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Preface

The seventh symposium on “Nutritional Aspects of Osteoporosis” continues to be the
primary forum for scientists to focus on the impact of nutrition on bone health in
general. Since 1991, the year of the first symposium, research in this field has
increased impressively and has become an established part of research and science in
osteology. This symposium in particular featured many global comparisons in diet
and the effect on bone. As Western diet permeates more of the globe and the popula-
tion continues to grow, it is meaningful to study the impact of these changes on bone
health as diet is one of the few major modifiable factors which in turn affects health
care costs. Calcium, vitamin D, and acid-base balance continued to dominate the
discussion. The symposium offered an opportunity to learn about theories and data in
nutritional research concerning bone as well as methodological approaches to clas-
sify diets. The proceedings allow the reader to capture the new messages, to analyze
the new scientific data presented, and to use the book as a source of references in this
field.
Peter Burckhardt
Bess Dawson-Hughes
Connie Weaver



Acknowledgments

This work comprises papers from the 7* International Symposium on Nutritional
Aspects of Osteoporosis in 2009 in Lausanne, Switzerland. The sponsors of this

event are listed below:

Main Sponsors
Nestlé
Nycomed
Sandoz

Sponsors

Amgen

Coca-Cola Beverage Institute
Dairy Australia

DSM Nutritional Products (Roche)
Lallemand US

Pharmative US

Procter&Gamble

Servier

Wyeth

Contributors

Glaxo SmithKline

Eli Lilly

International Osteoporosis Foundation
Merck Sharp Dome

National Dairy Council US
Opfermann

Swiss Dairy Producers

Endorsement
International Osteoporosis Foundation

vii



Dietary Protein and Bone Mass Accrual . .....................

René Rizzoli, Jean-Philippe Bonjour, and Thierry Chevalley

Protein Effects on Bone and Muscle in Elderly Women. . . .......

Richard L. Prince, X. Meng, A. Devine, D. A. Kerr, V. Solah,
C. W. Binns, and K. Zhu

Dietary Protein and Bone Health: The Urgent Need

for Large-Scale Supplementation Studies . . . ..................

Andrea L. Darling and Susan A. Lanham-New

Protein Intake During Weight Loss: Effects on Bone. .. ... ... ...

Sue A. Shapses and Deeptha Sukumar

A Comparison of Asian Asian and American
Asian populations: Calcium and Bone Accretion

During Formation of Peak Bone Mass. . ......................

Warren T.K. Lee, Connie M. Weaver, and Lu Wu

Estimating Calcium Requirements. . .........................

Connie M. Weaver and Kathleen M. Hill

Independent and Combined Effects of Exercise
and Calcium on Bone Structural and Material

Propertiesin Older Adults .. ...............................

Robin M. Daly and Sonja Kukuljan

The Bone Benefits of Calcium and Exercise in Children . . .. ... ..

Joan M. Lappe

Calcium Supplementation Plays a Positive Role in Bone

and Body Composition in Chinese Adolescents ................

Guansheng Ma, Qian Zhang, Jing Yin, Ailing Liu,
Weijing Du, Xiaoyan Wang, and Xiaoqi Hu




Contents

10

11

12

13

14

15

16

17

18

19

20

21

Effects of High Calcium and Vitamin D Diets on Changes

in Body Fat, Lean Mass, and Bone Mineral Density

by Self-Controlled Dieting for 4 Months

in Young Asian Women . .. ........... .. .. .. .. ... ...
Takako Hirota, Izumi Kawasaki, and Kenji Hirota

Trace Elementsand Bone ... .................................
Franz Jakob, Lothar Seefried, Christa Kitz, August Stich, Barbara Sponholz,
Peter Raab, and Regina Ebert

Phosphorusand Bone . .......... ... ... ... ... ... .. .. . ...
Christel Lamberg-Allardt, Heini Karp, and Virpi Kemi

Seasonal Differences in Mineral Homeostasis

and Bone Metabolism in Response to Oral Phosphate

Loading in Older Northern Chinese Adults . ....................
B. Zhou, L. Yan, X. Wang, I. Schoenmakers, G.R. Goldberg, and A. Prentice

Diabetes Mellitus and Osteoporosis . . .. ........................
Lorenz C. Hofbauer and Christine Hamann

Vitamin Dand Muscle. . ............ ... .. .. .. .. . ..
Heike Bischoff-Ferrari and Bess Dawson-Hughes

Vitamin D and BoneHealth .. ................................
Paul Lips

Effects of Vitamin D on Bone Health in Healthy Young Adults . . ...
Kevin D. Cashman

Vitamin D Effects on Bone Structure in Childhood and Aging. . . . ..
Kun Zhu and Richard L. Prince

Dietary Patterns and BoneHealth . . ...........................
Helen M. Macdonald and Antonia C. Hardcastle

Nutritional Factors that Influence Change in Bone Density

and Stress Fracture Risk Among Young Female

Cross-County Runners ........... ... .. .. .. oo,
Jeri W. Nieves, Kathryn Melsop, Meredith Curtis, Kristin

L. Cobb, Jennifer L. Kelsey, Laura K. Bachrach, Gail Greendale,

and MaryFran Sowers

A Dietary Pattern That Predicts Physical Performance

in an Elderly Population . . .. ............ ... ... ... ... .. .....
Jeri W. Nieves, Elizabeth Vasquez, Yian Gu, Jose Luchsinger,

Yaakov Stern, and Nikolaos Scarmeas

73

81

87

99

103

109

115

121

127

135

145

149



Contents

Xi

22

23

24

25

26

27

28

Citrus Hesperidin and Bone Health: From Preclinical Studies
to Nutritional Intervention Trials. .. ... ........................ 153
Véronique Habauzit, Elizabeth Offord, and Marie-Noélle Horcajada

Acidosisand Bone . .......... ... . . ... .. .. 161
David A. Bushinsky

Acid-Base Homeostasis and the Skeleton: An Update on
Current Thinking. . ........... .. ... ... .. .. .. .. ... ... ...... 167
Susan A. Lanham-New

Acid-Base Balance, Bone,and Muscle. . . ....................... 173
Bess Dawson-Hughes

The Effect of Mineral Waters on Bone Metabolism:
Alkalinity Over Calcium? . .............. ... ... ... ... ....... 181
Peter Burckhardt

Bone-Anabolic Impact of Dietary High Protein Intake

Compared with the Effects of Low Potential Renal Acid Load,
Endogenous Steroid Hormones, and Muscularity in Children . . . . .. 187
Thomas Remer and Lars Libuda

Salt Sensitivity, Metabolic Acidosis, and Bone Health . . ... ........ 197
Lynda A. Frassetto, Olga Schmidlin, and Anthony Sebastian



Contributors

Laura K. Bachrach, MD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

C.W. Binns, MPH, PhD School of Public Health,
Curtin University of Technology, Perth, Australia

Heike Bischoff-Ferrari, MD DrPH Centre on Aging and Mobility,
Department of Rheumatology and Institute of Physical Medicine,
University Hospital Zurich, Zurich, Switzerland

Jean-Philippe Bonjour, MD Division of Bone Sciences, Department of
Rehabilitation and Genetics, Geneva University Hospitals and Faculty of Medicine,
Geneva, Switzerland

Peter Burckhardt, MD Internal Medicine Department,
Clinique Bois-Cerf/Hirslanden, Lausanne, Switzerland

David A. Bushinsky, MD Department of Medicine, University of Rochester
School of Medicine, Rochester, NY, USA

Kevin D. Cashman, BSc PhD Department of Food and Nutritional Sciences,
University College Cork, Cork, Ireland

Thierry Chevalley, MD Division of Bone Sciences, Department of Rehabilitation
and Genetics, Geneva University Hospitals and Faculty of Medicine,
Geneva, Switzerland

Kristin L. Cobb, PhD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Meredith Curtis Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Robin M. Daly, PhD Department of Medicine (RMH/WH),
The University of Melbourne, Western Hospital, Melbourne, Australia

Andrea L. Darling, BSc (Hons) Division of Nutritional Sciences,
Faculty of Health and Medical Sciences, University of Surrey, Guildford, UK

Bess Dawson-Hughes, MD USDA Human Nutrition Research Centre on Aging,
Tufts University Boston, Boston, MA, USA

xiii



Xiv Contributors

A. Devine, PhD School of Exercise, Biomedical and Health Science,
Edith Cowan University, Australia

Weijing Du, PhD National Institute for Nutrition and Food Safety,
Chinese Center for Disease Control and Prevention, Beijing, China

Regina Ebert, PhD Orthopedic Center for Musculoskeletal Research,
Orthopedic Department, University of Wuerzburg, Wuerzburg, Germany

Lynda A. Frassetto, MD Clinical Research Center, University of California
San Francisco, San Francisco, CA, USA

G.R. Goldberg, PhD MRC Human Nutrition Research, Elsie Widdowson
Laboratory, Cambridge, UK

Gail Greendale, MD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Yian Gu, PhD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Véronique Habauzit Human Nutrition Unit, UMR1019, INRA Clermont/Theix,
St-Genes Champanelle, France

Christine Hamann, MD Department of Orthopedics, Technical University,
University of Dresden Medical Center, Dresden, Germany

Antonia C. Hardcastle, PhD MSc BSc Department of Applied Medicine,
University of Aberdeen, Foresterhill, Aberdeen, UK

Kathleen M. Hill Foods and Nutrition Department, Purdue University,
West Lafayette, IN, USA

Kenji Hirota, MD Department of Obstetrics and Gynecology,
Nissay Hospital, Osaka, Japan

Takako Hirota, PhD RD Department of Health and Nutrition,
Kyoto Koka Women’s University, Kyoto, Japan

Lorenz C. Hofbauer, MD Division of Endocrinology, Diabetes,
and Metabolic Bone Diseases, Department of Medicine III (LCH),
and Department of Orthopedics (CH), Technical University, Dresden, Germany

Marie-Noélle Horcajada, PhD Nutrition and Health, Nestle Research Center,
Lausanne, Switzerland

Xiaoqi Hu, MD National Institute for Nutrition and Food Safety,
Chinese Center for Disease Control and, revention, Beijing, China

Franz Jakob, MD Orthopedic Center for Musculoskeletal Research,
Orthopedic Department, University of Wuerzburg, Wuerzburg, Germany

Heini Karp, MSc Calcium Research Unit, Department of Applied Chemistry
and Microbiology, University of Helsinki, Helsinki, Finland

Izumi Kawasaki, PhD Research Laboratory, Tsuji Academy of Nutrition,
Osaka, Japan



Contributors

XV

Jennifer L. Kelsey, PhD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Virpi Kemi, MSc Calcium Research Unit, Department of Applied Chemistry
and Microbiology, University of Helsinki, Helsinki, Finland

D.A. Kerr, PhD School of Public Health, Curtin University of Technology,
Perth, Australia

Christa Kitz, MD DTMH Department of Tropical Medicine,
Medical Mission Hospital, Wuerzburg, Germany

Sonja Kukuljan, PhD Deakin University, School of Exercise and Nutrition
Sciences, Burwood, Melbourne, Australia

Christel Lamberg-Allardt, PhD Calcium Research Unit, Department of Applied
Chemistry and Microbiology, University of Helsinki, Helsinki, Finland

Susan A. Lanham-New, BA MSc PhD Division of Nutritional Sciences,
Faculty of Health and Medical Sciences, University of Surrey, Guildford, UK

Joan M. Lappe, PhD RN Department of Nursing and Medicine,
Creighton University, Omaha, NE, USA

Warren T.K. Lee, PhD RD Division of Nutritional Sciences, Faculty of Health
and Medical Sciences, University of Surrey, Guildford, UK

Lars Libuda, MSc Department of Nutrition and Health, Research Institute
of Child Nutrition, Dortmund, Germany

Paul Lips, MD PhD Internal Medicine Division, Section of Endocrinology,
University Medical Center, Amsterdam, The Netherlands

Ailing Liu, PhD National Institute for Nutrition and Food Safety,
Chinese Center for Disease Control and Prevention, Beijing, China

Jose Luchsinger, MD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Guansheng Ma, PhD National Institute for Nutrition and Food Safety,
Chinese Center for Disease Control and, revention, Beijing, China

Helen M. Macdonald, PhD MSc BSc Department of Applied Medicine,
University of Aberdeen, Foresterhill, Aberdeen, UK

Kathryn Melsop, MS Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

X. Meng, MD School of Medicine and Pharmacology,
University of Western Australia, Perth, Australia

School of Public Health, Curtin University of Technology, Perth, Australia

Jeri W. Nieves, PhD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Elizabeth Offord, MD Nutrition and Health, Nestle Research Center,
Lausanne, Switzerland



XVi Contributors

A. Prentice, PhD MRC Human Nutrition Research, Elsie Widdowson Laboratory,
Cambridge, UK

Richard L. Prince, MD School of Medicine and Pharmacology,
University of Western Australia, Perth, Australia

Sir Charles Gairdner Hospital, Perth, Australia

Peter Raab, MD Orthopedic Center for Musculoskeletal Research,
Orthopedic Department, University of Wuerzburg, Wuerzburg, Germany

Thomas Remer, PhD Department of Nutrition and Health,
Research Institute of Child Nutrition, Dortmund, Germany

René Rizzoli, MD Division of Bone Sciences, Department of Rehabilitation
and Genetics, Geneva University Hospitals and Faculty of Medicine,
Geneva, Switzerland

Nikolaos Scarmeas, MD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Olga Schmidlin, MD Department of Medicine, University of California
San Francisco, San Francisco, CA, USA

I. Schoenmakers, PhD MRC Human Nutrition Research, Elsie Widdowson
Laboratory, Cambridge , UK

Anthony Sebastian, MD Department of Medicine, University of California
San Francisco, San Francisco, CA, USA

Lothar Seefried, MD Orthopedic Center for Musculoskeletal Research,
Orthopedic Department, University of Wuerzburg, Wuerzburg, Germany

Sue A. Shapses, PhD Nutritional Sciences, Rutgers University, NJ, USA

V. Solah, PhD School of Public Health, Curtin University of Technology,
Perth, Australia

MaryFran Sowers, PhD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

Barbara Sponholz, PhD Institute for Geography, University of Wuerzburg,
Wuerzburg, Germany

Yaakov Stern, PhD Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

August Stich, MD Department of Tropical Medicine, Medical Mission Hospital,
Wuerzburg, Germany

Deeptha Sukumar, MS Nutritional Sciences, Rutgers University, NJ, USA

Elizabeth Vasquez Clinical Research Center and Columbia University,
Helen Hayes Hospital, West Haverstraw, NY, USA

X. Wang, PhD Department of Preventative Medicine, Shenyang Medical College,
Shenyang, China



Contributors

XVii

Xiaoyan Wang, PhD National Institute for Nutrition and Food Safety,
Chinese Center for Disease Control and Prevention, Beijing, China

Connie M. Weaver, PhD Foods and Nutrition Department, Purdue University,
West Lafayette, IN, USA

Lu Wu, PhD Foods and Nutrition Department, Perdue University,
West Lafayette, IN, USA

L. Yan, PhD MRC Human Nutrition Research, Elsie Widdowson Laboratory,
Cambridge, UK

Jing Yin, PhD National Institute for Nutrition and Food Safety,
Chinese Center for Disease Control and Prevention, Beijing, China

Qian Zhang, PhD National Institute for Nutrition and Food Safety,
Chinese Center for Disease Control and Prevention, Beijing, China

B. Zhou, PhD Department of Preventative Medicine, Shenyang Medical College,

Shenyang, China

K. Zhu, PhD School of Public Health, Curtin University of Technology,
Perth, Australia

Kun Zhu, PhD Department of Endocrinology and Diabetes,
Sir Charles Gairdner Hospital, Nedlands, Australia



Dietary Protein and Bone Mass Accrual

René Rizzoli, Jean-Philippe Bonjour, and Thierry Chevalley

1.1 Introduction

For most parts of the skeleton, peak bone mass is
achieved by the end of the second decade of life.
Puberty is the period during which the sex difference in
bone mass observed in adult subjects becomes
expressed. More than 60% of the variance of peak bone
mass, the amount of bone present in the skeleton at the
end of its maturation process, is genetically deter-
mined. The remainder is influenced by factors amena-
ble to intervention, such as adequate dietary intake of
calcium and proteins or dairy products as a source of
these nutrients. A significant positive association can
be found between long-term protein intakes, and
periosteal circumferences, cortical area, bone mineral
content, and with a calculated strength strain index.

In a recent study, we found that BMD/BMC in pre-
pubertal boys were positively associated with sponta-
neous protein intake. But in this study, increased
physical activity was associated with greater BMC at
both axial and appendicular sites under high, but not
low, protein intake. Thus to optimize bone mass accrual
through dietary and physical exercise measures, these
interactions as a valuable primary measure for the pre-
vention of fractures later in life should be taken into
account.

R. Rizzoli (I)

Division of Bone Diseases, Department of Rehabilitation
and Geriatrics, Geneva University Hospitals and

Faculty of Medicine, 1211 Geneva 14, Switzerland
e-mail: rene.rizzoli @unige.ch

P. Burckhardt et al. (eds.), Nutritional Influences on Bone Health,

1.2 Bone Mass Acquisition

Childhood and adolescence are periods characterized by
growth, development, and maturation of the various
body systems, including the skeletal tissue.! Bone mod-
eling begins with the development of the skeleton during
fetal life and continues until the end of the second decade,
when the epiphyseal growth plates are closed and longi-
tudinal growth of the skeleton is completed. During
childhood and adolescence, bones are modeled by bone
formation and resorption occurring in distinct locations,
leading to the various bone shapes in adults. Although
bone remodeling also starts during fetal life, the highest
level of remodeling is achieved during adolescence.
Remodeling replaces an old bone with a new one with-
out changing the shape of the bone. This process allows
for the preservation of skeletal mechanical integrity (e.g.,
through (micro-)fracture repair) and the control of cal-
cium homeostasis by releasing calcium into the circula-
tion when necessary. Peak bone mass, which is defined
as the amount of bone present in the skeleton at the end
of its maturation process, is considered to be achieved by
the end of the second decade of life.! Indeed, prospective
observational studies suggest that more than 95% of the
adult skeleton is formed by the end of adolescence.’
Some consolidation, particularly in the cortical bone of
male individuals and representing a few percents, can
take place during the third decade of life.

An estimate of bone strength derived from the size
and the cortical thickness of the distal radius indicates a
marked increase of resistance to bending throughout
puberty.>* In adolescents, the peak of high longitudinal
growth precedes by 1-2 years the peak in bone mineral
mass accrual during pubertal spurt, highlighting a dis-
sociation between longitudinal growth and bone mass
accumulation.’ For the midfemoral shaft, this dissocia-
tion in time is detectable in males, but less in females.

DOI: 10.1007/978-1-84882-978-7_1, © Springer-Verlag London Limited 2010



R. Rizzoli et al.

1.2.1 Factors Influencing Bone Mineral
Mass Gain and Peak Bone Mass
Acquisition

Bone mineral mass gain during childhood and adoles-
cence is influenced by many factors including heredity
and ethnicity, gender, diet (calcium and protein intakes),
physical activity, endocrine status (such as sex hor-
mones, vitamin D, growth hormone, and insulin-like
growth factor (IGF)-I) (Fig. 1.1),¢ as well as exposure
to risk factors such as cigarette smoking and alcohol
intake. Sixty to eighty percent of the variance in peak
bone mass is explained by genetic factors suggesting
that the remainder may be amenable to interventions
aimed at maximizing peak bone mass within its geneti-
cally predefined variance.” As a 10% increase in peak
bone mass corresponds to a gain of 1 standard devia-
tion in bone mineral density in adulthood, osteoporotic
fracture risk may be reduced by up to 50% by interven-
tions aimed at maximizing peak bone mass in a sus-
tainable manner. According to a computer simulation
of the bone remodeling process, a 10% higher than the
mean young adult areal BMD (aBMD) corresponds to
menopause being delayed by 13 years.?

Dietary intakes
Ca, Pi, Vitamin D proteins

1.2.1.1 Dietary Intakes and Bone growth

Dietary proteins provide the body with the necessary
amino acids for building the bone matrix.’ Dietary proteins
influence bone growth, as they modify the secretion and
action of the osteotropic hormone IGF-1.° As such, dietary
proteins may modulate the genetic potential of peak bone
mass attainment."" Low protein intake was shown to have
deleterious effects on bone mineral mass acquisition by
impairing the production and effects of IGF-L.'*'>!* JGF-I
promotes bone growth by stimulating the proliferation and
differentiation of chondrocytes in the epiphyseal growth
plate and directly affects the osteoblasts, the bone-forming
cells.™ In addition, IGF-I increases the renal conversion of
25 hydroxy-vitamin D, into the active hormone 1,25 dihy-
droxy-vitamin D, and thereby contributes to increased cal-
cium and phosphorus absorption in the gut.!> Furthermore,
IGF-I directly increases the renal tubular reabsorption of
phosphorus."

1.2.2 Evidence from Association Studies

Prospective observational studies suggest that both
calcium and protein intakes are independent variables

Vitamin D from
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of bone mineral mass acquisition, particularly before
the onset of pubertal maturation.>!1!® Therefore, it is
possible that both protein and calcium play a role in
the greater gain of total body aBMD/BMC, which
has been observed in milk-supplemented adolescent
girls.” In a recent study, we found that BMD/BMC
changes in prepubertal boys were positively associated
with spontaneous protein intake.”® In addition, this
study has also shown that protein intake modulates the
effect of calcium supplementation on bone mineral
mass gain in prepubertal boys.?' Hence, in prepubertal
boys, the favorable effects of calcium supplements
were mostly detectable in those with a lower protein
intake. At higher protein intake, the effect of calcium
was not significant, suggesting possibly that calcium
requirements for optimal bone growth could be lower
at high levels of dietary protein. In the same study,
increased physical activity was associated with greater
BMC at both axial and appendicular sites under high,
but not low, protein intake® (Fig. 1.2).

Furthermore, nutritional environmental factors
seem to affect bone accumulation at specific periods
during infancy and adolescence. In a prospective sur-
vey carried out in a cohort of female and male subjects
aged 9-19 years, food intake was assessed twice, at a
I-year interval, using a 5-day dietary diary method
with weighing of all consumed foods.? In this cohort of
adolescents, we found a positive correlation between
yearly spine or midshaft femur bone mass gain and
calcium or protein intake. This correlation appeared to
be significant mainly in prepubertal children, but not in
those having reached a peri- or postpubertal stage.

It remained statistically significant after adjustment for
spontaneous calcium intake.

In a prospective longitudinal study performed in
healthy German children and adolescents of both gen-
ders between the age of 6 and 18, dietary intakes were
recorded over 4 years, using an yearly administered
3-day diary.”> Bone mass and size were measured at the
radius diaphysis by peripheral quantitative computer-
ized tomography. A significant positive association
was found between long-term protein intakes, on the
one hand, and periosteal circumferences, cortical area,
bone mineral content, and with a calculated strength
strain index, on the other hand (Fig. 1.3). The relatively
high mean protein intakes in this cohort with a Western
style diet should be highlighted. Indeed, protein intakes
were around 2 g/kg body weight x day in prepubertal
children, whereas they were around 1.5 g/kg x day in
pubertal individuals. Note that the minimal require-
ments for protein intakes in the corresponding age
groups are 0.99 and 0.95 g/kg x day, respectively.
There was no association between bone variables and
intakes of nutrients with high sulfur-containing amino
acids or intake of calcium. Overall, protein intakes
accounted for 3—4% of the bone parameters variance.
However, even when they are prospective and longitu-
dinal, observational studies do not allow one to draw
conclusion on a causal relationship. Indeed, it is quite
possible that protein intake could be, to a large extent,
related to growth requirement during childhood and
adolescence. Only intervention studies could reliably
address this question. A recent study suggests that the
effects of protein intake on bone may depend on the
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type of proteins. Increased intakes of aromatic amino
acids, as found in soy, cereals, and dairy products,
were shown to lead to higher serum IGF-I levels than
were found with increased intake of branched chain
amino acids.® We may thus hypothesize that the
dietary intake of particular proteins might play a
greater role in bone modeling and in the acquisition of
PBM than others.

In addition to calcium, phosphorus, calories, and vita-
mins, one liter of milk provides 32-35 g of protein,
mostly casein, but also whey proteins which contain
numerous growth-promoting elements. Casein may
enhance calcium absorption and mineral retention. In a
balanced diet, about 70% of dietary calcium come from
milk and dairy products, 16% from the few vegetables
and dried fruits that are considered as good sources of
calcium, and the remainder from minerals and drinking
water or other discrete sources.

The correlation between dairy products intake and
bone health has been investigated in cross-sectional
and longitudinal observational studies, and in interven-
tion trials (Table 1.1).** In growing children, long-term
milk avoidance is associated with smaller stature and
lower bone mineral mass, either at specific sites or at
the whole body levels.>?” Low milk intake during

nergy) Protein (% of energy)

childhood and/or adolescence increases the risk of frac-
ture before puberty mainly of the distal radius, gener-
ally occuring after a low energy trauma such as a fall
from standing height (+2.6-fold), and possibly later in
life.®? In a 7-year observational study, there was a
positive influence of dairy products consumption on
a BMD at the spine, hip, and forearm in adolescents,
leading thereby to a higher peak bone mass.*® In con-
trast to widespread preconception, milk consumption
was not associated with excessive weight gain or
increased body fat, but was associated with increased
body height. Of interest, calcium supplements did not
affect spine aBMD in this study. In addition, higher
dairy products intakes were associated with greater
total and cortical proximal radius cross-sectional area.
Regular intake of dairy products throughout adoles-
cence increased aBMD at the hip and the spine, while
calcium supplements had no effect at the spine. These
observations may suggest that calcium supplementa-
tion essentially affects bone remodeling, while dairy
products are likely to exert an additional effect on bone
modeling, resulting in increased bone growth and
periosteal bone apposition. These observations are con-
sistent with earlier reports indicating that children who
did not consume any dairy products had smaller stature
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Table 1.1 Positive influence of dairy products on bone mass
accrual

Bone variable measured

Observational studies

Alexy et al*

Black et al®

Budek et al'’
Esterle et al'®
Hoppe et al'!
Matkovic et al*
Matkovic et al*
Moore et al*’
Teegarden et al'
Wiley*!
Intervention trials
Baker et al*®
Budek et al®
Cadogan et al*®
Cheng et al*¥’

Du et al*®

Lau et al®

Leighton and Clark**

Radius

Whole body, spine, radius,
proximal femur

Whole body, spine

Spine

Height

Metacarpal

Spine, neck, radius
Whole body

Whole body, spine, radius
Height

Height

Turnover

Whole body

Spine

Whole body

Whole body, spine, neck
Height

Merrilees et al®® Spine, proximal femur

Orr’! Height
Zhang et al*® Whole body
Zhu et al* Metacarpal
Zhu et al* Whole body
Zhu et al*! Metacarpal
Zhu et al* Whole body

Study duration, populations investigated and outcome were dif-
ferent, but all the data support a favorable influence of dairy
prOduCtS on bOne grOWthl 1,17-19,22,25,30,31,34-43,46-52

due to short bones. In agreement with this observation,
milk consumption frequency and milk intake at age
5-12 and 13-17 years were significant predictors of the
height of 12-18-year-old adolescents, studied in the
NHANES 1999-2002.3'32 After menarche, girls with
milk intakes below 55 mL/day had significantly lower
aBMD, BMC, and IGF-I as well as higher PTH com-
pared to girls consuming over 260 mL/day of milk

alongside other dairy products. Finally, consuming less
than a glass of milk per week during childhood and/or
adolescence was associated with a 3% reduction in hip
BMC and aBMD and with a twofold increase in frac-
ture risk during adulthood.®

1.2.3 Evidence from Randomized
Controlled Intervention Trials

The earliest controlled intervention trials were pub-
lished more than 80 years ago by Orr®', and by Leighton
and Clark.>* They reported that a daily intake of 400~
600 mL of milk, in addition to a normal diet, had a
positive effect on height gain in Scottish school chil-
dren over a 7-month observation period. In one ran-
domized study with 8-year-old boys, high milk intake
(1.5 L/day), but not high meat intake (250 g/day), and
identical protein included in the normal diet for 7 days
reduced bone turnover as assessed by biochemical
markers of bone resorption (C-terminal telopeptides of
type I collagen, CTx) and formation (serum osteocal-
cin, OC and bone-specific alkaline phosphatase, BSAP)
vs. baseline.*® After 7 days, the average daily protein
intake increased in both groups by 47.5 g, yet the milk
group had higher (» <0.0001) calcium intake, suggest-
ing that calcium and/or some milk-derived compounds,
rather than the total protein intake, accounted for the
decrease in bone turnover.

Three more recent intervention trials confirmed the
beneficial effect of milk/dairy products on bone min-
eral mass during growth. In the first study, the effect
of milk supplementation on total body bone mineral
acquisition in adolescent girls, with a mean age 12.2
years, was evaluated in an open randomized interven-
tion trial.*® The intervention group received 568 mL
(one pint) of whole or reduced fat milk per day for 18
months, the control group did not. With this milk sup-
plement, the differences between the treated and con-
trol groups in calcium and protein intakes at the end of
the study were around 420 mg/day and 14 g/day,
respectively, taking into consideration the spontane-
ous consumption. Compared to the control group, the
intervention group had greater increases of whole body
bone mineral density and bone mineral content. Among
the various skeletal sites, pelvis and legs showed the
highest response to milk supplements. Serum levels of
IGF-1I were significantly higher than in the control
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group (+17%). In another open randomized controlled
study with healthy 10-12-year-old girls with low
dietary calcium intakes at inclusion, increasing cal-
cium intake by consuming cheese (1,000 mg calcium
daily) appeared to be more beneficial for cortical bone
mineral mass accrual than was tablet form supplemen-
tation of the same amount of calcium.’’ The largest
randomized controlled intervention trial with dairy
products was conducted in 10-year-old Chinese girls
in nine primary schools. In the first and the second
group, the subjects received 330 mL milk fortified with
calcium, with or without vitamin D supplementation,
on school days for 2 years.?®* A third group served as
control. Significantly higher gains in height, body
weight, BMC and aBMD were observed in the groups
receiving milk, with or without vitamin D, indicating
that school-milk programs during childhood may
improve bone growth. In addition, greater increases
in cortical thickness measured in metacarpal bone
and higher IGF-I concentrations at 24 months were
observed in both groups receiving milk.*

1.2.4 Consequences of Milk
Displacement from Diet

Overall, increased dietary intake of dairy products
enhances bone mineral acquisition in children and
adolescents and could contribute to maximize PBM.
In addition, milk intake at a younger age may instigate
similar habits of milk intake later in life. Calcium
intakes do not currently meet recommended dietary
intakes (RDI) in many countries. In France, for exam-
ple, where the RDI for calcium is 1,200 mg/day for
adolescents, 41-48% of the boys and 63-73% of the
girls consume less than two thirds of the RDI between
11 and 17 years of age. One of the proposed explana-
tions is that in western diet milk has been displaced by
soft drinks and that the displacers are beverages con-
taining caffeine and phosphoric acid, such as cola,
which may have additional and direct deleterious
effects on bone due to the relative metabolic acidosis
and high levels of phosphate they induce. This hypoth-
esis was tested in a short-term 10-day study that
showed that high intake of cola along with a low-cal-
cium diet induced increased bone turnover compared
to a high intake of milk with a low-calcium diet, sug-
gesting that the current trend toward a replacement of

milk with cola and other soft drinks may negatively
affect bone health.* In 2004, the American Academy
of Pediatrics Committee on School Health issued a
preventive statement indicating that the displacement
of milk consumption by soft drinks resulted in cal-
cium deficiency with an increased risk of osteoporosis
and fractures.*

1.3 Conclusions

Athough more than 60% of the variance of peak bone
mass, the amount of bone present in the skeleton at the
end of its maturation process, is genetically deter-
mined, other factors amenable to positive intervention,
such as adequate dietary intake of calcium and pro-
teins, or dairy products as a source of these nutrients,
can influence bone mass accrual. Indeed, a significant
positive association can be found between long-term
protein intakes, and bone mineral mass or bone size. In
prepubertal boys, the positive association between
spontaneous bone growth spontaneous and protein
intake modulates the effects of increased physical
activity. Indeed, greater BMC at both axial and appen-
dicular sites in boys with increased physical exercise
was found under high but not low protein intake. Thus
to optimize bone mass accrual through dietary and
physical exercise measures, these interactions as a
valuable primary measure for the prevention of frac-
tures later in life should be taken into account.
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Protein Effects on Bone and Muscle
in Elderly Women

R. L. Prince, X. Meng, A. Devine, D. A. Kerr, V. Solah,
C.W.Binns, and K. Zhu

2.1 Introduction

Fractures continue to constitute a major public health
problem of aging despite recent evidence that the age-
specific rate may be falling.! The facts that before dying
at a median age of approximately 83 years, 50% of
women would have sustained a fracture with its conse-
quent morbidity, and health care costs give some idea of
the magnitude of the problem. As with other common
health problems such as atherosclerotic cardiovascular
disease, a combination of the whole of the population
public health approach with pharmaceutical intervention
for those at highest risk is recommended. In this regard,
increased calcium supplementation to counteract reduced
intestinal calcium absorption and increased renal excre-
tion due to the loss of the effect of estrogen on these two
mechanisms? is now widely accepted as is vitamin D
supplementation due to a reduction in skin exposure to
sunlight. Interestingly this latter factor, which in the
absence of adequate sunlight can be replaced in the diet,
has also been shown to play a significant role in falls
prevention which together with osteoporosis constitute
the pathological basis for fracture.

In recent years, there has been an increased interest in
other nutrient deficiencies that may play a role in the
increasing risk of fracture with age. In this regard, a
research group, The Protein Intake Metabolic Outcome
Study Collaborators, was formed in 2005. The basis of our
interest was stimulated by early evidence that increased
protein intake may be beneficial rather than being deleteri-
ous to the skeleton may be beneficial. In addition, there is
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some evidence that muscle function may be enhanced by
increased protein nutrition. It is possible that the magni-
tude of the effect could play a role in falls reduction and
thereby reduce fracture risk. This chapter reviews recent
ongoing work undertaken by our group in relation to the
substantial work done by others in the area.

2.2 The Epidemiology of the Effects
of Aging on Nutrition (Table 2.1)

There is a relative paucity of data on the effects of aging
on nutrient intake. Indeed, it is not infrequent to consider
that there is a greater problem from overnutrition than
undernutrition, often based on studies of younger indi-
viduals. We have therefore recently reviewed data from a
longitudinal study of 954 free-living elderly women aged
70-85 years at baseline who survived 7 years from a
cohort of 1,500 elderly women recruited in 1998°.
Compared to national data, this study population
had a higher rate of overweight (44.2% vs. 35.6%), but
a similar rate of obesity (21.9% vs. 22.9%).* This sug-
gests that the increase in body size seen in Australia
extends to older adulthood (>70 years), where the prev-
alence of chronic disease is already high and over-
weight and obesity remain as strong determinants of
chronic disease.’ The change in nutrient intake data is
shown in Table 2.1. Over the 7 years, there was a reduc-
tion in energy intake and 68—76% of the population fell
below the ideal Acceptable Macronutrient Distribution
Range (AMDR) for energy intake® possibly related to
declining appetite.” The reduction in energy intake
extended to all three major classes of nutrients includ-
ing protein, although protein intake was substantially
above previously recommended levels.® In addition, it
is clear that over the 7 years, there was a gradual

DOI: 10.1007/978-1-84882-978-7_2, © Springer-Verlag London Limited 2010
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Table 2.1 Anthropometric measurements of elderly women in the CAIFOS CARES cohort from baseline to 84 months

Baseline (n=949)

Age (years) 74.9+2.6

Weight (kg) 68.7+11.9
Corrected tricep skinfold (cm) 0.86+0.26
Corrected upper arm girth (cm) 1.03+0.12

Physical activity (kJ/day)? 498 (191, 866)

Nutritional intake

Energy (kJ/day) 7,206+2,134
All fats (g/day) 65+24
Protein (g/day) 8127
Carbohydrates (g/day) 193 +59

60 months (n=949) 84 months (n=949)

79.9+2.6*% 81.9+2.6*

67.9+12.0% 66.8+12.0%*%*
0.85+0.25 0.70£0.26%**
1.02+0.13* 0.92£0.13%**

448 (122, 807) 382 (0, 782)**

6,866+2,307* 6,522+2,150%**
62+26* 62+24%

AERD o UBEEP SR
182+61%* 176 + 59% %%

Results are mean =+ SD unless otherwise stated

*Significantly different from baseline (p <0.001)

**Significant differences between 60 and 84 months (p<0.001)
*#%Sjgnificant differences between 60 and 84 months (p <0.05)
*##%Significantly different from baseline (p <0.05)

“Median (interquartile range)

reduction in weight, fat mass as shown by triceps skin
fold and muscle mass as shown by corrected upper arm
girth. Thus it is possible that at least a proportion of the
aging population may benefit from an increase in pro-
tein nutrition. This concept has been pursued in two
further studies of the relation between protein nutrition
and bone and muscle mass and function.

2.3 Epidemiology of the Effects
of Protein Nutrition on Bone
and Muscle Structure

The data on protein effects on bone and muscle have
been published in two recent papers, both of which uti-
lized data from the longitudinal study of aging in women
which formed the basis for the report discussed above.
The subjects were recruited from the Western
Australian general population of women over 70 years
of age for a 10-year cohort study, where the first 5-year
study was a prospective randomized controlled cohort
trial of supplemental oral calcium to prevent osteoporo-
tic fractures® and years 6-10 were a study of health out-
comes with aging. Initially, a letter was sent to 24,800
individuals selected at random from the electoral roll,

which has the names and addresses of 98% of women
of this age. Of the 4,312 women who responded to the
letter, 34% joined the study. No subjects had any medi-
cal condition likely to influence the 5-year survival
and subjects were not taking bone-related medication
including calcium supplements, estrogen, bisphospho-
nates, and vitamin D at enrolment. Although women
enrolled in this study were weighted in favor of those in
higher socioeconomic categories, they did not differ
from the whole population in health resource utiliza-
tion.® During the intervention phase of the study (first
5 years), subjects were randomized to receive 1.2 g of
calcium carbonate daily or matched placebo. At the
commencement of the study, each subject completed a
self-administered semiquantitative food frequency
questionnaire developed by the Anti Cancer Council of
Victoria (ACCV)'™'2 from which the daily dietary
intake of energy, carbohydrate, protein, fat, and calcium
were derived. The dietary calcium was from food alone
and did not include the amount from any supplement.

2.3.1 Study 1

The first report was of a cross-sectional study of pro-
tein intake effects on bone mass.”* The demographics
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are shown in Table 2.2. Protein intake in Australian
elderly women was found to be higher than previously
recommended (0.94 g/kg). Furthermore, although there
was a high correlation between protein intake and other
nutrients, there was a low correlation with body weight
emphasizing the fact that body composition is the result
of past intake and not current nutrient intake.

Figures 2.1 and 2.2 show the relationship between
protein intake in tertiles and bone structure at the heel
site, measured by bone ultrasound attenuation (BUA)
and hip areal BMD measured by DXA. After adjust-
ment for age and BMI, individuals in the highest tertile
of protein intake had the best bone structure at the heel
and hip sites. Calcium intake was not significant in the
model. A 50% increase in protein intake from the
median 55 to 103 g was associated with a 2% increase

Table 2.2 Baseline demographics of subjects in the study of
protein consumption and lower limb bone mass

Variable Value

Number 1,077
Age (years) 75+3
Weight (kg) 68.5£1.9
BMI (kg/m?) 27.1+£4.5
Protein (g/day) 80.5+27.8
Protein (g/kg body 1.19+0.44 (range 0.31-4.51)
weight/day)
Protein (% of energy) 19+2.9
102.5 b
ab
a
100.0

N

<

8

Z

< 9754
=2

[11]

95.0 —

.

>87 ¢

10
°T | | |

<66 g 66-87 g

Daily protein intake (in tertiles)

Fig. 2.1 Effects of differing habitual protein intake on heel ultra-
sound bone ultrasound attenuation (BUA). Results are mean+SE
heel ultrasound BUA corrected for age and BMI. Bars with dif-
ferent letters differ at p<0.05 (reproduced from Devine et al'®)

in bone structure. So, although the effect size was not
large, nevertheless, it was possible to be demonstrate it
in an epidemiological study.

2.3.2 Study 2

Next, we studied the protein intake effect on bone and
muscle in a 5-year longitudinal design utilizing the
data acquired as part of an RCT of calcium supplemen-
tation.'* The study sample consisted of 862 commu-
nity-dwelling women who had their nutritional intake
assessed at baseline as indicated above and had a mea-
surement of whole body DXA composition at 5 years.
The baseline data is shown in Table 2.3. It is evident
that individuals with a high protein intake were physi-
cally more active and had a higher calcium intake.

The relationship between baseline protein intake and
bone mass at 5 years is shown in Fig. 2.3. It is clear that
similar to the cross-sectional data, high protein intake was
associated with high total body bone mass. There were
insufficient individuals for heel ultrasound and hip DXA
at 5 years to examine these endpoints. These data are con-
sistent with some''>!% but not all'’ studies that have
shown that a high protein intake is associated with reduced
bone loss, and reduced risk of hip fracture.'®

In addition to studying the effects of protein intake on
bone mass, we were able to study the effects on muscle
mass and fat mass. There was no relation between pro-
tein intake and fat mass. On the other hand, there was a
substantial positive effect of baseline protein intake on
muscle mass (Fig. 2.4). Thus subjects consuming 20%
of kJ as protein as opposed to 17% of their kJ as protein
had a 5.3% higher whole body lean mass, and 6.6%
higher appendicular lean mass independent of age, body
size, energy intake, and physical activity level.

These findings are consistent with the results of the
Health ABC study in the US," which showed that the
community-dwelling older people in the highest quin-
tile of protein intake lost 40% less lean mass and
appendicular lean mass than did those in the lowest
quintile of protein intake over a 3-year period, but are
inconsistent with two cross-sectional studies.?*?!
Interestingly, the beneficial relationship between pro-
tein intake and whole body bone mass disappeared
after adjustment for muscle mass effects. This raises
the interesting possibility that the bone effect is depen-
dent on the muscle effect.
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Table 2.3 Baseline demographics of a 5-year cohort study of the effects of high protein intake on lean mass and bone mineral
content in elderly postmenopausal women

First tertile protein Second tertile protein Third tertile Protein
<66 g/day (n=287) 66-87 g/day (n=287) >87 g/day (n=288)
Age (year) 74.9+2.5 75.0+2.6 74.7+2.7
BMI (kg/m?) 26.4+42 26.7+4.7 27.3+4.3*%
Physical activity (kJ/day)* 466 (0-808) 530 (207-897)* 614 (237-1,002)*
Protein (g/day) 54.4+9.1 76.6+6.2% 110.9+23 4% %%
Protein (% of energy) 17.7+2.7 19.0+2.3* 20.4 +£3 2% 4%
Calcium (mg/day) 704 +£202 973 £243% 1,220 +£364***

Results are mean+SD

*Significantly different from the first tertile, p <0.05

**Significantly different from the second tertile, p<0.05 (ANOVA with Tukey’s test)
“Median and interquartile range

2.3.3 Conclusions which make identification of a specific effect uncertain.

Second, there are the problems of confounding of effects
The nutritional epidemiology of body composition is a  due to unrecognized baseline cocorrelates inherent in all
difficult area of study for a variety of reasons. First, there  epidemiological investigation. Third, there is the problem
are substantial cocorrelations between nutrient intakes of the effects of nutrition on body size in cross-sectional
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Fig. 2.3 Effects of baseline protein intake on DXA BMC of
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studies. This is because body size is determined by many
long-term factors including genetic effects in childhood
and adolescence and nutritional intakes in the past. Given
this complexity, it is surprising that the relationships out-
lined above are evident. Nevertheless, it is essential to
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subject observational studies of beneficial effects to con-
trolled clinical trial interventions before cause and effect
can be validly concluded. To this end, we have com-
menced a 2-year RCT of increased protein intake against
identical placebo as outlined below.
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2.4 A Population-Based, 2-Year
Randomized, Double Blind
and Placebo Controlled Trial
of Protein Supplementation

In 2005, we commenced planning for an RCT of the
effects of increased protein intake on body composition
and metabolic outcomes, the PIMES (Protein Intake
Metabolic Effect Study). Preliminary data on 1-year
end points have been presented here.

The study design was to recruit community-dwell-
ing ambulant women aged 70-80 years and offer them
an intervention of a daily 250 mL drink. One con-
tained a protein supplement group consisting of 30 g
of whey protein isolate (Alacen 894, Fonterra NZ),
600 mg of calcium as calcium lactate, and 1,050 kJ of
energy. The placebo contained 1.7 g protein, 600 mg
of calcium as calcium lactate, and was isocaloric with
the protein drink. Hundred women were recruited to
the protein drink and 95 to the placebo drink. Body
composition was measured at baseline and 1 year
using whole body dual-energy X-ray absorptiome-
try and knee strength was assessed by isokinetic
dynamometer.

Table 2.4 Baseline characteristics of the two test drink groups

Protein group

The baseline demographics are shown in Table 2.4.
There were no differences between the two groups for
any of the factors assessed which were similar to the
values obtained in the epidemiological studies. The
effect of the intervention on lean mass, which is largely
muscle mass in the appendicular regions including
both arms and both legs and knee extensor and flexor
strength is shown in Fig. 2.5. In essence, although
there was an increase in lean mass and leg strength
over 1 year there was no group difference.

2.5 Conclusions

The lack of a protein treatment effect must be regarded as
preliminary as the study was designed to be a 2-year
intervention, because the time course of a protein nutri-
tional supplement was considered to be a long-term
effect. Nevertheless, an alternate hypothesis that may be
worth considering is that the increased calcium and
caloric intake in both the groups may have induced a ben-
eficial effect on muscle mass and function. Clearly, this
concept suggests that nutritional intake in the ambulant
elderly may not be optimal to maintain skeletal function.

Control group

mean=SD (n=100)

Age (year) 74+3
Height (m) 159.8+6.3
Weight (kg) 66.8+11.1
Dietary intakes assessed by 3-day

food record

Energy intake (kJ/day) 7,074+1,595
Protein intake (g/day) 76.6+18.0
Fat intake (g/day) 60.7+19.6
Carbohydrate intake (g/day) 188.6+50.0
Energy intake from protein (%) 19.0£3.5
Body composition

Whole body lean mass (kg) 37.0+4.7
Appendicular lean mass (kg) 16.2+2.4
Total knee strength (kg) 25.2+8.6

mean=SD (n=95)

743 0.80
159.8+5.7 0.86
69.6+x11.3 0.09
7,307+1,456 0.29
77.9+21.6 0.65
64.0+18.9 0.24
192.1+44.0 0.61
18.5+3.4 0.28
37.7+4.7 0.29
16.6+2.4 0.27
25.1+£8.7 0.93
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Dietary Protein and Bone Health:
The Urgent Need for Large-Scale

Supplementation Studies
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Abbreviations

BMC  Bone mineral content

BMD  Bone mineral density

IGF-1 Insulin-like growth factor-1
IL-6 Interleukin-6

NRAE Net renal acid excretion

PRAL Potential renal acid load

RDA  Recommended daily allowance
TNF-o  Tumor necrosis factor-alpha

3.1 Introduction

There is a long-standing debate as to whether dietary
protein is beneficial or detrimental to bone health. The
proposed beneficial effects are due to the anabolic
effects of protein on bone via hormones such as IGF-1
and possibly increased calcium absorption. This view
is supported by epidemiological research showing ben-
efits of increased protein intake on BMD and BMC
within populations. However, high dietary protein
intake has been shown to increase systemic acid load
and thus could theoretically increase calciuria and bone
resorption. Therefore, it has been suggested that dietary
protein may be detrimental to bone health. Some cross-
cultural studies support this hypothesis with increasing
dietary protein intake being associated with increased
fracture among populations. However, this is not sup-
ported by the majority of published epidemiological
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studies within populations. Also, the hypothesis of a
greater detriment caused by animal protein than vege-
table protein is not likely to be valid as some vegetable
proteins produce as high an acid load as animal pro-
teins. The relationship between protein intake and bone
health is indeed complex, with absolute intakes of pro-
tein and other aspects of the diet also modifying any
effects seen, especially calcium and other acid-base
relevant nutrients such as potassium and phosphate. A
recent metaanalysis by our group assessed the effects
of protein supplementation on BMD (presented at the
ISNAO 2009 meeting and currently undergoing revi-
sions for publication). This meta-analysis highlights
the fact that more large-scale intervention studies are
now urgently required to exactly assess the true influ-
ence of protein on bone health and are likely to be the
only true way to resolve the protein debate.

3.2 Background

Bone is made, to a large extent, of protein and is con-
tinually being turned over. Not all protein can be reused
by the body, so it requires a regular supply of new
dietary protein for structure and maintenance.

Dietary protein has a variety of anabolic effects on
bone. For example, it regulates the production of the
growth factor IGF-1, which has a stimulatory effect on
osteoblasts, promoting bone formation. Also, IGF-1 is
important for the coupling of bone formation and
resorption. Many research studies suggest that dietary
protein also increases calcium absorption from the gut
in humans' and rats.? Therefore, it may be important
for the regulation of calcium balance. Therefore, the
hypothesis has been put forward that a lack of dietary
protein may be detrimental to bone.

DOI: 10.1007/978-1-84882-978-7_3, © Springer-Verlag London Limited 2010



A.L. Darling and S.A. Lanham-New

The picture is, however, complicated by the long-
term view that, theoretically, high protein intakes
increase body acidity and thus may increase urinary
calcium content which may detriment bone health.
Different types of protein (animal, vegetable, soy) have
slightly different sulfur amino acid contents. A hypoth-
esis has been put forward that they may have different
effects on bone, with claims that animal proteins have a
higher sulfur amino acid content, and therefore, higher
acidosis and higher calciuric effect than vegetable pro-
teins. However, this hypothesis has been disputed by
some authors as being flawed®.

Elderly people in the western world and people of all
ages in the developing world are at high risk of malnu-
trition due to poor dietary intakes of nutrients, including
poor protein intake. Low protein intakes in older people
have been linked to increased bone loss* and increased
risk of fractures.> However, high intakes of dietary pro-
tein in adults and children in the western world mean
that the potential impact of high protein intakes on bone
has also become an issue of large importance. Thus, it is
very important to examine the possible influence of
high and low protein intakes on bone health.

The current debate over the impact of protein
intakes on bone health will be discussed below, as well
as how protein interacts with other dietary nutrients
and also the evidence for and against any differential
effects of different types of protein on bone.

3.3 The Potential Beneficial Effects
of Protein on Bone

Dietary protein has been observed to be associated
with increased production of the anabolic hormone,
IGF-1,5% and thus may influence bone health via the
production and action of this hormone.

IGF-1 increases bone mass by increasing bone for-
mation due to increased osteoblast activity. It also
plays an essential role in the mineralization of bone
matrix® and is involved in the control of phosphate
metabolism."® Therefore, protein deficiency may
decrease bone strength and alter bone microarchitec-
ture.* It may also influence the release of cytokines
(e.g., TNF-a, IL-6), which in some studies have been
found to be detrimental to bone mass."!

Indeed, low protein diets have been shown to
decrease the sensitivity of rat osteoblasts to IGF-1'2
and decrease intestinal calcium absorption,! which

therefore could lead to reduced bone density. Indeed,
low protein diets have been linked to secondary hyper-
parathyroidism'* and lower bone mass.*

The picture is further complicated by the fact that
animal studies show that protein deficiency may affect
some skeletal sites more than others. For example,
Bourrin et al'? found an influence of protein deficiency
on cortical but not trabecular bone formation in rats.
Therefore, protein influences may be site-specific.

3.3.1 Observational Studies Showing
a Positive Association of Protein
Intake and Bone Mineral Density

The effect of protein on bone health in pre and post-
menopausal women has been widely studied in cross-
sectional research. For example, Lacey et al'* found a
positive correlation between current protein intake and
midradial BMC of Japanese pre and postmenopausal
women. Also, in another study, protein intake had a
significant positive impact on bone mass density.’> A
significant positive correlation between protein con-
sumption and BMD of the distal radius and proximal
femur was found in an observational study of pre and
postmenopausal women by Cooper et al'® Similarly, a
study of the Framingham cohort found that low dietary
protein was associated with increased femoral and spi-
nal bone loss, with lowest intakes being most detri-
mental.* Also, Michaelsson et al'” found a positive
correlation between protein consumption and bone
mass density of the femoral neck in Swedish pre and
postmenopausal women. Last, Chiu et al'® found a sig-
nificant positive association between protein intake
and lumbar spine BMD. However, in another study, no
significant relationship was found between protein
intakes and change in bone mass density in healthy
postmenopausal New Zealand women over 2 years
duration.”

Many positive associations between dietary protein
intake and bone health have also been found in elderly
populations. For example, a cross-sectional study in the
USA of older postmenopausal women showed a posi-
tive relationship between protein intake and total body
and hand BMD.? Beneficial effects of dietary protein
were also found for BMD in an Australian study? and
for BMC in a study of Seventh Day Adventists in the
USA.2 Last, Geinoz et al* found that elderly Swiss
hospital patients consuming at least 1 g protein per
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kilogram ideal body weight had increased femoral neck
bone mass density, with males also having higher lum-
bar spine bone mass density.

Protein may also have a synergistic role in respect
to the beneficial effects of exercise on bone health. For
example, Chevalley et al** found that higher dietary
protein was correlated with a greater increase in BMC
in pubertal boys undergoing exercise training than
were lower dietary protein intakes. This would be as
expected from physiology, as dietary protein is a sub-
strate necessary for increased bone and muscle growth,
so any changes in size stimulated by exercise are likely
to manifest if adequate protein is present.

3.3.2 Supplementation Studies Showing
a Benefit of Dietary Protein on Bone
Mineral Density

Some supplementation studies have confirmed the
results of the above cross-sectional and cohort studies.
In a study by Dawson-Hughes et al®, a high protein
supplement was associated with increased IGF-1 and
also lower urinary N-telopeptide.” Also, in hospitalized
elderly patients, protein supplements (20 g/day) led to
increased levels of IGF-1 and decreased bone loss of the
proximal femur.® Tkatch et al*® also found that a protein
supplement of 20 g/day in elderly hospital patients led
to a reduction in bone loss. These trials show the impor-
tance of adequate protein intake for bone health in hos-
pitalized elderly populations, as well as reducing length
of hospital stay and other morbidity.

3.3.3 Cohort Studies Showing Reduced
Risk of Fracture with Increasing
Dietary Protein Intakes

There have been few cohort studies examining the link
between protein intake and fracture risk to draw firm
conclusions, but there is some evidence that protein
intake may be associated with decreased risk of fracture.
For example, a prospective study of postmenopausal
women aged 55-69 years old showed a negative asso-
ciation between protein intake and risk of hip fracture.
However, no link was found between self-reported cur-
rent total protein intake and hip fractures in a study of
the Nurses’ health cohort.?

3.4 The Potential Detrimental Effects
of Protein on Acid-Base Balance

Metabolic processes produce acid, (around 1 mEq/day)
which must be excreted by the kidney to maintain a
body pH of 7-35-7.45. Metabolic acid is produced
from dietary sulfur, phosphorus, and chloride, while
alkali is produced from sodium, calcium, potassium,
and magnesium. Therefore, dietary composition may
influence levels of systemic acidity.

Indeed, an imbalance of acid production over alkali
increases net endogenous acid production (NEAP) and
thus increases NRAE, the amount of acid excreted by
the kidney. Such an imbalance between dietary induced
acid and alkali may be harmful for bone. This is due to
carbonate and citrate being released from bone to buf-
fer the dietary induced acid load.” Calcium is released
in this process and is then excreted in the urine.
Acidosis also leads to decreased reabsorption of cal-
cium in the kidney which worsens calciuria.

With age, the body becomes increasingly acidic due
to decreased renal function.*® There is thus concern in
the literature that increasing dietary protein intake
could cause more acid to be produced, which could
compound the effect of increased acidity due to aging.

Much of the hypothesis of the potential detrimental
effect of dietary protein-induced acid loads stems from
research that shows increased cell-mediated bone
resorption with increased acidity.’! Conversely, there is
also a stimulation of osteoblastic formation and reduc-
tion osteoclast activity with increasing alkalosis.*?

Indeed, a large number of studies have found that
high dietary protein consumers have increased calciu-
ria than those consuming lower amounts of protein.*-3¢
Indeed, it has been estimated that doubling protein
intake increases calciuria by 50%.° However, as dis-
cussed by Bonjour® in his review of dietary protein and
bone health, it is not necessarily the case that
protein-induced acidosis would be detrimental to bone
in vivo, due to the body’s ability to use other mecha-
nisms to buffer acidosis first.

Moreover, there has been much debate as to the
source of the calciuria, in terms of whether it is due
to increased intestinal calcium absorption' or has
been lost from bone itself.’” Indeed, Kerstetter et al'?
found that lower protein diets are associated with
increased parathyroid hormone, which is contrary to
what would be expected if protein increases bone
resorption.
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3.4.1 Observational Studies Showing
a Negative Association Between
Protein Intakes and Bone Mineral
Density

Observational studies of populations consuming very
high levels of protein have indicated that protein may
lower BMC and BMD. For example, a cross-sectional
survey of young American women found that high
intakes of protein were associated with reduced radial
bone density and BMC.*® Also, a recent study in
Croatian young men and women found a negative rela-
tionship between lumbar spine BMD and protein
intake.® Last, an observational study by Mazess and
Mather* of Alaskan Eskimos found that middle-aged
adults had 10-15% less forearm BMC and earlier bone
loss than Caucasians, presumably due to their high
protein diets. However, dietary protein intake was not
measured in this study, and it is clear that other factors
such as other dietary, lifestyle, and genetic factors may
also explain any associations between protein and bone
health found.

However, some studies have found no adverse effect
of high protein intakes. For example, an observational
study of young Irish adults found no evidence of detri-
mental association between protein intake and BMD in
men or women.*' Last, a randomized control trial of
high and low protein weight loss diets found no detri-
mental effect of a high protein diet on BMC after 6
months.*

3.4.2 Ecological and Cohort Studies
Showing Increased Fracture Risk
with Increasing Dietary Protein
Intake

In terms of fracture risk, some cross-cultural studies of
hip fracture incidence have found a relationship
between increasing hip fracture and increasing protein
intake. For example, Abelow et al* found an increased
risk of hip fracture with increasing dietary animal pro-
tein intake. Also, Frassetto et al** found an increased
risk of hip fracture with increasing total and animal
protein, but not vegetable protein intake.

However, the results of cross-cultural comparisons
have been criticized. For example, countries with high

hip fracture rates have longer life expectancies and
also vary in other dietary and lifestyle factors (e.g.,
exercise, calcium intake) that may affect bone health.
Indeed, Meyer et al** found that high protein diets were
only associated with increased fracture risk when cal-
cium intake was low.

3.4.3 Intervention Studies Assessing the
Effect of Protein Supplementation
on Calcium Balance and Indices
of Bone Health

Intervention studies have found conflicting results for
the influence of protein on calciuria and bone markers.
For example, Kerstetter et al’’ found that urinary
N-telopeptide and calcium excretion were higher in
young women consuming high protein diets, indicat-
ing a potential increase in bone resorption. Also, Ince
et al* found that reducing dietary protein from unre-
stricted intakes to the USA RDA of 0.8 g/kg body
weight per day reduced NRAE and calciuria in young,
premenopausal women. However, an intervention
study by Dawson-Hughes et al* randomized men and
women over 50 years old to a high or low protein sup-
plement. There was no difference in calciuria between
the groups.” Kerstetter et al*’ compared the effect of
high and low protein intakes on urinary calcium. It was
found that the high protein diet was associated with a
significant decrease in urinary calcium from bone.*’

It must, however, be borne in mind that the studies
by Ince et al*® and Kerstetter et al*’ were of short dura-
tion and used few subjects, so the long-term effect of
the interventions were not established. Indeed, some
authors have discussed the possibility of adaption to
long-term high protein intakes,* which could mini-
mize calciuria in the long term.

Therefore, the relationship between protein intake
and calciuria is not clear. Some researchers have dis-
cussed how some of these contradictory results for cal-
cium balance may be explained by the fact that dietary
protein increases calcium absorption, thus input of cal-
cium, into the body, which could explain the increased
calciuria.’> Also, pure protein supplements may give
different results from changes that would be seen in
more realistic whole food diets.”

To summarize the debate so far, there does appear
to be little observational evidence that increased
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protein intakes may be detrimental to bone health. The
majority of observational evidence suggests a benefi-
cial role of protein, however, it must be borne in mind
that these studies are purely correlational. Indeed,
other factors that are also associated with high pro-
tein diets may also be explanatory (e.g., consumption
of other dietary nutrients such as sodium, calcium,
phytate, and phosphorus, as well as social and lifestyle
factors such as exercise levels and socioeconomic sta-
tus). There have been no intervention studies of protein
supplementation to the authors’ knowledge that have
shown a clear detriment to BMD or an increase in frac-
ture risk.

An increase in fracture risk with increasing protein
intake found in some cohort studies has been attributed
to protein-induced calciuria. However, more interven-
tion studies specifically examining protein and fracture
are still required to confirm or refute this hypothesis.
The issue is clearly complicated, especially when other
aspects of the diet must also be considered, and also
how the influence of protein may be dose-responsive.

It has been suggested that moderate protein intakes
may be beneficial for bone health, whereby very high
and very low intakes may be detrimental. For example,
a study by Whiting et al* found that a moderate pro-
tein diet, adequate in calcium, phosphorus, and potas-
sium, was associated with a beneficial effect on BMD.
However, more research is required in this area; as to
the author’s knowledge, there are no supplementation
trials looking at dosage of protein and effects on bone
health.

3.5 Animal and Vegetable Protein:
Effects on Bone

The proposed detrimental effect of protein intake on
acid—base balance has led to much debate as to whether
animal, vegetable, and soy proteins differ in their
effects on bone. It has been suggested that some forms
of vegetable protein may lead to a lesser degree of
calcium excretion than animal protein, and thus less
bone loss, due to the presence of less sulfur containing
amino acids.

Some studies have supported this view. For exam-
ple, Sellmeyer et al®® found that a high animal-to-
vegetable protein ratio in diets of elderly women was
associated with increased bone loss at the femoral neck

and also increased risk of fracture. Also, Meyer et al*
found that diets containing high amounts of nondairy
meat protein were associated with increased fracture
risk in Norwegian men and women when calcium
intake was low. Feskanich et al*® found an increase in
forearm fracture risk with increasing animal protein
intakes, but no relationship with vegetable protein.
Last, Jenkins et al’! found no negative impact of a
high vegetable protein diet on calcium balance, despite
increased calcium excretion, when calcium intake was
high.

However, some studies have found no such detri-
ment or even found a benefit of animal protein. For
example, lower intakes of animal protein were asso-
ciated with increased femoral and spine bone loss
over 4 years.* Also, in a prospective study of older
American women, animal protein was found to have
a strong negative association with hip fracture.”’ A
recent study by Ho-Pham et al®> found that in
Vietnamese Buddhist nuns, there was a positive rela-
tionship between the ratio of animal to vegetable
protein in the diet and whole body BMD, but no sig-
nificant relationship with lumbar spine or femoral
neck BMD. Last, Dawson-Hughes and Harris** found
no effect of the type of protein on the rate of bone loss
in elderly women.

Indeed, some studies have found a detrimental effect
of vegetable proteins. For example, a cross-sectional
study of the elderly Rancho Bernardo cohort found a
positive association between intake of animal protein
and bone mass density in women, with a negative asso-
ciation of vegetable protein with bone mass density for
both men and women.>* Also, a cross-sectional study in
elderly Chinese women found vegetarians had a lower
bone mass density than omnivores, with energy, pro-
tein, and calcium intakes in the vegetarian group cor-
related with bone mass density.*

Thus, the evidence for differential effects of animal
and vegetable protein is mixed, and many reasons for
this have been proposed. It has been suggested that
some vegetable proteins may produce an equal PRAL
or even a higher PRAL than does animal protein,>® and
intakes of purified plant protein have also been found
to increase calciuria.” Bonjour® discusses how con-
sumption of vegetable proteins may not necessarily
lead to reduced calciuria than animal protein con-
sumption quoting a study by Massey and Kynast-
Gales,” which showed no difference in calciuria when
plant or beef proteins were consumed. Indeed, in



22

A.L. Darling and S.A. Lanham-New

calculations of PRAL by Remer and Manz,*® cereal
and rice products showed a higher PRAL than some
meat products. This could partially explain the contra-
dictory results in the literature.

The effect of animal and vegetable proteins on
bone health may also be complex as they may affect
the skeleton in different ways due to the other nutri-
ents and constituents these proteins contain. For
example, plant food often contains potassium, which
decreases calciuria.”® Also, dairy food (a form of ani-
mal protein) are not only high in not only protein,
but also calcium, which as discussed previously may
compensate for calcium losses.>® Indeed, apart from
hard cheese, dairy products have a low PRAL.”
Moreover, as found in the study by Roughead et al,*®
when calcium intake is controlled for, the level of
meat protein in diets is not found to influence cal-
cium retention.

Overall, no consistency has been found in the stud-
ies of animal vs. plant protein,” and there is a lack of
clear evidence that vegetable protein is healthier for
bone than animal protein.* It may be the other constit-
uents of animal and vegetable protein that cause any
differences that have been found, not the protein
itself.”

3.6 Soy Protein: Effects on Bone

It has been hypothesized that soy protein may have
specific benefits for bone health. Some studies have
found a beneficial effect of soy protein on bone. For
example, Arjmandi, et al® found that supplementation
for 1 year with 25 g soy protein reduced makers of
bone resorption, but not lumbar and whole body bone
loss.

However, a beneficial effect has not always been
found. For example, the effect of substituting soy pro-
tein for meat protein on bone health in postmenopausal
women was examined in a 7-week intervention study
by Roughead et al®' It was found that urinary calcium
was not significantly lower on the soya diet, even
though renal acid excretion was significantly lower,
and there was no influence of protein type on markers
of bone metabolism (e.g., N-telopeptide, hydroxypro-
line, osteocalcin).®’ Kreijkamp-Kaspers et al®> and
Potter et al®® found no effect of soy on BMD. Dalais

et al* found no effect of soy on bone resorption mark-
ers. Last, a recent intervention study in older women
by Kenny et al® found no difference in BMD between
groups given soy protein vs. groups given a mixture of
whey and egg protein. However, there was a significant
negative association between bone turnover markers
and total dietary protein intake.®

The relationship between soy protein and bone
health is thus controversial and is complicated by the
fact that soy protein based food contain other dietary
components (e.g., isoflavones) that may affect bone.The
recent research does suggest, however, that if any,
effects of soy protein on bone health are minimal.

3.7 Other Dietary Constituents

3.7.1 Calcium Intakes

Much of the research has found that the influence of
protein on calcium balance varies by dietary calcium
intakes. Any benefit of calcium intake may be due to
compensation for any protein-induced calcium loss® or
due to its alkaline nature. Indeed, calcium salts include
an anion that may act as a buffer to acidosis.>

In support of this view, a study by Vatanparast
et al found a beneficial effect of protein on bone
mass in adolescents and young adult women when
calcium was adequate, with less of a benefit when cal-
cium was insufficient. A randomized control trial by
Dawson-Hughes and Harris™ found a beneficial effect
of increased dietary protein on BMD in elderly indi-
viduals supplemented with vitamin D and calcium
citrate malate. However, no effect was found of pro-
tein on bone in the placebo group,™ indicating that
calcium needed to be increased to show an effect of
protein. In a recent study by Zhong et al®® looking at
the 1992-2002 NHANES data, it was found that when
dietary protein was low at 46 g/day, high calcium
intakes were actually associated with an increased
risk of any fracture. Last, Rapuri et al® found that
elderly women consuming the highest quartile of pro-
tein intake (over 72 g/day) had higher levels of bone
mass density than those consuming less protein, but
only when calcium intake was at least 408 mg/day.
However, in the longitudinal aspect of this study there
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was no link between protein intake and loss of bone.
The authors discuss whether this might have been due
to the small sample size used, or due to the short dura-
tion of the study.®

However, not all studies have supported a protein-
calcium link. In an intervention study of 35-65-year-
old women, higher protein, energy, and calcium intakes
were correlated with slower bone loss in the placebo
group, with no differential effect found for the calcium
supplemented group™. Also, Wang et al”' found that
the calcium-to-protein ratio of the diets of postmeno-
pausal Mexican American women was not associated
with bone mass density.

Overall, much research does support the theory that
the link between protein and bone health may be medi-
ated by calcium intake. Indeed, it has been proposed
that protein and calcium may not affect bone optimally
unless intakes of both are sufficient.”” High calcium
intakes may offset any detriment caused by high pro-
tein intakes, and low intakes may make protein-induced
detriment worse.” Indeed, Heaney™ suggests that the
likely best ratio in the diet of calcium:protein for bone
health is >20:1 (mg:g). Thus the low calcium:protein
ratio due to high intakes of processed food and low
dairy intake in the western world may be a significant
problem for bone health.

3.7.2 Phosphorus, Sulfur, and Potassium

It must be borne in mind that high protein diets also
contain high levels of phosphorus, which may exert
positive or negative effects on bone.” They may also
be lower in potassium, which may thus have a nega-
tive effect on bone. Indeed, high protein intakes may
only be detrimental to bone if not enough potassium
rich, alkaline food (e.g., fruit and vegetables) are con-
sumed® and it may be that it is not protein that should
be reduced, but fruit and vegetables that should be
increased.”

Overall, protein, phosphorus, and calcium may have
interactive effects on bone, making it difficult to sepa-
rate out their individual effects. Protein and calcium, in
particular, may act synergistically together to benefit
bone health, but protein may be detrimental if calcium
is insufficient.”

3.8 Methodology

It is important to note that there are some problems
with study methodology and interpretation. For exam-
ple, studies are usually short-term, which does not
allow for adaption to high protein intakes*. Also, stud-
ies examining the effect of protein on urinary calcium
excretion vary in terms of whether mixed composition
diets are used, the levels of other nutrients also present,
and whether protein intakes were in normal dietary
ranges or not.” Indeed, many of the studies that show
that protein increases calciuria used purified proteins
in large quantities.”

As discussed above, much epidemiological research
is based on cross-sectional surveys and cohort studies
within populations. These studies can only give an
indication of the association between protein intakes
and bone indices. Some supplementation trials have
been undertaken for BMD. However, more large-scale
trials are now required to further assess if there is a
causal effect of protein on bone indices, including
BMD and fracture risk. Indeed, few, if any, studies
have looked at differential effects of protein dosage.
Most work on the separate effects of animal and vege-
table proteins have looked at bone markers and cal-
cium metabolism, not BMD and certainly not fracture
risk. Indeed, a recent meta-analysis performed by the
current authors (presented at the ISNAO 2009 meeting
and currently undergoing revisions for publication)
highlights the need for more homogeneous, large-scale
supplementation studies to fully assess whether any
association between dietary protein is in fact causal
and if so, how this varies by dose and calcium intake.
There is, in particular, an urgent need for supplementa-
tion studies that assess fracture risk as an outcome, this
being the most important clinical end point.

3.9 Concluding Remarks

Overall, much evidence has been accumulated as to
the effect of protein intakes on bone. Earlier experi-
mental research showed that potentially high protein
intakes may increase acidosis and thus calciuria, which
could be detrimental to bone. It was also theorized that
animal protein intakes could cause more acidosis than
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vegetable protein due to higher sulfur amino acid con-
tent and higher PRAL. However, this has been con-
tended and more recent research has shown that this is
not necessarily the case. It has been more recently
emphasized that protein has important anabolic effects
on bone, and there has been a recent trend in epidemio-
logical studies toward showing a positive effect of pro-
tein on BMD, especially when calcium intakes are
adequate. Apart from a few cross-cultural studies that
show a positive association between protein intakes
and hip fracture risk between countries, most epide-
miological studies do not show an increased risk of
fractures or low bone density with increased protein
intakes. However, most research is still only observa-
tional and only assesses BMD, calcium metabolism,
BMC, or bone markers. More research is needed into
more important clinical outcomes such as fracture risk.
Indeed, the influence of protein intake on the risk of
fracture is unclear and more large-scale intervention
studies are now needed into whether protein supple-
mentation can increase bone mass and decrease frac-
ture risk. There is still much debate as to the influence
of the type of protein consumed on bone (e.g., animal,
vegetable, soy) and how protein interacts with other
dietary nutrients. There does not appear to be clear evi-
dence that different types of protein have differential
effects on bone health.

It is important that the link between protein intakes
and bone health is clarified, to expand knowledge of
the influence of macronutrients on bone health and
how they interact with micronutrients. It would also
inform the review of reference nutrient intakes and
enable appropriate dietary advice to be given to the
general population. The only valid way of finally
establishing whether protein intake has a causal benefit
or detriment for bone is via large scale, placebo con-
trolled supplementation trials, looking at BMD and
fracture risk, preferably with the establishment of
potential differential effects of dosage, other dietary
nutrients, and protein type.
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Protein Intake During Weight Loss:
Effects on Bone

Sue A. Shapses and Deeptha Sukumar

4.1 Introduction

Moderate weight loss will reduce the comorbidities
associated with obesity. A 10% weight loss is also
associated with loss of 1-2% of bone mass. Supple-
mentation with specific nutrients, such as calcium,!
may attenuate loss of bone mass during weight reduc-
tion. Recently, high-protein (HP) weight-loss diets
have become more popular, and studies have shown
that they are as effective as, or sometimes more effec-
tive than, standard high carbohydrate weight loss diets
in reducing symptoms associated with metabolic syn-
drome.*® The effect of higher protein diets on bone is
important due to the greater acceptance among health
care providers. Dietary protein has also been shown to
have specific effects on the regulation of bone health.’
Some large epidemiological studies have shown a ben-
eficial impact of protein on bone health,*!! which is
supported by intervention studies in patients with
osteoporosis.'?!* In contrast, others have suggested that
a HP diet is associated with low bone mineral density
(BMD) and greater fracture risk'# !¢ and have attributed
this to a greater acid load and increased urinary cal-
cium excretion. Since lower calcium intake may medi-
ate the negative effect of HP diets on bone,"”
controlled trials to study the effects of protein are
important. During weight reduction, there is both a
reduced calcium absorption and serum insulin-like
growth factor-1 (IGF-1), which may contribute to bone
loss, yet may be positively influenced by additional
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protein in the diet. The role of dietary protein during
caloric restriction on bone health and potential mecha-
nisms mediating these effects is reviewed.

4.2 Weight Loss and High-Protein Diets

Weight loss is often achieved by eliminating or reduc-
ing a specific food type or reducing intake of carbohy-
drate, protein, and fat. Diets that are high in protein and
low in carbohydrate are popular and often result in
greater short-term weight loss compared to high carbo-
hydrate low fat (LF) diets. In addition, HP diets are
associated with greater fat loss and preservation of lean
mass that is supported by the evidence of a greater fat
oxidation and higher protein balance.>?! The positive
influence of dietary protein on weight loss may be
mediated by its higher thermic effect and sleeping met-
abolic rate compared to carbohydrate and fat. These
metabolic changes would be expected to increase total
energy expenditure to ultimately promote a greater
weight loss. In addition, higher protein (or dairy) diets
also promote satiety, possibly mediated by higher post-
prandial cholecystokinin (CCK) levels, higher circulat-
ing concentrations of certain aminoacids, or diet-induced
thermogenesis.” Certain appetite regulatory hormones
are also triggered by higher protein intake, including an
increase in postprandial ghrelin, glucagon like pep-
tide-1, and insulin secretion.”® These mechanisms col-
lectively may mediate the effect of higher protein intake
on short-term weight loss and fat loss as compared to
normal protein (NP) diets. The greater weight loss on a
HP compared to a NP diet may contribute to the
improved lipid profile, greater loss of fat, and improved
insulin sensitivity.>*? Indeed, longer-term studies show
that the greater weight loss on a higher protein diet is not
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sustained and is similar to that seen with a standard high
carbohydrate diet after 1-2 years.

Although HP diets have been shown to promote
enhanced loss of body weight, some physiological
concerns about the effect of such diets on different
organs are still debated. For example, the long-term
effect of HP weight loss diets may be detrimental to
the kidneys. A 6-month weight-loss study showed
greater glomerular filtration rate (GFR) and kidney
volume on a HP (108 g/day) compared to NP diet
(70 g/day).”” However, the specific GFR, which is an
expression of the filtration rate per unit kidney volume,
and albumin levels were not altered by either treat-
ment. The authors thus suggest that the changes in
GFR were adaptations of the kidney to changes in pro-
tein load. In a large 11-year study examining 1,624
weight stable women with normal renal function, a HP
intake of 93 g/day did not significantly alter GFR.®
Most researchers agree that unlike renal patients, in
healthy populations there is little evidence of adverse
effects of HP diets on renal function.””

Overall, reports show that while HP diets do result
in greater loss of body weight over a 6-month period,
these diets do not result in any additional benefit to
promote weight reduction or improve metabolic
parameters compared to a high carbohydrate diet after
1-2 years. Since HP diets remain popular and preva-
lent among the diet choices, other outcome variables
including bone should be addressed.

4.3 Weight Loss and Bone

A weight loss goal of ~10% is reasonable for most indi-
viduals and often has a positive effect on many of the
comorbidities associated with obesity.” However,
caloric restriction will increase bone mobilization and
loss, showing about 1-2% at most sites, and this is
largely observed in older women and men.* Caloric
restriction may increase bone mobilization for a variety
of reasons (Fig. 4.1), including a decrease in calcium
intake and/or other nutrients,'? a decrease in calcium
absorption,®' reduced weight bearing,**** and/or hor-
monal changes.*® For example, a reduction in adiposity
has been shown to also reduce estrogen levels that may
contribute to bone loss in postmenopausal women. In
addition, caloric restriction 1is also associated
with reduced serum IGF-1, which would negatively
influence bone. Numerous adipocyte-derived hormones
have been implicated in the regulation of bone during
weight loss such as leptin, adiponectin, and resistin.***
Gut peptides (i.e., ghrelin, incretins, CCK, peptide YY
(PYY), and pancreatic polypeptide (PPY)) that regu-
late satiety are often altered in both obesity*® and weight
reduction.’® Many of these hormones and peptides also
regulate the osteoblast and/or osteoclast suggesting an
interaction between the gut, brain, and bone. Other
mechanisms such as reduced weight bearing due to a
reduction in body weight may also play a role in mobi-
lizing bone during caloric restriction. Exercise**** and/or

Weight Reduction

|

—

T

lCca 1 Intake of Ca Hormonal changes 1 Weight
absorption and other (i.e., L IGF-1, bearing and
nutrients | estrogen, etc.) L LBM

+

Dietary Protein (T Ca absorption, T IGF-1, T LBM)

Fig. 4.1 Potential mecha-

|

nisms regulating bone during
caloric restriction with

<> Ca absorption

 IGF-1 o (L)LBM

dietary protein




4 Protein Intake During Weight Loss: Effects on Bone

29

use of osteoporosis medications®” have been shown to
attenuate the bone loss associated with caloric restric-
tion. In addition, we and others have shown that cal-
cium supplementation will suppress bone turnover and
loss during caloric restriction.'” Whether or not other
micro or macronutrients influence bone during caloric
restriction remains unclear, yet some studies are cur-
rently underway.

4.4 High Protein Diets and Bone

Several observational and clinical studies have exam-
ined the influence of HP diets on bone. A higher pro-
tein intake (84-152 g/day) has been positively
associated with change in femoral neck and spine BMD
over a 4-year-period in the Framingham osteoporosis
study.” Similarly, the NHANES III showed a positive
association between femoral neck BMD and total pro-
tein intake (>75 g),* as did another study that found a
decreased risk of hip fracture and wrist fracture'! with
higher protein intake. Intervention studies have shown
that dietary protein supplementation in patients after
hip fracture has a positive impact on serum levels of
IGF-1, femur BMD, and a shorter hospital stay'>!3,
although in one of these trials, the protein supplement
group was also given more calcium and vitamin D."
On the other hand, a negative association of protein
with BMD was found in a smaller study of young
women.'® In addition, in the Nurses Health Study, no
association was observed between protein intake and
the risk of hip fracture, yet the risk of forearm fractures
was higher in women with a higher (>95 g) protein
intake.”® This is consistent with an epidemiological
study showing that countries with higher protein
intakes also have a greater fracture risk.!* However, in
all cross-sectional studies, protein intake was measured
using self-assessed food frequency questionnaires and/
or largely using diet recalls. It is important to note that
no intervention studies to date have reported a negative
influence of protein on bone, and there are potential
mechanisms that would support either a positive or
negative influence of protein on fracture risk.

Several mechanisms have been proposed by which
a higher protein intake may improve bone mass includ-
ing its positive effect on IGF-1 and calcium absorp-
tion. An increase in dietary protein intake has been

shown to increase serum levels of IGF-1,""* which
promotes osteoblast proliferation and matrix forma-
tion* and may in turn increase bone mass and reduce
fracture risk.'""'* A higher protein intake (2.1 g/kg) has
also been shown to increase intestinal calcium absorp-
tion that leads to a parallel increase in urinary calcium
and decrease in bone turnover markers compared to a
moderate intake (1.0 g/kg).*! This 10-day study*' and
another 8-week isotopic tracer study examining pro-
tein intake*” showed trends toward better calcium
retention during HP intakes. It is interesting that one
study found that with higher calcium intake, there was
no protein-related increase in calcium absorption.* In
addition, a higher protein intake is associated with an
increase in muscle mass and promotes collagen syn-
thesis, both of which may have a positive influence on
acquisition of bone mass.*

In contrast, some epidemiological studies show
that HP diets reduce bone mass, and this has been
attributed to a higher acid load leading to a buffering
response by the skeleton and greater urinary calcium
excretion. It has been estimated that for every 1 g rise
in dietary protein, approximately 1 mg calcium is
lost in urine.” There has also been considerable
debate on plant vs. animal protein sources, with some
large epidemiological findings'* attributing the nega-
tive effect on hip fracture to a higher content of sulfur
containing amino acids in animal and some vegetable
proteins. However, controlled intervention studies*>*
have shown no adverse effects of animal protein on
calcium retention. A metaanalysis®* concluded that
the calciuria associated with a higher net acid excre-
tion from HP diets does not reflect a loss of whole
body calcium. In addition, a normal to high calcium
intake along with a HP diet will offset loss of urinary
calcium, attenuate bone turnover,'®* and is associ-
ated with greater femoral neck and total body BMD,
as measured in a 3-year study.” Consistent with this,
a study'” showed that HP diets (including meat) were
associated with increased fracture risk only when the
calcium intake was low (<400 mg/1,000 kcal).

Thus in light of the current available literature and
in the absence of longer controlled intervention trials,
most would agree that there is a beneficial effect of HP
intake on bone in older individuals with a normal
habitual low intake. In addition, a positive effect of
dietary protein on bone is dependent on the presence of
adequate calcium and vitamin D in the diet.
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4.5 Weight Loss, Protein Intake,
and Bone

4.5.1 Background and Previous Studies

HP weight-loss diets may preserve bone mass during
caloric restriction by several mechanisms (Fig. 4.1).
Caloric restriction leads to a decrease in IGF-1 levels
and IGF-1/1GFBP-3 ratio,* whereas a HP intake
raises these levels. Therefore, it is possible that a HP
diet may attenuate the decrease in IGF-1 associated
with caloric restriction. The rise in IGF-1 may also
increase skeletal muscle mass and indirectly preserve
bone mass.'>** In addition, a higher protein intake
increases calcium absorption,* which may attenuate
the decrease in absorption associated with caloric
restriction.*! Finally, due to reduced food intake during
caloric restriction, protein intake may be compromised
(<0.8 g/kg), and it is well established that low protein
diets reduce IGF-1 production, which in turn has a
negative effect on calcium and phosphate metabolism,
and bone. 4

Interestingly, several hormones that influence bone
are also influenced by dietary protein intake. Following
a HP meal, leptin sensitivity and levels are altered.? In
addition, postprandial ghrelin secretion and incretins,
specifically GLP-1 that eventually triggers insulin
release, increase following a HP meal. Similarly, PYY
concentrations also increase in response to a protein
meal.*® However, there is no evidence to show that
such short-term influences of HP diets on these hor-
mones will mediate its effects on bone.

Studies have examined the role of higher dietary
protein on bone mass and turnover during caloric
restriction (Table 4.1). In these studies*?*264-5! both a
higher and NP diet produce similar weight loss except
for one study,*” showing greater weight loss in the HP
compared to NP group. Some,**! but not all,*2+26.505!
of these studies demonstrate a positive impact of
higher dietary protein on bone mass and turnover dur-
ing caloric restriction, but none of these studies con-
trol for dietary calcium intake. The importance of
dietary calcium on bone is well established,’ as well
as during weight loss.'* Because studies that increase
protein intake during dieting have accomplished this
by increasing dairy intake, calcium levels are also
higher in these diets. Hence, the HP diets (with

adequate or high calcium) were compared to calcium
insufficient (~600 mg/day) high carbohydrate diets.**!
Not surprisingly, high dairy and protein studies*!
have shown a positive impact of the diet on mainte-
nance of bone mass during caloric restriction, similar
to calcium supplementation studies without higher
protein intake.'* Thus the role of protein in the main-
tenance of bone mass during caloric restriction is
unclear, and use of a high carbohydrate control group
that is not deficient in calcium intake has not been pre-
viously examined.

4.5.2 Preliminary Findings

To understand whether dietary protein intake influ-
ences bone mass during caloric restriction while con-
trolling for calcium intake and other nutrients, we
examined overweight and obese postmenopausal
women who were assigned to caloric restriction and
1.2 g Ca/day and a multivitamin supplementation
with either a normal or higher protein intake and a LF
intake for 1 year. Overweight and obese postmeno-
pausal women were counseled weekly until 4 months,
and then twice per month in a standard behavior-
modification nutrition education weight loss program.
In these preliminary findings, women who completed
the protocol lost 6.6 +5.2% of their body weight after
1 year and did not differ significantly (p<0.001)
between groups. The average loss of fat mass was 4.3 +
3.6 kg and of lean mass was 1.3 + 1.1 kg, with no
significant differences between groups. At baseline,
there were no significant differences in nutrient intake
between women assigned to HP or NP groups. During
calorie-restricted diets, protein intake was higher at
85+ 10 g protein/day (23% of calories, n=23) in the
HP group compared to 60+ 11 g protein/day (18% of
calories; n=20) in the NP group (p<0.001). There
were no significant differences in calcium or vitamin
D intake between the HP and NP groups, respectively.
Results showed that the radius and lumbar spine (LS)
BMD decreased in the NP as compared to the HP
group. There were no significant differences between
the groups at the femoral neck, total hip, or total body.
In addition, there was a trend for a greater increase in
serum IGF-1 levels in the HP compared to the NP
group in a subset analyzed in this preliminary data.
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Table 4.1 Studies examining higher protein intake during caloric restriction on bone mass and turnover
WL duration Ca intake

Effect of
HP diet

Bone site Weight

(mg/day) and markers loss® (%)

Skov et al* n=65M & F HP 102 g/day 6 Months HP 936 TB 8.1 Decreased
39 Years NP 71 g/day NP 659 loss of BMC
30 kg/m?

Farnsworth et al* n=57TM &F HP (27%) 12 Weeks® HP 1,600 PYD,DPD 8.0 No effect
50 Years NP (16%) NP 600
34 kg/m?

Bowen et al* n=50M & F 2 HP groups 12 Weeks®  DP 2,371 Osteocalcin 9.9 DP minimized
50 Years Dairy (DP, 108 g/day) MP 509 PYD, DPD bone turnover
33 kg/m? or mixed

(MP 104 g/day)

Brinkworth etal®> n=58M & F  HP (30%) 12 Week® NA TB-BMC 8.9 No effect
50.2 Years NP (15%)
34 kg/m?

Noakes et al* n=100 F HP (31%) 12 Week® HP 777  Osteocalcin, 8.4 No effect
49 Years NP (18%) NP 594 PYD,DPD
32 kg/m?

Thorpe et al’! n=130M & F HP 97 g/day 4 Months  HP 1,120 TB,LS,hip 8.2 Decreased
46 Years NP 61 g/day NP 765 loss of BMD
31 kg/m? at 12 months

PYD pyridinoline; DPD deoxypyridinoline; BMD bone mineral
protein; F female; M males; HF high fat; LF low fat; LS lumbar

density; BMC bone mineral content; HP high protein; NP normal
spine; 7B total body

aNo difference in weight loss between HP and NP groups, except in Skovl et al.45 showing greater loss in HP (~10%) vs. NP (~6%) diet
"The weight loss was followed by a weight maintenance period of 4
“The weight loss was followed by a weight maintenance period of 1 year (this 1 year study showed no BMD difference between

groups®®)

9The weight loss was followed by a weight maintenance period of 8 months

Confirmation of these preliminary findings has yet to
be determined, but it is likely safe to conclude that a
normal to higher intake of protein during dieting is
not detrimental to bone and may be beneficial to
avoid low protein intakes that might occur with low
calorie diets.

4.6 Conclusion

Caloric restriction-mediated bone loss is an important
health concern due to a high prevalence of dieting and
a worldwide concern of osteoporosis. Although the
benefits of calcium supplementation on bone have
been studied in the dieting population, the effects of
popular dietary macronutrient modifications, such as
a higher protein on bone, require further study. Some

weight reduction trials have addressed higher protein
and dairy (or calcium) diets, and not surprisingly,
found a positive effect on bone. Our preliminary data
suggest that even without very high intakes of cal-
cium and vitamin D, a HP diet is not detrimental to
bone. It is possible that the mechanisms regulating
bone with a higher protein intake include higher cal-
cium absorption and serum IGF-1 or other hormones
and a higher acid load, whereas their role when com-
bined with caloric restriction is not known. Our
understanding of the regulation of bone during weight
loss has increased markedly over the past decade, and
we are just beginning to understand how other nutri-
ents, such as protein, may influence bone during
caloric restriction.
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