
Nature Reviews Endocrinology

nature reviews endocrinology https://doi.org/10.1038/s41574-026-01286-1

Review article  Check for updates

Links between bone fractures 
and the gut microbiota
Claes Ohlsson    1,2, Lina Lawenius1, Louise Grahnemo    1 & Klara Sjögren    1 

Abstract

As populations age worldwide, the incidence of fractures is increasing, 
leading to considerable disease burden and increased health-care 
costs. Bone mineral density (BMD), bone quality and muscle function 
are major contributors to fracture risk, with muscle function having a 
critical role in preventing falls. The gut microbiota is well established 
as a regulator of these parameters in rodents, with the immune system 
and short-chain fatty acids acting as key mediators of these effects. 
First-generation probiotic interventions have demonstrated modest 
effects on BMD in clinical trials. In humans, the association between 
the gut microbiota and muscle mass, muscle function and fracture risk 
seems to be more robust than the correlation between gut microbiota 
and BMD. Future research should prioritize the development of 
more targeted gut microbiota-based interventions, including 
second-generation probiotics, personalized dietary strategies, 
synbiotics, postbiotics and species-specific antibiotics with the 
potential to enhance both BMD and muscle function, thereby  
reducing risk of fractures.
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Early research efforts predominantly focused on whether and 
how the gut microbiota influences bone mass, and we introduced the 
term ‘osteomicrobiology’ to describe the research field determining 
the role of the gut microbiota in bone health12. Osteomicrobiology 
aimed to bridge the gaps between bone physiology, gastroenterology, 
immunology and microbiology12–14. Despite promising preclinical find-
ings, first-generation probiotic interventions have demonstrated only 
modest effects on BMD in clinical trials15–20. Sarcopenia, characterized 
by the age-associated degenerative loss of skeletal muscle mass and 
strength, is associated with increased fracture risk. Notably, recent 
human large-scale association studies indicate that the relationship 
between the gut microbiota and muscle mass, muscle function and 
fracture risk seems to be more robust than a correlation between gut 
microbiota and BMD21–27. This finding suggests that therapeutic strate-
gies need to not only enhance BMD but also improve muscle function, 
offering a novel target for fracture prevention by addressing multiple 
facets of musculoskeletal health (Fig. 1).

This Review provides a concise overview of current evidence link-
ing the gut microbiota to bone fractures. It discusses findings from 
rodent models and humans on the effects of the gut microbiota on 
bone and muscle and explores the underlying mechanisms through 
which the gut microbiota is linked to bone fractures.

Links between bone fractures and the  
gut microbiome
Evidence from rodents
Depletion of gut microbiota and BMD in rodents. Depletion of gut 
microbiota, whether through germ-free conditions or antibiotic treat-
ment, has been shown to regulate bone mass in mice. The effect can 
often be reversed upon colonization with a conventional microbial 
community or by probiotics28–36. Nevertheless, the skeletal effects 
of gut microbiota depletion are highly context dependent and vary 
across studies. Key influencing factors include the age and genetic 
background of the mice, duration of colonization, dietary composition, 
housing conditions, sex and the specific microbial taxa present. In a 
study using germ-free mice, we observed that colonization with gut 
microbiota from conventionally raised mice led to bone loss28. Several 
studies have shown that short-term colonization with gut microbiota 
induces the expression of inflammatory cytokines within bone tis-
sue, thereby promoting osteoclastic activity, bone resorption, and 
reduced bone mass28,31–33. However, it is also clear that gut microbiota 
is essential for host nutrient absorption and systemic growth, in part 
through stimulation of the growth hormone (GH)–insulin-like growth 
factor-I (IGF-I) axis. A role for the GH–IGF-1 axis in bone growth is indi-
cated by increased serum IGF-1 and augmented longitudinal and radial 
bone growth following prolonged microbial colonization of germ-free 
mice33,34. Taken together, these findings underscore the critical role 
of gut microbiota in bone mass regulation. We propose that although 
certain beneficial gut microbial species increase bone mass, other spe-
cies that have pro-inflammatory properties contribute to bone loss. 
Thus, the net effect on bone homeostasis is probably determined by 
the balance between these opposing microbial influences.

Probiotics and bone mass in rodents. Probiotics are defined as live 
commensal microorganisms, such as bacteria or fungi, that confer 
health benefits to the host when administered in adequate amounts37. 
In an early study, we demonstrated that treatment with a combination 
of Lacticaseibacillus paracasei and Lactiplantibacillus plantarum pro-
tected against ovariectomy-induced bone loss38. Subsequent studies 

Key points

	• Fractures represent a substantial clinical and socioeconomic burden, 
underscoring the urgent need for novel, safe and effective strategies 
for their prevention and treatment.

	• Bone mineral density (BMD), bone quality and muscle function are 
major contributors to fracture risk, with muscle function having a 
critical role by reducing fall risk. The gut microbiota is well established 
as a regulator of bone mass, bone quality, muscle mass and muscle 
function in rodent models, with the immune system and short-chain 
fatty acids acting as key mediators of these effects.

	• Despite promising preclinical findings, first-generation probiotic 
interventions have demonstrated modest effects on BMD in clinical trials.

	• In humans, association studies suggest that the relationship between 
the gut microbiota and muscle mass, muscle function and fracture risk 
is stronger than its association with BMD.

	• Future research should prioritize the development of more targeted 
gut microbiota-based interventions, including second-generation 
probiotics, personalized dietary strategies, synbiotics, postbiotics and 
species-specific antibiotics with the potential to enhance both BMD 
and muscle function, thereby reducing risk of fractures.

Introduction
As populations age, countries worldwide are experiencing a substantial 
increase in fracture incidence, resulting in considerable disease burden 
and associated healthcare costs1–3. One in two women and one in four 
men will at some point in their life suffer an osteoporotic fracture4. Hip 
fracture constitutes the most severe type of osteoporotic fracture and 
is associated with considerable morbidity and increased mortality5,6. 
The incidence of hip fracture rises exponentially with age, and by 2050, 
the global annual number of cases of hip fracture is projected to reach 
between 4.5 million and 6.3 million5,6. A need exists for simple and effec-
tive fracture prevention strategies that can be widely implemented, 
especially as current osteoporosis medications only have indications 
for treating established osteoporosis. In addition, prolonged treat-
ment with current osteoporosis medications has been associated with 
an increased risk of rare but serious adverse events such as atypical 
femur fractures and osteonecrosis of the jaw7,8. It was estimated that 
as many as 14 million women in the European Union who were eligible 
for treatment for osteoporosis in 2019 were untreated, partly owing 
to concern about adverse effects associated with currently available 
osteoporosis drugs9.

In this Review, we present translational evidence supporting the 
potential of gut microbiota modulation as a novel therapeutic strategy 
to reduce fracture risk. We highlight the development of gut microbi-
ota-targeted interventions that aim to reduce risk of fractures with 
minimal adverse effects. Bone mineral density (BMD), bone quality 
and muscle function are major contributors to hip fracture risk, with 
muscle function having a critical role by reducing fall risk10,11. Over the 
past 10–15 years, research in rodent models has established the gut 
microbiota as a robust regulator of bone physiology. The immune sys-
tem and short-chain fatty acids (SCFAs) have emerged as key mediators  
of this regulation (Fig. 1).

http://www.nature.com/nrendo


Nature Reviews Endocrinology

Review article

have consistently demonstrated that specific probiotic strains, pre-
dominantly from the Lactobacillus and Bifidobacterium genera, possess 
the capacity to enhance bone health in ovariectomized rodents31,39–51. 
Probiotic treatments have also been shown to protect male mice from 
castration-induced bone loss49,52. In addition, probiotics prevent bone 
loss in rodent models of diabetes53, colitis54,55, glucocorticoid-induced 
osteoporosis56 and antibiotic-induced bone loss29. Although some stud-
ies report beneficial effects of probiotics on bone in healthy, gonadally 
intact mice, these effects are generally less pronounced compared 
with the effects observed in different disease models49. We found that 
the bone-protective effect of a probiotic mix was diet dependent, with 
benefits observed in ovariectomized mice on a healthy diet but not in 
those on a high-fat diet, suggesting that probiotic efficacy is influenced 
by host dietary context57. To summarize, it is well established that 
certain probiotics have the capacity to prevent bone loss in rodents.

Prebiotics and bone mass in rodents. Prebiotics are non-digestible 
compounds, such as soluble fibres, that modulate gut microbiota 
composition by promoting the growth of beneficial bacteria. Their 

fermentation in the colon has been shown to support bone mass acqui-
sition and remodelling in both rodents and humans58. Proposed mecha-
nisms include increased production of SCFAs, immunomodulatory 
effects and enhanced calcium absorption in the lower intestine (Fig. 2). 
Increased SCFA production lowers the luminal pH, thereby increas-
ing the solubility of minerals such as calcium58,59. In addition, SCFAs, 
particularly butyrate, have trophic effects on the intestinal epithelium 
that can enhance absorptive capacity60. Together, these mechanisms 
are thought to contribute to increased intestinal calcium absorption 
and improved skeletal outcomes58.

The effect of ageing gut microbiota on BMD in rodents. In rodents, 
ageing is associated with loss of both bone mass and muscle mass 
and alterations in gut microbiota61–67. To determine whether ageing 
gut microbiota affects bone mass and/or lean mass in young mice, we 
performed a single transplantation of gut microbiota from old mice 
into young healthy germ-free recipients67. This intervention led to a 
reduction in lean mass, but not bone mass, compared with recipients 
of gut microbiota from young adult mice. These findings indicate that 
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Fig. 1 | Links between the gut microbiota and the musculoskeletal system 
in relation to fractures. Key drivers of gut microbiota composition and 
major proposed mechanisms underlying the effects of the gut microbiota on 
facture risk are illustrated. Although diet, antibiotic use, medications, diseases 
and environmental factors are the primary determinants of gut microbiota 
composition and functionality, studies have demonstrated that host genetics 
also contribute to gut microbiota variation163,164. We propose that these genetic 
links between the host and the gut microbiota may provide insights into the 
mechanisms connecting gut microbiota with musculoskeletal health, potentially 
informing both biomarker discovery and therapeutic development. Bone 
strength and falls are the major determinants of fracture risk. Bone strength is 

determined by bone mass, reflected by bone mineral density (BMD), and bone 
quality. Risk of falls is largely determined by muscle function and balance. Gut 
microbiota has been proposed to regulate bone mass (A), bone quality (B) and 
muscle function (C) and may, thereby, influence fracture risk. In humans, the 
association between the gut microbiota and both muscle function and fracture 
risk seems to be more robust than the relationship between gut microbiota and 
BMD. This distinction is important, as most previous research and therapeutic 
strategies have focused primarily on improving BMD. These findings suggest 
that muscle function should be considered an additional therapeutic target when 
developing gut microbiota-based interventions aimed at reducing fracture risk. 
SCFAs, short-chain fatty acids.
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the ageing gut microbiota predominantly exerts deleterious effects on 
lean mass, with less pronounced impact on bone mass. The absence of 
a detrimental effect of aged donor gut microbiota on bone mass was 
corroborated by a study from You et al., in which transplantation of gut 
microbiota from aged donors into young germ-free mice did not result 
in bone loss65. In the same study, age-related bone loss was comparable 
in germ-free mice and mice colonized with a faecal microbiome, sug-
gesting that the aged gut microbiota is unlikely to be a major causal 

driver of age-related bone loss. Using an alternative approach, Wang 
and colleagues administered faecal samples from old rats into young 
healthy rats 72 times over a 24-week period and observed a reduction 
in bone mass compared with saline-treated controls68. This research 
group used the same approach with multiple faecal treatments to 
show that faecal microbiota transplantation from young rats increased 
bone mass in aged rats69. However, it is important to note that con-
trol rats in these studies received saline rather than faecal material 

Bone tissue

Muscle

SCFAs

Gut

Dietary fibre intake

a

c

b

Bloodstream

Lamina
propria

Lumen

↓ pH

TH17 cell 
di�erentiation

Treg cell 
di�erentiation

Antigen

Antigen

SCFAs

Dietary
fibres 

Gut
microbiota

Tight
junction 

Ca2+ Impaired
tight
junction

SCFAs

Gut barrier
impaired

Tregcell TH17
cell 

Pro-inflammatory
cytokines

TH17 cell 
di�erentiation

Treg cell
di�erentiation

Osteoblast Osteoclast

Osteocyte

http://www.nature.com/nrendo


Nature Reviews Endocrinology

Review article

from age-matched donors, and the intervention protocol involved 
an unusually high frequency of administrations. It is conceivable that 
the observed effects of repeated faecal treatments were confounded 
by non-microbial components present in the faecal material, such as 
residual dietary fibres, microbial metabolites, immune mediators or 
host-derived cells that were absent in the saline-treated controls. Fae-
cal microbiota transplantation studies often do not report the extent 
of donor microbial engraftment in recipients. Previous studies have 
revealed a transplantation efficiency of around 50% when human faecal 
microbiota is transplanted to germ-free or antibiotic-treated mice70,71. 
Therefore, future studies should rigorously assess post-transplantation 
microbiota composition to demonstrate donor-recipient similar-
ity, as this information is essential for drawing reliable mechanistic 
conclusions.

Gut microbiota and bone quality in rodents. Gut microbiota can 
influence bone strength not only by modulating bone mass, but also 
by affecting bone quality72–77. Long-term treatment with antibiotics 
for extended periods during growth impairs whole bone mechanical 
properties in ways that are not explained by bone geometry73. Disrup-
tion of the gut microbiota by antibiotics in adult mice impairs bone 
quality mainly in male mice, whereas faecal microbiota transplan-
tation from healthy donors improves bone material properties and 
mineral composition, leading to improved fracture resistance72,77. 
Certain gut microbiota taxa and microbially synthesized vitamin K have 
been proposed to regulate bone matrix quality75,76,78. Together, these 
studies demonstrate that the gut microbiota regulates bone strength 
not only through effects on bone mass, but also by modulating bone  
quality (Fig. 1).

Links with muscle mass and function in rodents. Germ-free mice 
have reduced muscle mass, which is restored by microbial coloniza-
tion79,80. Transplantation of aged-donor microbiota lowers lean mass 
in young germ-free mice, whereas transplantation of young-donor 
microbiota improves muscle strength and fibre thickness in aged, anti-
biotic-treated mice67,81. Several Lacticaseibacillus strains also enhance 
muscle mass or strength in rodents52,57,82–84. Overall, the gut microbiota 
emerges as a regulator of muscle mass and function in rodents.

Evidence from humans
Associations with bone parameters in humans. Early cross-sectional 
studies investigating the association between gut microbiota com-
position and BMD or osteoporosis status primarily used 16S rRNA 
sequencing, which largely provides taxonomic resolution at the genus 
level. These studies typically involved relatively small cohorts that 
yielded inconsistent findings without replication in independent 

populations85–94. The conflicting early findings reported across these 
studies may be attributable to differences in geographical location, 
ethnicity, dietary habits, sex, age, the use of alternative taxonomic clas-
sification systems for gut microbiota, and variations in bioinformatic 
pipelines used to derive gut microbiota composition. In addition, 
chance findings due to limited sample sizes may also have contributed 
to the lack of consistency.

We consider that the results from some more recently published 
large-scale (n > 800) association studies using 16S rRNA sequencing 
carry greater evidential weight. These studies include studies con-
ducted in a Chinese population95 as well as studies in cohorts from the 
USA and Europe23,24,96. Ling et al. conducted a large cross-sectional 
study involving 1,776 Chinese individuals to investigate the association 
between gut microbiota composition and BMD95. Based on BMD, par-
ticipants were categorized into groups with normal BMD, osteopenia 
or osteoporosis. The authors identified some bacterial genera that 
were positively associated with the presence of osteoporosis, including 
Actinobacillus, Blautia, Oscillospira, Bacteroides and Phascolarcto-
bacterium. Conversely, other taxa such as Veillonellaceae, Collinsella 
and Ruminococcaceae were inversely associated with osteoporosis. 
Faecal and serum metabolomic analyses indicated that alterations in 
tyrosine and tryptophan metabolism within the gut, as well as valine, 
leucine and isoleucine degradation in the circulation, may underlie 
the observed associations between gut microbiota and osteoporosis 
status. This large cross-sectional study provides support for a potential 
role of the gut microbiota in determining osteoporosis status. However, 
the findings have not yet been replicated in independent cohorts, which 
limits the strength of the conclusions95.

No reproducible associations between gut microbiota composi-
tion and BMD, as assessed by dual-energy X-ray absorptiometry, were 
identified in either the US-based Osteoporotic Fractures in Men study 
(MrOS) cohort (n = 831 older men)24, or in a meta-analysis combining 
data from two large population-based studies, the US-based Framing-
ham Heart Study (FHS, n = 1,227) and the European-based Rotterdam 
Study (n = 1,249)23. Based on these findings, it has been proposed that 
cohorts exceeding 6,000 participants would be required to reliably 
detect associations between gut microbiota composition and BMD 
assessed by dual-energy X-ray absorptiometry in humans24. In the MrOS 
cohort, gut microbiota composition was found to be associated with 
circulating vitamin D metabolites, suggesting a potential link between 
gut microbiota and bone metabolism mediated through alterations in 
vitamin D status97.

Okoro et al. analysed the association between the gut micro-
biota and more refined bone traits using high-resolution peripheral 
quantitative computed tomography scans of the radius and tibia 
in two large cohorts: the FHS (n = 1,227) and the MrOS (n = 836)96. 

Fig. 2 | Short-chain fatty acids and the immune system act as key mediators 
on the effects of the gut microbiome on bone and muscle. a, Dietary fibres are 
fermented by gut bacteria, producing short-chain fatty acids (SCFAs). Increased 
SCFA levels lower the intestinal luminal pH, which increases mineral solubility 
and exert trophic effects on the gut epithelium. Together, these mechanisms 
enhance calcium (Ca2+) absorption into the bloodstream that can reach distant 
tissues, including bone and muscle. SCFAs also promote the differentiation of 
regulatory T cells (Treg cells) in the gut. b, Diet, medication or various disease 
conditions associated with low SCFA levels cause reduced tight junction integrity 
and increased leakage of antigens across the gut barrier. Antigens induce 
differentiation of T helper 17 (TH17) cells and the release of pro-inflammatory 

cytokines. Treg cells, SCFAs, Ca2+, pro-inflammatory cytokines, antigens and 
TH17 cells enter the bloodstream and can reach distant tissues, including bone 
and muscle. c, In bone tissue, SCFAs can locally promote Treg cell differentiation. 
Both Treg cells derived from the gut and those differentiated within the bone 
can stimulate osteoblasts and thereby increase bone formation. SCFAs inhibit 
osteoclast differentiation and reduce bone resorption. By contrast, antigens can 
induce TH17 cell differentiation. TH17 cells, originating either from the gut or from 
the bone, enhance the production of pro-inflammatory cytokines that stimulate 
osteoclast formation and increase bone resorption. Treg cells can also directly 
inhibit TH17 cells and thereby reduce bone resorption. In muscle tissue, SCFAs 
increase muscle mass and function.
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A meta-analysis of these two cohorts provided evidence that higher 
abundances of the genera Akkermansia and DTU089 were associated 
with lower cortical volumetric BMD (vBMD) at the radius and tibial 
cortex, respectively. By contrast, greater abundances of the genera 
Lachnospiraceae NK4A136 group and Faecalibacterium were associ-
ated with higher tibial cortical vBMD. Although these associations 
suggest a link between gut microbiota composition and bone, they 
were not replicated in independent cohorts.

A few studies have used the more informative metagenomic 
sequencing approach to characterize gut microbiota composition 
at species-level and strain-level resolution and provide insights into 
microbial functionality98–100. In the largest study so far (n = 499) inves-
tigating the association between gut microbiota composition assessed 
via metagenomic sequencing and BMD, Greenbaum et al. identified 
nine bacterial species associated with BMD in Chinese women99. Among 
the identified bacterial taxa, members of the phyla Bacteroidetes and 
Fusobacteria were inversely associated with BMD, whereas Firmicutes 
showed a positive association with BMD. However, these findings were 
not replicated in independent cohorts. In a translational follow-up 
study, the same research group provided evidence that Bacteroides 
vulgatus is negatively associated with BMD while valeric acid serum lev-
els are positively associated with BMD in humans100. Subsequent experi-
mental data showed that treatment with Bacteroides vulgatus increased 
bone resorption and impaired bone microstructure in ovariectomized 
mice, whereas supplementation with valeric acid improved bone 
microstructure. These findings suggest that Bacteroides vulgatus 
and valeric acid may represent targets for the prevention or treatment 
of osteoporosis.

Collectively, these studies provide evidence that the gut micro-
biota is associated with bone traits in humans. However, the observed 
effect sizes are modest. To elucidate this relationship more precisely, 
future studies with larger cohorts, including replication efforts across 
diverse populations, varying in geographic region, dietary habits, 
ethnicity and age are warranted.

Associations with muscle parameters in humans. Associations 
between gut microbiota and muscle-related parameters including 
muscle mass, muscle function and sarcopenia have been identified 
in humans using both 16S rRNA gene sequencing and metagenomic 
approaches in several studies23,25,26,101–105.

Park et al. used 16S rRNA sequencing to evaluate associations 
between gut microbiota composition and skeletal muscle index (SMI) 
in a large Korean population-based cohort (n = 1,052)104. They observed 
that both Shannon diversity (which represents species richness and even-
ness) and specific microbial taxa were significantly associated with SMI in 
male but not female participants. At the species level, Haemophilus 
parainfluenzae and Roseburia faecis were more abundant in the highest 
SMI quartile (Q4) than in the lowest SMI quartile (Q1) among males.

Two large, population-based cohorts, the Rotterdam Study 
(n = 1,249) and the FHS (n = 1,227), investigated the association 
between gut microbiota composition and appendicular lean mass using 
16S rRNA gene sequencing of gut microbiota23. Meta-analysis of the 
combined data revealed that lower abundance of genera Oscillibacter, 
Anaerotruncus and Eisenbergiella and higher abundance of Agathobac-
ter were associated with increased appendicular lean mass. Notably, 
no significant associations were identified between gut microbiota 
composition and BMD, supporting the notion that the relationship 
between gut microbiota and muscle-related parameters is more robust 
than a link between gut microbiota and BMD in humans23.

In 2023, we published a large study on the association between gut 
microbiota composition and appendicular lean mass in a subsample 
of the Norwegian population-based HUNT cohort (n = 5,196)25. Using 
a discovery–replication design, we demonstrated that the presence 
of three bacterial species, Coprococcus comes, Dorea longicatena and 
Eubacterium ventriosum, was reproducibly associated with higher 
appendicular lean mass adjusted for fat mass.

Sugimura et al. reported that grip strength, as a proxy for muscle 
function, was positively associated with the gut microbiota genus Egg-
erthella in both Japanese men and women (n = 1,030). Eight additional 
taxa showed associations exclusively in men106. These findings sug-
gest that the relationship between gut microbiota and muscle func-
tion may be, at least in part, sex specific. The association between gut 
microbiota composition and walking speed, a key measure of muscle 
performance, was investigated in a subsample of the USA-based MrOS 
cohort, comprising 740 older men (aged ≥80 years)26. Higher gut micro-
biota diversity was associated with faster walking speed and a reduced 
decline in walking speed over a 10-year period. Moreover, increased 
abundance of genus-level bacteria known to produce SCFAs and exert 
anti-inflammatory effects, including Paraprevotella, Fusicatenibacter 
and Alistipes, was positively associated with better walking performance.

Wang and colleagues conducted a large-scale (n = 1,417), commu-
nity-based observational study in China, using metagenomic sequenc-
ing to characterize the gut microbiota in relation to sarcopenia103. 
Individuals with sarcopenia exhibited a higher relative abundance of 
several microbial species, including Desulfovibrio piger, Clostridium 
symbiosum, Hungatella effluvii, Bacteroides fluxus, Absiella innocuum, 
Coprobacter secundus and Clostridium citroniae, compared with those 
without sarcopenia. Functional annotation analysis revealed notable 
alterations in microbial metabolic pathways in patients with sarco-
penia. Biosynthesis of phenylalanine, tyrosine, and tryptophan was 
depleted in participants with sarcopenia.

Collectively, these findings demonstrate that associations 
between gut microbiota composition and functionality with muscle 
mass and muscle function traits appear robust in humans and are more 
consistently observed than associations with BMD21–23,25,26.

Association with incident fractures. Investigating whether gut 
microbiota composition and/or functionality can predict fracture 
risk is important. Addressing this question requires access to large, 
well-characterized patient cohorts with baseline gut microbiota 
profiling, ideally using metagenomic sequencing and longitudinal 
follow-up over several years to capture incident fractures. The first 
study evaluating the association between gut microbiota composition 
and incident fractures was published by us in 202427. We investigated 
whether baseline gut microbiota composition was associated with 
incident fractures in the large FINRISK 2002 cohort, which included 
7,043 participants followed for a median of 18 years; 1,092 incident 
fracture cases were recorded during follow-up. Baseline data on gut 
microbiota composition and functionality were obtained through 
metagenomic sequencing. Higher alpha-diversity was associated with 
decreased fracture risk. High relative abundance of Proteobacteria was 
associated with increased fracture risk. Explorative subanalyses within 
the Proteobacteria phylum showed that higher relative abundance 
of the Gammaproteobacteria class was associated with increased 
fracture risk. By contrast, high relative abundance of the Tenericutes 
phylum was associated with decreased fracture risk. Functionality 
analyses showed that pathways related to amino acid metabolism and 
lipopolysaccharide biosynthesis were associated with fracture risk27.
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The results from a second large-scale prospective association 
study evaluating the effect of gut microbiota on fracture risk were 
reported in 2025. Researchers investigated associations between gut 
microbiota composition and fracture risk in a sample of 2,116 women 
aged 75–80 years in the Swedish SUPERB cohort22. During a median 
follow-up of 7.9 years, 728 incident fracture events were recorded. Gut 
microbiota profiles at baseline were derived from metagenomic analy-
ses, complemented by comprehensive assessments of bone traits and 
muscle performance. The authors identified multiple species associ-
ated with either increased or decreased fracture risk, with associations 
predominantly mediated by measures of muscle function rather than 
bone traits. This finding is particularly noteworthy because impaired 
muscle function and the resulting increased risk of falls are known to be 
major contributors to increased fracture risk in older individuals107–109, 
whereas most previous research and therapeutic strategies have pri-
marily focused on improving BMD as a method of reducing fracture 
risk. These findings, therefore, indicate that muscle function should be 
considered an additional therapeutic target in the development of gut 
microbiome-based interventions aimed at reducing fracture risk (Fig. 1).

Mechanisms linking bone fractures to the  
gut microbiome
The mechanisms by which the gut microbiota affects bone and muscle 
are not yet fully understood but probably involve modulation of the 
intestinal barrier, SCFAs and immune cell interactions (Fig. 2).

Intestinal barrier
The intestinal barrier constitutes the body’s largest mucosal interface, 
mediating interactions between the external environment and the inter-
nal milieu of the host. It is semipermeable, enabling nutrient absorption 
and immune sensing while protecting the host from pathogens and 
antigens. The epithelial cell layer is protected by a mucus layer that is an 
important component of the gut barrier. The leakiness of the barrier is 
controlled by tight junction proteins. Disruption of the intestinal barrier 
can permit translocation of specific gut microbiota-derived compo-
nents across the epithelium, where they can act as antigens and initiate 
immune activation (Fig. 2). This immune response is often accompanied 
by increased levels of pro-inflammatory cytokines, which can exert det-
rimental effects on bone and muscle physiology110,111. The intestinal bar-
rier integrity is modulated by multiple factors including SCFAs110,112, sex 
steroids31 and probiotics31,51,113. Li et al. showed that oestrogen deficiency 
increases gut permeability associated with decreased expression of tight 
junction proteins in the small intestine and reduced bone mass31 (Fig. 3). 
Treatment with probiotics restored the intestinal barrier and reversed 
the bone loss in this mouse model. The role of sex steroids for the intes-
tinal barrier was also supported by a mouse study on gender-affirming 
hormone therapy114. Pal et al.114 reported that orchidectomy in male mice 
led to increased intestinal permeability and bone loss. Gender-affirming 
treatment with oestrogen reversed the gut barrier dysfunction and 
restored bone mass in this mouse model. In addition, they identified two 
species of Bacteroides that were increased by oestrogen treatment, and 
treatment with these species prevented orchidectomy-induced bone 
loss. These findings suggest that a gut microbiota-mediated link exists 
between sex hormones, gut integrity and skeletal health114.

Bidirectional interactions between gut microbiota and sex 
steroid metabolism
As outlined above, a portion of the skeletal effects of sex steroids is 
mediated through gut microbiota-dependent pathways, which include 

both potential direct actions of sex steroids on microbial composition 
and indirect effects mediated by alterations in gut barrier permeabil-
ity31,114,115 (Fig. 3). However, studies suggest that a bidirectional interac-
tion might exist between gut microbiota and sex steroid metabolism 
for the regulation of musculoskeletal health (Fig. 3); that is, not only 
do sex steroids shape the composition and function of gut bacteria, 
but also the gut microbiome modulates the circulating levels of sex 
steroids. This concept is supported by evidence that the gut microbiota 
expresses enzymes that can regulate circulating levels of bioactive 
androgens and/or oestrogens by affecting their degradation, produc-
tion and activation116,117. This model is exemplified by the findings that 
Thauera sp. strain GDN1 degrades testosterone116 and Ruminococcus 
gnavus synthesizes testosterone117 (Fig. 3). Furthermore, gut microbiota 
influences androgen metabolism by gut microbiota 5α-reductase activ-
ity, resulting in more testosterone being converted to the more potent 
androgen dihydrotestosterone118,119. The gut microbiota also expresses 
β-glucuronidase that removes the glucuronide moiety from glucuro-
nidated oestrogens and androgens, which would usually be destined 
for excretion, allowing them to be reabsorbed into the enterohepatic 
recirculation120. Such modulations of sex steroid metabolism by the gut 
microbiota can influence circulating levels of sex hormones, thereby 
affecting bone and muscle physiology (Fig. 3).

Short-chain fatty acids
SCFAs are microbial metabolites primarily derived from the fermenta-
tion of dietary fibres that escape digestion in the small intestine. Upon 
reaching the colon, these fibres serve as the main substrate for the 
gut microbiota, leading to the production of SCFAs such as acetate, 
propionate and butyrate121. In the colon, SCFAs act locally to support 
intestinal health by serving as an energy source for colonocytes, 
promoting epithelial proliferation and increasing the surface area 
for absorption. In addition, SCFAs lower luminal pH, which enhances 
mineral solubility and absorption and may, thereby, contribute to 
improved bone mineralization122. SCFAs exert their effects through 
signalling via free fatty acid receptors, which are widely expressed 
across various tissues, including the gut, bone, muscle and immune 
cells. This receptor-mediated signalling pathway enables SCFAs to 
influence systemic physiological processes beyond the gastroin-
testinal tract123. SCFAs possess immunomodulatory properties and 
influence both the innate and adaptive immune systems121. In the 
gut, SCFAs act on immune cells such as neutrophils, dendritic cells, 
macrophages, T cells and B cells, promoting a shift towards a more 
anti-inflammatory phenotype121,124. These modulated immune cells 
might subsequently enter systemic circulation and exert effects on 
peripheral organs125. Alternatively, SCFAs themselves can be absorbed 
into the bloodstream and directly influence systemic immune 
responses (Fig. 2).

Lucas et al. demonstrated that the oral administration of SCFAs 
protected against ovariectomy-induced bone loss in mice. Mecha-
nistically, SCFAs exerted direct inhibitory effects on osteoclast 
activity in vitro, suggesting that SCFAs promote bone mass directly 
by reducing bone resorption126 (Fig. 2). Tyagi et al. found that gut 
microbiota-derived butyrate increases bone formation and bone 
mass via upregulation of regulatory T cells (Treg cells) and down-
stream effects of WNT10b on osteoblasts127. Collectively, these stud-
ies demonstrate that SCFAs increase bone mass via both reduced 
bone resorption and increased bone formation (Fig. 2). In 2025, 
researchers demonstrated that treatment with Bifidobacterium ani-
malis subsp. lactis A6 ameliorates muscle and bone loss associated 
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with increased abundance of butyrate producers in mouse models 
of bone loss128. In addition, they showed that butyrate treatment pre-
vented bone and muscle loss in these models, suggesting that butyrate 
mitigates bone and muscle loss. In another study, Sapra et al. found 
that treatment with Bacillus coagulans, a lactic acid-producing bac-
terium, prevented bone loss and gut leakiness via increased butyrate 
production50.

To conclude, SCFAs are key mediators of the beneficial effects of 
gut microbiota and certain probiotics on musculoskeletal health. Their 

actions involve modulation of the gut barrier and immune system, as 
well as direct effects on bone and muscle tissues (Fig. 2).

Immune system modulation
It is well established that gut microbiota  has a role in regulat-
ing bone mass through immune-mediated mechanisms. Gut 
microbiota influences the balance between pro-inflammatory 
T helper 17 (TH17) cells, which promote bone resorption, and 
Treg cells, which mainly support bone formation31,113,127,129–132. Treg cells 

Lumen
AntigenOestrogen

Tight
junction

Gut microbiota

Impaired
tight 
junction

Gut

Bloodstream

Lamina
propria

Lamina
propria

Lumen

Gut microbiota deglucuronidation 
of sex steroids

Gut microbiota synthesizing sex steroids Gut microbiota degrading sex steroids

Glucuronidated 
oestrogen

Glucuronidated 
androgen

Oestrogen

Androgen

Oestrogen

Androgen

Oestrogen

Androgen

Sex steroid-deglucuronidation enzymes
Sex steroid-synthesizing enzymes
Sex steroid-degrading enzymes

Glucuronide

a

b

Fig. 3 | Bidirectional interactions between gut microbiota and sex steroid 
metabolism for the regulation of musculoskeletal health. a, Part of the effect 
of oestrogens on bone is mediated via gut microbiota-dependent mechanisms 
on gut permeability and, thereby, downstream immune responses. These 
mechanisms might include both the direct effects of sex steroids on the gut 
microbiota composition and their indirect actions on tight junction proteins, 
which influence gut-barrier permeability and translocation of antigens across 
the gut barrier. However, emerging evidence indicates that interactions between 
the gut microbiota and sex steroid metabolism are probably bidirectional: 

that is, not only do sex steroids shape the composition and function of gut 
bacteria, but also the gut microbiome modulates the circulating levels of 
sex steroids. b, This concept of bidirectionality is supported by findings 
demonstrating that the gut microbiota expresses enzymes capable of modulating 
circulating androgen and oestrogen levels through several mechanisms: 
by deglucuronidation of oestrogens and androgens (left)120, by enhancing the 
microbial synthesis of sex steroids117–119 (middle) and by promoting the microbial 
degradation of sex steroids116 (right). Sex steroids, in turn, are well-established 
regulators of musculoskeletal health.

http://www.nature.com/nrendo


Nature Reviews Endocrinology

Review article

also downregulate the induction and proliferation of effector T cells 
such as TH17 cells133.

Gut microbiota effects via TH17 cells increase bone resorption. 
In an early pivotal study, Li et al.31 demonstrated that sex hormone 
deficiency-induced bone loss is dependent on the gut microbiota. The 
deficiency led to increased gut permeability, expansion of TH17 cells 
and elevated levels of pro-inflammatory cytokines in both the small 
intestine and the bone marrow. These immune changes promoted 
osteoclastogenesis and bone resorption31. In a follow-up study, the 
same research group used Kaede transgenic mice to trace immune cell 
migration and demonstrated that ovariectomy induces bone loss via 
gut microbiota-dependent trafficking of intestinal TNF⁺ T cells and TH17 
cells to the bone marrow130 (Fig. 2). Antigens derived from segmented 
filamentous bacteria have the capacity to promote a pro-inflammatory 
immune environment in the gut, characterized by elevated TH17 cell 
activity, which has been shown to contribute to bone loss through 
enhanced osteoclastogenesis and systemic inflammation110,129 (Fig. 2). 
Yu et al. showed that continuous parathyroid hormone treatment 
induces bone loss via segmented filamentous bacteria-dependent 
expansion of intestinal TNF⁺ T cells and TH17 cells in the intestine, 
followed by their egress from the gut and recruitment to the bone 
marrow134. Together, the findings from these studies demonstrate that 
the gut microbiota regulates pro-inflammatory TH17 cell development 
and function and, thereby, bone resorption (Fig. 2).

Gut microbiota effect via Treg cells increases bone formation. 
As mentioned earlier, Tyagi and colleagues demonstrated that the 
microbial metabolite butyrate enhances bone formation through 
a Treg cell-mediated mechanism127. They showed that both probi-
otic (Lacticaseibacillus rhamnosus GG) and butyrate treatments 
expanded Treg cell populations in the gut and bone marrow, which 
in turn stimulated CD8⁺ T cells to produce WNT10B, thereby activat-
ing Wnt signalling in osteoblasts. Importantly, the bone anabolic 
effects of both probiotics and butyrate were abolished by adminis-
tration of anti-CD25 antibodies, indicating that Treg cells are essential 
mediators of this beneficial skeletal response (Fig. 2). In a subsequent 
study, Pal et al. used Kaede transgenic mice to trace immune cell 
migration and demonstrated that the beneficial effects of oestrogen 
or specific Bacteroides strains on bone mass in orchidectomized 
male mice were mediated by Treg cells originating in the gut114. These 
Treg cells migrated to the bone marrow, where they contributed to 
enhanced bone formation. An important role of the TH17/Treg cell 
balance in bone metabolism is supported by findings that treatment 
with the probiotic Lacticaseibacillus rhamnosus GG protects from 
ovariectomy-induced bone loss in rats113. This protective effect is 
mediated through immunomodulation, specifically by restoring 
the TH17/Treg cell balance in both the gut and bone marrow, thereby 
reducing inflammation and promoting bone formation. In addition, 
we have observed that the effects of the probiotic mix Lacticaseiba-
cillus paracasei DSM13434 and Lactiplantibacillus plantarum DSM 
15312 and DSM 15313 (refs. 38,135), as well as the effect of pasteurized 
Akkermansia muciniphila136, on bone mass are associated with changes 
in the frequency of Treg cells in bone marrow. Together, these studies 
provide evidence that Treg cells are an important link between gut 
microbiota changes in the gut and bone effects (Fig. 2).

In summary, gut microbiota influences the balance between 
pro-inflammatory TH17 cells, which promote bone resorption, and 
Treg cells, which enhance bone formation.

Other possible mechanisms
Vitamin K synthesis. There are two main forms of vitamin K: vitamin K1,  
which is obtained from dietary sources, and vitamin K2, which is pro-
duced by the gut microbiota. Vitamin K is a cofactor for the carboxyla-
tion of osteocalcin that is required for mineralization of bone. Some 
studies show an association between low vitamin K levels and low 
bone mass75,76,137. Thus, targeting gut microbiota vitamin K2 production 
represents a potential therapeutic strategy for osteoporosis.

Amino acid derivates. Gut microbiota produces metabolites from 
amino acids; for example, it can convert tryptophan into indole and 
its derivatives. Indole derivatives influence intestinal barrier integrity, 
and Tian et al. reported that levels of tryptophan-derived metabolites 
were decreased in a mouse model of osteoporosis138. Treatment of mice 
with colitis or age-related osteoporosis using a genetically engineered 
bacterium capable of producing tryptophan enhanced gut epithelial 
barrier integrity and increased bone mass138.

Bile acids. Gut microbiota modulates bile acid metabolism, and altera-
tions in bile acid profiles have been associated with reduced BMD139,140. 
Treatment with the antibiotic minocycline increases levels of conju-
gated bile acids and reduces bone mass in conventionally raised mice 
but not in germ-free mice, suggesting a gut microbiota-dependent 
mechanism141. Alterations in bile acid metabolism were also observed in 
ovariectomized mice following treatment with the prebiotic fibre algi-
nate oligosaccharides, which improved bone and muscle mass as well 
as strength142. Together, these studies indicate that the gut microbiota 
can regulate bone and muscle physiology by metabolizing bile acids.

Bacteria-produced extracellular vesicles. Gut microbiota-derived 
extracellular vesicles have emerged as mediators of crosstalk between 
the gut microbiome and the host143. Bacterial extracellular vesicles are 
spherical lipid bilayer nanostructures, typically 20–300 nm in diam-
eter, which carry a diverse cargo of bacterial components, including 
lipopolysaccharides, peptidoglycans, lipids, proteins and nucleic acids. 
Increasing evidence suggests that bacterial extracellular vesicles can 
influence host physiology and contribute to both health and disease 
processes. In the context of skeletal health, bacterial extracellular 
vesicles have been shown to protect against ovariectomy-induced and 
orchidectomy-induced bone loss in rodents by accumulating in bone 
tissues and enhancing osteogenic activity and inhibiting osteoclast 
formation144,145. Beyond effects on bone, administration of bacterial 
extracellular vesicles from Lentilactobacillus kefiri DH5 improved grip 
strength and increased muscle mass in a mouse model of sarcopenia146. 
Together, these findings suggest that bacterial extracellular vesicles 
represent a pathway through which the gut microbiome may influence 
bone and muscle health.

Need for new strategies
Much of the earlier research in the field has relied on associations 
between individual microbial species and host musculoskeletal traits, 
an approach that has provided limited mechanistic insight. The effects 
of the gut microbiome are highly complex, particularly for commensal 
bacteria, which, unlike pathogens, exert their effects through inter-
actions within a broader microbial community and, therefore, the 
effect sizes when used as treatments might be small147. Future studies 
therefore need to move beyond single-species association analyses 
and instead focus on microbiome functionality, including microbial 
metabolites, signalling pathways and host–microorganism interactions 
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that mediate biological effects. Integrating functional multi-omics 
approaches with experimental models and adopting an ecological 
perspective, considering microbial communities, interaction networks 
and context-dependent effects, will be essential to establish causality 
and advance understanding of microbiome–host relationships. Trian-
gulation strategies of microorganism–phenotype relationships might 
also be helpful, in which converging evidence from complementary 
mouse experiments and human observational or interventional studies 
collectively strengthens inference of microbial causality.

Potential treatments for bone fractures targeting 
the gut microbiome
A clear medical need exists for novel biomarkers to improve fracture 
risk prediction, as well as for new, effective fracture treatments with 
fewer adverse effects. The gut microbiota represents a promising can-
didate for the development of novel biomarkers of fracture risk and 
therapeutic targets for fracture prevention.

Clinical trials
Effects on BMD. To determine the functional role of gut microbiota- 
targeted interventions on BMD in humans, adequately powered rand-
omized controlled trials are required. Such studies will be essential to 
establish causality and to evaluate the therapeutic potential of modu-
lating the gut microbiota for improving skeletal health. In general, 
first-generation probiotic interventions have demonstrated modest 
effects on BMD in clinical trials15–20.

Takimoto and colleagues conducted a randomized clinical trial 
in which 76 healthy postmenopausal Japanese women received either 
the probiotic Bacillus subtilis strain C-3102 or placebo over a 24-week 
period18. The probiotic intervention led to a modest increase in total 
hip BMD compared with placebo. The relative abundance of the genus 
Bifidobacterium increased at 12 weeks (versus baseline) in the group 
receiving the probiotic. The authors proposed that Bacillus subti-
lis strain C-3102 might improve BMD by modulating gut microbiota 
composition18.

In a randomized, placebo-controlled trial, Lambert et al. investi-
gated the effects of a combined intervention, comprising isoflavones 
with selective oestrogen receptor affinity and a heterogeneous culture 
of probiotic lactic acid bacteria, on BMD in 78 postmenopausal women 
with osteopenia16. Participants received either a novel red clover extract, 
rich in isoflavone aglycones, combined with probiotics, or placebo twice 
daily for 12 months. The red clover extract treatment increased plasma 
isoflavone concentrations and attenuated BMD loss at both the hip and 
spine. However, owing to the combined nature of the intervention, 
it was not possible to determine whether the observed effects were 
attributable to the probiotics, the isoflavones or their combined action16.

In another randomized placebo-controlled trial, Jafarnejad et al. 
treated 50 osteopenic postmenopausal Iranian women over a 6-month 
period with a probiotic mixture containing four Lactobacillus spe-
cies, two Bifidobacterium species and Streptococcus thermophilus15. 
The researchers found that the probiotic mixture had no significant 
effect on BMD. However, they found that patients in the probiotic 
group showed reductions in serum levels of TNF and collagen type 1  
cross-linked C-telopeptide compared with patients on placebo, 
suggesting potential effects of the probiotics on pro-inflammatory 
cytokine activity and bone turnover15.

Preclinical findings demonstrated that Limosilactobacillus reuteri 
ATCC PTA 6475 protected against ovariectomy-induced bone loss in 
mice39. Building on this evidence, Nilsson et al. conducted a randomized 

clinical study in which 90 older women with low BMD received daily 
supplementation with the same strain of L. reuteri ATCC PTA 6475 or 
placebo for 12 months. The probiotic treatment reduced loss of vBMD 
at the distal tibia, the predefined primary end point17. In a subsequent 
randomized, placebo-controlled clinical trial using the same probiotic 
strain, early postmenopausal women were treated for 2 years. Although 
supplementation with the probiotic had no overall significant effect on 
the primary outcome (vBMD at the distal tibia), a significant interaction 
between body mass index and treatment response was detected, with a 
better treatment response occurring in patients with a high versus a low 
body mass index, suggesting that host metabolic status may influence 
the efficacy of this probiotic intervention20.

The only large-scale, multi-centre randomized clinical trial so far 
investigating the effects of a probiotic combination (Lacticaseibacillus 
paracasei DSM13434, Lactiplantibacillus plantarum DSM 15312 and 
Lactiplantibacillus plantarum DSM 15313) on bone health in humans19 
was based on prior experimental evidence showing bone-protective 
effects of the same strains in ovariectomized mice38. In an earlier study 
using a mouse model of autoimmune encephalomyelitis, this probiotic 
combination demonstrated anti-inflammatory effects148. Specifically, 
the probiotic mix increased levels of Treg cells and IL-10 in the gut and 
peripheral organs. These immunomodulatory effects formed the 
basis for the hypothesis that the probiotic mixture could attenuate 
ovariectomy-induced bone loss by suppressing inflammation-driven 
osteoclast activation. In the large-scale, multi-centre randomized 
clinical trial, 249 early postmenopausal women were treated daily for 
12 months with a probiotic combination consisting of Lacticaseibacil-
lus paracasei DSM13434, Lactiplantibacillus plantarum DSM 15312 and 
Lactiplantibacillus plantarum DSM 15313, or placebo19. The probiotic 
intervention moderately reduced bone loss at the lumbar spine, the 
predefined primary outcome compared with placebo19.

In summary, these clinical studies demonstrate that, although 
certain probiotic interventions may moderately enhance BMD, the 
effects observed with currently available first-generation probiotics 
are variable and generally limited. To achieve clinically meaningful 
efficacy in fracture prevention, the development of more potent gut 
microbiota-based interventions is required.

Effects on muscle parameters. In three clinical trials conducted in 
Pakistan by the same research group, a multistrain probiotic inter-
vention improved handgrip strength and gait speed compared with 
placebo in patients with chronic obstructive pulmonary disease, 
patients with knee osteoarthritis, and older adults149–151. Consistent 
with these findings, a meta-analysis of available clinical treatment 
studies using different probiotic interventions reported an increase in 
muscle strength and an improvement in gait speed with no significant 
effect on muscle mass152. However, it should be noted that the positive 
findings of the meta-analysis are largely driven by clinical trials from 
a single research group conducted in one country, underscoring the 
need for validation in independent cohorts across diverse ethnicities, 
geographic regions and environmental contexts.

Future therapies
As described in this Review, there is growing evidence that SCFAs, 
particularly butyrate, but also acetate and propionate, have a central 
role in mediating many of the beneficial effects of the gut microbiota 
on musculoskeletal health. Endogenously produced SCFAs are pre-
dominantly delivered to the colon by bacteria fermentation, whereas 
the physiological effects of exogenously administered SCFAs can vary 
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depending on the route of administration153. Oral delivery of butyrate is 
challenging owing to its rapid absorption in the upper gastrointestinal 
tract, unpleasant sensory properties, chemical instability and potential 
gastrointestinal irritation. Consequently, targeted delivery to the colon 
is required to achieve therapeutic efficacy. Several innovative strategies 
have been developed to increase colonic levels of SCFAs, particularly 
butyrate, while minimizing systemic adverse effects.

First, strategies have led to the development of engineered prebi-
otic fibre, such as acetylated and butyrylated high-amylose maize 
starch, which release elevated levels of acetate and butyrate upon 
reaching the colon154,155 (Fig. 4a). A clinical study published in 2023 
demonstrated that supplementation with engineered prebiotic fibre 
treatment increased circulating levels of SCFAs, shifted the microbial 
ecosystem and reduced systolic blood pressure in treatment-naive 
patients with hypertension155. This finding highlights the potential of 
engineered fibre to increase SCFAs in the colon and, thereby, improve 
musculoskeletal health155 (Fig. 4a).

Another approach to increasing colonic levels of SCFAs is colon- 
targeted drug delivery system of butyrate. Yu et al. developed a delivery 
system using surface-engineered polyvinyl butyrate nanoparticles 
coated with shellac resin to enable sustained release of the postbiotic 
butyric acid at the colorectal site156. The composite nanoparticles 
effectively protected the core (the polyvinyl butyrate nanoparticles) 
from gastric acid degradation and facilitated targeted colonic release 
of butyric acid (Fig. 4b). Treatment with these postbiotic nanopar-
ticles restored epithelial barrier integrity and downregulated pro-
inflammatory responses. As a result, the intervention alleviated both 

inflammatory bowel disease-related and ovariectomy-induced bone 
loss in mice156. Future studies are warranted to evaluate the effects of 
such postbiotic delivery systems on muscle function and to assess their 
translational potential in clinical settings, with the aim of improving 
musculoskeletal health.

An interesting and emerging strategy involves the genetic engi-
neering of gut bacteria to enhance SCFA production. Pham et al. devel-
oped engineered probiotics, based on the commercially available 
Escherichia coli Nissle 1917 strain, which introduced biosynthetic path-
ways for propionate and butyrate to enable continuous SCFA secre-
tion in the gut157 (Fig. 4c). Treatment with these engineered probiotic 
bacteria demonstrated protective effects against myocardial injury in 
a rat model of ischaemic heart disease.

Another promising approach involves the design of tailored 
combinations of prebiotics and probiotics, formulated as synbiot-
ics, to selectively modulate the gut microbiota and enhance SCFA 
production at the appropriate site in the colon (Fig. 4d). We applied 
this strategy by using genomic analyses of multiple microbial species 
from a large library to design an optimized combination of bacterial 
and fungal strains capable of producing SCFAs and vitamin K2, both of 
which are implicated in bone metabolism137. The candidate synbiotic 
formulation, composed of four bacterial species and one fungal strain 
combined with prebiotic dietary fibres, demonstrated high in vitro 
production of SCFAs and protected against ovariectomy-induced 
trabecular bone loss in mice137. In a subsequent randomized clinical 
trial in postmenopausal women, a related synbiotic product did not sig-
nificantly reduce bone loss in the overall cohort158. However, subgroup 

a  Tailored fibres  b  Nanoparticles c  Recombinant bacteria d  Tailored synbiotic
      Prebiotics and probiotics

e  Phage therapy
     Species-specific antibiotic

Acid resistance Acid resistance Acid resistance Acid resistance Acid resistance

Host bacteria degrade 
fibre, leading to release 
of SCFAs

Slow release of SCFAs
in colon

SCFA production Microbial synergy of the
synbiotic in SCFAs 
synthesis

Alter gut microbiota 
composition to increase 
production of SCFAs

↑ pH

Fig. 4 | Development of targeted delivery of short-chain fatty acids (SCFAs) 
to the colon. SCFAs, particularly butyrate, have a central role in mediating many 
of the beneficial effects of the gut microbiota on musculoskeletal health. Efforts 
have been made to develop methods to target SCFAs to the colon. a, Tailored 
prebiotic fibres, such as acetylated and butyrylated high-amylose maize starch, 
release elevated levels of acetate and butyrate upon reaching the colon.  
b, Postbiotic nanoparticles: colon-targeted drug delivery system of butyrate using 
surface-engineered polyvinyl butyrate nanoparticles coated with shellac resin to 

enable sustained release of the butyric acid at the colorectal site. c, Recombinant 
gut bacteria are engineered to secrete continuous SCFA in the gut. d, Tailored 
synbiotics, which are combinations of prebiotics and probiotics, selectively 
modulate the gut microbiota and increase SCFA production at the appropriate 
site in the colon. e, Species-specific antibiotics: phage therapy represents a novel 
strategy for the species-specific elimination of bacterial taxa that adversely affect 
bone and muscle health, thereby facilitating the expansion of health-promoting, 
SCFA-producing species.
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analyses suggested protective effect in women with osteopenia and 
in women with body mass index ≥30 kg/m2 (ref. 158). In addition, a 
randomized, double-blind trial in 182 children aged 2–3 years showed 
that 6 months of an experimental young-child formula containing a 
synbiotic (L. reuteri and galacto-oligosaccharides) improved bone 
quality, assessed by tibial speed of sound and handgrip strength159. 
These changes were associated with modulation of gut microbiota 
composition and function.

Finally, bacteriophage (phage) therapy represents a novel strategy 
for the species-specific elimination of bacterial taxa that adversely 
affect bone and muscle health, thereby facilitating the expansion of 
health-promoting, SCFA-producing species160 (that is, the phages act 
as highly selective, species-specific antibiotics; Fig. 4e). Phages infect 
and replicate within bacterial hosts with high species specificity and 
are classified as either virulent or temperate161. Virulent phages fol-
low a lytic cycle, lysing the specific host species to release progeny162. 
Through targeted modulation of the gut microbiota, phage therapy 
might offer a precision tool to enhance musculoskeletal health. How-
ever, the effects of phages on bone and muscle physiology remain 
largely unexplored and warrant further investigation.

Conclusion
Fracture risk is largely determined by BMD, bone quality and muscle 
function. In rodents, the gut microbiota is a well-established regula-
tor of these parameters, primarily through the production of SCFAs 
and immune-mediated mechanisms. In humans, emerging evidence 
suggests that associations between the gut microbiota and muscle 
mass, muscle function and fracture risk are more robust than associa-
tions between gut microbiota and BMD alone. These findings under-
score the potential of gut microbiota-targeted interventions as a novel 
therapeutic strategy for fracture prevention. Such interventions may 
simultaneously enhance BMD, improve bone quality and promote mus-
cle function, thereby addressing multiple aspects of musculoskeletal 
health. Despite recent progress in human association studies linking 
gut microbiota composition and functionality to bone and muscle 
traits, as well as fracture risk, there remains a critical need for large-scale 
meta-analyses. Such collaborative efforts should include multiple large 
cohorts, encompassing diverse geographic regions, ethnic backgrounds 
and dietary patterns, and should use harmonized bioinformatic pipe-
lines for both compositional and functional gut microbiota profiling. 
Future research should prioritize the development of personalized gut 
microbiota-based interventions, including next-generation probiotics, 
synbiotics, tailored dietary strategies, postbiotics and species-specific 
antibiotics with the potential to enhance both skeletal and muscular 
health, thereby reducing the burden of fractures.

Published online: xx xx xxxx
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