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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 findings. Participants ranged from graduate students
to senior research scientists. As in the first 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,
inflammation, 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, flavonoids, 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 field of
nutrition and bone health.

Peter Burckhardt
Bess Dawson-Hughes
Connie M. Weaver
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Nutrition, Aging, and Chronic
Low-Grade Systemic Inflammation
in Relation to Osteoporosis

and Sarcopenia

Robin M. Daly

Abstract

Aging is accompanied by a chronic low-grade systemic inflammation
state, characterized by an increase in circulating levels in inflammatory
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
inflammation, various dietary patterns, foods, and nutrients have also been
reported to have anti-inflammatory effects, particularly in people with
chronic diseases characterized by increased inflammation such as cardio-
vascular disease, type 2 diabetes, and cancer. With regard to musculoskel-
etal and functional outcomes, the findings 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 inflammation are mixed. Currently there is little or no evidence that
these nutrients or foods attenuate circulating inflammatory cytokines in
healthy middle-aged and older adults. In contrast, in people with chronic
disease and/or increased inflammation, 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 inflammation. Whether these short-term
reductions in inflammatory 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 efficacy of different nutrients or combi-
nation of nutrients and dietary interventions on markers of inflammation
and their relation to musculoskeletal health outcomes.

Keywords

Inflammation * Osteoporosis ® Fracture  Sarcopenia * Calcium ¢ Vitamin D
¢ Protein ¢ Vitamin K ¢ Omega-3 fatty acids * Aging ¢ Cytokines

Introduction

It is well established that inflammation 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 inflammatory
components [1, 2]. Indeed, there is considerable
evidence that aging is associated with a persistent
increase in proinflammatory cytokines, such as
tumor necrosis factor alpha (TNF-a), interleukin
(IL)-6 (IL-6), IL-one-beta (IL-1P), and acute
phase reactants [C-reactive protein (CRP)], and a
reduction in anti-inflammatory cytokines, particu-
larly IL-10 [3-6]. This age-related systemic,
chronic, but low-grade inflammation has been
termed inflammaging [7] and is typically charac-
terized by a two- to fourfold increase in circulat-
ing inflammatory mediators (cytokines and acute
phase proteins) in older people [8]. Although this
inflammatory 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 inflammation
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 inflammaging, 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 inflammation given its link to
many common chronic diseases.

Regular physical activity and exercise is rec-
ognized as one modifiable safe and effective non-
pharmacological approach to reduce systemic
inflammation in older people [10, 11]. There is
also a growing body of evidence supporting an
anti-inflammatory 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 inflammation 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 Inflammation

At present the underlying mechanism(s) contribut-
ing to the age-related “proinflammatory” 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 inflammatory
response [4] or a failure of anti-inflammatory
mechanisms to neutralize inflammatory 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 inflammatory 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 inflammatory
markers [16, 17]. While it is beyond the scope of
this chapter to review the role of oxidative stress
on inflammation and disease, it is important to
note that increases in inflammation 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 inflammatory mediators,
including CRP, IL-6, TNF-a, IL-1f, and IL-10,
and their link to bone and muscle health.

Since some inflammatory mediators are used
as markers of disease risk, it has been suggested
that the proinflammatory 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 inflammation 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 inflammatory
markers (serum IL-6, sIL-6, IL-1ra, IL-18, CRP,
and fibrinogen) increased significantly 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 ¢ and d), indicating that part of the
proinflammatory state in older persons is likely to
be related to the presence of risk factors for dis-
ease. Despite these findings, there are reports that
increased circulating inflammatory 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 inflammation on age-related bone and
muscle loss, osteoporosis, sarcopenia, falls, and
fractures.

Chronic Low-Grade Systemic
Inflammation, 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 inflammation can exert a
catabolic effect on muscle tissue. Indeed, numer-
ous cross-sectional studies have found that ele-
vated levels of various circulating inflammatory
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
inflammatory markers and their soluble receptors,
which may be more representative of prolonged
and severe inflammation, 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
findings are not consistent, and there is evidence
that the association between higher levels of
serum IL-6, CRP, and TNF-o 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 proinflammatory cytokines (termed
adipokines) as well as attenuate the release of
anti-inflammatory 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
inflammatory markers and/or insulin resistance
(Fig. 1.2) [30, 31]. That s, increased fat mass may
result in a systemic “spillover” of inflammatory
mediators to other organs/tissues and/or local
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and (d) show the age regression coefficients and their 95 %
confidence intervals estimated from linear regression models
predicting level of IL-6 and CRP. Model “a” estimates the

inflammatory 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
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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 significantly 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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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 inflammation.

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 difficult to ascertain the relative
influence of each of these factors on age-related
changes in muscle since they are often interre-
lated, a recent study examined the influence 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 >65 years
[35]. The main finding from this study was that
havinga greater number of elevated inflammatory
(catabolic) markers was associated with a greater
rate of decline in muscle strength than just hav-
ing an increase in one inflammatory marker. In
contrast, simultaneous reductions in several
anabolic hormones were not associated with a
greater strength decline than deficiency in just
one marker alone [35]. Based on these findings,
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].



Chronic Low-Grade Systemic
Inflammation, Osteoporosis,
and Fracture Risk

Elevated circulating and local levels of
proinflammatory 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 proinflammatory
cytokines, including IL-6, TNF-o, IL-1, and
IL-11, can interact to alter the bone remodeling
balance [37-39]. More detailed information about
the role of various proinflammatory and inhibi-
tory cytokines on regulating osteoblast and osteo-
clast differentiation and activity is provided in
several excellent reviews [37-39]. Briefly, the
accelerated loss of bone associated with meno-
pause and subsequent estrogen withdrawal has
been related to an upregulation of proinflammatory
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 findings reflect
the influence 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 inflammation and
bone have been cross-sectional, conducted in
postmenopausal and older women and focused
predominantly on the circulating cytokines CRP,
IL-6, and TNF-o.. 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 significant 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 inflammatory 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
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years who were followed for a mean of 2.9 years,
Ding et al. [45] found that various inflammatory
markers at baseline and their changes over time,
particularly IL-6, were significantly 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 specific cytokines and/or their
receptors or animals that do not express IL-6 pro-
vide further evidence implicating inflammation
in bone loss [51-53].

Chronic, low-grade systemic inflammation
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 inflammatory markers, particu-
larly high receptor levels of proinflammatory
cytokines, predicted a higher incident of frac-
tures over 5.8 years of follow-up, independent of
known risk factors including BMD. The finding
that cytokine soluble receptors strongly predicted
fracture risk is important because they may be
more representative of a prolonged and severe
underlying inflammatory state compared to the
markers themselves which have a short half-
life and often change transiently [54]. Another
important finding from this study was that the
risk of fracture was even greater in participants
with two or more inflammatory markers in the
highest quartile. This suggests that measuring
several inflammatory markers may improve risk
assessment compared to a single marker alone.
While this study was limited to an assessment of
all nontraumatic fractures, similar findings 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 inflammatory 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 inflammatory marker
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(Fig. 1.3). Together, these findings highlight that
identifying strategies to reduce inflammation
may represent an important approach to reduce
bone loss and fracture risk in the elderly.

Nutritional Strategies to Combat
Inflammation and Musculoskeletal
Disease

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

inflammation. This chapter will provide an over-
view of the evidence on the influence of nutrients
specific 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 inflammatory 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
inflammation (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
inflammation, 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
proinflammatory factors, such as TNF-o and IL-6,
in visceral fat, adipocytes, and plasma and stimu-
late the expression of the anti-inflammatory 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 inflammation and oxidative stress than
supplements (calcium carbonate) [62]. Together,
these findings 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 influence of dietary
and supplemental calcium or a high-dairy diet on
inflammation in humans.

It is well known that the beneficial effects of
calcium supplementation on maintaining or slow-
ing bone loss and preventing osteoporotic fractures



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 benefits of calcium supplements on bone could
be mediated in part by a reduction in inflammation.
To our knowledge, only one study has investigated
the anti-inflammatory 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 inflammation in
relatively healthy older adults also observed no
improvements in inflammatory 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 >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 beneficial
effects on BMD [66]. In contrast, the findings from
a recent pilot, randomized, double-blind, placebo-
controlled, 2x2 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 %
nonsignificant reduction in various proinflammatory
markers compared to placebo controls [67]. While
the lack of a statistically significant effect is likely
due to the small sample size, when they examined
the effects of calcium and/or vitamin D on a com-
bined inflammatory 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 significant. These preliminary findings provide
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some evidence that calcium and/or vitamin D sup-
plementation may help to ameliorate inflammation
in “high-risk” individuals with diseases known to
have an inflammatory 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-inflammatory 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 inflammation (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 findings 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 findings provide
some confirmation that an increase in dairy food
intake, even over a short period, may represent
an effective strategy to reduce inflammation (and
oxidative stress) in overweight and obese adults.
Consistent with these findings, 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
significantly attenuated markers of inflammatory
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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inflammatory markers (IL-183, IL-6, fibrinogen,
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 inflammation,
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 findings
support previous work indicating that high-
calcium or high-dairy diets may be most effective
for attenuating inflammation in individuals with
an inflammatory-related chronic disease(s).

To date, few studies have examined the anti-
inflammatory effects of a high-dairy or calcium-
vitamin D-enriched diet in relatively healthy
older adults. In an 18-month, factorial 2x 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-fortified 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, (800 IU/day)-fortified 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 fortified 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 finding 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 inflammation 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,, the

biological active form of vitamin D, shown to
influence 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 inflammation is not clear, in vitro data sug-
gests that the anti-inflammatory effects of vitamin
D may be mediated by 1,25-dihydroxyvitamin D,
coupling to the vitamin D receptor, which is pres-
ent in many immune cells, to downregulate or
transrepress inflammatory 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, [69, 73].
Data from human epidemiological studies also
supports a relationship between vitamin D status
and various autoimmune diseases, such as multi-
ple sclerosis, theumatoid arthritis, and type 1 dia-
betes [72]. However, the findings from
observational and epidemiological studies exam-
ining the association between serum 25(OH)D
concentrations and various inflammatory 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 inflammation may only exist at low serum
25(0OH)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 >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 proinflammatory. While it is difficult to
explain this latter finding, a limitation of this
study is that only a single inflammatory 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 inflammation.

To date, randomized controlled trials examin-
ing the effects of vitamin D supplementation on
markers of low-grade inflammation in both
healthy young and older adults and those with
various chronic diseases have produced inconsis-
tent findings. Most of the studies which have
reported a positive effect of vitamin D supple-
mentation on pro- and/or anti-inflammatory
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 pg/day of calcitriol and 1,000 mg/day of
calcium significantly 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
difficult to compare these findings 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
findings, it is difficult to make any conclusion as
to whether the beneficial 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 inflammation.

In recent years a number of intervention trials
have investigated the effects of different doses of
vitamin D on inflammatory 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 pg/day
(3,332 IU/day) of cholecalciferol resulted in a
more pronounced reduction in serum TNF-a, but
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not IL-6 or CRP, compared to weight loss alone
[85]. In contrast, supplementation with 4,000 TU/
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 inflammatory
markers [86]. Similarly, incremental doses of 5,
10, and 15 pg/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 >64years) [87]. There are several
likely explanations for this finding: (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 sufficient;
(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, per week or a placebo)
on markers of inflammation 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 inflammatory
cytokines after 12 months. These findings 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 insufficient. Since
many questions still remain as to the optimal
level of serum 25(OH)D needed for health
benefits, 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
inflammation 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-o 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 proinflammatory
markers is associated with a decrease in muscle
protein synthesis [94, 95]. By blocking low-grade
inflammation using a nonsteroidal anti-
inflammatory 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 findings support the results
from several human prospective studies discussed
earlier which showed that higher levels of
inflammation 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
inflammation 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 stratified 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,
inflammation, 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 significant 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 inflammatory markers, a
lower protein intake was associated with a greater
decline in muscle strength, independent of the
presence of chronic conditions. These findings
indicate that chronic inflammation can alter pro-
tein metabolism and may reduce the efficiency of
protein on muscle, but this needs to be confirmed
in a clinical trial.

There are few intervention studies which have
examined whether a high-protein diet or protein
supplementation can reduce inflammation, 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 significant 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 significant
gains in lean mass with a parallel increase in
IGF-1 and a reduction in TNF-o 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 proinflammatory
marker IL-6 and significantly 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 influenced 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 findings
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 inflammation 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-inflammatory properties [1]. However, a
review on the effects of soy foods and soy
isoflavones on inflammation found that there was
no consistent evidence for an effect on the cytok-
ines IL-6 and TNF-a [102]. Similarly, the findings
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from several human trials have shown that specific
milk/dairy proteins (whey or casein protein or
milk peptides) have no effect on inflammatory
markers in overweight adults [103], mildly hyper-
tensive people [104], or postmenopausal women
[105]. Whether other specific branched chained
amino acids, particularly leucine, which has a
strong stimulatory effect on muscle protein syn-
thesis, have anti-inflammatory 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 y-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 findings from several recent
reviews and meta-analyses of clinical trials indi-
cate that supplementation with either form of vita-
min K (phylloquinone, vitamin K ; menaquinone,
vitamin K)), particularly at higher doses (phyllo-
quinone >1,000 pg/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 proinflammatory 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 proinflammatory markers
[111, 112]. Similarly, the findings 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
inflammatory 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 pg phylloquinone),
together with additional calcium and vitamin D,
failed to detect any significant 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 pg) of phylloquinone
used [113]. In a previous trial, 1,000 pg/day of phyl-
loquinone was found to be effective for slowing
bone loss in postmenopausal women [115].
Nevertheless, the above findings are consistent with
the results from calcium and/or vitamin D supple-
mentation trials which generally observed no effects
on inflammation 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 beneficial effects on both bone
and muscle health, which might be mediated, at
least in part, by a decrease in proinflammatory
cytokines [116—-119]. There is considerable evi-
dence to support an anti-inflammatory 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 findings
from human studies on the effects of omega-3 fatty
acids or the n—6 to n—3 ratio (n—6 tends to increase
inflammation) 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 significant effect or even an increased
fracture risk [117, 122, 123]. This is supported by
the findings from a systematic review which found
that only one of four randomized controlled trials
with BMD as the primary outcomes showed
significant improvements or maintenance of BMD
following 18 months of omega-3 supplementation
[primrose oil (high in linoleic acid) and fish 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 inflammation, 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
inflammation 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-inflammatory effect and/or improve
bone health [118], it is possible that any beneficial
effect of omega-3 fatty acids on bone might be
limited to those with osteoporosis, inflammatory
disease(s), or chronic low-grade systemic
inflammation. However, this needs to be confirmed
in future intervention trials.

In recent years there has been some interest in
the role of omega-3 fatty acids and fish 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 fish consumption was a strong positive
predictor of grip strength [124]. In elderly women,
combining fish 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 findings 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
inflammatory 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-inflammatory effects, it
is important to note that the participants in this
study were healthy older adults with low circulat-
ing inflammatory 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 inflammation state (termed
inflammaging), characterized by higher circu-
lating levels in inflammatory 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 inflammaging,
including genetic, hormonal, environmental,
and lifestyle factors, various dietary patterns,
foods, and nutrients have been reported to
have anti-inflammatory effects, particularly
in people with chronic diseases characterized
by increased inflammation such as cardio-
vascular disease, type 2 diabetes, and cancer.
With regard to musculoskeletal health and
function, there are conflicting findings 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 inflammation. In healthy middle-
aged and older adults, there is little or no evi-
dence that these nutrients or foods attenuate
circulatory inflammatory 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 inflammation in
high-risk groups with chronic disease and/
or increased inflammation, including people
with osteoporosis and sarcopenia. Whether
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these short-term reductions in inflammatory
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
efficacy of different nutrients or combina-
tion of nutrients and dietary interventions on
markers of inflammation and their relation to
musculoskeletal health outcomes.
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Interactions of Dietary Patterns,
Systemic Inflammation,
and Bone Health

Adrian D. Wood and Helen M. Macdonald

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 inflammatory conditions, although it is unclear whether
low-grade systemic inflammation may have similar long-term effects.
In this chapter we summarize current evidence relating dietary patterns
and chronic low-grade systemic inflammation to bone health. Consideration
is then given to potential mechanisms whereby dietary eating patterns may
affect inflammatory 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 inflammation
to indices of bone health is limited and contradictory, although modification
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 inflammatory status. Longitudinal studies assessing
dietary patterns in relation to bone mineral density/fracture incidence and
biomarkers of inflammation could further our understanding of these complex
interactions.
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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 reflect dietary preferences of the
individual, are influenced 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 reflective of dif-
ferences in diets which are nutrient poor and
nutrient rich [15].

A.D. Wood and H.M. Macdonald

Chronic inflammatory 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 inflammatory cells, cytokines, and
bone cells affecting the bone remodeling cycle
may be important. While associations between
chronic inflammatory diseases and bone loss
are well recognized, it is less clear whether low-
grade systemic inflammation has similar effects.
In this chapter we summarize current evidence
relating dietary patterns to bone health. We dis-
cuss chronic low-grade systemic inflammation
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 inflammatory status. Finally we pres-
ent evidence from a recent cross-sectional study
assessing associations of dietary patterns with
chronic low-grade systemic inflammation.

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 fish [18, 19], and meat [25].
It has been suggested that fruits and vegetables
may be beneficial 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 beneficial
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
flavonoids and phytoestrogens), and dietary fiber
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content [27]. Beneficial effects of oily fish 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
beneficial 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].

Inflammatory Disease and Bone Loss

Conditions which include rheumatoid arthritis
[29, 30], inflammatory 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-«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-o
(TNF-a), interleukin (IL)-1B3, IL-6, IL-11, and
IL-17. Cytokines with predominantly inhibitory
effects include interferon (IFN)-y, IL-4, and trans-
forming growth factor (TGF)-p [36]. A variety of
other important signaling mechanisms (beyond
the scope of this chapter) may be involved in bone
loss during inflammatory 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 inflammatory 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 inflammation)
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 inflammation
such as IL-6, TNF-a, homocysteine, fibrinogen,
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 defined [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
inflammation. 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
conflicting 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 confirm the associa-
tion of chronic low-grade systemic inflammation
(assessed by hsCRP) with BMD. Strategies to mod-
ify systemic inflammation 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 Inflammation

One potential strategy to protect against
inflammation and chronic disease development is
via modification of dietary eating patterns [49]. A
Western-type diet, common in industrialized
nations, which is characterized by high intakes of
refined 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 fiber, and foods rich in omega-3 fatty acids
[50], has been identified as a major contributing
factor to the promotion of chronic inflammation.
High dietary intakes of trans fats may promote
inflammation via direct effects on cell surface
receptors to trigger proinflammatory 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 inflammation. Excessive glucose intake
may induce oxidative stress and upregulate
inflammatory 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 inflammation 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-
inflammatory effects. For example, polyphenols
may act to modulate inflammatory processes via
inhibition of proinflammatory enzyme activation
[55, 56], modulation of the production of
proinflammatory cytokines [56, 57], inhibition of
proinflammatory cell adhesion molecules [58, 59],
and scavenging effects towards reactive oxygen
species [60, 61]. Omega-3 fatty acids from fish or
plant sources may also be particularly important,

A.D. Wood and H.M. Macdonald

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
proinflammatory processes [63, 64]. Finally, high
intakes of dietary fiber from plant sources have
consistently been shown to be associated with a
reduced inflammatory status [65]. Mechanisms to
explain these anti-inflammatory 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 inflammation.

Cross-Sectional Analysis of Dietary
Patterns and Chronic Low-Grade
Systemic Inflammation

Against this background, we explored the rela-
tionship between dietary patterns and systemic
inflammation, 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 coefficients
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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Table 2.3 Characteristics
of our study cohort from

1997 t0 2000 study visit ~ Licight €m)

who completed both Weight (kg)

dietary questionnaires and ~ Age (years)
provided serum for hsCRP  BMI (kg/m?)
analysis PAL (MET.h/week)

Current smoker
Nonsmoker

HRT use and menopausal status

Postmenopausal
Perimenopausal
Premenopausal
Past HRT user
Present HRT user

National deprivation category*

I

1I

11T

v
V-VI

N Mean (SD)

2,010 160.5 (5.9)

2,010 68.5 (12.5)

2,012 54.8 (2.2)

2,010 26.6 (4.6)

2,011 1.83 (0.32)
Percent

369 18.4

1,634 81.6

588 29.4

126 6.3

69 34

445 22.2

775 38.7

520 26.0

873 43.7

151 7.6

281 14.1

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
“Based on postcode classification, where I represents the most affluent and VI represents

the most deprived

Table 2.4 Concentrations of CLSI biomarkers across quintiles of dietary score for dietary patterns generated from

principal components analysis®

Diet descriptor

“Healthy” Q1 (n396) Q2 (n400) Q3 (n384) 04 (n414) 05 (n419) p® Pe
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 Q01 (n390) Q2 (n4l1l) Q3 n404) 04 (n413) 05 (n 395) pe pe
red meat and alcohol”

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 fish” QI (n422) Q2 (n403) Q3 (n380) 04 (n 393) 05 (n415) pe pe
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

“Data presented as median (IQR) for each quintile of dietary pattern score

"Based on ANOVA with inflammatory marker as the independent variable (unadjusted)

‘Based on ANCOVA with inflammatory marker as the independent variable, dietary pattern quintiles as the fixed factor,
and adjustment for the following potential confounding covariates: weight, national deprivation category, smoking

status, and physical activity level

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 identified [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
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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 significant 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/
whitefish dietary pattern (Table 2.4). However,
these relationships were no longer significant after
adjustment for confounding covariates.

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

Conclusions

Dietary components may influence bone health
and chronic inflammatory status via both posi-
tive and negative effects on inflammatory 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 inflammation
longitudinally may be particularly informative.
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Weight Loss and Physical Activity
in Obese Older Adults: Impact
on Skeletal Muscle and Bone

Dylan R. Kirn and Roger A. Fielding

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 efficacy 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 first 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 specific 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 Il diabetes, cardio-
vascular disease, and mortality continues to
remain at the forefront of public policy debate
(overweight >25 kg/m?; obesity >30 kg/m?) [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
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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 specific 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
firing, 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 definition or diagnostic criteria. The most
current definition 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? in males, <5.67 kg/m? 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 deficits 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 specifically 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 significantly
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 >30) had a significantly 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 (>30), the prevalence of all outcomes was
significantly 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
findings, 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 difficult. 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, adirect 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].
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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?.

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 significant 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 [S1]. 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 inflammation, and the deconditioning
associated with the sedentary behavior commonly
associated with obesity, thus making it difficult 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 (=30). Subjects were asked to
report any illness or disability, resulting in
difficulty going up- and downstairs, bending
down/straightening up, falling or difficulty with
balance, or walking for a quarter of a mile on the
level. They were also asked to report any difficulty
performing usual activities, such as work, house-
work, family activities, washing, and dressing.
Obese men had a significant 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
significantly greater impact on physical function.

Influence 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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Influence 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
patientsis diet-induced weightloss. 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 significant
amount of FM through energy restriction may be
beneficial in preventing cardiovascular, metabolic,
and orthopedic disorders, the concomitant loss of
approximately 25 % of FFM may significantly
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-
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mended, but the implementation of these is more
difficult for the majority of the population.

Influence 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 defined.

Influence 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 significant 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.

Influence 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 first 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 flexibility 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].

Influence 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 significant
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® of thigh muscle volume compared to a
loss of 28 cm?® 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 difficult. 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
define a more efficient 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 Ib/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®
Protein intake®

500-750 kcal/day
1 g/kg body weight

30besity in older adults: technical review and position
statement for nutrition and NAASO, the Obesity Society
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Table 3.2 Exercise and recommendations for obese older adults during weight loss

Exercise Mode Frequency
Aerobic* Walking >3 days/week
Resistance® Progressive strength 2-3 days/week
training exercises using
all major
muscle groups
Balance® Daily
Flexibility* Daily

Duration Intensity

Work up to 60-80 % of
maximal heart rate

Work up to at least

30 min/day
1-3 sets of each 65-80 % of maximum

exercise

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

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])

Energy registration

Age: 80

Weight: 104.5 kg

BMI: 35 kg/m?

Hip BMD: 1.015 g/cm?
FFM: 61.5 kg

Age: 80
Weight: 105 kg
BMI: 35 kg/m?
Hip BMD: 1.000 g/cm?
FFM: 60kg

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

Age: 80
Weight: 94.5 kg
BMI: 32 kg/m?
Hip BMD: 0.973 g/cm?
FFM: 56kg

Age: 80
Weight: 94.5 kg
BMI: 32 kg/m?
Hip BMD: 0.989
FFM: 58kg

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 flexibility exer-
cise should be added daily to prevent falls.
Figure 3.1 illustrates the effects of energy
restriction, exercise, and energy restriction
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combined with exercise [88]. The figure 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 influence 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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The Hormonal Milieu in Obesity
and Influences on the Trabecular,
Cortical, and Geometric Properties
of Bone

Sue A. Shapses and Deeptha Sukumar

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 (250HD) have specific 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 vVBMD in obesity. The lower serum 250HD,
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 influence 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-specific fracture risk in obesity.
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density * Body composition

Introduction
S.A. Shapses, PhD (>4) « D. Sukumar, PhD Obesity is a worldwide epidemic and the World
Department of Nutritional Sciences, Health Organization reports that at least 2.8 mil-
Rutgers University, 96 Lipman Drive, . R
New Brunswick, NJ 08901-8525, USA lion people die each year as a result of excess
e-mail: shapses @aesop.rutgers.edu body weight [1]. Obesity is considered a true epi-
P. Burckhardt et al. (eds.), Nutritional Influences on Bone Health, 43

DOI 10.1007/978-1-4471-2769-7_4, © Springer-Verlag London 2013



44

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 influenced 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 influence 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?) 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

S.A. Shapses and D. Sukumar

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, defined 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’) 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 flight (~40 uSv).
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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)

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
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and 25-hydroxyvitamin D (250HD) in 211 women.
*p<0.001 (Reprinted from Sukumar et al. [19]. With
permission from Springer Science + Business Media)

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
significantly 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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Table 4.1 Bone variables obtained by peripheral quantitative computed tomography at the radius and tibia comparing

obese to normal weight groups*®

Trabecular ~ Cortical
bone vBMD bone vBMD SSI

References Population Groups Bone site  Obese® 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 Tibia NA 0 +15.4%
(n=302)
9-11 years Overweight
(n=143)
Sukumar [19] Female Normal (n=42)
24-75 years Overweight Tibia* +15.5% -0.3 +6.8%*
(n=119)
Obese (n=50) Tibia® +19.3* —1.2% +3.18%
Uusi Rasi et al. [21]© Male and female = BMI measured at 12 Radius F+5.1 F-0.2 F +14.7
years of age M -0.8 M -0.9 M +8.6
36 years Normal (n=767) or Tibia F+72 F-0.6 F+17.9
overweight (n=065) M -0.9 M-1.1 M +12.9

Abbreviations: vBMD volumetric bone mineral density, SS/ stress-strain index
aStudies reported only for those that also included a normal weight control group
"“Obese” refers to excess body weight described as either obese, overweight, or high-fat groups based on the terminology

used in the study
‘Overweight compared to normal weight group
dObese compared to normal weight group

eStatistical data unavailable for comparison with normal weight

*Significantly different from normal weight

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 influence 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? 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,
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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 significantly 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 specific 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 findings 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 influence the
susceptible to fracture. It is also possible that the
force upon falling and an altered balance are fac-
tors contributing to site-specific 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 influenced 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 sufficiency,
genetic influences, 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 Hounsfield 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 defined rec-
ommendations are available to consider muscle-
related parameters in clinical bone assessments,
there is now a greater effort in the field 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 influence 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 specific 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
findings in these studies. Also, the influence 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 specific
site, may confound the observations. For example,
a study in older women showed that total weight
influenced BMD at weight-bearing sites, yet only
adiposity influenced non-weight-bearing sites,
including the radius [43].

Fat Depot

Bone may be influenced 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 inflammatory
cytokines) each have independent effects on bone
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and may explain the inconsistent findings for the
influence of excess VAT on bone. For example,
the positive influence of VAT on bone reported in
postmenopausal women has not been shown in
children or men [44-47]. It is also possible that
inconsistent findings 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 influences 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 influence 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 field.

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 influence growth and maintenance.
Both fat-free soft tissue and the type and location
of adipose tissue are important influences on
BMD and may change with age or in different
populations. These differences may explain the
large body of conflicting data that link body adi-
posity, bone mass, and fracture risk. Hormonal
alterations are influenced 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.
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Hormonal Milieu in Obesity
That Influence 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 specific 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 deficiency
[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 influence of sex steroids on
these bone compartments in obesity has not been
specifically addressed.

Serum 25-Hydroxyvitamin D
and Parathyroid Hormone

Obesity is associated with higher parathyroid hor-
mone (PTH), lower 25-hydroxyvitamin D
(250HD), and possibly lower 1,25-dihydroxyyvita-
min D, (1,25(0H),D,) and all have specific actions
on bone. The lower circulating concentrations of
250HD 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 250HD 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
250HD 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 deficiency in young grow-
ing male rats results in a significant 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 250HD (<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 250HD
[65]. Another study also assessed the association
of 250HD with cortical and trabecular bone
parameters in men of Caucasian and African
ancestry [66]. Among Caucasians, serum 250HD
was positively associated with cortical vBMD,
total BMC, cortical thickness, and strength param-
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Fig. 4.2 Relationship
between cortical volumetric
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eters at the distal radius. Results also showed that
there was an inverse association between serum
250HD and the cortical cross-sectional area and
stress-strain index in men of African ancestry.
Whether or not the effects of vitamin D deficiency
on bone compartments differ by ethnic/racial dif-
ference or are due to a direct effect on bone or due
toits parallel increases in PTH is unclear. Currently,
there is no data to support a significant association
between the lower levels of 250HD 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 proinflammatory 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

250HD (ng/mL)

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-specific 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 vVBMD (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
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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
influence 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 findings, fracture studies
suggest that higher adiponectin is associated with
greater fracture risk but may be gender specific
[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 % confidence interval
(CI) 1.20-3.16] compared with the lowest tertile,
but it was not significant 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
(Ieptin-deficient) 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 inflammatory cytokines, such as interleukin-6
(IL-6), tumor necrosis factor (TNF-a), monocyte
chemoattractant protein-1, and C-reactive protein
(CRP) in obesity. Higher inflammatory 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?), IL-1 was negatively associated with cortical
vBMD, and surprisingly TNF-o. was positively
associated with total and cortical cross-sectional
area [63]. The effect of cytokines on trabecular
and cortical bone has not specifically 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
inflammation 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
significantly related to cortical, but not to trabecu-
lar density [108]. Consistent with these findings,
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 findings
should be confirmed 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,

10 weeks 15 weeks

5 weeks

10 weeks 15 weeks

5 weeks

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 find 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 influences 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
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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 influence 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
influencing 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 influencing 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
significant 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 vVBMD 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 influencing the effect
of energy restriction on bone. For example, older
(14 months) compared to younger (6 months)
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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
influence 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 influence 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
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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-
specific effects on trabecular and cortical bone.
Higher serum PTH in obesity appears to play
a role in reducing cortical BMD, but the lower
serum 250HD 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 influence 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-specific fracture risk in obesity.
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Emerging Nutritional and Lifestyle
Risk Factors for Bone Health

in Young Women: A Mixed
Longitudinal Twin Study
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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 significantly 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

These highly significant 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.

Adolescence ¢ Young adult ¢ Lifestyle * Health ¢ Diet « Female « Smoking

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-
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youngest to 23.1 (21.5, 25.9) in the oldest.
Keywords
¢ Alcohol ¢ Physical activity * BMI
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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 modifiable risk factors (including smok-
ing, alcohol abuse, physical inactivity, high blood

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 influence
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 first visit, attended for follow-up
at variable intervals, and had variable numbers of
visits, depending on opportunities for follow-up.

30 40 50 60 70 80

Age (years)

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 (01, 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 xheight 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, 1L, 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 significant 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 significant.

Results

Dietary calcium intake was relatively low [511
(321,747)] mg/day (median, IQR) and did not vary
significantly 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 (defined as12+ standard

18-20 21-23 24-26 27-30
Age group (years)

drinks ever) increased from 50 % in those less
than 18 years to 93-99 % for the 18+ age groups
(»<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).

Atage 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 %,
18t020-21.4 %, 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 withage (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 findings demonstrate highly significant
and generally adverse changes in health-related
behavior in young women as they transition into
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Table 5.1 Amount of sport (hours) played per week in the year prior to study visit

Hours of sport per week in the year prior to visit

Age group (years) 0-1
15-17 Count 59
% Within age group 25.0
% Within sport 20.7
18-20 Count 76
% Within age group 46.6
% Within sport 26.7
21-23 Count 54
% Within age group 32.0
% Within sport 18.9
24-26 Count 62
% Within age group 42.2
% Within sport 21.8
27-30 Count 34
% Within age group 50.0
% Within sport 11.9

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

2-3 4-7 T+
65 57 55
27.5 242 23.3
30.0% 36.5 44.0
40 26 21
24.5 16.0 12.9
18.4 16.7 16.8
49 40 26
29.0 23.7 15.4
22.6 25.6 20.8
45 24 16
30.6 16.3 10.9
20.7 15.4 12.8
18 9 7
26.5 13.2 10.3
8.3 5.8 5.6

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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Table 5.2 Number of hours spent walking per week in the year prior to study visit

Age group Hours of walking per week in the year prior to visit
(years) 0-1 2-3 4-7 7+
15-17 Count 74 91 48 23
% Within age group 314 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 22.1 294 22.1 26.5
% Within walking 7.0 7.1 8.2 17.1
Fig.5.6 Median (IQR)
BMI in different age groups
from 15 to 30 years -
24
2
5 % -
g
20
O/I/ T T T T T
15-17 18-20 21-23 24-26 27-30

adult life, when the contribution of environmen-
tal factors specific 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

Age group (years) P=0.011

alcohol consumption, all potentially adverse for
bone health inter alia, varied significantly 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 first 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 difficult [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 classified as
overweight or obese. Moreover, in a linear regres-
sion model, BMI increased by 0.29 kg/m? 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 findings demonstrate highly significant
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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Dietary Fat Composition
and Age-Related Muscle Loss

Ailsa A. Welch

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 influence muscle mass through its integral association with
muscle metabolism and influence on myocellular membrane composition
or indirectly through its effects on inflammation 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/height2) 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 significantly 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 significant after multivariate adjustment. These
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novel findings are suggestive that a fat profile that is already associated
with CVD protection may also be beneficial for conservation of skeletal
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muscle mass.
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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 profile of western populations is
increasing within the UK with an almost dou-
bling from the current number of over 65-year-
olds, whichis 10-19 millionin 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 influence
loss of muscle, nutrition has the potential to influence
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 profile and could potentially influence
muscle mass, firstly through its integral association
with muscle metabolism and influence on myocel-
lular membrane composition and secondly, indi-
rectly, through its effects on inflammation 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

Age (years)

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-esterified 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].
Alsoin 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 significant 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 fluidity 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 influence muscle mass through a num-
ber of mechanisms including decreased hepatic
and skeletal muscle oxidative capacity and, in
energy balance situations, by increasing the flux
of fatty acids through skeletal muscle for
oxidation [54-58].

Inflammation is one established mechanism for
muscle loss where increased circulation of

4 6 8 10 12 14
Total leg lean mass (kg)

inflammatory 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 influence inflammation 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-inflammatory and the polyunsaturated
fatty acids (PUFA), particularly the n—3 and n—6
fatty acids, being considered anti-inflammatory
[41, 60-72]. Specific actions of n—3 PUFA have
been identified either during acute muscle loss
(cachexia) or in normal older subjects, suggesting
n—3 PUFA may attenuate protein degradation and
positively influence 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 firstly 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 figures 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 profile 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

Sugar and sugar
products
3%
Fish and eggs and
dishes
9 %

Vegetables and
potatoes
10 %

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

Sugar and
products

5%
Vegetables and
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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])
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Fig.6.6 Percentage contribution of foods to polyunsaturated
fat intake in UK women aged 19-64 years (Based on
data from Ref. [83])

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
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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 influence 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?)) 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
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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?, mean fat-free mass (FFM) was 31.6 kg, and fat-
free mass index (FFMI) was 15.0 kg/m?. 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 significantly 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? (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* (P all <0.001) for
FFMI, for SFA, MUFA, and TFA intakes.
Difterences for the P:S ratio were 0.6 kg (P=0.003)
for FFM and 0.25 kg/m? (P=0.012) for FFML.

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 figures
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 first 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. Significant
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 significant after adjust-
ment for the known influences 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 reflects time trends,
since food manufacturers have been gradually
reducing the TFA content of foods. The TFA
intakes in our study reflect 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
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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 confirm
these cross-sectional findings, dietary modifi-
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 modifications would also reduce intakes of
saturated fats and may also be beneficial for pre-
vention of muscle loss.

Conclusions

In conclusion, we found associations between
total percentage dietary fat and individual fatty
acid profile and indexes of skeletal muscle
mass in women aged 18-79 years. Although
the scales of the associations were relatively
small, they were significant after accounting
for the known influences 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 findings from this cross-sectional
study are suggestive that a fat profile that is
already associated with CVD protection may
also be beneficial for conservation of skeletal
muscle mass. Our data indicate that fat intake is
likely to be relevant for muscle mass at all ages.
These findings 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 modified 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 influence 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.
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Introduction

Osteoporosis has long been characterized as a
problem afflicting small, thin, elderly women.
The advent of axial bone densitometry in the
1980s allowed the relationship between body
weight and bone density to be quantified, 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 clarified, 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 findings 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 findings 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 finding of different relation-
ships. Some investigators have used cross-
sectional measurements of fat area rather than
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Fig.7.1 Dependence of total hip bone mineral density (in
g/cm?) on weight and BMI in 1,462 normal postmeno-
pausal women from the Auckland Calcium Study [1]. “r”
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Fig. 7.2 Dependence of total hip bone mineral density
(in g/cm?) on fat mass and lean mass (all determined with
dual-energy X-ray absorptiometry, in the same cohort as

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
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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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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

25 30 35 40 45

obese may be contributing to this effect. These
findings justify a closer look at the relationships
between BMI and fracture risk in the de Laet,
population-based analyses. While their findings
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 finding 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. 7.4 Relationships between total hip bone mineral
density (in g/cm?) and fat mass and lean mass, each
expressed as a percentage of body weight, in the cohort of

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 findings. 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 find
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 finding simply illustrates that if we perform
analyses that ignore the mathematical rules on
which multiple regression analysis is founded,
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postmenopausal women presented in Fig. 7.1 (Copyright
L.R. Reid, used with permission)

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 flawed 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 find 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



88

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
significance [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 first 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 influence 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
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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 significant 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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Fig. 7.5 Possible mecha-
nisms for central leptin
effects on bone, via reduced
peripheral insulin and leptin
levels. SNS sympathetic

nervous system (Copyright Satiety
I.R. Reid, used with
permission)

Weight loss

| Peripheral leptin

.

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 conflicting
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
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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 3-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 3-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 -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.7.6 Summary of the principal mechanisms by which the hyperinsulinemia associated with obesity contributes to
increased bone mass (Copyright L.R. Reid, used with permission)

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 influenced by fat mass, which
might account for the growing influence 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 reflects the metabolic influences
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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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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Acid-Base Homeostasis
and Skeletal Health: Current
Thinking and Future Perspectives

Helen Lambert, Claire Huggett,
Richard Gannon, and Susan A. Lanham-New

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 influence 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 findings 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.

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 specific 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/1,
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; firstly, 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 significantly 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; specifically, work is urgently required
to determine whether metabolically generated
acid, which lowers blood pH, exerts an influence
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 specifically 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 fixed 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 reflected 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 beneficial
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
specific 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 significant 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
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reveal a significant 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 | 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 significant fall
in blood pressure compared with baseline mea-
surements. However, of particular interest to the
bone field were findings 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 fiber content of the diet pos-
sibly impeding calcium absorption.” However, a
more likely explanation put forward by Barzel

KHCO; or citrate Control Std. mean difference  Std. mean difference
Study or subgroup Mean SD Total Mean SD Total Weight (%) IV, Random, 95% CI 1V, Random, 95% CI
Ceglia et al. [34] -2 58 9 -06 14 10 120 -0.12[-1.02, 0.78] —
He et al. [35] 0.32 0.11 42 035 013 42 159 —0.25[-0.68, 0.18] -
MacDonald et al. [36] —0.9 0.32 46 02 22 42 159 -0.71 [-1.14, -0.28] -
Marangella etal. [37] 15.3 6.7 30 193 75 24 150 —-0.56 [-1.11, -0.01] —
Sakhee et al. [38] 20 5 18 21 6 18 14.1 —0.18 [-0.83, 0.48] -
Sebastian etal.[32] 26.7 10.8 18 289 123 18 1441 —-0.19 [-0.84, 0.47] —
Sellmeyer et al. [39] 2 17 26 64 14 26 13.1 —2.78 [-3.56, —2.01] ——
Total (95 % CI) 189 180 100.0 -0.66[-1.22,-0.11] 2
Heterogeneity: Tauz = 0.46; Chiz = 37.31, df = 6 (P < 0.00001); # = 84% 4 2 o0 é "1

Test for overall effect: Z=2.34 (P =0.02)

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

Favors experimental

Favors control

Ntx, CTx, DPD, and hydroxyproline [29, 34-39]
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[41] was a reduction in the “acid load” with the
fruit and vegetable diet compared to the control
diet. This study is the first population-based fruit
and vegetable intervention trial showing a
positive effect on calcium economy (albeit a
secondary finding).

Lin et al. [42] have reported the findings 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 significantly
reduce both bone formation (by measurement
of the marker osteocalcin) and bone resorption
(by measurement of the marker CTx).
Interestingly, sodium intake did not significantly
affect the markers of bone metabolism. This is
an important intervention study that shows a
clear benefit 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 specific 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 beneficial 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 findings 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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When Is Low Potential Renal Acid
Load (PRAL) Beneficial for Bone?

Thomas Remer, Danika Krupp, and Lijie Shi

Abstract

Potential metabolic influences of dietary acid load on bone health have
been discussed controversially. Here, we review the available findings 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 influences 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 influence 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 influences, not only appro-
priate assessments of dietary proton load but also outcome measurements
that are closely related to long-term bone structure are required.
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BMD
DEXA

Bone mineral density
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 modifiable influences 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 influence 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 beneficial 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 findings in
adults with own study results in healthy children
and provided possible metabolic mechanisms
that may explain the bone catabolic influence 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 insufficient 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 difficult to detect by
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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 reflecting the major renally
excreted mineral anions minus the major urinary
mineral cations.

NAE = urinary PRAL + OA

= mineral anions — mineral cations + OA

=(SO4+P0O4+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 reflecting 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 reflects clearly defined nutritional influences 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, quantification 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
reflect 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 fill 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 sufficient 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 efficiency 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 confirm negative calcium bal-
ances with higher nutritionally induced proton
loads. In a recent meta-analysis performed by
Fenton et al., no significant 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 reflects 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 influence on bone quality or bone
mineral status exerted through nutrition. In line
herewith, Rafferty etal. [15] reported that healthy
postmenopausal women on potassium-rich diets
over many years did not demonstrate notable
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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
findings 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
41Ca 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
deficient). At high calcium intakes the corre-
sponding calcium flood (passive influx) 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 finally resulting
net negative balance developing over the years
cannot be easily identified 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-
specific analysis methods. In this respect, mea-
surements of bone turnover markers — reflecting
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
reflect 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 specific
markers of bone formation in healthy nonosteo-
porotic older men. These few examples show that
bone resorption and bone formation markers
obviously do not specifically predict subsequent
bone catabolism and anabolism, respectively. For
a more reliable assessment of the longer-term

Age (years)

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 influence of definite
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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 significantly

different BMD changes. Only in the 1-year study

using a daily dose of 30 mmol potassium citrate, a

significant 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 findings 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,
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a further reduction in dietary PRAL might not
provide additional benefit 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 significant association
of bone area increases with lower dietary PRAL
intakes [26]. This reanalysis suggesting a possi-
ble bone-anabolic influence with reduced dietary
PRALSs 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 findings have been published for
healthy children and adolescents and significant
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-specific 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 findings of a more bone-ana-
bolic low-PRAL nutrition could be confirmed
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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pQCT bone analysis (6—18 years)

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

Age (years)

F oy Yy
Aoh A A

3-5 24-h urine samples (n = 197 subjects)

[Biomarkers (uNitrogen, uPRAL) Measured in 789 urine samples]

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

stratified 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 definite proof of a causal
relationship, the above findings 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)
confirmation 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 findings 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 specific literature focusing exclusively on
the most reliable outcomes hitherto available,

dietary records [28] as well as 24-h urinary biomarker
measurements (PRAL) [8] determined over a 4-year
observation period before bone analysis

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 benefit 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
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Fig. 9.3 Bone mineral
content and cortical area by
low (-5 mEqg/d/m?) and high
(14 mEg/d/m?) mean urinary
PRAL levels further stratified
according to high (1.5 g/kg
body weight) and moderately
high (1.2 g/kg body weight)
protein intakes (median split)

Bone mineral content (mg/mm)

40

60 +

50 +

Cortical area (mm?2)

40

Low PRAL

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 beneficial effects of a

High PRAL

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
beneficial 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 confirmed
in all studies [24, 25]. Hitherto performed
RCTs on healthy subjects without osteopenia
could not prove the potential bone-anabolic
influence 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 influence 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 beneficial.

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 influences,
not only accurate measurements of dietary pro-
ton load (either using carefully collected dietary
data or biomarkers reflecting current nutrition)
but also outcomes that are closely related to
long-term bone structure may be required.
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The Effect of Alkaline Potassium 1 0
Salts on Calcium and Bone
Metabolism

Deborah E. Sellmeyer

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 conflicting results. In particular, controversy remains
over whether the benefits 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 significantly 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 significantly
improved compared to placebo. Serum C-telopeptide, a marker of bone
resorption, decreased significantly in both potassium citrate groups com-
pared to placebo, while bone specific 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 definitive outcomes such as bone density and

fracture are needed.
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Potassium * Acid—base * Osteoporosis ® Calcium balance * Protein ¢ Citrate
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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 first year [1]. Men are
also significantly 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 deficiencies 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 definitive
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 first
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 significantly decreased in the potas-
siumbicarbonate group while remainingunchanged
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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 significantly 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 significantly 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

reflect increased bone resorption and bone
formation, has been mixed. Osteocalcin, a marker
of bone formation, was significantly 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
specific 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 five 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
definitive conclusions. In the first 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 beneficial 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 sufficient 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 specifically 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
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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 significant 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 significantly
increased and net acid excretion significantly
decreased, commensurate with the ingested dose
of potassium and citrate (Fig. 10.1). Urine potas-
sium excretion in both potassium-treated groups
was significantly higher than placebo. In addi-
tion, subjects on potassium citrate 90 mmol/day
had significantly 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.

20

10 -

o

Both potassium groups demonstrated a
significant 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 significant 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 significant
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 significance
(p=0.18). Intact PTH significantly decreased in
subjects taking potassium citrate 90 mmol/day
(p=0.01), but there were no significant 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 significantly in both potassium
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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° 31.6
Change in fractional calcium absorption (%) 1.5£3.0 % -0.2+2.0 % -0.1£22 %
Change in calcium balance -80+53.7 33.4+65.5 141.5+79.8°
Change in iPTH (pg/mL) 24+23 -2.6+44 -8.3+3.2
Change in 1,25 OH D (pg/mL) -5.5+34 4.5+45 -3.3+3.7

Values are mean + SE. Statistical significance indicated by superscripted letters. Pbo placebo, KCit60 potassium citrate
60 mmol/day, KCit90 potassium citrate 90 mmol/day. ®p<0.01 vs. placebo. ®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
Change in bone specific alkaline -0.95+0.8
phosphatase (pg/L)
Change in serum C-telopeptide (ng/L) 44.0+27.6

K Citrate 60 mmol/day
-1.1+0.9

K Citrate 90 mmol/day
-1.8+0.8

—71.6+40.7* -34.6+39.1*

Values are mean + SE. Statistical significance indicated by superscripted letters. p <0.05 vs. placebo

citrate treated groups, while bone specific 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 beneficially impact
skeletal health [22]. Altering the acid—base com-
position of the diet represents another potentially
beneficial 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
specifically 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
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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
influences 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 beneficial 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 significant
net benefit 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
reflected 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 significantly 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 significance
in the potassium citrate 90 mmol/day group.
Further, net acid excretion was significantly
lower among participants taking potassium cit-
rate 90 mmol/day compared to those taking
60 mmol/day. These metabolic findings would
suggest that potassium citrate 90 mmol/day may
be the best dose to study in trials examining
definitive 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 finding 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 beneficial 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 definitive conclusions can be made.
The first study utilized an active comparator and
did not have a placebo group, making it difficult
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
finding, raising questions regarding the effective-
ness of the specific 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
significant 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 specifically 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 findings, and selec-
tion criteria for larger, long-term studies with
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definitive skeletal outcomes will have to be
selected carefully.

Consistent with previous short-term calcium
balance studies, our recent trial demonstrates that
persistent benefits 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 findings 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 benefits for the
skeleton. Like calcium and vitamin D, potassium
citrate is widely available, inexpensive, and has an
excellent safety profile. 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 conflicting results and significant
limitations. Our data support the development of a
long-term potassium citrate intervention trial with
a sufficient dose of potassium citrate and definitive
skeletal outcomes such as bone density, bone
structure, and fracture. Alkalinizing potassium
salts have the potential to significantly 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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The Effects of Protein 1 1
Supplementation on Bone Mass
in Chinese Postmenopausal Women

Qian Zhang, Feitong Wu, Xiaoqi Hu, Ying Liu,
Cuixia Wang, Richard Prince, and Kun Zhu

Abstract

Background: Sufficient 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 significant differences between the two groups
in baseline characteristics. With supplementation, both groups had
significantly 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 significantly 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 significant 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 significant time effects on lumbar spine aBMD in either group.

The Pro+Ca group had significantly greater increase in total-body
aBMD (9.5 mg/cm2) compared to the Ca group (0.4 mg/cm?) after 1 year
of supplementation before adjustment for covariates (time x group interac-
tion, P<0.05). There were no significant effects of protein supplementa-

Conclusion: Higher intake of dietary protein might have a positive
effect on total-body bone mass in Chinese postmenopausal women when

Protein * Bone mineral density ¢ Calcium ¢ Postmenopausal women

120
tion on aBMD of other sites.
calcium intake is sufficient.
Keywords

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) significant
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 benefits 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:

e Calcium group, n=142, supplied with three
calcium carbonate tablets, containing total of
1,000 mg calcium per day

e 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
coefficient was 7.80 % at 18.9 ng/ml, with inter-
assay and intra-assay coefficients 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 x time interaction was
tested, and significant interaction indicates
significant effect of supplementation. P value less
than 0.05 was considered as statistically
significant difference.

Results

In 283 subjects who participated in the protein
intervention trial, 190 subjects were reexamined
at the end of the intervention. No significant 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 significant 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 significantly different between the
protein plus calcium and the calcium group
(P>0.1 for all). Their mean calcium intake
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(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 significantly higher cal-
cium intake compared to the baseline
(1,647£53 mg/day, P=0.01), and the average
dietary protein intake was significantly 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 significant 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 significantly 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
significant time effects on lumbar spine aBMD
before and after adjustment (Table 11.2).

The Pro+Ca group had significantly greater
increase in total-body aBMD (9.5 mg/cm?) com-
pared to the Ca group (0.4 mg/cm?) after 1 year of
supplementation before adjustment and still after
adjustment for covariates (time X group interac-
tion, all P<0.05). There were no significant
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®

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 61.3x1.0 63.3+1.0
BMI (kg/m?) 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° 107.8 4.6
Calcium (mg/day) 853+31 906+29 1589+48.0° 1713 +£56.5%¢
Serum 25(OH)D 15.9+0.89 15.6+0.56 14.5+0.73 16.8+1.05
(ng/ml)
PA score 2.6+0.05 2.8+0.04" 2.5+0.06 2.8 £0.05"

iData were Mean + SE and analyzed with linear mixed model

bSignificant difference from the baseline, P<0.05
“Significant difference from that of calcium group, P<0.05
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Table 11.2 Estimated marginal means of bone mineral density at baseline and 1 year (g/cm2) adjusted for age, BMI,

calcium intake, physical activity, serum 25(OH)D?*

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°¢
Total hip 0.767+0.001 0.775+0.011 0.771+0.012° 0.781+0.014°
Femoral neck 0.679+0.009 0.688+0.010 0.682+0.010° 0.699+0.013°
Trochanter 0.569+0.009 0.579+0.009 0.579+0.01° 0.588+0.011°
Lumbar spine 0.894+0.014 0.932+0.017 0.893+0.017 0.964+0.022

“Data were mean+ SE and analyzed with linear mixed model

"Significant difference from the baseline, P<0.05
Significant interaction between group and time, P <0.05

Discussion

The present study showed that after protein and
calcium supplementation for 1 year, protein sup-
plementation with calcium led to a significant
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 findings
of observational studies of postmenopausal
women that suggest beneficial 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 influenced by calcium intake [7, 14].
A prospective study showed that higher protein
intake was significantly 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, sufficient calcium intake is important
for the beneficial 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
I-year protein supplementation with sufficient
calcium intake would benefit total-body bone
mineral density, but not other skeletal sites in
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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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The Negative Effect of a High-
Protein-Low-Calcium Diet
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Peter Burckhardt

Abstract

The interdependent influence 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 first 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 deficiency 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 profile seems to be rare, but some cross-sectional studies seem
to confirm that.

Keywords
Protein intake * Protein/calcium ratio ¢ Fracture risk

Introduction potentially harmful metabolic changes” [1].
Although the eventual negative bone effect of a
At the first International Symposium on high protein stemmed mainly from animal stud-

Nutritional Aspects of Osteoporosis (ISNAO) in
1992, E.S. Orwoll stated “... weather a relatively
high intake of protein influences mineral and
bone metabolism remains controversial,” and ...
commonly consumed diets, replete in phosphate
but low in calcium, may be associated with
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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
benefit 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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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 benefits 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.

Definition 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

P. Burckhardt

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 definition
of a high-protein intake, the upper limit of “nor-
mal” or “adequate” could be arbitrarily fixed, for
reasons of symmetry, at 1.2 g/kg, considering an
intake above this figure as high, not as abnormal
or inadequate.

Definition 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 definition 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 define 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 official 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?, 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,

Calcium mg/day
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makes the ratio unfit for scientific 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 specifically 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 five 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 influenced 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.
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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, significant nega-
tive coefficients 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 coefficients 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 coefficient
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
modified, 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 specific 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 sufficient calcium, protein doesn’t confer as
much benefit to bone” without showing the
figures 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 finally five studies which approached
the question of the effect on bone of a high-
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protein—low-calcium diet (Table 12.1). The first
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 significant.

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 figures), 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 significant. 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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Table 12.1 Increased fracture risk with high-protein and low-calcium intake

Sex
Author Ref. Mean age Follow-up
Feskanichetal. [34] F 12 years  Tertiles
(1996) 46.5 years
Dargent-Molina [35] F 8.4 years  Quartiles
et al. (2008) 56 years
Meyer et al. [91 M+F 11.4 years Quartiles
(1997) 47 years
Sahni et al. [36] M+F 33 years  Tertiles
(2010) 55 years

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 sufficient 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 confirm that. This
particular nutritional profile is rare, but its
negative impact should be known.

References

1. Orwoll ES. The effect of dietary protein insufficiency
and excess on skeletal health. In: Burckhardt P, Heaney
RP, editors. Nutritional aspects of osteoporosis. Serono
symposia. New York: Raven; 1991. p. 355-70.

2. Heaney RP. Effects of protein on the calcium economy.
In: Burckhardt P, Heaney RP, Dawson-Hughes B, edi-
tors. Nutritional aspects of osteoporosis 2006, B.V.
Internet congress series, vol. 1297. Amsterdam:
Elsevier; 2007. p. 191-7.

10.

11.

12.

13.

14.

Calcium Protein Calprot
mg/day g/day g/kg BW mg/g  Outcome
<5417 >90 >1.157 <6.0 Forearm

fractures

<210 >99.9 >1.71 <2.1 Any low-impact

fracture
<435 >20.6 n.a. n.a. Hip fractures
nondairy
+517 +60 n.a. 8.6 Hip fractures
animal

. Darling AL, Lanham-New SA. Dietary protein and

bone health: the urgent need for large-scale supple-
mentation studies. In: Burckhardt P, Dawson-Hughes
B, Weaver C, editors. Nutritional influences on bone
health. London: Springer; 2010. p. 17-26.

. Heaney RP, Layman DK. Amount and type of protein

influences bone health. Am J Clin Nutr. 2008;
87(Suppl):1567S-70.

. Barzel US, Massey LK. Excess dietary protein can

adversely affect bone. J Nutr. 1998;128:1051.

. Darling AL, Millward JD, Torgerson DJ, Hewitt CE,

Lanham-New SA. Dietary protein and bone health:
a systematic review and meta-analysis. Am J Clin
Nutr. 2009;90:1674.

. Lau EMC, Kwok T, Ho SC. Bone mineral density in

Chinese elderly female vegetarians, vegans, lacto-vege-
tarians and omnivores. Eur J Clin Nutr. 1998;52:60—4.

. Sellmeyer DE, Stone KL, Sebastian A, Cummings

SR. A high ratio of dietary animal to vegetable protein
increases the rate of bone loss and the risk of fracture
in postmenopausal women. Am J Clin Nutr.
2001;73:118-22.

. Meyer HE, Pedersen J1, Laken EB, Meyer AT. Dietary

factors and the incidence of hip fracture in middle-
aged Norwegians. A prospective study. Am J
Epidemiol. 1997;145:117-23.

Kerstetter JE, O’Brien KO, Insogna KL. Dietary pro-
tein affects intestinal calcium absorption. Am J Clin
Nutr. 1998;68:859-65.

Kerstetter JE, O’Brien KO, Caseria DM, Wall DE,
Insogna KL. The impact of dietary protein on cal-
cium absorption and kinetic measures of bone turn-
over in women. J Clin Endocrinol Metab. 2005;
90:26-31.

Roughead ZK, Johnson LK, Lykken GI, Hunt JR.
Controlled high meat diets do not affect calcium
retention or indices of bone status in healthy post-
menopausal women. J Nutr. 2003;133:1020-6.

Hunt JR, Johnson LK, Roughead ZKF. Dietary pro-
tein and calcium interact to influence calcium reten-
tion: a controlled feeding study. Am J Clin Nutr.
2009;89:1357-65.

Misra D, Berry SD, Broe KE, McLean RR, Cupples
LA, Tucker KL, et al. Does dietary protein reduce hip



The Negative Effect of a High-Protein—-Low-Calcium Diet

131

15.

16.

18.

20.

21.

22.

23.

24.

25.

fracture risk in elders? The Framingham osteoporosis
study. Osteoporos Int. 2011;22:345-9.

Pedreraa JD, Canala ML, Postigoa S, Lavadoa J,
Hernandez ER, Rico H. Phalangeal bone ultrasound
and its possible correlation with nutrient in an area of
high protein intake. Ann Nutr Metab. 2001;45:86-90.
Tanakaa M, Itoha K, Abea S, Imai K, Masuda T, Koga
R, et al. Relationship between nutrient factors and
osteo-sono assessment index in calcaneus of young
Japanese women. Nutr Res. 2001;21:1475-82.

. Nakamura K, Hori Y, Nashimoto M, Okuda Y, Miyazaki

H, Kasai Y, et al. Dietary calcium, sodium, phosphorus,
and protein and bone metabolism in elderly Japanese
women: a pilot study using the duplicate portion sam-
pling method. Nutrition. 2004;20:340-5.

Lacey JM, Anderson JJB, Fujita T, Yoshimoto Y,
Kukase M, Tsuchie S, et al. Correlates of cortical bone
mass among premenopausal and postmenopausal
Japanese women. J Bone Miner Res. 1991;6(7):651-9.

. Metz JA, Anderson JB, Gallagher Jr PN. Intakes of

calcium, phosphorus, and protein, and physical activ-
ity level are related to radial bone mass in young adult
women. Am J Clin Nutr. 1993;58:537-42.
Vatanparast H, Bailey DA, Baxter-Jones ADG,
Whiting SJ. Effects of dietary protein on bone mineral
mass in young adults may be modulated by adolescent
calcium intake. J Nutr. 2007;137:2674-9.

Recker RR, Davies KM, Hinders SM, Heaney RP,
Stegman MR, Kimmel DB. Bone gain in young adult
women. JAMA. 1992;268:2403-8.

Zhang Q, Ma G, Greenfield H, Zhu K, Du X, Foo LH,
et al. The association between dietary protein intake
and bone mass accretion in pubertal girls with low
calcium intakes. Br J Nutr. 2010;103:714-23.
Burckhardt P, Wynn E, Krief M-A, Bagutti C, Faouzi
M. The effects of nutrition, puberty and dancing on
bone density in adolescent ballet dancers. J Dance
Med Sci. 2011;15(2):51.

Shapses S, Robins SP, Schwartz EI, Chowdhury H,
et al. Short-term changes in calcium but not protein
intake alter the rate of bone resorption in healthy sub-
jects as assessed by urinary pyridinium cross-link
excretion. J Nutr. 1995;125:2814-21.

Kerstetter JE, O’Brien KO, Insogna KL. Dietary pro-
tein, calcium metabolism, and skeletal homeostasis
revisited. Am J Clin Nutr. 2003;78(Suppl):584S-92.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

Kerstetter JE, Wall DE, O’Brien KO, Caseria DM,
Insogna KL. Meat and soy protein affect calcium
homeostasis in healthy women. J Nutr. 2006;136(7):
1890-5.

Maalouf NM, Moe OW, Adams-Huet B, Sakhaee K.
Hypercalciuria associated with high dietary protein
intake is not due to acid load. J Clin Endocrinol Metab.
2011;96(12):3733-40.

Cao JJ, Johnson LK, Hunt JR. A diet high in meat
protein and potential renal acid load increases frac-
tional calcium absorption and urinary calcium excre-
tion without affecting markers of bone resorption or
formation in postmenopausal women. J Nutr. 2011;
141:391-7.

Spencer H, Kramer L, Osis D, Norris D. Effect of a
high protein (meat) intake on calcium metabolism in
man. Am J Clin Nutr. 1978;31:2167-80.

Lutz J. Calcium balance and acid-base status of
women as affected by increased protein intake and by
sodium bicarbonate ingestion. Am J Clin Nutr.
1984;39:281-8.

Dawson-Hughes B, Harris SH. Calcium intake
influences the association of protein intake with rates
of bone loss in elderly men and women. Am J Clin
Nutr. 2002;75:773-9.

. Rapuri PB, Gallagher JC, Haynatzka V. Protein intake:

effects on bone mineral density and the rate of bone loss
in elderly women. Am J Clin Nutr. 2003;77:1517-25.
Zhong Y, Okoro CA, Balluz LS. Association of total
calcium and dietary protein intakes with fracture risk
in postmenopausal women: the 1999-2002 National
Health and Nutrition Examination Survey (NHANES).
Nutrition. 2009;25:647-54.

Feskanich D, Willett WC, Stampfer MJ, Colditz GA.
Protein consumption and bone fractures in women.
Am J Epidemiol. 1996;143:472-9.

Dargent-Molina P, Sabia S, Touvier M, Kesse E,
Bréart G, Clavel-Chapelon F, et al. Proteins, dietary
acid load, and calcium and risk of post-menopausal
fractures in the E3N French women prospective study.
J Bone Miner Res. 2008;23:1915-22.

Sahni S, Cupples A, Mclean RC, Tucker LL, Broe
KE, Kiel DP, et al. Protective effect of high protein
and calcium intake on the risk of hip fracture in the
Framingham offspring cohort. J Bone Miner Res.
2010;25:2770-6.



Prebiotics, Probiotics, 1 3
Polyunsaturated Fatty Acids,

and Bone Health

Marlena C. Kruger and Magdalena Coetzee

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 inflammation 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-D9k, 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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specific effects on bone cells and reduce inflammation which may be of
benefit to bone especially during menopause. In addition, LCPUFAs may
have a prebiotic effect, modulating gut microflora. 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 microflora ® Long-chain
polyunsaturated fatty acids ® Bone density ¢ Rats ® Humans

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 influence
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,, which is induced by the active
form of vitamin 1,25 dihydroxyvitamin D (1,25
(OH) D,). The transport of the calcium across the
basolateral membrane is via the calcium-magnesium
ATPase (PMCAI1Db), 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
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the colon [3]. Some active calcium absorption
can also take place in the colon, as calbindin-
D, 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 fiber (prebiotics), intes-
tinal microflora (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 benefits 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 first 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 defined by
a DP<10 [6]. Fructooligosaccharides (FOS)
stimulate the growth of bifidobacteria. 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 [35, 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,
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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**. 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,,. Figure 13.1 pro-
vides a summary of these suggested mechanisms
of action by prebiotics.
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Fig. 13.1 The hypothesized
mechanisms of the positive
prebiotic effect on calcium

P Intestine surface area

Ca absorption

M.C. Kruger and M. Coetzee

Intestinal micribiota + prebiotices

Fermentation

absorption. SCFA short-chain
fatty acid (Reprinted from
Parks and Weaver [5]. With
permission from Decker B
Publishing Inc.)

Villus

Crypt

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
fibers 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 fibers did not have a significant
effect on calcium balance, ex vivo femur bone
density was significantly higher in the group fed
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with inulin. Urinary excretion of C telopeptide of
type I collagen, a marker of bone resorption, was
also reduced significantly 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)
significantly 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
significantly improved [13]. Feeding GOS
increased the relative proportion of bifidobacteria
in the large intestine, thereby changing the colonic
bacterial community structure. Weaver et al. [30]
compared eight different novel fibers to cellulose
over 12 weeks in rats. The rats were fed with the
fibers at 4—5 % of their diets. Two resistant starches,
soluble fiber dextrin and polydextrose, increased
bone calcium content, while soluble corn fiber and
soluble fiber dextrin improved whole-body BMC,
BMD, including having a specific effect on bone
structure. Cortical thickness and area, as well as
bone strength, were also improved. Soluble fiber
dextrin as well as a mixture of inulin and FOS
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Table 13.1 The effect of 5 % dietary soluble corn fiber
on various bone parameters in the growing rat

Bone parameter Positive change (%)

Total body BMC (g) 7.6
Total body BMD (g/cm?) 2.9
Femur
Volumetric bone 8.3
density (g/cm?)

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

Based on data from Ref. [30]

significantly improved zinc retention, while solu-
ble corn fiber 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]. Griffin
et al. (2002) supplemented young girls with 8 g/
day of FOS or a mixture of FOS and inulin on top
of a sufficient calcium intake of 1,200-1,300 mg/
day for 3 weeks [32]. The FOS alone did not have
a significant 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 Griffin 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 significant 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.

Griffin 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 significant 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 significant 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 significantly
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
significantly increased true fractional calcium
absorption compared to the control group [39].

Data on specific 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 significantly 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., Griffin 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
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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 microflora, and these exoge-
nous bacteria are called probiotics. Probiotics
may be defined as viable microorganisms that
(when ingested) have a beneficial effect on the
health and metabolism of their host. The most
popular strains are represented by the follow-
ing genera: Lactobacillus, Streptococcus, and
Bifidobacterium [7, 45, 46].

The mechanisms by which probiotics exert
biological effects are not clear, and research is
still required to confirm the possible mechanisms.
One suggestion is that the indigenous anaerobic
flora limits the concentration of potentially patho-
genic flora 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 flora, probiotics may also work
through other modes of action such as supplying
enzymes or influencing 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 first studies to be done using pro-
biotics reported that feeding Bifidobacterium
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
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of pre- and probiotics. The formula containing
only probiotics improved tibial calcium content
significantly 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 significantly 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 significantly 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 significantly. They do point out that other
nutrients in the fermented milk also could have
had an effect.

Perez-Conesa et al. [53] found that
Bifidobacterium bifidum and Bifidobacterium
longum significantly 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 HNOO1 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, HNOO1 reduced
the rate of bone loss and improved bone density
after 12 weeks of feeding in comparison to the
OVX control (Fig. 13.2). HNOO1 had no effect on
the bone resorption marker, CTX-1 [54]. Scholz-
Abhrens 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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Fig. 13.2 The percentage change of lumbar spine and
femur bone mineral content (a, ¢) 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

While calcium balance was improved by the
combination of pre- and probiotics (synbiotics),
only the prebiotics improved calcium balance
significantly. 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 fortified soy milk in using nor-
mal and fermented milk. The fermented milk was

Wk 11/4

Wk 4/-2 Wk 11/4
Period

[y

10° CFU HNOOI per day for 12 weeks. An “a” represents
P<0.05 for Sham vs. OVX, a “b” for P<0.05 for Sham
vs. HNOO1, and a “c” for P<0.05 for OVX vs. HNOO1
(Reprinted from Kruger et al. [54]. With permission from
Dairy Science Technology)

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 benefit 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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Long-Chain Polyunsaturated
Fatty Acids

Dietary lipids influence bone density by altering
the efficiency 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 specifically [58].
Results from the Framingham Osteoporosis study
found that higher intakes of fish (>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 fish 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 classified into
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one of two families designated as omega 3 and
omega 6 depending on the location of the first
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 fish 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 fish, such as tuna and
salmon, and fish oils. The longer-chain PUFAs
are precursors for various eicosanoids such as
prostaglandins and leukotrienes which have a
regulatory role in the body.

EFA deficiency 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 fluidity 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 influence the release of
enterotrophic peptides. Bolus dosing of long-
chain essential fatty acids has been reported to
significantly 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 fluidity 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. Ca?*-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 Ca?*-ATPase
mimicking the action of calmodulin and stimulat-
ing Ca?*-ATPase activity [68]. DHA (but not EPA
or AA) has been reported to increase Ca?*-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 fish 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 beneficial 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 significant 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-fortified 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 inflammatory markers and CTx in
postmenopausal women and improved femoral
neck BMD over 6 months [75].

A recent study by Jdrvinen et al. [76] reports a
positive relationship between dietary PUFAs and
BMD at the lumbar spine in 554 women older
than 60 years. These findings were significant
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, which in turn stimulates synthesis of pro-
inflammatory cytokines such as interleukin —1
(IL-1), interleukin 6 (IL-6), and tumor necrosis
factor-o. (TNF-av) [62]. Estrogen deficiency 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,. As a result, omega 3 EFAs act as anti-
inflammatory agents, inhibiting cytokine synthe-
sis [82]. Estrogen deficiency 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 deficiency postmenopause. The evi-
dence to date from cross-sectional as well as
intervention studies suggests that during estrogen
deficiency, a higher consumption of omega 3
EFAs may be beneficial 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,, suppress inflammatory cytokines, and give
risetolipid mediators which are anti-inflammatory
and thereby reduce bone resorption [83].

Itis 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 fish oil or sunflower oil
per day from 9 to 18 months of age and collected
stool samples. Molecular fingerprints of the bac-
terial DNA were obtained by terminal restriction
fragment length polymorphism (T-RFLP). These
profiles indicated a few new T-RFs became more
dominant, together with an overall increase in
diversity of the microbiota. Profiles were also
affected if the children were breast-fed during the
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oil supplementation. Breastfeeding limited the
gut response to the oils. In 10-month-old infants,
fish 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 ng 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
microflora, 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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Abstract

Dietary compounds from natural products are the subject of investigation
for their beneficial effects on bone. Natural products may be safer and bet-
ter tolerated by consumers than current therapies for treatment of osteopo-
rosis. Soy isoflavones have been the most studied but results are mixed.
Whole soy food consumption in Asian women is associated with reduced
fracture incidence in observational studies. However, purified isolated soy
isoflavones in randomized controlled trials in postmenopausal Western
women are not protective of bone loss. Polyphenolic compounds in plum
and berries have both anabolic effects and the ability to suppress bone
resorption. These effects occur through antioxidation and anti-inflammatory
cell signaling pathways. Rapid screening approaches using urinary excre-
tion of calcium tracers from labeled bone can be used to compare doses

and types of natural products for their effect on bone calcium balance.
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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
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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. Isoflavones
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 efficacy
of some plant-derived constituents for their
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ability to improve bone balance following estro-
gen deficiency associated with menopause.

Measuring Effects on Bone

The most common traditional method for assess-
ing efficacy of interventions on preventing bone
loss associated with estrogen deficiency 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 *H-TC) as a bone-seeking label.
Rats were given *H-TC to pre-label their bones
and were then randomized to diets with a specific
fruit, vegetable, or other food component. Urinary
SH-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
#Ca as a bone-seeking label. ¥*Ca incorporates
into bone with higher efficiency than *H-TC [8].
We previously compared *H-TC and “Ca kinetics
simultaneously in OVX rats. We developed a

C.M. Weaver and E.E. Hohman

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

In humans, neither *H-TC and “Ca are practi-
cal choices for a bone-seeking label because of
safety and the short half-life of *Ca. “'Ca, a long-
lived radioisotope (#,,=~10° year), can be used as
alternative tracer. The long half-life of “/Ca allows
it to behave more like a stable isotope, minimizing
radiation exposure for subjects and allowing long-
term monitoring of bone turnover. *'Ca can be
measured in urine of dosed subjects by accelera-
tor mass spectrometry (AMS). The sensitivity of
this instrument allows #/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 “'Ca can be used to determine the efficacy of
an intervention. *'Ca correlates with traditional
biomarkers of bone turnover including serum

10

VW
4 No treatment

O Soy isoflavones
A\ Risedronate

Urinary #'Ca:Ca ratio

0.1
200

250 300 350 400 450 500

Days post *!Ca dose

Fig. 14.1 Urinary *'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 “!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
specific to bone mineral matrix, is more sensitive,
and has a greater precision than biomarkers,
allowing for reduced sample size.

Soy Isoflavones

Isoflavones have been the most studied natural
product. Isoflavones, also known as phytoestro-
gens, are naturally occurring plant compounds
that bind to estrogen receptors in humans and
animals. The predominant source of isoflavones
is soy, but they are also found in red clover and
kudzu. The primary isoflavones 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 isoflavone 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 significant
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].
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The relationship between soy isoflavone intake
and fracture risk has not been clearly established
in non-Asian populations, largely due to low con-
sumption of isoflavones. 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 isoflavone
supplementation on bone mineral density have
had largely negative results (Table 14.1). The
soy isoflavones for reducing bone loss (SIRBL)
study, 3-year randomized, placebo-controlled
trial of two doses of isoflavones, 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 isoflavone in Taiwanese

Table 14.1 Epidemiological studies of soy isoflavone consumption and bone health

Population n,
characteristics

Location
Shanghai, China

Reference

Zhang et al. [13] n=24, 403

Chinese women aged

40-70 years

Koh et al. [14] Singapore n=63, 257

Chinese men and

women aged
45-74 years

Greendale et al. [15]  USA n=2,413

African-American,
Caucasian, Chinese, and
Japanese women aged

42-52 years

Findings

Soy protein and soy isoflavone consump-
tion was associated with reduced risk of
fracture; effect was strongest in women
within 10 years of menopause.

Soy intake associated with reduced risk of
fracture among women, but not men.

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.
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Table 14.2 Randomized, controlled trials of soy isoflavones for postmenopausal bone loss

Population n,
average age

n=255, 54 years

Reference Intervention

Alekel et al. [16]

Levisetal. [18] n=248,53 years 200 mg/day soy

isoflavones or placebo

Tai et al. [17] n=431, 56 years 300 mg/day soy

isoflavones or placebo

Wong et al. [19] n=403, 55 years

women [17]. Levis et al. [18]. observed no effect
on BMD or menopausal symptoms following
2 years of supplementation with 200 mg/day
isoflavones. In a 2-year multicenter trial, Wong
et al. found 120 mg/day, but not 80 mg/day, soy
hypocotyl aglycone isoflavones 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 classified 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 isoflavones may impact these
factors instead of, or independently of, changes
in BMD. Indices of bone turnover have been
recognized as BMD-independent predictors of

80 or 120 mg/day soy
isoflavones or placebo

80 or 120 mg/day soy
hypocotyls aglycone
isoflavones or placebo

Effect of isoflavone

Duration  Primary outcomes intervention

3 years Lumbar spine, No effect except a
proximal femur, modest benefit at
and total body the femoral neck
BMD with 120 mg

2 years Lumbar spine, No effect
total hip, femoral
neck BMD

2 years Lumbar spine, No effect
proximal femur
BMD

2 years Whole body, 120 mg/day
lumbar spine, total reduced whole-
hip, femoral neck, body bone loss

but no effect at
regional sites

and trochanter
BMD and BMC

mechanical competence of bone [22]. Using *'Ca
methodology, we have tested several isoflavone
preparations for their ability to suppress bone
turnover. In one study, we investigated the abil-
ity of isoflavones from several different plant
sources to reduce bone resorption [23]. In this
randomized, crossover trial, 11 postmenopausal
women were given a dose of *'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
#ICa: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 significantly reduced
net bone resorption by 9 and 5 %, respectively,
while the red clover and kudzu interventions did
not have a significant effect. Although the soy
isoflavones were not as effective as the drugs,
they may provide some benefit 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
isoflavones may affect bone microarchitecture.
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In OVX rats, Devareddy et al. found that an
isoflavone-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 isoflavones on bone geometry in
humans. Subjects in the SIRBL study underwent
pQCT scanning at baseline and at 12, 24, and
36 months of isoflavone supplementation. Scans
were taken at the femoral midshaft and the distal
tibia. The authors found that soy isoflavone treat-
ment had no significant 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
isoflavone treatment affects bone geometry at
clinically relevant fracture sites such as the hip
and spine remains unknown. Isoflavones 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 significantly 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
isoflavones 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 isoflavone intervention studies is
variation in the ability to produce the isoflavone
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 affinity 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 I-year
double-blind trial of 75 mg/day isoflavones in
Japanese women, Wu et al. [30]. found that the
capacity to produce equol significantly enhanced
the effect of isoflavones. Among the women

randomized to isoflavone 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 efficacy of an isoflavone intervention, we pre-
screened subjects for equol-producing status prior
to enrollment in an isoflavone 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 classified 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 #'Ca
and participated in a 50-day intervention with a
commercial soy isoflavone product (Novasoy
50, ADM) containing 105 mg total isoflavones,
including 46 mg genistein, 44 mg daidzein, and
15 mg glycitein. Net bone turnover decreased by
8 % with the soy treatment, with no significant
difference between equol producers and non-pro-
ducers, suggesting that equol-producing status
did not affect the efficacy 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
significantly greater whole-body BMD (but not
for regional sites) as well as significantly 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 deficiency female and male
animal models of osteopenia [7, 34-36]. In the
pre-labeled bone rat model of Miihlbauer
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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 inflammatory prop-
erties. In fact, dried plums have higher oxygen
radical absorbance capacity than most fruits
and vegetables [42]. However, it may be that
specific polyphenolic compounds have potent
bone resorption inhibiting potential. For exam-
ple, dried plums contain 3.3 ng/100 g rutin [41].
Rutin was identified 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 identified
I'-L-glutamyl-trans-S-1-propenyl-L-cysteine
sulfoxide as the likely bioactive component of
onion [44]. Still, rutin, in purified form,
increased BMD in estrogen-deficient osteopenic
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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, [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 pug K /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-specific 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-
brac were not significantly 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-f 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 flavonoids
(2114 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 uM TEAC/g in the Georgia
blueberries which correlated with phenolic con-
tent (=0.98) and, to a lesser degree, anthocya-
nin content (#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 influencing 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.
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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 influences 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 flavonoids 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 flavanones circulate in blood in
the low uM range, which we therefore consider as the “physiological”
concentration as opposed to more pharmacological concentrations
(50-100 uM) often used in cell culture studies.

Among the various biological effects attributed to the flavanones, the
more consistent ones are anti-inflammatory and lipid-lowering properties.
In particular, the anti-inflammatory effects of the flavanones have been
shown to be mediated through the inhibition of the NF-xB pathway.

Concerning the effects of flavanones 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 first 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 significantly
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 reflected 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 flavanones, may play a further role in modulating bone turnover and
help protect against bone loss in at-risk populations. The question remains
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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 * Inflammation
* Osteoblasts * Bone mineral density ® Bone turnover

Introduction

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

In citrus fruits, flavanones account for approx-
imately 95 % of the total flavonoids [2, 3].

However, the flavanone 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 flavanones compared to juice
vesicles (pulp), which explains the higher content
of flavanones in the whole fruit than in the juice.

Hesperetin and naringenin (aglycones) are the
most common flavanones 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 flavanones with regard to metabo-
lism and bioavailability. However, hesperidin
(hesperetin-7-O-rhamnoglucoside) remains the
most studied flavanone with respect to bone
health. Apart from soy isoflavonoids [5], there
are no controlled clinical trials and only a few
preclinical studies that have examined the specific
effects of other flavonoids such as flavanones on
bone metabolism.

The influence of both flavanones 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 beneficial 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 flavonoid intake, which ranks
them as the most consumed flavonoid 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 flavanone 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
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Fig. 15.1 Chemical structures of flavanone aglycones, hesperidin, and its main metabolites

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 flavanones with regard to metabolism and
bioavailability. There is an extensive amount of
literature available concerning the in vitro metab-
olism and bioactivity of flavanones. 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 flavanone 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 microflora 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,
flavanones 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 identified 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 flavanones have been shown to be
between 0.1 and 1 pM 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 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 flavanones, observed
after administration of whole citrus fruits or
juices, suggests that the food matrix did not
significantly affect the bioavailability of the
flavanones [17]. Urinary excretion of flavanones
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 flavanones are among
the most bioavailable dietary polyphenols [18].

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

Impact of Flavanones on Oxidative
Stress and Inflammation

Preclinical Data

The underlying mechanisms by which flavanones
may antagonize inflammation and oxidative stress
have not yet been fully elucidated. However,
recent literature indicates that flavanones may also
act on oxidative stress and inflammation. In both
dyslipidemic and diabetic rodent models, dietary
flavanone 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 flavanones can reduce vas-
cular or systemic levels of chemokines as well as
inflammatory and adhesion molecule expressions
[21-25] that are under proinflammatory factor
NF-kB control. As an example, Kim et al. showed
in rats fed with hesperidin (6- and 24-month-old)
a suppressed age-related NF-xB activation and
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age-related gene expression of proinflammatory
mediators in the kidneys of the animals, thus a
protective effect through a downregulation of
NF-«B signaling [26]. Recently we also showed a
significantly 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-inflammatory actions for flava-
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 uM hesperetin [28, 29].
Macrophages exposed to physiological concen-
trations of naringenin, e.g., 5 uM, decreased
prostaglandin E2 production and reduced the
expression of COX2 [30]. Moreover, it was
shown that naringenin (30-100 pM) inhibited
NF-«B activation in inflammation-stimulated
macrophages [31, 32]. However, hesperetin
(100 uM) did not have such an effect, sug-
gesting that other anti-inflammatory pathways
could be involved [28]. Indeed, in endothelial
cells exposed to inflammatory 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-o-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 pM 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)-1f3, IL-8, and TNF-a lev-
els were significantly inhibited by hesperidin
exposure [36]. Another in vitro study showed
that treatment with hesperetin (1-10 uM)
significantly inhibited IL-1B-induced produc-
tion of inflammatory mediators (MMP-3 and
IL-6) in human synovial cells [37].

Taken together, these preclinical data sug-
gest that flavanones may exert anti-inflammatory
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activities in the various cell types, partly through
the inhibition of the NF-kB pathway. However,
it is important to underline the fact that most
in vitro data were obtained with pharmacologi-
cal concentrations of aglycone compounds or
flavanone 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
flavanones in vivo, may be explained by both the
low antioxidant capacity of the native flavanone
structure, further reduced by the conjugation pro-
cess, and the low circulating levels of conjugated
metabolites. Jung et al. [39] reported a significant
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
flavanones may improve endogenous antioxidant
defense systems in dyslipidemic subjects.

With regard to inflammation, in subjects with
metabolic syndrome, supplementation with
500 mg hesperidin was shown to reduce the
plasma levels of two inflammatory biomarkers,
C-reactive protein (CRP) and serum amyloid A
(SAA) [40]. In healthy, middle-aged, moderately
overweight men, despite no effect on circulating
inflammatory markers [38], hesperidin intake
(292 mg/day for 4 weeks) tended to modulate
gene expression in white blood cells toward an
anti-inflammatory profile [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 inflammatory markers CRP (C-reactive
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protein) and fibrinogen 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 flavanones in
the inflammation process. Thus, these findings
suggest that flavanones could be one of the
bioactive compounds responsible for citrus anti-
inflammatory properties.

In summary, further clinical studies in dif-
ferent populations using isolated compounds
are needed to clarify the effect of flavanones on
inflammation in humans. Moreover, it would
be particularly important to correlate the mag-
nitude of the observed changes with flavanones
metabolites plasma concentrations achieved.
Furthermore, to improve the physiological rel-
evance of the preclinical and in vitro data, addi-
tional studies investigating the anti-inflammatory
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 flavanones.

Impact of Flavanones on Bone
Metabolism

Anti-inflammatory 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 inflammation 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-«B. Indeed, NF-xB is a key signaling fac-
tor in osteoclast proliferation and differentiation
[45] and involves an inflammatory component
through the response from and regulation of sev-
eral cytokines (e.g., IL-6, TNF-alpha) and nitric
oxide (NO) which is significantly increased in
the inflammatory 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
flavanones, that may influence 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 beneficial 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 specific
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 flavanones efficacy are available.
Moreover, in vitro experiments with bone cells
have reported cellular and molecular mechanisms
of flavanones 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 Miihlbauer et al. showed that oranges
were able to significantly inhibit bone resorption
in young male rats fed with a semi-purified 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
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[54]. Furthermore, we conducted a study to
compare the efficacy 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 significant
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 efficiency 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 flavanones (Hp+Nar, 0.25 %
each). After 3 months, daily hesperidin intake
significantly improved femoral bone integrity as
reflected 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-specific effects on BMD (improve-
ment at the distal metaphyseal area), and no
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further benefit to bone mass was observed with
the mix of flavanones. Bone resorption (DPD)
was significantly attenuated by hesperidin and
naringin given alone but not by the mixture of the
two. All treatments significantly reduced expres-
sion of inflammatory 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 pM) was fivefold higher than that of
hesperidin (1.44 uM) 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
efficacy of hesperidin at a lower plasma concen-
tration than naringin as well as the identification
of the major circulating metabolite of hespe-
ridin (hesperetin-7-O-glucuronide) underlines
the importance of flavanone bioavailability
and metabolism in their biological efficacy 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 flavanones may be two of
the components responsible for the findings 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 beneficial 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
first suggested by Chiba et al., hesperidin could
not only modulate bone resorption but also affect
bone formation [53, 60].
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The mechanism of action of flavanones 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
flavanones 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 uM hesperetin (aglycone). Neither prolifera-
tion nor mineralization was affected by hesperetin
at either dose. However, differentiation was
enhanced (significant 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 flavanone through
the bone morphogenetic protein (BMP) pathway.
Indeed, hesperetin significantly 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
specific bone signaling pathways was explored
with physiological concentrations of 1 and 10 uM
of conjugate. The glucuronide did not affect pro-
liferation but enhanced differentiation by
significantly increasing alkaline phosphatase
(ALP) activity. Hp7G significantly 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 uM) for 24, 48, and 72 h. Results for
the naringin group showed a dose-dependent increase
in total protein content. Naringin at 0.1 puM
significantly enhanced ALP activity by up to 20 %.

Another potential and important mechanism
of flavanones on bone cell signaling to be explored
could be through their anti-inflammatory activi-
ties, as previously suggested by downregulation
of NF-«kB 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 flavanones can exert interesting ana-
bolic bone effects. However, a number of preclini-
cal studies have also confirmed an effect on bone
mineral density through mainly antiresorptive
effects. Thus, after isoflavones, the flavanones are
the subgroup of polyphenols with most in vivo pre-
clinical evidence for improved bone metabolism.
Whether or not the accompanying systemic anti-
inflammatory and lipid-lowering effects of the
flavanones play a direct or indirect role in the bone
modulatory properties of these flavanones remains
to be established. Moreover, further studies partic-
ularly in humans would be helpful to confirm these
effects. Indeed, to date, only one clinical trial has
been conducted in postmenopausal women to
assess efficacy 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
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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 efficacy 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
efficacy 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 x time interaction was also introduced in
the model. The random component of the model
is an intercept variable specific 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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Table 15.1 Demographics and baseline characteristics
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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? 23.7 (2.6) 244 (3.1) 0.1977
Time since menopause, years 6.3 (2.0) 6.5 (2.5) 0.6521
Surgical menopause, % 73 7.6 1.000
Calcium intake, g/day 884.7 (276.2) 887.7 (246.9) 0.9521
25(0OH)-vit D, nmol/l 82.0 (38.3) 79.5 (34.1) 0.7181
BMD (g/cm?)

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)

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 significant 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(0H),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 significant 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 significant 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 significance 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 significant 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 significant interaction group X time
was detected for the bone turnover index b-ALP/
CTX-1 (Fig. 15.2) and PINP/CTX-1. This
significant 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 significance at 24 months could be partly
explained by the significant difference in compli-
ance between groups for this period: 98.6 % in
placebo group vs. 96.7 % in hesperidin group;
p-value=0.014.
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Fig. 15.2 Changes in bone

Bone turnover index b-ALP/CTX-1
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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 reflected 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 *!calcium meth-
odology, as previously used by Weaver et al. with
phytoestrogens [72]. Moreover, even if biomark-
ers reflect bone turnover, and BMD bone quantity,
it would have been very interesting to have
measures on bone quality at the micro-architecture
level.

Conclusion

Broader than flavanones effects on bone
metabolism, findings from further clinical tri-
als with plant-derived compounds are obvi-
ously required to give a stronger scientific
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
finite 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 beneficial 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 $-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-specific 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 identified 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 findings of the current study.
After adjusting for the covariates and other nutri-
tional factors such as calcium and soy intakes, we
observed a statistically significant 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 (=0.8 mg/1,000 kcal/day) had a
22 % reduction in hip fracture risk. Conversely, we
did not find 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 first
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 significant, 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
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intakes of carotenoids in men only. Intakes of total
carotenoids, o~ and [-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 significant 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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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 (=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 (>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 (ug/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 (24577.1) 58 0.72 0.53-0.99 253 0.86 0.73-1.03
p for trend 0.046 0.106

a-carotene (Ug/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 (>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 (ug/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 (>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, >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, >4 h weekly), physician-diagnosed history of diabetes or stroke (yes, no) at recruit-
ment, quartile intake of calcium and soy isoflavones, and use of hormone replacement therapy at recruitment (women

only; yes, no)
CI confidence interval

be higher in men [32, 33]. Hip fracture preven-
tion is essentially important in both genders. Our
findings reveal that adequate intake of vitamin
B6 and carotenoids may be beneficial in the pre-
vention of osteoporotic hip fracture in the elderly
population. The gender-specific 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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Dietary Anthocyanidins 1 7
and Bone Health

Claire J. Macdonald-Clarke and Helen M. Macdonald

Abstract

There is evidence to suggest that fruit and vegetable consumption is
beneficial for bone health. Anthocyanins are bioactive flavonoid com-
pounds found mostly in fruits, particularly berries, some vegetables, and
wine. A diet rich in anthocyanidins is thought to have multiple health
benefits, 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 difficult 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 microflora 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.
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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.

Anthocyanidins * Anthocyanins ¢ Polyphenols * Flavonoids ¢ Osteoporosis
Bone ¢ Bone turnover * Bone mineral density
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ALP Alkaline phosphatase
APOSS Aberdeen Prospective Osteoporosis
Screening Study
BALP  Bone-specific 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-«B  Nuclear factor-kB
oC Osteocalcin
ORX Orchidectomized
OovX 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 beneficial 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
preventbone loss [5]. However, there is conflicting
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
significantly 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
flavonoids, may play arole in reducing bone resorp-
tion and improving bone health. Recent studies
have found associations between flavonoid intakes
and bone health [10, 11], and interest is growing in
a particular group of flavonoids, the anthocyani-
dins. This chapter examines the evidence for the
role of anthocyanidins in bone health.

Anthocyanidin Structure

Anthocyanidins are colorful, water-soluble
flavonoid compounds responsible for the red,
blue, and purple colors of fruit and vegetables.
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Fig.17.1 Anthocyanidin Anthocyanidin  Basic structure R1 R2
structure
Cyanidin H OH
Ry
Delphinidin oH OH OH
Malvidin + OCH; OCH;,
HO O
Pelargonidin O X R, H H
Peonidin Z > N0oH H OCH,4
Petunidin OH OH OCHj,4

Anthocyanidins are found in food primarily as
glycoside or acylglycoside anthocyanins of their
respective aglycone anthocyanidins. Antho-
cyanidins are unstable compounds but can be
quantified accurately in foods by acid hydrolysis
high-performance  liquid  chromatography
(HPLC) and conversion of anthocyanins to
simplified 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 influenced 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 findings 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 pg/LL 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
findings: 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 flavonoid
compounds, to aglycone anthocyanidins; methy-
lated, glucuronated, or sulfated anthocyanidins;
or phenolic acids [19, 21-24].

Bioavailability, absorption, and metabolism are
influenced by many factors including the particular
aglycone and sugar moieties [24] and the gut
microflora [25, 26]. Bacteria in the colon are able to
metabolize anthocyanidins into various products
such as phenolic acids, and therefore variations in
the gut flora 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-inflammatory [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 flavonoid intakes and BMD and negative
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associations between flavonoid 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 significant 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 findings, Welch et al.
(2012) showed that both total flavonoid 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
quantified 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
significantly 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 beneficial 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
beneficial 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
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given in combination with prebiotic fructooligo-
saccharide suggesting again that the bioavailability
and metabolism of anthocyanin-derived com-
pounds may be influenced by gut microflora [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 beneficial -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 flavonoid
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 specific
compounds responsible for the effects of antho-
cyanidin-rich diets on bone.
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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 uM specific anthocyanins or antho-
cyanidins for 3 days. Vehicle control (dH,0) 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

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

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,
¢, 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
significant differences (one-way ANOVA) in osteoblast
differentiation compared with control

that could explain the potential effects of antho-
cyanidins on bone including the following: anti-
oxidant, anti-inflammatory, cell signaling, gene
transcription, and binding with estrogen or can-
nabinoid receptors.
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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-kB (NF-xB) transactivation and decrease
plasma concentrations of proinflammatory
chemokines, cytokines, and inflammatory medi-
ators [33].

Recently, Hooshmand et al. showed that
anthocyanidin-rich dried plum was able to
significantly lower serum C-reactive protein
(CRP), a marker of inflammation, 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 inflammation 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/p-catenin canonical Wnt signaling [47].
Also, Zhang et al. found that blueberry powder
delayed osteoblast senescence through regulation
of the Runx?2 gene [48].

In addition, anthocyanins have also been
shown to have low binding affinity 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.
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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 confirm 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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Abstract

This chapter evaluates differences between oral supplementation with cal-
cifediol (25-hydroxyvitamin D) and vitamin D3 (cholecalciferol). Oral
supplementation with calcifediol results in an immediate and sustained
increase in serum 25-hydroxyvitamin D concentrations. This may be rel-
evant in clinical care as higher circulating level of 25-hydroxyvitamin D
can be reached much faster than on the standard supplementation with
vitamin D3. However, whether calcifediol has additional benefits superior
to vitamin D3 will need further investigation in an equivalent dose com-

parison trial.

Keywords
Calcifediol ¢ Vitamin
Nonskeletal endpoints

Introduction

Most recent recommendations on vitamin D
intake agree that many people are vitamin D
deficient 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,, 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,
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D, ¢ 25(OH)D e Cholecalciferol ¢ Bone health

which is desirable for optimal fracture preven-
tion [1-4], is less well defined with respect to
vitamin D, requirements, and doses between
1,600 and 4,000 IU vitamin D, 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, 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 benefits on bone
metabolism and nonskeletal endpoints from
small clinical trials as reviewed in this chapter
[8,9, 12—-17]. Whether the benefit of calcifediol
can be confirmed in a larger trial of fracture pre-
vention and whether its bone effects are superior
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to vitamin D, within the same target serum
25-hydroxyvitamin D range cannot be answered
to date.

Half-Life, Dose Response, and Safety

Compared to vitamin D, (half-life about 20 days
[18]), calcifediol has hydrophilic properties, has
a much shorter half-life of 811 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, 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 g of calcifediol to 20 ug of vitamin D,, 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,. With respect to
safety, several studies report no incidence of
hypercalcemia with 20 pg [13, 14] and up to
150 pg [12] calcifediol per day.

Bone Effects

Four smaller trials reported a benefit 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
confirmed in a larger trial among 438 seniors [15]
where no benefit 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 pg 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].

H.A. Bischoff-Ferrari
Nonskeletal Effects

One small RCT compared calcifediol with vita-
min D, with respect to nonskeletal endpoints of
vitamin D including lower extremity function,
blood pressure, and innate immunity. Comparing
20 pg of calcifediol with 20 pg of vitamin D,, 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 significant 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 significantly
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, contributed to a
decrease in markers of innate immunity, indicat-
ing a benefit from both substances.

Participants treated with calcifediol (com-
pared to the participants in the vitamin D, group)
reached the 25(OH)D threshold of 30 ng/ml
within 35 days of treatment and experienced a
significant 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, group which may be
explained by the much slower and smaller
increase in 25(OH)D levels in the vitamin D,
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(0OH)D can be reached much faster than on the
standard supplementation with vitamin D, and
may explain the benefit of 20 pg calcifediol per
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Plasma concentration of 25(OH)D (ng/l)

T
14

21 28 35 42 49 56 63 70 77 84 91 98 105112119

0o 7
Time (days)
Observed data: o VitaminD3 o 25(OH)D

Model predicted means: —a— Vitamin D3 --a-- 25(0OH)D

Fig. 18.1 Change in serum 25(OH)D level — comparison
of a daily dose of 20 ug of calcifediol with 20 pg of vita-
min D,. 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, group, about
50 % of participants remained below this threshold
throughout the 4-month follow-up (Adapted from
Bischoft-Ferrari et al. [13]. With permission from John
Wiley and Sons, Inc.)
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Systolic blood pressure (mmHg)

100 -

90 A

T T T T T T T T T T T T T T T T T T
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105112119
Time (days)

Model predicted means: —a— Vitamin D3

Fig. 18.2 Change in systolic blood pressure — compari-
son of a daily dose of 20 ng of calcifediol with 20 pg of
vitamin D,. 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(0H)D

(25(OH)D) group progressively for the first 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 D3
group, on the other hand, systolic blood pressure remained
virtually constant for the entire 4-month follow-up
(Adapted from Bischoft-Ferrari et al. [13]. With permis-
sion from John Wiley and Sons, Inc.)
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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,. Therefore, benefits
documented by calcifediol with respect to skeletal
and nonskeletal benefits summarized in this chap-
ter may likely be caused by its rapid increase in
25(OH)D level. Alternatively, calcifediol may
have additional benefits superior to vitamin D,
which will need further investigation. Finally, the
findings of the largest trial performed to date by
Peacock and colleagues suggest that 15 pg cal-
cifediol per day may be insufficient to increase
bone mineral density and reduce fracture risk with
calcifediol in the senior population.
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Physical Performance, Muscle
Strength, Falls, and Vitamin D
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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 significant decrease of fall incidence,
and in six of seven significant 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 first 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 influence 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 influx. Vitamin D may influence muscle
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fiber proliferation and differentiation, and calcium influx 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 influence muscle strength, balance, and
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prevent falls.
Keywords
Physical performance ¢
receptor ¢ Genomic
* Prevention of falls
Introduction

Vitamin D is necessary for calcium absorption and
mineralization of new bone matrix, the osteoid.
Vitamin D deficiency results in rickets in children
and osteomalacia in adults. Long-term less severe
vitamin D deficiency 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

Muscle strength e Falls ¢ Vitamin D ¢ Vitamin D
and non-genomic pathways ¢ Meta-analyses

Survey (NHANES III). The timed walking test
and the timed chair stands (five 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 deficient or insufficient (serum
25(0OH)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, five 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 deficiency 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 five 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
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75 years the relationship was no longer significant
[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
significant [9]. Altogether at least 13 studies have
been performed, and 8 of these showed a
significant decrease of fall incidence [10-18, 20]
(Table 19.1). In six of seven double-blind studies,
vitamin D was combined with calcium and
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compared with double placebo. The decrease of
fall incidence ranged from —19 to =70 %. In four
studies the change was not significant, and one
Australian study with a large dose of 500,000 TU
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 significant. It turned out that the
increase in fall and fracture incidence was visible
in the first 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 difficult 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

Baseline Posttreatment Outcome n

Reference Pat N Vit D dose Calcium 25(OH)D* 25(OH)D* 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 %
Kirkkdinen et al. [17] 1,645 800 IU/day 1,000 mg/day 50 75 NS®
Sanders et al. [18] 2,256 500,000 U/ - 49 120¢ +15 %

year
Neelemaat et al. [20] 210 576 1U/day 500 mg/day! 40 65 =59 %

225(0OH)D nmol/l
30 % less multiple falls
cAfter 1 month 120 nmol/l, after 3 months 90 nmol/l

4The intervention group received a protein-rich diet in addition
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Table 19.2 The effect
of vitamin D on fall
incidence: results of
meta-analyses

Reference

Latham et al. [23]
Bischoff-Ferrari et al. [24]
Jackson et al. [25]

Richy et al. [26]

Cochrane, community [27]
Cochrane, nursing care [27]
Bischoff-Ferrari et al. [28]
Kalyani et al. [29]

P. Lips and N.M. van Schoor

N RR Remarks

4 0.99 (0.89-1.11)

5 0.78 (0.64-0.92) incl 2 alphacal®
5 0.88 (0.78-1.00)

11 0.92 (0.86-0.99) incl 2 alphacal®

0.96 (0.92-1.01)
0.98 (0.89-1.09)*
8 0.87 (0.77-0.99)
10 0.86 (0.79-0.93)

Dose split (high/low)
Dose 800 (IU/day)

aRate of falls 0.72 (0.55-0.95)
"These meta-analyses include two studies done with the active vitamin D metabolite

alphacalcidol

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 significant 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 [U/day or more and
particularly in combination with calcium.

Mechanistic Studies

Vitamin D may influence 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 influx.
The active vitamin D metabolite, 1,25-dihydroxyvi-
tamin D, may influence muscle fiber proliferation
and differentiation. It may influence calcium influx
and phosphate transport and especially calcium
transport to the sarcoplasmic reticulum. On the
other side, 1,25-dihydroxyvitamin D may also
influence the metabolism of neurotransmitters or
stimulate neural growth factor in the nervous sys-
tem and thus indirectly influence muscle activity.
Abnormal skeletal muscle development has been
shown in the vitamin D receptor null mouse, and
the mean size of muscle fibers 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 influences 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
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may increase the fall incidence. There are
several explanations why vitamin D could
influence muscle function.

Research Agenda

The mechanism why vitamin D can prevent falls
should be further clarified. 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 profit
from vitamin D to prevent falls. Polymorphisms
of vitamin D-related genes may influence fall
incidence and the effect of vitamin D treatment.
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in Saudi Women
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Abstract

Introduction: Vitamin D deficiency 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.
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Results: A total of 85.5 % of women had vitamin D deficiency 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 significantly
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 significant 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 significant 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 BMIL.

Conclusion: Vitamin D deficiency 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 ¢ Deficiency ¢ Obesity

Introduction

Vitamin D deficiency 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 deficiency 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 insufficiency
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 deficiency [7] and <75 nmol/L indicate
vitamin D insufficiency [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
influences 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 deficiency. Obesity is another factor to be
blamed for vitamin D deficiency [11]. This is
likely due to the decreased bioavailability of vita-
min D, 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 fortified with vitamin D,
also a contributor to dietary vitamin D intake [1].
However, in Saudi Arabia, the fortification of
milk is not widespread enough to prevent vitamin
D deficiency 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
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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 reflect 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 classification of menstrual status was
confirmed 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
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was determined using a validated food frequency
questionnaire (FFQ) [17, 18]. Women were
divided according to their dress style into three
groups: nigab and gloves (all body parts are cov-
ered including face and hands), nigab 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 defined as BMI>25 and obese as
BMI>30 on the basis of international obesity
classification [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(0OH)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(0OH)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 coefficient 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,) 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 7-test and among
the three groups using ANOVA. Association
between variables was examined by Pearson’s
correlation coefficient 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 significant 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
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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 =75 nmol/L), 2.7 and 4.9 % being pre-
and postmenopausal, respectively. About 55 % of
all women exhibited severe vitamin D deficiency
(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 deficiency, 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 insufficiency (3.5 % premenopausal
and 17.9 % postmenopausal with serum 25(OH)
D >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
significantly lower in women (pre- or postmeno-
pausal) who were completely covered (both face
and hands or face only) wearing a nigab 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 significant correlation between
25(0H) D and any of the obesity measurements in
the premenopausal women, even after adjusting for
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Table 20.1 Age and anthropometric characteristics of the studied women

Menopausal status

Variables 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?) 259+5.4 31.5+5.7

Waist circumference (cm) 749+11.7 909+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

Menopausal status

Vitamin D supplementation ~ All women (n=449) 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

Menopausal status

Variables 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

Menopausal status

Serum 25(OH)D (nmol/L)  All women (n=449) Premenopausal (n=226) Postmenopausal (n=223)
<25 247 (55 %) 160 (70.8 %) 87 (39 %)

>25 to <50 137 (30.5 %) 52 (23 %) 85 (38.1 %)

>50 to <75 48 (10.7 %) 8 (3.5 %) 40 (17.9 %)

>75 17 (3.8 %) 6 (2.7 %) 11 (4.9 %)

Values given in parenthesis are percentages out of total within the group

age. However, a significant negative correlation significant after controlling for vitamin D sup-
between 25(OH)D and BMI (r=-0.203, P<0.01), plementuse, BMI, and age (r=0.193, P<0.001).
TBF (r=-0.340, P<0.01), and WC (r=0.140, A trend for milk intake to be negatively
P<0.05) was found in the postmenopausal women. associated with CTX excretion was also

A positive correlation was found between observed (r=-.083, P<0.07) after adjustment
milk intake and 25(OH)D levels, which remains for age and BMI.
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Table 20.5 Vitamin D levels in women wearing different
cultural clothes style

25(0OH)D
Subjects (mean=SD)
Niqgab + gloves 14 19.2+10.5
Nigab only 247 26.9+19.9
Hijab 188 32.0+24.4
Discussion

Despite abundant sunshine that should permit
sufficient 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
deficiency as defined 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
deficiency rate of 85.5 %. The high prevalence of
vitamin D deficiency 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 deficiency 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, confirming 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
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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 significant 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
significant 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 identifies 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
insufficiency and/or deficiency are limited skin
exposure to sun light, obesity, and poor dietary
intake. Vitamin D supplements and fortification
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.
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Serum 25(OH)D and Calcium Intake
Predict Changes in Hip BMD and
Structure in Young Active Men

Jeri W. Nieves, Marsha Zion, Jamie Ruffing,
Susan Tendy, Patricia Garrett, Robert Lindsay,
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Abstract

Peak bone mass (PBM) is mostly determined by genetics, but lifestyle and
diet during youth may modify the final 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 significant 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 significant 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,andN-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 coefficient 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 r-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

Table 21.1 Baseline characteristics (n=146)

Mean
Age (years) 18.8
Height (in) 69.1
Weight (Ib) 162.6
BMI 239
Race n, (%) -
Caucasian n=126
Black n=17
Asian n=13
Spine BMD (g/cm?) 1.3
Spine z-score 1.0
Total hip BMD (g/cm?) 1.2
Total hip z-score 0.7

Serum 25(0OH)D and Calcium Intake Predict Changes in Hip BMD and Structure in Young Active Men
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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 first 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 serum25(OH)D <20 ng/ml had significantly
higher PTH levels (41+5 pg/ml) versus those
with serum 250HD >20 ng/ml (33+1.4 pg/ml)
[p<0.04]. In those with 250HD <20 ng/ml,
21 % [n=4 of 19] had PTH values>65 pg/ml. In
men with 25(OH)D >20 ng/ml, only 4 % [n=5
of 124] had PTH levels above the normal
range.

Serum C-telopeptide and N-telopeptide levels
were significantly 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.
Howeyver, 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.

Standard deviation Range

1.1 17.5-22.7
2.4 63-75

21.9 119-243
2.8 18-34

(86 %) -

(5 %) -

© %) -

0.1 0.977-1.648
1.4 -

0.2 0.921-1.659
1.4 -
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Mean Standard deviation Range Normal range
25(0OH)-Vitamin D 28.3 8.8 12.0-54.0 13-54
(ng/mL)
Parathyroid hormone 34.2 16.6 4.0-94.0 10-64
(pg/mL)
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

The annual assessment of bone density over
the 4 years in the entire group indicated that there
was no significant 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 2800 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(0OH)D and change in spine BMD. Males with
serum 25(OH)D level>20 ng/ml had a
significantly 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>20 ng/ml
had a significantly 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(0OH)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>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 significant 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 influencing bone turn-
over. Of importance, both total hip and femoral
neck BMD and BMC were also positively
influenced by vitamin D >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 specific 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
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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, and D, 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, to D3, there are a small
number of structural differences in the molecular makeup of these vitamers.
Thus, the area of “vitamin D, versus vitamin D,” research is expanding
and exploring the possible mechanistic pathways that may highlight a
clear and quantifiable difference between vitamin D, and D, 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, appears to be more efficacious than D,, 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, and D3, and the need for future research.
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Introduction

Previously it has been assumed that the two forms
of vitamin D available to humans — vitamin D,
and vitamin D, — are equally efficacious 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, 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, and D, 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, versus D,
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, and
D, 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, (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, (cholecalciferol) is also
synthesized via UV irradiation. The presence of
7-dehydrocholesterol in the skin of animals
allows a conversion to previtamin D, 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, and D, is usually achieved within a typical
lifestyle of outdoor activity (ambient UV expo-
sure, vitamin D)), a diverse diet including the
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consumption of vitamin D,-rich foods such as
oily fish and egg yolks in addition to fortified
foods (i.e., margarine and breakfast cereals, usu-
ally vitamin D, fortification) and vitamin supple-
ments (vitamin D, and D, both available) [4].

Vitamin D, and D, are both pro-hormones and
thus have no biological effect systemically [4]. In
order to convert vitamin D, and D, into active
compounds, a two-step enzymatic hydroxylation
process is required by the body. Vitamin D, and
D, are transported to the liver (first site of hydrox-
ylation) via the vitamin D binding protein
(DBP). Here, vitamin D, and D, 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
la-hydroxylase (CYP27B1) converts 25(OH)D
to 1,25(0OH),D, or D, (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, and D,
data are available to show that there may be a dif-
ference in their respective efficacies in raising
serum 25(OH)D levels [5-8], with vitamin D,
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 influencing
this possible difference in efficacy: vitamin D,
may have a greater affinity for the vitamin D
receptor than vitamin D, [9], and vitamin D, may
be the preferred substrate for hepatic 25-hydroxylase
[10] which, in turn, could lead to a greater rate
of conversion of vitamin D, to 25(OH)D when
compared to vitamin D,.
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In addition, once the two-step 25-hydroxyla-
tion process has been completed and 1,25(OH),D
has been formed, a deactivation step can occur
which involves 24-hydroxylation at the kidney to
form 1,24,25(0OH),D [9]. The deactivation of the
vitamin D metabolites could hold the key to dem-
onstrating the differentiation between vitamin D,
and D, due to the fact that 1,24,25(OH),D, has
been formed (the metabolite of vitamin D,) and
it has now been deactivated and thus is now no
longer available to the body [11]. However, for
vitamin D,, now 1,24,25(OH)3D3, 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, and D, and their respective capacity for a
biological effect [11]. Thus, it could be concluded
that by vitamin D, requiring a further step to deac-
tivate, it clearly retains a distinct biological advan-
tage over vitamin D, which only adds weight to
the hypothesis that vitamin D, 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, versus vitamin D, 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

221

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, significantly more effective at raising
serum 25(OH)D when compared to vitamin D,,
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 efficacy between vitamin D, and
D, in raising serum 25(OH)D levels. This result
clearly shows that vitamin D, is significantly
more effective at raising serum 25(OH)D levels
than vitamin D, [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, was significantly more
effective than vitamin D, 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 specifically at daily dosing of vitamin D,
and D,, a meta-analysis found that the significant
effect of vitamin D, on raising serum 25(OH)D
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Table 22.2 Characteristics and outcomes of studies that determined vitamin D, and D, equally efficacious [11]

Study and Intervention, dose,
country and frequency N Gender/age  Follow-up Results
Biancuzzo 1. Placebo capsule+placebo 86 S9F 11 weeks No significant difference
et al. [8] USA orange juice 27TM found in AUC for 25(OH)
2. Placebo capsule + 1,000 IU D when comparing vitamin
vitamin D, OJ D2 to vit:flmin D} .
3. Placebo capsule+ 1,000 IU 18-79 year 1rre§pectlve of 1nteryept10n
vitamin D, OJ vehicle (capsule or juice)
4. 1,000 IU vitamin D,
capsule +placebo OJ
5. 1,000 IU vitamin D,
capsule +placebo OJ
Holick et al. 1. Placebo 68 47F 11 weeks At end of intervention, no
[71 USA 2. 1,000 IU vitamin D, 21M significant difference in
capsule B 18-84 year 25(OH)D levels between
3. 1,000 IU vitamin D, D, and D, groups
capsule
4.500 IU D,+500 IU D,
capsule

Reprinted from Tripkovic et al. [12]. With permission from The American Journal of Clinical Nutrition
Key: AUC area under curve, im. intramuscular, U international unit, vitamin D, ergocalciferol, vitamin D,

cholecalciferol

levels when compared to vitamin D,, as seen pre-
viously, is now lost. However, a statistical trend
towards vitamin D, being the more efficacious
vitamer in raising serum 25(OH)D levels com-
pared to vitamin D, 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, is more effective at improving and
sustaining vitamin D levels than vitamin D,.
However, to date, studies involving vitamin D,
versus D, 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 significantly higher than they
were for the ergocalciferol intervention [16]. In
addition, when the intervention period ceased,
serum 25(OH)D, (ergocalciferol) levels appeared
to degrade quicker when compared to the levels
of serum 25(OH)D, (cholecalciferol) over a
6-week time period [16]. Similarly, Armas et al.
showed that a single bolus dose of 50,000 TU
induced a significantly greater AUC for cholecal-
ciferol than ergocalciferol, with serum 25(OH)D,
levels falling rapidly back to baseline after only
14 days [14]. In contrast, serum 25(OH)D, 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 difficult
and can lead to high levels of heterogeneity. This
effect on heterogeneity, in turn, brings in an
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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 TU 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, and D, on 25(OH)D levels,
but they must also tackle the mechanistic path-
way behind vitamin D metabolism in order to
elucidate the true efficacy of vitamin D, and D,
respectively.

Conclusion

The results of this review show that overall,
vitamin D, is more effective at raising serum
25(OH)D levels than vitamin D,. 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, and D, are, in
fact, quantifiable and meaningful.
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Abstract

Because a significant number of children and adolescents worldwide
are considered vitamin D insufficient or deficient, 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 confirm this.
Increases in serum 1,25 dihydroxyvitamin D (1,25[OH],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 insufficient and deficient
(<50 nmol/L). In vitamin D-sufficient 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.
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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 insufficient
25(0OH)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(0OH)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 deficient (<25.0 nmol/L), though the
influence of non-deficient but low concentrations
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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 findings have been mixed.
Some have shown improvements in bone mass
[6, 7], and others have not shown benefits of sup-
plementation [6, 8]. The most likely causes of
such diverse findings 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],D, and biochemical mark-
ers of bone turnover) should be clarified. 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(0OH),D as outcomes.

M United States
[ Canada

60

Eurpoe

50

40

Percent

30

20 +

10

Fig. 23.1 Distribution of

adolescents with serum 0 - — ;
25(0OH)D <50 nmol/L (Based Age

Age Age White Black

on data from Refs [1-3]) (9-13 years) (14-18 years) (13-16years) (6-11years) (6-11 years)
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25(0OH)D

The 25(OH)D concentrations reflecting 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, 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/LL [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 confirm

R.D. Lewis and E.M. Laing

these findings. 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] &: serum 25(OH)D
(ng/ml)=0.01130x+1.13747, where x=vitamin
D (IU/d) supplementation.

1,25(0H),D

The majority of intervention trials do not report
measures of serum 1,25(OH)2D, likely because
serum 1,25(0OH),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(0OH)D, 1,25(0H),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 significant
increases in serum 1,25(OH),D concentrations in
males and females, 617 years of age. In these
studies, serum 1,25(0H),D increased by
12-21 pg/ml with doses of 1,600 or 2,000 IU/
day, respectively. Lower doses of 200 or 600 U/
day [6, 17, 21] were not high enough to elicit
significant responses. Not only was dose an
important consideration, but baseline serum
25(0OH)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),D responses [11, 18].
It is unknown what the serum 1,25(0OH),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(0OH),D [27].

iPTH

One of the criteria used to define optimal 25(OH)
D concentrations in adults is the inflection point
at which maximal suppression of serum iPTH



23 Vitamin D Supplementation and Changes in Vitamin D and Bone Metabolites in Children

occurs [28]. In adults, a serum 25(OH)D concen-
tration of approximately 80 nmol/L has been
identified as a point of maximal iPTH supression
[29, 30]. Most cross-sectional studies in children
and adolescents have reported significant inverse
linear relationships between serum 25(OH)D and
iPTH [19, 31-40]; whereas, two studies identified
a serum 25(OH)D inflection 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 inflection 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 find an
inflection 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),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
significant 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 significant 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 findings
was the study by Dong et al. [12], in which no
significant 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, 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
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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 insufficient (<50 nmol/L) or severely
deficient (<25 nmol/L) were reported to have
significantly higher deoxypyridinoline (DPD)
and bone specific alkaline phosphatase (BAP),
but similar osteocalcin (OC) levels, compared to
girls who had sufficient 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
reflects overall bone remodeling [45]. Healthy
adolescent females with vitamin D insufficiency
(<50 nmol/L) were reported to have higher BAP
and CTX than those classified as sufficient
(>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
findings from these cross-sectional and observa-
tional studies support the notion that children and
adolescents with insufficient or deficient serum
25(OH)D concentrations (<50 nmol/L) have
increased bone turnover in favor of bone resorp-
tion, but the findings 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 613 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
significant 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 significantly 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
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serum 25(OH)D, no significant 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 insufficiency
(<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 specific
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 significant 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 significantly increases
25(OH)D in children, and the response appears to
be dose-dependent. Seruml,ZS(OH)zD 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
insufficient or deficient (<50 nmol/L). In vitamin
D-sufficient 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 significant 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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