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ABSTRACT
Osteoporosis is a worldwide common 
disease characterised by reduced bone 
mass and increased risk of fractures. 
Many genetic variants are associated 
with the disease, but they account for 
only a small percentage of variance in 
individual bone mineral density and 
fragility fracture risk. Only recently 
have researchers recognised the role of 
a broad variety of environmental fac-
tors in the pathogenesis of osteoporo-
sis, which has led to a further step: how 
genetic and environmental factors can 
interact, which is the next frontier in 
research on bone fragility.

The exposome and the bone
Following the definition given by Wild 
in 2005 (1), the exposome embraces 
all life-course environmental expo-
sures (both exogenous and endoge-
nous, including lifestyle factors), from 
the prenatal period onwards. Unlike 
the genome, which is highly constant 
throughout life, the exposome is highly 
variable and dynamic: food, drugs, gut 
microbiota (2), oxidative stress, pollut-
ants, climate, ionising radiation, urban 
environment, physical activity, reve-
nue, and education level (3) are among 
the numerous factors that contribute to 
increasing individual phenotypic vari-
ability; these factors can affect health 
and susceptibility to diseases. The 
interplay between genome and expo-
some represents an expanding field of 
research, with the aim of identifying 
individuals at greatest susceptibility to 
chronic diseases as well as effective 
strategies to prevent them. Osteoporo-
sis and fractures are one of the greatest 
health problems nowadays. There were 
568.000 new fragility fractures in Italy 
in 2019, and this number is expected to 
increase by 134.000 to 702.000 in 2034 
(4); the total direct cost of fractures 
was €9.45 billion in 2019 (6.0% of 
healthcare spending), which included 

a negligible expenditure in pharmaco-
logical prevention (€259 million, 2.7% 
of total expenditure). Given these facts, 
is of paramount importance to identify 
the environmental factors that increase 
fracture risk; slowing down the growth 
in the number of fractures is one of 
the greatest challenges of the near fu-
ture. Fortunately, this challenge is far 
less daunting now than a few decades 
ago: research has identified the key 
role in bone health of environmental 
factors such as - to cite those more rel-
evant - vitamin D, calcium intake, body 
weight, body weight changes, physical 
activity, and pollution. Furthermore, 
most of these factors are measurable 
and can serve as markers of risk.

Recognising the vital role of 
vitamin D in human evolution
In the last two decades, vitamin D has 
received great attention due to the re-
alising of vitamin D deficiency as a 
global health issue together with evi-
dence that 1,25-dihydroxyvitamin D3, 
the hormonally active form of vitamin 
D, produces a number of skeletal and 
extra skeletal biological responses. Ex-
tra skeletal effects include a role in both 
innate and adaptative immune system 
and in muscular function, a possible 
inhibition of cancer cell progression, 
favourable effects on the cardiovas-
cular system, and protection against a 
number of autoimmune disease (5-7). 
Nowadays vitamin D is very popular as 
a “bone fixing” agent, but the relation-
ship between vitamin D, calcium ho-
meostasis and bone remodelling turned 
out to be the last evolutionary func-
tion of the vitamin. About 385 million 
years ago, some species moved from 
the ocean into land and had to develop 
a skeleton to support locomotion under 
gravitational forces (8). In the calcium-
rich environment of the sea water (that 
contains about 400 mg/L of calcium), 
this transformation would have been 
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made possible by calcium abundance 
itself; the calcium-poor conditions on 
land imposed the requirement of an ex-
tremely precise regulation of calcium 
homeostasis to sustain both calcium-
depending muscular and neurologic 
functions and the bone modelling and 
remodelling (9). In this process, vita-
min D, as well as the parathyroid hor-
mone (PTH), had a vital role. In fact, 
their primary objective is to maintain 
serum calcium levels within the normal 
range, by increasing calcium intestinal 
absorption, decreasing its renal excre-
tion, and promoting reabsorption of 
calcium from the bone when necessary. 
Vitamin D3 (cholecalciferol), the natu-
ral form of vitamin D, is produced in 
the skin from 7-dehydrocholesterol un-
der proper UV-B irradiation. The skin 
is the most important source of vitamin 
D (about 80% of daily requirement) and 
depends on the intensity of the UV-B ir-
radiation, which in turn is dependent on 
season and latitude. Vitamin D can also 
be taken in the diet. However, vitamin 
D is present in only a few foods (which 
include fortified dairy products and fish 
oils), and the amount of vitamin D tak-
en with food does not exceed the 20% 
of daily requirement (10). The need for 
an appropriate cutaneous production of 
vitamin D has been proposed as the ex-
planation of today’s North-South gradi-
ent in skin colour: when Homo Sapiens 
left equatorial East Africa about 75.000 
years ago their skin was dark to protect 
them from sunburn and cancer caused 
by the strong equatorial sun. In north-
ern regions, both clothing and northern 
latitude reduced the amount of vitamin 
D produced in the skin. Bone disease, 
reduced potency of the immune sys-
tem and muscle function impairment 
may have created an evolutionary pres-
sure, which favoured individuals with 
a lighter skin (11). This hypothesis, 
however, in not universally accepted 
(12). Nowadays, by measuring plasma 
levels of 25OH-vitamin D, vitamin D 
deficiency has emerged as a frequent 
finding in the general population, 
which certainly contributes to increase 
bone loss and fracture risk. Assessing 
individual vitamin D status has be-
come increasingly popular in the recent 
years, although several guidelines such 

as those produced by the Italian Osteo-
porosis Society (13) recommended not 
performing the 25(OH)D measurement 
in the general population. Instead, it 
should be more cost effective to profile 
the individual risk of hypovitaminosis 
and then decide to perform the test only 
in those deemed at risk of osteomala-
cia; those at risk of hypovitaminosis, 
such as obese patients, those who do 
not spend sufficient time outdoors, and 
institutionalised elderly patients should 
be supplemented with adequate dose 
of vitamin D without testing 25OH-
vitamin D (13). How to measure reli-
ably the individual risk of vitamin D 
deficiency? Recently, indirect informa-
tion regarding vitamin D status in Ital-
ian adults has been achieved by means 
of a 20-item, multiple-choice, validated 
questionnaire (Evaluation Vitamin D 
Deficiency Questionnaire, EVIDENCe-
Q) exploring the factors affecting the 
production, intake, absorption, and 
metabolism of vitamin D (14). In this 
study the prevalence of severe deficien-
cy (i.e. 25OH-vitamin D <10 ng/ml), 
deficiency (10–20 ng/ml), and insuffi-
ciency (20–30 ng/ml) were determined 
in 22%, 35.3%, and 43.3% of the study 
population, respectively, confirming the 
high prevalence of hypovitaminosis in 
our population; EVIDENCe-Q scores 
were analysed to 25-OH-D serum lev-
els, showing a statistically significant 
discriminatory power. Therefore, EVI-
DENCe-Q can be a screening tool for 
clinicians in their daily practice to iden-
tify subjects at risk of vitamin D defi-
ciency and to avoid inappropriate sup-
plementation and costly blood testing. 

Is vitamin D all we need 
for bone health?
As outlined before, vitamin D was an 
evolutionary successful hormone that 
allowed life in a calcium-poor environ-
ment. Every day an amount of calcium 
leaves our body via renal excretion and 
digestive tract secretion (the so called 
faecal endogenous calcium), and ide-
ally an equal amount of calcium should 
be absorbed every day by the small in-
testine to maintain a neutral balance. 
Renal handling of glomerular filtrated 
calcium is tightly regulated by PTH 
in response to variation of serum cal-

cium; PTH in turn induces activation of 
vitamin D via 1-α hydroxylation in the 
proximal renal tubule. The main action 
of 1,25(OH)2-vitamin D is to increase 
intestinal calcium absorption to restore 
serum calcium levels (15). This conclu-
sion is based on the evidence that in pa-
tients affected with hereditary vitamin 
D-resistant rickets (HVDRR), which is 
caused by inactivating mutations in the 
vitamin D receptor, hypocalcaemia and 
rickets are reversed when these patients 
are administered intravenous or high 
oral calcium (16). More-over, when 
VDR null mice - an animal model of 
HVDRR - are fed with a diet high in 
calcium, rickets and osteomalacia are 
prevented (17, 18). A second direct ac-
tion of vitamin D is on osteoblasts. In 
the situation when dietary calcium in-
take or the amount of calcium absorbed 
by the gastrointestinal tract is lower 
than the amount lost or used for bone 
remodelling, serum levels of PTH and 
1,25(OH)2D increase, which leads to 
reabsorption of calcium from the bone 
to maintain normal serum calcium 
levels. This increased bone resorption 
during a negative calcium balance is 
necessary to maintain normocalcaemia, 
as evidenced by a reduction in serum 
calcium levels when bone resorption 
is pharmacologically blocked in the 
intestinal-specific VDR null mice (19). 
Vitamin D acts primarily via osteoblast 
VDR signalling, exerting direct tran-
scriptional control on the expression 
of RANKL, that binds to its receptor 
RANK in osteoclast precursors and 
increases osteoclast formation and ac-
tion. In vitro co-culture experiments 
have shown that osteoblast VDR sig-
nalling is necessary for 1,25(OH)2D-
induced osteoclast formation, whereas 
VDR activity in osteoclasts is not (20, 
21). Besides stimulating bone resorp-
tion during a negative calcium balance, 
1,25(OH)2D also inhibits bone matrix 
mineralisation (17), by increasing the 
pyrophosphate levels and osteopontin 
expression (20), both potent mineralisa-
tion inhibitors. Based on this evidence 
about the role of vitamin D, the conclu-
sion is that to achieving bone health an 
appropriate dietary intake of calcium is 
as mandatory as is having normal plas-
ma vitamin D levels. In condition of 
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low calcium intake, and consequently 
of low intestinal absorption of calcium, 
vitamin D will maintain serum levels 
of calcium in the normal range at the 
expense of bone. According to the Rap-
porto Osmed (23), in 2022 18.1% of the 
female population and 5.1% of the male 
population in Italy were supplemented 
with vitamin D, 1.5% and 0.2%, respec-
tively, with vitamin D plus calcium, 
and 0.5% and 0.2%, respectively, with 
calcium alone. Total expenditure in vi-
tamin D in Italy in 2022 (about €340 
million) exceeds the sum of the expen-
ditures for all antifracture therapies to-
gether (23). While most patients with 
fragility fractures goes undiagnosed or 
unrecognised without receiving a phar-
macologic secondary prevention (only 
about 3% of the Italian female popula-
tion in 2022 was taking an antifracture 
therapy), vitamin D is probably largely 
prescribed to healthy individuals who 
will never benefit from it in term of 
fractures (24). Furthermore, available 
data show that vitamin D is usually pre-
scribed without concomitant calcium 
supplementation, because of the er-
roneous belief that vitamin D alone is 
sufficient to preserve bone mass and to 
prevent fractures, which is not. In fact, 
to achieve the beneficial effects on bone 
of vitamin D, a daily calcium intake of 
1-1.2g/day must be guaranteed by ei-
ther diet or pharmacological supple-
mentation. Moreover, prescribing vita-
min D should shift from healthy com-
munity dwelling individuals to a more 
targeted at-risk population (13). More 
than 30 years ago, the administration of 
tricalcium phosphate and vitamin D to 
elderly, institutionalised women caused 
a reduction of 43% of hip fractures and 
of 32% of non-vertebral fractures after 
18 months of treatment when compared 
to the effects of double placebo (25). A 
meta-analysis of randomised controlled 
trials in postmenopausal women from 
50 to 79 years old showed that calcium 
and vitamin D supplementation sig-
nificantly reduced the incidence of hip 
fracture (RR= 0.864; 95% CI: 0.763–
0.979) and had an effect on total frac-
ture (RR=0.962; 95% CI: 0.925–1.000; 
p=0.051) nearly reaching statistical sig-
nificance (26). Another meta-analysis 
of randomised controlled trials of vi-

tamin D supplementation alone did not 
find a reduced risk of any fracture (RR: 
1.06; 95% CI, 0.98–1.14) or hip frac-
ture (RR: 1.14; 95% CI, 0.98–1.32). In 
contrast, a meta-analysis of randomised 
controlled trials of combined supple-
mentation with vitamin D and calcium 
found a 6% reduced risk of any fracture 
(RR: 0.94; 95% CI, 0.89–0.99) and a 
16% reduced risk of hip fracture (RR: 
0.84; 95% CI, 0.72–0.97) (27). More 
recently, daily administration of 2000 
IU of vitamin D to community dwell-
ing people who were not selected for 
vitamin D deficiency, low bone mass, 
or osteoporosis did not reduce fracture 
incidence in comparison with placebo 
after a median follow up of 5.3 years 
(24). This was not unexpected, since 
25OH-vitamin D plasma levels were 
normal (i.e. >20 ng/ml) in 84.7% of the 
samples taken at baseline and only 20% 
of the participants took calcium supple-
ments. Taken together, these findings 
strongly suggest that vitamin D exerts 
beneficial skeletal effects when given 
with an appropriate calcium intake.

Does body weight have an impact 
on bone?
Osteocytes are the most numerous cells 
in bone, accounting for 90%–95% of 
total bone cells in the adult skeleton 
(28). They descend from osteoblasts 
(29) that have been encircled progres-
sively by collagen and calcified matrix. 
As these cells begin to embed in their 
lacunae, they form dendritic-like pro-
cesses that create contact and anchor-
ing to similar processes originating 
from previously embedded osteocytes. 
When the process of mineralisation is 
completed, the interconnected cells 
form what is known as the osteocyte-
canalicular network. Osteoblasts and 
osteoclasts live from days to weeks, but 
osteocytes can live for years or even 
decades (29). The known functions of 
osteocytes are the following: 1. to com-
municate with osteoclasts and osteo-
blasts and to link the activities of these 
two cells; 2. to act as endocrine cells 
that regulate phosphate reabsorption in 
the kidney, skeletal muscle function, 
and insulin secretion in the pancreas; 
and 3. to regulate bone mechanosens-
ing and mechanotransduction (30-32). 

Evidence for the mechanosensitive 
function of osteocytes was revealed 
when transgenic mice with specific 
osteocyte ablation failed to respond 
to unloading-induced bone loss (33). 
The mechanosensing properties of the 
osteocyte-canalicular network is the 
functional basis by which body weight 
can influence the human skeleton. As 
a matter of fact, higher body weight is 
associated with higher bone mineral 
density (BMD) (34, 35). In a cross-sec-
tional study, by multiple linear regres-
sion models adjusted for age, smoking, 
exercise, alcohol, thiazide use, and oes-
trogen use, total weight was the most 
consistent marker of BMD, and it was 
so more in weight-bearing sites than 
in the non-weight-bearing sites (34). 
Moreover, in the Dubbo longitudinal 
study body mass index was an impor-
tant predictor of the rate of change at 
the femoral neck over time in both 
sexes (36). Higher weight was associ-
ated with lower rate of bone loss in the 
elderly in another study (37). Conse-
quently, actual low weight represents 
an independent risk factor for osteopo-
rosis and fractures, and it is among the 
main clinical risk factors used to predict 
individual fracture risk by means of al-
gorithms such as FRAX. However, the 
relationship between body weight and 
bone loss is certainly broader: what are 
the effects of weight loss on BMD over 
time? In a prospective cohort study on 
a large population of women aged 65 
and older (38) weight changes were 
measured over a 5.7 year follow-up, 
and hip BMD changes were measured 
over a subsequent 4.4 year follow-up. 
Weight loss was defined as a decrease 
of 5% or more from baseline weight, 
stable weight was defined as less than 
a 5% change, and weight gain was de-
fined as an increase of 5% or more. 
The rate of decline in total hip bone 
density increased from -0.52%/year in 
women with weight gain to -0.68%/
year in women with stable weight to 
-0.92%/year in women with weight 
loss (p-value for trend 0.001). Higher 
rates of hip bone loss were observed in 
women with weight loss irrespective of 
body mass index. During a subsequent 
follow-up of an average 6.6 years after 
the last assessment of body weight, 6% 
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of the cohort suffered a first hip frac-
ture. Women with weight loss had 1.8 
times the risk (95% CI, 1.43–2.24) of 
subsequent hip fracture as those with 
stable or increasing weight. Again, the 
association between weight loss and 
increased risk of hip fracture was con-
sistent across categories of body mass 
index (38). This study and others (39, 
40) indicate that weight loss has sig-
nificant long-term effect on bone den-
sity and fractures, not only in elderly 
women but also in men (41). Conse-
quently, measurement of weight chang-
es, not only of actual weight, should 
be incorporated into clinical practice 
to assess fracture risk, and osteoporo-
tic patients should be counselled not 
to lose weight significantly (e.g. more 
than 5% of their actual weight) unless 
this is appropriate for other health re-
lated issues, which implies nutritional 
advice and weight monitoring. This 
point is particularly important since 
weight regain after weight loss seems 
not to be associated with lumbar spine 
or hip bone regain, even when weight 
loss has been induced by increasing 
physical activity (40, 42). Exercise 
could be hypothetically an effective 
strategy to attenuate bone loss dur-
ing weight loss. However, randomised 
controlled studies that tested this hy-
pothesis reported inconsistent findings. 
A recent meta-analysis (43) included 
9 RCTs that compared the changes of 
BMD in adults with underweight or 
obesity who underwent a programme 
of weight reduction through diet alone 
or in combination with supervised ex-
ercise. Diet-induced weight loss plus 
exercise proved effective in reducing 
femoral neck bone loss with respect 
to diet-alone program but failed in at-
tenuating bone loss at the total hip and 
lumbar spine. While awaiting studies 
capable to show which types of exer-
cises are more osteogenic, available 
data suggest that where patient’s health 
requires a body weight reduction this 
should be achieved by increasing ener-
gy consumption instead of by calories 
restriction. When a significant weight 
loss is warranted or expected, such as 
after bariatric surgery, the use of osteo-
clasts inhibitors such as bisphospho-
nates could help maintain bone density, 

but existing data are scarce (44, 45). 
Preliminary results suggested that even 
the most potent bisphosphonate, zole-
dronic acid, was not able to prevent 
bone loss after bariatric surgery, which 
testified the potent influence of body 
weight on the skeleton (45). Converse-
ly, obesity may protect from bone loss 
in rheumatoid arthritis (46).

Environmental pollution 
and bone fragility
Exposure to pollutants has long been 
known to damage several organs and 
tissues, including the lungs, cardio-
vascular and central nervous systems. 
More recently, evidence has emerged 
of a broader spectrum of damage de-
riving from pollutants, which includes 
dysregulation of the immune system 
(47, 48) and even increased bone loss 
and fractures. Pollutants may affect the 
skeleton in different ways. Lead and 
other heavy metals ingested by diet 
are concentrated into the bone (49) by 
binding to hydroxyapatite, where they 
reside for years, exerting negative ef-
fects on bone cells. Air pollutants can 
absorb and diffuse solar irradiation, 
thus decreasing ground levels of UVB 
(50) and affecting cutaneous produc-
tion of vitamin D. Fine particulate 
matter (PM) increases the production 
of RANKL, thus increasing osteoclast 
formation and activity (51). Exposure 
to PM of less of 2.5 mm of diameter 
(PM2.5) stimulates alveolar macrophag-
es and bronchial epithelial cells to se-
crete inflammatory cytokines, such as 
IL-1β, IL-6, IL-8, and TNF-α (52), 
which in turn stimulates osteoclast 
activity. Furthermore, PM2.5 induces 
systemic oxidative damage, which 
causes impairment of osteoblast for-
mation and survival (53, 54). It is also 
likely that individuals living in areas 
of high air pollution spend less time 
outdoors, which indirectly may cause 
reduced vitamin D synthesis and re-
duced physical activity. As a matter of 
fact, a large epidemiologic study found 
among white adult males a significant 
inverse correlation between blood lead 
level and total hip bone density, after 
adjustment for age, body mass index, 
calcium intake, ethanol/tobacco con-
sumption, physical activity, and socio-

economic status; a similar association 
was found among white females, but 
the correlation was not significant (55). 
Comparing by means of ultrastructural 
microanalysis head femoral biopsies 
from adult osteoporotic patients who 
had sustained fragility femoral frac-
tures with those from patients with 
osteoarthritis or traumatic fractures, a 
significantly higher prevalence of lead, 
cadmium and chromium was found in 
osteoporotic bone than in osteoarthritic 
or normal bone (56). Lead could affect 
also the bone of children and adoles-
cents (57). Over the last ten years, ex-
tensive data on the negative effect of 
air pollutants have been collected. In 
Taiwan, a population-based retrospec-
tive cohort study showed an increasing 
trend in the relationship between air 
pollutant concentration (CO and NO2) 
and the risk of osteoporosis in both 
men and women. Exposure to the high-
est level of air pollutants significantly 
increased by 39% to 89% the risk of 
osteoporosis with respect to exposure 
to the lower level, after adjustment 
for age, sex, insurance fee, urbanisa-
tion, and comorbidity (58). A large 
population-based longitudinal study 
investigated the association of long-
term concentrations of PM2.5 and hos-
pital admission for fragility fractures 
of patients aged 65 years or older liv-
ing in the Northeast-mid Atlantic US. 
The risk of bone fracture was greater 
in areas with higher PM2.5 concentra-
tions after controlling for covariates: 
one interquartile range (4.18 mg/m3) 
increase of PM2.5 was associated with a 
4.1% higher risk of hospital admission 
for bone fracture (RR: 1.041, 95% CI 
1.030–1.051) (59). A large cross sec-
tional Italian study investigated the re-
lationship between long-term exposure 
to PM2.5 and PM10 and BMD of women 
at risk of fracture. After adjustment for 
age, body mass index, previous fragil-
ity fractures, family history of vertebral 
and hip fractures, menopause, gluco-
corticoid treatment, comorbidities, and 
area of residency, women exposed to 
average levels of PM10 above 30mg/m3 
and those exposed to PM2.5 above 25 
mg/m3 had a 15% and 16% higher risk, 
respectively, of having a T-score of -2.5 
or less at any site (60). More recently, a 
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significant association between osteo-
porosis risk and air pollutants (PM2.5, 
NO2 and nitrogen oxide, either singu-
larly or in multiple patterns of combi-
nation) has been confirmed in a large 
study based on data from the UK 
Biobank (61). This study also assessed 
whether air pollutants exposure could 
modify the effects of genetic factors 
on the risk of osteoporosis and frac-
tures. A genetic risk score (GRS) was 
created based on a large genome-wide 
association study of femoral neck bone 
density: individuals with low GRS ex-
posed to the highest air pollutants had 
the highest risk of osteoporosis (86.1% 
greater than that of individuals with 
low exposure to air pollutants and high 
GRS) and fracture (44.0% greater than 
that of individuals with low exposure 
and high GRS) (61). This is a clear ex-
ample of how an environmental factor 
can alter a genetic predisposition to a 
disease. Since individuals living in ar-
eas of high pollution are likely to have 
increased bone loss and fractures, as 
either direct or indirect effect of pol-
lutants, this could be considered when 
profiling the individual risk of fractures 
and in the decision of pharmacological 
prevention and treatment of bone loss. 
The COVID pandemic taught us to 
wear mask to protect ourselves and the 
others from infection; indeed, epidemi-
ological data suggest the use of masks 
outdoor to protect our health every 
time the concentrations of air pollut-
ants are above the threshold.
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