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ABSTRACT

Bone and skeletal muscle are the main components of the musculoskeletal system that functions as one unit to give the body shape, support,
and movement. The maintenance of adequate bone health depends on a multitude of factors on the top of genetics, including nutritional factors,
especially calcium, Vitamin D, and proteins, in addition to regular physical activity, particularly weight-bearing exercises and parathyroid
hormone. These factors are most effective in building peak bone mass and strength during childhood and adolescence and these effects are
maintained into adult life and beyond. This review will discuss how exercise and the main nutritional components perform their function in

maintaining bone health, bone mineral density, and strength.
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INTRODUCTION

The musculoskeletal system, which refers to skeletal muscles
and bones, is the largest component of the human body and
functions, as one unit, to give the body shape, support, and
movement. Besides, the contractions of muscle put mechanical
strain on bone and in this way influence greatly bone density,
size, and its strength.["? The close connection of the functions
of both muscles and bones becomes clear when muscles are not
used or paralyzed; this results in disuse atrophy of both muscles
and bones and the recovery of function results in the rebuilding
of both.B4 However, the maintenance of optimal bone health
depends on the interplay between numerous physiological,
genetic, and lifestyle factors that include adequate nutrition and
optimum hormone levels; besides, exercise and a deficiency
in one factor cannot be compensated for by the improvement
in others.

Bone is a complex tissue composed of inorganic, organic,
and cellular components. The major inorganic component is
hydroxyapatite, a complex calcium salt including phosphate,
carbonate, magnesium, and other ions. Hydroxyapatite is
interwoven with organic components such as collagens and
many minor protein contributors. The major cellular components
of’bone are osteocytes, osteoclasts, and osteoblasts; osteoclasts
being responsible for the bone breakdown and bone remodeling
and osteoblasts for bone formation and the deposition of bone
mineral. Bones are not inert tissues, but are metabolically
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active, dynamic living tissues that undergoe the biological
processes of wear and repair throughout life. These processes
are regulated by numerous hormones, particularly parathyroid
hormone (PTH) and sex hormones (especially estrogen), in
addition to Vitamin D. The current review looks at only the
effects of exercise and nutrition on bone health.

ErreEcT OF EXERCISE ON BONE HEALTH

Regular physical exercise is essential for maintenance of
optimal bone health in many ways. Other than growth and
strength of both muscles and bones, the stress produced
by exercise on bones benefits bones by increasing calcium
deposition; accordingly, bones become denser and stronger.
In contrast, physical inactivity results in a decrease of bone
mass.>9 It is also noteworthy that bone modeling is sensitive to
mechanical loading, highlighting the influential role of physical
activity and this phenomenon persists throughout life.”#]

Rapid bone growth and building of bone density and strength
prevail during childhood and adolescence and exercise during
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this period enhances these processes further and maximizes
bone mass and this gain in bone mass extends into later years.
In fact, the growth, development, and expansion of bones is
the outcome of a continuous process of bone deposition and
resorption and this bone modeling commences much earlier,
during fetal life and continues until epiphyseal fusion, around
the end of the second decade of life. However, bone density,
mineral content, and structural strength, which depend largely
on the thickness of the bone and its dimensions, do not cease
after epiphyseal fusion.”’

In a detailed 16-year report based on the results of an
evidence-based review of the literature since the year
2000 covering the factors that influence the achievement of
the full genetic potential for skeletal mass, Weaver et al.l'"
reported a general consensus that lifestyle is one of the main
factors that promote maximal bone health throughout life.
Among these lifestyle factors, physical activity and calcium
intake were identified as the major factors that determine
peak bone mass (PBM) from late childhood and adolescence
(the critical period for bone accretion) and help to prevent the
development of osteoporosis in later life. Although physical
activity and calcium have their own independent mechanisms
of action on bone, exercise and calcium may not operate
independently. For example, low dietary calcium intake or
diminished bioavailability results in a reduced adaptive bone
response to exercise; conversely, adequate dietary supply of
calcium maximizes the benefit of physical activity during rapid
bone growth during childhood and adolescence; this being the
period to achieve optimal bone health and minimize the risk
of osteoporosis in later years. Calcium role in bone health is
dealt with below.

The precise biological mechanism whereby exercise influences
bone mass has been worked to a great extent. It was shown, for
more than two decades, that any increase in mechanical load
placed on bone represents strains on the whole bone.!'"'2 These
strains result in the activation of special osteocytes, embedded
within the bone, that function as mechanosensitive cells and
have the unique property of mechanotransduction and can detect
and respond to mechanical strain. These osteocytes, in turn, and
via a sequence of molecular signals activate osteoblasts and
osteoclasts and in such a way, the osteocytes control both bone
formation and resorption (via the differentiation of both the
osteoblasts and osteoclasts). The resulting osteogenic response
represents the bone adaptation to the strain put by the physical
activity and its causative muscular contraction on the bone. It
is notable that the response to the strain will obviously be in
the predominant loading direction of the contracting muscle
and at the site of strain and deformation.!"?! A detailed account
of this topic can be found elsewhere.”

The bone adaptation responses to exercise described above
serve the important physiological goal of improving bone
mineral density (BMD), bone architecture, and strength and
also prevent bone injuries. This effect is particularly significant
in high-impact sports, such as tennis. Interestingly, those who

are physically active in early childhood get further benefit
of this physical activity in the form of higher bone mineral
content, notably in the femoral neck and hip, when they reach
adult life, than those nonexercising sedentary counterparts.t'**!
Most of these bone benefits are kept throughout life.l') Former
soccer players usually have high BMD and larger bone size and
were reported to suffer a lower risk of fracture up to 30 years
after they retire.['" The practical benefit of this feature is that it
is now well established that exercise is crucial for preventing/
delaying age-related bone loss and the risk of osteoporosis.”!

There is also a general agreement that the gain in bone strength,
in response to exercise particularly weight-bearing exercises,
such as jumping and ball games, is maximum during childhood
and early puberty.['¥]

When comparing the effect of weight-bearing exercise
(vertical jumping) between pre-and post-menopausal
women, there was a significant increase in femoral BMD
in the premenopausal women and no improvement in the
postmenopausal women. "’ The mechanism responsible for this
difference was related to both the reduction of the circulating
estrogen levels and the loss of estrogen receptors on bone cells.
This results in diminished proliferation of osteoblasts in the
postmenopausal women, estrogen being an essential factor for
skeletal growth as well as bone homeostasis.”” On the other
hand, males aged 60-85 years were requested to engage in
unilateral 12-month leg hopping exercise, with the other leg
kept at rest as a control. At the end of the exercise period, a
marked increase in BMD was observed in the femur more on
the exercising leg than on the resting leg.?!! This was attributed
more to prevention and/or delaying the expected aging bone
changes, which no doubt is the benefit of exercise to bone health.
Besides delaying the aging process and maintaining bone health,
physical activity has added benefit in improving general body
fitness and health.

As to the question how often exercise should be practiced in
order to maintain bone health, and strength, there is a general
agreement that the exercise bout should continue for 30 min
and repeated 3—4 times per week, bearing in mind to give
muscles at least 1 day rest between exercise bouts. It is also
believed that too much exercise, as seen in some types of
competitive sports, can be harmful and may result in reduced
BMD and stress fractures.?!

As to which type of exercise is best for bone, all types of
exercises are good for bone since any muscle contraction is
in real fact against bone or at least some degree of stress is
borne by bone. However, weight resistance and weight-bearing
exercises are best for improving bone health, enhancing bone
mass and slowing bone loss throughout life. Examples of such
weight-bearing exercises include walking, running, jogging,
and tennis which are the best for bone as they combine the
stress on the bone of both muscle contraction and gravity.*22%!
Other related types of exercise include climbing stairs,
gymnastics, and dancing. As expected, the higher the stress
and its impact on the bone, the greater the benefit. Furthermore,
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the effect of walking can be enhanced by holding weights in
the hands while walking. Resistance exercise includes weight
lifting, elastic tubing, and other wide range of machines in
physical therapy departments and body fitness clubs. The
focus of the exercise should be on major muscle groups in
the legs, arms, and trunk. Although swimming and cycling
are not weight-bearing exercises, they still contract muscles
and would have some benefit to bone health. Whatever type
of exercise a person likes and enjoys, he or she must do it
regularly. Regular physical activity has the added advantage
of improving the cardiorespiratory fitness and accordingly
improving muscle strength, body balance, and reaction time
and, as a result, preventing falls and fractures.¥

NUTRITION AND BONE HEALTH

As mentioned above, nutrition besides physical exercise
and other factors are critical for the maintenance of normal
bone health. Although bone mass and strength are basic
biological features and accordingly are genetically determined,
numerous other physiological and lifestyle modifiable factors
interact together for the maintenance of normal bone health
and strength, throughout life. However, adequate nutrition
is an important “modifiable” (or environmental) factor that
influences both bone mass accumulation during childhood and
adolescence and bone loss that occurs in later life.[*”!

The fact that adequate dietary calcium and protein are essential
for determining bone mineral mass is well recognized to
be the most critical nutritional factors to achieve optimal
PBM during childhood and adolescence. However, bone
mineralization besides adequate calcium requires phosphate,
and the availability and utilization of all these nutritional
factors is dependent on Vitamin D.®!

The need for these nutritional ingredients is particularly
critical during these early years of life to prevent bone loss and
fractures in the elderly. As expected, during these early years,
the rate of bone formation exceeds resorption and skeletal
mass increases. Once an adult PBM is achieved, equal rates
of formation and resorption maintain bone mass until the age
of'about 30 years when the rate of resorption begins to exceed
formation and bone mass slowly decreases. Besides bone mass,
bone microstructure and bone geometry also influence the risk
of fractures in these late years of life.?” Like exercise, the
importance of various aspects of nutrition in bone health has
been reviewed extensively in the literature.”>** However, this
short review appraises on the scientific basis for the importance
of nutrition for the maintenance of bone health.

Bones are composed mainly of a collagen protein
framework that gives them flexibility and calcium phosphate
mineral (hydroxyapatite) that gives them strength and rigidity.
This unique combination of rigidity and flexibility allows
bones to withstand extensive ranges of severity of strain.
About 80%-90% of the bone mineral content is calcium and
phosphorous; other ingested dietary components include
protein that enters the structure of the bone framework and

microelements; zinc, copper, iron, magnesium, and fluoride
in addition the following Vitamins A, C, D, and K are needed
for normal bone metabolism. The complex interaction between
these nutritional factors, hormones, and lifestyle is still waiting
for further clarification so that major bone problems such as
osteoporosis and fractures can be prevented and/or managed.?

The body stores around 1000 g of calcium, 99% of which is in
bones, reaffirming the quote “we walk around on our calcium
reserves.” About 1000 mg of calcium are ingested per day,
of which one-fifth is absorbed in the small intestine, a process
that requires the availability of Vitamin D. Both Vitamin D and
PTH elevate Ca™ in blood by stimulating reabsorption of filtered
calcium by the kidney tubules and by stimulating osteoclasts to
mobilize calcium from bone. The other hormone involved in body
calcium homeostasis is calcitonin (or thyrocalcitonin) that blocks
the action of osteoclasts and actions of Vitamin D on the intestine,
thereby reducing the blood levels of both calcium and phosphate.
The other hormones of interest are estrogens and androgens, both
stimulate bone formation during childhood and puberty. This
would explain why postmenopausal women (with low estrogen)
have an increased incidence of osteoporosis and bone fractures.

Calcium balance and BMD are no doubt essential for the
long-term maintenance of bone health; balance refers to net
outcome calcium intake and absorption and calcium losses
through the kidneys, gastrointestinal tract, and the skin.
This makes the dietary intake of calcium as the key factor
in maintaining calcium balance and bone health throughout
life, but, as mentioned earlier, in particular during the early
years of life.

The vital role of calcium in the maintenance of bone health
is reflected by the observation that two-thirds of osteoporotic
fractures are attributable to inadequate intake of calcium.P¢
That was enough to instigate the Food and Drug Administration
to support the claim that the consumption of calcium-containing
dietary supplement, as well as calcium-enriched foods, helps
in the prevention of osteoporosis.>”

In menopausal women, the natural decline in their estrogen
levels plays a key role in increasing calcium loss through the
kidneys (by reducing calcium reabsorption) and by increasing
the loss of calcium in feces (by reducing absorption of calcium
in the small intestine). As a result, calcium is drawn from
bones in order to maintain calcium balance. The net result is
a reduction in bone mass and increased risk for osteoporotic
fractures. Increased dietary calcium intake becomes the most
effective step to maintain satisfactory bone mass and health
and prevent fractures during the menopause. The effective
alternative it offered is a combination of dietary protein,
Vitamin D, and calcium supplementation along with a
specifically designed exercise program aiming to improve or
even stop the impending muscle weakness and osteoporosis
that characterize the menopause.>®

As to the dietary sources of calcium, dairy products are its
primary sources followed by calcium-enriched foods and
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beverages such as orange juice and other juice drinks and
supplements, fruits and vegetables, and grain products. The
absorption of calcium in the small intestine is influenced
mainly by Vitamin D status that enhances calcium absorption.
Calcium supplements were reported to be good calcium sources
for those with low blood calcium levels who cannot take diets
rich in calcium.B-*) However, some reservations have been
raised recently about the benefits of these supplements in the
prevention of osteoporotic fractures®™ in addition to increasing
the risk of renal calculus formation. !

The growth of bone and the maintenance of its health depend,
among other basic requirements, on the dietary intake of
protein.[ In their recent systematic review and meta-analysis,
Wallace et al.*¥ reached the conclusion that high protein
intake is of great benefit to mineral density and it resulted in
significant reduction in hip fractures among healthy adults aged
18 years and above compared to that of low protein intake.
An earlier long-term review of Medline EMBASE electronic
databases of randomized clinical trials in healthy adults, which
excluded calcium excretion and calcium balance, found a
positive association between dietary protein intake and lumbar
spine BMD. This finding gives further support to the critical
benefit of protein intake to the maintenance of bone health and
bone mineral content.[*]

As to phosphate and like calcium, most (about 80%) of the
body phosphate is found in bones, bound with calcium to form
hydroxyapatite that is responsible for BMD and its rigidity."*!
Phosphate is regulated by a complex set of processes occurring
in the intestine, skeleton, and kidneys. The currently known
main regulators of phosphate homeostasis include Vitamin D,
PTH, and numerous peptides (phosphatonins); best identified
among them is fibroblast growth factor-23.14

Phosphate, other than bone growth and health, is involved in
many vital intracellular and extracellular functions including
synthesis of proteins, energy metabolism, cell signaling, and
apoptosis. Without the availability of adequate quantities of
phosphate, mature chondrocytes cannot undergo apoptosis and
accordingly the invasion by new blood vessels and generation
of new bone is blocked. This results in rickets and delayed
growth before the fusion of the epiphysis or osteomalacia
in later years as a result of a deficiency in hydroxyapatite
formation.™ !

Bone mineral homeostasis and acceptable bone health require
adequate quantities of calcium and phosphate, and the availability
of both nutrients to the body and subsequent use by bones are
dependent on the active form of Vitamin D (10,25-dihydroxy
Vitamin D3; 1a,25- dihydroxycholecalciferol [1,25[OH],D]).
Thus, the absorption of nutrients by the small intestine requires
both Vitamin D and PTH. Vitamin D and PTH work together to
maintain or raise blood calcium levels by many mechanisms:
other than promoting the intestinal absorption of calcium,
stimulate the kidney tubules to reabsorb filtered calcium and
also stimulate osteoclasts to release calcium from bone into
the bloodstream. When the serum Ca* is too high, calcitonin

blocks PTH-stimulated formation of Vitamin D in the kidney
and counters Vitamin D and PTH actions on the kidney tubules.

The best dietary sources of Vitamin D are dairy products,
especially milk and Vitamin D-fortified foods and nutritional
supplements. Vitamin D is also produced in the skin from
7-dehydrocholesterol under the influence of ultraviolet (sun)
irradiation, which in most persons, this skin source can meet their
Vitamin D requirements. In this early form, 7-dehydrocholesterol
is considered a prohormone that is first hydroxylated in the liver
to form an intermediary metabolite, 25-hydroxyvitamin D. This
metabolite is further converted in the kidney into a number of
other forms, the best studied of which is the physiological form
of Vitamin D (1,25[OH],D), which sometimes is considered
a hormone.™! Vitamin D is a fat-soluble vitamin and is best
absorbed when consumed with fat-containing foods.

The vital role of the combination of Vitamin D and calcium
in enhancing bone density was demonstrated in numerous
controlled studies in the elderly women who had experienced
areduction in osteoporotic fractures,*’! reduced body sway,
improved body balance, and prevented falls and subsequent
osteoporotic fractures.>>4

Finally, other nutritional requirement needed for the bone
metabolic processes and for the maintenance of bone health,
bone mass, and strength include the following micronutrients:
vitamins and minerals: Vitamins A, C, K, and the B group of
vitamins; the following minerals fluoride, copper, iron, zinc,
manganese, and boron, in addition to macronutrients such as
carbohydrates, fats, and soy foods,?*3%3! which will not be
discussed in this short review.

CONCLUSION

The maintenance of adequate bone health depends on a
multitude of factors on the top of the genetics, the so-called
“modifiable factors,” with the most significant being nutritional
materials, especially calcium, Vitamin D, proteins, regular
physical activity, especially weight-bearing exercise and PTH.
These factors are most effective in building bone mineral
content, PBM, and strength during childhood and adolescence
and these effects are maintained into adult life and beyond.
Although all the factors discussed or mentioned in this review
are needed for the achievement of PBM especially during early
years of life, the most critical nutritional factor that seems to
dominate in the treatment, as well as prevention of osteoporosis,
is calcium. Therefore, preventive efforts of osteoporosis take
special care of administering adequate nutritional supplies of
calcium and Vitamin D, the latter to ascertain the absorption
and utilization of calcium. Exercise as explained above also
promotes osteoblastic bone-building activity.
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