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Effects of physical activity/exercise on bone metabolism, 
bone mineral density and fragility fractures

Introduction

In 1892, Julius Wolff, a German anatomist and orthopedic 
surgeon, first established the concept of bone adaptation oc-
curring in response to mechanical stress (the so-called Wolff’s 
law) [1]. Beginning in the 1960s, Harold Frost further developed 
that of a relationship between the shape of a bone and its me-
chanical function, by describing the “mechanostat”, a negative 
feedback control circuit that regulates bone strength according 
to the forces applied on it [2]. According to this theory, if the 
typical local maximum force acting on an area of the bone is 
reduced, the local deformation (μStrain) will also be reduced, 
and if it falls below the threshold for bone resorption (i.e., 100-
300 μstrain), the local bone geometry will be selectively altered 
through removal of bone material (“remodeling”). Conversely, 
if the typical local maximum force acting on an area of the 
bone is increased, the local deformation (μStrain) will also be 
increased, and if it rises above the threshold for bone forma-
tion (i.e., 1,500-3,000 μstrain), the local bone geometry will be 
selectively altered through addition of bone material (“model-
ing”). As a result of these changes, the deformation returns to 
normal values, thus adapting the local strength in the direction 
in which the force acts (Fig.1).

Forces acting on bone include muscle contraction, acting 
via tendon attachment sites, and ground reaction forces (im-
pacts) or gravitational loads, i.e., the forces exerted by the 

ground on a body in contact with it, which correspond to the 
individual’s body weight during simple standing; in movement, 
on the other hand, due to acceleration forces, they increase to 
up to 2-3 times the individual’s body weight [3]. The direct and 
indirect influences of muscle on bone, through contraction 
and movement-induced increase of ground reaction forces, 
respectively, point to a central role for the muscle-bone axis 
in modulating bone (and muscle) mass [4]. However, the cou-
pling between muscle and bone cannot be viewed solely from 
the perspective of mechanotransduction, as these organs also 
communicate through myokines and osteokines, respectively, 
which positively or negatively regulate muscle and bone mass. 
In addition, a third player, adipose tissue, participates in this 
biochemical crosstalk through secretion of adipokines, which 
also impact on muscle and bone formation [5] (Fig. 2).

It is generally agreed that osteocytes act as mechanosenso-
ry cells that orchestrate bone modeling and remodeling in re-
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sponse to mechanical stimuli [6]. These cells, which derive from 
osteoblasts, are embedded within bone matrix to form a highly 
connected network, the lacunae-canaliculi system. By virtue of 
their connection with bone lining cells, as well as through se-
creted molecules, osteocytes signal osteoblasts and osteoclasts 
to produce or break down bone [7]. Mediators of mechanotrans-
duction include the osteoclastogenic receptor activator of NF-
κB (RANK)-RANK ligand-osteoprotegerin system [8] and the 
osteoblastogenic Wnt-β-catenin signaling [9].

The concept of bone adaptation to mechanical stress and 
the main role of muscle contraction as a loading stimulus sug-
gest a potential benefit of physical activity (PA)/exercise in 
preservation of bone mass. This article will briefly review the 
existing literature on the effects of PA/exercise on bone me-
tabolism, bone mineral density (BMD), and fragility fractures.

Relationship between PA and bone health

The Dubbo Osteoporosis Epidemiology Study found level 
of PA to be an independent predictor of age-related bone loss 
in elderly women, together with baseline BMD and weight, 
and weight change; it also showed that the combination of age, 
baseline BMD and weight, weight change, and PA accounted 
for 13% of total variance in the rate of BMD decline [10].

The relationship between PA and bone health is further sup-
ported by two lines of evidence. On the one hand, prolonged 
disuse (e.g., bedridden patients) [11] or unloading (e.g., micro-
gravity) [12] have been shown to be associated with bone loss. 
On the other hand, epidemiological studies have clearly demon-
strated a link between PA level and fracture risk. Among 3,262 
men aged >44 years followed for up to 21 years, there was 
an inverse association between baseline self-reported PA and 
hip fracture risk [13]. Likewise, among 77,206 postmenopausal 
women enrolled in the Women’s Health Initiative prospective 
cohort study and followed up for an average of 14 years, higher 
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osteocalcin; PGE2 = prostaglandin E2; SOST = sclerostin; IL-6 = interleukin 6; IGF-1 = insulin-like growth factor I; FGF-2/21 = fibroblast growth 
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Figure 1 Schematic representation of the “mechanostat” control circuit 
for bone adaptation to mechanical load.
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total PA was associated with lower total and hip fracture risk; 
moreover, higher PA mitigated increased total fracture risk 
associated with sedentary behavior [14]. Among 1,477 elderly 
participants in the population-based Longitudinal Aging Study 
Amsterdam, fracture rates over a 3-year follow-up were higher 
in individuals with low PA, functional limitations, low perfor-
mance, and poor handgrip strength [15]. Among 4,984,144 mid-
dle-aged and older individuals identified through the Korean 
National Health Insurance Service, fracture risk was found to 
be progressively lower in those decreasing their PA, increasing 
their PA, and remaining continuously active compared with in-
dividuals who were continuously inactive [16].

As regards determinants of fracture risk, among 7,624 older 
people from the Activity and Function in the Elderly (ActiFE) 
in Ulm study, those who were classed as low active showed 
more falls per hours walked; the highest incidence rates were 
recorded in low-active persons with slow walking speed or a 
history of falls [17]. Furthermore, in a study of 65 young male 
athletes, those who remained active throughout the study 
showed increased BMD at all sites when compared with 27 
male coeval controls; at the final follow up, those who had end-
ed their active careers (former athletes) still recorded higher 
BMD at the femoral neck, total hip and humerus compared 
with the controls [18].

Effect of exercise training on fracture risk 
and its determinants

Intervention studies and meta-analyses have shown that 
PA/exercise interventions are effective in reducing fracture 
risk by favorably affecting its determinants, such as BMD and 
falls. However, the level of evidence is quite low, likely due to 
the high risk of bias of many of the existing studies and their 
heterogeneity in terms of participant characteristics and exer-
cise/training protocols. The effects on bone health may in fact 
vary according to the type, intensity, duration and frequency of 
exercise. In particular, types of exercise include not only aer-
obic and resistance, but also low- and high-impact as well as 
weight-bearing and non-weight-bearing, which are critical for 
the extent of mechanical loading; moreover, balance and func-
tional training is also important for reducing the risk of falls.

A meta-analysis of 43 randomized controlled trials (RCTs) 
involving 4,320 participants found a relatively small effect of 
exercise. Combination exercise was associated with a lower 
fracture risk than in control groups and was the most effective 
for spine BMD, whereas non-weight-bearing high-force exer-
cise was the most effective for femoral neck BMD [19]. Two 
more recent meta-analyses confirmed the beneficial effect of 
exercise on fracture risk and BMD. The first included 20 RCTs 
involving 7,704 older adults and showed a reduced fall-related 
fracture risk; the significant effect of intervention was detected 
for studies with longer follow-up and of higher quality [20]. The 
second included 75 studies for a total of 5,300 post-menopausal 
women and showed a significant impact of exercise on BMD 
at all sites [21]. Another meta-analysis including 108 RCTs for a 
total of 23,407 community-living participants reported that ex-
ercise reduced falls by 23%, with programs involving balance 

and functional training found to be the most effective [22].
Regarding type of exercise, several meta-analyses demon-

strated the superiority of resistance, weight-bearing and 
high-impact exercise in improving BMD [23-25]. Moreover, the 
Lifting Intervention For Training Muscle and Osteoporosis 
Rehabilitation (LIFTMOR) semi-randomized controlled trial 
focused on the effect of high-intensity resistance and impact 
training on bone health. In postmenopausal women with osteo-
penia/osteoporosis, this training protocol was superior to con-
trol in improving BMD, quantitative ultrasound parameters and 
physical performance [26]. Likewise, in men aged >45 years with 
low bone mass, it was superior to isometric axial compression 
on bone geometry of the femoral neck and non-dominant distal 
tibia and radius [27], BMD, quantitative ultrasound parameters, 
physical function [28], and thoracic kyphosis and incident frac-
ture from vertebral morphology [29]. In the Osteo-cise: Strong 
Bones for Life trial, a multimodal exercise program incorporat-
ing high-speed progressive resistance training, combined with 
an education and behavioral change program, was effective in 
improving femoral neck and lumbar spine BMD, together with 
body composition, muscle strength and physical function in 
older adults [30].

As regards exercise intensity and frequency, two meta-anal-
yses, conducted in post-menopausal women and in older adults 
respectively, showed that the higher the exercise intensity and 
frequency were, the higher the improvements in lumbar spine, 
but not femoral neck, BMD [31,32]; these results highlighted the 
importance of progressively increasing the intensity of training 
and of doing at least 3 exercise sessions/week.

As for exercise duration, animal studies have shown that 
bone tissue desensitizes to mechanical loading after relatively 
few exercise repetitions and that recovery periods of variable 
duration are required to allow the tissue to re-sensitize, thereby 
indicating the importance of “novelty of strain” and the need 
for intermittent training protocols in order to maximize the ef-
fectiveness of mechanical loading on osteogenesis [33].

Effect of exercise on bone loss associated 
with body weight loss

Overweight and obesity have consistently been associated 
with reduced fracture risk [34], which appears to be mediated 
by the preserved or even augmented BMD, due to increased 
mechanical loading [35]. Conversely, body weight loss is com-
monly associated with BMD loss, which is partly attenuated 
by weight regain only at the hip level [36], thus predisposing to 
fragility fractures, especially in older individuals [37].

Several studies have suggested a potential role for PA/exer-
cise in mitigating bone loss associated with body weight loss in 
obese individuals. In a 1-year RCT, physical function increased 
more, whereas lean body mass and BMD at the hip decreased 
less in the diet-exercise than in the diet-only group [38]. In the 
subsequent Lifestyle Intervention Trial in Obese Elderly (LI-
TOE), the combination of aerobic and resistance exercise was 
the most effective in improving functional status and attenuat-
ing BMD loss at the hip [39]; the preserving effect on BMD was 
also seen at the femoral neck, trochanter and intertrochanter, 
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but not at the lumbar spine and one-third radius [40]. Moreo-
ver, the Cooperative Lifestyle Intervention Program (CLIP) II 
showed that adding resistance but not aerobic training to diet 
minimized long-term hip bone loss [41] and, in the Look AHEAD 
(Action in Health for Diabetes) trial, the BMD-preserving ef-
fect of exercise was observed in men, but not in women [42]. 
Meta-analyses confirmed the efficacy of exercise training in 
attenuating BMD loss after body weight loss induced by diet 
[43] and bariatric surgery [44], and that resistance exercise is the 
training modality that partially preserves bone mass during cal-
orie-restricted diets [45].

Effect of exercise on bone fragility 
associated with type 2 diabetes

Despite normal-to-elevated BMD, people with type 2 dia-
betes have an increased fracture risk, which has been attributed 
to poor bone quality [46]; it remained after adjustment for BMD 
and falls [47]. Combination of weight-bearing aerobic and re-
sistance exercise seems to prevent excessive bone loss in these 
individuals during weight loss [42, 48].

However, it is unclear whether, in individuals with pre-
served BMD, exercise is effective in increasing bone qual-
ity, and whether improved quality results in increased bone 
strength and reduced fracture risk. An ongoing RCT, the Study 
to Weigh the Effect of Exercise Training on BONE quality and 
strength (SWEET BONE) in type 2 diabetes, is assessing the 
efficacy of a 2-year exercise training program, specifically de-
signed for improving bone quality and strength, compared with 
standard care [49]. The primary endpoint is baseline to end-of-

study change in the trabecular bone score, a parameter of bone 
quality consistently shown to be reduced in these individuals. 
Falls and asymptomatic and symptomatic fractures, evaluated 
over 7 years, including a 5-year post-trial follow up, are sec-
ondary endpoints.

Conclusions

The role of muscle contraction in modulating bone homeo-
stasis suggests that, in terms of preserving bone heath, there is 
a potential benefit to be derived from PA/exercise.

Current evidence supports a role for PA/exercise as a 
non-pharmacological, safe, and low-cost tool for preventing 
and treating bone loss associated with age and various disease 
conditions, and provides important insights into the exercise 
modalities that are most suited for improving bone, muscle 
and adipose tissue health (Fig. 3). A recent systematic review 
evaluating the quality of osteoporosis guidelines from the per-
spective of PA-based intervention concluded that moderate- or 
high-intensity exercise is encouraged by many guidelines, the 
majority of which are of good quality, although they lack spe-
cific indications on exercise protocols [50], indicating the need 
for further high-quality RCTs to establish the optimal exercise 
prescription.

Furthermore, PA/exercise may be useful for mitigating 
BMD loss associated with body weight loss and for reducing 
fracture risk also in individuals with preserved BMD such as 
those with type 2 diabetes.
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