  26  ]   11  0.92 (0.86–0.99)  incl 2 alphacal b  
 Cochrane, community  [  27  ]   0.96 (0.92–1.01) 
 Cochrane, nursing care  [  27  ]   0.98 (0.89–1.09) a  
 Bischoff-Ferrari et al.  [  28  ]   8  0.87 (0.77–0.99)  Dose split (high/low) 
 Kalyani et al.  [  29  ]   10  0.86 (0.79–0.93)  Dose 800 (IU/day) 

   a Rate of falls 0.72 (0.55–0.95) 
  b These meta-analyses include two studies done with the active vitamin D metabolite 
alphacalcidol  

   Table 19.2    The effect 
of vitamin D on fall 
incidence: results of 
 meta-analyses   
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may increase the fall incidence. There are 
several explanations why vitamin D could 
in fl uence muscle function.  

   Research Agenda 

 The mechanism why vitamin D can prevent falls 
should be further clari fi ed. It is not known which 
dose of vitamin D is optimal to prevent falls and 
whether calcium always should be added. It is not 
known which groups should most likely pro fi t 
from vitamin D to prevent falls. Polymorphisms 
of vitamin D-related genes may in fl uence fall 
incidence and the effect of vitamin D treatment.      
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  Abstract 

  Introduction : Vitamin D de fi ciency is a global health problem. Limited 
skin exposure to sunlight, obesity, and low dietary calcium intake may all 
impact vitamin D status and bone health. The aims of this study were to 
determine vitamin D status and its association with the extent of veiling 
and different measures of obesity and to examine the impact of milk intake 
on vitamin D status and bone metabolism markers in a sample of ran-
domly selected pre- and postmenopausal healthy Saudi women. 

  Methods : A total of 449 women were studied. Fasting blood samples 
were collected for assessment of 25(OH)D status and carboxy-terminal 
telopeptide of type I collagen (CTX). Anthropometric parameters and total 
body fat (TBF) by dual-energy X-ray absorptiometry were measured. Milk 
intake was determined using a validated food frequency questionnaire. 

      Vitamin D Status in Relation 
to Veiling, Obesity, and Milk Intake 
in Saudi Women       

     Khulood   Sami   Hussein,       Hanan   Ahmad   Alkadi,    
   Susan   A.   Lanham-New,    and    Mohamed   Saleh   Ardawi        
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   Introduction 

 Vitamin D de fi ciency is a global health problem, 
with a range of chronic conditions being associated 
with low circulating levels of 25-hydroxyvitamin 
D (25(OH)D)  [  1  ] . Vitamin D de fi ciency may lead 
to secondary hyperparathyroidism causing a gen-
eralized decrease in bone mineral density (BMD) 
and consequent increased risk of osteopenia and 
osteoporosis. Moreover, vitamin D insuf fi ciency 
may increase postural imbalance due to increased 
body sway, muscle weakness, and diminished 
ability to respond to falls  [  2,   3  ] , thus increasing 
the risk of fractures  [  4  ] . Serum 25(OH)D is con-
sidered to be the best indicator of vitamin D 
nutritional status  [  5,   6  ] . It has been suggested that 
serum 25(OH)D values <50 nmol/L indicate vita-
min D de fi ciency  [  7  ]  and <75 nmol/L indicate 
vitamin D insuf fi ciency  [  5,   7,   8  ] . Vitamin D is 
synthesized in the skin after sunlight exposure or 
can be obtained through a balanced dietary intake 
 [  5  ] . However, because few foods provide a natu-
ral source of vitamin D, skin synthesis is thought 
to constitute the major source of vitamin D  [  9  ] . 
Clothing style is an important factor that 
in fl uences vitamin D production  [  10  ] . Hence, 

a limited skin exposure to sunlight has been 
 presumed to be one of the major causes of vita-
min D de fi ciency. Obesity is another factor to be 
blamed for vitamin D de fi ciency  [  11  ] . This is 
likely due to the decreased bioavailability of vita-
min D 

3
  from cutaneous and dietary sources 

because of its deposition in body fat compart-
ments  [  12,   13  ] . Calcium and vitamin D are essen-
tial for bone growth and maintenance  [  14  ] . 
Among the bone-forming minerals, dietary cal-
cium supply is close to biological requirements 
and may be limited in some parts of the world 
where there are few rich dietary sources of cal-
cium. Milk is a rich source of calcium and, in 
countries where milk is forti fi ed with vitamin D, 
also a contributor to dietary vitamin D intake  [  1  ] . 
However, in Saudi Arabia, the forti fi cation of 
milk is not widespread enough to prevent vitamin 
D de fi ciency in the population  [  15  ] . 

 Data on the effect of different lifestyle factors 
such as clothing styles, obesity, and poor dietary 
supplements on vitamin D status in Saudi women 
are limited. The aims of this study were (1) to 
determine vitamin D status in a sample of ran-
domly selected pre- and postmenopausal healthy 
Saudi women, (2) to determine the effect of extent 

  Results : A total of 85.5 % of women had vitamin D de fi ciency with 
a  serum level <50 nmol/L. Women who were completely covered (both 
face and hands or face only) ( n  = 261) were found to have a signi fi cantly 
lower 25(OH)D status than women who covered their heads, but not their 
faces and hands ( n  = 188) [26.5 ± 19.6 nmol/L vs. 32.0 ± 24.4 nmol/L], 
respectively ( P     < 0.011). A signi fi cant negative correlation between 25(OH)
D and body mass index (BMI) ( r  = −0.203,  P  < 0.01), TBF ( r  = −0.340, 
 P  < 0.01), and waist circumference (WC) ( r  = 0.140,  P  < 0.05) was found in 
the postmenopausal women. A positive correlation was found between 
milk intake and 25(OH)D status, which remains signi fi cant after control-
ling for BMI and age ( r  = 0.193,  P  < 0.001). A trend for milk intake to be 
negatively associated with CTX excretion was also observed ( r  = −.083, 
 P   £  0.07) after adjustment for age and BMI. 

  Conclusion : Vitamin D de fi ciency is rather highly prevalent among healthy 
Saudi women. Further investigations are currently under way to explore 
 concomitant effects of these factors on bone density in this population.  

  Keywords 

 Saudi women  •  Vitamin D  •  Veiling  •  Milk intake  •  De fi ciency  •  Obesity      
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of veiling on vitamin D status, (3) to determine 
the extent of obesity and the association between 
different measures of adiposity and 25(OH)D, 
and (4) to examine the impact of milk intake on 
vitamin D status and bone metabolism marker in 
these Saudi women.  

   Subjects and Methods 

 This cross-sectional study was conducted at the 
Center of Excellence for Osteoporosis Research 
(CEOR) in Jeddah city (western region of Saudi 
Arabia) during the year 2010. A representative 
sample size was calculated using the sample-size 
determination option in Epi Info statistical pack-
age (version 6; USD, West Park Place, Stone 
Mountain, GA, USA). Subjects were recruited 
from primary health care centers (PHCCs) scat-
tered around the city to ensure that the average 
health status of the studied subjects will re fl ect a 
randomly selected adult population. After exclud-
ing women with diseases and medications known 
to affect bone metabolism, pregnant or lactating 
women, and those who declined due to personal 
reasons, only 449 women were eligible and 
agreed to participate in the present study. A total 
of 226 premenopausal women aging 20–39 years 
and 223 postmenopausal women aging 
50–82 years were studied. All women included in 
the study exhibited normal values for renal crea-
tinine (serum creatinine <105 umol/L), normal 
values for liver function tests (serum aspartate 
aminotransferase <30 U/L, alanine aminotrans-
ferase <30 U/L, and alkaline phosphatase between 
80 and 280 U/L). 

 The classi fi cation of menstrual status was 
con fi rmed by measuring FSH  [  16  ] . Premenopausal 
women are those who had regular menses in the 
past 6 months and a serum follicular stimulating 
hormone (FSH) level <15 mIU/L. Postmenopausal 
women are those who had their last menstrual 
period at least 1 year before the date of recruit-
ment and FSH level >15 mIU/L. 

 Each woman was medically examined and 
personally interviewed using a standardized 
questionnaire to collect information about age 
and dress style. Information about milk intake 

was determined using a validated food frequency 
questionnaire (FFQ)  [  17,   18  ] . Women were 
divided according to their dress style into three 
groups: niqab and gloves (all body parts are cov-
ered including face and hands), niqab only (all 
body parts are covered including face but hands 
exposed), and hijab (all body parts are covered 
except the face and hands). Body weight, height, 
body mass index (BMI; kilogram/square meter), 
and waist-to-hip ratio (WHR) were recorded. 
Overweight is de fi ned as BMI  ³  25 and obese as 
BMI  ³  30 on the basis of international obesity 
classi fi cation  [  19  ] . Total body fat (TBF) in grams 
was measured using dual-energy X-ray absorpti-
ometry (DXA) using Lunar Prodigy Model 
(Lunar Corp., Madison, WI, USA). 

 The study was approved by CEOR’s Human 
Ethics Research Committee, and a written informed 
consent was obtained from all women who partici-
pated in the present study. 

   Specimen Collection 

 Fasting venous blood samples were taken in the 
morning between 8:30 and 11 am under standard-
ized conditions. After being collected, the speci-
mens were left to clot at room temperature and 
then underwent centrifugation for 10 min at 
3,000 rpm within 1 h from collection time. The 
serum extracted was stored at a temperature of 
−80 °C until analyzed for the determination of 
25(OH)D, intact PTH, CTX, and other biochemi-
cal analytes. All essays were carried out at the 
same point according to the manufacturer’s 
instructions.  

   Measurements of 25(OH)D, 
Intact PTH, and CTX 

 Serum 25(OH)D and intact PTH were mea-
sured by direct competitive and a direct sand-
wich chemiluminescence immunoassays using 
LIASON autoanalyzer, respectively (DiaSorin 
Inc., Stillwater, MN, USA). The intra- and inter-
assay coef fi cient variation (CV) were 7.8 and 
3.8 % for serum 25(OH)D and 5.1 and 4.3 % for 
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serum-intact PTH, respectively. The bone resorp-
tion marker, C-terminal cross-linking telopep-
tides of type I collagen (CTX), was measured by 
a direct sandwich chemiluminescence immuno-
assay (ECLIA) using cobas e immunoassay ana-
lyzer. The intra- and inter-assay CV were 4 %.  

   Measurements of FSH 
and Other Analytes 

 Serum FSH was measured by commercially 
available immunoassays using VITROS-ECiQ 
autoanalyzer (Ortho-Clinical Diagnostic, Johnson 
& Johnson Co., USA). The intra- and inter-assay 
CVs were < 4 %. Serum calcium (s-Ca), mag-
nesium (s-Mg), and phosphate (s-PO 

4
 ) were 

measured by kits and reagents supplied by Ortho-
Clinical Diagnostics, USA, using VITROS 250 
Chemistry System autoanalyzer (Ortho-Clinical 
Diagnostic, Johnson & Johnson Co., USA).  

   Statistical Analysis 

 SPSS version 16.0 (SPSS Inc., Chicago, IL) was 
used for statistical analysis. Results are presented 
as means ± SD, and categorical variables are 
expressed as frequencies. The statistical differ-
ences among the two groups for different vari-
ables were analyzed by student  t -test and among 
the three groups using ANOVA. Association 
between variables was examined by Pearson’s 
correlation coef fi cient or by Spearman’s correla-
tion for variables that are not normally  distributed. 
Partial correlation adjusting for confounding 
variables was also performed. Results were con-
sidered signi fi cant if  P  < 0.05.   

   Results 

 Age and anthropometric characteristics of the 
study population according to menopausal status 
are presented in Table  20.1 . A total of 30.7 % of 
the women were overweight (28.3 % pre, 33.2 % 
post), and 38.5 % were obese (21.2 % pre, 56.1 % 
post). Postmenopausal women exhibited increased 

BMI ( P  < 0.000) and WHR ( P  < 0.000) as com-
pared to premenopausal women. Our analysis of 
the FFQ did not currently allow us to report food 
nutrients intake. However, the vitamin D supple-
ment intake information is presented in Table  20.2 . 
Of the women studied, 26.1 % had vitamin D sup-
plementation (11.9 % pre, 40.4 % post).   

 Serum 25(OH)D and other biochemical val-
ues are presented in Table  20.3 . The overall mean 
(±SD) serum 25(OH)D level was 22.63 ± 19.85 
and 35.01 ± 22.08 nmol/L for pre- and postmeno-
pausal women studied ( P  < 0.000) with an overall 
mean of 28.78 ± 21.86 nmol/L. The distribution 
frequencies for various 25(OH)D cutoff levels 
are given in Table  20.4 . A total of 80.5 % of 
women studied showed serum 25(OH)D levels 
<50 nmol/L. Only 3.8 % of all women were con-
sidered with adequate vitamin D status (serum 
25(OH)D  ³  75 nmol/L), 2.7 and 4.9 % being pre- 
and postmenopausal, respectively. About 55 % of 
all women exhibited severe vitamin D de fi ciency 
(serum 25(OH)D < 25 nmol/L), 70.8 and 39 % 
being pre- and postmenopausal women, respec-
tively. Moreover, about 30.5 % of all women 
exhibited moderate vitamin D de fi ciency, 23 % 
premenopausal and 38.1 % postmenopausal (with 
serum 25(OH)D < 50 nmol/L). Furthermore, 
about 10.7 % of all women studied exhibited 
vitamin D insuf fi ciency (3.5 % premenopausal 
and 17.9 % postmenopausal with serum 25(OH)
D  ³ 50 to <75 nmol/L). Distribution of BMI in 
relation to different levels of vitamin D in pre- 
and postmenopausal women is presented in 
Figs.  20.1  and  20.2 , respectively.     

 The    mean serum 25(OH)D levels were 
signi fi cantly lower in women (pre- or postmeno-
pausal) who were completely covered (both face 
and hands or face only) wearing a niqab than 
those who exposed their faces and hands wearing 
a hijab (serum 25(OH)D values 26.5 ± 19.6 vs. 
32.0 ± 24.4 nmol/L, respectively) ( p  < 0.011). 
A  trend was also seen for a difference in 25(OH)
D status between women covering their faces 
only ( n  = 247) vs. women covering their faces and 
hands ( n  = 14) ( p  < 0.086) (Table  20.5 ).  

 There was no signi fi cant correlation between 
25(OH) D and any of the obesity measurements in 
the premenopausal women, even after adjusting for 
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age. However   , a signi fi cant negative correlation 
between 25(OH)D and BMI ( r  = −0.203,  P  < 0.01), 
TBF ( r  = −0.340,  P  < 0.01), and WC ( r  = 0.140, 
 P  < 0.05) was found in the postmenopausal women. 

 A positive correlation was found between 
milk intake and 25(OH)D levels, which remains 

signi fi cant after controlling for vitamin D sup-
plement use, BMI, and age ( r  = 0.193,  P  < 0.001). 
A  trend for milk intake to be negatively 
 associated with CTX excretion was also 
observed ( r  = −.083,  P   £  0.07) after adjustment 
for age and BMI.  

   Table 20.1    Age and anthropometric characteristics of the studied women   

 Variables 
 Menopausal status 

 Premenopausal ( n  = 226)  Postmenopausal ( n  = 223) 

 Age (years)  29.1 ± 5.6  58.8 ± 5.9 
 Weight (kg)  65.1 ± 14.9  74.8 ± 14.0 
 Height (cm)  158.4 ± 5.5  154.1 ± 6.0 
 BMI (kg/m 2 )  25.9 ± 5.4  31.5 ± 5.7 
 Waist circumference (cm)  74.9 ± 11.7  90.9 ± 11.8 
 WHR  0.766 ± 0.08  0.856 ± 0.08 
 Total body fat (g)  25.8 ± 8.4  31.7 ± 6.7 

  Data are presented as mean ± SD  

   Table 20.2    The use of vitamin D supplements in the women studied   

 Vitamin D supplementation  All women ( n  = 449) 
 Menopausal status 

 Premenopausal ( n  = 226)  Postmenopausal ( n  = 223) 

 Yes  117 (26.1 %)  27 (11.9 %)  90 (40.4 %) 
 No  332 (73.9 %)  199 (88.1 %)  133 (59.6 %) 

  Values given in parenthesis are percentages out of total within the group  

   Table 20.3    25(OH)D, hormones, minerals, and BTM value of the studied women   

 Variables 
 Menopausal status 

 Premenopausal ( n  = 226)  Postmenopausal ( n  = 223) 

 Serum 25(OH)D (nmol/L)  22.63 ± 19.85  35.01 ± 22.08 
 Serum-intact PTH (pmol/L)  9.47 ± 3.98  8.86 ± 3.27 
 Serum FSH (IU/L)  5.21 ± 2.79  57.03 ± 26.10 
 Serum calcium (mmol/L)  2.49 ± 0.24  2.55 ± 0.21 
 Serum magnesium (mmol/L)  0.76 ± 0.06  0.78 ± 0.07 
 Serum phosphate (mmol/L)  1.27 ± 0.16  1.77 ± 6.47 
 Serum CTX (pg/ml)  335.3 ± 179  320 ± 188 

  Data are presented as mean ± SD  

   Table 20.4    Distribution of serum 25(OH)D values according to different cutoffs   

 Serum 25(OH)D (nmol/L)  All women ( n  = 449) 
 Menopausal status 

 Premenopausal ( n  = 226)  Postmenopausal ( n  = 223) 

 <25  247 (55 %)  160 (70.8 %)  87 (39 %) 

  ³ 25 to <50  137 (30.5 %)  52 (23 %)  85 (38.1 %) 

  ³ 50 to <75  48 (10.7 %)  8 (3.5 %)  40 (17.9 %) 

  ³ 75  17 (3.8 %)  6 (2.7 %)  11 (4.9 %) 

  Values given in parenthesis are percentages out of total within the group  
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   Discussion 

 Despite abundant sunshine that should permit 
suf fi cient 25(OH)D synthesis all year round, this 
is not the case in healthy Saudi women included 
in this study. A high prevalence of vitamin D 
de fi ciency as de fi ned by serum 25(OH)D levels 
<50 nmol/L was observed among otherwise 
healthy Saudi pre- (93.8 %) and postmenopausal 
(77.1 %) women, respectively, giving an overall 
de fi ciency rate of 85.5 %. The high prevalence of 
vitamin D de fi ciency among Arabian women was 
reported in previous studies  [  20–  26  ]  as well as in 
other populations  [  27–  31  ] . In the present study, 
limited sun exposure, obesity, and poor dietary 
vitamin D supplementation were among the risk 
factors for vitamin D de fi ciency in healthy Saudi 
women. The serum level of 25(OH)D was lower 
in premenopausal as compared to postmeno-
pausal women which is in agreement with previ-
ous studies  [  32,   33  ] ; such differences could be 
attributed to vitamin D supplements’ intake. 

 Recent evidence indicates that obesity is linked 
to lower serum levels of 25(OH)D  [  11,   12  ] ; poor 
exposure to sunlight and/or decreased vitamin D 
bioavailability (due to the dilution of vitamin D in 
the high quantity of subcutaneous fat) was consid-
ered among the contributory factors to such obser-
vations in obese subjects  [  11,   13  ] . In the present 
study, the BMI data revealed a high prevalence of 
overweight and obesity in both pre- and post-
menopausal women; indeed the lowest 25(OH)D 
was seen in the group of women with the highest 
BMI, con fi rming previous reports. 

 The cutaneous synthesis of vitamin D depends 
on several factors including age, season, latitude, 
time spent outdoors, skin pigmentation, skin 
 coverage, and the use of sunscreens  [  1  ] . All Saudi 

women maintained a conservative clothing style 
while being outdoors allowing the exposure of 
parts of the face and/or hands to direct sunlight. In 
the present study, there was a signi fi cant differ-
ence in the serum levels of 25(OH)D among 
niqab- and hijab-dressed women. Although    there 
is a small contribution of the exposed body areas 
(i.e., face and hands) to the extent of cutaneous 
synthesis of vitamin D, it may still explain the 
signi fi cant difference among these women. The 
results of the present study are in agreement with 
previous studies which showed that veiled Arabian 
women exhibited decreased serum 25(OH)D lev-
els as compared to non-veiled women  [  21,   22,   34,   35  ]  
but in contrast with others  [  23,   26,   32  ] . Differences 
in the sun exposure index, which was not mea-
sured in this study, may explain the discrepancy 
between different studies. 

 Although the frequency of milk consump-
tion tended to be low, it was positively related 
to 25(OH)D concentrations even after adjusting 
for age and BMI among women in this study. 
We were not able to fully adjust for vitamin D 
intake from the totality of their diet, and this is 
an area for further research. The results of the 
present study are in contrast to previous study 
which showed that calcium supplements do 
not alter the 25(OH)D response to vitamin D 
supplementation  [  36  ] . It is possible that these 
results show a “healthy cohort” effect. These 
results indicate an impact of dietary intake on 
vitamin D and bone health, which needs further 
investigation. 

 In conclusion, this study identi fi es population 
groups that are likely to have lower concentra-
tions of vitamin D and factors associated with 
vitamin D status. The factors related to vitamin D 
insuf fi ciency and/or de fi ciency are limited skin 
exposure to sun light, obesity, and poor dietary 
intake. Vitamin D supplements and forti fi cation 
of food on a national basis with vitamin D will 
help to overcome such low levels as the styles of 
clothing and other lifestyle factors are not 
expected to be changed in the present time. 
Further investigations are currently under way to 
explore concomitant effects of these factors on 
bone density in this population.      

   Table 20.5    Vitamin D levels in women wearing different 
cultural clothes style   

 Subjects 
 25(OH)D 
(mean ± SD) 

 Niqab + gloves  14  19.2 ± 10.5 
 Niqab only  247  26.9 ± 19.9 
 Hijab  188  32.0 ± 24.4 
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  Abstract 

 Peak bone mass (PBM) is mostly determined by genetics, but lifestyle and 
diet during youth may modify the  fi nal PBM. We examined changes in 
spine and hip bone mineral density (BMD) in a cohort of 146 males enter-
ing the US Military Academy (average age = 18.8 ± 1.1), randomly sam-
pled from the full sample (755 males). Calcium intake was determined by 
a brief food frequency questionnaire. Serum 25(OH)D was measured by 
DiaSorin RIA, and intact (1–84) PTH was measured using the Elecsys 
(Abbott) on a single serum sample. BMD at the lumbar spine and total hip 
were measured at baseline and annually for 4 years by DXA (Lunar 
DPX-IQ). Hip structural analysis (HSA) was done using the methodology 
of Yoshikawa (JBMR 1994). Slopes of change in spine and hip BMD and 
HSA parameters were determined for each male. Average calcium intake 
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was 1,803 mg/day (range 387–6,258). There was no signi fi cant use of cal-
cium or vitamin D supplements. Men with calcium intake <800 mg lost 
1 % of total hip BMD per year, whereas those with calcium intakes 
>800 mg a day gained 0.23 % BMD per year ( p  < 0.007), even after con-
trolling for race and serum 25(OH)D. There was no relationship with 
change in spine BMD and calcium intake. Males with serum 25(OH)D 
level >20 ng/ml had a greater increase in hip BMD (0.2 % gain in hip BMD/
year) as compared to a 0.3 % hip BMD loss per year in the 25(OH)D < 20 ng/ml 
group. Serum vitamin D was also correlated with hip cross-sectional area. 
Both relationships with 25(OH)D persisted after controlling for race and 
BMI ( p  < 0.03). However, there was no relationship between serum 25(OH)
D and change in spine BMD. We conclude that in physically active col-
lege-aged men, dietary calcium intake and vitamin D status may modify 
peak bone mass acquisition.  

  Keywords 

 Male  •  Peak bone mass  •  Calcium  •  Vitamin D  •  College-age      

   Introduction 

 Peak bone mass may be maximized during 
growth and perhaps also in the early adult years 
through factors, such as normal endocrine func-
tion, adequate dietary intake (particularly cal-
cium), and adequate exercise, that can modify the 
genetic potential that an individual may achieve 
 [  1  ] . However, little is known about peak bone 
mass acquisition in college-aged, physically 
active men. Numerous dietary factors have been 
hypothesized to relate to accrual of peak bone 
mass, but the strongest evidence relates to cal-
cium and vitamin D. It has been previously 
reported that in younger, adolescent boys (ages 
12–14), 21.7 % of the variation in calcium reten-
tion was explained by dietary calcium intake  [  2  ] . 
A calcium supplementation trial in young men 
(mean age 17) led to increases in BMD  [  3  ] . In 
young prepubertal boys, serum vitamin D was 
not a signi fi cant predictor of calcium retention 
 [  2  ] . However, vitamin D has been reported to 
increase bone density in young girls  [  4–  6  ]  and 
males  [  7,   8  ] . Therefore, the objective of this anal-
ysis was to identify whether dietary calcium and 
serum vitamin D predict change in BMD in 
young active college-age males.  

   Methods 

 The population consisted of males entering the 
US Military Academy who consented to partici-
pate in a study of the predictors of stress fracture 
and longitudinal changes in bone mineral density 
(755 males or 70 % of male admissions). This 
study was approved by the Institutional Review 
Board of Keller Army Hospital. Of these 755, 
146 males were randomly selected to have spine 
and hip bone mineral density testing and serve as 
the sample for this analysis. 

 Calcium intake was assessed using a brief 
food frequency questionnaire with 12 questions. 
These assessed intake of milk, cheese, tofu, ice 
cream, cheese dishes, and green leafy vegetables. 
The males were also asked about the use of cal-
cium supplements, but only three reported using 
calcium supplements. 

 A single blood sample was taken in July for 
each male. Aliquots of serum were immediately 
frozen. In each serum sample, 25(OH)D level was 
measured by DiaSorin RIA, and intact (1–84)
PTH, osteocalcin, C-telopeptide, and N-telopeptide 
were measured using the Elecsys (Abbott). 

 Lunar DPX-IQ (General Electric-Lunar, 
Madison, WI) was used to measure spine and hip 
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BMD annually for 4 years. The coef fi cient of 
variation (%CV) in vivo was 1.5 and 1.5 %, 
respectively, for spine and left total hip in this 
population. Hip structural analysis (HSA) to 
determine cross-sectional area (CSA) and mini-
mum cross-sectional moment of inertia (CSMI) 
was done using the methodology of  [  9  ] . 

 Slopes of change in spine and hip BMD and 
HSA parameters were determined for each male 
with general linear models. Annual rates of 
change in BMD and HSA parameters were esti-
mated from the linear models. Unadjusted differ-
ences in annual rates of change between high and 
low calcium intake and 25(OH)D groups were 
assessed with  t -tests. Differences adjusted for 
race, BMI, age, and/or 25(OH)D were assessed 
with analysis of covariance.  

   Results 

 Characteristics of the males are found in 
Table  21.1 . Average age at entry was 18.8 ± 1.1, 
mean body mass index was approximately 
24 ± 2.8, and the mean bone density of the spine 
and hip was approximately one standard devia-
tion above the normal population ( z -score 0.7–1.0) 
for age-matched males.  

 Mean calcium intake in these males was 
1,803 mg/day with a range of 387–6,285. The 
majority of calcium consumed (over 97 %) was 
dairy calcium. We used a cut point of 800 mg a 
day of dietary calcium (determined from our brief 

food frequency questionnaire) assuming that the 
remaining 200 mg required would come from 
trace amounts in other sources. None of these 
men reported vitamin D supplementation, so the 
serum 25(OH)D levels were from diet and sun-
light exposure. 

 The biochemical values for serum, taken dur-
ing the  fi rst week of admission (July) into the 
academy, are shown in Table  21.2 . The mean 
serum 25(OH)-vitamin D value for these males 
was 28.3 ± 8.8 ng/ml in the normal range. 
However, the range of 25(OH)D values was 
from 12 to 54, indicating that many of these 
young men had serum 25(OH)D levels that fell 
below what is considered adequate (20 ng/ml). 
In fact, approximately 16 % of these young men 
had 25(OH)D levels below 20 ng/ml. Males 
with serum 25(OH)D < 20 ng/ml had signi fi cantly 
higher PTH levels (41±5 pg/ml) versus those 
with serum 25OHD  ³  20 ng/ml (33±1.4 pg/ml) 
[ p  < 0.04]. In those with 25OHD < 20 ng/ml, 
21 % [ n  = 4 of 19] had PTH values > 65 pg/ml. In 
men with 25(OH)D  ³  20 ng/ml, only 4 % [ n  = 5 
of 124] had PTH levels above the normal 
range.  

 Serum C-telopeptide and N-telopeptide levels 
were signi fi cantly greater in those with serum 
25(OH)D levels that exceeded 20 ng/ml as com-
pared to those with 25(OH)D below 20 ng/ml. 
However, there was no difference in osteocalcin 
between these categories of 25(OH)D. 

 There was no association between calcium 
intake and either PTH or bone turnover markers. 

   Table 21.1    Baseline characteristics ( n  = 146)   

 Mean  Standard deviation  Range 

 Age (years)  18.8  1.1  17.5–22.7 
 Height (in)  69.1  2.4  63–75 
 Weight (lb)  162.6  21.9  119–243 
 BMI  23.9  2.8  18–34 
 Race  n , (%)  –  –  – 
 Caucasian   n  = 126  (86 %)  – 
 Black   n  = 7  (5 %)  – 
 Asian   n  = 13  (9 %)  – 
 Spine BMD (g/cm 2 )  1.3  0.1  0.977–1.648 
 Spine  z -score  1.0  1.4  – 
 Total hip BMD (g/cm 2 )  1.2  0.2  0.921–1.659 
 Total hip  z -score  0.7  1.4  – 
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 The annual assessment of bone density over 
the 4 years in the entire group indicated that there 
was no signi fi cant increase or decrease in either 
spine or total hip BMD. There was an indication 
of a modest decline in femoral neck over the 
4 years ( p  < 0.01). We then determined whether 
there were changes in bone density accrual or 
loss when evaluated by baseline 25(OH)D value 
or calcium intake. 

 Men with calcium intake <800 mg lost 1 % of 
total hip BMD per year, whereas those with cal-
cium intakes  ³ 800 mg a day gained 0.23 % BMD 
per year ( p  < 0.007), even after controlling for 
race and serum 25(OH)D. There was no relation-
ship with change in spine BMD and calcium 
intake. 

 There was no relationship between serum 
25(OH)D and change in spine BMD. Males with 
serum 25(OH)D level  ³  20 ng/ml had a 
signi fi cantly greater increase in total hip BMD 
(0.2 % gain in hip BMD/year) as compared to a 
0.3 % total hip BMD loss per year in the 25(OH)
D < 20 ng/ml group. Changes in femoral neck 
BMD differed more based on 25(OH)D level. 
Males with serum 25(OH)D level  ³  20 ng/ml 
had a signi fi cantly smaller loss of femoral neck 
BMD (0.22 ± 0.31 % loss in femoral neck BMD/
year) as compared to a loss of 1.24 ± 0.45 % at 
the femoral neck per year in the 25(OH)
D < 20 ng/ml group ( p  < 0.04 after controlling 
for race and BMI). However, femoral neck bone 
mineral content was increased in both groups 
with a greater increase in the young men with 
25(OH)D > 20 ng/ml ( p  < 0.02 after controlling 
for race and BMI). 

 In males with 25(OH)D < 20 ng/ml, there was 
no change in femoral neck area, but in males with 
25(OH)D  ³  20 ng/ml, area increased ( p  = 0.05 

after controlling for race and BMI). Similar 
results were found for hip cross-sectional area 
( p  < 0.05, after controlling for race and BMI).  

   Discussion 

 It is possible that at age 22, peak bone mass has 
not been achieved in physically active males, and 
in fact, there was still a signi fi cant gain in the 
height of these males. Higher intakes of calcium 
(>800 mg), predominately as dairy calcium, were 
associated with modest increases in total hip 
BMD. In males with serum 25(OH)D levels 
above or below 20 ng/ml, (1) PTH was higher in 
those with low 25(OH)D, although values were 
still well within the normal range; (2) higher PTH 
was not associated with higher bone turnover; 
and (3) bone turnover was positively associated 
with 25(OH)D level. It is unclear whether bone 
acquisition or the high level of exercise prior to 
the sample collection is in fl uencing bone turn-
over. Of importance, both total hip and femoral 
neck BMD and BMC were also positively 
in fl uenced by vitamin D  ³  20 ng/ml in physically 
active males. 

 Clearly, physical activity is important for the 
accrual of peak bone mass  [  10  ] . In this study, all 
the young men were getting physical activity 
through required marches and other activities. 
Furthermore, all of the young men were either in 
a varsity sport or an intramural sport. Therefore, 
rather than assess physical activity, we are clari-
fying that these results are speci fi c to physically 
active males. 

 This study had several limitations, primarily 
that there was a small sample size. As with all 
cohort studies, there is a possibility of uncontrolled 

   Table 21.2    Serum biochemistry ( n  = 146)   

 Mean  Standard deviation  Range  Normal range 

 25(OH)-Vitamin D 
(ng/mL) 

 28.3  8.8  12.0–54.0  13–54 

 Parathyroid hormone 
(pg/mL) 

 34.2  16.6  4.0–94.0  10–64 

 NTX (mM BCE)  18.9  7.7  7.0–47.1  5.4–24.2 
 CTX (pg/mL)  680.9  319.7  177.1–1748.0  16–584 
 Osteocalcin (ng/mL)  9.6  2.0  4.4–16.2  3.4–11.7 
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or unmeasured confounding. This is  particularly 
true given the limited time the academy gave us for 
data collection. There may have been measurement 
error in the recall of dietary calcium intake, and we 
could not ascertain dietary calcium intake in detail. 
Hip structural analysis is based on a derived calcu-
lated technique; therefore, edge detection problems 
could create error. Although all samples were 
 collected in the summer season for vitamin D, the 
sample was collected in the afternoon without 
 control for prior exercise. This may impact bone 
turnover markers. 

 In conclusion, in highly physically active col-
lege-aged men, dietary calcium intake and vita-
min D status may modify peak bone mass 
acquisition over 4 years.      
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  Abstract 

 At present, there appears to be a degree of controversy regarding the com-
parative effectiveness of vitamin D 

2 
 and D 

3 
 in raising and maintaining 

serum 25-hydroxyvitamin D (25(OH)D) levels. It was previously believed 
that the two vitamers were comparable in metabolic function; however, it 
is now known that when comparing vitamin D 

2
  to D 

3
 , there are a small 

number of structural differences in the molecular makeup of these vitamers. 
Thus, the area of “vitamin D 

2
  versus vitamin D

 3
 ” research is expanding 

and exploring the possible mechanistic pathways that may highlight a 
clear and quanti fi able difference between vitamin D 

2
  and D 

3
  that could 

have far-reaching consequences for both future vitamin D research and 
public health policy alike. 

 With this in mind, a recent meta-analysis of the current research avail-
able has shown that while the majority of data appear to support the con-
clusion that vitamin D 

3
  appears to be more ef fi cacious than D 

2
 , this does 

not always translate across all studies. Therefore, this review explores the 
studies involved, the possible mechanism behind the reported differences 
between vitamin D 

2 
 and D

 3
 , and the need for future research.  

  Keywords 
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   Introduction 

 Previously it has been assumed that the two forms 
of vitamin D available to humans – vitamin D 

2
  

and vitamin D 
3
  – are equally ef fi cacious in main-

taining a healthy vitamin D status. However, it is 
known that although these two vitamers are very 
similar in chemical composition, there are a small 
number of distinct differences between them: 
vitamin D 

2
  has a side chain with an additional 

double bond at carbon 23 and a methyl group at 
carbon 24  [  1  ] . It is this difference that adds weight 
to the question of whether vitamin D 

2
  and D 

3
  can 

still be considered equal in function. 
 Thus, evidence has been accumulating for 

nearly 30 years, investigating the direct compari-
son between the effects of vitamin D 

2
  versus D 

3
  

on raising the marker of vitamin D status, 
25- hydroxyvitamin D (25(OH)D). Given the evi-
dence now available, an in-depth qualitative and 
quantitative analysis of the data is warranted in 
order to identify whether there is a tangible differ-
ence between the effectiveness of vitamin D 

2
  and 

D 
3
  and how this may impact on future vitamin D 

research strategy and public health policy.  

   Background: Vitamin D Metabolism 

 Vitamin D is an intriguing nutrient due to the 
availability of two distinct vitamers that both pro-
vide physiologically effective sources. Vitamin 
D 

2
  (ergocalciferol) is found in a moderate range 

of plants and fungi that contain ergosterol – a ste-
roid sensitive to UV irradiation at wavelengths of 
240–300 nm  [  2  ] , which then forms ergocalciferol 
 [  3  ] . Similarly, vitamin D 

3
  (cholecalciferol) is also 

synthesized via UV irradiation. The presence of 
7-dehydrocholesterol in the skin of animals 
allows a conversion to previtamin D 

3
  at UVB 

wavelengths of 290–320 nm, with a further ther-
mal isomerization step then taking place to form 
the cholecalciferol  [  3,   4  ] . 

 Due to the variety of possible sources of vita-
min D to humans, a combination of both vitamin 
D 

2
  and D 

3
  is usually achieved within a typical 

lifestyle of outdoor activity (ambient UV expo-
sure, vitamin D 

3
 ), a diverse diet including the 

consumption of vitamin D 
3
 -rich foods such as 

oily  fi sh and egg yolks in addition to forti fi ed 
foods (i.e., margarine and breakfast cereals, usu-
ally vitamin D 

2
  forti fi cation) and vitamin supple-

ments (vitamin D 
2
  and D 

3
  both available)  [  4  ] . 

 Vitamin D 
2
  and D 

3
  are both pro-hormones and 

thus have no biological effect systemically  [  4  ] . In 
order to convert vitamin D 

2
  and D 

3
  into active 

compounds, a two-step enzymatic hydroxylation 
process is required by the body. Vitamin D 

2
  and 

D 
3
  are transported to the liver ( fi rst site of hydrox-

ylation) via the vitamin D binding protein 
(DBP). Here, vitamin D 

2
  and D 

3
  are converted to 

25- hydroxyvitamin D (25(OH)D) via the action 
of the following 25-hydroxylases: microsomal 
CYP2R1 and mitochondrial CYP27A1 [  4  ] . The 
kidney is then the second site of activity where 
1 a -hydroxylase (CYP27B1) converts 25(OH)D 
to 1,25(OH) 

2
 D 

2
  or D 

3
  (calcitriol)  [  3,   4  ] . 

 The process of the two-step enzymatic hydrox-
ylation is controlled, in part, via circulating para-
thyroid hormone (PTH) levels  [  3  ] , which play a 
crucial role in exerting homeostatic control on 
the complex feedback loop required to maintain 
the essential vitamin D activation and 
metabolism. 

 With the active form of vitamin D (calcitriol) 
now available, the main systemic effects center 
around the maintenance of serum calcium and 
phosphate levels which is controlled via the intesti-
nal absorption of calcium, renal resorption of 
phosphate, and the release of calcium from the 
skeleton  [  3  ] . 

 Yet despite this hydroxylation process being 
apparently identical for both vitamin D 

2
  and D 

3
 , 

data are available to show that there may be a dif-
ference in their respective ef fi cacies in raising 
serum 25(OH)D levels  [  5–  8  ] , with vitamin D 

3
  

appearing to be the more effective of the two vita-
mers. Within the current literature, the data sug-
gest that a number of factors may be in fl uencing 
this possible difference in ef fi cacy: vitamin D 

3
  

may have a greater af fi nity for the vitamin D 
receptor than vitamin D 

2
   [  9  ] , and vitamin D 

3
  may 

be the preferred substrate for hepatic 25-hydroxylase 
 [  10  ]  which, in turn, could lead to a greater rate 
of conversion of vitamin D 

3
  to 25(OH)D when 

compared to vitamin D 
2
 . 



22122 The Comparative Effects of Vitamin D 
2
  Versus Vitamin D

 3
  Supplementation

 In addition, once the two-step 25-hydroxyla-
tion process has been completed and 1,25(OH) 

2
 D 

has been formed, a deactivation step can occur 
which involves 24-hydroxylation at the kidney to 
form 1,24,25(OH) 

3
 D  [  9  ] .    The deactivation of the 

vitamin D metabolites could hold the key to dem-
onstrating the differentiation between vitamin D 

2
  

and D 
3
  due to the fact that 1,24,25(OH) 

3
 D 

2
  has 

been formed (the metabolite of vitamin D 
2
 ) and 

it has now been deactivated and thus is now no 
longer available to the body  [  11  ] . However, for 
vitamin D 

3
 , now 1,24,25(OH) 

3
 D 

3
 , a degree of 

 biological activity is maintained despite the 
24-hydroxylation step, and it can retain its capac-
ity to bind to the VDR to a certain degree  [  11  ] . A 
further side-chain oxidation is required to com-
plete the deactivation step  [  11  ] . As noted by Horst 
et al. (1986), this process of 24-hydroxylation is 
the step that can clearly distinguish between vita-
min D 

2
  and D 

3
  and their respective capacity for a 

biological effect  [  11  ] . Thus, it could be concluded 
that by vitamin D 

3
  requiring a further step to deac-

tivate, it clearly retains a distinct biological advan-
tage over vitamin D 

2
  which only adds weight to 

the hypothesis that vitamin D 
3
  is the preferred 

substrate  [  12  ] . The main issue at this moment in 
time is consolidating the evidence available to see 
if this metabolic calculation translates to meaningful 
results in human studies.  

   Meta-analysis 

   Included Studies 

 From a search of the current literature (up to 
November 2011), ten studies were of appropriate 
study design to directly compare the effects of 
vitamin D 

2
  versus vitamin D 

3
  on serum 25(OH)D 

levels in humans and so were selected for the 
meta-analysis  [  12  ] . As found in Tables  22.1  
and  22.2 , studies were conducted in a diverse 
manner – seven out of the ten studies completed 
their investigations in free-living, healthy adults 
 [  5,   7,   8,   13–  16  ] . The remaining three studies 
involved participants who were either institution-
alized within a residential nursing home  [  6  ] , were 

 hospital orthopedic inpatients  [  17  ] , or alterna-
tively were outpatients treated within a rheuma-
tology clinic  [  18  ] . Only three studies chose to 
conduct a double-blind, placebo-controlled study 
 [  5,   7,   8  ]  – the gold standard in nutrition research. 
Even though all studies were randomized, the 
remaining seven studies chose either to not com-
pare against a control/placebo group or had only 
a single-blind or unblinded approach  [  6,   13–  18  ] .   

 Dosage and intervention time periods were 
another area for diversity within the collective of 
studies. Three studies gave a single bolus ranging 
from 50,000 to 300,000 IU with periods of moni-
toring being from as short as 28 days up to 
24 weeks  [  6,   14,   18  ] . Six studies gave daily dos-
ages of 1,000–4,000 IU with monitoring of 
between 2 weeks and 1 year  [  5,   7,   8,   13,   15,   17  ] , 
and one study gave a weekly dose of 50,000 IU 
for 12 weeks  [  16  ] .  

   Results 

 As indicated in Table  22.1 , eight studies found 
vitamin D 

3
  signi fi cantly more effective at raising 

serum 25(OH)D when compared to vitamin D 
2
 , 

as opposed to two studies who found no differ-
ence (Table  22.2 ). Only seven studies were eligi-
ble for the meta-analysis due to incomplete or 
unavailable data for three studies  [  13,   14,   18  ] . A 
random effects model showed a weighted mean 
difference (WMD) of 15.23 nmol/l (95 % CI: 
6.12, 24.34;  Z  = 3.28;  P     = 0.001) for the overall 
comparison of ef fi cacy between vitamin D 

2
  and 

D 
3
  in raising serum 25(OH)D levels. This result 

clearly shows that vitamin D 
3
  is signi fi cantly 

more effective at raising serum 25(OH)D levels 
than vitamin D 

2
   [  12  ] . 

 However, when a further meta-analysis was 
completed focusing on dosage frequency, the 
studies looking at the effects of bolus dosing 
showed that vitamin D 

3
  was signi fi cantly more 

effective than vitamin D 
2
  in raising serum 25(OH)D 

levels (WMD 34.10 nmol/l; 95 % CI:16.38, 
51.83;  Z  = 3.77;  P  = 0.0002)  [  12  ] . Yet when 
 looking speci fi cally at daily dosing of vitamin D 

2
  

and D 
3
 , a meta-analysis found that the signi fi cant 

effect of vitamin D 
3
  on raising serum 25(OH)D 
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levels when compared to vitamin D 
2
 , as seen pre-

viously, is now lost. However, a statistical trend 
towards vitamin D 

3
  being the more ef fi cacious 

vitamer in raising serum 25(OH)D levels com-
pared to vitamin D 

2
  is still apparent (WMD 

4.83 nmol/l; 95 % CI: −0.98, 10.64;  Z  = 1.63; 
 P  = 0.10)  [  12  ] .   

   Discussion and Further Study 

 Currently the data available suggest that overall 
vitamin D 

3
  is more effective at improving and 

sustaining vitamin D levels than vitamin D 
2
 . 

However, to date, studies involving vitamin D 
2
  

versus D 
3
  comparisons have been too few, limited 

in participant numbers and have not attempted to 
elucidate the mechanism behind any perceived 
differences to any great extent. However, a few 
studies of note that have provided some mecha-
nistic data on the fate of vitamin D metabolism 
include the study by Armas et al. (2004) and 
Heaney et al. (2011). Over a time course of 
28 days and 12 weeks, respectively, the data 
retrieved from the studies indicated that cholecal-
ciferol induced a quicker response in the 

 production of serum 25(OH)D which was also 
sustained for longer and at higher levels than 
ergocalciferol  [  14,   16  ] . 

    Heaney et al. showed that with weekly doses 
of 50,000 IU of cholecalciferol, area under curve 
(AUC) values were signi fi cantly higher than they 
were for the ergocalciferol intervention  [  16  ] . In 
addition, when the intervention period ceased, 
serum 25(OH)D 

2
  (ergocalciferol) levels appeared 

to degrade quicker when compared to the levels 
of serum 25(OH)D 

3
  (cholecalciferol) over a 

6-week time period  [  16  ] . Similarly, Armas et al. 
showed that a single bolus dose of 50,000 IU 
induced a signi fi cantly greater AUC for cholecal-
ciferol than ergocalciferol, with serum 25(OH)D 

2
  

levels falling rapidly back to baseline after only 
14 days  [  14  ] . In contrast, serum 25(OH)D 

3
  levels 

were peaking at the same time point but had not 
returned to baseline at the end of the 28-day inter-
vention  [  14  ] . 

 Despite the obvious comparisons between the 
studies completed by Heaney et al. and Armas 
et al., the diverse approach in study design across 
the included studies makes comparisons dif fi cult 
and can lead to high levels of heterogeneity. This 
effect on heterogeneity, in turn, brings in an 

   Table 22.2    Characteristics and outcomes of studies that determined vitamin D
2
 and D

3
 equally ef fi cacious  [  11  ]    

 Study and 
country 

 Intervention, dose, 
and frequency   N   Gender/age  Follow-up  Results 

 Biancuzzo 
et al.  [  8  ]  USA 

 1.  Placebo capsule + placebo 
orange juice 

 86  59 F 
 27 M 

 11 weeks  No signi fi cant difference 
found in AUC for 25(OH)
D when comparing vitamin 
D 

2
  to vitamin D 

3
 , 

irrespective of intervention 
vehicle (capsule or juice) 

 2.  Placebo capsule + 1,000 IU 
vitamin D 

3
  OJ 

 3.  Placebo capsule + 1,000 IU 
vitamin D 

2
  OJ 

 18–79 year 

 4.  1,000 IU vitamin D 
3
  

capsule + placebo OJ 
 5.  1,000 IU vitamin D 

2
  

capsule + placebo OJ 
 Holick et al. 
 [  7  ]  USA 

 1. Placebo  68  47 F  11 weeks  At end of intervention, no 
signi fi cant difference in 
25(OH)D levels between 
D 

2
  and D 

3
  groups 

 2.  1,000 IU vitamin D 
2
  

capsule 
 21 M 
 18–84 year 

 3.  1,000 IU vitamin D 
3
  

capsule 
 4.  500 IU D 

2
  + 500 IU D 

3
  

capsule 

  Reprinted from Tripkovic et al.  [  12  ] . With permission from The American Journal of Clinical Nutrition 
 Key:  AUC  area under curve,  i.m.  intramuscular,  IU  international unit,  vitamin D  

 2 
  ergocalciferol,  vitamin D  

 3 
  

cholecalciferol  



224 L. Tripkovic and S.A. Lanham-New

 element of unreliability to the results. For exam-
ple, the bolus studies selected for this review 
were not only varied in vitamin D dosage from 
50,000 IU to 300,000 IU but also in route of 
administration (i.e., oral versus intramuscular 
injection). Time of follow-up, frequency of blood 
sampling, and detailed monitoring all impact on 
the degree of detail obtained from the studies and 
whether meaningful results are obtained; there-
fore, comparable approaches would undoubtedly 
increase the impact of the results. 

 This combination of factors results in a large 
degree of limitation when attempting to extrapo-
late the results towards meaningful interpretation. 
Therefore far larger, more robust trials are now 
required which not only focus on comparing the 
effects of vitamin D 

2
  and D 

3
  on 25(OH)D levels, 

but they must also tackle the mechanistic path-
way behind vitamin D metabolism in order to 
elucidate the true ef fi cacy of vitamin D 

2
  and D 

3
 , 

respectively.  

   Conclusion 

 The results of this review show that overall, 
vitamin D 

3
  is more effective at raising serum 

25(OH)D levels than vitamin D 
2
 . However, 

further conclusions can only be drawn tenta-
tively due to the relatively small amount of 
data currently available for analysis. Further 
study should be encouraged that focuses on 
the mechanistic pathways involving vitamin D 
metabolism. The two-step hydroxylation acti-
vation pathway, in addition to the 24-hydroxy-
lation deactivation process, provides plentiful 
opportunities for further study. Encompassing 
whole-body responses to the two vitamers in 
addition to responses at the cellular level, a 
plethora of data on enzymatic activity and the 
ensuing production of vitamin D metabolites 
would surely help build a true picture of vita-
min D metabolism and whether the perceived 
differences between vitamin D 

2
  and D 

3
  are, in 

fact, quanti fi able and meaningful.      
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  Abstract 

 Because a signi fi cant number of children and adolescents worldwide 
are considered vitamin D insuf fi cient or de fi cient, skeletal health may 
be compromised leading to long-term fracture risks. For this reason, a 
heightened research priority has been placed on the role of vitamin D in 
bone metabolism during growth. Vitamin D supplementation increases 
25- hydroxyvitamin D (25[OH]D) in children and the response appears to 
be dose-dependent, though dose–response trials are needed to con fi rm this. 
Increases in serum 1,25 dihydroxyvitamin D (1,25[OH] 

2
 D) and decreases 

in intact parathyroid hormone (iPTH) occur with vitamin D supplementa-
tion, and these responses are more pronounced with higher doses of vita-
min D and in populations considered vitamin D insuf fi cient and de fi cient 
(<50 nmol/L). In vitamin D-suf fi cient groups (>50 nmol/L), iPTH suppres-
sion is minimal. The effect of vitamin D supplementation on biochemical 
markers of bone turnover likely depends on basal 25(OH)D concentrations 
and doses of vitamin D administered, with lower baseline 25(OH)D and 
higher vitamin D doses promoting more favorable responses, respectively. 
Because there is a dearth of knowledge with respect to race differences 
in vitamin D and bone metabolism, dose–response trials among multiple 
race and ethnic groups are needed.  

  Keywords 

 Vitamin D  •  Supplementation  •  25(OH)D  •  1,25(OH) 
2
 D  •  iPTH  •  Bone 

turnover  •  Children  

      Vitamin D Supplementation 
and Changes in Vitamin D and Bone 
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   Introduction 

 A considerable number of children and adoles-
cents worldwide have low circulating 25(OH)D 
concentrations, particularly those who are of non-
white ethnicity and race (Fig.  23.1 )  [  1–  3  ] . In the 
United States of America (USA), almost 20 % of 
children, 6–11 years of age, and 30 % of adoles-
cents,12–19 years of age, have serum 25(OH)D 
below the Institute of Medicine (IOM) cutoff of 
<50 nmol/L. Almost 50 % of black adolescents in 
the USA have 25(OH)D <50 nmol/L compared to 
10 % of US white children  [  1  ] . Similarly, in Canada 
 [  2  ]  and Europe  [  3  ] , a large percentage of children 
fall below the 50 nmol/L cutoff for 25(OH)D with 
a higher prevalence for nonwhite populations.  

 The health consequences of insuf fi cient 
25(OH)D in children and adolescents have yet to 
be determined. Recent attention has focused on 
nonskeletal health outcomes, such as diabetes  [  4  ]  
and cardiovascular disease  [  5  ] , likely linked to 
the obesity epidemic and the fact that obese chil-
dren and adolescents have lower circulating 
25(OH)D. However, much of what is known with 
respect to vitamin D and health in youth is related 
to skeletal outcomes. Historically, rickets has 
been associated with circulating 25(OH)D con-
sidered de fi cient (<25.0 nmol/L), though the 
in fl uence of non-de fi cient but low concentrations 

of vitamin D on skeletal health outcomes is less 
obvious. Of the handful of randomized, double-
blind, placebo-controlled vitamin D interventions 
that have been conducted in children examining 
skeletal outcomes, the  fi ndings have been mixed. 
Some have shown improvements in bone mass 
 [  6,   7  ] , and others have not shown bene fi ts of sup-
plementation  [  6,   8  ] . The most likely causes of 
such diverse  fi ndings are the wide ranges of vita-
min D inputs and subjects’ baseline 25(OH)D. 
Moreover, the majority of intervention trials con-
ducted to date have been conducted in females 
only and have not addressed race. 

 To better guide study designs for future clini-
cal trials, the relationships between vitamin D 
and changes in 25(OH)D and other intermediate 
endpoints of vitamin D and bone metabolism 
(i.e., iPTH, 1,25[OH] 

2
 D, and biochemical mark-

ers of bone turnover) should be clari fi ed. Study 
designs should also include a wide range of 
inputs, races, and baseline 25(OH)D concentra-
tions. This chapter reviews what is known with 
respect to vitamin D supplementation and inter-
mediate vitamin D and bone metabolites in chil-
dren and adolescents, excluding calcium 
absorption. Table  23.1  summarizes the majority 
of vitamin D intervention trials performed in 
children to date that have reported 25(OH)D, 
iPTH, and/or 1,25(OH) 

2
 D as outcomes.   
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  Fig. 23.1    Distribution of 
adolescents with serum 
25(OH)D <50 nmol/L (Based 
on data from Refs  [  1–  3  ] )       
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   25(OH)D 

 The 25(OH)D concentrations re fl ecting opti-
mal vitamin D status for overall health in chil-
dren and adolescents are unknown; however, the 
IOM recently established 50 nmol/L as a target 
value for rickets prevention, maximal calcium 
absorption, and positive skeletal outcomes, cor-
responding to recommendations of 600 IU/
day  [  25  ] . Multiple vitamin D intervention tri-
als in children and adolescents have contributed 
to our understanding of the serum 25(OH)D 
responses to a wide range of vitamin D inputs. 
For example, vitamin D 

3
  supplementation with 

200 IU/day in healthy Finnish females, mean age 
11.4 years, or in healthy Lebanese females  [  7  ] , 
10–17 years of age  [  6  ] , resulted in small increases 
of 5.7 and 7.5 nmol/L, respectively, over 1 year. 
Supplementation with 400 IU/day for 1 year in 
Finnish girls  [  16  ]  or for 1 month in 6–10-year-
old black US children who had baseline values 
<40 nmol/L  [  19  ]  increased serum 25(OH)D 
approximately 29 and 19 nmol/L, respectively. 
Higher doses of 1,600 IU/day were provided 
in three trials: to adolescent Iranian males and 
females for 5 months increasing serum 25(OH)
D concentrations 27.5 nmol/L, over 1 year to 
adolescent females increasing concentrations by 
37.9 nmol/L  [  24  ] , and for 1 week to children with 
low wintertime baseline 25(OH)D concentrations 
(~31.5 nmol/L) increasing 25(OH)D concentra-
tions to approximately 80 nmol/L  [  11  ] . The high-
est dose published in child intervention trials to 
date is 2,000 IU/day. When 2,000 IU/day was 
provided to US black adolescents over 16 weeks 
 [  12  ]  or female Lebanese adolescents over 1 year 
 [  6  ] , increases of approximately 60 nmol/L were 
observed in both studies. 

 From a range of 200–2,000 IU/day, it appears 
as though serum 25(OH)D concentrations 
respond to vitamin D supplementation in a dose-
dependent manner. Two of the trials included 
black children and adolescents  [  12,   19  ] , and it 
appears as though black and white children 
respond similarly with respect to vitamin D inputs 
and changes in serum 25(OH)D. However, ran-
domized, dose–response trials, including multi-
ple races, have not yet been published that con fi rm 

these  fi ndings. Basal circulating 25(OH)D is a 
key determinant of the response, with greater 
increases observed in those with lower concen-
trations. An equation to predict the changes in 
serum 25(OH)D based on varying vitamin D 
inputs has been described  [  26  ] d : serum 25(OH)D 
(ng/ml) = 0.01130 x  + 1.13747, where  x  = vitamin 
D (IU/d) supplementation.  

   1,25(OH) 
2
 D 

 The majority of intervention trials do not report 
measures of serum 1,25(OH) 

2
 D, likely because 

serum 1,25(OH) 
2
 D concentrations are regulated 

by serum calcium and iPTH concentrations, there 
is more variability and less reliability in the 
assays vs. 25(OH)D, and the metabolite has a 
short (~4 h) half-life. However, similar to serum 
25(OH)D, 1,25(OH) 

2
 D concentrations increase 

in response to vitamin D supplementation in chil-
dren, and the response likewise appears to be 
dose-dependent. Intervention trials using 1,600 
 [  11  ]  or ~2,000 IU/day  [  6  ]  reported signi fi cant 
increases in serum 1,25(OH) 

2
 D concentrations in 

males and females, 6–17 years of age. In these 
studies, serum 1,25(OH) 

2
 D increased by 

12–21 pg/ml with doses of 1,600 or 2,000 IU/
day, respectively. Lower doses of 200 or 600 IU/
day  [  6,   17,   21  ]  were not high enough to elicit 
signi fi cant responses. Not only was dose an 
important consideration, but baseline serum 
25(OH)D concentrations were also of great con-
sequence. For example, participants with lower 
vs. higher baseline serum 25(OH)D concentra-
tions had greater 1,25(OH) 

2
 D responses  [  11,   18  ] . 

It is unknown what the serum 1,25(OH) 
2
 D 

response is to vitamin D supplementation in non-
white populations, which is an important consid-
eration since blacks vs. whites have lower 25(OH)
D  [  15  ]  and higher 1,25(OH) 

2
 D  [  27  ] .  

   iPTH 

 One of the criteria used to de fi ne optimal 25(OH)
D concentrations in adults is the in fl ection point 
at which maximal suppression of serum iPTH 
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occurs  [  28  ] . In adults, a serum 25(OH)D concen-
tration of approximately 80 nmol/L has been 
identi fi ed as a point of maximal iPTH supression 
 [  29,   30  ] . Most cross-sectional studies in children 
and adolescents have reported signi fi cant inverse 
linear relationships between serum 25(OH)D and 
iPTH  [  19,   31–  40  ] ; whereas, two studies identi fi ed 
a serum 25(OH)D in fl ection point. For example, 
nonlinear relationships were observed between 
iPTH and serum 25(OH)D concentrations in US 
black children  [  19  ]  and French adolescents  [  39  ] , 
with 25(OH)D in fl ection points of 75 and 
83 nmol/L, respectively. Hill and colleagues  [  15  ]  
using pooled data from a multisite study of black 
and white adolescents were unable to  fi nd an 
in fl ection point for serum 25(OH)D associated 
with maximal suppression of iPTH and ques-
tioned the use of iPTH suppression as an outcome 
for determining optimal serum 25(OH)D levels 
in healthy children. 

 Few studies have reported serum iPTH 
responses to vitamin D supplementation, but 
from the limited data available, it appears that 
iPTH suppression, like the 1,25(OH) 

2
 D responses, 

is minimal at lower doses of vitamin D and 
depends on the initial serum concentrations of 
25(OH)D. When doses ranging from 200 to 
600 IU/day were administered in trials of black 
and white children  [  19–  21  ]  and adolescents 
 [  7,   9  ] , vitamin D supplementation had no 
signi fi cant effect on serum iPTH. In contrast, 
vitamin D supplementation with higher doses of 
vitamin D (~1,600–1,700 IU/day) in male and 
female children  [  11  ]  and in male  [  14  ]  and female 
adolescents  [  13,   24  ]  showed signi fi cant suppres-
sion or prevented wintertime increases in iPTH 
(particularly among those with low basal or win-
tertime levels of 25(OH)D in the range of 
18–43 nmol/L). An exception to these  fi ndings 
was the study by Dong et al.  [  12  ] , in which no 
signi fi cant changes in serum iPTH were observed 
in black youth with basal levels of 25(OH)D of 
approximately 33 nmol/L and supplemented with 
either 400 or 2,000 IU/day of vitamin D 

3
  for 

16 weeks. In order to better understand the iPTH 
responses to vitamin D supplementation and to 
determine if iPTH is a meaningful intermediate 
marker in children, studies should be conducted 

using multiple doses, administering doses higher 
than what has been currently tested (i.e., 
2,000 IU/day), and including different races.  

   Biochemical Markers of Bone 
Turnover 

 Biochemical markers of bone turnover are used 
as intermediate functional outcome measures for 
determining the effectiveness of vitamin D inputs 
on bone metabolism. While many commercial 
kits are now available for measurement of bone 
formation and resorption, there is considerable 
within-subject variability due to maturational sta-
tus, age, and sex, as well as assay variability. 
However, studies investigating the relationships 
between 25(OH)D concentrations and markers of 
bone turnover are complicated further by varying 
basal vitamin D concentrations  [  35,   41,   42  ] . 

 Adolescent females who were considered 
vitamin D insuf fi cient (<50 nmol/L) or severely 
de fi cient (<25 nmol/L) were reported to have 
signi fi cantly higher deoxypyridinoline (DPD) 
and bone speci fi c alkaline phosphatase (BAP), 
but similar osteocalcin (OC) levels, compared to 
girls who had suf fi cient vitamin D status 
(>50 nmol/L)  [  43  ] . Similarly, in adolescent males 
 [  41  ]  or in 9–15-year-old females  [  44  ]  whose 
overall mean serum 25(OH)D concentrations 
were <50 nmol/L, inverse correlations were 
observed between serum 25(OH)D and pyridino-
line/creatinine ratio ( r  = −0.23;  P  < 0.01)  [  41  ]  or 
C-terminal telopeptide (CTX;  r  = −0.27; 
 P  < 0.001)  [  44  ] . In females from the same Finnish 
study with severe hypovitaminosis D, serum OC 
did not increase over 3 years, and the authors 
suggest that chronically low 25(OH)D levels may 
reduce bone formation and attenuate skeletal 
growth  [  44  ] . Alternatively, it may be that OC is 
not a sensitive marker of bone formation but 
re fl ects overall bone remodeling  [  45  ] . Healthy 
adolescent females with vitamin D insuf fi ciency 
(<50 nmol/L) were reported to have higher BAP 
and CTX than those classi fi ed as suf fi cient 
(>50 nmol/L). However, once pubertal stage was 
taken into account in the statistical analysis, vita-
min D did not account for any differences in the 
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biochemical markers of bone  turnover  [  42  ] . The 
 fi ndings from these cross- sectional and observa-
tional studies support the notion that children and 
adolescents with insuf fi cient or de fi cient serum 
25(OH)D concentrations (<50 nmol/L) have 
increased bone turnover in favor of bone resorp-
tion, but the  fi ndings are not consistent. The lack 
of consistency may be partly related to the study 
of children and adolescents in various stages of 
sexual maturation, whereby increases in bio-
chemical makers of bone formation and resorp-
tion occur with rapid skeletal growth and 
decelerate towards the cessation of peak growth. 

 Several intervention trials have assessed the 
impact of vitamin D supplementation on bio-
chemical markers of bone turnover in children 
and adolescents  [  13,   15,   18–  21,   35  ] . Generally, 
trials that administered lower doses of vitamin D 
did not elicit much change in bone biomarker 
response. Supplementation with either 400 IU/
day in obese and nonobese black children 
6–10 years of age  [  20  ]  or 600 IU/day for 4 weeks 
in healthy Danish children 6–13 years of age  [  21  ]  
did not modify bone turnover markers, regardless 
of baseline 25(OH)D concentrations. In a 
12-month trial, female adolescents (baseline 
serum 25[OH]D ~ 47 nmol/L) were supplemented 
with either 200 or 400 IU/day, and there was no 
signi fi cant effect on OC, pyridinoline, or DPD in 
the intent-to-treat analysis  [  35  ] . Reported in ado-
lescents with mean serum 25(OH)D concentra-
tions of 30 nmol/L and receiving the equivalent 
of either 800 or 1,600 IU/day for 5 months, serum 
BAP increased signi fi cantly in the girls receiving 
800 IU/day and OC increased in girls and boys in 
both the 800 and 1,600 IU groups  [  13  ] . In a more 
recent vitamin D supplementation trial, Hill and 
colleagues  [  15  ]  examined the relationships 
between changes in serum 25(OH)D and changes 
in serum BAP, OC, and urinary n-telopeptide: 
creatinine following 12 weeks of vitamin D 
 supplementation in black and white boys and 
girls of similar maturation stage. Mean baseline 
serum 25(OH)D concentrations were higher than 
previous studies (70 nmol/L for all participants), 
and supplementation over 12 weeks induced 
changes in serum 25(OH)D ranging from −15 to 
155 nmol/L. Even with these sizeable shifts in 

serum 25(OH)D, no signi fi cant relationships 
were reported for any of the bone biomarkers, 
regardless of sex or race. 

 Several points should be addressed with 
respect to the bone turnover marker response and 
vitamin D. First, vitamin D insuf fi ciency 
(<50 nmol/L) seems to be associated with 
increased bone resorption. Second, the biomarker, 
OC, is included in many studies as a marker of 
bone formation, and in fact, it may not be speci fi c 
for bone formation but for overall bone remodel-
ing  [  45  ] . Third, the doses of vitamin D used in 
most of the intervention trials were likely too low 
to elicit signi fi cant responses, but were also con-
founded by differences in age, maturational stage, 
and basal concentrations of 25(OH)D.  

   Summary and Conclusion 

 In summary, efforts are ongoing to better under-
stand the metabolic responses to vitamin D sup-
plementation in children and adolescents. Vitamin 
D supplementation signi fi cantly increases 
25(OH)D in children, and the response appears to 
be dose-dependent. Serum1,25(OH) 

2
 D increases, 

and iPTH is lowered with vitamin D supplemen-
tation; however, these responses are more notice-
able with higher doses of vitamin D and in 
populations that would be considered vitamin D 
insuf fi cient or de fi cient (<50 nmol/L). In vitamin 
D-suf fi cient groups (25[OH]D > 50 nmol/L), 
iPTH suppression is minimal regardless of dose. 
The effect of vitamin D supplementation on bio-
chemical markers of bone turnover likely depends 
on the age and maturational status of the partici-
pants, basal 25(OH)D concentrations, and dose 
of vitamin D, with early puberty, lower baseline 
25(OH)D, and higher vitamin D doses promoting 
more favorable responses. Trials assessing the 
impact of vitamin D supplementation on bone 
remodeling should be powered appropriately in 
order to detect signi fi cant effects of vitamin D. 
There is a dearth of knowledge with respect to 
race differences in vitamin D and bone metabo-
lism, and dose–response trials using multiple 
doses are needed in populations of varying race 
and ethnicity.      
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      Introduction    

 More than 70 % of adult men and women in the 
USA have serum 25-hydroxyvitamin D (25OHD) 
levels below 75 nmol/L  [  1  ] , the level considered 
by many to be optimal for musculoskeletal health 
and perhaps other health bene fi ts  [  2,   3  ] . As a con-
sequence of growing recognition of the  prevalence 

and importance of vitamin D insuf fi ciency, sup-
plemental vitamin D is now widely recommended. 
Little guidance is provided on how or when to 
take vitamin D supplements, however, and in fact, 
there have been few human studies that would 
inform such guidance. The increment in 25OHD 
in response to a given dose varies greatly from 
person to person. This chapter will examine the 
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factors associated with the 25OHD response to 
supplementation with vitamin D. These factors 
include determinants of vitamin D absorption and 
factors affecting the transport and metabolism of 
25OHD. It is important to understand the factors 
affecting vitamin D absorption in order to de fi ne 
and standardize conditions under which patients 
and the general public can achieve a greater and 
more predictable improvement in vitamin D sta-
tus. Herein    we will consider genetic determinants 
of 25OHD levels; subject characteristics including 
the starting 25OHD level and body mass index 
(BMI, wt/ht 2 ); dietary/gastrointestinal factors 
including the presence or absence of food, choles-
terol, and phytosterol intake; and the amount and 
type of dietary fat. Compliance is of course a criti-
cal factor in any supplement regimen, but it will 
not be discussed further.  

   Genetic Determinants of the Serum 
25OHD Level and Response 
to Supplementation 

 The 25OHD response to supplementation is a 
function not only of how much vitamin D is 
absorbed but also of the af fi nity of 25OHD to its 
binding protein in the circulation and to its meta-
bolic fate. Serum 25OHD levels are known to 
have a high level of heritability, with estimates 
ranging from 28  [  4  ]  to 80 %  [  5  ] . Since 2005, sev-
eral studies have identi fi ed genetic variants that 
affect the measured 25OHD concentration in the 
circulation. The most signi fi cant of these to be 
recognized to date is the multifunctional plasma 
protein, Gc, located on chromosome 4. This gene 
is also known as group-speci fi c complement gene 
and Gc globulin. These variants have been impli-
cated in susceptibility to several chronic diseases 
including osteoporosis, type 1 diabetes, and mul-
tiple sclerosis (each of which, interestingly, has 
been linked to serum 25OHD levels)  [  6  ] . Gc is 
best known, however, for its role in encoding 
vitamin D-binding protein, which transports vita-
min D, 25OHD, and 1,25-dihydroxyvitamin D 
(1,25(OH) 

2
 D) in the circulation. Lauridsen and 

colleagues measured the plasma concentration of 
the Gc proteins and examined the association of 
different Gc alleles with circulating 25OHD 

 levels in a cohort of 595 Danish Caucasian post-
menopausal women  [  7  ] . The mean plasma Gc 
concentrations of the three alleles were for Gc1-1: 
5.22 ± 0.03 (SEM), for Gc1-2: 4.80 ± 0.03, and 
for Gc2-2: 4.35 ± 0.07  m mol/L, respectively, 
 P <0.001. These declining concentrations may be 
attributable to more rapid degradation of the 
Gc2-2 proteins. Kawakami and colleagues 
reported the rate of metabolism of Gc1-1 to be 
25 % per day and of Gc2-2 to be 33 % per day 
 [  8  ] . In concert with declining concentrations of 
Gc across the Gc1-1, Gc1-2, and Gc2-2 alleles, 
Lauridsen found that mean serum 25OHD levels 
were progressively lower (approximately 65, 55, 
and 45 nmol/L, respectively). The ratio of 25OHD 
to Gc protein, or the 25OHD index, was variable 
suggesting that the differences in 25OHD across 
the genotypes were connected to the genotype 
per se rather than to the Gc concentration. 

 Bu and colleagues did a broader search for 
genetic determinants of serum 25OHD by screen-
ing nine functionally important candidate genes 
regulating various aspects of vitamin D metabo-
lism using 49 single nucleotide polymorphism 
(SNP) markers in a group of 156 healthy unrelated 
Caucasian women  [  9  ] . This work was followed by 
a replication study in a different group of 340 
women  [  9  ] . They observed associations of 25OHD 
with variants of SNPs in the Gc gene, consistent 
with observations described above. They also 
found associations of serum 25OHD with the cyto-
chrome P450, family 2, subfamily R, and polypep-
tide 1 (CPY2R1) gene. The latter is a key enzyme 
that hydroxylates vitamin D in the liver at the C30 
position to form 25OHD  [  10  ] . This  fi nding has 
been con fi rmed in a GWAS study in 30,000 people 
of European ancestry  [  11  ] . 

 Fu and colleagues took this work a step further by 
determining whether Gc variants in fl uenced the 
25OHD increment in response to vitamin D supple-
mentation  [  12  ] . They genotyped the Gc variant, 
T436K, in 98 healthy Caucasian adults who were 
randomly treated with either 600 or 4,000 IU of vita-
min D 

3
  per day for 1 year. The distribution of these 

alleles in this relatively small sample of 85 subjects 
was TT 48, TK 31, and KK 6 subjects. Baseline 
serum 25OHD levels averaged 66 nmol/L and did 
not differ signi fi cantly in the two dose groups. 
Consistent with the  fi ndings of Lauridsen  [  7  ] , the 
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baseline 25OHD levels tended to be progressively 
lower across the variants, TT, TK, and KK (analo-
gous to Gc1-1, Gc1-2, and Gc2-2, respectively). In 
contrast, the increments in 25OHD after 1 year of 
supplementation with each of the two doses were 
graded in the opposite direction. The increases on 
the higher dose, expressed as percentage change 
from baseline, were 136 ± 16 %, 256 ± 58 %, and 
416 ± 52 %, respectively, across the genotypes ( P  for 
trend = 0.003). Overall T436K accounted for 8.5 % 
of the variance in increment in serum 25OHD levels. 
For comparison, dose of vitamin D (600 vs 4,000 IU 
per day) accounted for 22 %. While it is well recog-
nized that starting 25OHD levels are inversely related 
to increments in response to supplementation (as 
discussed below), this phenomenon is unlikely to 
explain rises in serum 25OHD of the magnitude 
seen in the TK and KK groups. Difference in bind-
ing capacity across the alleles is a consideration, but 
that too seems unlikely to explain the large step-up 
in serum 25OHD observed in the KK subjects, since 
the binding capacity was lower in this group initially 
and declined more over the course of the study when 
compared with the other two genotypes  [  12  ] . 

 Racial differences in the Gc gene have long 
been recognized  [  13  ] , but only recently have dif-
ferences been linked to 25OHD levels. Signorello 
and colleagues reported Black-White differences 
in the contribution of selected genes to the serum 
25OHD level in a cohort of 379 Blacks and 379 
Whites participating in the Southern Community 
Cohort Study in the USA  [  14  ] . Out of the 94 SNPs 
evaluated, three in the Gc region and one in the 
CYP27B1 region predicted 25OHD levels in the 
Blacks, whereas none of these SNPs predicted 
25OHD levels in the Whites  [  14  ] . Other investiga-
tors evaluated 30 SNPs in the Gc, VDR, and 
CYP27B1 regions in 513 African-Americans from 
42 families and identi fi ed signi fi cant  fi ndings for 
only one SNP, located in the Gc region  [  15  ] .  

   Starting 25OHD Level and BMI 
In fl uence 25OHD Response 
to Supplementation 

 It is well known that the increment in 25OHD is 
inversely related to the starting 25OHD level and 
that the association is nonlinear. Progressively 

higher doses are required to achieve the same 
increment as the 25OHD level approaches the 
target. From the modeling of Barger-Lux  [  16  ]  
and Heaney  [  17  ] , the amounts of vitamin D 
needed to raise the blood level to 80 nmol/L are 
approximately 2,200 IU per day at starting levels 
of 20–40 nmol/L, 1,800 IU at starting levels of 
40–60, and 1,160 IU at levels of 60–80 nmol/L. 
The same pattern was observed in the multiple-
dose vitamin D intervention study of Gallagher 
and colleagues  [  18  ] . 

 Both 25OHD levels and the increments in 
25OHD in response to supplementation with vita-
min D are inversely related to body mass index 
(BMI)  [  18–  20  ] . Among healthy men and women, 
age 65 years and older, treated with 700 IU per day 
of vitamin D, the 1-year increment in 25OHD was 
21 % smaller in obese than in normal weight sub-
jects 22.8 ng/ml  [  20  ] . Among healthy postmeno-
pausal women treated with vitamin D in doses 
ranging from 400 to 4,800 IU daily for 1 year, there 
was no interaction of dose with BMI. When com-
pared with 25OHD levels in normal weight women 
(BMI < 25 kg/m 2 ), levels in overweight women 
(BMI 25.0–29.9 kg/m 2 ) were 12.2 nmol/L lower, 
and levels in obese women were 17.7 nmol/L lower 
throughout the full serum 25OHD concentration 
range tested  [  18  ] . Drinic and colleagues performed 
a cross-sectional analysis of associations between 
indices of body size and serum 25OHD levels  [  21  ] . 
They concluded that dilution of ingested vitamin D 
(and of vitamin D produced cutaneously) in the fat 
mass of obese subjects fully explained their lower 
serum 25OHD levels and that there was no need to 
invoke sequestration of vitamin D in fat tissue as an 
explanation. This observation is consistent with the 
earlier  fi nding by Blum and colleagues that con-
centrations of vitamin D in serum were highly cor-
related with those in fat tissue  [  22  ] .  

   The Serum 24,25-Dihydroxyvitamin 
D [24,25(OH) 2 D] Level as a Predictor 
of the 25OHD Response 
to Supplemental Vitamin D 

 The measurable serum 25OHD level is a function 
of the balance between incoming vitamin D, 
through skin synthesis and diet, and 25OHD 
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metabolism. The primary product of 25OHD 
catabolism is 24,25(OH) 

2
 D. Wagner and col-

leagues assessed the impact of vitamin D supple-
mentation on the ratio of serum 24,25(OH) 

2
 D to 

serum 25OHD concentration, testing the hypoth-
esis that a higher ratio would predict a lower 
25OHD in response to supplementation with 
vitamin D 

3
   [  23  ] . This was in fact observed, lead-

ing them to conclude that catabolism of 25OHD 
increases as the serum 25OHD level rises.  

   Dietary/Gastrointestinal 
Determinants of Vitamin D 
Absorption 

   Mechanisms of Vitamin D Absorption 

 It has been generally accepted that vitamin D is 
absorbed by passive diffusion, based largely on 
elegant gut perfusion studies in live, unanesthe-
tized rats performed by Hollander and colleagues 
in 1978  [  24  ] . He observed a linear relationship 
between the absorption rate of vitamin D and its 
intraluminal concentration in both the jejunum and 
ileum. Recent evidence indicates that there is also 
an active component to vitamin D absorption  [  25  ] . 
Reboul and colleagues reasoned that since cho-
lesterol absorption is active and cholesterol and 
vitamin D are structurally similar, perhaps vita-
min D absorption has an active component  [  25  ] . 
Cholesterol absorption is promoted by several 
“transporters” which ferry it across enterocytes, 
including SR-BI (Scavenger Receptor class B type 
I), CD 36 (Cluster Determinant 36), and NPC1L1 
(Niemann-Pick C1 Like 1). Reboul and colleagues 
demonstrated that transvection of human Caco-2 
cells and human embryonic kidney cells with 
cholesterol transporters caused increased cellular 
uptake of vitamin D and that addition of inhibi-
tors of cholesterol transporters blocked the uptake 
of vitamin D  [  25  ] . These  fi ndings suggest that 
genetic variations in cholesterol transporter con-
centrations likely contribute to the variability in 
vitamin D absorption. No information is currently 
available on whether cholesterol content of a meal 
in fl uences vitamin D absorption.  

   Method of Assessing Vitamin D 
Absorption 

 The absorption of vitamin D is usually assessed 
with use of the classical absorption or tolerance 
test described by Lo and colleagues  [  26  ] . This 
test is based on the measurement of the parent 
vitamin D level at its peak following a single oral 
dose of 50,000 IU of vitamin D. Repeated 25OHD 
measurements over 72 h following the dose 
revealed that the peak level occurred consistently 
at 12 h after ingestion in normal subjects and also 
in most subjects with known malabsorption. 
Moreover the timing of the peak vitamin D level 
after ingestion of vitamin D mixed in food versus 
in capsule form was found to be similar  [  26  ] . The 
assessment of absorption has been updated 
recently to a method that involves coadminister-
ing 50,000 IU of vitamin D 

3
  with 800 IU of deu-

terated D 
3
  after an overnight fast. Blood is drawn 

before and 12 h after dosing and analyzed for 
vitamin D content by LC/MS/MS  [  22  ] . This 
method separates and quanti fi es the deuterated 
and undeuterated D 

3
 . The use of deuterated D 

3
  

increases the accuracy of the absorption measure-
ment since deuterated D 

3
  is not subject to extra-

neous in fl uences on the test day, such as sun 
exposure or inadvertent ingestion of vitamin D.  

   Potential Impact of Gastric Acid 
Production on Vitamin D Absorption 

 Although gastric acid production is known to 
in fl uence the absorption of fats and other fat-soluble 
vitamins  [  27,   28  ] , its speci fi c effect on vitamin D 
absorption has not been de fi ned. Proton pump 
inhibitors (PPIs) are among the most commonly 
prescribed drugs and are an effective treatment of 
gastroesophageal re fl ux. An effect of PPI use on 
the bioavailability of vitamin D has not been 
reported, but several clinical studies suggest that 
PPI use may impair fat absorption and, as a conse-
quence, also potentially impair vitamin D absorp-
tion. PPIs raise gastric pH from 2 to above 5, and 
this greatly decreases the rate of decomposition of 
food particles in the stomach by reducing the activ-
ity of pepsin and other gastric enzymes  [  29  ] . The 
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result is not only reduced food decomposition but 
also delayed gastric emptying. Gastric acidi fi cation 
increases plasma cholecystokinin (CCK) levels, 
and use of PPIs over 10 days in healthy subjects 
has been shown to signi fi cantly reduce their plasma 
CCK levels after a high-fat meal  [  28  ] . This is 
potentially important for fat and vitamin D absorp-
tion because CCK stimulates gallbladder empty-
ing. In a different experiment in healthy young 
volunteers, treatment with the PPI, omeprazole, 
40 mg in the morning for 10 days, signi fi cantly 
decreased plasma secretin levels during and in the 
3-h period after a high-fat meal  [  27  ] . Secretin has 
a physiologic role in the regulation of pancreatic 
bicarbonate secretion, and it also stimulates bile 
secretion. Decreased bile secretion is potentially 
important for vitamin D absorption because bile 
acids are essential for micelle formation  [  30  ]  and 
thus for the transport of vitamin D to the gastric 
mucosal absorptive surface. Older men and women 
have both an increased prevalence of achlorhydria 
and an increased use of medications that block 
gastric acid production. It will be important to 
de fi ne the impact of gastric acid secretion on vita-
min D absorption.  

   Dietary Phytosterols 

 In an extension of the work of Reboul and col-
leagues on the role of cholesterol transporters in 
vitamin D absorption cited above  [  25  ] , Goncalves 
and colleagues investigated whether phytosterols 
affect vitamin D absorption  [  31  ] . This question is 
clinically relevant because many functional foods 
now contain phytosterols for the purpose of low-
ering cholesterol levels. It is scienti fi cally plau-
sible that phytosterols affect vitamin D absorption 
because of the structural similarity of phytoster-
ols to cholesterol. The  fi rst experiment demon-
strated that the phytosterol, ß-sitosterol, greatly 
impaired the absorption of vitamin D in mice 
 [  31  ] . Subsequent experiments revealed two mech-
anisms by which absorption was impaired: (1) by 
reducing vitamin D solubility in micelles and 
(2) by inhibiting the mucosal uptake of vitamin 
D, the latter based on an investigation in mouse 
intestinal fragments and in Caco-2 cells  [  31  ] . No 

effect of phytosterols was observed on the move-
ment of vitamin D out of the mucosal cell onto 
the basolateral side of the Caco-2 cells. These 
 fi ndings suggest that taking vitamin D with meals 
high in phytosterols (or cholesterol) may impair 
its absorption, but this has not been directly tested 
in humans.   

   Effects of a Meal and the Fat Content 
of the Meal on the 25OHD Response 
to Supplemental Vitamin D 

 Contrary to the popular belief that dietary fat is 
required for vitamin D absorption, the impact of 
dietary fat on D 

3
  absorption is far from clear. 

Absorption of D 
3
  appears to be enhanced by the 

presence of small amounts of dietary fat, presum-
ably because fat ingestion stimulates bile acid secre-
tion  [  24,   32  ] ; however, larger amounts of fat may 
have a null effect  [  33  ]  or even be detrimental  [  24  ] . 
The effect of dietary fat in amounts usually con-
sumed, i.e., 30 % of energy, on D 

3
  absorption in 

humans is unknown. Absorption of other fat-soluble 
vitamins, E and K, is enhanced by the presence of 
small amounts of dietary fat, presumably because 
fat ingestion stimulates bile acid secretion. 

 A recent clinical report indicated that serum 
25OHD levels increased by an average of 57 % over 
a 2–3-month period in 17 patients when they were 
instructed to take their usual doses of vitamin D 
with the largest meal of the day as opposed to 
receiving no advice on when to take their supple-
ments  [  34  ] . These patients had been prescribed dif-
ferent doses, ranging from 1,000 IU per day to 
50,000 IU per week. At least  fi ve of the patients had 
known malabsorption and many were osteoporotic. 
There was no control group in this study, and the 
impact of season, weight, and other factors known 
to affect 25OHD levels was not taken into account 
in the analyses. Nonetheless, the  fi ndings are con-
sistent with increased absorption of vitamin D when 
the vitamin is taken with a meal. No information is 
available on the composition of the meals. 

 Tangpricha and colleagues compared serum 
25OHD responses in 18 adults treated with 
25,000 IU of vitamin D 

2
  three times each, with dif-

ferent vehicles, 0.1 ml of corn oil on toast, 240 ml of 
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skim milk, and 240 ml of whole milk  [  33  ] . Serum 
25OHD increments did not differ signi fi cantly with 
the three vehicles  [  33  ] . In 26 adults, they assessed 
whether orange juice was an appropriate vehicle for 
vitamin D forti fi cation by examining the 25OHD 
response to 1,000 IU of vitamin D 

3
  given in 240 ml 

of orange juice. The control group received orange 
juice alone. They observed that 25OHD increased 
by 150 % at 12 weeks in the supplemented group 
and by 45 % in the control group, the latter attributed 
to season  [  33  ] . They concluded that fat is not neces-
sary for vitamin D absorption and that orange juice 
is an effective vehicle. Grossman and Tangpricha 
later assessed the effect of vehicle on the utilization 
of supplemental vitamin D 

3
  in a systematic review 

 [  32  ]  and reported that vitamin D dissolved in small 
amounts of  fi sh oil, either in a capsule or liquid, pro-
duced a greater increment in 25OHD than the same 
amount of vitamin D 

3
  given as a powder or dissolved 

in ethanol. The authors acknowledged that available 
evidence is inconclusive because the experimental 
conditions varied greatly in the different studies. 
Speci fi cally, the starting 25OHD levels, study dura-
tions, and dosing schedules in the available studies 
differed substantially. Moreover, the increment in 
25OHD but not in parent vitamin D was measured. 
As discussed above, absorption is only one of many 
determinants of the serum 25OHD concentration. 
Of the two studies that compared the same dose 
of vitamin D administered as a powder and in  fi sh 
oil, one found no difference in 25OHD increment 
 [  35  ]  and the other found the 25OHD increment to 
be greater with the oil vehicle  [  36  ] . More recently, 
Raimundo and colleagues compared the effects of a 
single dose of 50,000 IU of vitamin D 

3
  given with 

a high (25.6 g)- or a low (1.7 g)-fat meal on serum 
25OHD levels 7 and 14 days after dosing  [  37  ] . The 
starting mean 25OHD levels in the two groups were 
42.7 and 36.4 nmol/L, respectively. The responses at 
7 days in the two groups did not differ signi fi cantly. 
By day 14, however, the 25OHD level in the high-fat 
group was signi fi cantly greater than that in the low-
fat group. Speci fi cally, in the high-fat meal group, 
an increase of 4 nmol/L was seen on day 7 and a 
larger increase of 12 nmol/L was present on day 14. 
In the low-fat meal group, serum 25OHD was about 
3 nmol/L lower than baseline at both 7 and 14 days. 
This experiment should be interpreted with caution 

because of the different starting 25OHD levels of 
the two groups and because of the unusual (delayed) 
timing of the 25OHD increase in the high-fat meal 
group. In a similar single 50,000 IU vitamin D 

3
  dose 

study, Armas and colleagues found that almost all 
of the observed increase in 25OHD occurred in the 
 fi rst week after dosing  [  38  ] . In her study, when com-
pared with baseline, serum 25OHD had increased 
by 16 nmol/L on day 7 and by 17 nmol/L on day 15 
 [  38  ] . Thus, the true role of dietary fat in the absorp-
tion of vitamin D remains unclear.  

   The Impact of Type of Dietary Fat 
on the 25OHD Response 
to Supplemental Vitamin D 

 The type of fat in the diet may impact D 
3
  absorp-

tion. In in vivo studies in the rat, fatty acids with 
greater chain length and degree of unsaturation 
slowed the rate of D 

3
  absorption  [  24  ] . Hollander 

and colleagues postulated that polyunsaturated 
fatty acids (PUFAs) impair D 

3
  absorption by 

increasing the solubility of D 
3
  in the micelles and 

changing the partition coef fi cient such that the D 
3
  

stays in the micelle and/or by increasing the size 
of the micelle, thereby increasing its dif fi culty in 
crossing the unstirred water layer lining the intesti-
nal mucosa  [  24  ] . The PUFAs, linoleic and linolenic 
acids, were particularly effective in  decreasing  
vitamin D absorption  [  39  ] . 

 We recently undertook an investigation to 
determine whether intakes of different dietary fats 
in fl uenced the increment in serum 25OHD fol-
lowing supplementation with vitamin D 

3
 .This 

secondary analysis was conducted with use of 
data from the active treatment arm of a random-
ized, double-blind, placebo-controlled trial of 
vitamin D 

3
  and calcium supplementation to pre-

vent bone loss, STOP/IT,  [  40  ] . The analysis 
included 152 healthy men and women, age 
65 years and older, who took 700 IU of vitamin D 

3
  

and 500 mg of calcium daily, at bedtime, for 
3 years  [  41  ] . Intakes of monounsaturated fatty 
acid (MUFA), PUFA, and saturated fatty acids 
(SFA) were estimated by food frequency ques-
tionnaire after 18 months of supplementation. 
Change in serum 25OHD was calculated as the 
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value at the 2-year visit minus the baseline value. 
Initial analyses revealed associations of both 
MUFA (positive) and PUFA (inverse) intake with 
increment in serum 25OHD. Therefore, the sub-
jects’ clinical characteristics were examined 
across tertiles of MUFA/PUFA ratio. There were 
no signi fi cant differences in age (mean age 
70 years) or BMI (mean 26.8 kg/m) across the ter-
tiles; however, there tended to me more males in 
the highest tertile of MUFA/PUFA intake. Mean 
starting serum 25OHD levels across the tertiles 
were similar (77.4 ± 37.7, 76.1 ± 35.7, and 
76.4 ± 36.2 nmol/L). The self-reported dietary 
intakes of fats and other nutrients across the ter-
tiles are shown in Table  24.1 . On average, the 
diets contained 24–27 % of energy intake as fat. 
Protein intake, carbohydrate intake, and total 
energy intake did not differ signi fi cantly across 
the tertiles. Mean compliance with vitamin D 
supplements over the 2-year study period was 
high at 96.7 ± 16.6 % and did not differ signi fi cantly 
across the tertiles. The mean MUFA/PUFA ratios 
in the tertiles were 1.5, 2.0, and 2.5, respectively. 
Total fat intake was not signi fi cantly associated 
with the change in 25OHD during supplementa-
tion. However, the change in 25OHD, nmol/L, 
during vitamin D supplementation was positively 
associated with MUFA intake, g (  b   = 2.50, 
 p  = 0.016); negatively associated with PUFA 
intake, g (  b   = −2.32,  p  = 0.038); and positively 
associated with the MUFA/PUFA ratio (  b   = 16.12, 
 p  = 0.014), after adjustment for baseline BMI and 
serum 25OHD and total energy and SFA intakes. 

Thus, based on the adjusted model, for every unit 
increase in the MUFA/PUFA ratio (i.e., from 1.5 
to 2.5), the mean increment in 25OHD was 
16.12 nmol/L greater. The MUFA/PUFA ratio of 
individual diets varies widely because the MUFA/
PUFA ratio of commonly consumed oils is quite 
variable. For example, the MUFA/PUFA ratio of 
olive oil is 9.0 and that of corn oil is only 0.4. This 
preliminary investigation does not allow us to 
comment on the effect of timing of fat intake in 
relation to taking the vitamin D supplement; how-
ever, dinner, often the largest meal of the day, 
would have been the closest meal, as the subjects 
were asked to take their study pills at bedtime. 
The dietary intake data also do not allow us to 
assess the MUFA/PUFA ratio of any speci fi c 
meal. We are aware of no other evidence for or 
against an impact of the MUFA/PUFA ratio of the 
diet on the utilization of supplemental vitamin D. 
This study does lend support to the hypothesis 
that a high MUFA/PUFA ratio in the diet pro-
motes the absorption of vitamin D, but this 
remains to be tested prospectively.   

   Summary and Conclusion 

 Vitamin D absorption, once thought to occur 
solely by passive diffusion, is far more complex 
and appears to involve both active and passive 
transport mechanisms. The relative contributions 
of these two mechanisms to total vitamin D 
absorption are not clear. Several dietary factors 

   Table 24.1    Intake of macronutrients, fatty acids, and total energy by tertiles of the dietary monounsaturated to 
 polyunsaturated fatty acid ratio (MUFA/PUFA)   

 MUFA/PUFA 

 <1.77  1.77–2.10  >2.10   P  

  N   50  51  51 

 MUFA/PUFA ratio  1.5 ± 0.2  2.0 ± 0.1  2.5 ± 0.4  <0.001 
 Fat intake (g/day)  48.2 ± 17.7  57.6 ± 27.5  60.5 ± 29.2  0.043 
 MUFA (g/day)  18.8 ± 7.2  23.9 ± 11.8  24.4 ± 10.7  0.010 
 PUFA (g/day)  12.7 ± 4.8  12.3 ± 6.1  9.8 ± 4.0  0.008 
 SFA (g/day)  16.7 ± 6.4  21.4 ± 10.0  26.2 ± 15.6  <0.001 
 Protein intake (g/day)  74.3 ± 20.7  84.1 ± 47.9  83.8 ± 26.3  0.255 
 Carbohydrate intake (g/day)  265.0 ± 97.5  262.7 ± 128.9  246.0 ± 84.6  0.614 
 Energy intake (kcal/day)  1834.2 ± 526.4  1996.0 ± 936.9  1943.5 ± 667.8  0.528 
 Fat % of energy intake  23.7 ± 6.3  25.9 ± 5.3  27.4 ± 5.6  0.006 
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may in fl uence vitamin D absorption, including 
cholesterol, phytosterols, and possibly also the fat 
composition of the diet, speci fi cally, the MUFA/
PUFA ratio. Genetic factors are involved in vitamin 
D absorption. To date, genetic variants in Gc, or 
vitamin D-binding protein, and CYP2R1, which 
regulates 25-hydroxylation of vitamin D in the 
liver, have been shown to in fl uence 25OHD levels 
and the serum 25OHD response to supplemental 
vitamin D. It is important to better de fi ne the dietary 
circumstances under which vitamin D absorption is 
more consistent. This would help to alleviate the 
costly clinical problem of multiple 25OHD tests 
and dose adjustments in order to have individual 
patients achieve the desired 25OHD level through 
supplementation.      
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   Introduction 

 Although the prevalence of rickets and 
 osteomalacia, the most severe consequences of 
vitamin D insuf fi ciency, are reportedly on the 
rise, this is most likely only within certain high-
risk populations  [  1–  3  ] . Of greater public health 
concern is vitamin D insuf fi ciency not severe 
enough to cause rickets or osteomalacia but 
could increase the risk of other adverse health 
outcomes. Speci fi cally, low vitamin D status 
has been associated with increased falls, poor 
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trations, the best indicator of vitamin D status, are below even conservative 
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dental health, several autoimmune conditions, 
and increased risk of type 1 diabetes, as well as 
certain types of cancer  [  4  ] . However, the most 
convincing evidence links low vitamin D status 
with poor bone outcomes. In several clinical tri-
als, vitamin D supplementation, with or without 
calcium, reduced osteoporotic fracture risk and/
or improved bone mineral density  [  5  ] . While 
much of the evidence comes from studies in 
older populations, maintaining optimal vitamin 
D status over the entire lifetime or during critical 
life periods, such as childhood or adolescence, is 
required for optimal bone health. Furthermore, 
there is some evidence that even in utero vitamin 
D exposure in fl uences bone mineral density later 
on in life  [  6  ] . 

 A high prevalence of vitamin D insuf fi ciency 
has been documented in population-based sur-
veys in many countries across diverse geographi-
cal conditions  [  7–  11  ] . Strategies are required to 
improve the vitamin D status of these popula-
tions, such as increasing UV light exposure, pro-
viding supplementation, and improving dietary 
intake through food forti fi cation or vitamin 
D-rich foods. In this chapter, the advantages and 
limitations of the various strategies will be dis-
cussed with emphasis on food forti fi cation, fol-
lowing a brief review of current vitamin D intake 
recommendations and vitamin D status in select 
populations.  

   Vitamin D Status Is Suboptimal 

 Circulating 25 hydroxyvitamin D (25OHD) is the 
best indicator of vitamin D status as it represents 
vitamin D obtained from both UV skin synthesis 
and exogenous sources (diet and supplements) 
over a prolonged period of time. A circulating 
25OHD of at least 30 nmol/L is needed to prevent 
risk of rickets and osteomalacia in the population 
 [  12  ] . However, there is a lack of consensus on the 
concentration of 25OHD required for optimal 
health  [  13  ] . 

 The Institute of Medicine (IOM), which sets 
dietary reference intakes in Canada and the 
United States, has recently recommended that 
maintaining a serum concentration of 25OHD of 

approximately 50 nmol/L is desirable in all 
 life-stage groups  [  12  ] . In setting this recommen-
dation, the IOM only considered bone health 
because the evidence linking vitamin D to other 
outcomes was deemed insuf fi cient. A number of 
individuals and groups felt that the IOM should 
have considered non-bone outcomes and set the 
desirable serum 25OHD concentration much 
higher  [  13  ] . Nevertheless, what is clear is that 
even using a “conservative” cutoff of 50 nmol/L, 
a substantial proportion of populations in many 
countries are vitamin D insuf fi cient. 

 Serum concentrations of less than 50 nmol/L, 
often much less, have been documented in surveys 
using convenience samples from high-risk groups 
such as institutionalized elderly  [  14  ] , veiled 
women  [  15  ] , and dark-skinned immigrants living 
in northern countries  [  16  ] . Perhaps more surpris-
ing is the high levels of vitamin D insuf fi ciency 
described in populations living near the equator 
such as Malaysia, Indonesia, and Southern India 
 [  17  ] . However, the most convincing evidence of 
widespread vitamin D insuf fi ciency comes from 
large national population representative surveys 
in Western countries (Table  25.1 ). The prevalence 
of vitamin D insuf fi ciency (25OHD <50 nmol/L) 
ranged from 26 % in Canadian Health Measures 
Survey (2007–2009; 6–79 years)  [  8  ]  to ~55 % 
(19–64 years) in the United Kingdom National 
Diet and Nutrition Survey (2001–2002)  [  11  ] . 
Nearly a quarter of Britons had a 25OHD less 
than 30 nmol/L, indicating that national averages 
of vitamin D insuf fi ciency obscure disparities 
that exist within populations.  

 Darker-skinned ethnic groups tend to have 
lower 25OHD concentration than lighter-skinned 
groups. In the US National Health and Nutrition 
Examination Surveys (2001–2006), 73 and 21 % 
of African Americans and Whites ( ³ 1 year), 
respectively, had 25OHD less than 50 nmol/L 
 [  7  ] . Similarly, in the New Zealand 1997 National 
Nutrition Survey (>15 years), nearly 80 % of 
Paci fi c People but only 40 % of Whites had a 
serum 25OHD less than 50 nmol/L  [  10  ] . 

 There are also large seasonal differences in 
25OHD in some countries. In the New Zealand 
survey, a much greater percentage of the 
 population had a serum 25OHD less than 
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50 nmol/L in winter than summer. The mean dif-
ference in 25OHD, in women during the winter 
compared with the summer months was over 
30 nmol/L (Fig.  25.1 ). However, vitamin D 
insuf fi ciency exists in all age and gender groups. 
Remarkably, the highest prevalence of vitamin D 
insuf fi ciency in the Canadian Health Measures 
Survey (2007–2009) was males 20–39 years at 
35 % (Fig.  25.2 ). Only 16 % of females 
60–79 years were vitamin D insuf fi cient; a group 
often thought to be at highest risk  [  8  ] .    

   Sunlight Exposure 

 An approach to improve the vitamin D status of the 
population is to recommend daily UV exposure to 
sunlight. It is well established that exposing people 
to UV from sunlight is an effective means of 
increasing 25OHD concentrations  [  18  ] . However, 
this would be a confusing message for the public as 
it is at odds with recommendations from public 
health agencies in most countries to restrict sunlight 
exposure to reduce the risk of melanoma  [  19,   20  ] . 
Furthermore, recommendations for duration of sun 
exposure would need to vary by the amount of skin 
exposed, season, latitude, and skin color; therefore, 
guidelines would need to be highly individualized. 

 The complexity of this message is illustrated by 
a position statement on vitamin D and adult bone 
health that recommends sunlight exposure times 
(hands, face, and arms) to synthesize the equivalent 
of a 1,000 IU of vitamin D in fair-skinned people 
(Table  25.2 ) in various parts of Australia and New 
Zealand in the summer and winter. In the summer 

   Table 25.1    Vitamin D status reported in national surveys in Canada, New Zealand, United Kingdom, and the United States   

 Canadian Health 
Measures Survey  [  8  ]  

 National 
Nutrition 
Survey, New 
Zealand  [  10  ]  

 National Diet and 
Nutrition Survey 
Adults, UK  [  11  ]  

 National Adult Nutrition 
Survey, Ireland  [  9  ]  

 National Health 
and Nutrition 
Examination 
Surveys, US  [  7  ]  

 Year of survey  2007–2009  1997  2001–2002  2008–2010  2001–2006 
 Method of 
analysis 

 Diasorin 
Chemiluminescence 

 Diasorin 
RIA 

 Diasorin RIA  Immunodiagnostic 
Systems Limited ELISA 

 Diasorin RIA 

 Age range (year)  6–79   ³ 15  19–64  18–84   ³ 1 
 Mean (nmol/L)  67  50  ~50  60  60 
 <30 nmol/L (%)  5  12  ~23  6.7  8 
 <50 nmol/L (%)  26  48  ~55  40.1  32 
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  Fig. 25.1    Mean (99 % CI) serum 25-hydroxyvitamin D 
concentrations by month of New Zealand women 
( n  = 1,604) who participated in the 1997 National Nutrition 
Survey (Reprinted from Rockell et al.  [  10  ] . With permis-
sion from Springer Science + Business Media)       
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(Dec to Jan), only 5–10 min of UV exposure was 
required in all regions at 10 a.m. or 2 p.m., whereas 
in the winter (July–Aug) at 12 p.m., times ranged 
from 7 min in Cairns to 40 min in Christchurch. 
The authors of the position statement also indicate 
that exposure times would be three to four times 
greater in darker pigmented people  [  21  ] .  

 Moreover, in countries at higher latitudes (i.e., 
Canada, United Kingdom, and parts of the United 
States), no amount of time in the sun would be 
suf fi cient for adequate vitamin D synthesis in the 
winter. Covering up for religious or cultural 
beliefs, sun avoidance for cosmetic reasons, as 
well as indoor lifestyles may explain poor vita-
min D status in countries with abundant sunlight 
 [  17  ] . Exogenous sources of vitamin D are required 
if adequate vitamin D status is to be achieved at 
the population level in countries with climates, 
geography, religions, cultures, and lifestyles not 
conducive to increased sun exposure.  

   Recommended Vitamin D Intakes 

 A number of governmental and professional organi-
zations have issued recommendations for vitamin D 
intake, and there is considerable controversy as to 

the most appropriate recommendations  [  22–  25  ] . 
The amounts recommended have varied consider-
ably, in part, because of uncertainties as to the opti-
mal 25OHD they were intended to achieve. In setting 
the recommended dietary intake for Canadians and 
Americans, the IOM estimated the amount of vita-
min D to achieve a 25OHD of 50 nmol/L in almost 
all individuals in the population. This level of intake 
known as the Recommended Dietary Allowance 
(RDA) was set at 600 IU/day for almost all life-stage 
groups. Two exceptions are as follows: the RDA for 
older adults (>70 years) was set at 800 IU and an 
Adequate Intake (AI) 1  for infants up to 12 months of 
age was set at 400 IU/day.  

   Vitamin D Supplementation 

 Many clinical trials have con fi rmed the ef fi cacy 
of vitamin D supplementation at increas-
ing 25OHD concentrations  [  26  ] . Vitamin D 

   Table 25.2    Recommended sun exposure times (minutes) for Australians and New Zealanders with moderately fair 
skin a  at different times of day   

 July–August  December–January 

 Region     , latitude  10:00 or 14:00  At 12:00  10:00 or 14:00   

  New Zealand  
 Christchurch, 43ºS  49–97  40  6–9 
 Auckland, 36ºS  30–47  24  6–8 
  South Australia  
 Hobart, 42ºS  40–47  29  7–9 
 Melbourne, 37ºS  32–52  25  6–8 
 Adelaide, 34ºS  25–38  19  5–7 
 Sydney, 33ºS  26–28  16  6–8 
  Central Australia  
 Perth, 31ºS  20–28  15  5–6 
 Brisbane, 27ºS  15–19  11  6–7 
  Northern Australia  
 Townsville, 19ºS  9–13  7  5–7 
 Cairns, 16ºS  9–12  7  6–7 

  Based on data from the Working Group of the Australian and New Zealand Bone and Mineral Society, Endocrine 
Society of Australia and Osteoporosis New Zealand Diamond et al.  [  21  ]  
  a Exposure times for people with highly pigmented skin would be three to four times greater  

   1  AI is used when an RDA cannot be developed due to 
insuf fi cient data and is usually based on average intake 
level based on observed or experimental intakes. In the 
case of infants, the AI is normally set as the amount 
 provided by exclusive breastfeeding.  
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 supplement use is also associated with higher 
25OHD  concentrations at the population level. In 
the CHMS (2007–2009), Canadians (6–79 years; 
 n  = 1,274) who took supplements had a much 
higher mean (95 % CI) 25OHD than those who 
did not, especially in the winter months [74 
(66, 83) versus 59 (53, 64) nmol/L]  [  8  ] . In the 
NHANES 2003–2006, 37 % of the US popula-
tion reported taking a vitamin D containing sup-
plements, and those who did were more likely to 
meet their vitamin D requirements  [  27  ] . 

 Vitamin D supplementation is likely the only 
means to achieve recommended intakes in some 
groups. The IOM recommendations are intended 
for healthy people; therefore, they do not apply to 
those with certain diseases, such as Crohn’s dis-
ease, cystic  fi brosis, or morbid obesity, who have 
higher requirements  [  4  ] . Also, public health 
authorities worldwide recommend exclusive 
breastfeeding for the  fi rst 6 months of life for 
healthy term infants, and while breast milk is the 
best food for an infant, it does not generally sup-
ply adequate amounts of vitamin D  [  28  ] . As such, 
the American Academy of Pediatrics (AAP)  [  29  ]  
and Health Canada  [  28  ] , as well as several 
European countries (Norwegian Food Safety 
Authority: Matportalen (The Food Portal), 2006, 
personal communication; Swedish National Food 
Administration, 2006, personal communication), 
recommend that breastfed infants receive a daily 
vitamin D supplement, usually 400 IU. 

 Data from the Infant Feeding Practices Study 
II (2005–2007)  [  30  ]  suggest that US vitamin D 
supplementation rates are low; 43 % of infants 
were breastfed at 2 months and of these only 
10 % were receiving a vitamin D supplement. 
In Canada, rates of vitamin D supplementation 
of breastfed babies appear to be much higher. 
In a survey conducted of infants in Vancouver, 
British Columbia who were being breastfed at 
2 months, greater than 90 % were being supple-
mented with vitamin D  [  31  ] . It should be noted 
that the AAP only began recommending infant 
 supplementation in November 2008, whereas 
the Canadian recommendation has been present 
in some form since 1967. The AAP also recom-
mends that children and adolescents, who do 
not obtain 400 IU/day from diet, should take 

a  400 IU/day vitamin D  supplement  [  32  ] . Some 
countries and  organizations recommend vitamin 
D supplementation during pregnancy  [  22,   33  ] . It 
is not clear to what extent this advice is being 
followed. 

 Canada’s Food Guide (2007) recommends 
that Canadians over the age of 50 years take a 
daily vitamin supplement providing 400 IU of 
vitamin D  [  34  ] . The reason for this is that the eat-
ing pattern recommended for this age group pro-
vides around 240, 400–600 IU/day short of the 
recommended intake for this age group. The 
uptake of this message has been mixed. In the 
CHMS (2007–2009) study, about 50 % of 
Canadians 60–79 years reported taking vitamin 
D supplements. It was recently reported that 
almost 60 % of people 50 years and over living in 
British Columbia had taken a supplement con-
taining vitamin D in the month prior to the survey 
(Fall 2008). The median dose was 400 IU/day 
and the majority of people were receiving vita-
min D as part of a multivitamin supplement  [  8  ] . It 
is noteworthy, that Health Canada issued this rec-
ommendation for adults >50 years only as the 
IOM’s older 1997 recommendations for those 
under 50 years was only 200 IU/day, achievable 
through diet  [  34  ] . Given that the RDA is now 
600 IU/day for those less than 50 years and that 
few Canadians meet this recommended intake 
from diet alone, it will be interesting to observe 
whether Health Canada recommends all 
Canadians take a supplement. 

 So is universal vitamin D supplementation by 
the population the answer to achieving adequacy 
in vitamin D? Currently, supplement users tend 
to be female, white, older, better educated, and 
have a higher income than nonusers  [  35  ] . Greater 
supplement use is certainly the reason that the 
prevalence of vitamin D insuf fi ciency is lower in 
older women than middle-aged and younger men 
in Canada  [  36  ] . But several barriers to widespread 
usage of vitamin D supplements hinder universal 
supplementation. These barriers include the cost 
of supplements and the need for public health 
education, as well as long-term compliance  [  37  ] . 

 Although vitamin D supplements are rela-
tively inexpensive, cost will be a barrier for some 
individuals and families  [  37  ] . Extensive public 
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health education about the bene fi ts of vitamin 
D  supplements, particularly targeting minorities 
and the poor, would be required. Incidentally, the 
general failure of public health campaigns to 
increase folic acid supplement use in women of 
childbearing age in North America in order to 
prevent birth defects casts doubt on the effective-
ness of such an approach  [  38  ] . Finally, the safety 
concerns related to overdose possibilities, espe-
cially in children, need to be considered. As a 
result of reports of infant overdosing with vitamin D 
in the USA, the Food and Drug Administration 
issued a warning of the potential risk of liquid 
vitamin D overdose in infants  [  39  ] . 

 So although supplementation remains an 
important means of improving vitamin D sta-
tus, it is not practical or feasible for the general 
public as a whole. Other alternatives need to be 
considered.  

   Vitamin D Found Naturally in Food 

 Vitamin D is found naturally in some foods but is 
also added as a forti fi cant. The food composition 
databases for vitamin D are incomplete and dis-
similar analytical approaches yield very different 
estimates of vitamin D content. Vitamin D in 
foods is found as vitamin D 

2
  (ergocalciferol), D 

3
  

(cholecalciferol), and 25OHD. Vitamin D 
2
  is 

found in UVB-irradiated mushrooms and yeast, 
whereas vitamin D 

3
  comes from animal sources. 

Vitamin D 
2
  is thought to be less effective than D 

3
  

at increasing 25OHD concentrations. Vitamin D 
3
  

is the form of the vitamin usually added to foods, 
but vitamin D 

2
  can also be used  [  26  ] . Animal 

products can contain signi fi cant amounts of 
25OHD, which has  fi ve times the activity of vita-
min D 

3
 , but is usually ignored in food composi-

tion tables  [  40  ] . Health Canada has started to 
update its food composition to re fl ect this. For 
example, pork contains just 24 IU of vitamin 
D 

3
 /100 g but also contains 30 IU of 25OHD 

(30 × 5 = 150 IU), giving a total vitamin D activity 
of 174 IU/100 g  [  41  ] . 

 Fatty  fi sh such as salmon and sardines are 
high sources of naturally occurring vitamin D. 
Interestingly, within a species of  fi sh,  considerable 

variation appears to exist in vitamin D   content. 
Lu et al.  [  42  ]  reported that farmed salmon con-
tains only 860 IU per 100 g, whereas wild salmon 
contains 3,500 IU/per 100 g. This difference is 
likely due to differing diets of the  fi sh. Aside 
from  fi sh, eggs are another source of natural vita-
min D at 40 IU per large egg, but this increases 
to 115 IU when its 25OHD content is considered 
 [  41  ] . Strategies are being developed, sometimes 
termed bio-addition, to enhance the natural vita-
min D content of foods such as supplementing 
hens with vitamin D to increase the vitamin D 
content of their eggs as well as exposing mush-
rooms to UV light postharvest  [  43,   44  ] . 

 Can suf fi cient vitamin D be obtained from 
natural food sources? Certainly, indigenous peo-
ple in the North, eating traditional diets, can 
achieve vitamin D intakes from natural sources 
that exceed IOM recommendations. Inuit, Denis/
Métis, and Yukon, indigenous  [  29  ]  people in 
Canada’s North (>60° N), had signi fi cantly higher 
vitamin D intakes on days they ate traditional 
foods compared with days they did not 
(Table  25.3 )  [  45  ] . Vitamin D-rich traditional 
foods varied by group but included salmon, trout, 
arctic char, seal, and whale meat. In Greenland 
(>60°N), individuals who ate mostly traditional 
diets were more likely to have a 25OHD greater 
than 50 nmol/L than those who ate mostly 
Western diets (~80 % versus 22 %)  [  46  ] . In areas 
where  fi sh consumption is high, vitamin D found 
naturally in food also contributes signi fi cantly to 
vitamin D intake. In Norway,  fi sh provides 
60–70 IU/day of vitamin D  [  47  ] , and in a study of 
older Japanese women,  fi sh provided 256 IU/day 
 [  48  ] ; however, both are well short of the 600–
800 IU/day recommended by the IOM.  

 Current vitamin D intake from natural food 
sources in the USA and UK, as well as most other 
Western countries, is well below the IOM’s rec-
ommended intakes. In the US NHANES 1999–
2000  [  49  ] , vitamin D intake from natural sources 
did not exceed 75 IU/day for any age group or 
gender. Similarly, in the UK NDNS (2000–2001) 
 [  50  ] , median vitamin D intake from natural 
sources did not exceed 80 IU/day for any age 
group surveyed (19–64 years). These estimates 
do not include the contribution of 25OHD from 
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animal sources, but even if they did, vitamin D  
intakes would remain low. Bio-addition holds 
some promise for increasing vitamin D levels; 
however, shifting eating patterns to greater  fi sh 
and egg consumption to meet requirements is not 
practical.  

   Vitamin D Forti fi cation of Food 

 Food forti fi cation has been used as a method of 
improving population micronutrient intakes for 
many years, especially in Canada and the United 
States. Food forti fi cation can be mandatory or 
discretionary. With mandatory forti fi cation, the 
government legislates the addition of nutrients to 
a food or food group; an example is the folic acid 
added to enriched grains in Canada and the 
United States. Mandatory forti fi cation is the best 
method of improving intakes at the population 
level because the nutrient is supplied in a contin-
uous and passive manner. 

 With discretionary forti fi cation, the govern-
ment legislates what foods may be forti fi ed and to 
what level, but the decision to fortify it is left with 
the food manufacturers. Often there is variable 
uptake by manufacturers; moreover, the foods 
that are forti fi ed are usually the more expensive 
premium brands. On the other hand, discretion-
ary forti fi cation preserves consumer choice. This 
is an important consideration, especially outside 
Canada and the United States, where mandatory 
forti fi cation is sometimes described as “mass 
medication” of the population  [  51,   52  ] . 

 In Canada, milk and milk alterna-
tives (40 IU/100 ml), as well as margarine 
(530 IU/100 g), must be forti fi ed with vitamin D. 
In the United States, only milk in which the label 
claims the milk is forti fi ed needs to be forti fi ed 
with vitamin D (40 IU/100 g); in practice, this 
represents over 90 % of the milk sold  [  53  ] . In the 
United Kingdom  [  54  ]  and Australia  [  55  ] , mar-
garine (~320 IU/100 g) must be forti fi ed with 
vitamin D. Vitamin D forti fi cation of margarine 
was introduced in the UK in 1945. This was done 
because margarine replaced butter in the diet, but 
forti fi ed margarine contains signi fi cantly more 
vitamin D than butter (25–50 IU/100 g). The 
number of foods that may be forti fi ed on a vol-
untary basis varies by country and is extensive, 
especially in the United States (Table  25.4 ).  

 Forti fi ed foods make up the majority of vita-
min D intake in Canada and the United States. 
In the US NHANES 1999–2000  [  49  ] , vitamin D 
intake from forti fi ed food makes up greater than 
60 % of vitamin D intake for each age group and 
gender. In fact, forti fi ed foods make up greater 
than 75 % of vitamin D intake in children and 
adolescent in the United States (Fig.  25.3 ). In 
the 2004 Canadian Community Health Survey 
Cycle 2.2 (CCHS 2.2)  [  56  ] , forti fi ed dairy con-
tributed to nearly all the vitamin D intake of 
children 1–8 years. In Canadians greater than 
8 years, forti fi ed dairy and other forti fi ed foods 
make up greater than 50 % of vitamin D intake 
(Fig.  25.4 ).   

 The ef fi cacy of vitamin D forti fi cation at 
increasing 25OHD concentrations has been 

   Table 25.3    Vitamin D 
intake on days with 
and without tradi-
tional food for Yukon, 
Dene/Métis, and Inuit 
adults and Yukon and 
Dene children 
(>60°N)   

 Days with TF  Days without TF 

  N   Vitamin D, IU   N   Vitamin D, IU 
  Adults  a  
 Yukon  410  292 ± 24 b   387  84 ± 28 c  
 Dene/Métis  661  316 ± 36 b   346  140 ± 52 c  
 Inuit  968  1,004 ± 52 b   632  344 ± 68 c  
  Children  a  
 Yukon and Dene  58  128 ± 16  40  100 ± 20 

  Based on data from  [  45  ]  
  TF  traditional food 
  a Signi fi cant differences in nutrient intakes with TF and without TF are represented by the 
presence of different superscript in the same row (b, c). Absence of superscripts means 
results are not signi fi cantly different. Adults,  P  < 0.01; children  P  < 0.05  
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 demonstrated for a number of foods including 
milk  [  57,   58  ] , orange juice  [  59  ] , cheese  [  60  ] , and 
bread  [  61–  63  ] . In a recent systematic review of 

16 randomized trials of forti fi ed foods (mainly 
milk), all but two showed a signi fi cant impact on 
25OHD  [  64  ] . Higher dose and latitude, as well as 
lower baseline 25OHD, resulted in a greater 
increase in 25OHD. The authors estimated that 
for each 40 IU of additional vitamin D from a 
forti fi ed food corresponded to a 1.2 nmol/L 
increase in 25OHD. 

 Consumption of forti fi ed foods leads to greater 
25OHD concentrations at the population level. 
Despite being at a higher latitude and much 
colder in the winter, the mean difference in 
25OHD between winter and summer months was 
9 nmol/L in the Canadian Health Measures 
Survey (excluding supplement users)  [  8  ]  com-
pared with 18 nmol/L in the 1997 New Zealand 
National Nutrition Survey  [  10  ] . The most likely 
explanation for this is that Canada’s greater food 
forti fi cation compared to that of New Zealand 
(virtually none in 1997) is protecting Canadians 
against low 25OHD, especially in the winter 
months. 

 Within Canada, individuals in the CHMS 
(6–79 years) who consumed >1 serving of milk 
per day had a higher mean (95 % CI) 25OHD 
[75.0 (72.5, 77.5)] than those who consumed 
one serving a day [68.1 (65.3, 71.0)], who in turn 
had a higher 25OHD than those who consumed 
less than one serving per day [62.7 (60.5, 64.9)]. 
In the wintertime, 25OHD concentrations were 
66.0, 59.8, and 53.7 in these groups, respectively, 
excluding supplement users who are more likely to 
be milk consumers  [  8  ]  (Whiting, unpublished).  

   The Need for Greater Vitamin D 
Forti fi cation 

 Despite forti fi cation in Canada and the United 
States, mean total vitamin D intakes still fall 
short of IOM recommendations of 600 IU/day. In 
the US NHANES  [  49  ] , the group with the high-
est mean vitamin D intake from food was non-
Hispanic white males (9–18 years) at 260 IU/
day. Even with supplements included, the high-
est mean intake achieved was ~400 IU/day in 
older non-Hispanic white females (51+ years). 

   Table 25.4    Foods that may be forti fi ed with vitamin D 
on a discretionary basis in select countries   

 United States  [  72  ]   Canada  [  53,   73  ]  
 Enriched farina  Goat’s milk 
 Ready-to-eat breakfast 
cereals 

 Forti fi ed plant-based 
beverages 

 Enriched rice  Fruit- fl avored drinks 
 Enriched cornmeal 
products 

 Cheese (using forti fi ed 
milk) 

 Enriched noodle products  Yogurt (using forti fi ed 
milk) 

 Enriched macaroni 
products 

 Meal replacements 

 Fluid milk  Formulated liquid diets 
 Acidi fi ed milk  Some egg products 
 Cultured milk   Australia / New Zealand  

 [  55  ]  
 Concentrate milk  Dried milk 
 Nonfat dry milk, A and D 
forti fi ed 

 Modi fi ed milks and skim 
milk 

 Evaporated milk, forti fi ed  Cheese and cheese 
products 

 Dry whole milk  Yogurt (with or without 
other foods) 

 Yogurt  Dairy desserts containing 
no less than 3.1 % m/m 
milk protein 

 Low-fat yogurt  Butter 
 Nonfat yogurt  Edible oil spreads 
 Cheese  Analogues of yogurt and 

dairy desserts containing 
no less than 3.1 % m/m 
protein derived from 
legumes 

 Margarine  Analogues of cheese 
containing no less than 
15 % m/m protein derived 
from legumes 

 Calcium-forti fi ed 100 % 
fruit juice 

 Beverages containing no 
less than 0.3 % m/m 
protein derived from 
cereals 

 Calcium-forti fi ed fruit 
juice drinks 

 Formulated Beverages 

 Soy-protein meal-replace-
ment beverage 
 Meal-replacement and 
other-type bars 
 Cheese and cheese 
products 
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Data from the 2004 CHMS  [  8  ]  indicates that 
Canadian total vitamin D intakes from food are 
higher than those of Americans, although differ-
ences in the food composition database may par-
tially explain the difference. Nevertheless, the 
mean intake was only 250 IU/day, with males 
9–18 years having the highest mean intakes 
(300 IU/day) and females 51–70 years having 
the lowest intakes (200 IU/day). In the UK, 
where there is less forti fi cation, mean intake 
from food sources was 170 IU/day for men and 
150 IU/day for women. Almost the entire popu-
lation was receiving less than 360 IU/day even 
when vitamin D supplements were considered 
 [  50  ] . Clearly, vitamin D intakes need to increase 
substantially in all countries if most of the popu-
lation is to achieve intakes of 600 IU, the amount 
recommended by the IOM. 

 Based on the data presented, we contend that 
greater forti fi cation is the best way to improve 
vitamin D intakes at the population level. This 
could be done by either increasing the amount of 
vitamin D added to foods or increasing the range 
of foods forti fi ed with vitamin D. The best 
forti fi cation strategy would maximize the num-
ber of individuals exceeding 600 IU/day while 
limiting the number of individuals reaching an 
undesirable intake. The IOM sets an upper limit 
(UL) of 4,000 IU/day for vitamin D  [  12  ] . The UL 
is the highest average daily intake of nutrient that 
is likely to pose no risk of adverse effects to 
almost all individuals in the general population 
 [  12  ] . Forti fi cation tends to increase the intake of 
those who eat more (i.e., young males), rather 
than those who eat less (i.e., older women). 
Fortunately, there is a greater than sixfold 

1−8 
years

300

250

200

150

100

50

0
9−18
years

19−50
years

51+
years

9−18
years

Natural sources
Fortitied sources
All food sources

19−50
years

51+
years

FemalesMalesM + F

V
ita

m
in

 D
 in

ta
ke

 (
IU

/d
ay

)

  Fig. 25.3    Vitamin D intake 
natural sources of vitamin D, 
forti fi ed sources, and total 
vitamin D intakes in the 
National Health by age and 
sex in the US National 
Health and Nutrition 
Examination Survey 
(1999–2000) (Based on data 
from  [  49  ] )       

200
180
160
140
120
100
80
60
40
20
0

1−8 years

Dair
y

M
ea

t &
 A

lt.

Oth
er

 fo
od

s

Gra
in 

pr
od

uc
ts

Fr
uit

s &
 ve

g.

Dair
y

M
ea

t &
 A

lt.

Oth
er

 fo
od

s

Gra
in 

pr
od

uc
ts

Fr
uit

s &
 ve

g.

>8 years

V
ita

m
in

 D
 in

ta
ke

 (
IU

/d
ay

)

  Fig. 25.4    Vitamin D intake 
by food group in the Canadian 
Community Health Survey 
(Based on data from  [  56  ] )       

 

 



256 T.J. Green et al.

 difference between the recommended intake and 
the UL that can accommodate this disparity. 

 Mandatory forti fi cation is favored because if 
the food vehicle and the amount of vitamin D 
added are chosen correctly, it does not discrimi-
nate against the disadvantaged in the population. 
How does one choose the best food vehicle for 
vitamin D forti fi cation? It is best done for each 
country by modeling vitamin D forti fi cation 
with population-representative food intakes. By 
doing this, it is possible to determine what per-
centage of the population will achieve 600 IU/
day and who is at risk for exceeding the UL. 
Therefore, the best vehicle will be a food that 
is eaten daily by most of the population and in 
suf fi cient quantity. 

 In New Zealand, we used the 1997 National 
Nutrition Survey to model the best forti fi cation 
vehicle for a range of nutrients  [  65  ] . Although 
milk was consumed by 92 % of the population on 
any given day, adults consumed only small 
amounts (most likely in coffee and tea), while 
children and adolescents consumed much greater 
amounts. Greater coverage could be achieved by 
fortifying other dairy foods such as yogurt and 
cheese in addition to milk. Ready-to-eat break-
fast cereals were consumed by only 26 % of the 
New Zealand population with young people con-
suming greater amounts. Bread, and to an even 
greater extent wheat  fl our, was the best vehicle to 
reach the entire population and in suf fi cient quan-
tity. Adding vitamin D to  fl our during milling 
would result in vitamin D ending up in the many 
foods that contain  fl our, not just bread. A similar 
approach has proposed by others  [  66  ] . There are 
technical issues that would need to be overcome 
before  fl our could be forti fi ed. 

 However, such an approach was used in 
Canada and the United States to reduce birth 
defects, where the government mandated the 
addition of folic acid to white wheat  fl our and as 
a result substantially increased folic acid intakes 
of the population  [  67,   68  ] . The impact of 
forti fi cation of white wheat  fl our on folic acid 
intakes of the Canadian population was recently 
estimated using data from the 2004 Canadian 
Community Health Survey Cycle 2.2 (CCHS 2.2) 
 [  69  ] . From that we estimated the theoretical 
intakes of vitamin D if Canada forti fi ed white 
 fl our in the various age and gender groups. This 
was done by setting the desired intake of vitamin 
from enriched grains at 400 IU/day for women 
50–70 years. Women in this age group receive the 
least amount of vitamin D from food and this is 
the amount required to bring them up to a mean 
intake of 600 IU/day. As shown in Table  25.5 , if 
women (>70 years) were to receive on average 
400 IU/day from white wheat  fl our, we would 
predict that males 14–18 years (the highest group) 
would receive 899 IU/day with only the top 5 % 
consuming more than 1,456 IU/day, well below 
the UL. Unfortunately, the lowest 5 % of women 
(>70 years) would be receiving 80 IU, demon-
strating the limitation of forti fi cation. White  fl our 
is just an example of a potential forti fi cation 
vehicle for vitamin D and given that government 
policy in most countries is to encourage whole 
grain consumption over re fi ned grains other vehi-
cles should be considered  [  34,   70  ] .   

   Conclusion 

 Vitamin D insuf fi ciency is associated with a 
number of adverse health outcomes, most 
widely accepted is the increased risk of 

   Table 25.5    Theoretical mean 
(95 % CI) vitamin D intakes of 
Canadians resulting from the 
mandatory forti fi cation of white 
wheat  fl our a    

 Predicted mean vitamin D intake IU/day (95 % CI) 

 Age (year)  Male  Female 

 14–18  889 (321, 1,456)  658 (168, 1,147) 
 19–30  836 (276, 1,395)  542 (155, 930) 
 31–50  738 (209, 1,266)  516 (125, 906) 
 51–70  587 (47, 1,127)  453 (68, 838) 
 >70  507 (80, 934)  400 (38, 762) 

   a Based on data from Canadian Community Health Survey (CCHS 2.2) 
 [  56  ]  and Shakur et al.  [  69  ]  Women >70 years assigned an intake of 
400 IU/day  
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 osteoporotic fracture. A number of national 
surveys have shown that 25OHD concentra-
tions are below even the most conservative 
cutoffs for suf fi ciency in a substantial propor-
tion of populations. Sunlight exposure is an 
important contributor to vitamin D status; 
however, at higher latitudes during winter and 
in populations that do not receive adequate 
sunlight exposure for various reasons, an 
exogenous source of vitamin D is required. 
Vitamin D intake from natural food sources is 
not suf fi cient; furthermore, supplementation, 
although effective and very important as a 
method to combat vitamin D insuf fi ciency, 
will not work for everyone in the population. 
  Vitamin D forti fi cation does improve vita-
min D intakes and status of populations, but a 
greater range of food vehicles and/or greater 
amounts of vitamin D are necessary to make 
this option viable. However, no amount of 
forti fi cation that would be acceptable to gov-
ernment regulators, and perhaps the pub-
lic, would ensure that the entire population 
achieves the recommended vitamin D intakes 
of the IOM. Achieving 25OHD concentra-
tions of 70–100 nmol/L, recommended some 
vitamin D proponents, through forti fi cation 
is impossible. It must be remembered that 
cutoffs do not de fi ne who is healthy and 
who is not, but rather there is a continuum of 
risk between vitamin D intake, 25OHD, and 
adverse outcomes. Bischoff-Ferrari et al.  [  71  ] . 

examined the association between 25OHD and 
bone mineral density in younger adults (20–
49 years) in the National Health and Nutrition 
Examination Survey III. Although there was 
an association between bone mineral densities 
up to 93 nmol/L, the steepest part of the slope 
was between 10 and 50 nmol/L suggesting that 
even small increases in 25OHD concentration 
will improve bone outcomes. (Fig.  25.5 )       
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   Introduction 

 There are probably few facts in the  fi eld of nutri-
tion better established than the relationship 
between vitamin D and intestinal calcium absorp-
tion. The general scheme for such regulation, 

accepted for the past 30-plus years, is set forth in 
Fig.  26.1 . Surprisingly, little is known about 
quantitative regulation of this control loop at the 
level of the intact organism. Further, as more and 
more data from studies measuring absorption in 
humans have been published, it has become clear 
that the system does not always function as the 
 fi gure indicates. There is need, therefore, for a 
model that accommodates, insofar as possible, 
the apparent exceptions to the rule as well as its 
canonical operation.  

    R.  P.   Heaney ,  MD   
     Creighton University ,   2500 California Plaza , 
 Omaha ,  NE   68178 ,  USA    
e-mail:  rpheaney@creighton.edu   
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  Abstract 

 The standard model for regulation of calcium absorption identi fi es 
 calcitriol as the vitamin D metabolite responsible for active transport of 
calcium across the intestinal mucosa, with    25-hydroxy vitamin D [25(OH)D] 
functioning as the substrate for renal synthesis of calcitriol. However, as 
experience with measurement of calcium absorption has accumulated, it 
has become evident that (1) calcitriol is sometimes ineffective in elevating 
calcium absorption and (2) 25(OH)D is sometimes effective, apparently in 
its own right. Additionally, supplemental administration of vitamin D or 
25(OH)D sometimes increases calcium absorption, and sometimes does 
not. A new model that integrates the growing number of seemingly contra-
dictory observations is needed. Missing in the current model is the fact of 
calcium need, which helps to explain many of the discrepancies. Finally, 
the apparent cooperation of 25(OH)D and 1,25(OH) 2 D may be explain-
able by sequential binding of both metabolites to different pockets of the 
vitamin D receptor.  

  Keywords 

 Vitamin D  •  Calcitriol  •  25(OH)D  •  PTH  •  Vitamin D receptor  •  Calcium 
absorption      
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 In the absence of vitamin D, transfer of calcium 
from gut lumen into blood in nonpregnant organ-
isms occurs mainly by passive, paracellular dif-
fusion, producing  gross  absorption in humans of 
roughly 15 % of the ingested calcium. However, 
since appreciable endogenous calcium is trans-
ferred from the blood into the gut  [  1,   2  ] , this passive 
absorption is effectively countered by secretion, 
and thus little or no  net  absorption occurs. Vitamin 
D changes that. It leads to the expression in the 
enterocyte of membrane calcium transporters and 
calcium-binding proteins which complex with 
calcium entering the mucosal cell and shuttle it to 
the basolateral surface where it is released into the 
extracellular  fl uid (ECF)  [  3  ] . 

 The quantitative relationships between cal-
cium intake, net calcium absorption, and active 
transport are shown in Fig.  26.2 , which makes 
explicit the fact that net absorption rises as a 
function of both calcium intake and active (i.e., 
vitamin D-mediated) absorption.    The diagonal 
lines in the  fi gure plot, for any degree of active 
absorption, the relation of net absorption to oral 
calcium intake after factoring in the reverse  fl ux 
of calcium across the mucosa. For example, for 
an active absorption fraction of 14–16 % (typi-
cal for healthy adults), net absorption equals 
200 mg/day at a total calcium intake of about 
1,200 mg/day, the current RDA in the USA for 
postmenopausal women  [  4  ] . As active absorption 

falls (see the right-hand axis of Fig.  26.2 ), net 
absorption for any given intake falls as well, and 
at zero active transport, net absorption is zero 
or negative for all intakes below 1,100 mg/day. 1  
This quanti fi cation (and Fig.  26.2 ) simply makes 
concrete the generalization that vitamin D affects 
calcium absorption.  

 As Fig.  26.1  notes, the metabolite of vitamin 
D responsible for stimulating active calcium 
absorption is 1,25(OH) 

2
 D (calcitriol), delivered 

to the intestinal mucosa in the blood, and pro-
duced in the kidney under a complex set of con-
trols, but mainly regulated by secretion of 
parathyroid hormone (PTH). In the enterocyte, 
calcitriol complexes with the vitamin D receptor 
(VDR) which, together with other proteins, forms 
a complex that binds to the vitamin D response 
elements of the genes encoding the component 
proteins of the transport apparatus, leading to 
their expression and ultimately to augmented 
active transport of calcium across the mucosal 
cell  [  3  ] . 

 In this action calcitriol acts as one arm of a clas-
sical negative feedback loop typical of endocrine 

   1  The speci fi c contours in the  fi gure were developed for mid-
life women and may differ in degree for men or for adoles-
cents, depends on the value assigned for entry of endogenous 
calcium into the gut. Nevertheless, the basic relationships 
depicted remain true for both sexes and all ages.  

Ca need

Ca absorption1,25(OH)2D3

25(OH)DCholecalciferol

PTH secretion

  Fig. 26.1     Schematic diagram  depicting the canonical 
relationship of vitamin D 

3
  ( cholecalciferol ) to the control 

loop regulating active intestinal calcium absorption. 
Vitamin D and its 25-hydroxyl derivative function as 

 precursors for the active form of the vitamin, 1,25(OH) 
2
 D 

(calcitriol), which is synthesized in the kidney in response 
to stimuli evoked by sensed calcium need (Copyright 
Robert P. Heaney 2011. Used with permission)       
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controls. Brie fl y, when the parathyroid glands 
sense calcium need, they increase the release of 
PTH which, among other effects, leads to 
increased renal 1- a -hydroxylation of 25- hydroxy 
vitamin D [25(OH)D], with secretion of calcitriol 
into the blood and, ultimately, to increased cal-
cium entry from the gut, thereby partially coun-
teracting the stimulus that had led to increased 
PTH secretion. 

 Obviously this mechanism increases calcium 
input only when the gut lumen contains unab-
sorbed calcium, and because of this limitation the 
body does not depend solely upon control of cal-
cium absorption for its defense of ECF [Ca ++ ]. In 
addition to stimulating calcitriol synthesis, PTH 
both raises the renal excretory threshold (reducing 
urinary loss of calcium) and augments  calcium 
release from bone. With these features in mind, 
consider the response that occurs with a reduction 
in calcium intake from 1,200 to 600 mg/day in an 
individual who had established a homeostatic 
equilibrium at the higher intake. PTH secretion 
rises and all three of the PTH effects are upregu-
lated, even though the reduced calcium input in 
this instance is located to a single one of the 

effector organs. Thus, a key feature of this three-
effector response is that the three arms of this 
feedback loop  jointly  offset the stress on ECF 
[Ca ++ ] that had been produced by reduced input 
from one of them, and the offending input (i.e., 
net absorbed calcium), while improved, is not 
itself restored to its prior level. In other words, 
the feedback loop of Fig.  26.1  only partially 
 offsets the absorptive de fi cit.  

   Cholecalciferol, Parathyroid 
Hormone, and Calcium Absorption 

 Concrete expression of this incomplete response is 
seen in the well-attested, inverse relationship 
between serum PTH and 25(OH)D concentrations, 
a recent instance of which is depicted in Fig.  26.3 , 
which plots data derived from NHANES 2003–
2006  [  5  ] . The relationship is usually found to be 
curvilinear (as in Fig.  26.3 ), with PTH approach-
ing an apparently asymptotic low value at serum 
25(OH)D concentrations above 75 nmol/L (30 ng/mL). 
It is sometimes said that many studies fail to show 
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 [  11  ]  (Copyright Robert P. 
Heaney 1999. Used with 
permission)       

 



264 R.P. Heaney

an “in fl ection point”  [  6  ] . By that is meant a point 
at which the generally downward trend  fl attens out 
and PTH concentration becomes invariant with 
respect to 25(OH)D. That may be factually accu-
rate for a particular data set, but it cannot be an 
accurate re fl ection of the underlying physiology, 
as PTH cannot go negative (as is predicted by a 
linear model). Nor is there likely to be a sharp 
point where the downward trend suddenly becomes 
 fl at. As in other negative feedback control systems, 
the control signal is proportional to the “error” – 
i.e., the deviation from a set point. That means the 
curve is best represented by a decreasing exponen-
tial (as in the equation generating Fig.  26.3 ). 
Finally, although the many studies documenting 
this relationship are observational in character, 
there can be little doubt that the basic relationship 
is causal, as elevating serum 25(OH)D with vitamin D 
usually lowers serum PTH.  

 While the fact of this inverse relationship 
seems incontrovertible, its use in estimating the 
vitamin D requirement has not elicited a consen-
sus. Seemingly ignored in the associated contro-
versy is what the relationship itself tells us about 
vitamin D and calcium absorption. As noted 
above, PTH rises in response to calcium need. 
Hence, the most straightforward interpretation of 
the higher PTH values observed at low vitamin D 
status is that calcium transfer from gut to blood is 
inadequate for current needs, i.e., that not enough 
calcium is entering the body from food, thus 

requiring the calcium homeostatic system to 
compensate. Similarly, the most plausible expla-
nation for the lower PTH concentration at higher 
25(OH)D values is greater calcium input from 
the gut. In brief, any elevation of PTH above its 
set point value indicates a level of calcium input 
that would be insuf fi cient in the absence of PTH. 

 Moreover, the continuous character of the rela-
tionship depicted in Fig.  26.3  means that calcium 
absorptive ef fi ciency must itself be a continuum. 
In other words, the lower PTH values at higher 
25(OH)D concentrations must mean that calcium 
need is less, i.e., that, other things being equal, 
calcium absorption is greater at a 25(OH)D of 
30 nmol/L than at 20 and greater at 40 nmol/L than 
at 30, up to the point where the curve reaches its 
apparent asymptote. Then, no further increase in 
absorption occurs (and PTH ceases to fall). It is 
exactly this continuum of response to cholecalcif-
erol that is represented in the active absorption iso-
contours along the right-hand vertical axis of Fig.  26.2 .  

   Quantifying the Relationship 
Between Vitamin D Status 
and Calcium Absorption 

 The  fi rst study formally addressing the  relationship 
of absorption to vitamin D status  [  7  ]  used a phar-
macokinetic method, re fl ecting  net  calcium trans-
fer out of the gut (i.e., gross absorption from 
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  Fig. 26.3    Plot of serum 
PTH concentration as a 
function of serum 25(OH)D 
concentration, derived from 
NHANES 2003–2006. Points 
represent means for the 
various groupings of serum 
25(OH)D concentration, and 
the  dashed lines  represent the 
95 % con fi dence interval for 
the regression line through 
those means. That regression 
equation is as follows: 
PTH = 25.35 e (13.45/(25D+8.09)) . 
The 95 % con fi dence range 
for the coef fi cient 
is ± 2.66 pg/mL (Based on 
data from  [  5  ] . Copyright 
Robert P. Heaney 2011. Used 
with permission)       
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lumen to blood, less offsetting calcium secretion 
into the gut). The same women were tested twice, 
once at mean 25(OH)D values of 50.2 and again 
at 86.5 nmol/L (20.1 and 34.6 ng/mL). Area 
under the curve for the increment in serum cal-
cium (AUC) was found to be 65 % greater at the 
higher of the two 25(OH)D values ( P  < 0.001). 2  

 More recently Shapses et al.  [  8  ] , using a dou-
ble-tracer method, reported an increase in frac-
tional absorption of about 23 % for a difference in 
serum 25(OH)D of 23 nmol/L (9.3 ng/mL). This 
percentage change, per unit 25(OH)D increment, 
was almost identical to the proportional change 
reported for the pharmacokinetic method  [  7  ] . 
Shapses et al. downplay the role of the adminis-
tered vitamin D in the rise in absorption which 
they found, because the subjects concerned 
received alendronate as well, an agent that reduces 
calcium release from bone and thereby elicits a 
rise in PTH in its own right. However, the increase 
in absorption that they report illustrates a key fea-
ture of calcium absorption, i.e., that it is always in 
response to calcium need – a need augmented in 
this case by reduced bone resorptive response to 
PTH. Arguably, therefore, the extra vitamin D 
given to the alendronate-treated subjects was criti-
cally important, as it enabled the observed increase 
in calcium absorption ef fi ciency. 

 This mechanism is perhaps most dramatically 
illustrated in the fact that patients with undetected 
but real vitamin D de fi ciency develop severe 
hypocalcemia when treated with potent antire-
sorptive agents  [  9  ] . At low vitamin D status, they 
are unable to increase absorption suf fi ciently to 
offset the treatment-induced inaccessibility of 
skeletal calcium reserves, no matter how much 
PTH they produce. 

 These two absorption studies comprise the 
bulk of the world’s literature directly testing 

responses of calcium absorption to altered  vitamin 
D status. They complement and con fi rm the inter-
pretation of the inverse relationship between 
serum PTH and 25(OH)D concentrations shown 
in Fig.  26.3 . However, there is one other study, 
also published just recently, that bears indirectly 
on this issue. Kimball et al.  [  10  ] , evaluating indi-
cators of possible toxicity from high doses of 
vitamin D, described the relationship between 
serum 25(OH)D and urine calcium-to-creatinine 
ratio (UCa:cr). The latter is a re fl ection of net cal-
cium absorption precisely because the small 
absorptive rise in serum calcium increases the 
renal  fi ltered load of calcium and leads to a rise in 
urine calcium. Teasing out that absorptive effect, 
Kimball et al. present a scatterplot of UCa:cr 
against serum 25(OH)D and, using a LOESS 
method, show that the data themselves indicate a 
rise in UCa:cr as serum 25(OH)D values rises 
from 33 nmol/L (13.2 ng/mL) to about 80 nmol/L 
(32 ng/mL)  [  10  ] . 

 Using the piecewise regression routine of SAS 
(PROC_NLIN) on their data (S. Kimball, per-
sonal communication), the break point seen in 
the LOESS plot was found to be 79.9 nmol/L 
(31 ng/mL), with a 95 % con fi dence interval 
of ± 31 nmol/L (12 ng/mL). While this result does 
not locate the transition point with suf fi cient pre-
cision to resolve controversy concerning optimal 
vitamin D status, it does reinforce the conclusion 
that, in its effect on calcium absorption, vitamin 
D, like nutrients such as iron and calcium, exhib-
its threshold behavior, i.e., below a certain vita-
min D status, calcium absorption rises when 
vitamin D status is improved, and above that 
level, no further rise in calcium absorption occurs. 
The best  fi t regression lines through the data of 
Kimball et al. (and their con fi dence limits) are 
shown in Fig.  26.4 , for serum 25(OH)D values 
extending from a clearly de fi cient 33 nmol/L 
(13 ng/mL) to 225 nmol/L (90 ng/mL), the upper 
end of the physiological range.  

 The plateau above 80 nmol/L seen in Fig.  26.4  
had been described previously  [  7,   11  ]  and is an 
important feature of vitamin D physiology. It is 
the range of 25(OH)D concentrations at which 
physiological adaptation is no longer limited by 
vitamin D status. What it also means (and what is 
little appreciated outside the vitamin D  fi eld) is 

   2  In its report setting forth the DRIs for calcium and vitamin D 
 [  4  ] , the IOM discounted this study, on the grounds that it 
used a method that was “nonstandard” and “indirect.” This 
characterization was inaccurate for several reasons, not 
least of which is that (1) the method is, in fact, the gold 
standard in the European Union; (2) it is the only method 
that can be used for sources that cannot be intrinsically 
labeled (e.g., preformulated supplements and prepared 
foods); and (3) it does, in fact, directly measure the rise in 
serum calcium produced by net calcium absorption.  
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that cholecalciferol does not itself cause calcium 
absorption. This is shown clearly on the long pla-
teau region of Fig.  26.4  over which serum 25(OH)
D concentration rises threefold but urine calcium 
does not change. This same conclusion is also 
supported by the fact that outdoor summer workers 
[who often have 25(OH)D values in the range 
of 150 nmol/L (60 ng/mL)] do not hyperabsorb 
calcium  [  12  ] .  

   Rethinking the Model 

 A satisfactory model of absorption control must 
provide a way not only to quantify absorptive 
performance but must also make provision for 
what would seem to be exceptions to its currently 
presumed operation. Several such anomalies will 
be described as follows: (1) the multisystem 
functionality of 25-hydroxy vitamin D [25(OH)D] 
itself; (2) the fact that there are many reports of 
vitamin D administration in quantities suf fi cient 
to change serum 25(OH)D appreciably, which 
nevertheless do not show the change in calcium 
absorption ef fi ciency that Figs.  26.1  and  26.2  
predict; (3) the fact that in vitamin D de fi ciency 
osteomalacia, active calcium absorption is low 
or absent, despite frequently normal or even 
high serum concentrations of calcitriol; (4) the 
greater effectiveness of 25(OH)D vs. calcitriol in 
 treatment of nutritional vitamin D de fi ciency; 

and (5) the vitamin D-independent rise in calcium 
absorption in pregnancy and in late adolescence. 

   25-Hydroxy-vitamin D 

 25(OH) D, the  fi rst of the derivatives of cholecal-
ciferol to be discovered  [  13  ] , was for a time 
thought to be  the  active form of the vitamin and 
was developed originally as a drug. However, 
such use was soon eclipsed when calcitriol, the 
true active form, was discovered  [  13  ] . In 1997, 
the Food and Nutrition Board, in the  fi rst of the 
Institute of Medicine’s (IOM) Dietary Reference 
Intake volumes, designated serum 25(OH)D con-
centration as the functional indicator of vitamin 
D status  [  14  ] . Since then, quantitative studies 
have shown that circulating 25(OH)D also com-
prises an important portion of total body vitamin 
D stores: under prevailing inputs, it can account 
for perhaps one-third of total body vitamin D 
content  [  15  ] . 

 But there is more to the importance of 25(OH)D 
than these somewhat passive roles might suggest. 
Prior to the discovery and deployment of calcitriol, 
25(OH)D had demonstrated what, in hindsight, 
is a surprising functionality, increasing calcium 
absorption ef fi ciency and improving bone status 
in patients with end-stage renal  disease. Further, 
in side-by-side comparisons, it functioned as well 
or better than calcitriol (e.g.,  [  16–  19  ] ). In a 1978 

1.2

1.4

1.0

0.8

0.6

0.4

0.2

0.0
0 50 100

Serum 25(OH)D (nmol/L)

U
rin

e 
C

a:
cr

150 200

  Fig. 26.4    Piecewise 
regression through the urine 
calcium:creatinine ratios 
(mmol:mmol) from the data 
supplied by Kimball and 
Vieth (personal communica-
tion). Both  above  and  below  
the  breakpoint  the  solid lines  
represent the least squares, 
linear regression lines 
through their data, and the 
 dashed lines , the 95 % 
con fi dence interval for the 
two regression lines 
(Copyright Robert P. Heaney 
2011. Used with permission)       

 



26726 Vitamin D and Calcium Absorption: Toward a New Model

paper describing response to various treatments 
of nutritional vitamin D de fi ciency  [  16  ] , Bordier 
et al. showed that 25(OH)D completely normal-
ized defective bone mineralization, while calcit-
riol did not (Fig.  26.5 ). This failure of calcitriol 
to correct the bone manifestations of nutritional 
vitamin D de fi ciency almost certainly re fl ects an 
underlying failure of calcitriol by itself to increase 
calcium absorption. This conclusion follows from 
the fact that calcium alone, without any vitamin 
D, will heal the bone lesions of osteomalacia. Any 
comprehensive model of vitamin D action will 
have to explain both the failure of calcitriol and the 
functional effects of 25(OH)D which, in standard 
theory, serves mainly as the substrate for renal and 
peripheral 1- a -hydroxylases (as in Fig.  26.1 ).   

   Failure of Calcium Absorption 
to Respond to Vitamin D 

 In several vitamin D trials, calcium absorption did 
not increase as predicted. Several of these were 
also calcium supplement trials, in which calcium 
intake was augmented by 1,000–1,500 mg/day. 

In one,  fractional  calcium absorption actually 
decreased in the face of an appreciable rise in serum 
25(OH)D  [  20  ] . [However, with the augmented cal-
cium intake,  net  calcium absorption had to have 
increased (see, e.g., Fig.  26.2 )]. In another study, 
Park et al. gave vitamin D to growing adolescent 
girls with suboptimal serum 25(OH)D concentra-
tions  [  21  ] . Despite improved vitamin D status, cal-
cium absorption fraction actually fell. [It is 
important to note, however, that the pretreatment 
net absorption in these girls averaged over 400 mg/
day, more than enough to support bone accretion at 
the adolescent growth spurt. Whatever may be the 
mechanism responsible for that absorptive perfor-
mance, it seems clear that the calcium need of these 
girls was being met without extra vitamin D.] 

 More puzzling than the failure to respond to 
additional cholecalciferol is the high absorption 
fraction observed in adolescents. Earlier, O’Brien 
et al.  [  22  ]  had shown, across a broad range of cal-
cium intakes and altogether apart from vitamin D 
status, that adolescent girls exhibit absorption frac-
tions about 45 % higher than adult women for the 
same calcium intakes. Assuming nominal values 
for entry into the gut of endogenous calcium, an 
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increase in absorption fraction of this magnitude is 
fully suf fi cient to explain the retention values 
reported by Park et al.  [  21  ] . Clearly, however, this 
absorptive performance is either independent of 
vitamin D or is a result of greatly increased respon-
siveness of the renal 1- a -hydroxylase to ambient 
vitamin D status. Some degree of vitamin D inde-
pendence is clearly shown in patients with vitamin 
D-resistant rickets who have low absorption 
ef fi ciency during childhood but above expected 
normal ef fi ciency in late adolescence  [  23  ] . 

 These studies illustrate the importance of cal-
cium need as the initiating and sustaining stimu-
lus in the endocrine control loop that regulates 
calcium absorption. Substantially augmenting 
calcium intake is one way to counteract calcium 
need (see Figs.  26.1  and  26.2 ), and when that 
occurs, calcium absorption  fraction  appropriately 
falls, even in the face of increased cholecalciferol 
intake and rising serum 25(OH)D (e.g.,  [  21  ] ). 

 Calcium need, which I address further below, 
is the one constant running through the foregoing 
discussion. The ability to respond to calcium 
need is nominally dependent upon vitamin D sta-
tus, but how the prevailing model (Fig.  26.1 ) 
incorporates that dependence has been unclear.  

   The Paradox of High (or Normal) 
Calcitriol Concentrations and Low 
Calcium Absorption in Nutritional 
Osteomalacia 

 It has proved dif fi cult to explain why the endo-
crine feedback loop fails to operate as expected 
in the face of outspoken vitamin D de fi ciency, 
when calcium is poorly absorbed despite calcit-
riol levels that are sometimes normal or even 
high. Figure  26.5  illustrates a further instance of 
this failure of calcitriol to elevate absorption 
when vitamin D status is low. Although the 
 measure used in Fig.  26.5  was bone mineraliza-
tion, the poor performance of calcitriol, as noted 
earlier, has to mean that calcium absorption was 
not increased appreciably, since calcium alone, if 
given in suf fi cient quantity, will heal the mineral-
ization defect in osteomalacic bone. It has been 

suggested in this instance that the enterocyte, in 
addition to accessing administered calcitriol cir-
culating in the blood, expresses its own 1- a - 
hydroxylase and synthesizes additional calcitriol 
for itself from circulating 25(OH)D, a process 
which would be impeded if serum 25(OH)D val-
ues were low. This seems an unsatisfactory expla-
nation for two reasons: (1) it fails to address why 
additional calcitriol would be necessary if serum 
calcitriol is already “normal” and (2) it ignores 
the controls built into the system to prevent 
hyperabsorption when vitamin D status is normal 
and calcium absorption is adequate. 

 On a related issue (as Fig.  26.5  also shows), 
calcitriol’s ef fi cacy in correcting the mineraliza-
tion defect of osteomalacic bone was rescued by 
coadministration of 24,25(OH) 

2
 D. A parallel 

study illustrating this same failure of calcitriol 
used a fracture healing model, and showed, as 
had Bordier et al.  [  16  ] , that the combination of 
calcitriol with 24,25(OH) 

2
 D supported fracture 

healing, while calcitriol alone did not  [  24  ] . 
 Another instance of the same failure is the 

inability of calcitriol to elevate calcium absorp-
tion appreciably in patients with end-stage renal 
disease  [  25  ] , at least so long as serum 25(OH)D 
is low. The serum concentration of 24,25(OH) 

2
 D 

was not measured in these studies, nor was it used 
as co-therapy. Nevertheless, as 24,25(OH) 

2
 D is 

synthesized in the kidney  [  26  ] , just as is calcit-
riol, it is worth noting that supplying calcitriol 
alone provides only one of the two metabolites 
missing in end-stage renal disease. 

 The same basic failure of increased serum cal-
citriol fully to reverse calcium need is implicit in 
the relationship of PTH to 25(OH)D concentra-
tions (Fig.  26.3 ). The high PTH values at low 
vitamin D status elicits a rise in renal synthesis of 
calcitriol – as shown explicitly, e.g., in the study 
of Shapses et al.  [  8  ]  (among many others) – and 
should thus have led to a reduction in PTH. But 
PTH remains elevated. This failure to return to a 
prior equilibrium at the level of the whole organ-
ism can only mean that calcitriol, while necessary 
for absorption, is not itself fully suf fi cient and 
that the lower the vitamin D status, the greater the 
insuf fi ciency. In other words, absorptive response 
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to a given level of circulating calcitriol falls as 
serum 25(OH)D concentration falls. Although 
studies directly addressing this question are virtu-
ally nonexistent, the available data suggest that, 
for the calcium absorptive response to occur, both 
calcitriol and 25(OH)D must be present in ade-
quate concentration, presumably at the level of 
the mucosal cell, but somewhere in the system at 
least, a point that I shall develop below.  

   Pregnancy 

 A different kind of problem arises in the context 
of pregnancy  [  27  ] . While serum calcitriol concen-
trations rise dramatically throughout pregnancy, 
 free  calcitriol does not rise till the third trimester. 
However, calcium absorption ef fi ciency rises by 
the second trimester  [  27,   28  ] , suggesting involve-
ment of a non-vitamin D mechanism for absorp-
tion. That this may indeed be the case is indicated 
by the effect of pregnancy in the VDR-null mouse 
which, as would be predicted, has poor calcium 
absorption in the basal state. However, the mouse, 
when pregnant, increases calcium absorption just 
as do wild-type mice (and humans)  [  29  ] . 
Absorption becomes so ef fi cient that, by term, the 
mouse emerges from pregnancy with a normal 
skeletal phenotype (whereas the unbred VDR-
null mouse has an osteoporotic phenotype). 
Brommage et al.  [  30  ]  had earlier shown the same 
effect of pregnancy on calcium absorption in vita-
min D de fi cient rats. The mechanism of this preg-
nancy effect is unknown. It must involve either an 
alternative mechanism for transcellular transport 
of calcium ions (active absorption) or greatly 
enhanced paracellular diffusion (passive absorp-
tion). Either way, some unknown pregnancy-
related stimulus triggers this surprising effect.   

   Calcium Need 

 A key feature of the forgoing discussion is the 
notion of “calcium need,” which is a concept, 
not a measured variate. Fortunately free serum 
calcitriol serves as biomarker for this need, if 

not a suf fi cient corrective thereof. When the 
organism senses calcium need, it upregulates 
calcitriol production, and when calcium require-
ments are satis fi ed, downregulates it (Fig.  26.1 ). 
If adequate calcium is somehow being made 
available, further vitamin D will have no effect 
on calcium absorption; there simply is no cal-
cium need. 

 However, most adults today need additional 
calcium at prevailing calcium intakes  [  31  ]  and 
prevailing vitamin D levels. (The fact that, in 
the populations often studied, intakes of  both  
nutrients are commonly inadequate confounds 
the interpretation of single-nutrient supplemen-
tation trials.) Even at relatively low calcium 
intakes, there is plenty of unabsorbed calcium 
in the gut lumen, as net absorption averages 
only about 10–12 % of intake. The fact that 
individuals are not extracting more of the cal-
cium present in their diets in the face of mani-
fest need indicates a failure adequately to 
elevate active calcium transport, i.e., a relative 
vitamin D inadequacy. Had their active absorp-
tion been as high as, e.g., 32 % (as would be the 
case in primary hyperparathyroidism and thus 
physiologically plausible), a calcium intake as 
low as 500 mg/day would have been suf fi cient 
to meet typical systemic calcium needs (see 
Fig.  26.2 ). 

 Increasing either calcium intake or vitamin D 
status (or both) inevitably augments  net  calcium 
absorption so long as there is calcium need. This 
explains both the rise in calcium absorption in oth-
erwise untreated postmenopausal women receiving 
cholecalciferol (but no extra calcium)  [  7  ]  and at the 
same time the absence of a rise in absorption frac-
tion in postmenopausal women given large calcium 
supplements (plus cholecalciferol)  [  21  ] . It also 
explains why outdoor workers with high vitamin D 
status levels do not hyperabsorb  [  12  ] .  

   The Two Binding Site Mechanisms 

 As noted above, existing data strongly suggest 
that both calcitriol and 25(OH)D [and/or 
24,25(OH) 

2
 D] are required for optimal control of 
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calcium absorption. How can 25(OH)D be acting 
in this context?    A possible answer is suggested 
by recent work of Norman’s group  [  32–  35  ]  dem-
onstrating that the VDR exhibits two ligand 
pockets, one needed for genomic action (the 
genomic pocket – GP – and exhibiting 1,000-fold 
greater af fi nity for calcitriol than for 25(OH)D) 
and the other (the AP or “alternate pocket”) able 
to bind 25(OH)D as readily as calcitriol. In at 
least one model system tested to date, function of 
both pockets is required for the full effect of the 
VDR ligand complex to produce the vitamin 
D-speci fi c effect  [  35  ] . If, instead of being simply 
a calcitriol precursor, 25(OH)D [or 24,25(OH) 

2
 D] 

is serving as an essential cofactor in the vitamin 
D signaling sequence that leads to calcium 
absorption, then we have both a richer model 
with which to work  and  an explanation for some 
of the anomalies discussed above. 

 Given the large serum concentration differ-
ence between calcitriol and 25(OH)D in the intact 
organism, the VDR-AP would be expected to 
have 25(OH)D as its regular ligand, at least so 
long as 25(OH)D concentrations are adequate. 
This model proposes that, without such occu-
pancy, calcitriol, despite being present in “nor-
mal” concentrations (and accordingly available 
for binding to the VDR), would not by itself be 
able to cause full expression of the genes neces-
sary to activate the intestinal calcium absorptive 
mechanism. Evaluation of this possible mecha-
nism would be aided by the elucidation of the dis-
sociation constant of the VDR-AP for 25(OH)D, 
i.e., determining whether occupancy of the 
VDR-AP is likely to vary appreciably in the range 
of physiological concentrations of 25(OH)D.  

   Summary 

 While the details of the mechanism by which 
25(OH)D and calcitriol jointly interact to regu-
late absorption are still to be worked out in detail, 
several other features of the homeostatic context, 
of which calcium absorption is one component, 
can be asserted with some con fi dence:

   Calcitriol is the principal factor that directly • 
stimulates active intestinal calcium absorption 
through established genomic mechanisms.  
  The organism responds to calcium need by • 
upregulating renal synthesis of calcitriol.  
  This function is observed in nonpregnant indi-• 
viduals with normal vitamin D status and renal 
function, but may not be so straightforward 
otherwise (see below).  
  With the exception of the vitamin D-independent • 
calcium absorption of pregnancy and possibly 
adolescence,  active  calcium transport usually 
requires calcitriol bound to the VDR, i.e., calcit-
riol is a necessary, but probably not suf fi cient, 
condition for active calcium absorption to occur.  
  Calcitriol’s effect on absorption ef fi ciency is • 
dependent upon vitamin D status, i.e., it needs 
25(OH)D to be present in the system in order 
to increase calcium absorption adequately. 
That dependence on 25(OH)D is not just as a 
precursor of calcitriol but as a cofactor  with  
calcitriol, possibly involving a prior step in the 
signaling sequence leading up to calcitriol’s 
genomic effect.  
  Cholecalciferol and 25(OH)D have no inde-• 
pendent effect on calcium absorption in the 
absence of calcium need. The many studies 
showing an absorptive response to increases in 
25(OH)D concentration re fl ect the presence of 
an underlying calcium need which calcitriol, 
alone, had not been able to satisfy, i.e., 25(OH)D 
enables response to calcitriol.  
  Thus, raising vitamin D status (short of intoxi-• 
cation), even from nominally low levels, will 
not increase calcium absorption unless there is 
calcium need, as re fl ected, e.g., by elevated 
free serum calcitriol concentrations (the bio-
marker for calcium need).         
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  Abstract 

 Vitamin D insuf fi ciency is a common problem worldwide, with a varying 
prevalence depending on the population of interest and cutoff used to 
de fi ne insuf fi ciency. The medical literature has witnessed an explosion in 
the number of vitamin D publications over the last three decades, most 
convincingly supporting a bene fi cial effect of vitamin D on musculoskel-
etal parameters. This led the Institute of Medicine (IOM) to issue an update 
in 2011 with an increase in the recommended vitamin D intake across all 
age groups and to set the desirable level at 50 nmol/L. This compares mod-
estly to the desirable level recommended by the Endocrine Society (ES) of 
75 nmol/L, which is similar to that recommended by the International 
Osteoporosis Foundation for older individuals. While the IOM Committee 
focused on the population needs in North America, the Endocrine Society 
tried to target high-risk populations. Some of the lowest vitamin D levels 
are recorded in black subjects and in non-western populations, popula-
tions in whom data on fractures and falls are scarce. Information using 
surrogate markers for the bene fi cial effect of vitamin D action on muscu-
loskeletal health has many limitations, even in Caucasian subjects where it 
is the most available. The calcium–vitamin D economy in blacks seems 
different, and the desirable vitamin D level to optimize musculoskeletal 
health may be lower than that of Caucasians. Furthermore, some evidence 
from association studies suggests an increase in the risk of fractures in 
blacks, and possibly Asians, at 25(OH)D levels exceeding the desirable 
level for Caucasians. In view of this apparent divergence, the lack of solid 
outcome data in other ethnic and racial groups, and the multitude of modu-
lators that affect vitamin D metabolism and action, the notion of a global 
desirable vitamin D level to date is not tenable.  

      Do Desirable Vitamin D Levels 
Vary Globally?       

     Ghada   El-Hajj   Fuleihan  ,     Maya   Rahme  ,  
and    Darina   Bassil        
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   Abbreviations 

  1.25(OH) 
2
  D     1,25-Dihydroxyvitamin D   

  25(OH)D    Hydroxyvitamin D   
  AIDS     Acquired immune de fi ciency 

syndrome   
  BMI    Body mass index   
  CI    Con fi dence interval   
  ER    Estrogen receptor   
  ES    Endocrine Society   
  HIV     Human Immunode fi ciency virus   
  HR    Hazard risk   
  IOF     International Osteoporosis 

 Foundation   
  IOM    Institute of Medicine   
     LASA     Longitudinal Aging Study 

Amsterdam   
  NHANES     National Health and Nutrition 

Examination   
  OC    Osteocalcin   
  OR    Odds ratio   
  PM    Postmenopausal   
  PTH    Parathyroid hormone   
  RIA    Radioimmunoassay   
  RR    Relative risk or risk ratio   
  SNP     Single-nucleotide polymorphism   
  T1DM    Type 1 diabetes mellitus   
  T2DM    Type 2 diabetes mellitus   
  TB    Tuberculosis   
  USA    United States of America   
  VDR    Vitamin D receptor   
  WHI     Women’s Health  Initiative         

   Introduction    

 Vitamin D is a steroid hormone that controls 
more than 200 genes and thus impacts a wide 
range of molecular and cellular functions. While 
the impact of vitamin D on musculoskeletal 
health and bone and mineral metabolism are well 

established  [  1–  3  ] , an increasing body of evidence 
over the last three decades supports associations 
with decreased mortality  [  4,   5  ] , in addition to 
pleiotropic effects  [  6,   7  ] . In a systematic review 
of 50 randomized trials, including 94,148 partici-
pants, vitamin D3 was associated with decreased 
mortality, with a relative risk (RR) of 0.94, 95 % 
CI 0.91–0.98  [  8  ] . Nonclassical proposed 
bene fi cial effects are on cardiovascular diseases 
 [  6–  10  ] , type 2 diabetes mellitus (T2DM) and the 
metabolic syndrome  [  11,   12  ] , type 1 diabetes 
mellitus (T1DM)  [  13–  15  ] , innate immune 
responses and self-tolerance  [  16–  18  ] , multiple 
sclerosis  [  19–  21  ] , and selected cancers  [  22–  25  ] . 

 Vitamin D insuf fi ciency is a common prob-
lem worldwide, with a prevalence of 50–90 %, 
depending on the cutoff used to de fi ne 
insuf fi ciency and on the population of interest. 
Some of the highest prevalences are described in 
India, China, the Middle East, and Southern 
Europe, as opposed to Northern America and 
Europe  [  1,   26–  29  ] . Vitamin D status depends on 
the production of vitamin D3 in the skin, under 
the in fl uence of ultraviolet light, and on vitamin 
D intake, from dietary or supplemental sources. 
The serum 25-hydroxyvitamin D [25(OH)D] 
concentration is the preferred indicator of vita-
min D status, skin being the source for 50–90 % 
of circulating levels. Consistent predictors of 
low vitamin D levels are latitude, race–ethnicity 
skin color, clothing style, body mass index 
(BMI), and socioeconomic status. At particular 
risk are young children, pregnant women, and 
the elderly  [  1,   26–  28  ] . Ganji et al. recently 
described secular trends in vitamin D status in 
the NHANES study, with a decrease in mean 
levels and an increase in prevalence estimates. 
Indeed, the overall prevalence of hypovitamino-
sis D, de fi ned as serum 25(OH)D <25 nmol/L, 
increased by approximately 100 % from 1988–
1994 to 2001–2006 (from 2.4 to 4.7 %;  P  < 0.001) 
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in the overall group. The overall geometric mean 
serum 25(OH)D concentrations decreased, after 
adjusting for assay variation, by 9 % from 
61 nmol/L in 1988–1994 to 55 nmol/L in 2001–
2006 ( P  < 0.001) in the overall group, a decline 
that was even greater, by 16 %, that is from 64 to 
54 nmol/L,  P  < 0.001, in adolescents  [  30  ] . The 
wide variation in the prevalence of hypovitamin-
osis D globally is in part explained by the differ-
ent vitamin D assays and variable cutoffs used in 
the various studies. 

 Two recent sets of recommendations both 
issued in 2011 by the Institute of Medicine (IOM) 
and the Endocrine Society (ES) de fi ned differing 
desirable 25(OH)D levels, see Fig.  27.1   [  31,   32  ] . 
The charge of the IOM Committee was to deter-
mine the population needs for calcium and vita-
min D in North America, and the objective of the 
ES task force was to provide guidelines to clini-
cians for the evaluation, treatment, and preven-
tion of vitamin D de fi ciency, with an emphasis 
on the care of patients who are at risk for 
de fi ciency.    Although the authors of both guide-
lines conducted extensive and thorough reviews 
of the literature; used for the most part the same 
studies, identical prede fi ned musculoskeletal 

outcomes, and surrogate measures for such out-
comes; and established criteria to grade the qual-
ity and strength of the evidence, they reached 
different recommendations. Furthermore, their 
recommendations were most relevant to western 
populations.  

 Mean circulating 25(OH)D levels vary 
between ethnic groups in the USA, being lower 
in blacks and Hispanics, than non-Hispanic 
whites  [  33–  35  ] , and also in many other popula-
tions worldwide  [  1,   26,   27  ] . In this chapter, we 
address the question whether desirable 25(OH)D 
levels vary globally. To de fi ne desirable levels, 
the bene fi cial effects of vitamin D on musculosk-
eletal outcomes, that is, fractures and falls, and 
on surrogate measures and markers of mineral 
metabolism are considered as primary endpoints. 
Pertinent studies relevant to pleiotropic effect of 
vitamin D on nonclassical outcomes are also 
brie fl y overviewed. The term globally was used 
in its literary meaning (dictionary de fi nition), and 
thus the purpose of this chapter is to determine 
whether desirable vitamin D levels vary world-
wide, between different populations and differing 
ethnicities, or whether a common universal desir-
able level can be de fi ned.  

Desirable 25 (OH)D level

ng/mL 0 10 20 30 40 50 60

0 25

Deficiency

Deficiency

Insufficiency

Insufficiency

Desirable* ES

IOM

IOF

Desirable*

Desirable*

50 75 100 125 150
nmol/L

  Fig. 27.1    Recommended desirable 25(OH)D levels. 
Desirable 25(OH)D levels as recommended by the 
Endocrine Society (ES) 2011 Guidelines, the Institute of 
Medicine (IOM) 2011 Report, and the IOF 2010 Position 
statement. *Desirable 25(OH)D level: the IOM Report 

states that levels above 125 nmol/L should raise concerns 
about potential adverse effects, whereas no clear state-
ment was made by ES. The IOF recommendation was 
speci fi cally targeting the elderly       
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   Methods 

 A PubMed search covering the period between 
January 1, 1966, and May 10, 2012, was con-
ducted. It was updated up to Aug 15, 2012, for the 
primary outcomes of falls and fractures. The search 
was limited to English language. For the primary 
outcomes of falls and fractures, the key terms vita-
min D, falls, fractures, and meta-analysis were 
used. For the surrogate markers of bone and min-
eral metabolism, that is, vitamin D–PTH relation-
ship, calcium absorption, and bone mineral density, 
these keywords were used each separately, com-
bined with the key terms ethnicity and vitamin D. 

 All articles were scanned by title to select rel-
evant publications; abstracts for these were 
reviewed, leading to the ultimate publications 
that were reviewed in full for relevant informa-
tion. Additional pertinent papers not identi fi ed 
through the above searches, or in press, identi fi ed 
by authors were also taken into consideration. 
For surrogate markers of bone and mineral 
metabolism population-based studies were 
favored, but if unavailable, as was the case for 
most ethnic groups excluding blacks, smaller 
studies were reviewed.  

   Bene fi cial Effect of Vitamin D 
on Classical Outcomes 

   Direct Evidence from Randomized 
Controlled Trials on Fractures and Falls 

 A PubMed search at the time of the symposium, 
updated to Aug 2012, revealed a total of 11 rele-
vant meta-analyses on fractures, summarized in 
Table  27.1   [  25,   36–  45  ] . Similarly, a total of nine 
meta-analyses on falls were retrieved, summa-
rized in Table  27.2   [  39,   46–  53  ] .   

 For fractures, a total of 60 publications were 
originally identi fi ed by title, of which 10 stud-
ies were relevant and had their abstract screened, 
in addition to one study retrieved from our 
database  [  38  ]  for a total of 11 publications. A 
protective effect of vitamin D supplementation 
on the incidence of fractures including hip and 
non-hip fractures was observed in some, but not 

all  studies, with odds ratios (ORs) or relative 
risks (RRs) varying between 0.70 and 0.92 for 
positive studies (Table  27.1 ). The most consis-
tent effect was on hip fractures, where out of 13 
positive estimates, 7 were on hip fractures, and 
more likely to be in trials on vitamin D plus cal-
cium or in trials using high doses of vitamin D 
(Table  27.1 ). Conversely, three positive estimates 
were on non-vertebral fractures (four if subgroup 
analyses included) and two on overall/total frac-
tures. The differences between the meta-analyses 
could in part be explained, by differences in the 
criteria for trial selection, vitamin D formula-
tion used (oral vs. injectable), varying adherence 
with study drugs, and/or methodologies used to 
implement analyses. In an attempt to resolve the 
controversy above, Bischoff-Ferrari et al. con-
ducted a pooled analysis from 11 double-blind, 
randomized, controlled trials of oral vitamin 
D supplementation (daily, weekly, or every 4 
months), with or without calcium, as compared 
to placebo or calcium alone, in persons 65 
years of age or older  [  45  ] . At doses greater than 
800 IU/day, the authors demonstrated a 30 % 
reduction in the risk of hip fracture hazard ratio 
   (HR) = 0.70 [0.58–0.86] and a 14 % reduction in 
the risk of any non-vertebral fracture (HR)    = 0.86 
[0.76–0.96], in these elderly subjects. The advan-
tage of the latest analyses is the fact that the 
investigators considered participant-level pooled 
analysis and the actual dose of vitamin D con-
sumed by study subjects  [  45  ] . Threshold assess-
ment of hip fracture risk according to 25(OH)D 
cutoffs revealed a signi fi cantly protective effect 
of vitamin D at levels >43–60 nmol/L for non-
hip fractures and  ³ 61 nmol/L for hip fractures. 
Similarly, Dawson-Hughes et al. suggested that 
a mean 25(OH)D level of 65 nmol/L would be 
needed to reduce non-vertebral fracture risk and 
of 75 nmol/L to reduce hip fracture risk  [  54  ] . 
The overwhelming majority of randomized tri-
als were conducted in western countries, with an 
anticipated predominance of Caucasian subjects. 
Indeed, ethnicity was speci fi ed in only two US 
studies, both of which were included in six of 
the meta-analyses, whereas the meta-analyses of 
Bischoff-Ferrari et al. 2005 and DIPART 2010 
only used one. 
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 Regarding falls, the search identi fi ed 16 titles, 
a total of 8 were used, in addition to one that was 
identi fi ed from our database, for a total count of 
9 publications. The results for falls as shown in 
Table  27.2  were more consistently positive, with 
ORs/RRs ratios varying between 0.72 and 0.94, 
with the exception of the study by Gillespie et al. 
 [  49  ]  and Jackson et al.  [  39  ] . However, when 
assessing ef fi cacy of vitamin D in reducing num-
ber of fallers by vitamin D level at study entry, 
the risk ratio in 563 subjects partaking in three 
studies was signi fi cantly reduced, RR = 0.65 
[0.46–0.91]  [  49  ] . The overall positive results for 
falls are also consistent with the sensitivity analy-
ses of six trials with high-quality fall assessment, 
the IOM implemented showing a 21 % reduction 
in the odds of falling (OR = 0.79; 0.65–0.96; het-
erogeneity  I  2  = 0 %)   . Again, the overwhelming 
majority of randomized trials were conducted in 
western countries, with an anticipated predomi-
nance of Caucasian subjects; however, ethnicity 
was speci fi ed in only one study. The study was 
conducted in the USA, stated that ethnicity was 
mixed, and was included in  fi ve meta-analyses 
(Table  27.2 ). Therefore, based on the randomized 
controlled trials available to date, there is no good 
evidence for a bene fi cial effect, or the absence 
thereof, of vitamin D supplementation on falls or 
fractures in non-Caucasian subjects.  

   Indirect Evidence: Surrogate Markers 
for the Effect of Vitamin D on Mineral 
Metabolism 

 Low levels of 25(OH)D are associated with cal-
cium malabsorption, secondary hyperparathy-
roidism, increased bone resorption, bone loss, 
and fractures. Very low levels cause osteomalacia 
in adults. Desirable 25(OH)D levels have thus 
also been de fi ned by examining the relationship 
between this metabolite and surrogate markers of 
its impact on mineral metabolism, namely, PTH 
levels, calcium absorption, bone remodeling, and 
density. The challenges with such approach for 
all such surrogates are numerous and include the 
fact that such relationships are modulated by 
many other variables that are not captured in 

these two-dimensional models, including age, 
gender, race, calcium intake, renal function, body 
mass index (BMI), and genetic polymorphisms 
(VDR, ER, etc.). This is to be added    to the scarce 
head-to-head comparisons between racial and 
ethnic groups and the inherent variations between 
the 25(OH)D assays used (see below). This sec-
tion will examine the evidence stemming from 
such relationships in general and how it pertains 
to ethic and racial groups in particular.   

   Vitamin D and PTH 

    25(OH)D insuf fi ciency thresholds have been sug-
gested based on the inverse association between 
25(OH)D and PTH, because low vitamin D 
causes hyperparathyroidism and high PTH levels 
are associated with increased bone turnover, lead-
ing to greater bone loss. Thus, maintenance of 
suf fi cient 25(OH)D levels would be anticipated 
to enhance bone health. In his review of the topic, 
Willet underscored the wide range of proposed 
25(OH)D thresholds in the various studies avail-
able at the time, ranging from 25 to 90 nmol/L, 
depending on the study, and concluded that such 
approach may not be the best mean to identify 
vitamin D insuf fi ciency in various populations 
 [  55  ] . Similarly, in their review of the literature on 
this topic from 1988 to June 2010, Sai et al. 
reviewed a total of 70 studies showing an inverse 
relationship between serum 25(OH)D and PTH 
and again outlined the wide variability in 25(OH)
D levels at which PTH plateaus, where levels 
ranged from 25 to 125 nmol/L. Similar wide vari-
ations were presented when the data was ana-
lyzed by age, gender, or world region (the USA, 
Europe, Asia, Australia, and the Middle East) 
 [  56  ] . Three studies had differing plateaus based 
on age, two based on gender and one by ethnicity. 
The wide variations detailed are explained by the 
numerous modulators detailed above, data from 
the most established ones are discussed below. 
Finally, no plateau could be de fi ned in eight stud-
ies, and no relationship between 25(OH)D and 
PTH could be described in three studies  [  56  ] . 

 The PubMed search we conducted included 
ethnicity as a keyword and revealed a total of 121 
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publications, and although many included infor-
mation on 25(OH)D and or PTH in different eth-
nic groups, most did not analyze the data in terms 
of evaluating the 25(OH)D–PTH relationship nor 
de fi ned an in fl ection point, that is, 25(OH)D level 
below which PTH levels rise sharply, or a pla-
teau, the 25(OH)D level above which PTH levels 
did not suppress any further. Therefore, a total of 
41 relevant publications were reviewed in full, of 
which 35 are detailed in this manuscript. 

 For studies conducted in white (Caucasian) 
subjects, we elected to focus on population-
based studies, as the most powerful and repre-
sentative. These include the two recent 
population-based studies, NHANES in the 
United States and CaMOS in Canada, that pro-
vided differing conclusions  [  57,   58  ] . In the for-
mer, a total of 8,415 individuals, mean age 
between 37 and 45 years, including both gen-
ders, recruited in 2003–2004 and 2005–2006, 
were included: 51 % were white, 25 % blacks, 
and 25 % Mexican Americans. Whereas a con-
tinuous inverse association between 25(OH)D 

and PTH was observed across 25(OH)D levels in 
white and in Mexican American subjects, with no 
plateau, the curve became  fl at at 25(OH)D levels 
above 50 nmol/L in blacks, using the    DiaSorin 
radioimmunoassay (RIA) ( [  57  ] , Fig.  27.2 ). The 
lack of an in fl ection point in white subjects is 
consistent with  fi ndings from the LASA 
(Longitudinal Amsterdam Study of Aging, 59) 
and the British Diet and Nutritional Survey, con-
ducted in elderly individuals between 1994 and 
1995  [  59  ] . Conversely, in the CaMos study of 
3,896 individuals recruited in 1995–1997 and 
2005–2007, the investigators showed differing 
plateau points by gender, de fi ned at 147 nmol/L 
in men and 104 nmol/Lin women, using the 
DiaSorin LIAISON rapid platform assay ( [  58  ] , 
Fig.  27.2 ). This gender difference is consistent, 
albeit with very different values for plateau points, 
with an opposite gender pattern described in an 
earlier study conducted in the national FINRISK 
survey, conducted in Finland on 328 young adults, 
age 30–42 years. PTH concentration started to 
increase at 25(OH)D concentrations lower than 

Gutiérrez et al. (2011)
NHANES age ≥ 12 years

(Plateau)

Berger et al. (2011)
CaMos age > 25 years

(Plateau)

Razzagy Azar et al. (2010)
Age 8−18 years

Aloia et al. (2010)
Women 20−80 years

Population-based studies

Other studies

0 2530 40 50 60 80 100 125 140 150 17575

Saliba et al. (2011)
Age 64 ± 16 years

Levis et al. JCEM (2005)
Age ≥ 18 years

74 % White Hispanics

Green et al. (2008)
Women 18−40 years

Shivane et al. (2011)
Age 25−35 years

(Plateau)

Bacon et al. (2010)
Women 20−35 years

(Plateau) Harris et al. (2000)
Age 64−100 years

(Plateau)

25 (OH)D levels
(nmol/L)

Women Men

White Caucasian

Asian
Black

Okazaki et al. (2011)
Age 25−85 years

(Plateau)

  Fig. 27.2    In fl ection point or plateau determined from the 
curves relating PTH to 25(OH)D levels. Data points rep-
resent the in fl ection point, 25(OH)D level below which 
PTH levels rise sharply, or a plateau, the 25(OH)D level 
above which PTH levels did not suppress any further. 
Information provided from population-based studies are 
illustrated in  upper panel , and in other studies on  lower 

panel , by ethnicity ( blue  for Caucasians,  green  for Asians, 
and  black  for blacks). The data points include both gen-
ders unless otherwise speci fi ed. The study by Saliba et al. 
also included information on the plateau that was reached 
at a 25(OH)D level between 75 and 85 nmol/L. To convert 
from nmol/L to ng/mL, divide by 2.496       
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40 nmol/L in men and 80 nmol/L in women, 
using the Incstar/DiaSorin 25(OH)D RIA  [  60  ] . In 
the same study, the PTH plateau was reached at 
65 nmol/L in women and 57 nmol/L in men.  

 Several publications have illustrated the 
impact of other modulators of the 25(OH)D–PTH 
relationship including age  [  61,   62  ] , renal func-
tion  [  63  ] , and calcium intake to name a few  [  64  ] . 
Indeed, Arabi et al. evaluated this relationship in 
340 Lebanese adolescents and 443 elderly and 
showed PTH levels to be higher in the elderly, in 
the overall population, and by subgroup analysis 
by gender. For the same 25(OH)D level measured 
by DiaSorin RIA, PTH levels were comparable 
across genders but were 1.5- to 2-folds higher in 
the elderly compared to adolescents. PTH corre-
lated positively with age and body fat and nega-
tively with calcium intake and 25-OHD; on 
multivariate analyses, age, 25(OH)D, and fat 
mass were independent predictors for PTH  [  62  ] . 
The impact of age may in part be confounded by 
a rise in serum creatinine. Indeed, in his evalua-
tion of over 19,000 individuals partaking in a 
health maintenance organization, mean age 64 
years, Saliba et al. demonstrated PTH levels to 
rise sharply at 25(OH)D levels below 50 nmol/L 
and to plateau at levels between 75 and 85 nmol/L, 
using the DiaSorin LIAISON rapid platform 
assay. The plateau was reached at a lower 25(OH)
D level, of 46 nmol/L, when subjects with renal 
insuf fi ciency were excluded. Finally, the impact 
of calcium intake on the 25(OH)D–PTH relation-
ship was demonstrated in a cross-sectional study 
of 977 individuals, where serum PTH was lowest 
in subjects with a serum 25(OH)D of more than 
45 nmol/L and highest in the group with a serum 
25(OH)D level of less than 25 nmol/L, using 
a DiaSorin RIA  [  64  ] . At a level below 25 nmol/L, 
a calcium intake of less than 800 mg/day vs. more 
than 1,200 mg/day was signi fi cantly associated 
with higher serum PTH; at a calcium intake of 
more than 1,200 mg/day, there was a signi fi cant 
difference in PTH levels between the lowest and 
highest vitamin D groups  [  64  ] . 

 Few are the studies evaluating in fl ection points 
or plateaus in other ethnic groups. Tables  27.3 , 
 27.4 , and  27.5  overview studies that have investi-
gated the PTH 25(OH)D relationship in African 

American (Table  27.3 , blacks) and Asian indi-
viduals (Tables  27.4  and  27.5 ). Studies on ethnic 
subgroups were mostly conducted on blacks, in 
the USA. A plateau point of 50 nmol/L was 
de fi ned in black adults in the NHANES study and 
similarly in the study by Harris et al.  [  57,   65  ] . 
The latter was driven by only 12 subjects who 
had 25(OH)D level above 75 nmol/L. Conversely, 
Aloia et al. de fi ned an in fl ection point of 
37 nmol/L in black adults in one study  [  68  ] , but 
the same author did not de fi ne it clearly in another 
 [  66  ] . Weaver et al. described an inverse slope 
relationship and no in fl ection point could be 
de fi ned in black adolescents ( [  67  ] , Table  27.3 ). 
As mentioned above, an in fl ection point could 
not be de fi ned in Mexican Americans similarly to 
white subjects, in NHANES, whereas a study 
conducted in Florida on 212 subjects, age > 18 
years, that included 74 % white Hispanics dem-
onstrated an in fl ection point at 50 nmol/L  [  81  ] . 
Therefore, there was no agreement on the 
in fl ection point in black individuals, whereas 2 
studies concurred on a plateau of 50 nmol/L 
(Table  27.3 ).    

 The 25(OH)D–PTH relationship was evalu-
ated in few studies in other ethnic groups, includ-
ing in adults from China, Japan, Lebanon, and 
Bangladeshi and Somali immigrants in Finland 
(Table  27.4 ,  [  62,   69–  75  ] ), as well as in children 
from Lebanon, India, and Iran (Table  27.5 , 
 [  76–  80  ] ), and see Fig.  27.2 . A plateau of 
40 nmol/L was described in women from Hong 
Kong  [  73  ] , and of 70 nmol/L was described both 
in 1,137 women from India  [  75  ]  and in 107 
women from Japan  [  74  ] . Conversely, an in fl ection 
point of 52 nmol/L was described in 504 women 
from Malaysia  [  72  ] , and of 75 nmol/L was 
described in 313 Iranian children (Table  27.5 , 
 [  80  ] , see Fig.  27.2 ). Finally, few are the studies 
that evaluated in fl ection points in different ethnic 
groups, concomitantly. Consistent with observa-
tions from the NHANES study  [  57  ] , the apparent 
plateau in blacks, based on only 12 subjects with 
25(OH)D concentrations above 50 nmol/L, was 
not observed in whites, in the study by Harris 
et al.  [  65  ] . Conversely, no real in fl ection point 
could be identi fi ed by evaluating data in whites 
and blacks in two studies  [  66,   82  ] . Finally, many 
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are the studies that could not identify an in fl ection 
point or plateau, in several ethnic groups, few of 
which are detailed herein  [  56,   57,   59,   65,   67,   69–
  71,   82  ] . Thus, there was no convergence on either 
in fl ection point or plateau in the Asian subjects 
(Tables  27.4  and  27.5  and Fig.  27.2 ). 

 The challenge in deriving an in fl ection point 
and/or a plateau from the 25(OH)D–PTH rela-
tionship lies in the model chosen for curve 
 fi tting and its assumptions, be it based on visual 
examination of the curves, or through the appli-
cation of mathematical curve  fi tting equations 
 [  83,   84  ] . Indeed, the PTH 25(OH)D relationship 
has been submitted to various models including 
exponential, log transformed, quadratic, frac-
tional polynomials, cubic splines, two-phase, 
and three-phase models. For example, a system-
atic evaluation of the impact the choice of statis-
tical approach has on the threshold point 
revealed that the three-phase model was supe-
rior to the two-phase model and identi fi ed two 
thresholds at 30 and 70 nmol/L, in white sub-
jects, using the same dataset  [  85  ] . These  fi ndings 
illustrate the substantial impact the statistical 
approach has on threshold and plateau determi-
nation and the wide variability observed, within 
and between ethnic groups  [  85  ] . 

 In light of considerations presented above 
including the confounding effect of age, renal 
function, gender, mathematical model used, 
and assay variation (see section below   ), on the 
25(OH)D–PTH relationship, the determination of 
whether a desirable vitamin D level is the same or 
vary worldwide using such relationship is deeply 
 fl awed. Furthermore, very few if any are the 
studies that have attempted to do so by includ-
ing several ethnic groups within the same study 
 [  57,   65,   66,   82  ] , and only one was population 
based  [  57  ] . Therefore, such approach to de fi ne 
desirable 25(OH)D levels is therefore inadequate 
and should clearly be abandoned.  

   Vitamin D and Intestinal Calcium 
Absorption 

 Intestinal calcium absorption is the sum of a satu-
rable (active) and a non-saturable (passive) path-
ways, the latter being dependent on Ca 
concentration in the lumen. In general 35 % of a 
dietary load is absorbed and calcitriol, also known 
as 1,25 dihydroxyvitamin D [1,25(OH) 

2
 D], is the 

primary regulator of the saturable pathway and 
thus of intestinal Ca absorption ef fi ciency  [  3,   86  ] . 

   Table 27.3    25(OH)D–PTH relationship in black subjects   

 Author (year) 
[reference], country   N  

 Gender ( N )  25(OH)D in fl ection point 
or plateau a  (nmol/L)  25(OH)D assay used  Age (years) 

 Harris et al. 
(2000)  [  65  ] , USA 

 136  Men (52)  Plateau: 50 nmol/L  Competitive 
protein-binding assay 
(in-house) 

 Women (84) 
 64–100 

 Aloia et al. 
(2006)  [  66  ] , USA 

 235  Pre-menopausal (148)  NA  Radioreceptor Assay, 
Incstar  Postmenopausal (87) 

 Weaver et al. 
(2008)  [  67  ] , USA 

 52  Girls  No in fl ection point  RIA, DiaSorin 
 11–15  Opposite slope 

 Aloia et al. 
(2010)  [  68  ] , USA 

 235  Women  In fl ection point: 37 nmol/L  RIA, DiaSorin 
 20–80 

 Gutiérrez et al. 
(2011) b   [  57  ] , USA 
NHANES 2003–
2004, 2005–2006 

 2, 081  Men (957)  Plateau: 50 nmol/L  RIA, DiaSorin 
 Women (1,124) 

  ³ 12 

  25(OH)D in fl ection point/plateau (nmol/L) determined from the PTH–25(OH)D relationship in black subjects. Data 
points represent the in fl ection point, 25(OH)D level below which PTH levels rise sharply, or plateau, the 25(OH)D level 
above which PTH levels did not suppress any further. All studies are from the USA 
  a Either in fl ection point or plateau detailed, as de fi ned in original paper 
  b The only population-based study de fi ned in blacks  
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Although it is clear that signaling through the 
VDR is needed for vitamin D-mediated intestinal 
Ca absorption, the exact mechanism(s) for cal-
cium absorption is still being elucidated  [  86  ] . For 
example, VDR Fok1 polymorphisms can affect 
Ca absorption as shown with Chinese youth  [  87  ] , 
but not in African American  [  88  ] . In addition, 
several other factors and hormones modulate cal-
cium absorption including PTH, thyroid hor-
mone, sex steroids, and IGF1  [  86  ] . 

 Whether 25(OH)D directly controls Ca 
absorption is under debate  [  56,   89–  93  ] . Using a 
stable isotope technique in 93 young Caucasian 
adolescents, mean age 12.7 (±1.0) years, receiv-
ing diets averaging approximately 900 mg/day 
calcium, serum 1,25(OH) 

2
 D but not 25(OH)D 

level, was signi fi cantly correlated to calcium 
absorption  [  92  ] . These  fi nding are consistent with 

the results of studies conducted in 488 elderly 
Caucasian subjects, mean age 71 years  [  56  ] . In 
this study, calcium absorption was measured as 
percentage absorbed 2 h after the ingestion of 
5  m Ci of Ca in 200 mL distilled water, and while 
it was signi fi cantly and positively correlated with 
serum 1,25(OH) 

2
 D after adjustment for age, body 

weight, calcium intake, serum 1,25(OH)2D, and 
serum creatinine ( r  = 0.224,  P  = 0.0005), it was 
not associated with serum 25(OH)D ( r  = 0.05, 
 P  = 0.247) after similar adjustments  [  56  ] . 

 Two frequently quoted studies, which were 
extensively detailed in the Endocrine Society 
2011 Guidelines and the IOM 2011 Report, have 
reached strikingly differing desirable 25(OH)D 
levels with regard to intestinal calcium absorp-
tion. The Endocrine Society relied on a study by 
Heaney et al., a study criticized for the fact that 

   Table 27.4    25(OH)D–PTH relationship in Asian adult subjects   

 Author (year) 
[reference], country   N  

 Gender ( N )  25(OH)D in fl ection point 
or plateau a  (nmol/L) 

 25(OH)D assay 
used  Age (years) 

 G-Yared et al. (2000) 
 [  69  ] , Lebanon 

 316  Men (99)  In fl ection point: logarithmic 
relationship with steep increase 
in PTH level at 25OHD 

 RIA, Incstar 
 Pre-menopausal 
women (217) 
 30–50 

 Yan et al. (2003)  [  70  ] , 
China vs. the UK 

 352  Men (175)  Linear continuous  RIA, DiaSorin 
 Women (177) 
 60–83 

 Ono et al. (2005) 
 [  71  ] , Japan 

 197  Men (95)  Linear continuous  RIA, DiaSorin 
 Women (102) 
 43 

 Green et al. (2008) 
 [  72  ] , Indonesia and 
Malaysia 

 504  Women  In fl ection point: 52 nmol/L  RIA, DiaSorin 
 18–40 

 Arabi et al. (2010) 
 [  62  ] , Lebanon 

 460  Men (150)  NA  Competitive protein-
binding assay, 
DiaSorin, Incstar 

 Women (300) 
 >65 

 Bacon et al. (2010) 
 [  73  ] , China 

 221  Women  Plateau: 40 nmol/L  RIA, DiaSorin 
 20–35 

 Okazaki et al. (2011) 
 [  74  ] , Japan 

 107  Men (25)  Plateau: 62–75 nmol/L  Chemiluminescence 
assay LIAISON, 
DiaSorin 

 Women (82) 
 25–85 

 Shivane et al. (2011) 
 [  75  ] , India 

 1,137  Men (579)  Plateau: 62–75 nmol/L  RIA, DiaSorin 
 Women (558) 
 25–35 

  25(OH)D in fl ection point/plateau (nmol/L) determined from the PTH–25(OH)D relationship in Asian adult subjects. 
Data points represent the in fl ection point, 25(OH)D level below which PTH levels rise sharply, or plateau, the 25(OH)
D level above which PTH levels did not suppress any further 
  a Either in fl ection point or plateau detailed, as de fi ned in original paper  
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40 % of subjects were on hormone therapy and 
half did not have formal calcium absorption stud-
ies  [  94  ] . The same authors have compiled these 
data with two additional studies and concluded 
that absorption ef fi ciency rises and reaches a pla-
teau at a serum 25(OH)D level of 80 nmol/L  [  91  ] . 
Conversely, the IOM Report heavily relied on a 
key study demonstrating that calcium absorption 
reaches a near maximum at a 25(OH)D level of 
20 nmol/L  [  95  ] . 

 Thacher et al. showed that calcium absorp-
tion in Nigerian adolescents with calcium 
de fi ciency rickets was not closely related 
to baseline 25(OH)D ( r  = 0.01,  P  = 0.93) or 
1,25(OH)2D concentrations ( r  = 0.21,  P  = 0.24) 
nor to changes in these metabolites in response 
to supplementation to a single oral dose of 
50,000 IU of vitamin D  [  96  ] . Using results from 
pooled studies, the same authors showed that 
while the relationship between fractional cal-
cium and serum 25(OH)D concentrations was 
absent in control children, it was marginally 
inverse in calcium-de fi cient rachitic children 
( r  = −0.26,  P  = 0.06)  [  93,   96  ] . We are unaware 
of any other absorption studies conducted in 

 non-Caucasian populations. However, it was 
recently    suggested that single-nucleotide poly-
morphisms (SNPs) of TRPV6 and TRPV5, 
highly selective transcellular calcium trans-
porters expressed at the apical site of intesti-
nal epithelia, exhibit unusually high levels of 
single-nucleotide polymorphisms in African 
populations compared to other populations and 
are likely contributed to the calcium conserva-
tion mechanisms in these populations  [  97  ] . 

 In conclusion, the evidence to support a key 
role for 25(OH)D in calcium absorption is debat-
able, and for a desirable 25(OH)D level rather 
limited in Caucasian populations, let alone 
other ethnic groups. Furthermore, none take 
into consideration modulators of absorption 
such as gender, calcium intake, hormonal sta-
tus, and polymorphisms for receptors involved 
in signaling by known key modulators, such as 
ER, VDR, CaSR, TRPV5, and TRPV6 poly-
morphisms. In light of all of the above, a con-
clusive statement regarding desirable 25(OH)
D levels in general, and in ethnic subgroups in 
particular, using calcium absorption cannot be 
drawn.  

   Table 27.5    25(OH)D–PTH relationship in Asian children   

 Author (year) 
[reference], country   N  

 Gender ( N )  25(OH)D in fl ection point 
or plateau a  (ng/mL)  25(OH)D assay used  Age (years) 

 El-Hajj Fuleihan 
et al. (2001)  [  76  ] , 
Lebanon 

 346  Males (164)  NA  Competitive protein-
binding assay, DiaSorin, 
Incstar 

 Females (182) 
 10–17 

 Marwaha et al. 
(2005)  [  77  ] , India 

 5,137  Males (2,047)  NA  RIA, DiaSorin 
 Females (3,090) 
 10–18 

 El-Hajj Fuleihan 
et al. (2006)  [  78  ] , 
Lebanon 

 179  Females  NA  Competitive protein-
binding assay, DiaSorin, 
Incstar 

 10–17 

 Ghazi et al. (2010) 
 [  79  ] , Iran 

 207  Males (103)  NA  ELISA, IDS 
 Females (104) 
 14–20 

 Razzagy Azar et al. 
(2010)  [  80  ] , Iran 

 313  Males (121)  In fl ection point: 75 nmol/L  RIA, IDS 
 Females (192) 
 8–18 

  25(OH)D in fl ection point/plateau (nmol/L) determined from the PTH–25(OH)D relationship in Asian children. Data 
points represent the in fl ection point, 25(OH)D level below which PTH levels rise sharply, or a plateau, the 25(OH)D 
level above which PTH levels did not suppress any further 
  a Either in fl ection point or plateau detailed, as de fi ned in original paper  
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   Vitamin D, Biochemical Markers 
of Bone Remodeling, and Bone 
Mineral Density 

   Adults 

 The relationship between 25(OH)D, bone remod-
eling markers, bone mineral density (BMD), and 
bone loss has also been used to de fi ne optimal 
vitamin D levels. In the Longitudinal Amsterdam 
Study of Aging (LASA), there was an inverse 
relationship between 25(OH)D and serum osteo-
calcin (OC) and urinary deoxypyridinoline across 
four categories of the metabolite: <25, 25–50, 
50–75, and >75 nmol/L  [  98  ] . In adjusted analy-
ses, on weighted regression smoothing (LOESS 
plots), there was a decrease in both markers up to 
a 25(OH)D of 40 nmol/L, followed by a plateau, 
and both hip and trochanteric BMD increased up 
to a 25(OH)D level of 50 nmol/L. In post hoc 
analyses in a subgroup of elderly women partak-
ing in the STOP-IT trial, nonlinear and piecewise 
regression analyses revealed increments in serum 
osteocalcin and urine N-telopeptides only at a 
25(OH)D below 45 nmol/L  [  56  ] . In the NHANES 
study, hip BMD increased with increasing 25(OH)
D levels in all ethnic groups, the curve being 
steepest in white subjects, up to a level of 
80 nmol/L, and above which it increased less 
steeply  [  99  ] . In subsequent analyses, hip BMD 
signi fi cantly decreased as 25(OH)D levels 
declined, by approximately 0.6 SD among white 
and 0.33 SD among Mexican Americans, but it 
did not change among black subjects  [  57  ] . The 
 fi ndings in NHANES are consistent with those 
described in adult white and black men residing 
in Boston  [  82  ] . Furthermore, the BMD–vitamin 
D relationship in the NHANES study did not 
change after adjustments for gender, BMI, and 
serum creatinine, but whereas age did not alter 
this relationship in blacks and Mexican Americans, 
it did only among white subjects  ³ 50 years  [  57  ] . 

 This divergent relationship between vitamin D 
and skeletal parameters between black and white 
subjects is further illustrated in the nested case–
control study within the prospective Women’s 
Health Initiative (WHI) observational cohort  [  100  ] . 

During the 8-year follow-up, 400 incident fractures 
were identi fi ed in white, 381 in black, 192 in 
Hispanic, 113 in Asian, and 46 in Native American 
subjects. In the multivariate analyses, 25(OH)D 
levels above 75 nmol/L were associated with 
reduced risk of fractures in white individuals, 
whereas a trend for an increased risk was observed 
in black and Asian individuals and no association 
could be detected in Hispanics and Native 
Americans, possibly due to the lower power in the 
latter ethnic groups  [  100  ] . Spline analyses revealed 
a signi fi cant harmful effect of 25(OH)D levels 
above 42 nmol/L in black subjects, justi fi ably lead-
ing the authors to conclude that optimal levels vary 
across race and ethnicities. Similarly, in a random-
ized vitamin D trial conducted in 208 postmeno-
pausal black women, vitamin D at doses of 800 IU/
day during the  fi rst 2 years and 2000 IU/day during 
the third year raised 25(OH)D from a mean of 47 
to 71 nmol/L, but did not affect bone turnover 
markers nor bone loss prospectively  [  101  ] . This is 
in sharp contrast to the protective effect of vitamin 
D, on bone loss rates in white subjects, as shown in 
1,279 community dwelling elderly white men (age 
73 years), partaking in the MrOs study  [  102  ] , and 
in white postmenopausal women (age 62 years) in 
the OFELY study  [  103  ] . A 25(OH)D greater than 
50 nmol/L was associated with decreased bone 
loss in men  [  102  ]  and decreased fracture risk in 
women  [  103  ] . The protective effect of 25(OH)D 
on fractures in white women is consistent with 
those made in a cohort of 1,194 white elderly 
Swedish men, mean age 71 years, followed for 
a median of 11 years, 309 of whom sustained a 
fracture. The multivariate-adjusted hazard ratio for 
fracture was 1.65 [1.09–2.49] in those with a 
25(OH)D below 40 nmol/L  [  104  ] . 

 Very few are the studies that investigated 
other ethnic groups outside the United States. 
The prevalence of vitamin D de fi ciency, second-
ary hyperparathyroidism, and associations with 
forearm bone mineral density were studied in 
48 premenopausal Somali and 34 Bangladeshi 
immigrants, compared to 61 ethnic Finnish 
women, during the winter  [  105  ] . The prevalence 
of serious vitamin D de fi ciency, de fi ned by a PTH 
level above 7.2 pmol/L, was  fi ve times higher 
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in Somali and two times higher in Bangladeshi 
women, con fi rming the well-established high 
prevalence of vitamin D insuf fi ciency in Asian 
immigrants in Europe. There was a signi fi cant 
correlation between 25(OH)D level and both 
proximal and distal radius BMD,  r  = 0.25–0.27, 
an observation that has been made in several 
other smaller studies in subjects from the Middle 
East and Asia  [  106–  116  ] . Resistance to the bone 
resorbing effect of high PTH levels, in response 
to low 25(OH)D, had been suggested in African 
American subjects, but was not consistently 
demonstrated  [  117–  119  ] . Ethnic differences in 
bone metabolism in response to a phosphate load 
were examined in healthy older individuals from 
the UK, China, and the Gambia  [  119  ] . Although 
ethnic differences in changes in bone markers 
were detected, the relationship with changes in 
PTH was comparable between groups, and there 
was no evidence for skeletal resistance to PTH 
 [  119  ] . 

 Finally, in a population-based study of elderly 
Lebanese, mean age 72 years, 25(OH)D of 
50 nmol/L by itself was not a predictor of low 
bone mass nor of prospective bone loss over 4 
years, unless coupled with elevated PTH lev-
els above 8.4 pmol/L  [  120,   121  ] , thus again 
re fl ecting the multidimensional nature of the rela-
tionship between vitamin D and skeletal health 
 [  122  ] . Furthermore, few are the studies evaluat-
ing the relationship between 25(OH)D and BMD 
taking into consideration other modulators of 
this association, such as VDR polymorphisms 
 [  114,   115,   123  ] .  

   Children and Adolescents 

 Studies evaluating the relationship between 
25(OH)D, PTH, and bone remodeling markers in 
this age group are limited by the powerful con-
founding effect of growth on bone modeling and 
remodeling. While many are the cross-sectional 
studies illustrating the direct correlation between 
vitamin D and BMD in the pediatric age groups, 
including studies from Asia  [  77  ] , few are the ran-
domized trials investigating the bene fi cial effect 
of supplementation on bone mass. In a recent 

meta-analysis, information from six studies, 
totaling 343 participants receiving placebo and 
541 receiving vitamin D, was analyzed  [  124  ] . 
Vitamin D supplementation had no statistically 
signi fi cant effects on total body bone mineral 
content or on bone mineral density of the hip or 
forearm, and there was a trend to a small effect on 
lumbar spine bone mineral density. In preplanned 
subgroup analyses, the authors concluded that 
supplementation of de fi cient children and adoles-
cents could result in clinically useful improve-
ments. These analyses were largely driven by 
 fi ndings in a randomized trial conducted in 
Lebanese adolescent girls, who were vitamin D 
insuf fi cient at study entry  [  78  ] . 

 Optimal levels of vitamin D may vary by eth-
nicity, re fl ecting differences in the calcium econ-
omy. While there is some converging evidence to 
support this hypothesis in blacks, data in other 
ethnic groups is scarce to nonexistent. Indeed, it 
appears that the calcium economy for bone health 
is quite different in blacks  [  117,   118,   125,   126  ] , 
with a suggestion that desirable 25(OH)D levels 
for Caucasians may be harmful to black subjects 
 [  100  ] . The notion of a universal global desirable 
level for musculoskeletal health, at this point, 
therefore seems non-tenable.   

   Pleiotropic (Nonclassical) Effects 
of Vitamin D 

 Association studies, many of which are popula-
tion based, have implicated vitamin D as a poten-
tial risk factor for a number of major chronic 
illnesses  [  4–  25  ] . These studies are however lim-
ited by their cross-sectional nature. Both the IOM 
Committee and the ES task force members exam-
ined the data available and agree on the lack of 
convincing evidence for a bene fi cial effect of 
vitamin D on nonskeletal outcomes  [  31,   32,   127  ] . 
Cardiovascular diseases, infections, and maternal 
neonatal health are on the top of the health agenda 
of the WHO and health authorities in many coun-
tries worldwide, most of which are from Asia and 
Africa. In this section, pertinent available data 
speci fi c and/or of particular relevance to non-
western populations will be reviewed. 
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   Cardiovascular Diseases and Infections 

 Cardiovascular diseases in particular are among 
leading causes of death worldwide, non-western 
populations included  [  128,   129  ] . In the Korean 
Longitudinal Study of Health, 439 men and 561 
women aged 65 years or older were recruited by 
random strati fi ed sampling and had their coro-
nary artery calcium score, intima–media thick-
ness, and pulse wave velocity measured  [  130  ] . 
Compared to subjects with 25(OH)D levels above 
75 nmol/L, those with levels between 37.5 and 
75 nmol, and below 37.5 nmol/L, had a two-fold 
and three-fold higher risk of stenosis, respec-
tively  [  130  ] . 

 Acute respiratory infections cause 4.5 million 
deaths among children per year in developing 
countries and are the leading cause of morbidity 
and mortality in preschool children in these coun-
tries  [  27  ] . Strong associations between hypovita-
minosis D and tuberculosis (TB) infection and 
acute lower respiratory tract infections have been 
reported in Indian, Turkish, and sub-Saharan 
African populations  [  27  ] . TB, HIV, and AIDS 
are rife and still responsible for the most deaths 
in Africa and many other developing regions. TB 
has plagued human kind for thousands of years, 
and although the  fi rst antituberculosis drugs were 
discovered over 60 years ago, it still kills 1.7 
million persons per year  [  131  ] . Because of the 
associations between vitamin D de fi ciency with 
susceptibility to TB in HIV-uninfected people 
in Europe and the high prevalence of vitamin 
D de fi ciency in Africa, a cross-sectional study 
was conducted to determine whether vitamin D 
de fi ciency was associated with susceptibility to 
active TB in HIV-uninfected ( n  = 196) and HIV-
infected ( n  = 174) black Africans in Cape Town, 
South Africa  [  132  ] . Vitamin D de fi ciency de fi ned 
as 25(OH)D <50 nmol/L was present in 63 % 
of participants and was associated with active 
TB both in HIV-uninfected and HIV-infected 
individuals, OR = 5.2 [2.8–9.7] and 5.6 [2.7–
11.6], respectively. Reciprocal seasonal varia-
tion in serum 25(OH)D concentration and TB 
noti fi cations over an 8-year period were noted, 
suggesting that vitamin D status and TB inci-
dence are causally related  [  132  ] . However, vita-

min D supplementation failed to improve clinical 
outcome or mortality in a randomized placebo-
controlled trial of 367 adult patients with TB from 
Guinea-Bissau  [  27  ] .  

   Maternal–Neonatal Health 

 Maternal, infant, and under- fi ve child mortality 
rates in developing countries have declined 
signi fi cantly in the past two to three decades, but 
newborn mortality rates have reduced much more 
slowly. Vitamin D insuf fi ciency may be associ-
ated with poorer maternal obstetrical outcomes 
and adverse outcomes in the offspring  [  133  ] . 
Pregnant women from Pittsburgh with 25(OH)D 
levels below 37.5 nmol/L during their  fi rst tri-
mester had a  fi ve-fold higher risk of developing 
preeclampsia during pregnancy  [  134  ] , and in a 
study from Boston using the same 25(OH)D cut-
off, women were 2.5 times as likely to have a 
Cesarian section  [  135  ] . The association with 
preeclampsia could not be con fi rmed in a subse-
quent study  [  136  ] ,  fi ndings that may potentially 
be explained by the timing of the vitamin D mea-
surement during pregnancy. Indeed, in a study of 
700 women, mean age 30 years, 25(OH)D level 
below 50 nmol/L during the second, but not  fi rst 
trimester, conferred a three-fold higher risk of 
developing preeclampsia  [  137  ] . First trimester 
maternal 25(OH)D levels were also associated 
with an increased risk of small for gestational age 
in the offspring. In the USA, white women with 
25(OH)D level less than 37.5 nmol/L had an 
increased risk of having a neonate who is small 
for gestational age (less than 10th percentile). 
The OR was 7.5 [1.8–31.9], but the risk was not 
increased in black women OR = 1.5 [0.6–3.5], 
 [  138  ] . Similarly, white Finnish women, with 
25(OH)D less than 30 nmol/L during the  fi rst tri-
mester, had an increased risk of small for gesta-
tional age (less than 10th percentile) OR = 1.9 
[2.4–2.7],  [  139  ] . Finally, in a study of 374 
Australian women, mean age 29 years, there was 
a signi fi cant association between 25(OH)D at 
29–32 weeks and infant size at birth: birth weight, 
head circumference, knee–heel length, and 
crown–heel length  [  140  ] . In a longitudinal birth 



292 G.E.-H. Fuleihan et.al

cohort of 98 children born in Southampton  [  141  ] , 
maternal 25(OH)D during the third trimester cor-
related with offspring bone mass at age 9 years 
 [  141  ] . Vitamin D supplementation during the  fi rst 
year of life was associated with increased bone 
mass at the hip 8 years later  [  142  ] . However, in a 
systematic review of trials using vitamin D sup-
plementation during pregnancy, the authors could 
not  fi nd any vitamin D trials investigating the 
impact of intervention on gestational diabetes, 
preeclampsia, or preterm birth and found low-
quality evidence for a positive effect on birth 
weight  [  143  ] . Considering trials that included 
calcium with vitamin D supplementation, the 
authors found low-grade evidence for a favorable 
effect on preeclampsia, but there were no trials to 
evaluate an impact on other outcomes listed 
above  [  143  ] . It is very important to underscore 
again the fact that many of the studies above were 
conducted in Caucasians subjects, where levels 
of 25(OH)D are anticipated to be higher than in 
non- Caucasians. Indeed, a systematic review of 
 fi rst trimester normative 25(OH)D levels that 
included 18 studies across the world revealed 
mean levels ranging between 29 and 73 nmol/L 
in white Caucasian women from the USA, 
Canada, Finland, Ireland, and Australia and lower 
levels ranging between 15 and 43 nmol/L in non-
western women from the Netherlands, including 
Turkish, Moroccan, and black women from the 
USA and women from Japan  [  133  ] . Scarce are 
the studies conducted in such populations. 

 Investigations in Saudi Arabia, Kuwait, the 
United Arab Emirates, and Iran reveal that 
10–60 % of mothers and 40–80 % of their neo-
nates had undetectable or low vitamin D levels 
(0–25 nmol/L) at delivery  [  144–  147  ] . Neonates 
born to mothers with low D levels have lower 
cord vitamin D levels and may be at risk for rick-
ets and other complications  [  148,   149  ] . While 
there was no effect of maternal vitamin D levels 
on neonatal birth weight in a sample of 50 moth-
ers–neonates from Iran after adjusting for mater-
nal height, age, and parity  [  145  ] , the opposite 
was seen in a larger study. In a sample of 449 
mom–offspring pairs from Tehran, neonates of 
mothers with adequate calcium and vitamin D 
intake were 0.9 cm taller and had a better Apgar 

score at birth  [  150  ] . The impact of supplementa-
tion of mother or infants in these high-risk popu-
lations is largely unknown. The only study we 
are aware of is a randomized controlled vitamin 
D trial conducted in 2,000 neonates in India in 
which vitamin D administration at 35  m g/day 
(1,400 IU/day) signi fi cantly increased standard 
deviation ( Z ) scores for weight, length, and arm 
circumference and decreased the proportion of 
children with stunted growth at 6 months, but had 
no effect on death, hospitalization, and in- or out-
patient visits  [  151  ] .   

   Assay Variations 

 Available data to de fi ne the prevalence of hypovi-
taminosis D in population-based studies, and 
desirable 25(OH)D levels, has been in large part 
driven by older RIAs to measure vitamin D levels 
and for many the older DiaSorin RIA (see 
Tables  27.3 ,  27.4 , and  27.5 ). However, this has 
not been a universal practice in the past and much 
more so in recent studies. Indeed, updates on 
NHANES, CaMoS, and recent trials have shifted 
to newer assays with diverging results  [  152–  156  ] . 
Furthermore, it has become an increasingly com-
mon practice for clinical laboratories to shift 
from the classical RIA to more rapid, high-out-
put, automated assays, a practice that has pro-
found implications on results obtained  [  152,   153, 
  155  ] , possibly contributing to under- or overre-
placement of patients in the clinic  [  155,   157  ] . 
This variability between assays confounds inter-
national efforts to develop evidence-based clini-
cal guidelines. 

 This problem can only be resolved through the 
implementation of quality assurance programs 
for 25(OH)D assays, pushing forward the agenda 
for global standardization of assays, and the con-
sideration of assay-speci fi c cutoff points. It is in 
this spirit that the Vitamin D Standardization 
Program (VDSP) was established in 2010, an ini-
tiative led by the NIH Of fi ce of Dietary 
Supplements, in collaboration with the CDC, 
National Institute of Standards and Technology 
(NIST), and Ghent University  [  156  ] . Its objec-
tives include, among others, the standardization 
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of 25(OH)D concentration measurements in 
national health surveys around the world; the 
extension of standardization efforts to assay man-
ufacturers and to clinical, commercial, and 
research laboratories; and the ability to use stan-
dardized data in patient care and public health. 
This will also allow the provision of guidance for 
the implementation of current vitamin D recom-
mendations (IOM, ES, IOF, the WHO), ideally 
providing assay-speci fi c desirable values, and/or 
ranges for desirable 25(OH)D levels, adjusting 
for assay differences. 

 Variability in    25(OH)D assays is a major prob-
lem worldwide, has a signi fi cant implications to 
research and practice, and has a major impact on 
guidelines and treatment recommendations. Such 
variability needs to be addressed before desirable 
25(OH)D levels can be recommended and 
implemented.  

   Summary and Recommendations 

 A desirable level is one that is ef fi cacious, opti-
mizes outcomes, and is safe, with a relatively 
wide therapeutic window. Hypovitaminosis D is 
prevalent worldwide, and vitamin D status may 
vary not only by ethnicity but also age, gender, 
hormonal status, speci fi c outcome of interest, and 
assay used. The use of surrogate measures to 
assess vitamin D economy has many limitations, 
leads to contradicting and unreliable results, and 
should be abandoned. However, the bene fi cial 
effect of vitamin D on musculoskeletal outcomes, 
that is, falls and fractures, is undisputed.    Thus, 
the recent recommendations for desirable levels 
are 50 nmol/L by IOM (2011) and by the WHO 
(2003) and 75 nmol/L by ES (2011) and by IOF 
(2010) for the elderly only. The applicability of 
such recommendations is somewhat hampered 
by the problem of assay variability and by the 
limited information on the impact of various 
modulators of vitamin D on its circulating level 
and on its action. 

 Furthermore, while the most abundant out-
come data are from western populations, some of 
the lowest 25(OH)D levels are reported in 
African Americans and Asians in the USA and 

worldwide. The relatively limited data by ethnic-
ity from the USA reveals that the lower 25(OH)D 
level may be suf fi cient to maintain skeletal health 
in blacks, despite their elevated PTH levels, and 
that higher levels may be harmful. Data for other 
ethnicities are scarce to nonexistent. Adequately 
designed randomized controlled trials that aim to 
establish the optimal level/intake on musculosk-
eletal outcomes in non-western populations are 
needed. Other health outcomes of particular rel-
evance to non-Caucasian ethnic groups and pop-
ulations from developing countries worldwide, 
with the lowest circulating levels, such as infec-
tions and maternal–neonatal health, cannot be 
ignored. To date, desirable levels cannot be 
unequivocally established, and the concept of a 
universal optimal level is thus non-tenable.      
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  Abstract 

 Gender differences in bone during childhood and adolescence are well 
described in countries with moderate to high calcium intakes; there are 
few data from countries where children have delayed puberty and low 
habitual calcium intakes. The aim of this study was to determine whether 
gender differences in bone and body composition exist in prepubertal 
Gambian children accustomed to a low calcium intake. 

 Four hundred and forty-seven prepubertal children (216 males, 231 
females) were recruited between the ages of 7.8 and 11.9 years. Bone min-
eral content (BMC) and bone area (BA) were measured at whole body, 
lumbar spine, and hip using dual-energy X-ray absorptiometry (GE Lunar 
Prodigy). There were no signi fi cant differences between males and females 
in age, body weight, and height or body mass index. 

 Gender differences existed in BMC and BA both before and after size 
adjustment. Body composition also differed between males and females. 
Regular follow-up measurements in these children have commenced to 
assess whether these differences persist during and after puberty and 
implications for future bone health.  

      Sexual Dimorphism in Bone 
and Body Composition in Rural 
Gambian Prepubertal Children 
Habituated to a Low Calcium Intake       

        Landing   M.  A.   Jarjou,       Kate   A.   Ward,       Gail   R.   Goldberg,    
   Yankuba   Sawo,    and    Ann   Prentice        
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   Introduction 

 Skeletal growth and mineral accumulation during 
childhood and adolescence is crucial for bone 
health. Peak bone mass is attained by the late sec-
ond and early third decade, in females and males, 
respectively. Thereafter, no net change of bone 
mineral occurs until menopause and aging. The 
magnitude of peak bone mass is therefore related 
to fragility fractures of old age. 

 Differing fracture rates in males and females 
during growth and aging are in part due to sexual 
dimorphism in bone accrual and loss. Gender dif-
ferences in bone phenotype emerge during puberty 
 [  1–  4  ] . Some studies report differences in prepu-
berty, while others report no differences  [  5–  8  ] . 
The majority of data on bone growth are provided 
from studies in children with good growth and 
moderate to high calcium intakes. However, few 
data exist from countries where stunting is com-
mon, and children have delayed puberty and low 
habitual calcium intakes, yet fragility fracture risk 
is low  [  9–  14  ] . Studying bone development in dif-
ferent populations may help to understand the 
underlying basis of skeletal fragility. 

 Therefore, the aim of this study was to determine 
whether gender differences exist in bone mineral 
and body composition in prepubertal Gambian chil-
dren accustomed to a low calcium intake.  

   Methods 

   Subjects 

 This study was conducted at MRC Keneba, West 
Kiang, The Gambia Prepubertal children aged 
7.8–11.9 years were recruited. 

 The study was approved by the MRC/Gambian 
Government Ethics Committee (SCC 1073), and 

informed written consent was obtained from the parent 
or guardian of the child, with the assent of the child.  

   Anthropometry 

 Standing height was measured to the nearest 
0.1 cm using a stadiometer (SECA 225). Weight 
was measured on electronic scales (Tanita 
HD310) to the nearest 0.1 kg, with the subject 
wearing light clothing and no shoes.  

   Dual-Energy X-Ray 
Absorptiometry (DXA) 

 Bone and body composition measurements were 
obtained using a GE Lunar Prodigy DXA scanner 
using software version 10.51.006 (GE Medical 
Systems, GE Lunar Corporation, Madison, USA). 
Whole body, lumbar spine, total hip, and femoral 
neck bone mineral content (BMC, g), areal bone min-
eral density (aBMD, g/cm 2 ), and bone area (BA, cm 2 ) 
were measured. The scanner automatically selected 
the appropriate scan mode based on the subject’s 
weight and height (thin, standard, or thick). Lean and 
fat mass (g) measurements were obtained from the 
whole body scan. Whole body bone measurements 
were analyzed less head (WBLH) as recommended 
for children  [  15  ] . The precision of repeated measure-
ments of aBMD at different skeletal sites in adults 
( n  = 35 measured twice) using this scanner was as fol-
lows: whole body 0.6 %, lumbar spine 0.8 %, total hip 
0.7 %, and femoral neck 1.1 %.  

   Data Handling and Analysis 

 Statistical analysis was performed using the 
Linear Model facility in Data Desk 6.1.1 (Data 
Description, Ithaca, NY). 

  Keywords 

 Children  •  Africa  •  Males  •  Females  •  Dual-energy X-ray absorptiometry  
•  Bone mineral content  •  Bone area  •  Growth  •  Body composition • Calcium 
intake      
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 Sex effects were tested for using univariate 
and multivariate regression. BMC was adjusted 
for BA, weight and height (size-adjusted BMC, 
SA-BMC), BA for weight and height, and lean 
and fat mass for height  [  16  ] . Variables were 
converted to natural logarithms whereby differ-
ences × 100 correspond closely to percentage 
differences [(difference/mean) × 100]  [  17  ] .   

   Results 

 Four hundred and forty-seven participants (216 
male, 231 female) were recruited. There were no 
signi fi cant differences between males and females 

in age, height, weight, or BMI (Table  28.1 ). 
Males had signi fi cantly greater lean mass and 
less fat mass than females of the same size.    These 
signi fi cant differences remained after adjustment 
for height: lean mass 7.3 ± 0.7 % and fat mass 
45.2 ± 3.3 % ( p  < 0.001).  

 Table  28.2  shows the unadjusted and adjusted 
results for gender differences in BMC, BMD, and 
BA. For the same body size, males had wider 
bones at the whole body, lumbar spine, and femo-
ral neck. Size-adjusted BMC was also higher 
(mean [SE]) in males at total hip (10.8 [1.0]%) 
and femoral neck (10.2 [1.0]%), and marginally 
lower at WBLH (0.9 [0.4]%). Lumbar spine size-
adjusted BMC was lower in males (−3.4 [0.1]%).   

   Table 28.2    Unadjusted and adjusted gender differences in BMC, BA, and BMD in study cohort   

 Region 
of interest 

 Males 
(mean ± SD) 

 Females 
(mean ± SD) 

 Unadjusted 
% diff (SE) 
M vs. F 

 Size-adjusted a ,  [  16 ]
% diff (SE) 
M vs. F 

 Whole body, less 
head 

 BMC (g)  607 ± 9  590 ± 9  3.0 (2.1) NS   −0.9 (0.4) *  
 BA (cm 2 )  862 ± 9  843 ± 9  2.3 (1.5) NS   3.2 (0.5) **  
 BMD (g/cm 2 )  0.689 ± 0.004  0.693 ± 0.003  0.7 (0.7) NS  

 Lumbar spine  BMC (g)  17.0 ± 0.2  17.2 ± 0.2  −1.2 (1.8) NS   −3.4 (0.1)**   
 BA (cm 2 )  27.8 ± 0.2  27.0 ± 0.2  2.5 (1.1)*    3.2 (0.7) **  
 BMD (g/cm 2 )  0.609 ± 0.005  0.632 ± 0.005  −3.9 (1.1)*   

 Total hip  BMC (g)  12.1 ± 0.2  11.1 ± 0.2  9.3 (2.1) **   10.8 (1.0) **  
 BA (cm 2 )  14.9 ± 0.2  15.1 ± 0.2  −1.4 (1.5) NS   0.3 (0.6) NS  
 BMD (g/cm 2 )  0.810 ± 0.006  0.728 ± 0.006  10.7 (1.1) **  

 Femoral neck  BMC (g)  2.50 ± 0.04  2.12 ± 0.03  16.1 (1.5) **   10.2 (1.0) **  
 BA (cm 2 )  2.97 ± 0.04  2.79 ± 0.03  6.4 (1.7) *   7.0 (1.5) **  
 BMD (g/cm 2 )  0.837 ± 0.006  0.760 ± 0.006  9.7 (1.1) **  

   NS  no signi fi cant difference 
  *  p   £  0.05;  **  p   £  0.0001 
  a BMC adjusted for weight, height, and bone area; BA for weight and height  

 Males
n = 216 
(mean ± SD) 

 Females
n = 231 
(mean ± SD) 

 % (SE) diff 
M vs. F 

 Age (year)  9.3 ± 0.1  9.2 ± 0.1  0.4 (0.9) NS  
 Height (m)  1.3 ± 0.1  1.3 ± 0.1  −0.5 (0.5) NS  
 Weight (kg)  23.8 ± 0.2  24.0 ± 0.3  −0.6 (1.5) NS  
 BMI (kg/m 2 )  14.5 ± 1.5  14.6 ± 1.2  −5.3 (12.6) NS  
 Lean mass (kg)  20.5 ± 0.2  19.2 ± 0.2  6.5 (1.3) *  
 Fat mass (kg)  2.2 ± 0.1  3.6 ± 1.1  −47.3 (3.9) **  

   NS  no signi fi cant difference    
  *  p   £  0.05   ;  **  p   £  0.0001  

 Table 28.1    Subject 
characteristics  
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   Discussion 

 In rural Gambia, stunting is common and habitual 
calcium intakes are low  [  12–  14  ] . Despite this, 
the incidence of fragility fracture is low during 
childhood and adulthood  [  18  ] . We explored gen-
der differences in prepubertal children to begin to 
characterize bone development in this population. 

 The males and females did not differ 
signi fi cantly in weight and height. Males had 
wider bones than females at whole body, lumbar 
spine, and femoral neck. Size-adjusted BMC 
was greater at both hip sites but lower at lumbar 
spine. There were no differences in WBLH 
BMC between the genders before or after adjust-
ing for size. The magnitude of differences at 
femoral neck and proximal femur was compa-
rable to those reported in black children from 
South Africa of similar age  [  9  ] . Spine data were 
also similar between the Gambia and South 
Africa, with lower BMC and greater BA in 
males compared to females. This apparent BMC 
de fi cit in males may be due to differences in 
rates of bone accrual at the axial and appendicu-
lar skeletal regions. 

 Despite these similarities in gender  differences 
in bone, this rural Gambian population differed 
in body weight to urban South Africans. The 
Gambian children were of similar height but 
lighter (~5 kg) with 2 kg/m 2  lower BMI. The dif-
ferences may indicate asynchrony in pubertal 
timing between rural Gambians and urban South 
Africans  [  19,   20  ] . Such differences may have 
implications for peak bone mass timing and mag-
nitude and thus bone health in these populations. 

 Weight and BMI were similar in male and 
female Gambian children. However, lean mass 
was greater and fat mass lower in males than 
females. These data highlight the importance of 
separating tissue compartments for complete 
understanding of the relationship between body 
mass and bone growth. The differences in fat 
mass were much greater than previous reports in 
US or South African black children  [  19,   21  ] . The 
contribution of the compartments to gender dif-
ferences in BMC or BA requires further investiga-
tion. These body composition differences may 
have important implications for bone in later life. 

 The data demonstrate that sex differences exist 
in BMC, bone size, and body composition in 
Gambian prepubertal children. Regular follow-up 
measurements in these children have commenced 
to assess whether these differences persist during 
and after puberty and implications for future bone 
health.      
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  Abstract 

 Osteoporosis is a major public health problem affecting over 200 million 
people worldwide. The 2010 dietary guidelines for Americans recommend 
consuming 3 cups/day of fat-free or low-fat dairy products for adults. 
Although individual nutrients usually found in dairy products may be 
bene fi cial for bone health, few studies have directly compared speci fi c types 
of dairy foods. Yet it has been suggested that dairy foods are not equivalent 
vehicles of calcium due to their different nutrient pro fi le. While studies of 
milk intake and bone mineral density (BMD) are plentiful and mostly posi-
tive, the evidence for hip fracture risk reduction remains weak. Studies on 
yogurt intake and bone health have been very few but promising though the 
role of probiotics in yogurt on bone is unclear. It is unclear how other dairy 
foods may relate to bone health. Few studies that have examined cheese 
intake have focused either on intake of total cheese or a speci fi c low-fat 
variety. High-fat/high-sugar dairy foods like cream and ice cream have low 
nutrient density and are widely consumed, yet very little is known about 
their impact on the skeleton. The additive and synergistic role of sodium 
and saturated fats along with other bone-speci fi c nutrients (e.g., calcium, 
vitamin D, phosphorus, protein) in cream and cheese is complicated and 
needs further clari fi cation.    Future studies should (i) aim to resolve the dis-
parate  fi ndings from BMD studies versus fracture studies on milk intake, 
(ii) clarify the role of probiotics in calcium absorption and bone health, 
(iii) focus on the skeletal effects of low-fat cheese and the in fl uence of 

      The Likely Importance of Speci fi c 
Dairy Foods in Relation to Bone 
Health: Current Knowledge and 
Future Challenges       
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   Introduction 

 Osteoporosis is a major public health problem 
affecting more than 200 million people worldwide 
 [  1  ] . While many risk factors have been described, 
dietary factors represent an important but less 
investigated area of research for bone health. The 
2010 dietary guidelines for Americans recom-
mend consuming three cups per day of fat-free or 
low-fat milk and milk products for adults  [  2  ] . Yet 
dairy foods are a complex source of essential 
nutrients, including protein, carbohydrates, fatty 
acids, calcium, phosphorus, potassium, and mag-
nesium, and in the USA are often forti fi ed with 
vitamin D. It has been suggested that the health 
effects of dairy foods may be due to more than a 
single nutrient, and in fact, the effects of dairy 
foods may be greater than the sum of their parts. 
A review by Heaney  [  3  ]  and a report by the US 
Dietary Guidelines advisory committee  [  4  ]  both 
reported that 25 out of 32 observational studies 
and 11 out of 11 randomized controlled trials 
showed a signi fi cantly positive association 
between dairy food intake and bone mineral den-
sity (BMD) or bone mineral content (BMC). 

 In one observational study using the 
Framingham Offspring cohort, most dairy intake 
(de fi ned as the sum of milk, yogurt and cheese 
intake) was positively associated with hip and 
spine BMD  [  5  ] . In two randomized controlled tri-
als, high dairy intake was protective against bone 
loss at the total hip  [  6  ]  and the vertebrae  [  7  ] . 
Individual nutrients usually found in dairy prod-
ucts, such as calcium and vitamin D  [  8  ] , protein 
 [  9,   10  ] , and potassium  [  11  ] , have been shown to be 
bene fi cial for bone health, while high intakes of 

sodium  [  12  ]  may have a negative impact. However, 
few studies have directly compared different types 
of dairy foods even though it has been suggested 
that dairy foods are not equivalent vehicles of cal-
cium due to their different protein, sodium, potas-
sium, and vitamin A contents  [  13  ] .    As the nutrient 
pro fi le changes a great deal with the different 
types of dairy foods, consequently not all dairy 
foods should be expected to have a similar impact 
on bone health. For example, a diet rich in milk or 
yogurt rather than cheese or cream can increase 
the intakes of potassium, vitamin A, and vitamin 
D and decrease intakes of sodium, cholesterol, and 
saturated fatty acids. Thus, Weinsier and 
Krumdieck raised an important question in their 
(2000) review paper  [  13  ]  as to whether the dairy 
options in the US Dietary Guidelines are nutrition-
ally equivalent and exchangeable for optimal bone 
health. Based on the nutrient pro fi les of dairy 
foods, it can be predicted that milk (which has the 
largest calcium to sodium ratio of 2.4) and yogurt 
may be bene fi cial for the skeleton, whereas certain 
cheeses, which have high sodium and polyphos-
phate, may be less advantageous  [  13  ] . Due to its 
low nutrient density, cream may actually be disad-
vantageous to bone health. Furthermore, calcium 
from yogurt has higher bioavailability than from 
milk due to its acidic pH, which ionizes the cal-
cium, facilitating absorption  [  14  ] . Whereas the 
manufacture of fresh, aged, and processed cheeses 
results in products that differ markedly in their 
content of dairy-speci fi c nutrients compared to 
milk  [  13  ] . In light of these factors, it is important 
to examine the impact of individual dairy foods 
upon bone health. Of the dairy foods, milk remains 
the most studied; far less is known about the asso-

sodium content of the different cheeses, and (iv) focus on dairy food prod-
ucts instead of single nutrients within dairy while at the same time consid-
ering nutrient pro fi les of speci fi c dairy foods. Overall, the studies that are 
highlighted in this chapter suggest a signi fi cant role for dairy intake in 
maintaining bone health.  
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ciations of other dairy foods, such as yogurt, 
cheese, and cream, with bone health. The objec-
tive of this book chapter is to highlight  fi ndings 
from previous studies on this topic to underscore 
our current understanding and emphasize the 
importance of examining the individual dairy 
foods and their role in skeletal health.  

   Milk Intake and Bone Health 

   Evidence from Observational Studies 

 Several cross-sectional studies have reported a pos-
itive link between childhood milk consumption and 
bone density later in life  [  15–  19  ] . Evidence for a 
bene fi cial role of milk intake on osteoporotic frac-
ture is less convincing  [  18,   20–  22  ] . A cross- 
sectional study of women (aged 44–74 years) found 
consistent associations between self-reported milk 
consumption before the age of 25 years and higher 
bone mineral density (BMD) of the total hip, femo-
ral neck, trochanter, intertrochanter ( P  < 0.05 each), 
and Ward’s triangle ( P  < 0.005)  [  15  ] . Results from 
581 older white women (mean age, 71 years) in the 
Rancho Bernardo Study showed that regular milk 
consumption in youth was associated with higher 
BMD values at cortical and trabecular sites  [  23  ] . In 
2,479 men and women (mean age, 54.9 ± 9.6 years) 
from the Framingham Offspring Study, participants 
in the highest quartile of current milk intake tended 
to have signi fi cantly higher BMD of the femoral 
neck ( P  trend = 0.08) and trochanter ( P  trend = 0.05) 
compared to participants in the lowest quartile of 
milk intake. No signi fi cant associations were 
observed for lumbar spine BMD ( P  trend = 0.29). 
In this study, after adjusting for other dairy foods, 
milk intake remained weakly but positively associ-
ated with femoral neck BMD ( P  = 0.06)  [  5  ] . In the 
third National Health and Nutrition Examination 
Survey, women aged 20–49 years who consumed 
<1 serving of milk per week during childhood (ages 
5–12 years) were found to have 5.6 % less bone 
mineral content (BMC) than those who consumed 
>1 serving per day. Similarly, women who con-
sumed <1 serving of milk per week during adoles-
cence were found to have ~3 % lower hip BMC and 
BMD ( P  < 0.02) than those who consumed >1 serv-

ing per day  [  18  ] . In the same study, women aged 50 
years or older with low milk intake during child-
hood were found to have twice the risk of lifetime 
fracture [OR, 2.02 (95 % CI; 1.13, 3.59),  P  < 0.05] 
 [  18  ] . On the other hand, a 12-year prospective study 
of 77,761 women (aged 34–59 years) from the 
Nurses’ Health Study found no evidence that higher 
adult milk intake ( ³ 2 glasses of milk per day versus 
 £ 1 glass per week) reduced incidence of hip frac-
ture [RR, 1.45 (95 % CI; 0.87–2.43)] or forearm 
fracture [RR, 1.05 (95 % CI; 0.88–1.25)]  [  22  ] . An 
18-year prospective analysis in 72,337 postmeno-
pausal women from the same study also showed no 
association between milk intake and hip fracture 
risk (RR for  ³ 1.5 glasses of milk per day versus  £ 1 
glass per day, 0.83; 95 % CI; 0.61–1.10)  [  21  ] . With 
higher daily intakes of (2.5 glasses) milk, there was 
still no evidence of a protective effect (RR = 0.86; 
95 % CI; 0.63, 1.18)  [  21  ] . Furthermore, a (2011) 
meta- analysis of milk consumption and hip frac-
ture found no overall association [Pooled RR for 
each additional glass of milk per day for men, 0.91 
(95 % CI; 0.8–1.01) and for women, 0.99 (95 % CI; 
0.96–1.02),  Q  test  P  = 0.37]  [  20  ] .  

   Evidence from Randomized 
Controlled Trials 

 A 2-year randomized trial of forti fi ed milk supple-
mentation in older men (mean age, 61.9 ± 7.7 
years) showed that the net bene fi cial effect of 
forti fi ed milk supplementation on BMD persisted 
at the femoral neck and ultradistal radius at the end 
of the intervention (1.8 and 1.5 %, respectively; 
 P  < 0.01 for both) and was sustained at 18-month 
follow-up ( P  < 0.05 for both), during which time 
no forti fi ed milk was provided. However, no last-
ing bene fi ts were observed at the lumbar spine 
 [  24  ] . In another randomized controlled trial of 240 
healthy men and women (aged 55–85 years), who 
typically consumed fewer than 1.5 servings of 
dairy a day, increasing intake to 3 servings of milk 
per day for 12 weeks decreased bone resorption, 
with a serum parathyroid hormone decrease of 9 % 
and a decrease in urinary excretion of N-telopeptide 
of 13 %  [  25  ] . In a prospective crossover trial of 16 
weeks, 30 healthy postmenopausal women aged 
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59.3 ± 3.3 years were provided a 600 mg calcium 
diet and randomized to receive either 500 ml semi-
skimmed milk (containing 600 mg calcium and no 
vitamin D, thus providing a total of 1,200 mg cal-
cium) or no milk. The authors concluded that a 
6-week period of milk supplementation induced a 
decrease in several biochemical variables compat-
ible with diminished bone turnover mediated by 
reduction in parathyroid hormone secretion  [  26  ] . 
Similar results have been reported from other ran-
domized controlled trials, including postmeno-
pausal women from South Australia  [  27  ] , China 
 [  28  ] , and Chinese women in Malaysia  [  29  ] . 

 While studies of milk intake and BMD are 
plentiful and mostly positive, the evidence for hip 
fracture risk reduction remains weak. Results 
from two of the largest prospective cohort studies 
to date have shown no association between dairy 
intake and the risk of hip fracture  [  20,   22  ] . As 
noted by Bischoff-Ferrari et al., it is quite possible 
that adequate vitamin D exposure is required for a 
bene fi t of milk on hip fracture prevention  [  20  ] , 
which may explain the overall null associations in 
their study. This may also explain null  fi ndings 
from the Nurses’ Health Study, where vitamin D 
from foods and multivitamin supplements was 
448 IU/day in the high milk intake group ( ³ 2 
glasses of milk/day). Similarly, in the follow-up 
study, mean dietary vitamin D intake from foods 
alone was 5  m g/day (or 200 IU/day) and 65.8 % of 
the women examined had total vitamin D levels 
<8.99  m g/day (or 359.6 IU/day)  [  21  ] .   

   Yogurt Intake and Bone Health 

   Evidence from Observational Studies 

 In 2,479 men and women (mean age, 54.9 ± 1.6; 
range 26–85) from the Framingham Offspring 
Study, participants with high yogurt intake (>4 
servings per week) had higher BMD at the tro-
chanter ( P  trend = 0.05) compared to those with no 
intake, while no signi fi cant associations were 
observed for other bone sites ( P  range, 0.27–0.32) 
 [  5  ] . Even when intakes of milk, yogurt, cheese, and 
cream were simultaneously included in the  fi nal 
model, high yogurt intake (>4 servings per week) 
remained positively associated with trochanteric 

BMD ( P  = 0.04   ), and statistically borderline asso-
ciations were observed with femoral neck BMD 
( P  = 0.09) compared to no yogurt intake.  

   Evidence from Randomized 
Controlled Trials 

 An intervention study by Heaney et al., with 29 
postmenopausal women (mean age, 61 ± 4.3 
years) not taking calcium supplements and with 
dietary calcium intake of <600 mg/day, showed 
that 3 servings of yogurt (versus 3 servings of jel-
lied fruit snack) led to 22 % lower urinary excre-
tion of N-telopeptide ( P  < 0.03), a marker of bone 
resorption  [  30  ] . 

 Yogurt is an important source of bone-speci fi c 
nutrients, is low in sodium, and has high satiety 
factor. Yogurt is a good source of probiotics; con-
sequently, yogurt is better tolerated by people who 
avoid dairy products due to lactose intolerance. 
Whether these probiotics also affect the absorp-
tion of bone-speci fi c nutrients such as calcium is 
yet unknown. Studies on yogurt intake and bone 
health have been very few but promising.   

   Cheese Intake and Bone Health 

   Evidence from Observational Studies 

 In men and women from the Framingham 
Offspring Study (mean age, 54.9 ± 1.6), no 
signi fi cant associations were observed for total 
cheese intake with BMD at the hip or spine  [  5  ] .  

   Evidence from Randomized 
Controlled Trials 

 Two controlled trials were conducted by Bonjour 
et al.  [  31,   32  ]  in France that proposed skimmed-
milk soft cheese as an effective dietary interven-
tion against bone loss. In a randomized controlled 
trial, 71 healthy postmenopausal women (mean 
age, 56.6 ± 3.9 years) with low calcium and  vitamin D 
intakes were randomized to consume two daily 
servings of skimmed-milk, soft plain cheese 
(2 × 100 g) for 6 weeks ( n  = 36 intervention; 35 
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placebo controls). The vitamin D and calcium-
forti fi ed cheese product provided 661 kJ of energy, 
2.5  m g vitamin D, 400 mg calcium, and 13.8 g 
protein per day. At the end of the intervention, the 
decrease in TRAP 5b (tartrate-resistant acid phos-
phatase, isoform 5b, a bone resorption biomarker) 
and the increase in insulin-like growth factor-I 
(IGF-I, serum bone anabolic factor) were greater 
in the treated than in the placebo group ( P  < 0.02). 
The changes in the resorption marker, serum car-
boxy-terminal cross-linked telopeptide of type I 
collagen, did not differ signi fi cantly between the 
two groups  [  32  ] . The results of this trial were con-
sistent with the results of a previous trial by the 
same group that used a crossover controlled study 
design in older institutionalized women (mean 
age, 87.2 ± 6.1 years) with low vitamin D status 
and calcium intake <700 mg/day  [  31,   33  ] . 

 Several have speculated that intake of hard 
cheeses and processed cheese products are less 
advantageous to bone and that cottage cheese 
would also be disadvantageous  [  13  ] . A possible 
explanation for this is that the manufacture of 
cheese increases its sodium content, particularly 
processed cheese products and the acid-cured 
cheeses such as cottage cheese  [  34  ] . Thus, while 
the recommended 2–3 dairy servings taken as milk 
would provide ~315 mg Na, a comparable intake 
of calcium from American cheese would increase 
the sodium intake to ~2,500 mg and if consumed 
as cottage cheese would increase the sodium intake 
to ~5,000 mg  [  13  ] . However, few studies have 
examined the association of cheese intake with 
bone health, and these studies either examined 
total cheese intake or focused on a speci fi c low-fat 
variety. Future studies should focus on the skeletal 
effects of low-fat cheese and the in fl uence of 
sodium content of the different cheeses.   

   Cream Intake and Bone Health 

   Evidence from Observational Studies 

 In the Framingham Offspring Study, no signi fi cant 
associations were observed for dietary cream 
intake (de fi ned as the sum of intake of cream, ice 
cream, sour cream, and cream cheese;  P  trend 
range, 0.39–0.42) and BMD at the hip or spine. 

However, after adjustment for other dairy foods 
such as milk, yogurt, and cheese, cream intake 
tended to be negatively associated with femoral 
neck BMD (  b  , −0.00062; SE, 0.0004;  P , 0.08)  [  5  ] .  

   Evidence from Randomized 
Controlled Trials 

 In a randomized controlled trial, 80 women (ages 
20–39 years with calcium intake <750 mg/day) 
were randomized to consume lower saturated fat/
sugar ice cream containing 96, 244, 459, or 
676 mg calcium daily for 28 days. This study 
concluded that daily consumption of this low fat/
sugar and calcium-forti fi ed ice cream by pre-
menopausal women may signi fi cantly reduce 
 levels of serum carboxy-terminal collagen cross-
links (CTX, a bone resorption marker), without 
stimulating weight gain  [  35  ] . 

 Dairy foods like cream, ice cream, and sour 
cream are usually high in saturated fat or sugar 
and have low nutrient density. These dairy foods 
are widely consumed yet very little is known 
about their impact on the skeleton.   

   Conclusion 

 Although the evidence for a positive associa-
tion between milk intake and BMD is strong 
and that of yogurt intake looks promising, it is 
unclear how other dairy foods may be related 
to bone health. Recent studies have high-
lighted the important role of various macro- 
and micronutrients as well as that of milk 
basic protein in bone health  [  36,   37  ] . However, 
the additive and synergistic role of sodium 
and saturated fats along with other bone-
speci fi c nutrients (e.g., calcium, vitamin D, 
phosphorus, and protein) in dairy foods such 
as cream and cheese is complicated and needs 
further clari fi cation. There is a clear dearth of 
studies on speci fi c dairy foods and hip frac-
tures in older adults, and thus, the evidence 
for hip fracture remains weak. This highlights 
the need for future studies to resolve the 
 disparate  fi ndings from BMD studies versus 
fracture studies. Single nutrient studies  cannot 
account for synergistic interaction between 
nutrients. Therefore, future studies should 



312 S. Sahni et al.

focus on dairy food products instead of single 
nutrients within dairy. At the same time, it is 
vital to consider nutrient pro fi les of speci fi c 
dairy foods while investigating their associa-
tions with bone health. Dairy foods contribute 
70.3 % of calcium, 16 % of magnesium almost 
all of the vitamin D, 18.2 % of vitamin B12, 
15 % of zinc, and 25 % of ribo fl avin in the 
typical US diet  [  4  ] . Given that dairy intake is 
an essential resource of bone-building nutri-
ents in the western diet and plays an impor-
tant role in maintaining bone health, it is 
essential to address the issue of nutritional 
equivalency of dairy foods in order to opti-
mize bone health.      
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   Introduction 

 Pubertal growth is an important time period for 
building strong bones, during which 90 % of the 
adult skeletal mass is accumulated  [  1  ] . Peak bone 

mass acquired during adolescence has been 
identi fi ed as an important predictor of osteoporo-
sis risk in later life  [  2–  4  ] . Modi fi able lifestyle 
factors during this time, such as dietary intake of 
important nutrients (calcium and vitamin D), can 
greatly in fl uence bone health. Consuming ade-
quate calcium is essential to bone health and the 
prevention of osteoporotic fracture  [  5,   6  ] . Milk 
being the primary source of dietary calcium has 
suffered signi fi cant declines in recent decades 
with only 48 % of American adolescents  reporting 
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  Abstract 

 Adolescence presents an opportune time to in fl uence peak bone mass with 
prebiotic agents like galacto-oligosaccharides (GOS) that increase calcium 
absorption in the large intestine. Previous literature has helped elucidate 
the mechanisms by which prebiotics elicit their response which involves 
decreased luminal pH following bacterial fermentation. In addition to 
improved mineral absorption, dietary supplementation with GOS in rats 
has been associated with improved bone mineral content (BMC) during 
growth, reduced losses of BMC and bone mineral density (BMD) after 
ovariectomy, and increased cecal content weight. Similar bone-sparing 
results have been seen in postmenopausal women, while preliminary 
results in adolescents show that GOS increases fractional calcium absorp-
tion. This effect may be mediated by bacterial fermentation in the colon as 
bi fi dobacteria content of the feces was increased after GOS consumption. 
Further work is needed to fully elucidate the intestinal mechanism and 
understand the long-term effects of GOS consumption.  
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milk consumption in 2005–2006  [  7  ] . This 
decrease in milk consumption can pose a threat to 
bone health, as milk serves as a highly bioavail-
able source of calcium. 

 To combat habitually low calcium intakes 
among adolescent populations, the addition of 
bioactive compounds to the diet may help improve 
the bioavailability and utilization of calcium 
already in the diet. Prebiotics, which are non- 
digestible food components, work as functional 
food components that selectively stimulate the 
growth of bene fi cial gastrointestinal bacteria, 
ultimately resulting in health bene fi ts for the host 
 [  8  ] . Non-digestible oligosaccharides (NDOs) are 
prebiotic carbohydrates that have bene fi cial 
effects on bone health. The in fl uence of speci fi c 
NDOs, such as fructo-oligosaccharides (FOS), 
have been studied in animals and humans showing 
signi fi cant increases in intestinal calcium absorp-
tion, decreases in bone resorption, and improved 
bone mass and strength  [  9–  18  ] . Similar results 
have been reported for galacto-oligosaccharides 
(GOS) in rats and postmenopausal women, 
but little is known of their effect in growing 
adolescents.  

   Galacto-oligosaccharides 

 Galacto-oligosaccharides comprise a unique 
class of NDOs as they provide a number of struc-
tural and functional similarities with oligosac-
charides occurring in human breast milk. 

Commercial production involves the conversion 
of lactose by bacteria expressing  b - d - galactosidase 
activity  [  19  ] . GOS (Fig.  30.1 ) is composed of a 
galactose chain attached to a single glucose mol-
ecule which varies in chain length (2–8 mono-
mers) and types of linkages (mainly  b (1–4), 
 b (1–2),  b (1–6)). In breastfed infants GOS con-
tributes to the protective microbiome that persists 
in the intestines  [  20,   21  ] , speci fi cally leading to 
the growth and proliferation of bi fi dobacteria and 
lactobacillus  [  22  ] . Studies have also shown posi-
tive effects of GOS on calcium absorption 
 [  23–  27  ] , but these effects vary depending on the 
dose given, treatment length, subject age, and 
habitual calcium intake.   

   Prebiotic In fl uence of GOS 
on the Gastrointestinal Tract 

 The bene fi t of prebiotics on calcium metabolism 
occurs in the lower gut and was con fi rmed when 
antibiotic-treated rats and ileostomy patients did 
not experience an increase in calcium absorption 
when their diets were supplemented with prebiot-
ics  [  26,   28  ] . Ordinarily, the gut is mostly com-
prised of Cytophaga-Flavobacterium-Bacteroides 
and Firmicutes  [  29  ] . However, upon treatment 
with prebiotics, a shift in microbiota types and 
quantities occurs as the environment selects for 
those organisms that selectively ferment prebiot-
ics. These compounds in fl uence the growth of 
bacteria in the large intestine, favoring the 
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  Fig. 30.1    Enzymatic 
production of galacto-
oligosaccharides with 
 b -galactosidase       

 



31730 Galacto-oligosaccharides: Prebiotic Effects on Calcium Absorption and Bone Health

bene fi cial strains that are able to elicit positive 
host effects such as increased calcium absorption 
and retention. Signi fi cant increases in the quan-
tity of bi fi dobacteria and lactobacillus species 
have been reported in animals  [  30,   31  ]  and 
humans  [  32–  34  ]  consuming prebiotic  fi bers. 
Recent in vitro work using a  13 C labeling tech-
nique has also con fi rmed these effects speci fi cally 
for GOS. Administering  13 C-labeled GOS to a 
dynamic in vitro colonic model has shown that 
 Bi fi dobacterium bi fi dum ,  Bi fi dobacterium catenu-
latum ,  Lactobacillus gasseri , and  Lactobacillus 
salivarius  were primarily involved in the fermen-
tation of GOS  [  35  ] . 

 GOS resists digestion in the stomach and 
small intestine allowing it to be fermented in the 
large intestine to produce short-chain fatty acids 
and a decrease in pH (Fig.  30.2 ). This increased 
level of acidity may enhance mineral solubility, 
thereby directly increasing calcium absorption 
through hydrogen ion exchange  [  36  ]  or indirectly 
through hypertrophy of the intestinal mucosa to 
increase surface area for greater mineral  diffusion. 
Bouhnik et al.  [  33  ]  found that consumption 
of 10 g transgalacto-oligosaccharide for 21 days 
resulted in signi fi cant increases in fecal 
bi fi dobacteria content in healthy adults, while 

in vitro work has shown increased production of 
short-chain fatty acids with elevated acetate 
and lactate concentrations  [  35,   37  ] . In elderly, 
similar results were found after consumption of 
4 g galacto-oligosaccharides twice daily  [  34  ] . 
Changes in intestinal surface area have also been 
associated with prebiotic consumption resulting 
in cecal hypertrophy  [  38,   39  ] . In rats fed GOS 
diets, this occurred as increased crypt depth and 
cell density in the proximal and distal colon  [  24  ] . 
Recently, work in rats has shown that GOS 
increased calcium absorption and bone mineral 
density (BMD) through decreased pH and 
increased bi fi dobacteria composition, cecal wall, 
and content weight  [  40  ] . Work in humans has 
also suggested the importance of colonic mecha-
nisms in NDO-induced calcium absorption  [  41  ] , 
but the speci fi c effect of GOS needs to be 
con fi rmed in children.   

   Effects of GOS on Calcium Metabolism 
in Animals 

 GOS has bene fi cial effects on calcium absorption 
and bone density in both growing  [  23–  26,   40  ]  
and ovariectomized rats  [  42,   43  ] . A number of 
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  Fig. 30.2    Fermentation of galacto-oligosaccharide 
( GOS ) is an important mechanism for calcium absorption 
in the colon. ( a ) Non-digestible oligosaccharides that have 
prebiotic effects in the colon such as GOS are selectively 
fermented by colonic micro fl ora resulting in the produc-

tion of short-chain fatty acids ( SCFA ). ( b ) Accumulation 
of SCFA results in a reduced pH. ( c ) This shift in colonic 
acidity increases the solubility of calcium. ( d ) Calcium is 
more readily absorbed across the enterocytes of the large 
intestine       
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animal studies indicated that the cecum is an 
important site for calcium absorption  [  10,   39,   44,   45  ] , 
while two others found no relationship  [  9,   46  ] . 
Given the coprophagic behavior of rats and their 
highly developed cecum, it is dif fi cult to extrapo-
late these  fi ndings, positive or negative, to 
humans. Also, few studies have attempted to 
relate the changes in calcium absorption to physi-
ological and/or morphological changes in the 
intestine. 

 We found a signi fi cant association between 
increased bi fi dobacteria counts and improved cal-
cium absorption in a study with 75 four-week-old 
male Sprague-Dawley rats which were fed diets 
containing 0, 2, 4, 6, or 8 % GOS by weight  [  40  ] . 
Rats underwent treatment for 8 weeks and mea-
sures of mineral metabolism and cecal  environment 

changes were assessed including measurements 
of cecal pH, content and wall weight, gut micro-
biota including bi fi dobacteria levels, bone geom-
etry, bone mineral density, calcium absorption, 
and retention. Treatment with GOS increased tib-
ial bone-breaking strength, total and trabecular 
volumetric bone mineral density (vBMD) of the 
distal femur, and area and vBMD of the proximal 
tibia. Results from this study suggested that trabe-
cular-rich bones bene fi ted the most from GOS 
supplementation, and regression analysis revealed 
that GOS improved vBMD through increased 
bi fi dobacteria content, trophic effects in cecal tis-
sue, and decreased cecal pH (Fig.  30.3 ). These 
extensive  fi ndings strongly suggest the need for 
similar work in humans, speci fi cally during peri-
ods of intense growth.   

GOS

Mechanistic
outcomes

a

c

b

Cecal pH*
(2.2–11.0 % change)

Cecal wall weight*
(13.3–141.0 % change)

Cecal content weight*
(45.0–342.6 % change)

Net calcium
absorption*

(15.7–53.2 % change)

Net calcium
absorption*† 
(15.7−53.2 % 

change)

Bifidobacteria*
(–25.4 to +265.9 % change)

vBMD of distal
Femur*

(1.8–3.1 % change)

vBMD of
distal femur*†

(1.8−3.1 % change)

Primary
outcomes

  Fig. 30.3    Mechanistic outcomes predicted calcium 
absorption and BMD in growing rats in a multiple regres-
sion analysis. ( a ) Effect of GOS on mechanistic outcomes; 
( b ) dose-response in fl uence of GOS on primary outcomes 
that relate to skeletal health; and ( c ) in fl uence of mecha-
nistic outcomes as predictors of primary outcomes related 
to bone health. Cecal and bi fi dobacteria characteristics 

had a positive in fl uence on calcium absorption and bone 
mineral density. The range for each variable as percent 
change is expressed below the variable name and super-
scripts represent signi fi cant in fl uences from the variable(s) 
directly to the left of the respective variable. * p  < 0.01; 
† p  < 0.05 for bi fi dobacteria as a predictor of primary 
outcomes       
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   Effects in Humans 

 The study of GOS in humans in relation to min-
eral metabolism has been scarce. In postmeno-
pausal women, supplementation with 20 g 
transgalacto-oligosaccharide for 9 days increased 
calcium absorption by 16 %  [  27  ] . However, a 
study using a similar design in young men found 
no effect of GOS on calcium metabolism when 
15 g/day was given for 21 days  [  47  ] . This lack of 
effect may be the result of an inadequate time 
period for urine collection (24 h) which is not 
long enough to capture the lower gut effect. No 
studies on GOS and calcium absorption have 
been reported in children and adolescents, but 
other prebiotic  fi bers, such as inulin, have proven 
bene fi cial for increasing calcium absorption dur-
ing the pubertal growth spurt  [  12  ] . 

 As adolescence is a time for rapid growth, this 
life stage presents an opportunity to in fl uence 
peak bone mass with an agent like GOS that 
works to increase calcium absorption. To extend 
the results of the observations in rats  [  40  ]  and to 
better understand the prebiotic effects of GOS 
during the adolescent growth spurt, we investi-
gated the effect of GOS supplementation on cal-
cium absorption in premenarcheal girls. The 
primary objective of our study was to assess the 
dose-response effect of GOS on fractional 
 calcium absorption. Secondarily, we aimed to 
assess the potential dose response of GOS on 
intestinal micro fl ora, speci fi cally expecting to 
see a signi fi cant increase in bi fi dobacteria. 

 We designed a randomized, double-blind 
crossover trial with three treatments. Treatments 
consisted of two milk-based smoothie drinks 
each supplemented with 0, 2.5, or 5 g of GOS 
(total intakes of 0, 5, and 10 g GOS per day). 
Smoothie drinks were consumed twice a day 
(morning and night) for 3 weeks which was fol-
lowed by a weekend clinical visit. During the 
clinic visit, subjects consumed a controlled diet 
containing approximately 1,300 mg calcium and 
15 g  fi ber (not including the GOS from smoothies). 
A calcium absorption test was performed during 
this visit utilizing dual stable isotope methodol-
ogy. Isotope enrichment was measured in urine 
collections pooled into four 12 h aliquots 

 collected during the 48 h clinic visit. Fecal sam-
ples were collected and assessed for total micro-
bial communities and bi fi dobacteria using 16S 
rRNA gene copies from PCR-DGGE and quanti-
tative PCR, respectively. Variation between 
 treatment pro fi les was assessed by principal com-
ponents analysis (PCA) to identify major con-
tributors to variation in PCR-DGGE banding 
patterns. Each phase was separated by a 2-week 
washout period to stop any effect on the gut colo-
nization and avoid the potential for carryover 
effects between treatments. 

 Signi fi cant increases in fractional calcium 
absorption were observed but the effect was not 
dose dependent as twice daily treatment with 2.5 
and 5 g GOS resulted in similar increases in 
absorption relative to control. Overall, bacteria 
community patterns assessed by PCA did not dif-
fer among the three treatments (Fig.  30.4 ), but 
bi fi dobacteria as a proportion of total bacteria 
increased with GOS treatment. This study was 
the  fi rst to assess the effects of GOS in young 
girls nearing the pubertal growth spurt and the 
results suggest that GOS may improve the bio-
availability and absorption of calcium through 
the large intestine.  

 The increases in calcium absorption seen in 
this study were comparable to studies investigat-
ing the effects of similar prebiotic  fi bers. Inulin 
 fi ber (8 g/day) has been reported to improve cal-
cium absorption by 8–18 % in adolescents  [  12, 
  13  ] . However, a study from our lab saw no effects 
with 9 g/day of the same inulin  fi ber  [  48  ] , so fur-
ther work is needed to understand the differences 
in response. Overall, our results with GOS sug-
gest that modest consumption of NDO prebiotics 
could aid in the development of peak bone mass 
at a crucial time period for bone growth.  

   Adaptation 

 Novel dietary  fi bers with prebiotic effects elicit 
their bene fi cial effects by altering the gastrointes-
tinal environment. These effects are transient 
resulting in a loss of bene fi ts when consumption 
of the prebiotic is ceased. Little is known about 
the potential for adaptation or whether the 
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 positive health effects persist with prolonged 
use. Animal studies have indicated bone-sparing 
effects in animals undergoing longer-term inter-
ventions, of which a study in ovariectomized rats 
reported increases in BMC, BMD, and tibial 
microarchitecture after 4 months of treatment 
with FOS or FOS + Soy  [  49  ] . These results may 
not translate to humans though, and even fewer 
studies have been done to assess whether prebi-
otic effects persist in humans. 

 Currently, there is only one study that has 
assessed the long-term effects of a prebiotic on 
bone health. Abrams et al. completed a 1-year clin-
ical trial in prepubertal girls and boys who received 

8 g/day of ITF-mix (mixture of short and long-
chain inulin-type fructans). Using dual stable iso-
tope techniques, they found that calcium absorption 
in the fructan group was signi fi cantly higher after 8 
weeks compared to the control group. This effect 
on absorption persisted throughout the entire inter-
vention and also resulted in signi fi cant increases in 
whole body BMC and BMD after 1 year of treat-
ment  [  12  ] . Further study of these children sug-
gested that the effects of prebiotics may be 
modulated by genetic factors through vitamin D 
receptor (VDR) gene polymorphisms. Interaction 
between fructan supplementation and the Fok1 
gene, a vitamin D receptor polymorphism that 
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  Fig. 30.4    Principal components analysis (PCA) of bacte-
rial  fi ngerprint pro fi les of adolescent girls before (N) and 
after 3 weeks of GOS treatment (A = 5 g/day GOS, B = 10 g/
day GOS, C = control). PCR-DGGE pro fi les combined 

from two different gradients (35–56 %, 25–75 %) were 
used to generate the PCA using Bionumerics. Bacterial 
pro fi les did not separate by treatment but indicated slight 
similarities within each participant       
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affects bone mineralization during puberty, was a 
signi fi cant determinant of “responders” at 8 weeks 
after controlling for sex, tanner stage, and ethnicity 
 [  12  ] . In those children classi fi ed as responders 
(experiencing a 3 % increase in calcium absorption 
with treatment), calcium accretion was greater after 
1 year compared to nonresponders and those on the 
control treatment  [  50  ] .  

   Conclusions 

 Adolescence is a critical time for reaching peak 
bone mass. Novel dietary  fi bers such as GOS 
may improve mineral metabolism and bone 
health through their unique interactions with 
colonic micro fl ora. Bacteria in the colon are able 
to ferment ingested prebiotics thereby altering 
the luminal environment of the colon, which has 
been associated with increased absorption of cal-
cium. Previous research in animals and humans 
identi fi ed a relationship between GOS consump-
tion and speci fi c gut bacteria or improved cal-
cium metabolism independently, but there is a 
need to better understand the mechanism con-
necting these two outcomes. Additionally, iden-
tifying an optimal dose to see effects would 
provide further understanding of the relationship 
between GOS and bone health. Studying these 
effects in important populations such as adoles-
cents is equally important as GOS and other pre-
biotics may help make up for de fi cits in calcium 
intake to maximize bone mineral accretion and 
reduce the risk of osteoporosis later in life.      
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  Abstract 

  Background : Although it is widely accepted that dietary calcium intake 
(CaI) and weight-bearing physical activity (WBA) increase bone mass 
accrual during growth, few prospective studies have followed children 
from early childhood to sexual maturity to evaluate this relationship. 

  Aims : To describe the relationship between CaI and WBA and total 
body bone mineral content (TBBMC) accrual in a large, multiracial cohort 
of children followed prospectively. 

  Methods : Five US centers recruited 2014 healthy children (ages 5–19 
years) and measured them annually for up to 7 years. Subjects with at least 
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  Abbreviations  

  BMC    Bone mineral content   
  BMDCS     Bone Mineral Density in 

 Childhood Study   
  CaI    Calcium Intake   
  CHGTO    Changed to   
  DXA     Dual Energy  Absorptiometry   
  NICHD     National Institute for Child health 

and Human  Development   
  RCT    Randomized Clinical Trial   
  SD    Standard Deviation   
  SS    Sums of Squares   
  TBBMC     Total Body Bone Mineral Content   
  WBA    Weight Bearing Activity         

   Introduction 

 Bone mineral accrual during childhood and ado-
lescence is a critical determinant of osteoporosis 
later in life. In fact, peak bone mass, the maximum 
level of bone mass accumulated, is  considered 
the best predictor of osteoporotic fracture  [  1–  3  ] . 
Estimates are that a 5 % increase in peak bone 
mass at the population level would decrease the 

risk of fracture later in life by 50 %  [  4  ] . Thus, 
childhood and adolescence provide a window 
of opportunity to maximize peak bone mass and 
reduce the risk of osteoporosis later in life. 

 Adequate weight-bearing physical activity 
(WBA) to stimulate new bone formation and 
suf fi cient dietary calcium intake (CaI) to provide 
the substrate for new bone are essential for maxi-
mizing skeletal development. Numerous studies 
have been done to determine the levels of CaI and 
WBA required for maximal skeletal develop-
ment. However, these levels are still not well 
de fi ned. 

 Calcium is a threshold nutrient, that is, below 
a certain level, bone accrual varies with intake, 
while above that level, accrual is not dependent 
on intake  [  5  ] . Most observational studies of 
self-selected CaI and a large number of ran-
domized trials of calcium supplementation or 
dairy food in growing children and/or adoles-
cents show a positive effect of CaI on bone 
accrual  [  6,   7  ] . 

 Bone adapts to varying levels of mechanical 
loading, that is, weight-bearing physical activity. 
The ability of bone to adapt to mechanical loading 
is signi fi cantly greater during growth than after 
maturity has been reached  [  8,   9  ] .  Cross-sectional 

two annual visits are included in this analysis (944 boys, 973 girls). 
Assessments included TBBMC, Tanner stage, WBA, and CaI. Multiple 
regression was used to model annual increases in TBBMC, controlled for 
annualized overall height growth, Tanner stages, and baseline TBBMC. 
The effect of adding WBA and CaI to the model was evaluated for four 
subgroups: nonblack boys and girls and black boys and girls. 

  Results : WBA had a positive association with adjusted annual increases 
in TBBMC in all subgroups ( p  < 0.05), while CaI was positively related to 
TBBMC increase in nonblack males and nonblack females. 

  Conclusion : These  fi ndings support the importance of public health 
efforts to increase physical activity in children and adolescents while 
assuring adequate calcium intake.  

  Keywords 

 Dietary calcium intake  •  Physical activity  •  Children  •  Adolescents  
•  Observational study  •  Bone mass accrual  •  Total body bone mineral content  
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studies have shown higher BMC in children and 
adolescents who are more  physically active than 
their peers  [  10–  12  ] . Similarly, prospective stud-
ies suggest the bone accrual advantage of WBA 
 [  13,   14  ] . Randomized trials show that an exercise 
intervention can increase BMC accrual by 2–4 % 
 [  15–  18  ] , and there is some evidence that this 
BMC advantage persists for several years  [  19  ] . 

 However, prospective long-term studies that 
follow subjects from childhood into adulthood to 
determine the effects of self-selected CaI and 
WBA are sparse and have relatively small and 
homogenous samples. Few have provided an 
accurate assessment of pubertal stage even though 
biological maturation is one of the primary deter-
minants of bone mass accrual. Thus, the purpose 
of this analysis of data from the Bone Mineral 
Density in Childhood Study (BMDCS) is to 
examine the effects of self-selected CaI and WBA 
on bone accrual in a large, multiethnic cohort in 
which sexual maturity was well characterized.  

   Methods 

   The US National Institute of Child 
Health and Human Development 
(NICHD) Bone Mineral Density 
in Childhood Study (BMDCS) 

 The BMDCS was a 6-year longitudinal study to 
develop reference data for dual energy absorpti-
ometry (DXA) measures of bone mineral content 
and density in children and adolescents. A multi-
ethnic sample of healthy children and adolescents 
was recruited from  fi ve centers across the USA: 
Children’s Hospital of Los Angeles, Cincinnati 
Children’s Hospital Medical Center, Creighton 
University, Children’s Hospital of Philadelphia, 
and Columbia University.  

   Sample 

 Recruitment of girls (6–15 years) and boys 
(6–16 years) ( n  = 1,554) occurred from July 2002 
to November 2003. Entry criteria have been 

described previously  [  20  ] . Subjects were evaluated 
annually for 6 years (seven  visits). A  second wave 
of recruitment ( n  = 460) occurred from August 
2006 to November 2007 to increase the number of 
younger and older subjects to extend the reference 
percentiles to ages 5–20 years. These subjects were 
evaluated annually for 2 years (three visits). The 
 fi nal sample consisted of 2,014 subjects. Subjects 
with at least two annual visits are included in this 
analysis (944 males, 973 females). The racial/eth-
nic distribution of the sample was 6 % Asian, 23 % 
black, 48 % white, 16 % Hispanic, 6 % mixed, and 
0 % American Indian.  

   Measurements 

 Total body bone mineral content (TBBMC, g) 
was assessed by DXA. Height (cm) was mea-
sured with a stadiometer and Tanner stages (1–5) 
of breast development and testicular volume were 
assessed by physician    exam. Annual increases in 
TBBMC and height were calculated as the differ-
ence from the  fi rst to the last measurement divided 
by the years on study for each subject. Height 
growths less than 0.5 cm were set to 0.5 cm. 

 Weight-bearing physical activity (WBA, h/
week) was assessed annually by self-report 
using the modi fi ed Slemenda questionnaire  [  21  ] . 
Slemenda reported correlations between chil-
dren’s reports of their activity 6 months apart as 
0.62. Test-retest of the tool with a 2-week interval 
in ten adolescent females was 0.8  [  22  ] . Dietary 
calcium intake (CaI, mg/day) was assessed annu-
ally by the Block semiquantitative food frequency 
questionnaire (Berkeley Ca). Parents assisted the 
younger children in completing both question-
naires. For each participant, the number of hours/
week of WBA, on all activity reports submitted, 
was averaged to produce an overall indicator of 
activity level. Likewise, for each participant, the 
CaI (mg/day), from all dietary reports submit-
ted, was averaged to produce an overall indica-
tor of calcium intake. These averages provided 
continuous measures of WBA and CaI that were 
positively skewed, so both were log-transformed 
for comparisons among groups. 
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 At each visit, subjects were scored on Tanner 
stage. These data were used to calculate  fi ve indi-
cators of pubertal stage:
    1.    Tanner 1 or 2 at  fi rst visit (startT12)  
    2.    Moved from a lower stage to Tanner 2 

(chgtoT2)  
    3.    Moved from a lower stage to Tanner 

3  (chgtoT3)  
    4.    Moved from a lower stage to Tanner 

4  (chgtoT4)  
    5.    Moved from a lower stage to Tanner 5 

(chgtoT5)     
 Every subject was coded as 0 (no) or 1 (yes) 

for each of the  fi ve indicators.  

   Analysis 

 Descriptive statistics were calculated. Given that 
WBA and CaI were highly skewed, the median 
and con fi dence intervals were calculated by non-
parametric rank-based methods. 

 Values of the continuous variables (baseline 
values, height and TBBMC change, average CaI, 
average WBA) were compared among the race/
sex subgroups using multiple regression, with 
race (black, nonblack), sex, and race-sex interac-
tion included in the model. Signi fi cance was 
evaluated using the type III sums of squares (SS). 
Correlations of CaI for each subject from one 
visit to the next and from the  fi rst visit to each 
subsequent visit were determined. Correlations 
between visits were determined similarly for 
WBA values. 

 Multiple regression was used to model pre-
dicted average annualized increases in TBBMC 
controlled for all  fi ve indicators of pubertal stage, 
baseline TBBMC value, and annualized change 
in height. The difference between the predicted 
and actual value (residual) was calculated so that 
positive values indicated greater increase in 
TBBMC than expected, while negative values 
indicated lesser increase than expected. The 
residuals re fl ect TBBMC increases adjusted for 
all of the factors in the basic model. The degree 
of association between this adjusted TBBMC 
increase and WBA and CaI, added both individu-
ally and together with an interaction term, was 

evaluated using a t-test (type III SS). In addition, 
to provide a readily interpretable estimate of the 
amount of additional TBBMC increase associ-
ated with a unit increase in either WBA or CaI, 
regression analysis was performed on the untrans-
formed WBA/CaI measures. 

 All analyses were performed separately for 
four subgroups: nonblack males, black males, 
nonblack females, and black females. In hypoth-
esis testing, probabilities  £ 0.05 were taken as 
signi fi cant. Statistical analysis was performed 
with SAS version 9.2 (SAS Institute Inc., Cary, 
NC, USA.)   

   Results 

 Table  31.1  provides the number of observations, 
the mean, and the standard deviation (SD) for all 
baseline values, change in TBBMC and height, 
and average WBA and CaI. Baseline age showed 
no differences among the groups. Baseline height 
and TBBMC and annual increase in height dif-
fered between sexes, with boys being larger. 
WBA and CaI both differed between sexes (both 
higher in males) and races (WBA higher in 
blacks, CaI higher in nonblacks). Annual increase 
in TBBMC showed signi fi cant sex and race dif-
ferences and a signi fi cant interaction: males 
increased more than females and blacks more 
than nonblacks, with the latter difference larger 
in males than in females.  

    WBA and CaI were weakly but signi fi cantly 
intercorrelated overall and within each of the 
race/sex subgroups (data not shown). Both WBA 
and CaI were “tracked,” that is, values from one 
visit to the next and from the  fi rst visit to each 
subsequent visit were signi fi cantly correlated, 
although moderate in size. Correlations from one 
visit to the next range from  r  = 0.42 to  r  = 0.58, 
while the correlation between the  fi rst and the last 
CaI and WBA observation are 0.28 and 0.24, 
respectively. Figures  31.1  and  31.2  show the 
average WBA and CaI, respectively, by age 
group. The average WBA varied among the age 
categories but remained relatively stable in all 
subgroups. However, CaI tends to be lower in 
older ages of all four subgroups. The mean CaI 
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ranged from 653 mg/day in black females to 
987 mg/day in nonblack males.   

 Tanner staging was available on all subjects. 
During follow-up, some children transitioned 
between one or more Tanner stages, while others 
showed no pubertal development. The number 
and proportion of subjects who were positive for 
each of the Tanner stage indicators is provided in 
Table  31.2 .  

 Log-transformed CaI was signi fi cantly and 
positively related to adjusted annual TBBMC 
increase in nonblack males ( P  < 0.006) and non-
black females ( P  < 0.035). Using the regression 
coef fi cient (of CaI on the original, untransformed 
TBBMC scale) as an estimate of the amount of 

annual increase in TBBMC added by each mg/
day of CaI, we found that about 0.01 g of TBBMC 
is added per mg in both males and females. CaI 
was not associated signi fi cantly with TBBMC 
increase in either black males or black females. 

 Log-transformed WBA was signi fi cantly and 
positively related to adjusted annual TBBMC 
increase in all race/sex subgroups ( P  < 0.006). 
Figure  31.3  shows the TBBMC increase by WBA 
in nonblack males. Using the regression coef fi cient 
(of WBA on the original, untransformed scale), 
we found that the amount of annual increase in 
TBBMC added by each hour of WBA is 1.0 g 
among black females and nonblack females, 1.4 g 
for white males, and 2.1 g for black males.  

   Table 31.1    Descriptive statistics   

 Nonblack boys 
( N  = 716) 

 Black boys 
( N  = 228) 

 Nonblack girls 
( N  = 758) 

 Black girls 
( N  = 215) 

 Variable  Mean ± SD  Mean ± SD  Mean ± SD  Mean ± SD 
 Baseline age (year)  11.2 ± 4.4  11.5 ± 4.4  11.2 ± 4.4  11.2 ± 3.9 
 Baseline height (cm)  141.5 ± 19.4 a   147.5 ± 22.7  141.5 ± 19.5  144 ± 18.56 
 Baseline TBBMC (g)  1475.3 ± 713.5 a   1597.4 ± 740.4  1337.8 ± 547.9  1473.9 ± 579.8 
 Years on study  4.7 ± 1.8 b   4.2 ± 1.9  4.7 ± 1.8  4.8 ± 1.8 

 Annual  D  height (cm/year)  4.1 ± 2.5 a   4.2 ± 2.5  3.4 ± 2.6  3.1 ± 2.7 

 Annual  D  TBBMC (g/year)  131.8 ± 78.7 a,b   159.3 ± 92.3  96.4 ± 64.2  108.6 ± 69.9 

 Physical activity (h/week)  13.2 ± 7.1 a,b   15.5 ± 7.8  11.1 ± 5.6  13.1 ± 7.0 
  Median  11.9  13.9  10.3  12.3 
 Calcium intake (mg/day)  986.6 ± 438.5 a,b   812.8 ± 369.6  776.6 ± 357.2  652.8 ± 321.7 
  Median  911.5  760.5  698.4  618.4 

   a Signi fi cant difference between sexes 
  b Signi fi cant difference between races  
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 There was no interaction between log-CaI and 
log-WBA in any subgroup. In all race/sex subgroups, 
log-WBA was signi fi cantly and positively associ-
ated with adjusted TBBMC increase, after adjust-
ment for log-CaI. In nonblack males and nonblack 
females, where a signi fi cant CaI effect was seen with 

no adjustment for activity, no signi fi cant CaI effect 
was seen after adjustment for WBA, indicating that 
the CaI effect observed in the simpler model may be 
accounted for by CaI’s correlation with WBA. In 
black females, no signi fi cant calcium effect was 
seen, with or without adjustment for activity.  
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males. Log-transformed 
WBA was signi fi cantly and 
positively related to adjusted 
annual TBBMC increase       

   Table 31.2    Number of 
subjects who experienced 
each Tanner indicator 
during study   

 Tanner indicator  Total  Nonblack boys  Black boys  Nonblack girls  Black girls 

 StartT12  1,033  405  122  412  94 
 chgtoT2  342  34  10  241  57 
 chgtoT3  669  251  66  279  73 
 chgtoT4  717  257  80  306  74 
 chgtoT5  679  205  72  314  88 
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   Discussion 

 In this cohort of 1,917 children and adolescents 
ranging from 5 to 19 years of age at study entry and 
followed for up to 7 years, self-selected weight-
bearing physical activity contributed to greater 
bone accrual in both sexes and both racial sub-
groups. Self-selected dietary calcium intake was 
associated signi fi cantly with greater accrual in non-
black males and females, but not their black peers. 

 Subjects in this study were inactive compared 
to other reports of activity levels  [  19,   23  ] , averag-
ing about 1.5–2 h of WBA per day. Even so, activ-
ity had a positive impact on bone accrual. The 
average annual increase in TBBMC added by 
each hour/week of WBA was about 1 g for black 
and nonblack females, 1.3 g for white males, and 
2.1 g for black males. Although this effect size is 
modest, the impact is biologically important. For 
example, the average nonblack girl accrued about 
96 g/year of TBBMC and gained an additional 
1 g/year for each h/week of WBA. If she increased 
her WBA by 3.5 h/week (½ h/day), she theoreti-
cally could increase TBBMC accrual by about 
3.5 g/year or about 4 %/year. If she could add an 
additional 3.5 g/year for each of 10 years until she 
reached the early third decade, when the mean 
TBBMC is about 2,100 g  [  24  ] , she would have 
increased accrual by about 35 g or about 2 % of 
the young adult mean. Since estimates are that a 
5 % increase in peak bone mass at the population 
level would decrease the risk of fracture later in 
life by 50 %, the increase in accrual added by an 
additional ½ h/week of WBA is clinically 
signi fi cant. This hypothetical example using 
simpli fi ed estimates serves to demonstrate that 
small increments in WBA can help to maximize 
skeletal development. 

 Consistent  fi ndings from numerous observa-
tional, cross-sectional, and randomized interven-
tional studies in children and adolescents show 
that weight-bearing physical activity increases 
bone mass accrual  [  14,   16,   18,   25–  30  ] . The 
amount of BMC increase accounted for by physi-
cal activity in these reports varies but is similar to 
 fi ndings in the BMDCS cohort. For example, Janz 
et al.  [  13  ]  showed that children ages 5–8 years 

with high activity levels accrued about 5 % more 
TBBMC than those with low activity levels. 
Slemenda et al.  [  31  ]  reported 4–7 % greater bone 
mineral density in active prepubertal children 
compared to less active peers. Although a few 
studies  fi nd no exercise effect, the inconsistency 
is likely due to limitations in study design  [  32  ] . 

 Calcium intake in this cohort was low compared 
to recommended intake levels, which are 1,000 mg/
day for children ages 4–8 years, 1,300 mg/day for 
those 9–18 years, and 1,000 mg/day for those 
19–30 years  [  33  ] . The mean CaI ranged from 
653 mg/day in black females to 987 mg/day in 
nonblack males. Figure  31.1  shows that the only 
subgroup that consumed close to adequate levels 
was the group of nonblack boys ages 7–9. The per-
centage of subjects exceeding the recommended 
intake was as follows: 4–8 years, males 45 %, 
females 29 %; 9–18 years, males 20 %, females 
9 %; and 19+ years, males 29 %, females 10 %. 
The proportion of BMDCS subjects in each cate-
gory achieving recommended CaI intake is similar 
to reports from the 2005–2006 NHANES cohort 
 [  34  ] . Both studies show that calcium nutrition in 
USA is poor, especially during the period of rapid 
growth when the need for calcium is the greatest. 

 In our cohort, self-selected CaI was positively 
related to bone accrual in nonblack males and non-
black females. For every additional mg/day of CaI, 
0.01 g/year of TBBMC is added. Based on this, a 
child who added one glass of milk/day (300 mg) to 
the diet could theoretically increase bone accrual by 
3 g/year (~2 % in boys and ~3 % in girls). On aver-
age, the BMDCS subjects reported calcium intake 
below the threshold for calcium intake, that is, the 
lowest intake at which calcium retention is maxi-
mal  [  5  ] . Below the threshold bone, mass accrual 
varies with intake. Thus, it is not surprising that we 
see a calcium intake effect in these subjects. 

 CaI showed no signi fi cant effect on bone accrual 
in black subjects in this study. Black  children had a 
higher baseline TBBMC than their nonblack peers 
and showed a greater absolute value (g) increase 
than nonblack subjects of their sex. Thus, they are 
building strong skeletons even though we did not 
detect a relationship between CaI and bone accrual. 
Weaver’s group has shown that black adolescents 
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have greater net absorption of calcium and lower 
urinary calcium excretion than whites  [  35  ] . Thus, 
it may be that more black subjects than whites have 
reached their CaI threshold. 

 Numerous randomized clinical trials (RCTs) 
of calcium supplementation show a positive 
effect on bone accrual in children and adoles-
cents that is about 1 %/year greater than the pla-
cebo group  [  36  ] . A recent meta-analysis of RCTs 
and observational studies found that dietary cal-
cium increases bone accrual in children with low 
baseline intakes  [  6  ] . Most    studies that do not 
 fi nd a calcium effect enrolled subjects who had 
calcium intakes at or above the threshold intake 
 [  36  ] . 

 Limitations of this study are that CaI and 
WBA are self-reported and assessed only once a 
year. However, parents helped the younger chil-
dren  fi ll out both questionnaires. One of the 
strengths of this study is the accurate pubertal 
staging of subjects during follow-up and our con-
trolling for maturation in the analysis. Bailey 
et al. point out that in studies of exercise in chil-
dren and adolescents, “By far the greatest prob-
lem has to do with the failure to control for the 
wide range in maturational status for children of 
the same chronological age”  [  32  ] . Timing and 
rate of linear growth and biological maturation 
are highly variable among children and adoles-
cents, and these events are the primary determi-
nants of bone mass accrual. Thus, efforts to 
determine effects of exercise and nutrients on 
bone accrual will be confounded in studies that 
do not control for pubertal status. Other strengths 
include the large size of the cohort, the broad age 
span, and the length of follow-up. Also, the cohort 
included a large number of blacks and a diverse 
sample of nonblacks.  

   Conclusion 

 In this large sample of children and adoles-
cents from across the USA, WBA showed a 
positive effect on bone accrual in boys and 
girls, blacks and nonblacks, while CaI was 
positively associated with bone accrual in 
nonblack subjects. Although the WBA and 
CaI effects were modest, small shifts in the 
mean of a population often result in large 

changes in the proportion of persons who may 
be above or below a speci fi ed level  [  37  ] . Thus, 
this study supports the bene fi ts of WBA and 
CaI for maximizing skeletal development and 
suggests that small increases in these lifestyle 
behaviors may have a substantial impact on 
bone health.      
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  Abstract 

 Falls and fracture rates are high in ambulatory aged care residents, and 
malnutrition may contribute to falls and fracture risk by in fl uencing bone’s 
material composition and structure. We aimed to test if a dairy-based pro-
tein (10 g/day), calcium (600 mg/day), and vitamin D (960 IU/day) sup-
plement formulated to increase intakes to recommended levels would 
reduce falls and fracture risk in ambulatory low-level aged care residents. 

 This was a cluster-randomized, single-blind intervention involving 813 
residents (mean age 86.1 ± 5.9 years, 76 % female) from 16 low-level aged 
care facilities in Melbourne, Australia. Twelve months of observation in 
all facilities was followed by 8 months of food-based supplementation 
(intervention) or usual intake (controls). Number of fallers and non-
vertebral fractures was assessed in all residents, and serum 25(OH)D, 
PTH, osteocalcin, bone mineral density (BMD) by densitometry, bone 
structure and volumetric BMD at the distal radius and tibia using high-
resolution pQCT, balance (Lord’s balance test), and functionality (timed 
up and go, walking velocity) were tested in a subset of 84 residents. 
Repeated measures ANOVA and logistic regression models were used to 
compare cases and controls. 

 Among the whole sample, supplementation reduced the number of fall-
ers by 42 % (OR = 0.58, 95 % CI: 0.44–0.78,  p  < 0.001). Among the 58 of 
84 participants with follow-up data, supplementation slowed bone loss at 

      Preventing Malnutrition to Reduce 
Fracture Risk in Aged Care 
Residents. A Dairy-Based Protein, 
Calcium, and Vitamin D Supplement 
Reduce Falls and Femoral Neck Bone 
Loss in Aged Care Residents: 
A Cluster Randomized Trial       

     Sandra   Iuliano           
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the proximal femur, maintained serum 25(OH)D, and reduced PTH by 
16 ± 8 %,  p  < 0.03. 

 Fortifying foods with protein, calcium, and vitamin D reduced falls in 
ambulatory aged care residents and is an accessible and inexpensive 
approach to reduce falls and slow the progression of bone fragility in the 
elderly.  

  Keywords 

 Aged care  •  Bone loss  •  Calcium  •  Dairy supplementation  •  Elderly  •  Falls  
•  Fractures • Protein  •  Vitamin D      

   Malnutrition and Elderly in Aged Care 

 Institutionalized elderly are at high risk of mal-
nutrition  [  1  ] . Malnutrition contributes to risk of 
morbidity and mortality and reduces the quality 
of life in this vulnerable group  [  2,   3  ] . Up to 
50–75 % of residents in aged care facilities suffer 
from malnutrition. Malnutrition risk is high in 
elderly who have special dietary needs or require 
feeding assistance  [  4  ] . However, self-feeding, 
ambulatory low-level aged care residents (equiv-
alent to residential care in the UK and assisted 
care in the USA) are also at risk of malnutrition 
 [  5  ] . We previously reported that foods served to 
residents did not provide suf fi cient  fi ber, calcium, 
magnesium, or folate in both sexes, zinc in men 
and energy for women, to meet recommended 
requirements, and 88 % of residents had one or 
more indicators of malnutrition  [  6  ] . Malnutrition 
is estimated to cost an additional €10,000 per 
patient for screening monitoring and treatment 
 [  7  ] . Numerous factors contribute to the risk of 
malnutrition including poor dentition and cogni-
tive impairment, low staff numbers, and inade-
quate nutrition-related staff training  [  8–  11  ] . 

 Malnutrition is a risk factor for age-related loss 
of muscle mass, strength, and function, which is 
associated with increased falls  [  12–  14  ] . The 
majority of fractures result from falls. Of all the 
hip fractures in the community, 30 % come from 
elderly in aged care, especially from ambulatory 
low-level care residents who have the highest 
fracture rates in the community  [  15,   16  ] . Targeting 
those in aged care is likely to assist in reducing 
the burden of fractures in the community and is 

likely to be cost-effective as this identi fi es a group 
at high risk of fracture likely to bene fi t from 
intervention. 

 As the population ages, there will be a greater 
reliance on institutionalized care for the elderly, 
and so the associated health costs will rise 
signi fi cantly. Preventing malnutrition in low-
level aged care residents is important as the trans-
fer of residents to high-level (nursing home) care, 
which provides more intensive 24-h nursing care, 
is associated with a substantial increase in health 
cost and a reduction in quality of life  [  17  ] .  

   Malnutrition and Fracture Risk 

 Malnutrition contributes to fracture risk. Fractures 
in the elderly result in increased morbidity, mor-
tality, and health costs. By 2051, the number of 
Australians aged over 65 years will double and 
will increase the absolute number of fractures 
and the burden of these fractures to the commu-
nity. The annual cost of fractures in Australia is 
estimated at $7.4 billion  [  18–  20  ] . Given the 
growth of the aging population, these costs will 
escalate. The aging of the population, and the 
increasing burden of fractures to the community, 
is occurring worldwide. About 65 % of all frac-
tures in the community occur in persons over 65 
years of age. The incidence of fractures is 9–14 % 
in aged care facilities that currently accommo-
date in excess of 150,000 elderly Australians 
 [  21–  24  ] . 

 Nutrient de fi ciencies, in particular de fi ciencies 
in protein, calcium, and vitamin D, are associated 
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with bone fragility. The burden of fractures attrib-
utable to calcium and protein under nutrition is 
large, because many people have low intakes. 
About 40 % of elderly living in the community 
receiving home assistance and 65 % of low-level 
care residents are malnourished  [  25,   26  ] . In 
ambulatory aged care residents, 100 % of women 
and 84 % of men consume less than the recom-
mended amount of 1,300 mg/day of calcium, 
with 68 % of women and 16 % of men consumed 
less than 600 mg/day of calcium  [  26  ] . These rates 
of dietary calcium de fi ciency are similar to 
elderly in the community  [  27,   28  ] . In aged care, 
77 % of residents consume below the suggested 
requirement of >1 g protein/kg body weight  [  29, 
  30  ] . In many cases, the actual foods served in 
aged care facilities do not provide suf fi cient 
nutrients  [  26  ] . Vitamin D de fi ciency is common 
in aged care residents  [  31  ] . 

 Protein de fi ciency contributes to fracture risk. 
Low protein intake is associated with bone loss, 
reduced bone mass and strength, and increased 
fracture risk  [  32–  35  ] . In the aging animal model, 
protein de fi ciency in males is associated with 
reduced bone formation, with a less marked 
change to bone resorption, while in females bone 
resorption was elevated with limited formation 
resulting in cortical thinning and loss of strength. 
Reduced IGF-1 and other factors were associated 
with the reduction in bone formation  [  34,   36,   37  ] . 
Protein de fi ciency reduces IGF-1 levels and low 
IGF-1 levels are associated with increased frac-
ture risk in postmenopausal women  [  38,   39  ] . Hip 
fracture patients are often malnourished, and pro-
tein supplementation improved serum IGF-1, 
shortened recovery time, and reduced complica-
tions during hospitalization  [  40,   41  ] . 

 Calcium de fi ciency also contributes to frac-
ture risk. Women with reported lactose intoler-
ance, who avoid consuming milk, have lower 
dairy calcium intakes than women who drink 
milk (570 mg/day vs. 850 mg/day) and a 33 % 
greater risk of fractures  [  42  ] . Dietary calcium 
de fi ciency is reported to increase bone remodel-
ing intensity and results in a rapid reduction in 
BMD, as supported by the observed reversal of 
skeletal bene fi ts after calcium (and vitamin D) 
supplementation is ceased  [  43  ] . The rapid loss of 

bone after acute calcium de fi ciency is re fl ective 
of the delay between bone resorption and the sub-
sequent bone formation in the larger number of 
remodeling units  [  44  ] . With long-term calcium 
de fi ciency, remodeling steady state is eventually 
returned, but at a higher rate. The structural decay 
of bone and predisposition to fractures have not 
been well identi fi ed and would depend on the 
thickness and porosity of bone prior to calcium 
de fi ciency  [  44  ] . However, calcium and vitamin D 
supplementation reduced fall frequency, bone 
remodeling, and non-vertebral fractures in insti-
tutionalized elderly women  [  45,   46  ] . 

 Targeting nutrient de fi ciencies in those in aged 
care may assist in reducing the burden of frac-
tures in the community given that 30 % of hip 
fractures arise from those in aged care. Such a 
strategy may be cost-effective as it identi fi es a 
group at high risk of fracture and likely to bene fi t 
from intervention that is accessible to all persons, 
low cost, and free of adverse events. The optimal 
method of intervention and supplementation to 
overcome nutrient de fi ciencies in aged care resi-
dents is yet to be clearly de fi ned.  

   Correcting Malnutrition 
in Aged Care Residents 

 The landmark study by Chapuy et al. demon-
strated that fracture risk can be reduced in elderly 
aged care residents with calcium and vitamin D 
supplementation  [  23  ] . However, poor compliance 
with medications limits anti-fracture ef fi cacy 
 [  47  ] . Two methods used to correct malnutrition in 
aged care residents are oral nutrition supplements 
(ONS) and food forti fi cation. Most studies dem-
onstrating ef fi cacy of ONS are reported from 
hospital settings, where small but consistent gains 
in weight and improvements in health outcomes 
are reported  [  11,   40  ] . However, in aged care, it 
has been observed that supplements are often not 
delivered according to treatment schedules and 
waste can be considerable  [  48,   49  ] . Moreover, 
elderly with limited appetites may have dif fi culties 
consuming ONS in addition to regular meals, so 
normal intake may be compromised resulting in 
limited bene fi t to overall nutrient intake  [  50  ] . 
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 Food forti fi cation to enhance nutritional con-
tent of foods has been trialed in aged care and 
evidence exists that speci fi c indicators of nutrient 
status can be improved using food forti fi cation. 
Smoliner et al. forti fi ed dietary intakes of nursing 
home residents using energy- and protein- 
enriched soups and snacks and, relative to con-
trols, observed an improvement in protein intake 
of ~12 g/day and a small but signi fi cant improve-
ment in mini nutritional assessment score  [  51  ] . 
However, snacks were not readily consumed and 
total energy intake did not differ from controls, 
so bene fi ts to overall nutrient intake remain 
unclear  [  51  ] . Bonjour et al. observed a 12.3 % 
decrease in PTH and a 16.9 % increase in IGF-1 
in elderly institutionalized women after 1 month 
of supplementation using calcium and vitamin D 
forti fi ed cheese  [  52  ] . 

 To determine the effectiveness of food 
forti fi cation to improve protein, calcium, and 
vitamin D intakes to recommended levels, and 
reduce falls and fracture risk in aged care resi-
dents, we conducted a 2-year randomized cluster 
trial involving 20 aged care facilities. Residents 
were supplemented with a dairy-based protein, 
calcium, and vitamin D supplement, which was 
provided in powdered form and mixed into vari-
ous foods on the menu or added to 30 different 
pre-prepared foods that were provided to resi-
dents. Food service staff were trained on the 
incorporation of the supplement into the foods 
served to residents. The  fi rst year consisted of 
observation of falls and fractures in all facilities, 
followed by 8 months of food-based supplemen-
tation (intervention) or usual intake (controls). It 
was observed that among 813 residents (mean 
age 85.5 years), supplementation with protein, 
calcium, and vitamin D reduced the number of 
residents who fell by 42 % (OR = 0.58, 95 % CI: 
0.44–0.78,  p  < 0.001). The bene fi t was con fi ned 
to individuals who reported no falls in the prior 
year (OR = 0.35 95 % CI: 0.22–0.57,  p  < 0.001) or 
were infrequent fallers (1–2 falls during the 
observation year), (OR = 0.54 95 % CI: 0.32–
0.91,  p  < 0.05). However, for frequent fallers 
(>2 falls during the prior year), supplementation 
did not reduce the number of fallers (OR = 0.86, 
95 % CI: 0.42–1.76,  p  = 0.68). For facilities that 

received the supplement ( n  = 7), there was a trend 
for a dose effect of supplementation on falls 
reduction ( r  = −0.6,  p  = 0.1) in that higher supple-
ment consumption was associated with fewer 
fallers. Supplementation slowed bone loss at the 
proximal femur, which declined in the control 
group by 2.5 % ( p  < 0.05), maintained serum 
25(OH)D, which declined in the control group by 
22 % ( p  < 0.001) and reduced PTH by 16 % 
 p  < 0.05). 

 Mean daily supplementation dose was 
approximately 4 g protein, 300 mg calcium, 
and 475 IU vitamin D3. Total calcium 
(537 ± 165 vs. 802 ± 258 mg/day,  p  < 0.05) and 
vitamin D (2.58 ± 0.24 vs. 13.62 ± 3.73  m g/day, 
 p  < 0.01) intakes increased with supplementa-
tion. During the supplementation period, cal-
cium (802 ± 258 vs. 615 ± 297 mg/day,  p  < 0.05) 
and vitamin D (13.62 ± 3.73 vs. 2.23 ± 0.89  m g/
day,  p  < 0.01) intakes were higher in the inter-
vention group compared to controls. The dose 
received was approximately half of that pre-
scribed and the major limitation to the study 
was the high staff turnover and dif fi culties in 
staff preparing the forti fi ed foods. Pre-forti fi ed 
foods improved administration of the supple-
ment, but dif fi culties exist in the aged care set-
ting in implementing interventions that require 
additional effort by staff.  

   Dairy Foods to Improve Nutritional 
Status in Aged Care Residents 

 Dairy foods are energy dense and a source of pro-
tein, calcium, vitamin D, magnesium, zinc, phos-
phorus, and ribo fl avin. Current intakes of dairy 
foods in low-level aged care residents are approx-
imately two serves per day, half of recommended 
levels  [  6  ] . Given that dairy foods are readily 
available and require minimal time for staff to 
prepare, improving dairy food intake to provide 
the recommended intake of calcium (1,300 mg/
day) may be a viable avenue to improve nutrient 
intake in elderly in aged care. 

 To determine the likelihood of improving nutri-
ent intake in aged care residents, we conducted a 
feasibility study in two aged care facilities whereby 
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menu modi fi cations were implemented to ensure 
residents were provided with at least four serves 
of dairy foods per day. Without food service sup-
port by a specialized catering consultant, mean 
dietary calcium intake only improved by 
~100 mg/day (unpublished data). However, after 
providing on-site support with a dietician that 
specialized in food service in aged care, daily 
increases in mean energy intake (+900 kJ, 
 p  < 0.001), protein intake (+25 g,  p  < 0.0001), 
proportion of energy from protein (+4 %, 
 p  < 0.0001), and proportion of estimated energy 
requirements (+18 %,  p  < 0.0001) were observed, 
while proportion of energy from fat decreased 
(−3 %,  p  < 0.0001). Increases in mean daily 
micronutrient intakes were observed for numer-
ous nutrients including calcium (+679 mg, 
 p  < 0.0001), vitamin D (+1.4  m g,  p  < 0.0001), 
phosphorus (+550 mg,  p  < 0.0001), and zinc 
(+2.8 mg,  p  < 0.0001), with recommended intake 
levels achieved on the higher-dairy diet. Mean 
sodium intakes remained unchanged. Dairy 
intake was enhanced in four ways:  substitution , 
milk-based drinks offered in place of regular 
beverages (e.g., glass of milk);  modi fi cation , 
inclusion of powdered or evaporated milk or 
cheese to recipes (e.g., soups);  addition , adding 
larger serves of cheese to salads, sandwiches, 
and on savory biscuits; and  accompaniment , 

cheese garnish on soups or including cheese-
based sauces to vegetables. Changes to some 
menu items provided >1,000 % more calcium 
per serve than the previously served item 
(Table  32.1 ). Therefore, two additional serves of 
dairy food can signi fi cantly improve nutrient 
intake in aged care residents, and its ease of pro-
vision makes it a viable option to potentially pre-
vent malnutrition (Iuliano, JNHA, accepted Nov 
2012).   

   Preventing Malnutrition in Aged Care 
Residents: A Community-Based Approach 

 An effective means of reducing fracture risk is to 
shift the population mean for protein, calcium, 
and vitamin D intakes in the elderly so a smaller 
proportion of elderly people are de fi cient in these 
nutrients. Blood pressure has been lowered by 
reducing salt intake in the whole population and 
is seen as an effective means of reducing the bur-
den of stroke and cardiac events  [  53,   54  ] . The 
principle of using dietary modi fi cations to reduce 
cardiac events instead of using drugs can be 
applied to increasing intakes of protein, calcium, 
and vitamin D to recommended levels to reduce 
fractures and is a realistic option for fracture pre-
vention in the community. 

 Food item 

 Regular 
menu (mg 
Ca/serve)  Food item 

 High dairy menu 
(mg Ca/serve) 

 Beverages 
  White coffee  24  Milk coffee  171 
  Cordial  2  Cold milk  212 
 Soups 
  Tomato (water-based)  15  Tomato (milk-based)  122 
  Mushroom  25  Mushroom  173 
 Meal items 
  Broccoli  11  Broccoli baked  122 
  Mashed potato  11  Scalloped potatoes  108 
 Desserts 
  Jelly and cream  14  Rice pudding  279 
  Added cream  10  Added custard  283 
 Snacks 
  Savory biscuit  10  Cheese and biscuit  146 
  Sweet biscuit  18  Yogurt  296 

   Table 32.1    Calcium content 
from example menu items 
before (regular) and after (high 
dairy) modi fi cations provided 
to low-level aged care residents   
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 While fracture risk in an individual attributable 
to protein, calcium, or vitamin D de fi ciency alone 
is small, the high prevalence of de fi ciency confers 
a high attributable risk, so shifting the population 
to a higher level of intake will have a large net 
effect  [  27,   28  ] . For example, for a 2 % incidence 
rate of fractures and the estimation that 50 % of 
elderly Australians are calcium de fi cient, the rela-
tive risk of fractures associated with low calcium 
intake is 1.67 (RR = 1.67), or low calcium con-
sumers have a 67 % greater risk of fractures. 
Assuming a 20 % ef fi cacy (in relative risk reduc-
tion) of improving intakes of these nutrients to 
recommended levels, 12.5 % of fractures can be 
prevented. With nearly three million people over 
the age of 65 years currently in Australia, this 
equates to a reduction in the yearly medical cost 
of fractures alone of more than $40 million  [  20  ] . 

 The additional costs associated with malnutri-
tion in elderly aged care residents are high, both 
on a  fi nancial level to the community and on a 
personal level due to compromised quality of life. 
Improving nutrient intakes of residents using 
broad-based dietary interventions such as enhanc-
ing dairy food intake is a feasible option. Dairy 
foods are widely available, are relatively cheap, 
and, unlike pharmaceutical approaches, have 
minimal side effects, so may be a cost-effective 
approach to preventing fractures in aged care 
resident. Such interventions are warranted but 
lacking in the aged care setting.      
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  Abstract 

  Objectives : Vitamin D de fi ciency has been linked to hypertension and 
 cardiovascular events in observational studies. It is unclear whether vita-
min D and/or calcium supplementation can reduce blood pressure, and if 
so, by how much. 

  Methods : This prospective study was undertaken to test the in fl uence of 
latitude, seasonal variations, possible threshold effects, and duration of 
vitamin D ef fi cacy after cessation of therapy. Two hundred and forty-two 
healthy male and female subjects with a mean age of 77 ± 4 years and a 
25-hydroxyvitamin D serum level below 75 nmol/l were recruited in Bad 
Pyrmont and Graz and were randomly assigned to two treatment groups: 
one group receiving 1,000 mg calcium per day (Ca) and the other group 
1,000 mg calcium and 800 IU vitamin D (Ca + D) over 12 months. Systolic 
blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) 
were measured under standardized conditions every 4 months. Statistical 
evaluation was carried out using the statistics software of IDV, Gauting 
(Test + Estimation, version 5.2, “CRO” Dr. Heinz and Partner, Vienna, 
Austria). 

  Results : We performed an intention-to-treat analysis and found the fol-
lowing results:

   In the (Ca + D) group, 25-hydroxyvitamin D increased signi fi cantly 
( p  < 0.01) from 57 ± 20 nmol/l at baseline (BL) to 84 ± 18 nmol/l at month 
12 (M12), whereas in the (Ca) group, there was no change (54 ± 19 versus 
55 ± 18 nmol/l).  

      Effects of Vitamin D and Calcium 
Supplementation on Heart Rate 
and Blood Pressure in Community-
Dwelling Older Individuals       

        Michael   Pfeifer           
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   Introduction 

 Vitamin D insuf fi ciency is common, especially in 
populations living at high latitudes  [  1,   2  ] . Vitamin 
D has been known to regulate calcium and bone 
homeostasis for many decades, but recent investi-
gations have revealed that vitamin D receptors 
exist on a very wide range of tissues, including 
the endothelium and the myocardium, suggesting 
a much wider range of biological functions for 
vitamin D  [  3  ] . Of particular cardiovascular inter-
est are the observations that vitamin D can sup-
press renin production via effects on the 
juxtaglomerular apparatus  [  4  ]  and the fact that 
endothelial cells contain vitamin D receptors, 
thus providing a direct vascular substrate for vita-
min D to exert effects  [  5  ] . 

 Furthermore, vitamin D is known to suppress 
parathyroid hormone (PTH) production, itself 
associated with cardiovascular disease, and can 
suppress proin fl ammatory cytokine production, 
including tumor necrosis factor alpha (TNF a ). In 
addition, hyperparathyroidism has been associ-
ated with hypertension  [  6  ] , and it increases cal-
cium uptake in human cells  [  7  ] . Parathyroidectomy 
after primary hyperparathyroidism improves 
blood pressure and arterial smooth muscle  [  8  ] . 

Likewise, chronic PTH infusion results in 
 hypertension in normal subjects  [  9  ] . 

 Observational data suggest that low 
25-hydroxyvitamin D levels are associated with 
higher blood pressure, with a greater chance of 
developing hypertension in the future  [  2,   4  ]  and 
with increased mortality rates and higher rates of 
cardiovascular events  [  10,   11  ] . 

 Patients with hypertension and low vitamin D 
levels appear to be at particular risk of cardiovas-
cular events  [  12  ] . Meanwhile one meta-analysis 
of interventional studies suggests that vitamin D 
supplementation may reduce mortality  [  13  ]  and 
the effect of vitamin D and calcium on blood pres-
sure reduction has recently been systematically 
reviewed in two articles  [  14,   15  ] . Both reviews, 
however, do not show consistent results. 

 Eleven years ago, we demonstrated in a  fi rst 
randomized, placebo-controlled, and double-
blind clinical trial that a short-term supplementa-
tion with vitamin D and calcium is signi fi cantly 
more effective in reducing systolic blood pres-
sure (SBP) than calcium alone ( p  = 0.04). No sta-
tistical difference, however, was observed in the 
diastolic blood pressures (DBP) of the calcium-
treated and calcium plus vitamin D-treated 
groups ( p  = 0.10),  [  16  ] . In contrast, long-term 

  In the (Ca + D) group, SBP decreased signi fi cantly ( p  < 0.01) from 
134 ± 17 mmHg at BL to 124 ± 14 mmHg at M12, whereas in the (Ca) 
group, there was no change (137 ± 17 versus 133 ± 16 mmHg).  

  In the (Ca + D) group, DBP decreased signi fi cantly ( p  < 0.01) from 
76 ± 7 mmHg at BL to 72 ± 7 mmHg at M12, whereas in the (Ca) group, 
there was no change (79 ± 8 versus 78 ± 9 mmHg).  

  In the (Ca + D) group, HR decreased signi fi cantly ( p  < 0.01) from 74 ± 4 
beats per minute at BL to 70 ± 4 beats per minute at M12, whereas in the 
(Ca) group, there was no change (74 ± 4 versus 75 ± 4 beats per minute).    

  Conclusion : Despite a relatively high inclusion criterion for vitamin D 
(75 nmol/l) and independent of latitude, we observed a signi fi cant reduc-
tion of blood pressure and heart rate after supplementation with vitamin D 
and calcium. This effect of nutritional supplements may be comparable to 
the ef fi ciency of antihypertensive drugs.  

  Keywords 

 Vitamin D de fi ciency  •  Heart rate  •  Blood pressure  •  Calcium and vitamin D 
supplementation  •  Randomized controlled trial (RCT)      
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 supplementations with vitamin D and calcium 
may show very different results. 

 In the following, we, therefore, present effects of 
a long-term vitamin D and calcium supplementa-
tion on blood pressure and heart rate in community-
dwelling older individuals. However, it is important 
to mention that in this randomized, controlled, dou-
ble-blind clinical trial, blood pressure and heart rate 
were secondary parameters only, while the primary 
study endpoint was on falls  [  17  ] .  

   Methods 

   Study Subjects 

 We studied healthy ambulatory women and men 70 
years of age or older who were recruited through 
newspaper advertisements and mailing lists. The 
inclusion criterion was a 25-hydroxyvitamin D 
serum level below 75 nmol/l (30 ng/ml)  [  18  ] . The 
exclusion criteria included hypercalcemia or pri-
mary hyperparathyroidism; fractures of the extrem-
ities due to osteoporosis; therapy with a thiazide, 
bisphosphonate, calcitonin, vitamin D, and vitamin 
D metabolites; estrogen and antiestrogen in the 
past 6 months; or  fl uoride treatment in the past 2 
years. Furthermore, known intolerance to study 
medication, chronic renal failure (serum creatinine 
above 20 % of the upper limit of the reference 
range), history of drug or alcohol abuse, nicotine 
abuse (more than 20 cigarettes per day), more than 
seven cups of coffee daily, scheduled holidays 
along the geographic longitude during the study 
period, diabetes mellitus, and severe cardiovascular 
disease were exclusion criteria. Three hundred and 
 fi fteen subjects were invited for screening out of 
which 242 (77 %) could  fi nally be enrolled. The 
protocol was approved by the responsible ethics 
committees of Graz (Austria) and Hanover 
(Germany), and written informed consent was 
obtained from each subject.  

   Study Design and Supplements 

 During a 20-month, double-blind, controlled 
trial, subjects were randomly assigned to either 

the calcium mono or the calcium plus vitamin D 
group. Following month 12, treatment was 
stopped and study subjects were followed with-
out treatment for an additional 8 months without 
unblinding the initial treatment code. At study 
entry, a complete physical examination and 
assessment of the subjects’ medical history, diet, 
and physical activity were performed. The sub-
jects were advised to maintain their usual diets 
and to avoid taking supplemental calcium and 
vitamin D on their own. The study participants 
took either one tablet containing 500 mg of ele-
mental calcium in the form of calcium carbonate 
or one tablet with 500 mg of elemental calcium 
and 400 IU cholecalciferol at breakfast and din-
ner together with the meals. Study medication 
was provided by Meda Pharma Inc., Vienna, 
Austria. The study took place in Bad Pyrmont, 
Germany (latitude 52°N), and Graz, Austria (lati-
tude 46°N), and commenced in May, when vita-
min D levels are starting to rise in spring, and 
terminated 20 months later in March at the end of 
winter, when vitamin D levels to be at their 
lowest.  

   Status of Subjects and Compliance 

 Treatment compliance was estimated by record-
ing the number of tablets handed out at the visits 
and the number of tablets returned at visits. 
Overall compliance was then calculated as a per-
centage of tablets actually taken by the patient 
and the number of treatment days between base-
line visit and month 12. Eighteen subjects with 
an overall compliance below 80 % were rated as 
noncompliant. One subject started treatment with 
raloxifene, and another 12 subjects did not return 
to all visits. Therefore, 31 subjects were excluded 
from the per protocol data set.  

   Measurements 

 The calcium, vitamin D, and salt intakes of the 
subjects were assessed semiquantitatively by a 
food frequency questionnaire. Physical activity 
and alcohol consumption were also determined 



346 M. Pfeifer

by questionnaires. Height was measured with a 
stadiometer, and weight was determined by a 
digital scale. Concomitant medication was 
classi fi ed according to Anatomical Therapeutic 
Chemical groups and anatomical regions 
depending on the active compound and the indi-
cation (Anatomical Therapeutic Chemical 
classi fi cation index 1994). Blood pressure and 
pulse rate were measured after at least 5 min of 
supine rest in a quiet room using a sphygmoma-
nometer with an appropriate cuff. Systolic and 
diastolic blood pressures were taken at Korotkov 
sounds I and V.  

   Laboratory Analysis 

 Blood was drawn between 8:00 and 9:00 a.m. 
after the subjects had fasted for at least 8 h. 
Serum 25-hydroxyvitamin D was measured 
by radioimmunoassay following extraction 
(Immunodiagnostic Systems, Bolton, UK). To 
validate the in-house performance of the assay 
system, we also measured 102 patient samples 
with HPLC which yield an overall correlation 
of  r  = 0.96 and  r  = 0.92. Parathyroid hormone 
was analyzed using Elecsys Intact PTH (Roche 
Diagnostics). Serum creatinine was determined 
by the Jaffé method, gamma-GT by the Szasz 
method, and albumin by the bromkresolgreen 
method. The coef fi cients of variation for the 
assays range from 5.5 to 7.9 %. All samples, 
except for the screening samples, were frozen at 
−80 °C and analyzed at the same time.  

   Quality Assurance and Statistical 
Analyses 

 Quality assurance was conducted by the contract 
research organization (CRO) Dr. Robert Heinz & 
Partners, Medical Consulting (Vienna. Austria). 
A start-up meeting with investigators and moni-
tors took place before the start of the clinical trial. 
Follow-up meetings were performed after 12 
months and at the end of the study. Periodical 
monitoring was conducted every 2 months by 
designated monitors. 

 Statistical calculations were conducted with 
the statistical software IDV, Gauting, Germany, 
using Testimate part of the program (Test and 
Estimation, version 5.2). All study subjects, who 
were initially randomized and received study 
medication, had been included into the analysis 
(intention-to-treat analysis). 

 The sample size was calculated based on the 
primary parameter “number of falls.” Statistical 
comparisons of secondary target parameters 
comprised intergroup and intragroup calcula-
tions. Both comparisons were conducted with the 
Wilcoxon-Mann–Whitney U-test.   

   Results 

 Of the 315 subjects who underwent screening, 
242 (77 %) ful fi lled all inclusion and exclusion 
criteria and their 25-hydroxyvitamin D level was 
below 75 nmol/l (30 ng/ml). The baseline charac-
teristics of the 242 subjects enrolled in this trial 
are shown in Table  33.1 . Both treatment groups 
did not differ in terms of age, height, weight, gen-
der, serum 25-hydroxyvitamin D, nutritional cal-
cium intake, and intact parathyroid hormone 
(PTH) levels. An intense homogeneity analysis 
of this data set did not reveal any clinically rele-
vant differences between the two centers. For that 
reason a combined data analysis of the two sites 
was performed.  

 Compared to baseline, an expected increase 
in mean serum 25-hydroxyvitamin D level was 
observed after 12 months of treatment in the cal-
cium plus vitamin D-treated group, whereas 
25-hydroxyvitamin D levels were similar to 
baseline in the calcium mono group. By the end 
of the treatment-free observation period, 
25-hydroxyvitamin D had decreased to below 
baseline levels in both groups and was still 
signi fi cantly higher in the calcium plus vitamin 
D group. In both groups, serum PTH levels 
showed a similar decline by month 12 and were 
no longer different to baseline values by the end 
of the observation period. The data are shown in 
more detail together with the results of blood 
pressure and heart rate measurements in 
Table  33.2 .   
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   Discussion 

 In this randomized, controlled, and double-blind 
trial, a long-term supplementation with vitamin 
D and calcium was more effective in reducing 
SBP, DBP, and heart rate than calcium alone. 
Inadequate vitamin D and calcium intake could 
play a contributory role in the pathogenesis and 
progression of hypertension and cardiovascular 
disease in elderly women. Essentially, these 
results con fi rm data from our previous publica-
tion in 2001  [  16  ] . 

 So far nine trials reporting the effect of vitamin 
D supplementation have been identi fi ed by the lat-
est systematic review  [  15  ]  concerning vitamin D 

and cardiometabolic outcomes  [  16,   19–  26  ] . 
Vitamin D was given either alone (seven trials) or 
in combination with calcium (two studies) at doses 
equivalent to 400–8,571 IU per day. Eight studies 
used D 

3
  and one D 

2
 . Another trial compared UV-B 

(which increases cutaneous synthesis of vitamin 
D) with UV-A (which does not),  [  27  ] . Follow-up 
varied from 5 to 52 weeks in most studies and was 
7 years in the Women’s Health Initiative study 
 [  28  ] . The total number of participants was 37,162 
with the Women’s Health Initiative trial contribut-
ing 36,282 participants. The study populations 
were heterogeneous, including healthy partici-
pants  [  28  ] , participants with established hyperten-
sion  [  27  ] , and heart failure  [  5  ] . 

   Table 33.1    Baseline 
characteristics of study 
subjects   

 Calcium mono ( N  = 121)  Calcium + vitamin D ( N  = 121) 

 Age (years)  77 ± 4  76 ± 4 
 Age range (years)  70–91  70–94 
 Height (cm)  162 ± 7  161 ± 7 
 Weight (kg)  72 ± 11  70 ± 10 
 Subjects recruited in 
Graz (in %) 

 41  41 

 Male participants 
(in %) 

 25  26 

 Nutritional calcium 
intake (mg) 

 628 ± 42  608 ± 38 

 25-Hydroxyvitamin 
D (nmol/l) 

 54 ± 18  55 ± 18 

 Parathyroid hormone 
(pg/ml) 

 53 ± 19  48 ± 18 

  Values are mean ± SD 
 No signi fi cant difference among baseline characteristics was found between the two 
groups  

   Table 33.2    Blood pressure 
and heart rate in 242 study 
subjects at baseline and 
month 12   

 25-Hydroxyvitamin D (nmol/l) 
  Calcium mono (nmol/l)  54 ± 19  55 ± 18  n.s. 
   Calcium plus vitamin D (nmol/l)  54 ± 18  84 ± 18   p  < 0.01 
 Systolic blood pressure (mmHg) 
  Calcium mono (nmol/l)  137 ± 17  133 ± 16  n.s. 
   Calcium plus vitamin D (nmol/l)  134 ± 17  126 ± 14   p  < 0.01 
 Diastolic blood pressure (mmHg) 
  Calcium mono (mmHg)  79 ± 8  78 ± 9  n.s. 
   Calcium plus vitamin D (mmHg)  76 ± 7  72 ± 7   p  = 0.04 
 Heart rate (beats per minute) 
  Calcium mono (beats/min)  74 ± 4  75 ± 4  n.s. 
   Calcium plus vitamin D (beats/

min) 
 74 ± 4  70 ± 4   p  = 0.05 
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 Most trials found no statistically signi fi cant 
effects on either systolic or diastolic blood pres-
sure. One trial reported relatively large net effects 
of vitamin D supplementation on systolic blood 
pressure of about −7 mmHg  [  16  ] . Another trial 
that compared UV-B with UV-A exposure also 
reported a large net effect on systolic blood pres-
sure favoring UV-B (−6 mmHg), but it was not 
clear whether the net effect was statistically 
signi fi cant  [  27  ] . The latter study was also the 
only one that found a large net difference in dia-
stolic blood pressure with UV-B exposure  [  27  ] . 
In the largest and longest duration trial, the 
Women’s Health Initiative, combined low-dose 
vitamin D 

3
  (400 IU/day) and calcium carbonate 

supplementation (1,000 mg) had no effect on 
self-reported incident hypertension after 7 years 
of follow-up (28). Several subgroup analyses in 
this trial did not change this outcome. In meta-
analysis of all trials, there was no statistically 
signi fi cant effect of vitamin D supplementation 
versus placebo on systolic blood pressure 
(weighed mean difference 1   .9 mmHg; 95 % CI    
4.2–0.4). 

 Cross-sectional studies have reported consis-
tent associations between lower vitamin D status 
and prevalent cardiometabolic outcomes  [  1,   29  ] . 
In longitudinal observational studies, lower vita-
min D status was associated with increased risk 
of incident hypertension and possibly cardiovas-
cular disease, but the strengths of associations 
were attenuated compared to cross-sectional 
studies. In trials, there was no statistically 
signi fi cant effect of vitamin D supplementation 
on systolic or diastolic blood pressure. However, 
there was a suggestion of lower systolic blood 
pressure (by 2 mmHg) with vitamin D supple-
ment use. Further data are necessary to adjudi-
cate this observation. 

 Several possible reasons may explain the lack 
of apparent concordance between the cross- 
sectional, longitudinal, observational, and ran-
domized studies. The inverse association between 
vitamin D status and cardiometabolic outcomes 
may be confounded by a variety of factors. First, 
vitamin D status is an excellent marker of good 
health, including positive associations with young 

age, normal body weight, and a healthy lifestyle 
 [  30  ]  and negative associations with smoking, 
parental history of myocardial infarction, and 
alcohol intake  [  23  ] . Second, lower vitamin D sta-
tus may re fl ect chronic nonspeci fi c illness. 
Therefore, the inverse association seen in cross-
sectional studies may be due to reverse causation. 
Third, additional components in foods rich in 
vitamin D (e.g.,  fi sh or forti fi ed dairy products) 
may have direct effects on cardiometabolic dis-
ease (e.g., forti fi ed milk replacing sweetened 
drinks)  [  31  ] . Finally, observational studies have 
used single measurements of serum or plasma 
25-hydroxyvitamin D as a proxy of vitamin D 
status, which may not re fl ect long-term vitamin 
D status. 

 The Women’s Health Initiative, which is the 
largest trial on vitamin D and calcium supple-
mentation to date, reported no statistically 
signi fi cant effects for all cardiometabolic out-
comes examined. However, this trial used a rela-
tively small dose of vitamin D (400 IU/day), had 
dif fi culties with compliance over 7 years, and 
allowed participants in both intervention groups 
to take supplemental vitamin D. Based on dose 
and compliance, the effect of supplementation on 
25-hydroxyvitamin D concentration in the 
Women’s Health Initiative trial has been esti-
mated to be only 5 nmol/l  [  32  ] , an increment very 
unlikely to be associated with any change in risk 
of cardiometabolic outcomes based on data from 
the observational studies. 

 The current evidence base for blood pressure 
reduction is based on a small number of studies 
of variable quality, many of which did not 
explicitly set out to study patients with hyper-
tension. Further interventional studies are 
therefore needed to de fi ne the optimum dose, 
dosing interval, and type of vitamin D to admin-
ister. This is a highly interesting scienti fi c topic 
with potentially considerable public health rel-
evance. Studies are required to con fi rm magni-
tude of effect of vitamin D on blood pressure 
reduction, particularly in patients with hyper-
tension, followed by large studies examining 
the effects of vitamin D on cardiovascular 
events and death.      
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  Abstract 

 Hispanics are a growing segment of the US population and will soon com-
prise one-fourth of the population. Mexican Americans (MA) are the 
majority of Hispanics in the USA. MA have been reported in some studies 
to have signi fi cant differences in several health outcomes that could impact 
calcium metabolism. Determining racial differences is imperative as this 
information can then be used to make racial- and ethnic-speci fi c recom-
mendations for behavior changes to reduce risk of osteoporosis, particu-
larly during adolescence, the period of rapid bone accumulation that 
accounts for up to half of adult peak bone mass. Calcium intake is critical 
for adequate bone mineralization and increases in calcium intake result in 
higher bone mass, which, if sustained, may result in a lower risk of osteo-
porotic bone fracture later in life. Determining the in fl uence of calcium 
intake on calcium retention and bone metabolism requires metabolic stud-
ies on a range of calcium intakes. Here we describe metabolic studies con-
ducted in MA, white, black, and Asian adolescents while consuming 
controlled diets with various levels of calcium intakes. Our results showed 
that Mexican American girls had higher calcium retention compared to 
white girls but similar to Asians and blacks. However, Mexican American 
boys had similar calcium retention compared to white, Asian, and black 
boys. Future work is needed to calculate the minimal calcium intake lead-
ing to the maximal calcium retention in this group, kinetic analysis, and 

      Calcium Metabolism in Mexican 
American Adolescents       
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multiple regression models to quantify the effects of calcium intake, race/
ethnic group, sex, sexual maturity, body composition, and hormonal and 
bone biomarkers on calcium retention. Our results will allow us to deter-
mine if MA adolescents have different calcium needs compared to the 
other groups studied.  

  Keywords 

 Mexican American  •  Calcium metabolism  •  Calcium intake  •  Calcium 
excretion  •  Calcium retention  •  Adolescents      

Other
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  Fig. 34.1    Projections of the US population by the year 
2050. Hispanics are projected to comprise 24 % of the US 
population by 2050 (Based on data from Ref.  [  1  ] )       

   Introduction 

 Hispanics, Mexican Americans in particular, are 
an ever-growing segment of our population. 
Hispanics will soon comprise one-fourth of the 
US population (Fig.  34.1 ). The 2000 US Census 
documented 32.8 million Hispanics, or 12 % of 
the population  [  1  ] . Of these, 66.1 % were of 
Mexican origin, 14.5 % Central and South 
American, 9 % Puerto Rican, 4.0 % Cuban, and 
6.4 % other. It is projected that the US population 
of people of Hispanic origin will increase by 
67 million people between 2000 and 2050, dou-
bling their share of the total population to 24.4 %. 
By 2050, Hispanics will be the largest minority 
group, as blacks are expected to have 14.6 % of 
the nation’s population and Asians 8 %. Mexican 

Americans comprise the majority of Hispanics in 
the USA. Mexican Americans have been reported 
in some studies to have signi fi cant differences in 
several health outcomes that could impact cal-
cium metabolism and bone health.  

 Hispanics are an admixture of European, 
Native American, and African origin. Although it 
has been estimated that there is only 8 % of 
genetic variation between major races, recent 
genetic marker cluster analysis of 326 markers 
from the Family Blood Pressure Program study 
showed distinct, nonoverlapping clustering of 
Hispanic, white, black, and East Asian peoples 
that nearly perfectly matched their self-described 
classi fi cation  [  2  ] . Thus, genetic marker cluster 
analysis would indicate that differences among 
genetic marker allele frequencies exist that sort 
individuals into at least four major racial groups 
and that create major differences in conducting 
genetic association studies in samples containing 
members from more than one group. Our current 
understanding of genetic variation in Hispanics is 
inadequate; therefore, there is a need to further 
study this particular group. 

 Differences in calcium metabolism among 
major population groups may be affected as much 
or more by ethnicity as race. Ethnicity, like race, 
implies a shared genealogy but encompasses a 
broader construct that takes into account shared 
experiences including cultural, linguistic, reli-
gious, historical, and sometimes geographical 
traits  [  3  ] . Dietary intake, physical activity, and 
cultural lifestyles, such as limited sun exposure, 
are examples of ethnic behaviors that could have 
major in fl uences on calcium metabolism and, 
consequently, on bone health. Race and ethnicity 
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should be taken into account in clinical studies to 
avoid the risk of not identifying helpful discover-
ies in biomedical research  [  3  ] .  

   Bone Mass in Mexican American 
Adolescents 

 The adolescent period is crucial for optimizing 
future bone health because bone accumulates rap-
idly during these years and accounts for up to half 
of adult peak bone mass. In addition, peak bone 
mass is a strong predictor of bone fragility later in 
life  [  4  ] . It is important to understand racial differ-
ences in bone mass in adolescents to implement 
race-speci fi c strategies for future bone health. 

 There is limited data in bone mass in Mexican 
American adolescents (Table  34.1 ). A study by 
Weaver et al.  [  5  ]  in 748 early pubertal Hispanic, 
Asian, and white girls showed that bone measures 
in Hispanic girls were generally similar to those in 
white girls and greater than those in Asian girls. 
However, Hispanic girls had lower total body bone 
mineral density (BMD) and lumbar spine bone 

mineral content (BMC) than white but greater 
than Asian girls, even after adjusting for differ-
ences in body fat and Tanner score. Models adjust-
ing for race, Tanner score, status of menarche, and 
bone area of relevant bone site from dual-energy 
X-ray absorptiometry explained 96 % of the vari-
ance in total body BMD, 73 % the variance in one-
third radius BMC, 88 % the variance for lumbar 
spine, and 77 % the variance for total hip.  

 Racial differences in BMC could be explained 
by dairy calcium intake, bone area, and physi-
cal activity. In the study mentioned above by 
Weaver et al.  [  5  ] , dairy calcium intake made a 
signi fi cant additional contribution to the model 
and this study showed that Hispanic girls con-
sumed the lowest proportion of calcium intake 
as dairy. Others have also shown that calcium 
intakes are particularly low among Mexican 
Americans, which has been attributed to greater 
incidence in lactose malabsorption in Mexican 
Americans (53 %) compared to white popula-
tions (15 %)  [  6  ] . In focus groups conducted 
in public schools, early pubertal and teen-
age Hispanic girls had more negative attitudes 

 Study  Population  Results 

 Wang et al.  [  25  ]   Children and young adults 
(9–25 years): 

 BMD: similar among 
Hispanics, whites, and Asians 

 102 Hispanics  Femoral neck BMAD: 
blacks > other groups  103 whites 

 103 Asians 
 115 blacks 

 Bachrach et al.  [  26  ]   Children and young adults 
(9–25 years): 

 Total BMD: blacks > other 
groups 

 103 Hispanics   Males  
 103 whites  Total hip BMD: whites and 

Asians > Hispanics 
 103 Asians   Females  
 114 blacks  Spine BMD: 

Hispanics > whites and Asians 
 Weaver et al.  [  5  ]   Adolescents 

(10–14 years): 
 Total body BMD: 
whites > Hispanics > Asians 

 234 Hispanics  Total body BMC: Hispanics 
and whites > Asians 

 326 whites  Spine BMD: 
whites > Hispanics > Asians 

 188 Asians  Total hip BMD: Hispanics 
and whites > Asians 

   BMD  bone mineral density,  BMC  bone mineral content,  BMAD  bone mineral appar-
ent density  

   Table 34.1    Studies on bone 
mass in Hispanic children and 
adolescents   
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toward milk  consumption than Asian and white 
girls  [  7  ] . Milk was associated with fat and was 
perceived as more favorable by boys than by 
girls. Symptoms of lactose intolerance played 
a lesser role than attitudes about milk and 
in fl uence of parents as models for drinking milk 
among Hispanics. Among Hispanic and white 
adolescents, calcium intake averaged 850 mg/
day and milk and milk products were the source 
of 50–65 % of the calcium  [  8  ] .  

   Optimal Calcium Intakes 
in Adolescents 

 Calcium intake is critical for adequate bone min-
eralization. An increasing body of knowledge 
suggests that increases in calcium intake result in 
higher bone mass, which, if sustained, will result 
in a lower risk of osteoporotic bone fracture later 
in life  [  9  ] . Therefore, maximizing calcium reten-
tion by the skeleton within the genetic potential 
during growth is a key strategy to prevent osteo-
porosis. Racial differences in calcium metabo-
lism between blacks and whites during the 
pubertal growth period correspond with differ-
ences in adult bone mass  [  10  ] . 

 Calcium requirements are determined as the 
calcium intake that maximizes calcium retention. 
This is best determined by the response of cal-
cium retention to calcium intake through balance 
studies, since 99 % of calcium is in the bone and 
re fl ects bone accretion. Changes in BMC would 
be another appropriate outcome measure as cal-
cium is a constant proportion of bone, but it is not 
practical to control diet, i.e., calcium intakes’ for 
the months to years required to measure changes 
in BMC. 

 Calcium requirement for adolescents aged 9 
through 18 years in the USA was set as 1,300 mg/
day by the Institute of Medicine based on the 
minimal intake required to achieve maximal cal-
cium retention in white girls  [  11  ] , assuming that 
this would optimize development of peak bone 
mass and reduce the risk of osteoporosis later in 
life  [  12  ] . This requirement remained the same for 
North America in the recent revision by the 
Institute of Medicine  [  13  ] . 

 It is unknown if this recommended level is 
appropriate for Mexican American adolescents. 
Studies in white children and adolescents demon-
strated that dietary intakes less than the require-
ments of 1,300 mg/day failed to result in maximal 
bone accretion  [  14–  18  ] . Since there are known 
differences in calcium metabolism in children of 
different races and ethnic groups, determining 
racial differences is imperative as this informa-
tion can then be used to make racial- and ethnic-
speci fi c recommendations for behavior changes 
to reduce risk of osteoporosis  [  19–  21  ] .  

   Calcium Metabolism in Mexican 
American Adolescents 

 The effect of dietary calcium in building peak 
bone mass during growth in Mexican Americans 
is understudied compared to other major racial 
groups. Mexican Americans have been reported 
in some studies to have lower habitual calcium 
intakes than white adolescents but higher than 
Asian adolescents  [  7,   22,   23  ] . They also have 
lower serum 25(OH)D and parathyroid hormone 
values than whites but higher biochemical mark-
ers of bone turnover  [  24  ] . These differences are 
similar to those reported in black children  [  24  ] , 
yet blacks have higher bone density than 
Hispanics  [  25,   26  ] . 

 In terms of calcium absorption, a study in pre-
pubertal Mexican American girls ( n  = 19) aged 
7–8.9 years showed no racial differences in cal-
cium absorption or 24-h urinary excretion using a 
double stable calcium isotope test with a calcium 
load of ~350 mg despite lower serum 25(OH)D 
levels (27.6 vs. 43.8 ng/mL) and higher parathy-
roid hormone (4.01 vs. 1.96 pmol/L) in the 
Mexican American girls  [  24  ] . However, only one 
calcium load was studied, diet was not completely 
controlled, and bone balance could not be 
determined. 

 Determining the in fl uence of calcium intake 
on calcium retention and bone metabolism 
requires metabolic studies on a range of cal-
cium intakes. We have performed such studies 
in adolescents 11–15 years old of different races 
over several years with similar methods. In these 
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 metabolic studies, we controlled calcium intake 
and measured all excretion during 3 weeks to 
calculate maximal retention during this rapid 
growing phase. These 21-day randomized cross-
over controlled feeding studies were conducted 
as summer camps, with educational and rec-
reational components, simulating a free living 
environment. Most subjects have been studied 
twice, once on a low and once on a high calcium 
intake, to cover a range of dietary calcium intakes 
of 600–2,300 mg/day. In these studies, diet was 
completely controlled, with  fi xed amounts of 
sodium, phosphorus, protein, fat,  fi ber, and vita-
min D but adjusting for calories with beverages 
and candies to maintain body weight. Basal diets 
usually provided 600 mg of calcium per day and 
the additional calcium was accomplished through 
forti fi ed foods or supplements. All the foods 
were carefully weighed and subjects were strictly 
supervised to ensure compliance. Urine and feces 
were collected daily during the study periods and 
compliance was measured with creatinine for 
urine and polyethylene glycol for feces. Bone 
biomarkers, bone measures, and anthropometrics 
have been measured in all studies similarly. 

 Results from such metabolic studies show that 
in white girls, a calcium intake of 1,300 mg/day 
was necessary to maximize calcium retention 
during the adolescent years of rapid skeletal 
growth in American white girls  [  11  ] . We have 
also shown that American black girls, matched 
for weight and postmenarcheal age to white girls, 
retain signi fi cantly more calcium on the same 
dietary calcium intakes than whites  [  10  ] . In addi-
tion, retention was found to be more ef fi cient in 
black girls compared to white girls; therefore, 
this group does not require higher calcium intakes 
to achieve their higher bone mass  [  27  ] . In Asians, 
calcium absorption ef fi ciency has been found to 
be much higher than in whites, suggesting that 
recommendations may be lower for this group 
 [  28  ] . In white boys, we found that they develop 
larger skeletons than girls but have similar 
requirements for maximal skeletal accretion 
because they retain calcium more ef fi ciently than 
girls across a broad range of calcium intakes  [  29  ] . 
In white adolescents, calcium absorption 
ef fi ciency was not in fl uenced by calcium intake 

between 800 and 2,300 mg/day, but Asian ado-
lescents responded like white adults  [  28  ] . 

 In Mexican Americans (23 boys and 23 girls), 
we recently found that fecal calcium increased 
with calcium intake for both boys and girls, with 
no difference in the slopes ( p  < 0.0001); urinary 
calcium increased for both boys and girls, but the 
slope was greater for girls ( p  < 0.05). Calcium 
retention increased with calcium intake 
( p  < 0.0001), with similar retention in boys and 
girls. When comparing with our previous studies 
in whites and Asians girls, retention was 
signi fi cantly lower in the white girls ( p  < 0.05), 
with no signi fi cant differences in calcium reten-
tion between Asians and Hispanics. In boys, no 
signi fi cant differences in calcium retention were 
found between blacks, Hispanics, Asians, and 
whites. 

 Future analyses include the calculation of the 
minimal calcium intake leading to the maximal 
calcium retention to compare with previous 
results in white, black, and Asian adolescents of 
both genders. In addition, kinetic analysis will 
allow us to compare the relative contribution of 
bone, gut, and kidney to calcium retention for 
Mexican American adolescents and to compare 
these in white, black, and Asian adolescents. In 
addition, we will develop a statistical model to 
quantify the effects of calcium intake, race/ethnic 
group, sex, sexual maturity, BMC and density, 
anthropometrics, and hormonal and bone bio-
markers, such as sex hormones, parathyroid hor-
mone, 25(OH)D, 1,25(OH)D, total alkaline 
phosphatase, and osteocalcin, on calcium 
retention.  

   Conclusions 

 The adolescent period is crucial for optimiz-
ing future bone health because bone accumu-
lates rapidly during these years. Calcium 
intake is particular critical during these years 
and maximizing calcium retention by the skel-
eton within the genetic potential during growth 
is a key strategy to prevent osteoporosis. 
Determining the in fl uence of calcium intake 
on calcium retention and bone metabolism 
requires metabolic studies on a range of cal-
cium intakes. Metabolic studies performed by 
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our group while consuming a controlled diet 
with various levels of calcium intakes showed 
that Mexican Americans girls had higher cal-
cium retention compared to white girls but 
similar to Asians and blacks. However, 
Mexican American boys had similar calcium 
retention compared to white, Asian and black 
boys. These results may help de fi ne racial- 
and ethnic-speci fi c recommendations for 
behavior changes to maximize peak bone mass 
during adolescence.      
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   Introduction 

 Publicity surrounding the reports of Ian Reid, 
Mark Bolland, and collaborators regarding 
increased risk of cardiovascular events has led to 
a substantial public concern over calcium intake 
as evidenced by questions to medical profession-
als and falling sales of calcium supplements and 
milk. At stake is the likelihood of many individu-
als falling even further from their recommended 
calcium intakes compared to the possible risk of 
increased adverse cardiovascular events. How are 
individuals to meet their recommended intakes of 
calcium if they do not drink much milk and what 
are health professionals to recommend? What is 
the strength of the evidence for both bene fi t and 
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  Abstract 

 Concern about calcium supplementation causing cardiovascular events can 
widen the gap between calcium intakes and calcium recommendations. At 
this time, the association between calcium intake and cardiovascular dis-
ease is inconsistent, lacks a plausible mechanism, has no dose–response 
effect, and is not associated with cardiovascular mortality. In fact, calcium 
and vitamin D supplementation is systematically associated with decreased 
all-cause mortality. It is prudent to obtain recommended intakes of three 
servings of dairy products each day or to include forti fi ed foods or supple-
ments containing 300 mg calcium for every serving of dairy missed in 
order to meet calcium requirements without exceeding upper levels.  
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risk for consuming too little and too much 
 calcium? Does the answer depend on whether 
calcium comes from diet or supplements?  

   Strength of Evidence of Calcium 
Supplements and Risk 
of Cardiovascular (CV) Events 

 The recent meta-analysis of randomized 
controlled trials (RCTs) of calcium supplementa-
tion (>500 mg/day) with  ³ 100 participants with a 
mean age >40 years and study duration >1 year 
included 15 trials, 5 with patient level data 
( n  = 8,151) and 11 with trial level data ( n  = 11,921) 
 [  1  ] . Of the several cardiovascular end points, only 
myocardial infarction was signi fi cant in the stud-
ies contributing patient level data and results 
from trial level data were not consistent across 
end points. The authors failed to appropriately 
adjust their  P  value for signi fi cance for multiple 
comparisons. In some 32 letters to the editor to 
this article (available online with BMJ), this anal-
ysis was criticized for none of the studies having 
CV end points as a primary outcome, no apparent 
dose–response relationship, no increase in mor-
tality, no correlation between total calcium intake 
and myocardial infarction (MI), unreported base-
line CV status of participants, predominantly 
unpublished data from the trials and events not 
adjudicated, and use of intention-to-treat (ITT) 
analysis rather than per protocol analysis was 
used. The RECORD trial provided the highest 
number of MI events, but compliance was only 
45 % with calcium supplementation and MI 
events were self-reported. Neither ITT nor 
adjusted for compliance analysis resulted in 
signi fi cant CV end points in the RECORD trial 
 [  2  ] . In the Women’s Health Initiative (WHI) with 
36, 282 women randomized to 1,000 mg Ca and 
400 IU vitamin D daily or placebo, there was no 
effect of treatment on coronary or cerebrovascu-
lar events and no interaction with baseline total 
calcium intake  [  3  ] . In contrast, a meta-analysis of 
17 prospective and RCTs found no effect of cal-
cium supplementation on CV events  [  4  ] . 

 Bolland and others  [  5  ]  redid their meta-
 analysis including the WHI trial. They strati fi ed 

by  baseline and found signi fi cant interaction 
between treatment and personal calcium use 
for myocardial infarction and stroke. However, 
subgroup analysis destroys the protection of 
randomization against unequal confounders 
between the treatment and placebo groups. An 
important potential confounder is baseline CV 
health. Another important confounder likely was 
asymptomatic chronic kidney disease (CKD) 
which increases risk of calci fi cation due to loss of 
renal function  [  6  ] . Women in the WHI were not 
excluded for CKD as evidenced by their serum 
cystatin C levels  [  7  ] . Nevertheless, there were 
no adverse CV events or calci fi cation associated 
with calcium supplementation in the WHI  [  8  ] . 

 An important report published subsequently 
to the meta-analyses of Bolland et al.  [  1,   5  ]  comes 
from the CAIFOS study, a 5-year RCT in 1,400 
(85 % women) individuals aged 70 years or more 
 [  9  ] . There was no association between calcium 
supplementation and CV events in this study in 
which events were determined by hospital 
records. Several other large associational studies 
have shown an inverse relationship between cal-
cium supplements and mortality including the 
Iowa Women’s Health Prospective study in over 
38,000 women  [  10  ]  and the Finnish study in over 
23,000 hip fracture patients  [  11  ] . An inverse rela-
tionship was also reported between milk con-
sumption and overall CV disease risk  [  12  ] .  

   Plausible Mechanisms 

 The concern regarding calcium supplementation 
and CV events suffers from lack of a good plausible 
mechanism or demonstrated dose–response effects. 
Ian Reid argues that a bolus dose of calcium can 
transiently increase serum calcium levels which 
could lead to calci fi cation of soft tissues including 
coronary arteries. Serum total and ionized calcium 
do increase following bolus dose of calcium 
whether as food or calcium salts. Doses have to be 
rather large, i.e., >300 mg Ca, to measure these 
changes. In a study comparing change in serum 
Ca 2+  area under the curve (AUC) from 500 mg Ca 
doses from dairy products and calcium carbonate 
with a crossover design in healthy young adults, 
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AUC were similar between yogurt and calcium 
 carbonate and 37 % greater than with liquid milk 
 [  13  ] . These transient increases in serum calcium 
for <4 h are argued without evidence by Reid to 
lead to increased risk of soft tissue calci fi cation. 
   However, calcium deposits as CaHPO 

4
  and this 

product is only half saturated in the serum and not 
vulnerable to precipitation in the arteries. 
Furthermore, New Zealand white rabbits fed with 
high dietary calcium (3 %) had 41 % fewer lesions 
and 62 % less calci fi cation in aortas compared to 
rabbits fed with control calcium levels (1 %)  [  13  ] . 
The authors attributed this to lower levels of soluble 
calcium and phosphorus in the aorta. 

 Animal models have the advantage for directly 
assessing causal relationships feeding protocols 
of known dietary intake for suf fi ciently long peri-
ods to develop the disease and, thereby, enabling 
disease outcome measures. The disadvantage 
with animal models is that most have a different 
pathogenesis of coronary disease than humans. 
For example, the rabbit is very vulnerable to ath-
erosclerosis, and rodents develop plaque within 
the intima rather than on the surface as do humans. 
Another dif fi culty in studying the effect of cal-
cium supplementation on calci fi cation of soft tis-
sue has been the methodological barrier of 
needing advanced calci fi cation in order to detect 
abnormalities by visual imaging and histology. 
We are working on both a novel animal model 
and approach to overcome these disadvantages. 
We are using the Ossabaw miniature pig model 
that more closely mimics human coronary artery 
calci fi cation and  41 Ca uptake to detect early cal-
cium accumulation  [  6  ] . When the Ossabaw min-
iature pigs are fed an energy excess atherogenic 
diet, they develop metabolic syndrome that pro-
gresses to coronary atherosclerosis.  41 Ca is a rare 
isotope that can be detected at the extremely low 
concentrations expected in soft tissues by accel-
erator mass spectrometry. We have shown that 
pigs fed high-fat diets with metabolic syndrome 
accumulate measureable amounts of  41 Ca in con-
trast to barely detectible levels in lean pigs  [  14  ] . 
A study of pigs fed high-calcium diets as calcium 
carbonate or milk is underway. 

 In contrast to the lack of a good plausible 
mechanism to support a concern for calcium 

intake and CV events, there are plausible 
 mechanisms for protective effects. Calcium sup-
plementation has been shown to lower total serum 
cholesterol in both animal models  [  15  ]  and 
humans  [  16  ] . In humans, 1 year of calcium sup-
plementation improved serum HDL/LDL choles-
terol ratios by both increasing HDL cholesterol 
and lowering LDL cholesterol. Calcium can bind 
fatty acids in the intestine and the insoluble soaps 
are excreted in the stools  [  17  ]  thereby decreasing 
lipid absorption. Furthermore, dietary calcium 
lowers serum PTH which is associated with lower 
blood pressure and, ultimately, a decrease in risk 
of myocardial infarction.  

   Getting Enough Calcium 

 Calcium intakes around the world nearly univer-
sally fall below the recommended intakes for 
their citizens despite a rather wide range in rec-
ommended intakes  [  18  ] . 

 In the USA where calcium intakes have been 
assessed in a representative sample of the popula-
tion, 64 % of the population met the Estimated 
Average Requirement and a signi fi cant portion of 
what is consumed is as dietary supplements 
 [  19,   20  ] . Calcium and vitamin D are standard 
therapies to supplement the diet as safe and effec-
tive for prevention and treatment of osteoporosis 
 [  21,   22  ] . Calcium suppresses PTH and, thereby, 
suppresses bone remodeling. Reduction of hip 
fracture has been estimated at 12 % and double 
that if adjusted for compliance  [  23  ] . 

 The evidence for risk of calcium supplements 
and CV events has been considered insuf fi cient to 
change current calcium recommendations consid-
ering the evidence for bene fi t to bone health, 
hypertension, stroke, and other disorders  [  24,   25  ] . 
In fact overall mortality over 3 years was reduced 
by calcium and vitamin D supplementation in a 
systematic review of 13 trials involving 70,528 
participants  [  26  ] . Individuals should avoid exceed-
ing the recommend upper level for calcium. Fewer 
than 3 % of Americans do exceed their upper level 
of calcium intake  [  19  ] . Most countries have dietary 
guidelines that recommend two to three cups of 
milk a day  [  27  ] . To get enough calcium while 
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avoiding too much, it is prudent to follow the 
dietary guidance for three cups of dairy product 
equivalents per day or a 300 mg calcium supple-
ment for every serving missed.      
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   Introduction 

 The news that calcium supplements might increase 
the risk of cardiovascular disease arrived com-
pletely unheralded in 2008. The  fi rst study in the 
osteoporosis literature to seriously suggest this 
was the Auckland Calcium Study, which set out to 

investigate cardiovascular outcomes as secondary 
endpoints with the hypothesis that calcium sup-
plements would have a bene fi cial effect  [  1  ] . We 
had previously shown improvements in circulat-
ing cholesterol fractions in women randomized to 
calcium  [  2  ]  and con fi rmed the substantial litera-
ture that calcium supplements produced a small 
bene fi cial change in blood pressure  [  3  ] . Therefore, 
we hypothesized that with a large enough study, 
decreases in cardiovascular event rates may well 
be demonstrable. To our surprise, we found trends 
in the opposite direction, with increases in 
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  Abstract 

 Analyses of all cardiovascular event data available from all trials using 
calcium supplements alone have demonstrated a signi fi cant increase in the 
risk of myocardial infarction. When data from the Women’s Health 
Initiative (WHI) is evaluated, the same adverse effect is apparent in those 
who were not already taking calcium supplements at the time of random-
ization. Meta-analyses of these WHI data with those of other trials which 
studied calcium with or without vitamin D con fi rm that the risk of myocar-
dial infarction is increased by 24 % and that of stroke by 15 % with the use 
of calcium supplements. While there is not a comparable set of trials using 
calcium-rich foods as an intervention, observational data do not suggest 
that dietary calcium is a risk for cardiovascular disease. Therefore, the use 
of calcium supplements for prevention of osteoporosis is no longer appro-
priate in most situations, since it causes more adverse events than it pre-
vents. Instead, we should advise our patients as to how they can obtain 
calcium intakes in the range of 600–1,000 mg/day from a balanced diet.  
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 myocardial infarction being about 40 % higher in 
the calcium group than in those randomized to 
placebo. Initial response was to dismiss this as a 
chance  fi nding (like the signi fi cant increase in hip 
fractures we had found in the same study)  [  4  ] , but 
the mounting evidence that calcium supplements 
increased coronary artery calci fi cation and car-
diovascular event rates in patients with varying 
degrees of renal failure  [  5–  7  ]  was one of the 
speci fi c  fi ndings that caused us to take this more 
seriously. While some have dismissed the renal 
literature as having no relevance to patients at risk 
of osteoporosis, this is not correct. Studies have 
been done in patients with pre-dialysis renal 
impairment, with average glomerular  fi ltration 
rates in the range of 30–50 mL/min, which over-
lap substantially with the levels of renal function 
commonly found in the older population requir-
ing prophylaxis against fractures.  

   Meta-analyses 

 Having found this adverse outcome, our next chal-
lenge was to determine how best to test this ques-
tion further. While some are still advocating for 
the conduct of a de fi nitive study, we note that there 
have been no serious moves to undertake the 
20,000-person, 5-year trial that would be neces-
sary to con fi rm this  fi nding, and we believe that 
such an undertaking is most unlikely to proceed. 
The size of the anti-fracture effects of calcium is 
already adequately established from other studies, 
so the primary question to be tested in such a fur-
ther study would be whether there truly is an 
increase in cardiovascular risk. To fund, gain 
approval for, and enroll patients into a study with 
a primary question that relates to the harm that the 
intervention might cause is unlikely to be a viable 
proposition and is without precedent. Therefore, 
we decided that a collation of cardiovascular 
events from the substantial trial database that 
already exists was more likely to move the area 
forward. We drafted a protocol for such a meta-
analysis, identifying trials that had at least 100 
participants and lasted for at least 1 year, in sub-
jects aged greater than 40 years. We identi fi ed tri-
als comprising almost 12,000 subjects that  fi tted 

these criteria, and we were able to access the 
adverse event data on 93 % of these subjects, as a 
result of the active support of the principal investi-
gators of these studies. This meta-analysis of stud-
ies in which the intervention was calcium alone 
was published in 2010  [  8  ]  and showed a remark-
ably consistent increase in risk of myocardial 
infarction, with a hazard ratio of 1.27 (95 % CI 
1.01–1.59). The major trials all showed the same 
adverse trend, though this was not statistically 
signi fi cant within any single study. There were 
similar but less marked adverse trends in the risk 
of stroke which did not reach statistical signi fi cance 
(hazard ratio 1.12, 95 % CI 0.92, 1.36). 

 We believed these data compellingly made the 
case that calcium supplements, as opposed to a 
calcium-rich diet, were associated with increased 
cardiovascular risk. However, the Women’s Health 
Initiative (WHI) investigators had already docu-
mented the effect of combined intervention with 
calcium and vitamin D on cardiovascular event 
rates in that study, and though they found upward 
trends for some endpoints, they did not have a sta-
tistically signi fi cant increase in their primary car-
diovascular endpoint  [  9  ] . There were several 
reasons why the WHI might have produced a dif-
ferent result from our meta-analysis of calcium 
monotherapy. Firstly, the intervention in the WHI 
was calcium plus vitamin D, and there is a grow-
ing literature suggesting that vitamin D may have 
bene fi cial effects on cardiovascular events and on 
mortality. Secondly, the average age of the partici-
pants in the WHI was more than 10 years less than 
that of our meta-analysis, so it could be hypothe-
sized that the greater prevalence of vascular dis-
ease in the elderly and their poorer renal function 
could both conspire to accentuate the adverse 
effects of calcium supplements. A third possibil-
ity, however, was that the widespread use of self-
prescribed calcium supplements throughout the 
duration of the WHI had obscured the effect of 
calcium on cardiovascular events. Fifty- fi ve per-
cent of women were self-administering calcium 
supplements at the time of randomization in the 
WHI, and this  fi gure rose to more than two-thirds 
throughout the duration of the study. 

 The size of the WHI study, however, meant 
that there were still 16,000 women who were 
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 calcium naive at the time of randomization, so we 
proposed an analysis to the NHLBI, the body 
holding the database, which primarily sought to 
determine whether there was an interaction 
between calcium supplement status at random-
ization and the effect of the trial intervention on 
cardiovascular event rates. This analysis demon-
strated a signi fi cant interaction for clinical myo-
cardial infarction, stroke, and the composite of 
the two  [  10  ] . Within the calcium-naive group, the 
increase in the hazard ratio of clinical myocardial 
infarction was 1.22 (95 % CI 1.00, 1.50) and that 
for stroke was 1.17 (95 % CI 0.95, 1.44), the lat-
ter being not quite signi fi cant. Our conclusions 
from these analyses were that the adverse trend 
of cardiovascular events in the WHI was essen-
tially the same as that in the studies which used 
calcium monotherapy as the intervention, imply-
ing that this small dose of vitamin D did not have 
a signi fi cant cardioprotective effect and that it 
was the contamination from self-administration 
of calcium which had led to the earlier analysis 
from the WHI being negative. 

 In the light of calcium plus D appearing to 
have comparable effects to calcium alone, Mark 
Bolland has now performed a comprehensive 
meta-analysis of studies which used either of 
these as the intervention  [  10  ] . This now com-
prises more than 28,000 individuals, 676 incident 
myocardial infarctions, and a mean weighted trial 
duration of 5.7 years. In the trial-level meta- 
analysis, the relative risk for myocardial infarc-
tion is 1.24 (95 % CI 1.07, 1.45) and the 
comparable  fi gures for stroke are a relative risk of 
1.15 (95 % CI 1.00, 1.32) based on 764 incident 
strokes (Fig.  36.1 ). This analysis provides robust 
evidence for an adverse effect, particularly on 
myocardial infarction but probably also for 
stroke. Because of the size of this database and 
the number of events, it will be little in fl uenced 
by any of the relatively small studies of calcium 
that are currently underway. Therefore, the hope 
that some new data will become available in the 
foreseeable future which will substantially 
reverse the  fi ndings here is likely to be a forlorn 
one, and practitioners need to make decisions 
about their use of calcium supplements, based on 
the data which is currently available.   

   Mortality 

 Since that meta-analysis, one further randomized, 
controlled trial has provided further insight into 
this issue. Sambrook et al. carried out a trial in 
very frail elderly individuals who were random-
ized to a control group, to have daily sunlight 
exposure, or to have daily sunlight exposure plus 
calcium  [  11  ] . During the follow-up period, one-
third of the 602 individuals died, and the hazard 
ratio for death was 1.47 (95 % CI 1.05, 2.06) 
when those randomized to calcium plus sunlight 
were compared to those randomized to sunlight 
alone  [  12  ] . Most of this excess mortality appeared 
to be cardiovascular, and the hazard ratio for car-
diovascular death was 1.76 (95 % CI 1.10, 2.82). 
The Bolland meta-analyses have not shown 
signi fi cant increases in death and some have 
taken comfort from this, but the Sambrook study 
suggests that if calcium supplements are used in 
a trial in which the death rate is suf fi ciently high, 
a signi fi cant adverse effect on this endpoint is 
also demonstrable.  

   Observational Studies 

 Two groups have used existing observational 
databases to determine whether the effects of the 
randomized trials can be reproduced. In the 
Kuopio Osteoporosis Study, 10,555 older women 
were followed for 7 years, and the hazard ratio 
for coronary heart disease associated with cal-
cium use was 1.24 (95 % CI 1.02,1.52)  [  13  ] . 
More recently the EPIC-Heidelberg cohort of 
23,980 adults followed for 11 years showed a 
hazard ratio for myocardial infarction associated 
with calcium supplement use of 1.86 (95 % CI 
1.17, 2.96)  [  14  ] . Interestingly, this analysis sug-
gested that  dietary  calcium intake was protective, 
the opposite of what was found for supplement 
use. This particular  fi nding focuses attention on 
why a supplement could be different from diet 
and what the potential mechanisms are that 
underlie the adverse effect of supplements. There 
is a precedent, of course, for calcium supple-
ments having an adverse effect when dietary cal-
cium is bene fi cial, and that is in the case of renal 
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calculi  [  15  ] . It is possible that somewhat similar 
mechanisms may be implicated.  

   Mechanisms 

 The mechanism of the adverse effect of calcium 
supplement on cardiovascular disease is 
unknown, but it is likely to be mediated by the 
increases in serum calcium which have been fre-
quently documented in studies of calcium sup-
plement administration (Fig.  36.2 ). This 

contrasts with the effects of a calcium-rich meal, 
which causes much smaller elevations of serum 
calcium, presumably because the protein and fat 
in such a meal slow the meal’s transit to the 
small intestine. In addition, dietary calcium is 
usually taken in boluses much smaller than those 
used in supplements and which are spread 
throughout the day. While serum calcium is only 
pushed to the upper end of the normal range or 
slightly above following calcium supplements, 
this is not necessarily free of risk. There is now 
a substantial amount of evidence indicating that, 
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  Fig. 36.1    Patient-level    meta-analyses of the effect of cal-
cium supplements with or without vitamin D on cardiovas-
cular events ( left-hand panels ) and corresponding trial-level 
meta-analyses ( right-hand side ). Patient-level data show 
the time-to- fi rst event analyses for 24,869 participants in 
 fi ve trials of calcium supplements, and Women’s Health 
Initiative (WHI) calcium and vitamin D (CaD) participants 
not taking personal calcium supplements at baseline. Trial-
level analyses show data for 28,072 participants in eight 
trials of calcium supplements where complete trial-level 

data were available, together with data for WHI CaD par-
ticipants not taking personal calcium supplements at base-
line. One study randomized participants to calcium, CaD, 
or placebo  [  37  ] . For this analysis, we pooled the outcomes 
from both the calcium and CaD arms. Abbreviations: 
Grant 2005 is the RECORD study calcium versus placebo 
arms, and Grant 2005 Vit D is the RECORD study calcium 
plus vitamin D versus vitamin D plus placebo arms  [  38  ]  
(Reprinted from Bolland et al.  [  10  ] . With permission from 
BMJ Publishing Group Ltd)       
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in  normal populations, serum calcium levels in 
the upper quintile or quartile are associated with 
increased thickness of carotid artery plaques 
 [  16  ] , increased likelihood of abdominal aortic 
calci fi cation  [  17  ] , increased extent of coronary 
artery calci fi cation  [  18  ] , increased risk of inci-
dent cardiovascular events  [  19–  21  ] , and 
increased mortality  [  22–  24  ] . If these associa-
tions are causally related to high normal calcium 
levels, then the propensity of calcium supple-
ments to raise serum calcium to the upper end of 
the normal range could well mediate the increase 
in cardiovascular risk.  

 If increases in serum calcium mediate the 
adverse effects of calcium supplements, then one 
would expect to see a difference between large 
doses (e.g., 1 g) of soluble calcium salts adminis-
tered on an empty stomach, when compared with 
smaller doses (e.g., 500 mg) of less soluble salts, 
taken fasting. Unfortunately, there are no ade-
quate data available to address this important 
question. Many studies do not indicate what dos-
ing instructions were given to subjects, and many 
subjects in trials will have devised their own 
strategies for taking the calcium. In our meta-
analysis of calcium monotherapy, only one study 
used a dose as low as 500 mg/day  [  8  ] . In that 
analysis, we detected no signi fi cant effect of sup-
plement type, though the majority of studies used 

carbonate. The WHI used carbonate and advised 
participants to take it in doses of 500 mg with 
meals  [  25  ] . Despite this, that study showed the 
same adverse trends as the other major trials 
reviewed. This is clearly an area that requires fur-
ther investigation. 

 These data raise the further question as to why 
high normal calcium concentrations should 
increase cardiovascular risk. There are calcium-
sensing receptors on vascular smooth muscle 
cells and endothelial cells, as well as on platelets 
 [  26,   27  ] . Therefore, changes in the arterial wall or 
in blood coagulability are both possible. The 
potential importance of the calcium-sensing 
receptor in the genesis of vascular disease is sug-
gested by the association of increased cardiovas-
cular risk with polymorphisms of this receptor 
 [  28  ] . Calcium, of course, is a critical factor in 
blood coagulation and its chelation is a com-
monly used way of preventing blood from clot-
ting. There is in vitro evidence that perturbations 
of plasma calcium within the normal range can 
affect blood coagulation  [  29  ] . In vitro studies of 
vascular smooth muscle cells have demonstrated 
that increases in ambient calcium concentration 
increase calcium deposition in cultured cells  [  30  ] . 
One of the key regulators of vascular calci fi cation 
is pyrophosphate. Calcium may directly complex 
pyrophosphate, but it has also recently been dem-
onstrated that 1,25-dihydroxyvitamin D increases 
tissue pyrophosphate levels through effects on 
pyrophosphate production and metabolism. Thus, 
high levels of 1,25-dihydroxyvitamin D tend to 
inhibit tissue calci fi cation  [  31,   32  ] . Calcium sup-
plements reduce circulating 1,25-dihydroxyvita-
min D, reducing pyrophosphate, and, thus, 
potentially facilitating soft tissue calci fi cation. 
These putative mechanisms are summarized in 
Fig.  36.3 .   

   Clinical Implications 

 The accumulating evidence that calcium supple-
ments increase cardiovascular risk creates a 
conundrum for clinicians and for patients con-
cerned about their bone and vascular health. 
Obviously, it is important that further research is 
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  Fig. 36.2    Change in serum ionized calcium 3 h after tak-
ing 1 g of calcium in the form indicated. Data are 
mean ± SEM. Bars with different letters are signi fi cantly 
different (Based on data from Reid et al.  [  39  ] . Copyright 
IR Reid, used with permission)       
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carried out so that we can understand the mecha-
nisms of this adverse effect. In turn, this might 
lead to strategies for circumventing this problem. 
In the meantime, we need to balance the possible 
cardiovascular risk against the possible bone 
bene fi t from calcium supplementation. For the 
most part, those studies which have demonstrated 
fracture prevention from calcium supplementa-
tion are the same which have demonstrated car-
diovascular risk, and analyses of event rates in 
these studies indicate that the balance of risk ver-
sus bene fi t is negative. This re fl ects the fact that 
while the absolute increase in cardiovascular 
event rates from calcium supplements is small, 
the absolute decrease in fracture rates from sup-
plement use is even smaller. Therefore, the 
responsible course to follow would seem to be to 
encourage patients to obtain adequate calcium 
from their diet and to aim for an achievable intake 
in the range of 600–900 mg/day. Vitamin D sup-
plementation in those who are at risk of de fi ciency 
is a sensible adjunctive measure, and there is no 
suggestion that this carries any adverse effects on 
cardiovascular risk. 

 In individuals whose fracture risk is higher, 
pharmaceutical intervention is indicated. It has 

 frequently been stated that current  anti- osteoporosis 
medications have not been shown to be effective 
unless given with calcium and vitamin D. This is 
not strictly a correct description of the literature. 
A randomized, controlled trial of alendronate 
with or without calcium showed its effects on 
bone density to be exactly the same whether or 
not a supplement was given  [  33  ] . Clodronate 
without calcium supplementation has been shown 
to prevent fractures as ef fi ciently as other bispho-
sphonates when given with supplements  [  34  ] . 
While zoledronate has not been studied with and 
without calcium in the context of a head-to-head 
trial, the effects of zoledronate without calcium 
supplementation appear to be very comparable to 
those found when a supplement is coadministered 
 [  35,   36  ] . Thus, it is likely that we can virtually 
abandon the use of calcium supplements, place 
greater emphasis on a balanced, calcium-rich 
diet, and achieve the same bene fi ts for bone health 
which we do at the present time, without increas-
ing our patients’ risk of serious cardiovascular 
consequences.      
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  Abstract 

 Research in the  fi eld of nutrition allows considering the establishment of a 
real prevention of osteoporosis. The value of fruits is discussed. Indeed, 
red fruits are particularly interesting for their high content in anthocyans, 
endowed with antioxidant and anti-in fl ammatory properties. 

 Fifty-six postmenopausal women (less than 6 years) aged 50–65 years, 
without HRT, were included in a controlled, randomized, double-blind 
placebo, prospective study, after a medical examination and a blood test. 
Throughout the 3-month study period, they kept their eating habits, limit-
ing however consumption of red fruits. They were randomized into two 
groups of 28 subjects receiving either 0 or 120 mg of anthocyans daily, 
from blueberry extract. Those polyphenols were provided at the dose of 0 
or 60 mg of active molecule in 100 ml of fermented milk (two bottles of 
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  Abbreviations  

  bALP     Bone alkaline 
 phosphatase   

  CRP    C-reactive protein   
  CTX    C-telopeptide cross-links   
  DPD    Deoxypyridinoline   
  IU    International unit   
  25(OH)D    25-hydroxyvitamin D   
  PYD    Pyridinoline   
  RDA     Recommended dietary 

allowance   
  SEM     Standard error to the 

mean         

   Introduction 

 Among the manifestations of senescence, impair-
ment of the musculoskeletal system is particu-
larly debilitating and greatly speeds up entry into 
the dependence. Thus, given the aging of popula-
tions globally and in the industrialized countries 
speci fi cally, osteoporosis, the primary skeletal 
disorder, is considered to be a major public health 
and socioeconomic problem worldwide  [  1,   2  ] . 

 So far, hormone replacement therapy was 
 currently used as prophylaxis. Nevertheless, 
because of side effects, health professionals 
strongly advocate new strategies of proven clinical 
value for prevention, to provide a wide array of 
treatments. For that purpose, research in nutrition 
over the past 30 years has led to an exciting prog-
ress supporting the hypothesis that, by modulating 
speci fi c target functions in the body, diet can help 
to achieve optimal health by reducing the risk of 
disease. In this context, although calcium and vita-
min D are required nutrients for bone development 
 [  3  ] , it has been recognized that the human diet 
contains a complex array of naturally occurring 
bioactive molecules, the phytochemicals endowed 
with antioxidant and anti-in fl ammatory properties. 
Actually, antioxidant nutrients may enhance bone 
formation and reduce the production of free radi-
cals which contribute to bone resorption, leading 
to a bone-sparing effect. This is why they could 
play a strategic role in the prevention of osteoporo-
sis as well  [  4–  6  ] . Indeed, recent observations sug-
gest that consumption of dried plum, rich in 
phenolic compounds, is associated with increased 
markers for bone formation in postmenopausal 
women  [  7  ] . Besides, a prospective study has shown 
a positive correlation between tea consumption 
and bone mineral density in elderly  [  8  ] . 

100 ml/day covering 25 and 20 % RDA for calcium and vitamin D, 
respectively). 

 Consumption of the milk enriched in polyphenols signi fi cantly improved 
serum bALP activity (an osteoblastic marker), without signi fi cant modi fi cation of 
CTX, a marker for bone resorption. This favorable orientation of bone metabo-
lism could be explained by the contribution of anthocyans, the only noticeable 
difference between the two test foods. This  fi nding is independent of the initial 
calcium and vitamin D consumption. 

 In conclusion, consumption of fermented milk enriched with calcium and 
 vitamin D, containing blueberry, for 3 months, has corrected the    insuf fi ciency of 
vitamin D of postmenopausal women and resulted in improved bone formation, 
as indicated by the rise of a biomarker of osteoblastic activity. This bene fi t is 
probably related to the presence of blueberries (rich in polyphenols and phenolic 
acids).  

  Keywords 

 Postmenopausal women  •  Blueberry extract  •  Bone biomarkers  •  Calcium- and 
vitamin D-enriched milk  
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 In this regard, red fruits (red grapes, blueberry, 
cassis, cherry, cranberry, elderberry) are particu-
larly interesting for their high anthocyanin con-
tent (from a few 100 mg to several g/kg of fresh 
weight; blueberry 25–495 mg/kg) and their wide-
spread consumption (leading to a mean daily of 
intake of such compounds from 25 to 215 mg)  [  9  ] . 
Moreover, recent studies have demonstrated the 
bene fi t of blueberries to prevent various age-
related chronic diseases such as cancer, diabetes, 
hyperlipidemia, hypertension, neurodegeneration, 
obesity through their apoptosis, antioxidant, anti-
in fl ammation, and antiangiogenesis effects  [  10  ] . 

 The objective of this study was thus to evalu-
ate the effect of consumption of a fermented milk 
(providing 25 and 20 % RDA of calcium and 
vitamin D) enriched with a blueberry extract rich 
in anthocyanins, on bone biomarkers in post-
menopausal women.  

   Subjects and Methods 

   Subjects 

 For this prospective randomized, double-blind, 
placebo-controlled trial, 56 postmenopausal 
women were recruited. They were 50–65 years 
old (postmenopausal for at least 1–5 years), with-
out hormone replacement therapy. The volunteers 
were informed of the study procedures and gave 
informed written consent before enrollment in 
the clinical trial. Throughout the study period, 
they kept their eating habits, limiting however red 
fruits. They were randomized into two groups 
(a placebo group vs. an intervention group) of 28 
subjects each and received either 0 or 120 mg of 
anthocyanins/day.  

   Study Design 

 The duration of the study was 3 months and was 
conducted at the Clinical Investigation Center 
(CIC INSERM Clermont-Ferrand France) which 
has the ministerial approval for biomedical 
research without direct individual bene fi t 
(N° 03046MHC; 2007-A00940-53). 

 The anthocyanins (amount equivalent to 22.5 g 
of blueberries) were provided at the dose of 0 or 
60 mg of active drug/100 ml of calcium- and vita-
min D-enriched fermented milk (allowing cover-
ing 25 and 20 % of the RDA for calcium and 
vitamin D, respectively). The volunteers were 
asked to consume two bottles per day. 

 A food record and a questionnaire on lifestyle, 
to assess tobacco and alcohol consumption and 
physical activity level as well, were established at 
baseline. A full clinical examination was also 
performed at the screening visit. 

 Throughout the study, biomarkers to evaluate 
bone metabolism and in fl ammatory status were 
assessed. Blood was collected at 0, 45, and 
90 days, after an overnight fasting. The record of 
intercurrent events was carried out at the same 
time (45 and 90 days), to ensure good tolerance 
of the food test.  

   Biochemical Analysis 

 Blood samples were collected at baseline, 45 and 
90 days. The samples were stored at −80 °C and 
analyzed. Biochemical tests were performed by 
using electrochemiluminescence-based immuno-
analysis (Roche Diagnostics GmbH, Germany), 
according to standard methods. Concentrations 
of bone-speci fi c alkaline phosphatase (a marker 
of bone formation) were measured by enzyme 
immunoassay on paramagnetic particle DXI; 
serum concentrations of C-telopeptide cross-
links (a marker of bone resorption), serum 
CRP (a marker of in fl ammation), and serum 
25-hydroxyvitamin D (25(OH)D) with the Roche 
Modular Analytics E immunoassay system.  

   Statistical Analysis 

 The signi fi cance of the treatment effects on the 
main criteria between the supplemented and con-
trol group was performed by Student’s  t -test 
(after log transformation of data, if necessary). 
 P  values  < 0.05 were considered signi fi cant. 

 Results are expressed as mean ± SEM. 
Analyses of repeated measurements for bone 
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markers were performed using SAS version (SAS 
Institute Inc.). The percent changes in serum 
bALP and in serum CTX were calculated [(post 
intervention value − baseline value)/baseline 
value × 100 %] for each group.   

   Results 

 Of the 56 subjects included in the study, 1 dropped 
out for personal reasons. 

 Baseline characteristics of the subjects who 
completed the study are presented for each 
group in Table  37.1 . No difference was observed 
between the two groups at baseline, except for 
alcohol consumption which is slightly higher 
in the supplemented group ( p  < 0.026) and 
which could explain the higher plasma levels 
of total alkaline phosphatase (71.50 ± 3.15 vs. 
71.04 ± 2.90 IU/l) in this group. Indeed, anthro-
pometric data, plasma biomarker for bone metab-
olism, and vitamin D status were similar.  

 The analysis of food records completed over 
5 days and collected before the start of the study 
showed that the two groups were similar in their 
protein, carbohydrates, fats, vitamins, and trace 
element consumption. With regard to calcium 

intake, the average consumption (mg/day) was 
827 ± 228 for women in the treated group and 
854 ± 297 mg for the placebo group, which is 
far below the RDA in postmenopausal women 
(1,200 mg/day). Nevertheless, whatever the 
experimental group, a signi fi cant dispersion 
was observed (from 338 to 1,423 mg/ day). 

 At the end (after 3 months of test foods con-
sumption), vitamin D status was signi fi cantly 
improved. Indeed, serum 25(OH)D levels were 
increased by 72 % in the placebo group and 101 % 
in the intervention group. Regarding the primary 
outcome, i.e., bone remodeling, consumption of the 
milk enriched in polyphenols signi fi cantly increased 
osteoblast activity (as shown by higher serum bALP 
concentrations), without signi fi cant modi fi cation in 
CTX values, a marker for bone resorption 
(Fig.  37.1 ). CRP did not signi fi cantly change 
throughout the study, whatever the test food was.   

   Discussion 

 Broad-based preventive strategies designed to 
lower the risks of osteoporosis need to be estab-
lished and implemented. This is why the concept 
of a healthy diet providing adequate amounts of 

   Table 37.1    Characteristics of subjects and baseline values of measured biochemical variables (Mean ± SEM)   

 Supplemented group  Placebo control group 

 Variables  Mean ± SEM  Mean ± SEM   P  
 Age at screening (years)  53.9 ± 0.5  54.5 ± 0.5  NS 
 Months since menopause 
(months) 

 37.0 ± 3.3  35.5 ± 2.9  NS 

 Weight (kg)  65.4 ± 1.6  61.3 ± 1.8  NS ( P  < 0.087) 
 Height (m)  1.63 ± 0.01  1.62 ± 0.01  NS 
 BMI (kg/m 2 )  24.67 ± 0.63  23.34 ± 0.62  NS 
 Current smoker (%)  0.18 ± 0.07  0.18 ± 0.07  NS 
 Alcohol intake (%drinker)  0.50 ± 0.10  0.21 ± 0.08   P  < 0.026 
 Total alkaline phosphatase 
(IU/l) 

 71.50 ± 3.15  71.04 ± 2.57   P  < 0.047 

 25(OH)D (nmol/l)  38.67 ± 2.61  46.17 ± 2.90  NS 
 FSH (IU/l)  76.14 ± 4.25  91.31 ± 6.53  NS ( P  < 0.057) 
 Bone alkaline phosphatase 
( m g/l) 

 13.06 ± 0.58  13.76 ± 0.70  NS 

 CTX (ng/ml)  0.54 ± 0.04  0.57 ± 0.04  NS 
 CRP (mg/l)  2.06 ± 0.45  1.95 ± 0.61  NS 

  Data was analyzed using the XLSTAT software (Addinsoft, Paris, France), by ANOVA 
  BMI  body mass index,  FSH  follicle-stimulating hormone,  CTX  cross-linked telopeptide of type I collagen,  CRP  
C-reactive protein  
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various potent micronutrients deserves mention 
 [  11  ] . We targeted anthocyanins from blueberry as 
a possible way to achieve this goal. Indeed, a 
recent interest in food phenolics has increased 
greatly owing to their anti-in fl ammatory and free 
radical scavenging abilities. We thus assessed the 
effect of consumption of a fermented milk (pro-
viding 25 and 20 % RDA of calcium and vitamin 
D) enriched with a blueberry extract rich in 
anthocyanins, on bone biomarkers in postmeno-
pausal women. 

 The volunteers enrolled in the present study 
are representative of the general population of 
this age. Indeed, their vitamin D status was rela-
tively low, since 50 % of them had a level 
<40 nmol/l, which is consistent with the results 
found in other studies. Actually, in France, prev-
alence of vitamin D insuf fi ciency (de fi ned as 
25(OH)D concentrations below 30 nmol/l) 
reached 15–30 % in the SUVIMAX study  [  12  ]  
(general population) and more than 59 % in the 
DHE age study  [  13  ]  (60–79 years healthy sub-
jects), with the lowest values being seen in win-
ter. As a matter of fact, it is considered that 
serum level from 100 to 150 nmol/l would be 
necessary to maintain the integrity of bone in 
osteoporosis prevention strategies  [  12  ]  and at 
least 50 nmol/l to optimize intestinal calcium 
absorption and to avoid secondary hyperpara-
thyroidism (clinical chemistry laboratories now 
de fi ning vitamin D insuf fi ciency as a serum 
25(OH)D level less than 75 nmol/l)  [  14–  16  ] . In 
this study, conducted over 3 months, consump-
tion of fermented milk forti fi ed with calcium 
and vitamin D (20 % of the RDA) resulted in an 
improvement of vitamin D status, whatever the 
group, plasma 25 (OH)D level reaching levels 
above 75 nmol/l. These results agree with those 
published by Golombick and Diamond  [  17  ]  who 
obtained a normalization of serum 25(OH)D 
(70 nmol/l) after a supplementation providing 
both calcium (500 mg/day) and vitamin D 
(500 UI/day) for 3 months in  postmenopausal 
women. This is also consistent with the study 
conducted in the elderly by Romagnoli et al. 
 [  18  ] . In the same way, 25(OH)D has been shown 
to play a role in determining bone density, not 
just in elderly people, but in peri- and 
 postmenopausal women as well  [  19  ] . Indeed, 

healthy postmenopausal women with vitamin D 
intakes of 100 IU daily can signi fi cantly reduce 
late wintertime bone loss and improve net bone 
density of the spine over 1 year by increasing 
their intake of vitamin D  [  20  ] . Again, in women 
in late menopause  [  21  ]  or in pre- and postmeno-
pausal women (<5 years), Di Daniele et al.  [  22  ]  
con fi rmed the preventive role of calcium and 
vitamin D supplementation on bone loss, espe-
cially when baseline level is low. On another 
hand, these changes in vitamin D status were not 
associated with any variation of plasma CRP 
concentrations in both groups. In fact, in the 
NHANES study, vitamin D supplementation 
elicited reduced CRP levels only among adults 
with low serum 25(OH)D (<21 ng/ml)  [  23  ] . 

 With regard to the primary outcome, bone 
remodeling, dynamic changes in bone turnover, 
estimated by measurement of bone biochemical 
markers, can account for a major portion of 
anti-fracture ef fi cacy of antiresorptive agents 
 [  24  ] . These parameters are known to be early 
and predictive of fracture risk, from 3 to 
6 months of treatment  [  25  ] . In the present work, 
compared to what is observed in the placebo 
group, consumption of the fermented milk 
enriched with calcium, vitamin D, and a blue-
berry extract signi fi cantly improved serum 
bALP (a marker for osteoblast activity), with-
out any signi fi cant change in CTX levels (a 
marker of bone resorption), only a trend toward 
a decrease being observed for this parameter. 
This positive effect on bone metabolism could 
be explained by the contribution of anthocya-
nins in the blueberry extract, i.e., the only dif-
ference between the two test foods. Effectively, 
in a population from the Aberdeen Prospective 
Osteoporosis Screening Study (APOSS) of 
Scottish women 54.8 years old, between 1997 
and 1999, high dietary anthocyanin intakes 
(22  m g/day) were associated with increased 
BMD and decreased markers of bone resorption 
(PYD and DPD)  [  26  ] . Actually, such a bone-
sparing activity of blueberry has recently been 
demonstrated in an ovariectomized rat model 
for menopausal osteoporosis as well  [  27  ] . 
According to this study, this effect could be due 
to suppression of the ovariectomy-induced 
increase in bone turnover, as  evidenced by 
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 lowered femoral mRNA levels of alkaline 
 phosphatase and type 1  collagen, and increased 
bone mineral density (compared to what is mea-
sured in Sham animals). More precisely, such a 
protection could result from the phenolic com-
pounds of blueberry such as  fl avonoids (antho-
cyanins, catechin, quercetin, epicatechin) or 
phenolic acids (gallic and caffeic acids)  [  28,   29  ] . 
As a matter of fact, the effect of grape seed 
proanthocyanidin extract on bone formation has 
already been documented using mandibular 
condyles of rats  [  30–  32  ] . Indeed, a mixture of 
phenolic acids found in the serum of young rats 
fed with blueberries was able to signi fi cantly 
stimulate osteoblast differentiation through Wnt 
signaling pathway, and the p38 MAPK/b-catenin 
signaling cascade appeared to be a critical 
molecular determinant of the positive skeletal 
effects of blueberry  [  33  ] . Furthermore, blue-
berry polyphenol-derived phenolic acids may 
also contribute to the prevention of osteoblast 
senescence. Indeed, short-term feeding of a diet 
containing blueberry, just prior to puberty, can 
prevent OVX-induced bone loss later on, in 
adult rats, and early exposure of osteoblastic 
cells or mesenchymal stromal cells to dietary 
blueberry can maintain long-term cytoskeletal 
stability by regulation of myosin and Runx2 
genes  [  34  ] . The molecular targets (i.e., Sirt 1) 
have been identi fi ed in the senescence pathway 
whereby blueberry prevents senescence and dif-
ferentiation to adipocytes  [  35  ] . Finally, it has 
been shown, in healthy adults, that anthocyanin 
supplementation isolated from bilberries 
(300 mg/day for 3 weeks) signi fi cantly reduced 
plasma concentration of NF-kB-related 
proin fl ammatory cytokines and chemokines, 
suggesting that anthocyanins possess anti-
in fl ammatory effects as well  [  36  ] .  

   Conclusion 

 In conclusion, this is the  fi rst clinical trial 
demonstrating the bone-sparing potential of 
blueberry in postmenopausal women. More 
precisely, consumption of fermented milk 
enriched with calcium and vitamin D, and 
such red fruits, for 3 months:
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  Fig. 37.1    Mean plasma levels of 25(OH)D ( a ), bALP ( b ), 
and CTX ( c ) in the placebo group (in  gray ), i.e., in post-
menopausal women who were given for 3 months a fer-
mented milk enriched with calcium (400 mg/day) and 
vitamin D (1.6  m g/day), and in the treated group (in  black ) 
corresponding to consumption of a fermented milk 
enriched with calcium (400 mg/day), vitamin D (1.6  m g/
day), and blueberry (providing 120 mg/day anthocyanins). 
( a ) *  p  < 0.029; x, y  p  < 0.0001   . ( b ,  c ) mean percentage 
changes from baseline for bALP and CTX (a, b:  p  < 0.017). 
Results are expressed as mean ± SEM. Mean values within 
a row with unlike superscript letters were signi fi cantly 
different       

 



37937 Blueberry Can Modulate Bone Metabolism in Postmenopausal Women 

   Has corrected vitamin D status (initially low)  • 
  Has resulted in a favorable orientation of bone • 
metabolism, as indicated by the rise of a bio-
marker of osteoblast activity, whereas CTX 
tended to decrease    
 This bene fi t is most likely related to the pres-

ence of blueberries (rich in polyphenols); the 
only difference with the placebo group in which 
bALP was lower. Consequently, these original 
results demonstrate that, in addition to calcium 
and vitamin D, other nutrients must be consid-
ered in the nutritional prevention strategies of 
osteoporosis. The nutritional prevention of osteo-
porosis must thus evolve to new concepts which 
include the potential exerted by certain micronu-
trients, even though these promising data need to 
be implemented by longer term trials allowing 
bone mineral density assessment.      
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