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Abstract
Purpose of Review Osteoporosis affects 50% of women and 20% of men after the age of 50. Fractures are associated with 
significant morbidity, increased mortality and altered quality of life. Lifestyle measures for fragility fracture prevention 
include good nutrition including adequate protein and calcium intakes, vitamin D sufficiency, and regular weight bearing 
physical exercise.
Recent Findings Dietary protein is one of the most important nutritional considerations as it affects bone mineral density, 
trabecular and cortical microstructure, and bone strength. When calcium intake is sufficient, higher dietary protein intake 
is associated with lower risk of fracture. Dairy products are a valuable source of calcium and high quality protein. Dairy 
product consumption, particularly fermented dairy products, are associated with a lower risk of hip fracture and vegan diets 
are associated with increased fracture risk. Other dietary factors associated with reduced fracture risk include at least 5 
servings per day of fruits and vegetables, regular tea drinking, adherence to a Mediterranean diet and other dietary patterns 
which provide fibers, polyphenols and fermented dairy products. Such dietary patterns may confer health benefits through 
their effect on gut microbiota composition and/or function.
Summary A balanced diet including minerals, protein, fruits and vegetables is an important element in the prevention of 
osteoporosis and of fragility fracture.
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Introduction

Osteoporotic fracture risk increases as bone mass decreases 
and bone microstructure deteriorates following peak bone 
mass attainment, with an accelerated bone loss occurring 
after menopause [1]. The lifetime risk of sustaining an osteo-
porotic fracture is approximately 1 out of 2 women and 1 out 
of 5 men by the age of 50 years over the remaining lifetime. 
Diet influences bone properties including bone metabolism, 
bone mineral density (BMD), bone geometry, microstruc-
ture, bone matrix mineralization and material level prop-
erties as well as muscle function which determines bone 
strength and fracture risk [1, 2] (Fig. 1). Some key relation-
ships of diet to musculoskeletal health and bone fragility are 
depicted in Fig. 2.In addition to these dietary factors, appe-
tite and the capacity to ingest the foods is important and of 

greater importance in the oldest old. Food seeking behavior 
is controlled by several hormonal pathways, as the example 
of UV light triggering food seeking behavior in males [3].

The aim of this article is to review and discuss recent 
observational studies and randomized controlled trials 
assessing the efficacy and safety of nutrients, of foods and 
of dietary patterns on bone health and fracture risk.

Nutrients

Minerals

Calcium and magnesium are two minerals that are domi-
nant in bone mineral matrix and are often deficient in diets. 
Because circulating calcium and magnesium are main-
tained within a narrow range, their intakes are used as sta-
tus indicators in the absence of good biochemical markers. 
Calcium intake varies considerably throughout the world 
[4]. To further complicate calcium status, older adults 
have decreased intestinal calcium absorption, further 
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affected by frequent vitamin D deficiency. The relationship 
between dietary calcium intake and rates of bone loss and/
or fracture risk in older postmenopausal women is unclear. 
Supplementation with calcium alone does not consistently 

reduce fracture risk [5]. In contrast, combining calcium 
and vitamin D lowers fracture risk by 5 to 15% and 13 to 
30% for all and hip fractures, respectively, depending on 
the meta-analysis; the decrease is particularly detected in 
the frail elderly living in nursing homes (reviewed in [6]). 
Concern over increased cardiovascular risk with calcium 
supplementation led to decreased calcium supplementa-
tion, but the verification of this hypothesis has not been 
convincingly supported by clinical evidence [6–8]. The 
European Society for Clinical and Economic Aspects of 
Osteoporosis, Osteoarthritis and Musculoskeletal Diseases 
(ESCEO) and the International Foundation for Osteopo-
rosis (IOF) recommend adequate calcium and vitamin D 
since most pivotal trials testing antiosteoporosis drugs 
with facture risk as primary outcome were conducted in 
calcium- and vitamin D-replete individuals [6].

Higher magnesium intake is associated with increased 
total hip and femoral neck BMD, with a positive asso-
ciation between hip BMD and magnesium intake (pooled 
beta coefficient: 0.03; 95%CI 0.01–0.06), but without any 
relationship with fracture risk [9, 10]. Magnesium and 
calcium have a common absorptive mechanism, and thus, 
can compete for absorption. High calcium and magnesium 
drinking water has also been associated with a lower risk 
of stroke in postmenopausal women [11].
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Fig. 1  Determinants of fracture risk. Mechanical overload and 
mechanical incompetence, as well as fracture healing and secondary 
fracture prevention are influenced by nutritional intakes
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Protein

The association between BMD and dietary protein intake 
in adults has been studied in various systematic reviews 
and meta-analyses [12–16]. Protein intake accounted for 
2 to 4% of BMD variance in one systematic review and 
meta-analysis of randomized controlled trials (RCT) [12]. 
In a meta-analysis of 5 RCTs, higher protein intake was 
associated with a 0.52% increase in lumbar spine BMD 
(95% CI: 0.06–0.97]) [14]. Among 3 intervention trials 
with protein intakes above the current Recommended 
Dietary Allowance (RDA) of 0.8 g/kg/day, one showed 
a + 1.9% difference versus controls in lumbar spine BMD 
with protein intakes at 163% of RDA for 26 weeks [15]. In 
a randomized, placebo controlled trial conducted in vita-
min D and calcium replete subjects with a recent hip frac-
ture, a protein supplement of 20 g per day for 6 months, 
led to a 50% reduction in proximal femur BMD loss at one 
year and to a shorter length of stay in a rehabilitation unit 
[17]. Using finite element analysis to estimate peripheral 
skeletal sites bone strength, a positive association was 
observed between predicted failure load and total, animal 
and dairy protein intake, but not with protein of vegetable 
origin [18–20].

Cohort studies show mixed results. One systematic 
review and meta-analysis of 4 cohort studies showed no 
significant reduction in hip fracture risk comparing the 
highest to the lowest quartile/quintile of dietary protein 
intakes (RR 0.75, 95% CI 0.47–1.20) [12]. Another review 
showed that higher dietary protein intake was associated 
with a 16% reduction of hip fracture risk compared to low 
protein, with a relative risk of 0.84 [0.73–0.95] [15]. In 
contrast, a review of 5 cohorts showed a relative risk of 0.89 
[95% CI 0.82–0.97] [13]. Dietary protein at or above the 
current RDA could be beneficial for reducing hip fracture 
risk, but there have been no RCTs on dietary protein and 
fracture risk.

Dietary Protein and Calcium Interaction

There is evidence for a protein-calcium interaction. One of 
the first studies to support such an interaction was from a 
calcium-vitamin D intervention trial that showed a benefit 
of the intervention, but only in participants consuming 
the highest tertile of dietary protein [21]. Higher protein 
intake had no benefit in the placebo group; the benefit to 
femoral neck and whole body BMD was observed only 
in the calcium-vitamin D supplemented group. In mid-
dle-aged men and women, those with higher animal pro-
tein intake and a calcium intake of 800 mg/day or more 
reduced hip fracture risk (highest versus lowest tertile 
protein intake RR: 0.16; 95%CI 0.02–0.92), but had the 

opposite effect in those with lower calcium intake [22, 23]. 
A calcium-protein interaction on bone is not clear for plant 
proteins [18–20, 24].

Dietary Protein and the Acid–Base Theory

Protein excess has been a concern for increasing urinary 
calcium loss due to acidosis, and thereby, may cause bone 
loss. Recent studies have not supported this concept. In 
community-dwelling older men and women, no reduction 
of BMD nor increased fracture risk have been found in 
subjects with an acidic diet compared to those with neutral 
or alkaline diets [25–27]. In a longitudinal analysis of the 
Geneva Retirees cohort, acidic diet consumption was asso-
ciated with attenuated age-related bone loss at the radius 
in women [27]. In contrast, in a longitudinal study carried 
out in a Mediterranean population at high cardiovascular 
risk, both low and high dietary acid intakes, as assessed by 
potential acid load or net endogenous acid production, were 
associated with an increased low trauma fracture risk in a 
U-shape relationship [28]. In view of the impaired protein 
assimilation of older individuals, the RDA of 0.8 g/kg body 
weight per day has been recommended to be increased to 
1.2 g/kg per day in this age group, or even higher in cases of 
severe diseases [29]. Thus, insufficient dietary protein intake 
in the frail elderly is likely to be a more severe problem than 
protein excess.

Beverages

Sugar-sweetened beverage consumption, particularly car-
bonated beverages, has been negatively associated with 
BMD [30]. This may be due to milk displacement [31]. 
Alternatively, sugar-sweetened beverages may have a 
direct negative effect through its association with higher 
fat [32].

Tea, particularly green tea, has also been associated with 
benefits to bone, hypothesized to be due to the flavonoids 
and polyphenols in tea.. In a Korean nationwide survey in 
postmenopausal women, the Odds Ratio for osteoporosis 
was 1.91 (95% CI: 1.13–3.23) in non-consumers (> 1 cup/
day) compared to 1.82 (95% CI: 1.09–3.05) in consumers 
(> 1 cup green tea/day) [33]. Similarly, in a large Taiwan 
database of 42,742 subjects aged 45 to 74 years, with a 
median time follow-up of 8.5 years, multivariate adjusted 
HR for hip fracture was 0.69 (95% CI: 0.55–0.86) in the high 
tea consumption group as compared to tea abstainers [34]. In 
a UK population, a lower hip fracture risk of 36% (95% CI: 
19–49) reduced risk in women with a BMI less than 18.5 kg/
m2 was reported [35]. In the whole UK cohort however, and 
irrespective of BMI, hip fracture risk was lower by 4% (95% 
CI: 0–8) in consumers of both tea and coffee.
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Foods

Dairy Products

Milk provides many nutrients needed for bone health. One 
liter of milk provides 32 to 35 g/l protein, 1,200 mg/l cal-
cium, 930 mg/l phosphorus, essential trace elements and 
vitamins, and a number of cellular growth factors [36]. 
Dairy consumption was shown as early as 8′000 years BC 
by the presence of dairy proteins in dental calculus from 
skeletons in East Africa [37].

In adults, the effects of milk supplementation on bone 
health were assessed in a meta-analysis of 20 randomized 
controlled trials [38]. Compared to controls, milk sup-
plementation resulted in a small but significant higher 
lumbar spine and total hip BMD (+ 0.004 and + 0.025 g/
cm2, respectively), as well as with lower levels of CTX 
(-0.16 ng/ml), P1NP (-5.20 ng/ml) and PTH (-1.01 pg/
ml). IGF-I was increased in the intervention groups 
(+ 1.79 nmol/l).

Observational studies show mixed results for the effect 
of dairy consumption and fracture risk (reviewed in [2, 
36]). The dairy products’ matrix refers to the interac-
tion and structure of its different components, the par-
ticular digestion, absorption and bioavailability of which 
may explain why various dairy products produce various 
effects. Fermented dairy products in particular have been 
shown protective against age-related bone loss [39, 40]. 
In a 20-year follow-up of 61,433 women, the risk of hip 
fracture was 0.70 and 0.64 for consumers of 400 g/day of 
yogurt or fermented milk, and of cheese, respectively [41]. 
For each serving (200 g of yogurt or 20 g of cheese), hip 
fracture risk was reduced by 10–15%. In a meta-analysis 
of 102,819 subjects, yoghurt consumption was associated 
with a 24% lower hip fracture risk [42]. Cheese consump-
tion was shown to be protective against total fracture rela-
tive risk, i.e.0.90 (95% CI 0.86–0.95) compared to non-
consumers in an umbrella review and meta-analysis of 
prospective studies [43].

Perhaps the strongest evidence for the role of dairy 
products on protection against fracture is from a large RCT 
in 7195 vitamin D-replete older (mean age 86 years) indi-
viduals living in nursing homes. The dairy group increased 
their calcium intake from 700 to 1142 mg/day and protein 
intake from 0.8 to 1.1 g/kg daily compared to the control 
group. This led to a reduction of 33% in all fractures, of 
46% of hip fracture and of 10% of falls [44]. Mortality was 
not influenced.

A potential source of intolerance to cow milk is the 
presence of A1 beta-casein, in some cow breeds, particu-
larly those of European origin, instead of A2 beta-casein, 
in Asian or African cattle [45]. Both beta-casein proteins, 

which represent 30% of total protein of cow milk, differ 
by only one nucleotide changing the codon in position 67 
of the 209 amino acid protein, with a histidine replacing 
a proline. The digestion of A1 but not of A2 beta-casein 
produces beta-casomorphin-7, which activates µ-opioid 
receptors located along the gastro-intestinal tract and may 
explain an increase in gastro-intestinal transit time and 
occasional abdominal discomfort after milk consumption. 
However, there is no evidence that A1 beta-casein is harm-
ful for human health [46].

The possible influence of dairy products particularly on 
cardiovascular health has been a contentious issue.. Newer 
evidence does not support a relationship between dairy con-
sumption and risk of cardiovascular disease. In fact, in a 
large multinational cohort study of 136,384 individuals aged 
35–70 years from 21 countries in 5 continents with a 9-year 
follow-up, dairy consumption was associated with lower 
risk of mortality and of major cardiovascular disease events 
[47]. In a systematic review and meta-analysis of prospective 
cohort studies, the relative risk for an increase of 1 serving/
day of total dairies was 0.96 (95% CI: 0.94–0.97), 0.98 (95% 
CI: 0.95–1.0) and 0.96 (95% CI: 0.93–0.99) for hyperten-
sion, coronary heart disease and stroke, respectively [48]. 
Cheese consumption, in particular, was inversely associated 
with all-cause mortality, cardiovascular mortality, incident 
cardiovascular disease, coronary heart disease, stroke and 
even dementia in an umbrella review and meta-analysis 
including 186 observational studies [43].

Fruits and Vegetables

Fruits and vegetables provide a variety of micronutrients, 
vitamins, phytochemicals with antioxidant properties, fiber, 
and an alkaline load. Fiber is the main source of prebiotics, 
which are non-digestible food components that pass undi-
gested though the upper gastro-intestinal tract and stimulate 
the growth and/or activity of bacteria present in the large 
intestine by acting as substrate for them. Fermentation of 
fiber leads to the production of short chain fatty acids such 
as acetate, propionate, valerate, isovalerate, butyrate, and 
isobutyrate, which has been associated with gut health and 
improved mineral absorption [49, 50].

In elderly men and women, fruit and vegetable intake 
is associated with greater BMD [51, 52]. In men from the 
Framingham Offspring Study, femoral neck bone loss was 
higher in those with the lowest dietary fiber intake (first 
quartile) compared to the other quartiles (Q2, Q3, or Q4, 
with an annual BMD change of -0.15% compared to -0.009 
to -0.03% (p < 0.04) [53]. In a dose–response observational 
study, less than 5 servings per day was associated with an 
exponential increase in hip fracture risk [54]. However, more 
than 5 servings per day of fruits and vegetables did not exert 
further protective effects. A meta-analysis including 5 large 
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observational studies indicated a 8% reduction in hip frac-
ture risk with regular fruits and vegetables intake [55]. In an 
umbrella review of observational studies including 330,417 
subjects and 6,779 hip fractures, the relative risk of hip 
fractures was 0.81 (95% CI 0.68–0.96) when comparing 
the highest to the lowest vegetables consumption categories 
[56].

Dietary Patterns

Increasingly, attention is focused on dietary patterns rather 
than individual nutrients or foods. Dietary patterns are 
defined as the quantity, proportion and combination of vari-
ous foods, nutrients and drinks in diets, and their habitual 
frequency of consumption. Some dietary patterns have been 
shown to increase and others to decrease risk of fracture. 
The most stringent dietary pattern that avoids meat is a 
vegan diet. Strict adherence to a vegan diet leads to a variety 
of deficiencies [57] including low calcium intake and low 
vitamin D levels. Vegetarian and vegan patterns have been 
associated with lower bone mineral density and increased 
fracture risk [58]. A similar increase in fracture risk was 
found in vegan populations of either European or Asian ori-
gin. In a more recent study of 26,318 women enrolled in 
the UK Women’s Cohort study with 822 hip fractures, hip 
fracture risk was 1.33-fold higher (95% CI: 1.03–1.71) in 
vegetarians as compared with omnivores [59]. No decreased 
risk of fracture was observed in pescatarians (fish eaters) 
or occasional meat eaters. In a much larger cohort of UK 
men and women (7,638 vegetarians and 258,765 omnivores), 
the Hazard Ratio (HR) for hip fracture was 1.50 (95% CI: 
1.18–1.91) [60]. Combining data in 76,000 individuals from 

the EPIC-Oxford and Oxford Vegetarian the HR for the risk 
of all fractures was 1.11 (95% CI: 1.02–1.21) in vegetarians 
as compared with meat-eaters and HR for risk of hip fracture 
1.34 (95% CI: 1.12–1.61) [61]. In vegans HR was 1.50 (95% 
CI: 1.26–1.78) and 2.64 (95% CI: 1.90–3.67) for all typers of 
fractures and for those of the hip, respectively. These studies 
are summarized in Table 1.

In the Adventist Health Study 2, the HR for hip frac-
ture depended on whether women were consuming calcium 
and vitamin D supplements; the HR was 2.99 (95% CI: 
1.54–5.82) for vegan women compared to nonvegetarians 
not consuming these supplements but was substantially 
reduced if they were, i.e. 0.84 (95% CI: 0.42–1.66) [63]. In 
vegans, peripheral skeleton trabecular and cortical micro-
structure were altered compared with omnivores unless they 
practiced resistance training [64].

In contrast to the detriments to bone of dietary patterns 
that exclude animal protein, bone health is benefitted from a 
balanced diet like a Mediterranean diet [65–67]. In a meta-
analysis of observational studies including 13,209 partici-
pants, total hip and trochanter BMD was positively associ-
ated with a greater adherence to a Mediterranean diet [65].

Role of Gut Microbiota

At the beginning of the twentieth century, the Nobel Prize 
winner Yllia Metchnikoff suggested that health could be 
improved, senility delayed and longevity prolonged by modi-
fying the gut microbiota through the ingestion of lactobacilli 
found in yogurt [68]. Evidence is mounting for a role of gut 
microbiota composition and function in bone and mineral 
homeostasis [69]. Adherence to a Mediterranean diet is asso-
ciated with significant changes in the gut microbiota diversity, 

Table 1  Risk of fracture in vegetarians and vegans compared to regular meat eaters

RR Relative risk (95% CI); HR Hazard ratio (95% CI); NA Not available; # Adjusted for BMI; *Multivariable-adjusted HR
Reprinted from [62] with permission from the publisher

Author, year Participants Fracture risk

All fractures Hip fracture

Ignacel, 2019
[58]

4 combined studies
Vegans (n = 5,690) vs regular meat eaters (n = 37,173) RR: 1.44 (1.05–1.98) NA
5 combined studies
Vegetarians (n = 23,645) vs regular meat eaters (n = 42,658) RR: 1.25 (0.92–1.71) NA

Key, 2022
[61]

EPIC-Oxford (n = 65,000) + Oxford Vegetarian study 
(n = 11,000) men and women

Vegans vs regular meat eaters HR: 1.50 (1.26–1.78); 1.43# HR: 2.64 (1.90–3.67); 2.31#

Vegetarians vs regular meat eaters HR: 1.11 (1.02–1.21); 1.09# HR: 1.34 (1.12–1.61); 1.25#

Webster, 2022
[59]

UK Women’s Cohort study (n = 26,318, 822 hip fractures)
Vegetarians (n = 4,393) vs regular meat eaters (n = 13,984) NA *HR: 1.33 (1.03–1.71)

Webster, 2023
[60]

Middle-aged UK Men and Women
Vegetarians (n = 7,638) vs regular meat eaters (n = 258,765) NA *HR: 1.50 (1.18–1.91)
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composition, and functions [70]. By 3 months on a Mediter-
ranean diet, there was a marked increase in the short chain 
fatty acids propionate and butyrate production associated 
with an improvement in the intestinal barrier integrity in a 
cohort of 260 women [71]. An example of combining pre- and 
probiotics, as occurs in a Mediterranean diet, was associated 
with lower rates of hip fracture when comparing high to low 
consumers of fruits and vegetables and fermented milk [72].

A rather recent bioactive compound of interest is uroithin 
A. Urolithin A is a gut microbiota postbiotic derived from 
pomegranate juice. In a 4-month placebo-controlled rand-
omized trial in middle-aged healthy adults, oral urolithin A 
supplementation improved muscle strength by about 12% 
[73]. Several preclinical studies have demonstrated an inhi-
bition of osteoclastogenesis which should be studied further 
for the possible effect of urolithin A on bone health [74, 75].

Conclusion

The aim of this review was to assess the role of nutritional 
intakes in osteoporosis and/or fracture prevention. Evidence 
suggests adequate calcium, vitamin D and protein are key 
nutritional strategies to reduce fracture risk. Fracture risk is 
increased in individuals under a diet devoid of dairy prod-
ucts, like a vegan diet. Dairy product consumption, particu-
larly fermented dairy products, are associated with a lower 
risk of hip fracture. Fewer than 5 servings per day of fruits 
and vegetables is associated with higher hip fracture risk. 
Adherence to a Mediterranean diet, rich in fruits, vegetables, 
and dairy products reduces hip fracture risk. Such a dietary 
pattern also provides fibers, polyphenols, pre- and probi-
otics which influences gut microbiota composition and/or 
function. Thus, a balanced diet including minerals, protein, 
vitamin D, fruits and vegetables is an important strategy in 
the prevention of osteoporosis and fragility fracture.
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Key Points

• Adherence to a vegan diet is associated with higher fracture risk.
• Dairy products consumption is associated with lower fracture 

risk.
• Adherence to a Mediterranean diet is associated with lower 

fracture risk.
• A balanced diet avoiding insufficiency or excess is recommended 

to preserve bone health.
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