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Independent and combined effect of nutrition and exercise on 
bone mass development

Abstract Food intake provides the necessary components 
for adequate metabolic functions in bone. Calcium, phos-
phorus, vitamin D, magnesium, proteins, and fl uoride are 
some of the most important nutrients in this regard. These 
have different effects on bone mass. Additionally, exercise 
has been shown to elicit osteogenic responses in bone devel-
opment; indeed, it seems to potentiate, for example, the 
effect of calcium supplementation on bone mass. However, 
the nutrition–exercise–bone mass relationship is complex 
and needs further in-depth investigation. As a fi rst step, 
therefore, we reviewed current knowledge about the role 
of nutrition on the development of bone tissue and how 
physical activity affects the nutrient–bone relationship.
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Introduction

Bone mineral content (BMC) and bone mineral density 
(BMD) accrual is mainly determined by genotype. Approx-
imately 70% of the variation in bone density is determined 
by heredity. The remaining 30%, therefore, depends on the 
phenotype, in which physical activity and/or nutrition can 
induce physiological responses allowing levels of higher 
bone mass attainment.

The crystalline salt deposited on the organic matrix of 
the bone is composed mainly of calcium and phosphorus, 
which represents approximately 80%–90% of the BMC [1]. 
Other important components of bone are proteins: collagen 
fi bers constitute 90%–95% of the organic matrix [2]. There-
fore, food intake and the chemical nutrition process are 
essential to maintain bone structure as they will supply 
essential substances for the constant process of bone 
regeneration.

Food intake has to provide the necessary components to 
develop the normal metabolic functions of the bone. It 
should principally provide calcium, phosphorus, vitamin D, 
magnesium, proteins, and fl uoride [3], but also other nutri-
ents, such as zinc, copper, manganese, boron, vitamins A, 
B, C, and K, potassium, and sodium, which are able to 
intervene in the metabolic process of the bone [4,5]. It is 
diffi cult to study the effect of each of these nutrients on 
bone tissue, because many of them, and quite probably 
others that have not been examined yet, act in a synergistic 
way. It is diffi cult therefore to determine the specifi c 
and independent participation of each one. In addition, the 
degree of participation of these nutrients may vary depend-
ing on individual conditions, i.e., physical activity, age, or 
biological growth. In fact, it is not yet known if the recom-
mended daily intake (RDI) continues to be suffi cient for 
subjects with a high level of sports participation, especially 
during puberty.

Adolescence is a period of life where major accumula-
tion of bone mass occurs, notably during a short period of 
time, principally from hormonal development [6]. During 
this period, the adequate contribution of nutrients involved 
in bone metabolism is critical [7,8].

It is known that participation in physical activity during 
puberty may result in greater bone mass accumulation [9–
11], and also that physical activity protects against bone 
fractures later in life [12]. Similarly, some nutritional strate-
gies, such as calcium supplementation, may also benefi t 
skeletal development, although there are controversies in 
this regard [13–15]. The combined effect or interaction 
between physical exercise and calcium supplementation has 
been shown, and it seems to be more effi cacious in bone 
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development than just exercise or calcium [16]. However, 
the interaction between exercise and food intake or specifi c 
diets in bone mass acquisition is not clear [16].

Consequently, the aims of this review were to broaden 
current knowledge about the role of nutrition on the devel-
opment of bone tissue and, second, to learn how physical 
activity affects the nutrient–bone relationship.

Research strategy

The research strategy for reviewing the studies about the 
relationship between nutrition, exercise, and bone develop-
ment was based on the following single terms or combina-
tions of these: bone mass, BMC, BMD, nutrition, calcium, 
phosphorus, vitamin D, vitamin K, physical activity, exer-
cise, sport, child, and adolescent. The databases used were 
Medline and PubMed, and the selection process was 
conducted by at least two independent researchers for 
each section. Cross-sectional, longitudinal, and intervention 
studies were included.

The effect of exercise on bone development

Exercise during growth seems to increase the BMD peak 
by between 10% and 20% in the loading bones of active 
adolescents compared with sedentary controls [17]. This 
effect could be even greater if exercise starts in prepuberty 
[11,18]. The proportion of BMC attained between age 11 to 
13 years in girls and 12 to 14 years in boys is around 25% 
of the adult BMC [19]. It is also likely that exercise during 
this period acts in a synergic way, with the growth-related 
bone development leading to a higher bone mass at the end 
of the pubertal period [9,19].

Bone seems to adapt to the level of exercise intensity 
required [20] depending on the mechanical stress generated 
by exercise [21]. Therefore, the fi nal effects of exercise on 
bones depend on the type, intensity, and duration of the 
stimulus. Although the most suitable sporting activities 
remain unknown, participation in weight-bearing activities 
generating high ground reaction forces, mainly if they 
include jumps, sprints, and rapid changes of directions, 
seem to have the most evident osteogenic effect during 
growth [22,23].

Calcium

Calcium is one of the main minerals found in bone, and its 
supply through diet is crucial. Perhaps for this reason, 
calcium has been the nutrient most studied in relation to 
bone mass for many years. Several investigations have 
demonstrated that calcium supplementation increases 
bone mass signifi cantly during childhood and adolescence 
[24,25].

The biggest increase of bone mass, and therefore where 
calcium intake might be most effi cient, is during the puber-

tal hormonal spurt, because bones grow both in length 
and in thickness [26,27]. It has been shown that if the con-
sumption of 1200 mg/day of calcium is accompanied with 
additional estrogen intake, the acquisition of bone mass is 
higher in other groups of age [28], indicating that a greater 
contribution of calcium during the stage of increase of 
estrogen production may produce benefi ts on bone growth 
in girls. However, specifi c studies are needed in this 
regard.

Nevertheless, most of the information indicates that 
calcium intake should be constant to maintain bone mass 
increase [29,30], as the increase can be reversed if the intake 
is intermittent or interrupted [29,31]. However, there are 
discrepancies on this matter [32,33], because the biological 
condition in which the calcium intake occurred, the origin 
of the calcium, the habit of taking products with calcium, or 
the level of physical activity may produce different results 
[34]. New studies in this direction may help to fi nd the most 
effi cient method to make the benefi ts achieved by calcium 
intake permanent.

Despite the fact that calcium has always been benefi cial 
for bone mass [35,36], the effects produced by calcium 
intake are different from the effects observed with intake 
of dairy products [37]. The latter is suggested in a study in 
which both milk product intake and the direct intake of 
calcium had positive effects on BMD, but only dairy prod-
ucts increased bone area (cm2) [37]. These differences may 
be explained by the greater mineral and protein content 
of milk and/or the milk drinking habit [37]. In addition to 
calcium, there are other components of dairy products that 
are able to act positively on bone metabolism: energetic 
contribution, hormonal synthesis [such as insulin-like 
growth factor (IGF-1)], or vitamin D, increasing the effects 
that calcium has per se.

Calcium threshold

The relationship between calcium consumption and bone 
mass is evident. However, how much calcium should be 
taken for optimal bone growth and how much should be 
taken to obtain additional benefi ts? Although discussed, 
the RDIs (reference dietary intakes) propose minimal 
quantities required for optimal growth. It seems that a 
greater contribution of calcium may be transformed in a 
greater accumulation of bone mass, although when calcium 
consumption reaches a given level, its benefi cial effects 
cease, suggesting the existence of a calcium consumption 
threshold after which bone growth does not continue [38–
40]. That is, calcium intake could induce changes in the 
acquisition of bone mass only in subjects with a calcium-
poor diet [24]. However, this threshold could vary with age, 
as Matkovic et al. [41] showed in female adolescents that, 
at calcium intakes of about 1500 mg/day, urinary calcium 
started to rise more rapidly, indicating that skeletal satura-
tion with calcium was reached. Although there is little infor-
mation on this matter in pediatric populations, several 
studies have found that calcium supplementation is associ-
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ated with increments in appendicular BMD and BMC in 
prepubertal children at dosages ranging between 500 and 
2000 mg/day for periods ranging between 12 months and 3 
years [42]. In contrast, no changes are produced in supple-
mented 12- to 15-year-old girls [42]. According to this 
author, calcium becomes less important, possibly because 
of the stimulatory effects of estrogen on intestinal absorp-
tion and renal reabsorption of this mineral.

Bone benefi ts are derived not only from calcium, but also 
from adequate consumption of magnesium, potassium, 
vitamins C, D, K, A, and B, and other potentially important 
nutrients that are needed to keep bone metabolism in 
good working order [40]. The adequate consumption of 
calcium may play an important role in relation to the correct 
utilization of other nutrients that participate directly or 
indirectly on bone metabolism, and these nutrients may 
be the origin of bone improvements from the calcium 
threshold [39,43].

Indirect calcium effects on bone growth in girls

Some studies indicate an interaction between calcium intake 
and the age of the beginning of menarche. Calcium intake 
in prepubertal girls may accelerate the initiation of puberty 
and signifi cantly reduce the age at which menarche begins 
[34,44,45]. It has been observed that premenarcheal girls 
with an average calcium consumption of 420 mg/day expe-
rienced the menarche at 12.8 years (Tanner maturation 
stage 4.1), whereas a similar group with a calcium intake 
of 839 mg/day experienced menarche at 11.9 years of age 
(Tanner 3.5) [44]. It can be hypothesized, therefore, that 
low calcium consumption is related to a low adrenal andro-
gen secretion and may affect adrenal steroidal enzymes, 
thereby delaying the commencement of menarche [34,44].

The delay during female pubertal growth may result in 
reduced endocortical apposition, resulting in a normal or 
larger bone with a thinner cortex and larger medullar diam-
eter [46]. However, biomechanical consequences of delayed 
puberty may be worse in boys than in girls, because boys 
reduce their bone size [46].

Joint action of calcium intake and physical activity on 
bone mass

It has been observed that only those subjects with low 
calcium consumption are able to benefi t from the increase 
in calcium intake to improve their bone condition [24,47]. 
Moreover, the effects of calcium intake on bone mass are 
contradictory, displaying positive [48–50] or negative [51] 
effects depending on the bone location measured and the 
habitual consumption of calcium by the subjects.

The effects of physical activity are more evident. 
Increases in BMC and BMD in the bone areas experiencing 
tension have been observed, notably in high-performance 
activities with impacts or a high volume of training [50,52–
54]. Therefore, it seems logical, as has been indicated in 

several studies [48,55–57], that the combination of physical 
activity and calcium intake may be more effective in increas-
ing bone mass than either calcium intake or physical activity 
alone [58]. However, a meta-analysis of controlled trials 
showed that physical activity did not modify the effect of 
calcium supplementation on BMD [15]; the authors cannot 
exclude this possibility.

Nevertheless, it seems that a minimum calcium intake of 
approximately 1000 mg/day is required to make effective 
these combined inputs [59], as exercise without suffi cient 
calcium supply would not increase the bone mass in adoles-
cents [60,61]. This fi nding is in agreement with a longitudi-
nal study [62] performed in girls who were between 8 and 
13 years old and participated in regular exercise for 7 h/
week. It was observed that the group with the higher calcium 
intake (1800 mg/day) increased total and regional BMC, 
while the group with low calcium intake did not show 
signifi cant differences when compared to a nonexercising 
control group that took the same amount of calcium 
(950 mg/day) [62].

Therefore, it seems that there is a very important interac-
tion between the mechanic requirement of physical activity 
and the availability of calcium (and possibly the availability 
of other nutrients) to reach the greatest bone mass increases. 
This idea has been emphasized by the results of randomized 
controlled trial studies in prepubertal children [62–64] and 
adolescents [65]. Specker and Binkley [63] showed that 
both exercise and calcium supplementation had an effect on 
bones, and they found an interaction between calcium 
intake and exercise, translated into changes in leg BMC by 
dual-energy X-ray absorptiometry (DXA) and geometry 
by quantitative computed tomography (QCT). However, 
while a calcium supplementation effect disappears, exercise 
effects were still signifi cant 1 year after the intervention 
[66].

Additionally, when dealing with high mechanical 
requests, the intestinal absorption of calcium may be higher 
and the urinary excretion may be lower [67], which would 
decrease the production of parathyroid hormone (PTH) 
and would delay bone resorption [68,69]. However, this fact 
still needs to be confi rmed in adolescents.

In any event, additional studies are needed to under-
stand the mechanisms involved in the greater effect on bone 
mass development when calcium intake is accompanied by 
physical activity. Other mechanisms by which the physical 
activity might mediate in cases of high calcium intake, given 
a global effect [62] and not simply a local one [32] at the 
areas under mechanical loads, as, for example, through 
its infl uence on hormonal secretion [57], should be also 
investigated.

Vitamin D

1,25-Dihydroxycholecalciferol is the active form of vitamin 
D (vitamin D3), and its serum level is the best indicator of 
vitamin D status. It is involved in bone metabolism in 
several complex ways [70]. Vitamin D defi cit is related to a 
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decrease in neuromuscular function and with a bone mass 
decrease that causes a large number of fractures [3]. Vitamin 
D defi cit has also been associated with bone mass decreases 
during childhood [71–73] and puberty [73–75].

It is diffi cult to connect vitamin D intake from food with 
bone mass increase, as the synthesis of vitamin D depends 
on exposure to sunlight. Therefore, this depends on the 
geographic area, on the exposure time to sunlight, and so 
on. Recent recommendations for adequate intake of vitamin 
D3 have been set at 5 μg/day for children of all ages in the 
absence of exposure to sun [76]. The ideal healthy blood 
level of 25-hydroxyvitamin D should be 30–60 ng/ml [77]. 
Dietary enrichment or supplementation has been suggested 
for girls with hypovitaminosis D who are at risk of low peak 
bone mass attainment [75]. However, additional studies are 
required to demonstrate the positive effects of vitamin D 
on bone mass without calcium intake.

The combination of vitamin D and calcium, which are 
the most important nutrients in bone metabolism, has a 
clear synergistic effect on bone mass in all age groups 
[78,79]. However, recent literature has opened discussion 
on the real effect of vitamin D and calcium supplementation 
on decreased bone fracture risk, which was built on previ-
ous literature supporting increased vitamin D and calcium 
intake as effective methods for decreasing risk of osteopo-
rotic-related fractures [77]. Low levels of vitamin D (and/or 
calcium) stimulate PTH action and cause defective bone 
mineralization, therefore increasing the risk of fractures 
and osteoporosis [73,80].

Because vitamin D and calcium have a synergic effect on 
bone metabolism, the benefi ts of combining vitamin D and 
exercise could be similar to those found for a combination 
of calcium and exercise. In addition, physical activity and 
exercise have been related to serum vitamin D3 [81], but 
evidence of the real effect of exercise on vitamin D3 metab-
olism remains confl icting [82]. Moreover, there is a lack of 
information on adolescent populations.

As vitamin D synthesis depends on exposure to sunlight, 
another possible effect of exercise could be mediated by the 
fact that some types of physical activities or sports participa-
tion take place outdoors, providing the opportunity to be 
exposed to sunlight. In fact, higher levels of vitamin D3 have 
been reported in people who exercised outdoors, compared 
with those who exercised indoors [83].

The direct effect of exercise on vitamin D status has not 
been specifi cally studied in adolescents, nor has the rela-
tionship between vitamin D and exercise and bone mass. 
Further studies should be carried out to clarify these 
issues.

Phosphorus

The other main component of bone is phosphorus, which 
together with calcium composes hydroxyapatite, which is 
the main crystalline salt of bone. Both calcium and phos-
phorus must be available simultaneously and in suffi cient 
quantities for adequate bone mineralization; therefore, 

phosphorus is an indispensable micronutrient for bone 
metabolism [84,85].

From a nutritional point of view, it is more important 
to quantify the calcium/phosphorus ratio (Ca:P ratio) than 
solely phosphorus, as their codependence and joint effect 
on mineral retention are more effective [84,86].

It seems that if phosphorus intake is within normal values 
(RDI, 700 mg/day) it does not affect bone mass homeosta-
sis, although adequate phosphorus intake is fundamental to 
reach correct bone mass level [87]. In cases of hypophos-
phatemia, the formation of new bone could be limited as 
the osteoblastic function decreases and the osteoclastic 
resorption increases [87].

There are contradictory data about the effect of exces-
sive phosphorus intake in humans. Some authors propose 
that excessive intake of phosphorus produces hypocalcemia 
and reduces the Ca:P ratio, and these effects seem to be 
harmful for bone mass, especially with low dietary calcium 
intake, because of its stimulatory effect on PTH action 
[86,88,89]. These results have been seen in girls (18–25 
years) consuming high levels of phosphorus and moderate 
levels of calcium in diets lasting 4 weeks. The serum levels 
of PTH increased constantly compared with another group 
who consumed the recommended levels of P and Ca [86]. 
However, human studies using calcium kinetic methodol-
ogy showed no effect on bone turnover by doubling P intake 
[90].

The Ca/P ratio most effi ciently achieving maximum 
BMC and BMD depends on the infl uence of other factors, 
such as different nutrients, high fi ber intake, low vitamin 
D intake, caffeine intake, drug and alcohol intake, age [91], 
alkaline or acid foods, and so on, which all alter the calcium 
absorption [92]. For example, the leak of urinary calcium 
produced by the high consumption of phosphorus is attenu-
ated by the amount of protein consumed [93]. In women 
between 18 and 31 years old, consumption of 1400 mg/day 
calcium and 1000 mg/day phosphorus (a relation of 1.4) 
was established as most effective for achieving the maximal 
benefi ts of BMC and BMD, 2800 g and 1.26 g/cm2, respec-
tively, being expected. However, by maintaining the same 
intake of calcium and increasing phosphorus consumption 
to 1800 mg/day (a relation of 0.7), a result of 2600 g and 
1.16 g/cm2 (10% lower BMC and BMD) was obtained. 
It is confi rmed, then, that if the calcium intake is adequate, 
the Ca/P ratio is more important than the phosphorus 
intake alone [94]. These results contradict the recom-
mendations that propose that a Ca/P ratio of 1 is the most 
effective [94]. More longitudinal studies are necessary 
to elucidate the best osteogenic Ca/P ratio and the 
modifi cations that exercise could introduce into this 
relationship.

Short-term bouts of exercise increase serum phosphorus 
concentrations at either low or high exercise intensity in 
young males, which could result in an increase in serum 
parathyroid hormone [82]. Phosphorus status has been 
studied in adolescents athletes involved in different 
types of sports [95]. Although higher BMD was observed 
in the impact load sports, no differences were found in 
males involved in impact load sports (i.e., gymnastics), 
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compared with loading sports (i.e., pool sports), and con-
trols [95].

Phosphorus intake has been shown to predict BMC at 
the age of 8 years [96]. In the same study, the interaction 
between phosphorus and physical activity was suggested 
but not tested [96]. New studies examining the combined 
effect of phosphorus and exercise on bone mass during 
growth are needed.

Vitamin K

Vitamin K intake is related to BMD and it is used for 
osteoporosis treatment and prevention of bone fractures. 
Existing evidence suggests that vitamin K defi ciency may 
contribute to an abnormal bone metabolism [97,98]. The 
osteoblastogenesis increases and the osteoclastogenesis 
decreases; that is, the bone formation increases and the 
resorption decreases [97,98].

Vitamin K status correlates positively with serum con-
centration of vitamin K1 (phytomenadione) and negatively 
with 1% decarboxylase osteocalcin (%dcOC) [98]. Osteo-
calcin is one of the proteins that compose the organic envi-
ronment of bone, and its levels in blood are used as an 
indicator of bone composition [99]; both vitamin K1 and 
%dcOC indicate vitamin K status. Vitamin K1 is an isoform 
of vitamin K and for this reason they correlate positively. 
The %dcOC is not able to join adequately to hydroxyapa-
tite; to join it correctly, one of the functions of vitamin K is 
the gamma-carboxylation of the osteocalcin, which joins the 
Ca2+ ion to the hydroxyapatite molecule [100]. For this 
reason, this correlation is negative.

In a 4-year longitudinal study carried out in girls (3–16 
years), levels of vitamin K were positively associated with 
the increase in bone formation, the decrease in bone resorp-
tion, and the increase of bone mass [98]. More studies are 
necessary regarding the combined effect of vitamin K with 
calcium or other nutrients, as these are scarce in children 
and contradictory in adults [101].

It has been suggested that vitamin K and other nutrients 
interact with other genetic and environmental factors such 
as physical activity or sedentary habits [96]. These interac-
tions have been proposed as one of the reasons for incon-
sistent results on the individual role of nutrients in bone 
health [96]. No relationship has been found between vitamin 
K and sedentary behavior [96], but the direct relationship 
with physical activity has not been studied. Similarly, no 
studies have been conducted to elucidate if exercise could 
add additional benefi ts combined with vitamin K supple-
mentation, so studies on this are also needed.

Other nutrients

As stated, calcium is a threshold nutrient; therefore, the 
increase in bone mass from an adequate intake of calcium 
will give greatest effi ciency in bone metabolism when other 
nutrients are coparticipants.

The contribution of these nutrients may come from fruit 
and vegetable consumption, as there is a positive correla-
tion between these and bone mass in girls and in boys, at 
prepubescent and adolescent ages [40,102], and in adults 
[103,104]. However, much controversy exists on this matter 
because no relationship has been reported in other studies 
[105].

Fruits and vegetables supply potassium and magnesium 
to the organism, and when the diet is acidic, they have a 
muffl ing effect on the decrease of bone mass as they con-
tribute to create an alkaline ambient [106,107]. Magnesium 
also plays an important role in the binomial vitamin D–PTH 
[3]. Vegetables also supply vitamin K, which is an essential 
cofactor in osteoclast metabolism [108], natural antioxi-
dants, and phytoestrogens, which may also have a bone 
protective effect [109].

The effect of exercise on bone mass in combination with 
other nutrients has not been studied yet. However, it has 
been suggested that a complex matrix of interactions 
between nutrients, genes, and lifestyle (i.e., physical activ-
ity) could occur [110]. Therefore, to study the effect on 
bone development avoiding the present inconsistency in the 
results of individual infl uences, a combination of potential 
factors could be the most reasonable approach [96].

Proteins may also affect bone metabolism. Their role is 
complex and probably depends on the action of other nutri-
ents [111,112]. Both low- and high-protein diets may be 
detrimental for bone health [111]. High consumption of 
animal proteins may negatively affect bone mass by their 
effects on the renal excretion of calcium [113,114], probably 
because of the increased acid load from metabolism of 
sulfur-containing amino acids [115]. The consumption of 
vegetable proteins may attenuate these negative effects on 
bone mass, being associated with the contribution of other 
nutrients.

However, a short-term intervention trial showed that 
protein restriction decreased calcium absorption in young 
women when daily protein intake was 0.7 and 0.8 g/kg, but 
not during the 0.9 or 1.0 g/kg intake period. In addition, 
secondary hyperparathyroidism developed in the low-
protein groups [116]. More epidemiological evidence high-
lights the deleterious effects of a low-protein diet on bone, 
where the lowest quartile of dietary protein intake is associ-
ated with a signifi cantly reduced BMD [117].

Other recent studies suggest that the effect of exercise 
on bone mass is mediated by diet, not only considering the 
individual nutrients, but also total energy intake [118]. 
Thus, sporting activities that are supposed to be osteogenic 
could result in a decrease in bone mass from a negative 
energy balance, as has been observed in ballet dancers 
[119], amenorrheic runners [118], or young anorexic women 
[120].

It has been suggested that many nutrients are related to 
bone mass development; therefore, children should consume 
a varied and nutrient-dense diet [96]. We also suggest that 
exercise must go hand with hand with diet.
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Conclusion

The fi rst aim of this review was to broaden current knowl-
edge about the role of nutrition on the development of bone 
tissue. In this regard, an adequate consumption of calcium 
and phosphorous in the diet is essential in maintaining skel-
etal health, as these are the two main minerals that compose 
the structure of bone. Other nutrients such as vitamin D, 
vitamin K, proteins, or even total energy intake are indis-
pensable as catalysts of the osteogenic process and are also 
capable of increasing calcium effi cacy.

Second, we tried to understand how physical activity 
affects the nutrient–bone relationship. This study was 
mainly concerned with calcium. In this line, if exercise is 
combined with increased calcium intake or supplementa-
tion, the benefi ts on bone mass seem to be greater. The 
latest evidence coming from randomized controlled trials 
shows that there is interaction between calcium supplemen-
tation and exercise, resulting in important changes not only 
in BMC but also in the structural properties of bones.

A complete and nutrient-dense diet is recommended, as 
many nutrients infl uence bone health as well as exercise 
participation because of its direct effect on bone develop-
ment. However, new studies are needed to test the interac-
tion between other specifi c nutrients or diets and exercise 
regarding bone development.
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